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INTRODUCTION

This report is concerned with the vulnerability of BMDATC-radars to
nuclear radiation. Since the system has not been completely characterized the
assessment was based on technologies rather than specific devices and materials.
Rather than determining the survivability of the system the goals were to identify
technologies or technology classes to be avoided, rank the technologies accord-
ing to their sensitivities, wherever possible develop design guidelines which
can be used to mitigate the effects of radiation, and identify technology gaps
which require technology advancements so that hardened components are available
when it comes time to build a survivable system.

‘The Tack of a complete system definition required that the assess-
ment be based on damage thresholds. The damage threshold of a material or de-
vice is that level or value of the threat constituent required to produce a
measurabie change in the properties of the material or device. It is more appro-
priate to use damage thresholds rather than failure thresholds since failure de-
pends on the particular application of the material or device and, as such, is
system dependent.

This report actually consists of a two volume set. Volume [ is con-
fined to the threat environment and a discussion of the methodology, scenario,
and the deployment configuration that was used to generate the environments.
Basically these correspond to the environmental requirements which have been
placed on LoADs. The major difference is that Volume I does include the dose
time history while the LoAD's documentation does not. The authors do feel that
this is a serious oversight since the occurrence of transient upset in integrated
circuits is very sensitive to pulse width with the dose rate level required to
produce this upset varying as much as two to three orders of magnitude as the
pulse width is lengthened.

Since the threat levels are quite high, as indicated in Volume I, it
seemed appropriate to assemble some vulnerability data on components not nor-
mally considered in a vulnerability assessment. Primarily this meant including
materials rather than confining the assessment to devices.
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Based on interactions with BMD personnel it would seem beneficial to
include in this report a very brief and as simple as possible summary of the
interactions of nuclear radiation with material. Hopefully this will serve not
only as a tutorial but also as an introduction to enough of the jargon, termino-
logy, and concepts to give meaning to the subsequent discussions on the vulnera-
bility of materials and classes of devices.

This volume as well as the project itself has been divided into approp-
riate and natural subsections. The division that was used was: (1) general
discussion of nuclear radiation effects, (2) materials, (3) nonsemiconductor
components, (4) general semiconductor compcnents (including integrated circuits
{IC's)), and (5) microwave components. It is hoped that this division will
facilitate the reading and future referencing of the report.
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2.0 GENERAL DISCUSSION OF NUCLEAR RADIATION EFFECTS

The label transient radiation effects (TRE) is commenly associated
with the effects of the interaction of nuclear radiation with material. The
adjective "transient" applies to the radiation and not to the effects caused
by the radiation since the effects can be both permanent such as the neutron-
induced gain degradation of a bipolar transistor or transient such as the dose rate-
induced primary photocurrent in a discrete transistor. The primary components
of the nuclear radiation environment are neutrons, electrons, alpha particles,
gamma radiation, and x-radiation. For endoatmospheric applications such as
those envisioned for BMDATC-radars, electrons and alpha particles are absorbed
in very short distances in the atmosphere. Thus, for this study, neutrons are
the primary particulate radiation capable of damaging or degrading radar systems.
The weapon's x-radiation is absorbed in the atmosphere and the distance they
travel before they are absorbed is dependent on their energy. As x-rays are
absorbed the air becomes very hot and in turn re-radiates energy in the in-
frared, visible, and ultraviolet region of the spectrum. This appears as the
light and heat associated with the fireball.

Two atomic changes can result from the interaction of nuclear radia-
tion with matter: atomic displacement effects and ionization effects. For
displacement, atoms must receive sufficient energy to be dislodged from their
normal sites. There are two general classes of radiation-induced displacement
defects in crystals. If only a few atoms are displaced from their normal
lattice sites, the defect is called a simpie defect. Simple defects are caused
by electrons or gamma rays. Usually the effect of simple defects is not
serious. The other type of defect is a cluster which involves a few hundred
atoms and, as such, can have a more serious impact than simple defects.

[t is rejatively easy to visualize how a simple defect can be farmed.
The lattice atom is simply displaced “rcm i%s normal pesition in the latsice
resulting in 2 vacancy in the lattice iand an intarstitial atzm. The produce
tion of a defact cluster i; somewhat more difficult to visualize.

3ecause of their kinetic energy and mcmentum, heavy par+ticlies, such
as neutrons, are afficient producers of defacts in general and defact clus*ers
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in particular., Neutrons lose their 2nergy in crystals primarily through elastic
caliisions or scattaring with lattice atcms. Some of the snergy of the neutren
is transferrad to the Tittice atcm and ippears is kinetic enercy a7 the atcm
resulting in 2 recoil atam. [n 2 series af <hesa alasztic c2ilisizns the neutren
will lose more and more of its snergy until it moves very sicwly, and has 2zorcx:
mataly tne same kinetic anergy as the molacules of the medium <hrcugh which ¢

is moving. At this point it is c3allad a1 chermal neu’rzan.

The recoil atom wili collide with neighbcring atcms «ith the 2nd
result Seing a cascade or <rail of displacad cr recoil atoms. This nrocess
w11l continue until all the atzms involved are recucad to 2nergias Selcw <ne
dispiacament 2nerqy ‘i.2., the minimum ar tareshoid 2nergy requirad %3 diss ac2
|

. , . . . e iy R . . .
an atcm in lattice). The simplified illustrazizn in Figure 1 depcts the situa-

tion.
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Saveral hundred atcms are usually invcived ~ith the situaticn seing scmewnat
analcogous to the impact or cellision of acue ba'l {the neutrsn) with 2 diiiiard
ball on a pcal table filled with billiard balls. The recoil atcm produces as
much or more lattize diszortion as the neutrcn. In any case, the Zore oF the
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defect clustar contains a large number of vacancies and is surrounded, initially
at least, by a large number of interstitial atcms. Scme annealing of the init-
ial damage occurs ilmost immediately at room temperature. The interstitial
atems drift or diffuse back to fill a vacancy. The bulk of the annezling in
siiican at room temperaturs is completad in less than a second and +he clustar
assumes a stable forn.] Both the total amcunt 2nd *the rats of anreziing cecenc
¢n tne thermal energy af the tattice atoms and thus on the tameeriature of tne

crystal.

Displacament is particularly important to crystal materials, These
include quar*tz shcce 2hysica’ properties are oTZen dependent on the perfacticn
of the crystal lattice. Tney also include semicenductar matarial Secizuse tne
defacts contain many energy levels in the forbidden band or energy gao of 2
samiccnductor and scre of these sarve as recembina%ticn centers. In additicn,
neutrcn irradiaticn also introduces tripping cernters which remove majicrity
carriers. In any case fthe presenca or intreducticn of defacts in semiconductor
matarial czn have 3 saricus impact on the electrica’ procerties of the Jevice,

79 drieflys digress, it should te noted that there is a great similarizy
Jetween the 2ffact of the neutron-induced recoil atom and the implantation of
an ien. Ion implanta*ticn, 3f course, is a tachnigue that is Seing used to dcce
silicon. The pJrocess is atirictive Secause the number of implantad icns and
their~ denth distributian can be ccntraited extarnally (i.e., by the sys<am
volzage and beam current) rather than dy the physical properties of the subsirata
as in the case of thermal diffysion. However, with this manufacturing proccess,
it 7ust be rememberad that this tachnigue produces defact clusters in the same
marrer as neutran irradiation since the ion perfsrns the same role as the racoil
ascm from 3 radiation damage standpoint. The implianted fon aventually ccmes <2
ress ut it leaves 1 regisn of heavy disorders in its waks--in effact it hes
ganeratad 2 defact cluster, A heavy icn with an anergy of 10 KeV implan<zd at
rocm tamperazure will Jermanentiy displace a few thousand s{licon or germanium
atcms.2 There are, of course, differences (2.g., the raequired annealing temper-
atyre for icn implantation are higher than that required by fast-neutren irradii-
2

)

tion®) but the damage mechanism is the same.




In addition to atomic displacement, nuclear radiation can also pro-
duce ionization effacts. [onfzation occurs through the intzracticn of gamma
rays, x-riyvs, 2nergetic electrons, and high-energy neutrons. It results in
the formetion of electron-ion paifs in a material. The fre= carriars =nus Cro-
duced undargo rancdem moticn, diffuse to regizns of lcower carrizr concartraticn,
dritt wich agplied alactiric fizlds, ars trapoed 3t imcurity atom sw:es, or
aventua’ iy reccmbine into their normal nonicnized state. Tne results of iconiza-
ticn include tripced charges, covalent Sond braakage, fcrmation of new Toleculzs,
charge transfar, increased bulk conductivity, and 2xcessive mincr.ty carriers.

+n

For semiconduyctor devicss these, in turn, may te furtner characterized as surface

gT¥ac%s, increased juncticn leakage current, and parame*ar {3uCh as Ine cuyrrent
jain) degradation. Since covalent Hands ire bSrokan, ionization 2in induce
cross linking ard scission of polymers which can rasult in new 20iymers, *rse

radicals, and 1ideration of free molacules. In fact ionization radiaticn is
cne ¢T the tachnigues used to produce polymers since it eliminatas the need

for a catilyst and the application of extreme neat.

Gamma riys c¢an 2'so affect materials by axcitatisn. The azams oF 2
matarial can acjuire additional energy “rom the sarma r~iys ind be rifsad %o
an axcitad 2nerjy stata. This an_resu.t in discoioration and luminescanca
wnich may e imoor+ant in opticai compcnents such as filfars, lens, and fizer

octic cabias.,

Another affact issociited with total dose is the heating of maseriaj
wnen axgcsad to radiacion. A portion af the znergy of the jamma riys is trins-
farred or converted to thermal energy of the atoms of the crystal resulting in y
an increasa in the ambient tamceriture of the matarial. This can result in 2 %
temperaturz higher than the canporent or the systzm was Jesigned %o witnstanc. i

The resulting temperiture rise will decend not conly cn zhe taotal ameunt of ‘

energy that is transfarrad t0 the material but 2150 ¢n the rate at wn'ch this ) 1
sransfar dccurs. A ocrompe-gamma dose of 107 rads (Si) deliverad in lass <han t
2 ¢

. Dy . . ‘o . and 2
a2 micrasecord will increase tne tamperature of siliceon by mare than 1307 C.

Besides heating, dose-rate has an effect an semiconrductar devices
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hasad an the fiact that icnizing radiation generates alectron-noie pairs. In
silicon, 1 rad absorbed can produce more than 10°? electron-hole 2airs /2%,

The current, which is preduced in a pn juncticn by ionizing radiation, is cailad
the primary photocurrent. This primary photocurrant can be mul4ioiisd ~ithin
transistors due to their inherent current gain, muitipliied still Further 2y <n
rast of the circuitry, and appear as an ampiified or a seccndary hGtocurrent

The icnizing desa-rate effects include transient false signals, device
burnout, samiconductar logic uypsat, and reversible and irreversilia chances oF

e
w

stata, Pernhaps cne 3 the mos=< serious atfacts iasch up.
initiatad in any four-liyer semiconductar junczioan ‘pnpn,. Tnis, of ccurse,
corraescends to any SCR type structure - 2ither intenticnal or unintanticnal.
The dose-rata induced nhotocurrent fires the SCR and latch-up occurs. During
latch-up, Igrger than normal currents flow chrough the latched <evize untii
primary gower is removed. In some cases, continuance of latzh-up can zause
device hurncut. In any casa, there is 3in gperatiznal przoblam since 3 'azizsned
device ¢annot raspond to input signals.

To quantify dispiacsment and icnization aft3cts, cne mus: relita the

effacts ta 3 descripticn 3f the radiation anvircnment. The descripticn

oriate %9 dispiacament {caused primarily Sy neutrons) affacis is diffarent “reom

that for fonizaticn affacts. For displacament a7fac*ts, the descripticn r2cuirzs

that the numoer Zensity and the z2nergias of the inccming neutrsns e r2iatzd

to the cross sacticn versus anergy For disglacaments in the matarial. ‘leutrens

are producad in Both Tissien and Tusicn reactiens and can "ave 3 ringe 2f

2nergies. The neutrens 3T intarast are those with anergias Frem L0 eV 12

14 MeY. OCamage cauysed by a spectrum of such neuzrans z23n e normaiizad Sy a

suitable correction factsr to that causad by a fluence compesaed :ni] af 1 Mel

neutrons. This i3 the usual prccedura although scmetime the sgectrum is normal-

ized %3 14 Mey ne.trans. '
For ionization affacts, the descripticn trat is acorspriata #ill

specity the radiation that is abscrted in tarms 3 the a2nergy deccsitad in the

- I3 PR IRY

matarial in units of rad ‘ma<arial). The unit rid is an acranym that s:2nds
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for roentgen absorbed dose. The roentgen is that quantity of radiiticn required
to produce 2.08 x 107 jon pairs per cubic centimeter of air at stancard tempera-
ture and pressure.4 The rad corrasgonds to an absorted dcse of energy of

100 ergs per gram of absorbing material. [t is important to specify the material
when rad is used becayse this unit specifies the amcunt of radiant energy absord-

'
.
1

tion of 2ny form (particle or elactromagnetic) in any material and the axtant

e

af energy deposition and 2bscoraticn depends to a grsat axtent on the nature of
the matarial. For carbon 2nd silicon the relaticnship Setween the unit rad _ :
and fluenca is given in Table 1 which was taken froem referencas 2 and 3.

a2 Conversicn for Si and C

1 rad (C, Si) = 1CC args/g (C, Si)
F 1 rad (Si) = 5 x 10'° neutrsns/cm? (1 Mey!
1 rad (C) = 3 x 10% neutrons/cm? (1 MeV)
1 rad (Si) = 2.25 x 13? orotens/cm? {1 MeY)
"1 rad (C) = 1 x 10% arctons/=m? (1 Me¥)
1rad (C) = 2.2 x 10% phetons/cm? {1 MeV)
. 1 rad (Si) = 2.4 x 10? ghozcns/cm? {1 MeV)

This 8rings ¢o an and the jeneral discussion cn transiant radiazic
intaractions on materials. [t s acknowledged that this discussicn can cnly
serve as a very bdriaf--perhapgs :oo_brie‘--intrcductﬁon to the subjec:.‘ dccetuiny
it will famjliarize *he reacder «4i*h scme of the jargon and arminclcgy. Tre
specific impact and afTacts w#ill 2e 23izboritad an 3s they ccme up during ine
report, To 2ntar intd such a detailed discussion weuld ~ot he 2pgripriata a:

this “ime and would have less meaning to %he r2ader unless the discussicn was

jccempaniad by specific axamples in whizh the reader had intarest. Therafore,
the reoert «#ill now continrue 2n in a more normal fashion.
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3.0 MATERIALS

Obviously, it is not possible or necessary to cover all classes and
applications of materials that could occur in a radar system. The only viable
method was to divide materials into classes according to their application or
use in the system. The division that seemed to be most appropriate was:

(1) insulators, (2) adhesives, (3) seals, (4) laminates, and (5) encapsulants.
There is some overlap in this division, e.g., between encapsulants and adhesives
but this is bound to occur and the above division would appear to include
material applications that are necessary for any system, i.e., they are system

independent.
3.1 INSULATORS

In general insulators are composed of ejther organic or inorganic
materials. The organic materials that are used are polymers. These are
characterized by repeating chemical structural units called "monomer units"
which are joined bv chemical bonds into long chains. Radiation affects organic
materials by removing (ionizing) valence electrons. This breaks the covalent
bonds and portions of the chain or even individual atoms that were formerly
bonded together move apart. The main effects of organic materials being ex-
posed to radiation are cross linking and chain cleavage or scission.

Cross linking occurs when two or more intermediate chains or free
radicals bind together to form a new molecule. The new bonds formed in polymers
by radiation-induced crosslinking are very stable and cannot be annealed by
heating. The crosslinking is similar ta polymerization because it does link
molecules together. However, it is different in the sense that crossliink
binding is more random than in poiymerization. The result is the formation of
a three dimensional structure rather than the long chain which is typical of
polymerization. The impacts of cross linkage are to increase the tensile

‘strength, melting point, and Young's modulus. Quite often these are beneficial

changes and, in general, if a polymer predominately cross-links then it will
have good radiation resistance.

o g -




Chain cleavage or scission simply means that polymer chain is broken
into smaller short lived intermediate molecules. These free radicals are very
reactive toward oxygen and there is a tendancy for any free radical formed j
during irradiation to form peroxides rather than crosslink. In many cases the i
breakdown is accelerated because crosslinking is impaired while scission or f
cleavage continues. The breakdown is often accompanied by a significant forma- {
tion of hydroxol and carbonyl groups. This simply indicates the effect of the
surrounding atmosphere (e.g., oxygen content) on the radiation response of or-
ganic materials and does give an indication of the complexity and competing na-
ture of the chemical reactions induced by radiation. In fact, at the present
time, it is not possible to predict, exactly, from first principles if cross-
linking or scission will dominate for a given polymer.

In any case chain cleavage results in brittieness, a decrease in
strength, the formation of different bonds, and the formation of gas. This
gas formation occurs in polyethylene where the C-~H bond is more easily broken
and the material outgasses hydrogen. Halogenated polymers (e.g., Teflon or
polyvinyl chloride) outgas the halogen or even yield the acid (e.g., with Teflon,
HF, or hydrofluoric acid). In some fluorinated polymers if they are irradiated
in a glass container SiF4 is eventually formed6 due to the etching of the glass
by HF. In other words, halogenated polymers when they are irradiated outgas
acid vapors which are quite corrosive to any exposed material including metal.

Since Teflon is so popular due to its excellent insulating properties,
some comments on it should be made. Teflon undergoes a change caused by total
dose radiation in which the polymer chains are broken and fluorine and other
decomposition products are involved. [t suffers Tess degradation in a vacuum
than in air. Oxygen probably contributes to the degradation. In fact, it has
been established that both TFE and FEP Teflon resins are very sensitive to total
dose radiation in the presence of oxygen but are quite stable in the absence
of oxygen.

I

!
Figure 2 indicates the change in resistive characteristics of Teflon i
as a function of total dose.2 As this figure indicates exposure to total dose
beyond roughtiy 105 rads(C) does not degrade the volume restivity further than

1012 Q-cm. However, the damage threshold of 104 rads{C) would preclude its use

in BMDATC radars.
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Figure 2. Volume Resistivity of 4 mil TFE Teflon

Another halogenated material that sees wide use is polyvinylchloride
(PVC). PVC exhibits mild to moderate dam ‘e from 105 rads{.) to approximately
107 rads(C).1 Above this point PVC losed its tensile strength. In addition

and perhaps even more important is the’ fact that hydrogen chioride is released

which, in some cases, may prohibit its use. Like Teflon the use of PVC shculd
be avoided.

Polystyrene is another common crganic material that finds application

as an electrical insulator. The physical properties of this material have a
damage threshold of approximately 108 rad(C) with 25% degradation occurring

above 4 x 109 rad(C), Some authors take this to mean that polystyrene is accept-
ab]e.z’5 Hewever, the electrical properties, specifically the volume resistivity
and insulation resistance, are affected by much lower levels of radiation. An
order of magnitude decrease in these parameters has been noted for doses as

! Tow as 4.5 x 10°

of polystyrene in BMDATC-radars but better materials do exist.

L~

rad{C). This damage threshold is high enough to allow the use

One of the better and more popular materials is Mylar or polyethylene
terephthalate. Irradiation of Mylar does not cause crosslinkage but it does result
in scission or chain cleavage. The mechanical properties are unchanged up to a
dosage of 3 x 107
up to approximately 108 rad(C) and, as such, Mylar can be safely used in any

rad(C).7 No significant change in electrical properties occurs

application.
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Tabie 2 is a list ¢f scme of tne mcre cormen insgiazing 2iastizs.
This tabie lists the mecranizal damage thr=eshoid and “ne dcse raquired $2 sSro-
duce 25% mechanical damage.3 Both the chemical and the ccmmen commercial nare
are listed. [t is hoped that the inclusicn of tne 25% degricdaszizn zoin: will
vield scme insignt ccncerning the rate of Zdegradaticn as 3 funcgticn ¢f <he

acse. Taflan, vinylita, and polyestar wizth no filler 311 degrada %3 re I%%

point within rougnly an increase of 2.5 times the dcs2 damage tnresnc g arnd

<nis fict coupiad wiszh the Tcwer damage threshe’d maka ftnese ma<arials unaccer:-

a372. However, Kel-F, Saran, Styron 475, and Lucite could find some appiicaticr evern
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though the ZJarage thresnold is relatively low since the rate of degradatisn is s
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styrene ~7%th no Fillar haé 3 damage <hresnhcid of 8.7 x 10% radl{Z) wnile ~icn
2 2lack aigmens fillar the material nas 2 Zamage thresncid 27 2.1 x 1T% ragy
Thus, *he 3dditicn oFf 2 fillar dces =ot 37wass decreasza the vyinerizilizy o5f
a matariai. [n additicn, 1% shou'd e ramembersd zhat tnesa ara tne deses
recuired %0 2roduce mechanici) degridatisn ind nct that required °5 2rocucs

degracaticn oFf 2lectrical faramezars Jr 3Juz3assing.

3esides oniy c<cntaining tecnanical damage thrashcids, T2k
7ails tc give any indigation of Ine zpersoriata yse ¢f ine matarfal. Tan'a 3
15 an attampt %3 rectify “his sncrwccming cut the 235% damage foiats were 10T
availabia. [t snould Se mentioned <na< :hase 1istings shou'd not 2e Cons'lersa
with the same Jegrze o7 inflexibilisy 3s speci<icaticn Sut rither as ;uiie-
lines. This in 2art is due <0 .incar=iintias wizh “he zas®t =-znditicns such 2s
tamperatyra, *he accuricy 37 the toleranca z2ata, and the app: 1‘=D.i::y tne
toieranca 4ata. As Sest 3s possidia she Ja=3 in these tab’es reprasant “the

-

zamage thrashaids of 3 zlass o7 nataria’s. SHcwever, “here may e sgecifiz

axampies within 3 matarial zlass wizh radiitisn :rcoer:fes axgsecrg tAcs

listad. The spread in lamage <hrashoids Fir 2 zarticular cliss in Tab

some indicatisn 3f =9is. As is aviZen® fram this %abla the clissificati
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materials is not absolute since this listing contains not only organic insula-
tors and elastomers but also include some combinations of inorganic and organic
materials (e.g., vinyl coated tape with glass braid lacing and typing).

A ranking of organic materials commonly used for insulators based on
radiation data is shown in Table 4.

Table 4. Ranking of Organic Insulators

Preferred Class: Polyester with mineral filler (Plaskon Alkyd),
preirradiated Kynar, preirradizted polyclefin,
glass filed poiyester, polyviny) floride (Tedlar);

Recommended Class: Bakelite, polyethylelen, polyvinyl formal (Formvar)
some forms of nylon, polymethyl metharylates,
polystyrene no filler

Not Recommended .
Class: Teflon, polyvinyl chioride, Lucite, polyester with
no filler, Kel-F, polystyrene with black pigment

(Styron 475), butyl rubber, Neoprene

The definitions of the various classes is this table are given by: (1) Pre-
ferred Class: These are the first choices and the most radiation resistant
8 racd(c). (2) Re-
commended Class: These materials should be used only if all members of the

of the insulators with damage thresholds of greater than 10

Preferred class have been found to be unsuitable for nonradiation considera-
& tions. The damage thresholds for these materials are between 106 rad{z) and
108
possible. They should never be used unless test data indicates an acceptable

rad(C). (3) Not Recommended Class: These materials should be avoided if

radiation response. Their damage thresholds are all below 108 rad(C).

It should be noted that some of the materials in Table 3 and 4 will
be discussed more fully in other subsections. This particularly applies to
butyl rubber and Neoprene which are elastomers and will be discussed in the
section on seals.

[y



—4---ll-!ll!-lllIllll--'--'--'--lllllIl---------------gﬂ!

The use of inorganics deserves a bit more elaboration. In general,
inorganic materials are more radiation resistant than organic materials. This
is reflected in Table 5 with the dose damage threshold of inorganic materials
usually being an order of magnitude above that of organics. The reason is that
inorganics are not altered chemically by radiation in that no bonds are broken
or made. Atomic displacements produce most of the damage in incrganic material.
However, the effects are not always in the same direction. The densities of
crystalline insulators decrease under neutron irradiation while the dersity of
amorphous insulators such as glass increase with neutron irradiation. 0OC resis-
tivity is the primary electrical parameter affected by radiation but the ac
resistivity is not significantly affected. The vulnerability of various
inorganic insulating materials to neutron damage is shown in Figure 3.

A1l the materials represented in this figure are certainly acceptable
with quartz being the most radiation resistant of the group. The damage thres-
hold of quartz is approximately 8 «x 1020
of Table 1 this corresponds to 1.6 «x 1010
crystal oscillators which wili be discussed in the section on nonsemiconcuctcr

o e T i TG 208 208

n/cm. Using the conversion factcrs
rad(Si). However, some quartz

componerits have ceased operating after an exposure of roughly 104 racd(Si). This
serves to illustrate the impact of the application of the material or device

and the damage mechanism. In the case of the oscillator the mechanism is
thermal-mechanical strain while for the insulating application the mechanism

is displacement. Quartz used for an insulator is auite acceptable while for

the oscillator it is quite vulnerable. In any case, the use of incrganics
shculd be maximized.

This cencludes the portion of the report dealing with insulators.
The next subsection deals with adhesives.

3.2 ADHESIVES

Adhesives, of ccurse, are used for bonding materiais anrd, as such,
are found in every system. They are organic polymers and have the same
problems as the organic insulators. Thus the discussion on the damage mechanisms
for insulators also appiies to adhesives.

One of the more common materials used as an adhesive is epoxy. The
damage threshold for epoxies in general must be taken as 104 rad’c).z. This
would seem to exclude this material from use. However, the term "epoxy"

S —
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Table 5. Total Dose Damage Thresholds of Materials
Damage ! Damage }
Material Threshold Material iThresholdj
rads(C) : rads{C) @
Organic Material i
Silicone treated mica 107 1 Polystyrene ; 108
Silicone, varnished 107 f Bakelite I 108 !
glass fiter | Epoxy resin !
Polyethylene 107 Curing Agent i |
Mylar 107 Dicyandiamide 10A !
Teflon 104 Pyromelhtic Dianhydride | 10° !
Polyurethane glass fiber 108 Glass-bonded mica 108 i
Polyvinylchloride 10° Diallyl Phthalate 108 !
Nylon 10°
" Inorganic Materials
Metals >101¢ Spinel 102
Fused glass 109 Silicon 1011
Alumina 1012 Porcelain 10!
Mica 10° Fosterite 1012
Barium Qxide 10]2 Germanium 109
Steatite 10]2 Carbon 1012
Boron Nitride 108
Ceramic 1012 i
Elastomers !
Natural rubber 106 Viton A 107
Buty] rubber 10° Silicon rubber 108
Necprene 106 Buna-N 105 |

B
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covers a broad class of compounds and many of these have quite acceptable radia-
tion characteristics. Since these compounds do have such wide applications nct
only as adhesive or bonding materials but also as structural plastics the class

of epoxies does deserve some further discussion.

The curing agent for epoxies constitutes a significant portion of
the resin and, as such, has a great impact on the radiation vulnerability of
a particular epoxy resin. Dicyanaiamide is the only common curing agent
found to be deleterous to the radiation resistance of epoxies and resulted
in the 104 rad(C) damage thresho1d.1o The best (hardest) radiation character-
istics are obtained with aromatic amine and aromatic anhydrine curing agents
such as m-phenylene-diamine and pyromeilitic dianhydride. Such systems are
unaffected by dose levels up to at least 108 rad{C) and, of course, can e

-

TSP IR SRR R U =

sa‘ely used in any application.

Epoxies, of course, are not the only candidates for adhesives. The
most common members of adhesives are organic polymers which have been modifiad
by various compounding agents. Organic resins which are used to form achesives

it &

are either straight chain or craoss-linked polymers. The radiation vulnerabi-
lity will depend primarily on the basic chemical structure of the polymer and,
in particular, on the inter-molecular bonding system. Adhesive resins may be 1
classified into four major types: (1) thermosetting; (2) thermoplastic;

(3) elastomeric; and (4) blended. Thermosetting resins are characterized by

a three-dimensional cross-linked network. Thermoplastic resins have little

or no cross-linking and are usually weaker than thermosetting resins. Elasto-

mers consist of repeating chemical structural units called "monomer units"

which are joined by chemical bonds into Tong chains and guite often possess

a double bond between adjacent carbon atoms. These three groups can be inter-

blended to tailor the properties of the adhesive to a particular application.

Classification of adhesives and their radiation characteristics is further ]
complicated by the multitude of agents, fillers, and catalysts that can be
added to modify the properties of the adhesive.

Table 6 Tists the effects of a radiation environment on several types %
of common adhesives.u’12 The radiation levels do not represent the damage
thresholds but only the levels that were used for the test. However, the table
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does list three epoxies which exhibit only slight changes after an exposure

of between 1.7 to 3.9 x 108 rad(C). This slight change indicates that these
dose levels must be very close to the damage thresholds for these materials.
This, of course, implies that these epoxies are certainly acceptable for BMDATC-
radar applications. Unfortunately the data did not indicate the curing agent
but it was probably promellitic dianhydride.

The table also serves to indicate the effect of the surrounding
atmosphere on the radiation response of adhesives. As mentioned in the dis-
cussion on insulators the free radicals resulting from radiation exposure are
very reactive toward oxygen which tends to compete with cross-linking. Thus,
in general, there is more degradation of the material in air than in vacuum.

A ranking of the polymers usually used for adhesives based on radia-
tion vulnerability is shown in Table 7.

Table 7. Radiation Vulnerability of Adhesives

Preferred Class: General class of phenolics, epoxy-phenolics,
and epoxies excluding those epoxies using
dicyandiamide

Recommended Class: NeopreneR-pheno1ics

Mot Recommended Class: NeopreneR-Ny1cnR-phen011cs, cellulose adhesives

and epoxies using dicyandiamide

The classes in this table have the same definition as those in

Table 4 except for the damage thresholds. For this tatle, Table 7, the pre- ;
ferred class have damage thresholds between 5 x 108 and 109 rad(C), the re-

7 and 5 x 108 rad(C), and the
not recommended ciass have damage thresholds be‘ween 104 and 10 rad (C). It
should be mentioned that it is always a good rule to use the most radiation
resistant material or device possible. However, in this case, there is very
little distinction between the preferred and the recommended class in that both |

commended class have damage thresholds between 10

will easily survive threat level environments in any scenario but the nct re-

S —
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This brings to an end the discussion of the vulnerability of adhesives
to nuclear radiation. The next general area to be covered will be mazerials that

find applications as seals such as 0 rings and gaskets.
3.3 SEALS

Seals, of course, are found in almost any system including radars.
Like the rest of material applications they are sometimes overlooked but very
few systems can be built without 0 rings and gaskets. The poliymer materials
commonly used for seals are plastics and elastomers. Metals and combinations
of polymers and metals occasionally are also used. However, elastomers are
usually chosen because of their high degree of resilience and conformability,
relatively low cost, and ease of integrating them intc an acceptable seal de-
sign (i.e., they generally produce no harmful reaction on the mating surfaces).
Elastomers are defined by the American Society for Testing and Materials as:
(1) capable of being stretched 100%; and {2) after being stretched 100%, held
for five minutes and then released, the material is capable of retracting to
within 10% of its original length within 5 minutes after release. In other
words these materials are rubber. Of course, all seals do not require a rubber-
like substance. This is especiaily true for a permanent or semi-permarnent seal

where a gasket of soft metal, plastic, or a combination of plastic and metal is
used. Elastomeric sealants or caulking compounds which are applied in a re-
sinuous uncured form are sometimes used for permanent seals.

The metals which are appropriate include lead, indium, aluminum,
copper (including alloys like brass), and even stainless steel. Compared to
polymers the metals are invulnerable to radiation. However, due to the‘r
relatively poor compressibility and elasticity, their use in seals is limited.

As stated previously more seals are macde out of elastomers than any
other class of material. Much of what has already been said applies to this

application of elastcmers. Particulate radiation such as neutrons have almost
no effect on this class of materials. The cause of damage is jonization and \
not atomic displacement. Total dose effects manifest themselves in this material

as a decrease in 2longation. The tensiie strength may increase or decrease in h
response to threshold levels of total dose but as the dcse ievel increases the

S —

tensile strength eventually decreases to unstable levels,
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Table 8 indicates the damage threshold for elastomers commonly used
for sea1s.9 This tabie also includes the usual application of each compound
and the temperature range over which the materials may be used. In addition,
sealant materials applied in the form of a caulking compound or urcured resin
have been included. The term "antirad" is used in this table. These are addi-
tives to high polymers which inhibit radiation-induced degradation. These in-
clude antioxidants and antiozonants which prevent oxidation or the reaction of
free radicals with oxygen and ozone. In addition, the group includes additives
which function by preferentially absorbing the energy induced in the polymer by
radiation and releasing it in a less damaging form such as heat. Phenyl or
aromatic compounds because of their ring structure act as an energy sink and
are used as antirads.13 Two examples of these compounds are hydroxyquinoline
and naphthaline.

In any case, Table 9 is a listing of common classes of elastomers
broken into three groups based on radiation resistance.

Table 9. Radiation Vulnerability of Elastomers
Suitable for Seals

Preferred Class: Neoprene (chloroprenes), natural rubber con-
taining antirads, and threat sealant.

Recommended Class: Natural rubber without antirads, silicone, and
styrene-butadiene (Buna-S).

Not Recommended Class: Butyl, fluorosilicone, fluorocarbon (Vitron),
butadient-acrylonitrile (Buna-N), and polysulfide.

The classes in this table have the same definition as those in Table 4, excep:
for the damage thresholds. For this table, Table 8, the preferred class has

a damage threshold of 107 rad(C) or greater, the recommended class has a damage
threshold of 5 x 106 rad(C) or greater, and the not recommended class has a
damage threshold of 106 rad(C) or less. As was the case with insulators and
adhesives, the preferred and recommended classes will survive in any scenario
but the not recommended class should be avoided.
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It should also be noted that the polyurethanes have not been in-
cluded. This class of elastomers are quite radiation resistant with a damage

7 rad(C).5 However, they are usually used as

threshold of approximately 5 x 10
foams for vibration damping and, therefore, it was thought not to be appropriate

to include them in the list of seals and sealants.

The other class of materials that finds some appiication as sea’s
either by themselves or in composite seals with metals is plastics. They are not
used as often as elastomers because of their lack of resilience and conformabi-
lity. However, they do have good low temperature properties and chemical inert-
ness so they do have some applications. Table 10 lists some of the more common
plastics along with their usual app1ications.9 Most of these materials were
discussed in the section on insulators and, therefore, will not be repeatad
hare, Table 11 is ranking of these plastics according to radiation properties.

Table 11. Ranking of Plastics Applicable for Seals

Preferred Class: Kynar and Polyethylene
Recommended Class: Nylon and Kel-F
Not Reccmmended Class: Teflion (TFE and FEP), and polyvinyl chloride

The definitions of the classes in this table are the same as those used previously
except for the damage thresholds. For Table 11, the preferred class has a damage
threshoid of 107 rad{C) or greater, the recommended class has a darage threshold
of 10°
6
of 10
preferred and recommended classes should survive the threat.

rad(C) or greater, and the not recommended class has a damage threshold
rad(C) or less. The not recommended class should be avoided while the

This finishes the discussion of the work that was performed on the
project concerning the vulnerability of seals. '

3.4 LAMINATES

Laminates are another class of materials found in almost every system.
One common application is printed circuit boards. This material consists of a
filler which is usually an inorganic compound such as glass cloth, mica, or

AR i’ *> 4+ s Sonrere

e e e = - -

P
L e ey e A




01 x 7 st osappandoad quejeos o)
c_:;mugzd abemeg  Caurao Yy sassehng

CHOQARIOAON | [P0 )
JUPISLSAL uopeppea Jsom oYy *sdeiang
THOLJAL UPYY JUPISESAL UOLSPAYP DI0K

.Auvvu; ~=_u>:;=
111G AUDA SOM0 DAY .::J_:P uei)

sajaadoad wopaetpea aaybiy A6ys

“sap1addoad aanmeaadway aomo AQbyLs
pue sapjaadoad votieypea aayhyy
Abuys ang (341) vo(4al o1 ae(qmis

.Auvcsgc_dsnz_azzgu
TSPELOS ueyyl 4a1aq ~mon pLoy uoygya)
patttd “AQB s admplsisaa unipgpod
daoaduy Sud 14 CAuLdongy sassehing

HNNORA A9pun sehino

ued YoM aanisiom suyeiay  cuab
—0APAY pIaLtA (LM fudapdsuva) 3aou
SaW009q AU ELIPISAUD ST} SIS0

SHAPUR)Y

mc_

of x

N

01

/01
01 01

q01
01 .0t

01
0] qo~ m ‘

o9
((2)pva)
proysaayyg

abewe(

002
01 001-

ont
01 gol-

00¢
0 o8-

0GE
031 00V~

05¢
o1 O0b-

009
0} 00b-

00f
01 oot-

Agcvuazqz
“dum |
Hugyeaady

SIPag
pup SUME PN

s{eas
pue saauray

N LS
pue sanupeII

HEIS
pue saanpeay

s{rag pue
SAAUY LYY

s|vag
pue Saaujeyay

syselh pue
syvas hyaowm
auanssaad Moy
‘shuta dnyaeq

aprao|yy (Auiakyoy

u:u_>;dv>,a;

(Ppyaongy
auap| Auraking)
AvuAy

(auaAyraoao o
-0Jon |1 1a14£)04)
J-13y

(auaAdoad auny

~-AY1a parrujaony

{41.1) voU}9)

An=vp>;du

~gaongjenmiiog)

(341) wopyay

o AN

uoy ey tddy

[rtaajey

SAN| LAY puv S|PAS J0J PASH SILISP|

‘0L Aary

A4

26




asbestos coupled with an organic binder. For such a combination the radiation
response is, of course, dominated by tie organic binder. In these cases, organic
material such as paper, natural fibers (cellulose), or synthetic fibers (e.g.,
nylon) are sometimes used as fillers and the response of the filler may be signifi-

cant.

When an organic filler is used, the behavior of the fiber is nct
significantly different from the base polymers in some other form. The chemica:
structure dominates the radiation response of the fiber.13’14’15 Much of wha<
has been said about organic polymers in the previous sections applies nere.
Exposure to radiation can induce cross linkage, scissicn, and evolition of gas.
Polymers which are usad in fibers that contain only hydrogen and carbon are thre
most resistant to raciation.]3 Among the mos*t vuinerable polyrers tc radiaticn
are cellulose and halogenated polymers, both of which have very littie resistance

to chain cleavage.

Up to this point in the report very littie has been said abcut 2211u-
lose materials. Scission in these materials is induced by radiation exposure.

Figure 4 is a typical curve of scissicn versus total dose.'6

12¢, T T T YT T T
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No. Scissions / Molecule
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Figure 4. Effect of Total Dose on Cellulocse
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The effect of radiation on these materials is not limited to just
scission but also includes the formation of carbonyl and carboxyl groups.
Curves for carbonyl and carboxyl formation have essentially the same shape3 as
Figure 4. Referring to Figure 4, this means that the cellulose chain is not
significantly affected chemically for total dose exposures of 106 rad(C) or less.
It should be noted that some authors list the damage threshcid for cellulese
as 105 rad(C).]7'18’]9’20

at this dose level in the figure are measurable even though they are very

This is not in disagreement with Figure 3 since tne chan;z.

small,

In any case, irradiation of cellulose materials always prcduces 1csses

in tensile strengtn, elongaticn, and Ycung's mcdulus. This is incdicatad in

Table 12 for cotton and rayon.3

Table 12, Effects of Total Dose Radiation on the Tensile
Strength on Cotton and Rayon

Dose Condition of % Loss
Material 108 rad{(C) Exposure in Strength

30/1 Cotton Yarn 4.2 Air 27
Vacuum 29

Cotton Fibers 4.4 0, 23
NZ 24

HT Rayon Cora?® 8.5 Air 40
Vacuum 37

The effects of radiation on cellulose fibters are a function of cnly
the total dose and are independent of the dose rate?] The order of resistance

to scission is given by15’22 acetates >rayons > cottons.

As a general rule, cellulose materials, even the acetates, are not
recommended for radiation resistant appiications. To illustrate this, Table 13
is a comparison between cellulose fibers and polyamide (Nylen), polyester
(Dacron), and polyacrylic (Orlon) fibers.3 Viscosity is included in this table
because it gives an indication of the first significant change in fiber structures




Table 13. Response of Fibers to a Total Zose of 10° Rad(C)

arertan | (ST Lo | Solinge | Conplere desiruction of
N - in Viscosity percies
Cotton 0.1 0.035 30
Rayon 0.8 0.5 80
Acetate 1.0 1.3 100
Nylon 6 or 56 2.0 1.1 100
Orlon 8.0 -- 1,000 '
Dacron 15.0 -- 10,000

which, in turn, impacts the macroscopic progerties of the material. In gererzl,
the cellulose materials (the first three in Tabie 13) are degraced no matter whatl
property or criteria is used. The synthetic fibers (the last three in the tabie,
are more resistant to radiation and at low doses may show an increase in moduius

which would indicate cross linking.

Laminates are composite materials consisting of a binder and 2 filler.
Table 14]7 indicates the results of irradiating several laminates consisting ke
the same binder (phenol formaldehyde) but different fillers. This tabie indi-
cates that laminates with inorganic fillers are more radiation resistant than
both those with cellulose fillers and also the unfilled resin itseif. This
illustrates the general rule that filled or reinforced plastics have better
radiation resistance than the same plastic when it is unf111ed.5

As mentioned previously, generally the filler of a laminate is an
inorganic compound and the binder is an organic. In these casaes the radiation
response of the laminates is dominated by the binder since most incrganic
fibrous materials are not affected by doses up to 10°2 rad(C). Table 15 lists
some common laminates along with the 25% damage points and operating tempera-
ture ranges.9’23’24’25 The actual damage thresholds are roughly a decade bellw
the levels in the table.

The table pertains to changes in the materials which compose the
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Taminates. All organic materials will evolve some gas when irradizted. As

long as the materials involved contain only carbon, nydrogen, oxygen, ard
nitrogen, the gases which are evolved will not be detrimental to the laminata.
However, as mentioned in previous sections, halocenated polymers will evol e
acidic vapors which can be very corrosive. In this regard, the pcint shcu'd

be made that many fire-retardant systems employ nighly halcgenated comcenents
and, as such, must be employed with caution. In any case, the evciuticn of gas,
corrosive or not, can cause blistering, warping, and distorticn to metalli:

foil runs. This constitutes one of the main mechanical damage mechanism

for printed circuit boards.

Another major radiation affect on circuit boards is increasad leak-
age current. [t has been postulated 9,25 that this is due to radiazion-ingucad
ionization in the air which establishes corductive paths betwean axpgsad cocorar
conductors. Another form of electrical degradaticn has been cbserved in <h
form of metal oxide deposits on the surface of the copper foil strips as well
as discontinuities in the foil itse1f.26 Coatings improve the radiation resis-
tance by offsetting the ionization effects. However, there is scme arhiguity
concerning the relative efficiency of the different types of coatings.

Reference 9 states that "the most efficient one seems o be siliccne varnish,”
while reference 26 states that "a polyester coating appears superior to epoxy-
polyamide and to a silicone varnish in preserving the electrical characteristics
of the boards." Regardless of these differences there is agreement on the
improvement in the radiation resistance which resylts from the use of a coating.

A preferred list of laminates has not been compiled since this entails
combinations of the fillers and binders and this would be guite extensive.
Regardless any of the laminates in Table 15, except the last entry, can be sa‘ely,
used. In addition, some guidelines can be formulated. These are listed beTcwﬂ
For fillers: '

(1) Use inorganics
(2) If organics must be used, then choose synthetic matarials
(3) Avoid using cellulose materials.
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Binders:

(1) Avoid halogenated polymers
(2) Be guided by the reccmmended list for insylators in
section 3.1 of this report
Laminated printed circuit boards:

(1) Use a coating of either polvester or a silicone varnish.

However, as indicated by the data in Table 13, laminates should hHe able
to withstand threat levels of the environment. The exception to this is copper-
clad Teflon glass laminate which has a damage threshold of approximately 104
rad(C). In any case it is good design practice to follow the above guicelines

whenever possible.

3.5 . Encapsulants g
The last application of organics that will be considered in this study

is encapsulation or potting. There are a wide variety of reasons for potting

including mechanical shock insulation, thermal insulation, and environmental

(such as moisture and oxidation) protection. Because of this, mechanical preoper-

ties are more important than electrical for this application. It should also

be noted that coating and impregnating a component with a ccmpound to provide

moisture and oxidation protection is very similar to potting and some of the

materials that were included can be usad for these applicaticns.

The compounds used for encapsulation invariably consist of highly
crosslinked resins and, as such, the discussion on the organic binders of lamin-
ates also applies here. The resins, of course, require a curing agent which
can have a significant impact on the radiation vulnerability of the compcund.
This was illustrated in the discussion on adhesives in section 3.2, by epoxies
and the difference in the damage threshold for compounds cured by dicyandiamide
(threshold of 10* rad(C)) and by pyromellitic dianhydride (threshold of 10% rad
(C)). Table 16 lists the effects of dose on various properties of epoxy resins
cured by different agents.27 In this tabla, hardness means the resistance that
a material has to abrasions and indentations., Barcol hardness simply refers to
a specific method of measuring hardness.
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Table 16. Effects of Total Dose Radiation on Unfilled
Epoxy Resins

' Total Barcol Heat Distorticn | Comprassion
Curing Agent Dose Hardness Tsmp. Strength
rad(C) (°F) i (psi)
p-p' methylenedianiline 0 20 295 2750
10° 27 295 2860
107 29 295 2900
108 31 : 275 : 28890
|
Pyrcmellitic dianhydride i 0 39 575 ‘ -
108 39 570 E -
107 39 ! 575 .-
10 39 575 |-
m-phenylenediamine 0 33 290 ; 3015
108 31 280 , 2050
107 31 280 | 3250
10° 30 255 ’ 2505
Table 17. Dose Effects on Polyester-Styrene Resin
Total Tensile . Elastic Shear Impact
Dose Strength %1gzg:§;?" Modulus Strength Strength
rad(C) (psi) P (psi) (psi) ft-1t/in?
0 2000 20 .58 x 108 3100 .73
4 x 10° 4000 16 1.7 x 103 6200 .62
7 x 107 86Q0 6 3.0 x 10°% 6300 .58
7 x 10¢ 5300 3 3.1 x 108 56C0 .44
1. 2000 - - 4000 .22
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Some of the properties of the compounds in Table 16 show an increase
with radiation. This is due to radiation-induced cross linking. This effect
is more clearly indicated in Table 17.]7 This data is for a polyester-styrene
resin. Compounds of this type are also commonly used for potting. They ars
formed by dissolving the poiyester in styrene or some other vinyl mencmer.

In any case, the data in Tahle 17 does indicate that racdiation-incuced cross
1inkage can result in a desirable increase in the mechanical properties of a
material. The Young's mecdulus, the tensile strergth, and yiald strength are

28 and

increased.3 Cross linkage also causes an improvement in heat distortion
resistance to solvent action. Hecwever, all the effsc*s are not desirable. The
impact strength is decreased, the compound deccmes Srittle, and the e2langation
before break may be significantly reduced.3 Thus, radiation-incduced cross link-

ing can be helpful or harmful depending on the particular applicaticn.

Table 189 is a 1ist of the damage thresholds of some common commerci-
ally available potting compounds along with their operating tempera*ure rance.
The list includes polyurethane encapsulants. These materials have scme of the
best radiation respcnse characteristics of any polymer. They are reccrmmended
for use whenever there is a requirement for shock insulation or vibraticnal
damping. The list also contains some compounds which are suitable for coatings
and impregnating components. It contains the commercial name along with the
manufacturer. The list is not intended to be all inclusive but simply represen-
tative.

Damage threshold data for a particular example of polystyrenes and
of phenolics was not available. However, some data shcwn in Figure 5 on Styro-
foam 22 (a polystyrene foam)27 was obtained. This foam had a density of
2 1b/ft?. Irradiation in air at room temperature produced degradaticn at doses
as Tow as 5 x 107 rad(C). This contradicts the damage threshold listed in
Table 18. One possible explanation for this low damage level is the fact
that most foams are produced by mixing into the polymer a thermaliy unstahble
compound, or blowing agent, which decomposes and gasifies upon heating. 3Small

quantities of the residual blowing agent or its degradation product may degrade
further and attack the poiymer when irradiated. A typical b]ching agent,




methyl chloride, decomposes when irradiated to form an acid which attacks poiystyren=.

. moa r2d(l)

- 1 NP
o o S 3x10° rad(2) .
. Wk = ‘
E 80 Zantrol ‘:
g 70 1
o 56 B |
< ’
b 30
2 0 1
= 3
3
£ o2 .
- 1C

¢ 33°C S136°¢ ]

Figure 5. Radiation Data f

¢r a Polystyrene
Foam (Styrofoam 22) b

This same phenomena has been reported for Stafoam AA-402 (a poly-
ether-resin urethane foam).29 The same explanation applies. The blowing agent
when irradiated evolves chlorine which forms the acid which degrades the foam
itself. The data did not include a damage threshold, but the foam did exhibit
degradation at 5 x 107 rad(C) at room temperature. This does not contradict
the damage thresholds in Table 18 since this was for a specific example of poly-
urethane.

This illustrates the impact that additives can have on the radiation
response of organic polymers. Care must be exercised in choosing curing or
blowing agents that will not experience radiation-induced degradation whose
products will attack the polymer. For these two examples, polyurethane and
polystyrene, the use of methyl chloride lowers the damage threshold by an
order of magnitude.

An important consideration associated with irradiated potting com-
pounds is gas evolution. This may cause significant effects for hermetically
sealed potting systems. This effect has been reported impacting transformers,
capaci-ors, and inductors. For capacitors, the problem is further aggravated




Table 18, Total Dose

Effects on Common Encapsulants

Tewmp . Damage
Material Application Range Threshold
(°F) (rad(c))
Polyursthane Encapsulants
Eccofoam FP {Class 4, 3, and C), | foam-in- -65 to 10°* Rigid foam encapsulant for mechanical
Emerson and “ummings, Inc.; place 165 Shoct and vibration damping; type is
Hitco R (Class A, 3, and C), Type 1 determined by the max mum lomperityre
H.[. Thomoson Co. aof yse
Type {1 -55 to to? Class is determined by density
2%0 Class A: 2 1b/ft?; Class 3: 10 ‘b “sf,
Class C: 20 p/fe?
Type 111 -55 to 10? Jitrayiolet radiation ~esults in some
3500 discoloration
3ilicone Rubber
Oow-Zaming Corporation Potting -35 to $ x i0* Renyires 3 rigid mold for wechanical
4-9-0031-1/2 500 shock and vibration: shoulq not e used
0-9-3003-1/2 at 400 to 5000 F unlsss Jivea a pro-
0-9-30064}2 gressive curs in 100° F steps 0 2000 7.
RTY-53) '
Products lesearch 0. \
PR-1920-1/2
PR-1920-1/2
FR-1{910-1/2
Siltcone Fubber Primer
General Electric Co. $5-4004 Primer o -as to 5 x 10% ! “our cure at room temperatyrs
Products esearch Co. 1902 ATY rupber S00
Polysulfide
3737, Class A Potting -70 to 104 Ysed primarily for cable connectars:
3IC-74TT, Class B 300 0t recommended far jeneral ourpose
Churehill Chemical Co. potting
; Eposy Encapsulants .
Insulating Lacquer 1162 Motsture -65 to 10’ Soray or dip coat {< .00S in.) orinted
: Dennis Chemical Company registant 200 wiring Yoard coating
) coating
' (thin)
4
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since these devices quite often employ solid or liquid organic dielectrics which
can also undergo radiation-induced gas evolution. Table 19 lists data on

Table 19. Radiation-induced Evolution of Gas

Gas Evolution*

Material ’ ml/g per 10% rad(C)

Triallyl cyanurate .0013
Aniline formaldehyde .00064
Casein plastic .006
Phenol formaldehyde .0032
Allyl diglycol carbonate .057
Polyester-styrene (mineral filler) .0031
Melamine formaldehyde with

cellulose filler : .0054
Urea formaldehyde with

cellulose filier .010
Epoxy cured with aliphatic =.015 {based on

amine, mineral filled weight of resin)

* This is for standard temperature, and pressure.

the evolution of gas from various irradiated potting ccmpounds. The table
indicatas that gas evolution may be a problem for allyl diglycol carbonate,
cellulose filled urea formaidehyde, and mineral filled epoxy. Referring to
the discussion on laminates, it must be remembered that cellulose decomposes
readily and results in physical degradation and gas evoluticn. Thus, the gas
evolution for cellulose filled compounds is axpected to be greater than the
unfilled version. Viewed in this light the gas evolution of unfilled urea
formaldehyde may be quite acceptable.

In any case, the evolution of gas can result in distortion and
internal stresses within the potting compound. This internal stress within a
potting material cannot only damage the embedded component tut in certain cases
can also affact the operation of the devices. Examples of devices whcse opera-
tion is modified can be found among the ferrites which can be particuiarly
sensitive to strasses. In fact, this property or effect has teen used to
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develop a strain gauge to measure the stresses inside epoxies as a functisn of
dose.3o The device was used to measure the internal stress within two epoxizs:
a semirigid epoxy (Scotchcast 3M-241) and a rigid epoxy (Epocast H22-3C1l). The
3M-241 response is shown in Figure 6. It is interesting to note that in the

2000¢
1800
1&cot
1400}
1204
100k

Pressure (psi)

- S NN S
0 30 100 130 G0
Time (hr.,

L

[ — J
107 10° 2108

Cosa{rad(c))
Figure 6. Radiation-induced °ressure
in 3M-241 Epoxy

absence of radiation the stress internal to the epoxy is 400 psi. The radiation-

induced increase in stress is due to either cross-linking or gas formation.

The resconse can vary from epoxy to epoxy. Figure 7 depicts the
respense of the H2E-011 epoxy which is markedly different from that shcwn
in Figure 6. Initially the pressure is fairly stable with radiation. However,
after roughly 15 hours of irradiation, spikes did occur. Although not apparent
from the figure because of the scale, the spikes have a magnitude of 1500 psi.
In addition, the nonradiated value of 33,000 psi wculd appear to be potentially

damaging to any compound embedded in the material.
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Figure 7. Internal Stress as a Function
of Radiaticn in H28-C1l1 Epoxy

The difference in the responses shown in the two figures is due to
differences between the chemical structure of the two epcxies., H2E-011 is a
fully cross-linked three dimensicnal structure while the 3M-241 is not. With
a fully cross-linked structure like the H2£-Q11 the predcminate radiation
degradation process is probably cleavage of the carben-ta-carbon bends in both
the main chain and the cross links. In any case, this does illustrata the
possibility of the existence of high intermal stresses in the potting compcurd.

The data on the materials suitable for encapsulants contained in this

report was used to form the ranking shown in Table 20. This ranking does not
§ include gas evolution but is based solely on the damage thresholds for
mechanical properties. It also assumes that a ncnhalogenated blowing agent
is used to form the foams. In this table the preferred class has a damage
threshold of 10° rad(C) or greater, the recormmended class is 107 rad{{), and
the not reccmmended class is 10° rad(C). Of course this is not an al}
inclusive 1ist and the list should not be regarded as specifications but rather ‘
B as guidelines. However, as indicated by the damage thresholds all of tne lis:- |
ed materials should be able to withstand the threa* with little or no effect.
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Tahle 2Q, Ranking of Encapsulants

Preferred material: Polyurethane (Zccofcam FP and Hitco R),
polystyrene, phenclic, enoxy (Zpocast 42

011, H2E-012, H2z-037; Scotzhcas*: No. 3)

s

Reccrmended Material: gpoxy (insulating lacguer 115
2C2/9615, 202/%3647, 202-11,3%

Not Reccmmended Material: Polysulfide (2C-737, Class A; 3C-7177,
Class 8); silicon rubzer [Q-3-C031-
1/2, Q-9-3C03-1/2, (¢-9-CC8-1/2, RIV-
503, PR-1930-1/2, PR-152%-1/2, PR-191C-
1/2}; silican rubzer orimer {Zeneral
Electric Co. 5S-4CC2; Przcucts Researchn
Co. 1502)

There is an additional area asscciated with binders which could
present potential precbiems. This is associated with the propeilants for the
interceptor. Even though this is not a subject of concern to this project, it
was thought that this information could be of use and shouid at least be menticned.

Modern propellants are composites of an oxidizer, a fuei binder, anc a
powdered metal. The binder is typically an elastomer or plastic such as pGly-
vinyl chloride, polysulfide, or carboxyl-terminated polybutadiere. One of the
requirements for the binder is to provide sufficient strength so that the compo-
site propellant will retain structural integrity during the high acceieration
phases of the flight. Ancther requirement for the binder is that its burning
rate must be sufficiently high so that the burn rate of the composite fuel is
high enough to accelerate the missile at its required va]ue.3] The purpose
of the oxidizer, of course, is to promote oxidation. From the discussions on
polymers in this report it would appear that, in view of the reguirements on the
binder and the oxidizer, scission of the binder wiil occur in the presence of
radiation. This could easily lead to the evolution of gas and loss of strength
in the binder. As mentioned previousiy, this is not an area that is pertinent
to this study. However, it ~rtainly can have serious consequences on the perform-
of the interceptor.

This finishes the work that was done on the radiation respcnse of
materials. It has been mentioned previously but it must be restated that the
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listings in this report should not be considere with the same degree of in-
flexibility as a specification but rather as guidelines. As best as possibie
the data in these sections represent damage thresholds of a class of materials.
However, there will be specific examples within a class with radiation pro-
perties exceeding those listed.
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4.0 NONSEMICONCUCTOR COMPONENTS

The nonsemiconductor components that were covered consist of three
classes: resistors, capacitors, and quartz crystal oscillators. These classes
of components are usually ignored. However, with the high threat levels that
are expected it was felt that these classes could exhibit some susceptibility
to radiation-induced degradation or disruption. This section has been divided
into two subsections; one dealing with resistors and capacitors and one covering
quartz crystal oscillators.

4.1 RESISTORS AND CAPACITORS

Resistors are affected by neutrcns and dose-rate. Neutrons cause
permanent or long term resistance changes due to displacement effects. The dose
rate effects are momentary and last only a few microseconds. These transient
effects exhibit themselves as a shunt leak resistance and a Compton replacerent
current. The shunt resistance is due to ionization resulting in a shunt leakage
resistance. The replacement current is caused by Compton scattering of electrons
from the resistor's atom. Ffigure 8 is the equivalent circuit of a resistor which
has been irradiated.

R
S
————AAAA~ '
ALJ‘\?»\/——N\&/\,-}—
'R

Figure 8. Equivalent Circuit of a Resistor Under Irradiation.
R is Preirradiated Resistance

The AR is the change in the resistance due to neutrons. The wire-wound resistors
are the least sensitive to neutron irradiation. Their neutron damage threshold

is approximately 1015 to 1016 n/cmz. Oxide film resistors are the most sensitive

ST —
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012 n/cmz. The damage threshcid
2

to neutrons. Their damage threshoid is only 1
for carbon composition is approximately 1013 n/cm
of 1014 n/cm2 causes a 2% reduction in resistance.32 The magnitude of the
neutron-induced degradation is dependent on the size of the resistor. In generiai,
the larger the resistor the greater will be its percentage change in resistance

when exposed to a neutron fluence. The change in a cne megacrm resistcr is atout

and an exposure to a fluence

a factor of 3 to 4 times that experiencad by a 100 ohm resistor. The effects of
5

neutron irradiation on some commen types of resistors are surrarized in Table

and Figure 9.33

TABLE 21. NEUTRCN CAMAGE THRESHRCLOS CF RESISTCRS

| Damage
Resistor T,pe } Thresholds
: (n/sz)
Carhon composi=ion § 10%?
vetal film |3 x 10t
1
Carbon film , 10t
Oxide film |2 x 10%2
!
Precision wirewound i
Ceramic | 5 x 10%7
Epoxy o100

Besides neutron-induced degradation, resistors are also subjected to
dose-rate effects. The impacts are the generation of a replacement or Compton
current which is iR in Figure 8 and a reduction of the element's effective re-
sistance due to leakage in the resistance material and its surrcundings. This
last effect is aquivalent to the transient shunt leakage resistance represented
by Rs in Figure 8. This leakage shunt resistance is inversely proportional to
the dose rate while the Compton repiacement current is directly proportional %o
the dose rate. Two very simple equations provide first order approximations to
the leakage resistance and the replacement current:
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R = El
S N
and 1R = 82‘

The proportionality constants vary with the wattage and potting material of the

resistor. There is some disagreement on the val.e of these ccrstants in <ne

3

literature but the best agreement seems *t5 be for the values snown in Tab'e
22.2:%

Tabie 22. Resistor Proporticnality Factor

[ 13 =12 1
B1 x 10 B, x 1C *~ |
Resistor Potting (konms- (amps,/Rad. )/ |
Type Compound Rad(C)/sec) sec.
Carbon Composition
(watts)
1 Air (630 mm Hg) 2.1 0.78
1 Silastic > 4.3 0.5 |
1/8 Dow-Corning 200 > 1.7 3.0
Ceramic encased Paraffin >170.0 0.045
Metail film 1/8 watt Paraffin > 4C.0 0.044

Therefore, at threat levels, it should be anticinated that the leakije resis-
tance and the replacement current will experience an increase governed by the
above equations.

Similar to resistors very little recent work has been reported in
the literature on capacitors. Narmally the environments are not high enough
to create significant problems. However, in our case the radiation effects
can be significant. The parameters of a capacitor that are af<ected hy radia-
tion are the capacitanrce, the dissipation factor, and the leakage resistance. The
changes in capacitance may be either positive or negative, the dissipation fac-
tor nearly always increases, and the leakage resistance nearly aiways decreases.

S —
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Capacitors using Teflon as a dielectric exposed to 1014 n/cm2 have
an increase in capacitance of approximately 10% while the leakage resistance
drops from 6 x 10%! to 6 x 108
tially no degradation in electrical properties up to 108 rad{C) and in mechani-

ohms. Capacitors using Myiar film show essen-

-

. 9 . L . .
cal properties up to 10° rad(C). However, the die'ectric constant does exrizit

-

D

5

‘
(@)

some chanrges but recovers after irradiation. Mica used in capacitors se
18 22

be unaffected by neutron fluences up to 5 x 1077 n/jcm. The rela%tive a<fac<s

. . . . . 3d
Jence on varicus capacitors is shown in Figure 10.

of neutron 71
D Mi13-t3~-mocerits lamage
Y “derate-ta-severe lamige m Severe iamase
Ceramic -
Glass —
. Mtca
Aager and

Daper’ o asti oy

Plastic

£lectraiytic o

AR W e
L
' 15 6

T4 .
1977 10'8

: , 2,
Neutron fluence ‘n/om )

Figure 13, Relative Neytron-Raziation Sensitivity 57 Janacitors

It should be noted that some 0f the most sensitive capiacitors are
those which used impregnated paper for a dielectric. The impregnants that are
commonly used are mineral ¢il, wax, castor oil, petroieum je'ly, and chiorinated
compounds. The damage to these type caracitors is due primariiy to gas being
evolved from these impregnants which results in pressure buiidup, bursting,
and eventually open circuiting >f the capacitor. The damage threshold “or

13 n/ 2

this type capacitor is approximately 10 cme.
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As evidenced by Figure 10, types of capacitors can be chosen which
will survive the threat. Some guidelines can be stated that will aid in such
a choice. These are:

1) Avoid organic dielectric matarials if possible.

2) Paper dielectric units must not be impregrated with
hydrocarbons. i

3) The preferred types of capacitors are glass, ceraric,
and tantalum in that order.

4.2 QUARTZ CRYSTAL OSCILLATORS

Quartz crystal oscillators are used for precisicon mester I1liks in
many systems. Often this class of components is overlooked in a racziatian
vulnerability assessment. Hcwever, radiation will affect the freguency of
these oscillators. They will suffer a transient and a permanent effact and
in the extreme will cease to oscillate.

[t is fairly well established that a significant increase in the raaia-
tion hardness of quartz oscillators is achieved by electrodiffusing or sweeping

35-41

the quartz prior to fabrication of the rescnators. This process consists

of applying an electric field parallel to the crystal's c-axis while maintaining

the sample temperature in the 400 to 500O C range.42

Electrodes are applied to

the face of the bar of the quartz and impurities (generally Li* and ¥a© inter-

stitial ions) are swept out. The process is carried out at high temperatures

to increase the mobility of the impurities. It should be noted that the aikali

interstitials are always present in as-grown crystal since they are deliberataly ‘
introduced during the growth process to act as charge compensators for the i

ubiquitous silicon-substituted aluminum ions.

In unirradiated crystals, aluminum is located in the cuartz lattice
as a substitute for silicon. The concentration of Al in the lattice depends
on the growth conditions but it does tend to he the dominant Tattice impurity
with the concentration generally having an upper limit of 3000 ppm (i.e., per
number of silicon atoms).43 From an fonic viewpoint, aluminum is a +3 entity
in the +4 silicon site and there is a general tendency to achieve charge corpensa-

. . + . . A
tion by the location of a +1 ion (H , L1+, or Na+) at a nearhy interstitia’

site.

S —




Synthetic quartz suffers from a low value of Q {acoustic losses,

internal friction, or figure of merit). The initial reason for sweeping was

to improve the Q value and not to demcnstrate that swept synthetic quartz is

more tolerant to radiatiOn.44 Therefore, 1ittle work has been cone to optimize ¢

wk

the sweeping process for radiation hardness and sweeping is critical to the

-

radiation hardness of synthetic quartz crystals at room temperature. EerNisser

P S S |

—— R ™ w—
]
|
‘ indicates that unless electrolysis is carried out with care more impurities can
H . 3 . - 1
. be introducad than are removed. Tre situation is fur<ner compiicatad Sy <ne
fact that the sweeping process has not been stancardized {2.g., sweeping is

performed in vacuum, air, hydrogen, or inert atmospheres). Variations in the

sweeping process cause variations in the kinds, locations, and amcurts 0f imper-
fections within the quartz lattice structure which are, in turn, reflected in

the variations in the radiation response of the oscillators. 1

Following a pulse of radiation, the frequency and Q of the osciliator 1

+hange. These changes do partially anneal toward preirradiation values for
about 20 minutes after the cessation of radiation, after which the changes in

Q and frequency are fairly stable. The situation is illustrated in an ideaiized

H in Figure 11. Changes which anneal within roughly 20 minutes after the

form
cessation of radiation are called transient shifts. A1l those changes which per-
sist for longer than 20 minutes are called steady-state shifts, fss' The anneal-
able portion of the frequency offset in Figure 11 1is designated by ;fA. [t srculy

be noted that the steady-state shifts are not permarent but will anneal cut. Hcw-

rat IR RG-S e L R .

e e m ¢

ever, the annealiing of the steady-state shifts is very slow and will continue for

days until the preirradiation value of frequency is obtained.
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small (typica
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The
in the high d
synthetic qua
of the order
the change in
low as 4C0 ra
shifts will o

offset is ind

.

re are two ranges of dose in which the resonators exnibit different

benhavior.

i
1
!

The response in one region can not he inferred or extri-
the behavior in the other, which probably indicates different

r the radiation response in the two regions. In the low dcse

to 104 rads (Si)), the frequency change is usually positive,

1y 1-10Q pp 108), and showg little dose deperdence. with larger

reases strongly with dose and can reach high negative values.

early work was concentrated on steady-state changes and crincipally

ose region. However, some low dese data dces exist. For swept

rtz, both positive and negative shifts have been obser~ved. Shi“ts

of 1 pp 108 can occur for doses as low as 100 rads. In some cases

freguency has been observed to reach a plateau for exoosures as

ds (Si). Once the response has saturated no further frecuency

ccur until the absorbed dose exceeds 3000 rads (Si). This low dose

6 47

icated in Figure 124 ,. 137" and 14.37 The data in Figure 12 is on
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Figure 12. Steady State Frequency Offset of Unswept Natural Quartz as a

Function of Absorbed Zose
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a 5 MHz unswept natural quartz oscillator. This figure seems to indicate that

increasing the dose rate changes the rate of frequency offset per rad (Si)

2 TN S WY S-S NP

However, even at a constant dose rate the rate of frequency offset appears to
be changing as indicated by the tailing of the curve above 400 rad (Si). This
indicates that the slope is a function of the accumulated dose rather than dcse

rate.

. v.\-‘»-u'w -

Figure 13 indicates the response of swedt and unswept Premiur-G syrsratic
S 2

quartz47. Tnis figure gives some indication of “he transiticn region setween
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Figure 13. Radiation Response 0f 5 Mhz Premium-Q Resona*ors

the low and high dcse regimes. The transistion region is further expanded in

4.37 The data in Figure 14 is for 5 MHz Sawyer Research Products (SARP)

Figure 1
Premium-Q quartz rescnators. Unfortunately the scales in Figures 13 and 14 are

different which makes a comparison of the two figures difficult. Hcwevar, they
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Figure 14. Radiation Raspensa oFf 5 MHZ SARP Premium-J

Quartz Rescnators

are essentially in agreement with one ancther and indica*te that at 103 rad (Si)
the offset for swept synthetic crystals wiil usually be small and positive.

As the absorbed dose is increased the offset will decrease sharply with dose.
In any case the offset below a dose of 104 rad (Si) will be less than 4 op 108

and in all likelihood will be too smail to have much of an impact on the per-

formance of the radar.

The early work on quartz crystals was concentrated on the steady-state

changes in the high dose regions (> 104 rad (Si)). However, there are sove '
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The curve for unswept quartz is really in contradiction
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in the literature.

ambiquities and irreproducible results in the literature.
48

¢ Figure 15 can be as low as -400 pp 109

experiments is difficult.

are the rule rather than the exception.

37,42 =37

Figures 15

are among the latest reported data and are indicative o€ the variation

For essentially the same type of material, SARP Premi.m-Q

)

quartz in 5 MHz AT-cut resonators the change in frequency at 1 Mrad (Si) in

while in Figure 16 it can be as high as

the sweeping process, the fabrication process, and the resonant circuit itsel-s.
As mentioned previously apparently Tittle effort has been Tade to standardize
the experiments or the manufacturing process so correlating data from diffarers

Differences such as those between Figure 15 and 16

Ancther example of some of the latest data is presented in Figure 17

ZLECTAON XQSE {rad)

Steady-State Radiation Response
of 5 MHz Premium-Q Quartz
Crystal Oscillators

+150 pp 109 A variety of factors could have caused these discrepancies inclucing
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to work reported sarliijer”

] N v :

! Quarty Tso s ‘
ek Acsymuicres I Heat hi
30;; iC Mev Zlecmans -
Mz ; 3
ok aa:,;.ﬁs.:ap g )
i ] I
Cp 3237 Tl ..iaSet Temnc 4
-10r LS Groge ]
{ - MR '
SOE / . Noturch Seected <
c L, 4

Siopped Oscxiicng C e a s

sof  UNG Sosed e, Joed
‘o Ngrrct 3

1 1 1 1

1Q* 3 |03 3 Y Iy ’
Racs isi) e 0

Figure 18.

Steady-State Radiation

Response of 5 MH:z

Quartz Oscillators

S —

e i R % b

ammk

- N

b

A Diden




JRRN

- A

represented in Figure 18. The consensus in the literature incicates that the
relative behavior of swept quartz depicted in Figure 18 is more typical of this
type of crystal. Once again the scales are different but to facilitate a com-
parison between the two figures the following conversion factors can be ysed:

1 Hz in Figure 18 = 200 pp 10%; 10 Hz = 2000 o 10°; anc 50 #z = 12,200 oo 17
These conversion factors indicate that data presentad in the form 0f Figure
creatas the false impression concerning the magnitude of the probier. Figurs 13

9

is a repict of Figure 13 using the _f/f X 107 for—at. This indicates zha% urse2:z:
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Figure 19. Steady-State Offset Oscillator Frequency as a
Function of Dose for 5 MHz Resona*ors

natural quartz must never be used in a radiation environment since at 1 Mrad (Si)

it will experience an offset in excess of 10,000 pp 109. This is brought out

46

even clearer in Table 237~ which lists representative radiation-induced freguency
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offsets for various levels in the high dose region. As indicated in this table
the offset in unswept natural quartz is generally at least an order of magnitude

greater than that in swept synthetic quartz.

The variation in the radiation response of natural quartz exhibited

in Table 21 is also present in other types of guartz. This is indicated in

39

Figure 2077 for 5 MHz oscillators made from swept synthetic electronic-grade

quartz. These crystals were cut from four different bars (i.e., L-4, L-5, R-2,

>
1
Peoebou

at/t a IOB
]

J0SE _-adi3. ]

Figure 20. Steady-State Frequency Offsets of 5 MHz Resonatcrs

and R-6). The radiation-induced steady-state offset does vary considerably
between different bars and can be either positive or negative.

The same type of behavior is also exhibited by Premium-Q grade quartz

as indicated by Figure 21.49

In this figure the bars All and Al3 are Premium-Q
and E1 is electronic grade quartz. As indicated by this figure both grades of

material exhibit the same type of steady-state behavior.
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There is some indication in Figure 20 that the variation in the
offset between crystals cut from the same bar can be quite small. This fact is

more clearly illustrated in Figures 2249 and 2339. Figure 22 depicts data con

e
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Figure 22. Steady-State Response of Three Crystals
from the Same 3ar of Premium-3 Juartz

three crystals cut from the same bar of Premium-Q quartz while Figure 23 indicates
the steady-state response of two sets of three crystals with each set coming
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Figure 23. Steady-State Freguency (ffset for S Mhz Rescnators
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Lol

5 rad (Si) none of the

units from the same bar have offsets which differ by more than 1 pp 108.39’49

from the same bar of electronic-grade quartz. After 10

This would indicate that hardness assurance considerations could be satisfied
by testing one crystal from a bar and use these results to characterize all

crystals cut from that bar.

However, a note of caution must be raised. It has been reported that

one experimenter received two units, supposedly cut from the same bar of swept

synthetic quartz which exhibited steady-state offsets larger than in natural
quartz.48 This would suggest improper sweeping which is probably a major sourca
of the ambiquities in the literature. In generai, very little infcrmation con-
cerning the sweeping process is included in the literature and certainly con-

| stitutes one of the difficulties associated with assessing the vulnerability

,i of quartz crystals.

|

i Up to this point the discussion has focussed on the steady-state

P: response of quartz oscillators. However, this is only part of the prcbiem.

[ The transient frequency offset is much more serious because it is an order of
magnitude larger than the steady-state offset. The situation that was depicted

in Figure 11 has been repeated below to refresh the reader's memory.

'0 = ariginal, sreirradiat on frequenrcy

'SS = $teady~giate ‘recuency ‘apprax.nately 'S
ninutes afzer exposure)
f() e instancaneous ‘racuency at any time,

.LFA « arnesiadie jortion 3f :ne ‘reduency :range

Figure 11. Idealized Plot of Frequency versus Time for a

QualtZ o ySta[ OSC. 3c<o
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The transient response consists of a rather sharp negative shift or spixe in i
frequency immediately after exposure. This is depicted in Figure 2441 for !
natural (N-4, N-3), unswept synthetic (C-7) and swept synthetic (S-25 and S$-25; i
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Figure 24. Typical Curves of Af Versus Time For
32 MKz Resonators Fabricated From
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quartz crystals used in 32 MHz resonators. The response of a natural quart:z

cyrstal (BG-1) used in a 5 MHz resonator is also shown in this figure. Addi-

44

tional data is shown in Figure 257" for 32 MHz natural quartz resonators
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at 15%C. The increase in the transient offset for a repeat exposure of crysta!
n-1 at 4.5 x 10%
rad(Si) should be noted. Essentially the same type of behavior is exhibited by

. . 4
rad(Si) in comparison with the initial exposure of 4.0 x 10"

125 MHz resonators as depicted in Figure 26.35
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| Figure 26. Transient Offset Freqhency Versus Time for
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The similarity between the transient response of the resonators shown in Figure
41,46 to conclude that between 1 and 125 MHz the
transient frequency offset is, to the first approximation, independent of

24 and 26 has led some workers

frequency.

Some remarkable features are revealed when data such as that in
a .
Figures 24, 25, ng 26 are replotted shown in Figure 27‘4 as a functicn of tne
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log of the annealable frequency offset versus the log of time after exposure.
In this plot the annealable frequency shift Af is equal to the difference

between the steady-state value of frequency, f__, and the frequency, ft, at

ss
time, t. The data for a particular resonator falls on a straight line and the

lines for different types of crystals, with the exception of SP-15, are nearly

parallel with a slope of -1/2. This, of course, impiies that the transiant
frequency offset anneals as a functicn of t'l/d and, as shown in Figurs 27,

this behavior continues over four decades of time. The kinetics of this behavicr

has been examined in Reference 50 and found to result from a one dimensicnal
diffusion and trapping of H+ by the A1+3 centers in order to achieve charge

compensation.41

The SP-15 crystal is a vacuum swept synthetic 32 MHz crystal. Basically
this unit was swept in a hydrogen-free atmosphere and is one of the few oscillatcrs
reported to have a negligibly small transient frequency offset. It has been
postulated that vacuum electrolysis either removes the hydrogen responsibie for
the frequency offset or stablizes the hydrogen in OH centers. For the SP-15
unit there was a permanent offset of roughly 1 ppm for a deose of 3 «x 104
rad(Si).41
1973 and the results have not been duplicated in any further work to da*s.

However, it should be pointed out that this data was publiisned in

Therefore, the authors view the data on the SP-15 with a great deal of caution.

There is some indication that natural quartz will cease to oscillate
for a short period of time (10 to 15 .sec) following exposure. This short-
duration failure is attributed to prompt photoconductivity due to the diffusion
of ions along the optical axis of the crystal. The induced photoconductivity
during the radiation pulse effactively shunts the crystal unit with a low value
of resistance which stops oscillation. Actually there is a prompt and delayec 1
component of the photoconductivity and as shown in Figure 28 this phenomenon is
not confined to natural quartz but also exists for swept and unswept synthetic
quartz. Figure 28 depicts the log of the conductivity during and after a 10
rad(Si) pulse as a function of the log of the time after the puise. The
conductivity of the swept synthetic quartz decays rather rapidly after the
radiation pulse and essentially vanishes 10'7 sec. after the pulse. In natura!l
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Figure 28. Radiation-Induced Prompt and Delayad
Photoconductivity for Natural, Swept,
and Unswept Synthetic Quartz

quartz tnere is a large and persistent increase in the conductivity. It is
still measurable at times on the order of tens of seconds after the exposure.
The magnitude of the conductivity of unswept synthetic quartz falls in betwean
that of natural and swept synthetic material. It does have a measurable delayed
component but is is reduced by a factor of about two compared with natural

quartz.

The equivalent series resonance resistance, Rs’ (which is propertional

to Q'lo), also changes as a result of pulsed irradiation as indicated in Figure
29.35 As was the case with the delayed conductivity the change in RS decends on
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the kind of quartz from which the oscillator was fabricated. The data in Figure
29 is for 32 MHz quartz resonators. The increase in RS is greatest for natura’
quartz and it decays to a steady-state value that is somewha*t larger than its
pre-irradiation value. Unswept synthetic quartz also experiences an increase

in Rs but it decays back to its original value. There is essentially no charges
in Rs for swept synthetic quartz.

The change in Rs for a 5 MHz natural quartz osciilator is shcwn in

-
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Figure 30. Radiation-Induced Change in the Serias Resonance
Resistance for a 5 MHz Natural Quartz Oscillator

oscillating for .05 sec. The unit ceased oscillating for 3 sec. after a second
exposure of 2.8 x 104 rad(Si). The extremely large increase in R in Tow fre-
quency natural quartz crystals would seem to be the reason that oscillators
employing such crystals fail for relatively long periods of time (severa?l
seconds ).

Figure 29 indicates that .1 sec. after an exposure of 4.5 x 104
rad(Si), RS for the 32 MHz natural quarts crystal unit, N-4, has increased
100%. Figure 30 indicates that .1 sec. after an exposure of 1 x 104 rad{Si}

RS for the unit BG-2 has increased 3000%. This comparison is made even clearer

in Figure 31. This fiqure directly compares a 32 MHz unit with a 5 MHz unit
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Figure 31. Comparison of the Changes in R_ in a 32 MHz
Natural Quartz Oscillator with that of a
5 MHz Qsci]]ator After an Exposure of

1 x 107 rad(Si)

both of which were fabricated from natural quartz and exposed to 1 x 104 rad(Si).
This figure clearly indicates that the increase in RS is inversely proportional

to the frequency of the oscillator.

Data such as that in Figures 29, 30, and 31 constitutes another reason

why natural quartz should be avoided.
state and permanent frequency offset natural quartz oscillators, also, are more

likely to cease oscillating than are synthetic units.

selves.

widths (= 70 nsec).

In addition to suffering a larger steady-

Before leaving the subject of the transient response of quartz oscilla-

tors some comments should be made concerning the crystals and the tests them-
The transient data listed previously was for very short radiation pulse

In addition the data was obtained for resonators that were

specially cut so as to have a flat frequency-versus-temperature characteristic.
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Thus, temperature effects were unimportant in these tests and the changes ¢o
truly represent the response of the quartz crystals.

In order to understand the radiation response of quartz crystals
the situation must be examined on a microscopic level. This was briefly dis-

’ cussed previously and that discussion will be summarized here and used as a
basis for explaining the radiation response of quartz crystals. In unirradiatad
crystals, aluminum is located in the quartz lattice as a substitute for silicon.
From an ionic viewpoint, aluminum is a +3 entity in a +4 silicon site and there
is a general tendercy to acnhieve charge compensation by the Tlocation of a +1
ion (H+, Li+, and Na+) at a nearby interstitial site.

12

Irradiation of a guartz crystal generates approximately & x 10

51 These eiectron-hole pairs, of

electron-hcle pairs/cc per rad in quartz.
course, undergo reccmbination processes. In general, holes are trapoed at
lattice imperfactions more quickly than e1ectrons.52 The A13+-L1‘+ or Na*¥
defect constitutes an ideal site for hole capture at one of the nonbonding
oxygen orbital positions with a subsequent freeing of Li* and Na©. The re-
maining A]3+- hole compensated center has an unpaired electron located in a
nonbonding (unbonded to the aluminum) orbital of an oxygen atom adjacent to the
aluminum ion. The hole is trapped cn the nearest oxygen neighbor to the alu-
minum. The trapped hole is not stationary but rather jumbs back and forth
between two of the four oxygen atoms. It must be mentioned that silicon in the
quartz lattice is surrounded by four oxygens not quite tetranedrally located,
ie., there are two equivalent pairs with Si0 bonds of length 1.598 and 1.6163
respective1y.43 Thus, there are two nearast oxygen neighbors to the aluminum.
Electron spin resonance confirms the fact that the hale hops back and forth

between the two nearest oxygen neighbors.s3

There is agreement in the literature that the formation of the

3+ hole compensated centers are a major cause of the Af/f offset. However,

Al
the exact reasons for this impact have not been completely formulated. A
generalization is often used to explain the negative fregquency offset which

is based on the argument that ionization results in the removal of valence
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electrons in the crystal. This weakens either the basic tetrahedra® structure
or the lattice structure in the vicinity of defect centers which reduces *re
elastic modulus of the crystal. However, it has also been nrcposed tha® the
Af/f is due to a change in the elastic modulus brought atout by detracoing of
positively charged compensating jons at the substituticnal A1+3 sites. This
is brought on by the formation of A1+3- hole compensated centers. In ans case,
' the formation of A]+3- hole centers coupled with the racdiation-induzed ~ctility
of interstitial ions are major factors in the radiation resgorse 2€ zuartz.

A technique has been devised for determining the ccmpleteress 0f the

PN P N SN VY N S

sweeping process for guartz which was grown using NadH or 4a7-V3 as 3 mirariyiizer
and, hence, the concentration of the Al 3. hcle centers. 2 Essential’y it con-
sists of examining the Al 3. hole center electron spin rescnance (ESR} spectrum
after each step o¢f a sequence of three irradiations: an initial 779¢ irradia-
tion, a room temperature irradiation, and a re irradiaticon at 77°K. The resal*s
of such measurements are shown in Figure 32 for an unswegt Sawyer Premium {
quartz crystal used in a 5 MHz resonator. The intense set of closely-spaced
lines centered at 9. = 2.0183 has been detarmined to be causad by the A

hole center with the hole being trapoed in a non-bonding orbital of an 2« 2
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54,55 3y comparison,

which is adjacent to a substitional aluminum impurity.
Figure 33 shows the results of ESR measurements taksn after the sare seguence
of radiation exposures for a swept Sawyer Premium-Q crystal. [t should te

mentioned that the samples used for Figures 32 and 33 came from the same bar

' of quartz which was cut in half; one half was swept and the cther half was un-
swept. The mineralizer was NaZCO3. Therefore, the differences in Figures 32
and 33 must be attributed to the sweeping prccess alone.

In unswept material the initial low temperature irradiation produced
very few A]+3- hole centers (Figure 32a). In swept material the same irradia-
tion produced a significant number of such centers (Figure 33a). However, the
roog temperature irradiation of the urswept material createc a large number cof
At

produced very few centers. The two samples exhibit essentially the same be-

- nole centers (Figure 32b) while for the swep®t samples this irradiation

havior for the second 77°K irradiation.

Additional samples were also subjected to this same three step irra-
diation process and the relative concentrations of A1+3- hole centers based on
the magnitude of their ESR spectrum are shown in Table 24.42 The SG samples are

from Toyo while the PQ (Premium Quality) and EG (Electronic Grade) samples are

1
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e atastninin b B 5o o i A v vimon e o mdens o S S i, ae L~

Table 24. Relative Concentration of A1+3- Hole Centers As
Determined by ZSR. One Unit is Approximately
8 x 10'? Unpaired Spins

PQ-E10 PQ-F12  SQ-Al SQ-A2 PQ-A20 PQ-D1 EG-C20 EG-F20
(Un- (Swept) (Un- (Swept) (Un- (Swept) (Un- (Swept}
Swept) Swept) Swent) Swept)

Step 1

Initial

Irradgation

at 77°K 2 142 6 344 0 166 32 224

Step 2
Irradiation

at Room
Temperature 166 14 250 42 4 12 56 54

Step 3

Re-Irra-

diatign

at 777K 444 208 312 370 42 160 424 220
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from Sawyer. One unit in the table corresponds to 8 x 1077 unpaired spins.

The same pattern of behavior as that shown in Figure 32 and 33 is duplicated

3. hole

by all the samples. It is interesting to note that the number of S
centers generated by the second low temperature irracdiation (step 3) indicates
that the Sawyer sample PQ-A20 has a significantly lower aluminum content. How-
ever, as indicated by step 3, the cther Premium-Q and the Supreme-Q samples
contain approximately as many aluminum impurity ions as the Electrcnic-Grade
samples.

The initial 77°K irradiation of unswept samples failed to procuce many
m*3
the aluminum. Essentially, the Na© ions are immobile at this temoerature. They

- hole centers because of the presence of the interstitial alkali ion near

are frozen in place and no cen<ers are formed. The onset of radiation-incduced

42 The second irradiation was

mobility of interstitial Na© ions occurs at 200°K.
performed at room temperature which, of course, allowed the Na© ions to become
mobile and move away from the aluminum ions. This allows the formation of

+3
Al
be mentioned that the ESR measurements were made at 779K. The last irradiation of
77°K does not result in the liberation of any meore Na© jons but there is an

- hole centers and gives rise to the set of lines in Figure 32b. It should

increase in the intensity of the spectrum. This probably results from any un-
compensated A1+3 ions which remain after the room temperature irradiation that
trap the radiation-produced hoies. However, it is not a temperature effect since
the ESR measurements in step 2 and 3 were all made at 77°K.

The sweeping process for the samples in Figure 33 and Table 24 was
done in a partial hydrogen atmosphere so that the interstitial fons were re-
placed from the aliminum sites by HY fons. ESR results on hydrogen atom553
and IR results®’ on OH™ molecules both demonstrate that hydrogen is mobile
in quartz under irradiation at temperatures below 779, Thus the initiai 77°K
irradiation of the swept sample (Figure 33a) essentially liberatad the hydro-

gen ion from the aluminum site and produced large numbers of A1+3- hole centers.

No explanation of the spectrum for swept samples irradiated at room
temperature (Figure 33b) is given in the literature. Obviously, competing

3

mechanisms are involved and, by comparison with Figure 33a, more [SRE hole

centers are anninilated than are formed. There are several candidates for these
competing mechanisms including the thermal release of trapped electrons which

S —
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were generated during the initial 77°K irradiation. The exact nature of the
competing mechanism is not really pertinent to our discussicn other than to

note the temperature dependence of the mechanism indicated by Figures 33a.), b.),
and c.).

The other important fact that is illustrated in Figure 33 is that for
a completely swept sampie the A1+3- hole center ESR spectrum will have the same
intensity after the first 77°K irradiation as after the second irradiation. For
a partially swept sample, the ratio of the intensity of the ESR spectrum of
the A1+3- hole centers after the initial 77°K irradiation to that after the
second 779K irradiation is a sensitive indicator of what fraction of the inter-
stitial alkali ions have been replaced by hydrogen ions. For a completely
swept sampie the ratio should be 1 as in Figure 33.

The basis for the technique, of course, resides with the fact that
the alkali and hydrogen interstital ions have subs.untially different tempera-
tures for the onset of their radiation-induced n .ility. This fact may, also,
serve as a basis for developing a radiation tolerant .uartz crystal. If as indi-
cated in Figure 32a) at low temperatures essentially no A1+3- hole centers are
formed in unswept synthetic crystals then the radiation-induced frequency off-
set for these crystals should be minimal. Un€ortunately, as mentioned pre-
viously, the Q of unswept quartz crystals is probably too low to allow for
their application in precision oscillators. However, it snould be noted tnat
operation at low temperatures would, by itself, increase the Q of the crystal.
Thus, it may be feasible to fabricate precision oscillators from partially
swept synthetic crystals grown using Na2C03 as a mineralizer which are radiaticn
resistant provided they are operated below 200°K. Obvicusly the minimal amount
of sweeping would have to be determined along with the optimal operating tem-
perature. In addition, the effect of different mineralizers shouid also be in-
vestigated. A larger ion should require a higher temperature for the onset of
radiation-induced mebility. In any case, the use of partially swept crystals oper-
ated at less than 200°%K is a possible solution to the radiation-induced frequency
offset.

Although not as dramatic as the dose-induced transient response, fre-
quency offsets can also be induced by neutron exposure. As discussed in section
2.0, this results from the displacement of atoms from their regular lattice

1
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sites. There is not an abundance of data on this effect. Scme 0f this data

45 57,58

is summarized in Figure 34. As indicated by this figure the slcpes of
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Figure 34. Frequency Snift as a Function of Neutron Fluence
(>10 KeV Fission Spectrum)

the curves do vary considerably but the figure does indicate that the freguency

shift is a positive linear function of neutron fluence. Curve A was obtiined
from data on optical-grade unswept material and nas a slope of 0.5 ppm/mbn/:m2
(>10 KeV). Curve B was for data on natural and unswept synthetic guartz and has

a slope of 0.8 ppm/lO]Sn/cm2 (

quartz58

>10 KeV). Curve C was for swept electronic-grade

has a slope of 3 ppm/]O]Sn/cmz. Reference 58 also indicates that
swept Premium-Q and swept electronic-grade quartz have a slope of 6 ppm/]O]Dn/cmZ.

This is disturbing since it gives some indication that better swept, higher cuility

quartz has a greater sensitivity to neutron exposure. However, it must be noted
that the test fluences in Figure 34 are somewhat higher than the anticipated
threat. '

As alluded to in the preceding paragragh the differences between the
curves in Figure 34 could have been caused by differences in the grade and type of
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material. However, all neutron sources have gamma jrradiation accompanying the
neutron exposur2 and some method of accounting for the gamma-induced frequency
shifts is required if the effects of neutrons alone are to be assessed. The
difference between the curves may reside simply with the methods that were used
to account for the gamma effects. In reference 45, these effects wera treated
by pre-exposing the crystals to 3 Mrad(Si) of radiation and relying sn the
saturation effect mentioned in the discussion on the effects of lcw dose region
exposures. Reference 58 accounted for gamma effects by empicying the gamra-
induced frequency shift from a different resonator but cut from tne same bar

to correct the total shift resulting from a mixed gamma-neutron exposure. The
results of this correction are depicted in Figure 35.58 The two crystais
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Figure 35. Frequency Offset Versus Neutron Fluence, Shewing
the Effect of the Correction for Gamma Radiation

depicted in the figure have quite different responses to a mixed gamma-neutron
exposure yet after each was corrected for their respective gamma resgonses they

are quite similar with a slope of roughly 7 ppm/lolsn/cmz. In any case, given

the current scarcity of neutron effects data, it is recommended that the more
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conservative data of curve C in Figure 34 be used as representative of the neutron
response of quartz crystal oscillators. [t is, also, recommended that the effects
of neutrons and gammas be characterized separately and then te added.

Y

This finishes the discussion of radiation effects on nonsemiconductor

oy

devices. As mentioned in the material section {section 3.0) the discussion in
this section should be considered as gquidelines and it is hoped that these guide-

lines will aid in the selection of resistors, capacitors, and quartz crystals

which can survive the threat.
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5.0 RADIO FREQUENCY SEMICONDUCTOR DEVICES

Any radar system whether radic frequency (RF), microwave, or millimeter
wave will utilize RF devices in some form. They will appear in varjous apolicat-
ions including regulators and signal processors. In any case, any vulnerability

study on state-of-the-art radar systems must include this type of device. In
order to present the effort on these devices this section has been divided intc
two natural parts: 1.) discrete RF devices, and 2.) RF integrated circuits.

5.1 Discrete RF Semiconductor Jevices

This section of the report will be confined to discrete devices. It is
understood that these devices, although not state-of-the-art, will be incorporat-
ed in vital subsystems of every system (e.g., in voltage and current regulaters
associated with power supplies). This is the reason that a discussion of the
vulnerability of radio frequercy discrete devices will appear in any overview
study of the vulnerability of an electronic system.

The two most popular technologies which are used to fabricate semicon-

ductor devices (either discrete or integrated circuits) are bipolar and metal-
oxide-semiconductor (MOS). Advanced radar systems will in all likelyhood nct 1
incorporate to any great extent MOS devices hecause of its inherent speed and

frequency constraints. Therefore, the study focussed aimost solely on bipclar

technology. The exception to this is gallium arsenide (GaAs). Gigahertz field

effect transistors (FETs) are made from this technology and these are included in

the section on microwave and millimeter wave devices (section 6.0).

5.1.1 Diodes

The interaction of radiation with material is important only if it
affects the performance of devices. In order t3 urderstand these af€acts it is
best to start with a discussicn of the operaticn of the simplest of semiconductor
devices: namely, diodes. The next logical step is *o indicate how radiation
influences diode operation. Having this for a base the affort will *hen ara-
cead to more complicated devices.

A diode, of course, is simply a p-n junction. In a crystal contain-
ing a p-n junction in thermal equilibrium the conduction electrons contributed




by the donors will be chiefly found in the n-region while, similarly, the noias
contributad by the acceptor ions will be found chiefly in the p-region. It is
not possible for the electrons and noies to remain entirely separated unless 2n
t electric field exists in the junction. Without an 2lectric field the aleczrons
] and holes would intermix by diffusion. If it is assumed that, initially, there
is no alectric field across the junction, holes will diffuse out of the 2-tyne
material into the n-type leaving behind in the n-materiail negatively charzec
acceptor ions. Electrons will diffuse in the oppesite direction leaving Zenind
in the n-material positively charged donor ions. This initial diffusion will
establish a dipole layer at the junction with an associatad electric field which
opposes any further diffusion across the junction. The region is called the
space-charge region because the diffusion of carriers leaves benhind charged conor
L and acceptor ions.

The holes which diffuse into the n-region recombine with free aiactrans

in the space near the junction. Similarly, alectrons which diffuse into the o-

ragion reccmbine with holes near the junction. As a consequence of this action
there are very few carriers in a small region on each side of the junction. This ‘1
region which is the same as the spaca-charge rsgicn is called the carrier-depieric-
regiaon or the transition region.

Figure 36a illustrates the electron potential energy in the neignborrccd
of a p-n junction.] Ec is the energy lavel corresponding to the bottocm of the
conduction band, EV is the energy level corresponding to the tcp of the vaiance
band, and EF is the Fermi energy level. The current is carried by sliectrons in
the conduction band and by holes in the vaienca band. The flow of current is
controlled by the potential hill or barrier. The height of the hili is detarminec
by an 2quilibrium between two factors: (1] The generation 3f electron-ncie ;
pairs on both sides of the junction by thermal ionization, and [2) tne 4¢fisicn ‘
of carriers across the junction against the barrier 5y virtue of their thermally- l
generated kinetic energy.60 At thermal aquiiibrium tner=2 is no net current “lcw
and the twa factors baiance ane another.

WAhen the diode is reversed biased as in Figqure 36b a neja“tive potantial
is applied to the p-region and the height of the dctential hiil is increased.
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Fer a reverse hias of 2 faw tentns of vol

ot

or mgre, the hiil is so hign that 2

thermal energy t2 ¢limb it 2anc the

negligible number of holas have su“Ticien
1 61

hole current into the n-region essentially vanishes.

The hole curwent frem
the n-region [minority carriers) is pragtically the same as it was in the un-
biased case. This current depends on the therme: generation of 2leciron-ngciz
pairs in the n-region and is aimost unaffectad by the applied petentia™. For

this reason the reverse holes current saturates or reaches
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reverse vo:tage increases. Similar commen<ts 2pgly to the electirans. Thast i
ne

the potential hill wnich helds the holes in the p-region alss hoids eiecirens

in the n-ra2gion.

When tne dicde is forward-tiased the potential hill is lcwered as in
Figure 36c. More holes have sufficient energy to climb the barrier into the n-
region and, similarly, more sleciraons will have sufficient energy 2 “low freom

the n- ¢9 the p-region. The Tiow of mincrity carriars (nciss. T=2m Ine n-re
and eiectrons from the p-r2gicn; is dractically Jnaffacted by <he zoplicats
¢¥ <he faorward bias.

] Figure 37 is a typical V-I curve for a diode. VB in this figure is
tne Sreakdown voltage. Thers are Two tyces oF 2nysical phencmena wnicn 3°ve

risa %2 thnis Sreaxlown, tne ava.anche 2¥Fs¢t anc the larer effec:.sz Thermzllv

generatad c2rriers from the J- 2anc n-region w111 coliide with zioms T the

crystal jattica wnile <rossing the trinsiticn regicn. When tne juncTicn vo'zage

is nign these carriers may gain ancugn enargy JeTween £3i1isions < «nock an

-’
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Figure 37. “he Volt-Ampere CZnaractarisziz
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electron out of a covalent bond. This creates an elec<rsr-ncie gair. The nci

1D
(D

is swept into the p-region and the electron is swept into the n-region. 7n

[\
PP AR SRR

new carriers can also have ionization coiiisions creating new eiectron-ncle
pairs which in turn can have further ionizing collisions; tnus, the process cu’ils
up in the manner of an avalanche. Breaxdown occurs when tne sias voltage is su“%i-

L S ST

! cient to maintain an ionization chain.
The breakdown petential is a function 9f <he diode dering zorzernzrztion,
In a highly doped diode, breakdown occurs at a relatively low bias voitace <nrougr 2
Zener breakdown. The Zener effect arises when the ejectric fiele in the transi- £
tion region becomes 50 intense that the aleg¢iric “orces in this regicn are U7 - !
cient to tear elecirons out Of tne covalent bonds, ras;1:ﬁng ir an 2iac¢tmon-ncle 1
pair. The nole is swept by the field into the o-regicn ancd the 2lezt-=or ‘s swaIt j

into the n-region. This movement ¢f carriers, 2f course, cCONsSIitutas a curwans

across the junction. When the electric fie'd in the transition region nas s=-
come strong enough t0 break one covalent bond it is strong encugh To Bresik Tany.
Thus, once the Zener 2%fect nas set in, large increasas in reverse currert
through the diode can be accomciished wi<h neglicitia increass in junctior w2 t-

[1}]

age, and, therefore, Zne voltage acress the diode is nearly conszant in In
breakdown regions. The Zsner effec%t is the Dresakicwn mechanism wher tne < zce
is heavily doped and when the breakdown occurs at low volzages. The ef zac:
oczurs in heavily doped diodes with a raversa hias of 10V or ?ess.63

In order t0 understand the s7Tacis of neuirons on Zioces T is necassa-y
to express the forward current ¢ a ziode in the following Form.

u\ 7 (V. = Vo)) 4
le = (-) %xp <q a '} -1
FoAr TR

wnere 4 = minority-carrier mcbility

A
[}

minority-carri er Tifatim

<z

apolied voT:age j
potentiail drop acrsss built-in region

-
n

Neutron-induced displacemenss actuaily orocduces three malcr ef acts

in semiconductcrs: (1) minority-carrier lifetime degracazion, '2) maiorizyve

S —
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carrier removal, and (3} majority-carrier mebility decrezs

(3}

3
equation indicates that, in 2rder tc maintain a consiant

O
-
3
10
3
.
-
ct
o o
(1] O
[V
v
ho ]
—
4
(4]
Q

veitage must decreasa ¥ ¢ Zegrmeasas. T 37Fsat tne Zacgrease v farvzr Tesfliy,

=, tne 25piiec veitage TusST increzse. Majeriity carrier remgval Z2uses 2rn ‘ncrzass

n *ns*‘°*¢*‘/ anicn rasu’ts in an increase in Y.,. Thersfsra, ‘n Srzer Iz Tainzzin
>

3 constant lg tne zociisc vottage must e Increasad. The Cnange Cue T inert Ive

irriar (ffatime zegricaticn [(for 3 constant firwarc current thne 2onifec sclTice

TUST se zecreases) dominatas it Tow TUuence lavels. The charges G oTect ity irc

rzsistivity eminazas et 1ign fluenca levals., Thus, Tany :sicges exnisit ozn inizial

nicrer *ugrcss, (2 ‘rirszses I3 zsuire

iq Figure 38.34

Ty et = = A T

Forward Voltage (V)

1004 10 10

Neutron Fiuence (n/c:nz)

— e = el e mame t memn-
Figure 38, “<rware /2 zzge 2t lonstarst lurveEns
o STy, I
Jersus NeuzIren “Ergs

) . . . 54 . .
Table 25 lists typical radiation responses of diodes. The table refliects
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The characteristics of reversed biased diodes are also impacted by neutron
irradiation. Figure 39 is typical of the impact of neutron fluence on tne V-1 curve
for diodes.2 The magnitude of the breakdown voitage can show a small increase due to
the increase in resistivity. However, it can also show a decrease as irdicated in the
supplement to Table 25.64 For the diodes in both Figure 39 and the suppiement to Table
25 avalanche is the breakdown mechanism. In general, the change in breakdown voitage
is not large and can usually be tolerated. Although it is not clearly evident from
Table 25 diodes which are used in rectifiers are expected to be less tolerant than
those wnich are used as fast switching diodes. There are, obviously, many dicde
types on the market, and it is highly probably that diodes which have fast recovery

times, low power, and small junction volume will survive 1O]6n/cm2.
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Figure 40. Change in Zener Voi<tage 2s @ Functicn
¢ Neutron Flienca

g e

'Y <3n increase with neutron Tluenca. The lener e®fact ‘s ine

n
=asuit o7 sanc-to-dand tunneling.  IxDOsure L3 neytron jrracfation resyult

$its in
§ ingreased sesccncary tunneiing due o neutron-incducac defact stitas wnign ciuse
% 3 decrease in tne cr23ck3own voliage. Hewever, as indicated in Tigure 40 this
; ‘s nCT 27wavs Tne case and, in fact usually, 2s ingizateq in Tap e 26, the
: Srsakzown vClzage Joes noT change.
1
1 Low=v0it2ge, nezvily ccoec Zeper 270cCes 2re among Ine most ragiaticn meststTire
i Sam<carducTor zevizes. <cwever, when Iney are usad &s veliage ~efzrance 2 ements, UEY
/ snow ar Lrusually arge axgursion due <o temcerature 27Ff2Cls anc tamTeriature IImisnses
g zion mus® Se empioyed. It must Se menticned that it has sSeen rengriec tnat
? nardened tyoes of temperature-compensated reference ciodes exist wnich are Jn-

65

ez - 1ald 2 : .
affected Sy neutron fluences of 10°° n/cm™ or greater. dowever, it nas ceen re-

sor+ed that commercial devices of this type could be reiatively sof< zng exhibit
2t 259,66

significant changes at fluences 3s low as ExlO‘O n/om “crward-bizsea

~afarence diodes can Se hardened by decreasing the li‘etime 5y golc zoping. Figure
412 indicates the effect of such a “echnigue on the forward voitage. The reverse

diodes may Se nhardened by increasing the initia’l dopant ccncentraticn.
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Table 26. Response of Reference Diodes to Neutron Irradiation

Test Conditions Reference Voltage
Semple T
Type Stze IR(mA) Pre-Test BY at av, gy, | "ox ¢ BV at BYmax
8v(Y) 10" n/om PO L) 10 n/om | 0 gui LI
IN758 8 3.0 9.96 9.96 1.00 a.6 9.96 1.00
IN9378 10 0.1 8.51 8.44 .992 5.5 8.38 .985
10.0 3.10 9.27 1.02 5.5 9.94 1.09
IN963 8 10.0 n.s n.s 1.00 w1 n.s 1.00
12976 8 3.0 n.a na 1.00 s na 1.00
naggte | 520 100.0 7.07 7.07 1.00 6.5 7.08 1.00
INa46a 5 5.0 8.86 . - 15.0 8.86 1.00
INag6T* | »20 1.0 n.? n.7 1.00 8.7 n.y 1.00
[ IN8463 5 5.0 15.3 - . 15.0 15.3 100
| IM4470 5 5.00 15.9 - N 15.0 15.9 1.00
oinsan 5 5.00 17.3 . . 15.0 17.4 1.01
" inedrs 5 5.0 2.2 - . 15.0 23.2 1.00
Poine73e 10 100.0 5.91 . . 12.0 $.92 1.00
} ING748 10 10.0 2.6 . . 12.0 2.7 1.00
| marsz | o 10.0 | 32.3 - . 12.0 32.3 1.00
| o2zatee | 20 100.0 Po22.3 - . 19.0 2.4 1.00
boozasese | 520 1.5 222 - - 22.9 2.1 .996
D oozassas |12 a1 5.78 5.75 . 12.9 5.78 1.00
| dz8200* | 20 29 1.3 . . 19.0 s .01
924775+ | »>20 75 6.34 - . 9.0 ! 6.26 .987
r5409% | >20 650 3.73 - - 20.2 3.75 1.00
3286900 | >20 20 3.33 . - 19.0 1.32 397
nzs983= | 20 10 9.35 . . 18.0 9.86 .391
i prrazse | »20 10 4.70 . . N0 4.68 .%a
ozegsse | >20 15 2.7 - . 9.9 ‘ 54.0 1.02
223197 | >0 9.0 10.0 . - 00 | 9.3 i .298
| !

* These devices have been manufactured for sarticyular dJefense systems and ‘he identification of the nuclear
winerability 43ta with the system may be classified information, Far thecm gevices, the type ~umber of a
similar commercial fevice 1S Jiven wherever nssibhle. 1% must be recwmmersed that Jefense cystem parts are
manufaciured ander stringent quality 3esurance and sontral zond tions, ard cOmmerciai jevices listed as
squivalert types may =ot pe~form as tne 7ata ‘ndicates.

8V =+ Breskdown VYoitage
8V, = 8reskdown Voltage after axoosure to 10V a/om?

Max 3 =+ Maxrmgm Fluence 'evel ysed during ‘he ‘est

BV,," s Sreakdown Yoltage afler an esposure 0 ¢ max
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This essentially ends the discussion of the effects of neutron irra-
diation on diodes. It is recommended that diodes be used which have fast
recovery times, Tow power, and small Junction voiumes. Hardened versions of
temperature-comoensated reference dioces should be used. These will be gold-
doped or use heavy doping. As indicated in the previous paragraphs, tunnel
diodes usually present little problem with respect to neutron irragiation.
However, i1t is recommended that GaAs tunnel dicdes be used whenever possibie
and those types be chosen which have the highest possible peak-current vaiues.

Ionization can also impact the performance of diodes. Radiation-
induced ionization effects in semicenductor devices are produced by the genera-
tion of electron-hole pairs. In a silicon crystal the four valence eliectrons are
shared in ccvaient bonds with four other silicon atoms. In a perfect crystal
an electron cannot have an energy in the forbidden gap between the valence and
conduction band. The magnitude of this gap in silicon is 1.11 eV. The majority
cf electrons forming the covaient bonds have energies in the valence band. How-
ever, it is pcssible for an eiectron to receive anough energy from thermal
agitation or radiation to break the bSond and become a free electron in the
conduction sand. This ejection of the eiectron creatas a pecsitive charge at
tne bond called 2 hole. The original ejection 0f an 2iectron created two charge
carriers: a nole anc an elec*ron. The process is called hole-2iactiron pair
generation. The opposite process consists of an electron returning from the
conducticn band +o a covalent bond from which an eleciron is missing and is cailed
recombination.

Typical crystals have imperfecticns which crea<e energy states within
the energy gap. These imperfections callec defects can bSe crystal dislocations,
vacances ‘omoty lattice sites), ‘mpurity atoms with availabie anergy s%ates in
the ener3y gap, and displacement damage cdue %o radiation. Figure 33 incicates
the situation in wnich 311 the defects have an snergy state, E., in the
forbidcen Jap. An 2lectron can make the transition “rom <ne cénduc:ion cand
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%2 the vaienca >and {n two sters.
carry it 79 the erergy state, I, x anc latar a sacsnd incrament o7 anergy, 3'2’
~aisas ‘* %0 the valenca2 j>and. The grobability of the Two ste2o Transition is

Tuca nigner than for a Jne-step procass. In fact, the rata of generaticn of
2’actron-ncld zairs is sroporticnal o the numcer of cefacts in the crystal.
Similar 3 a'actran-nole zair Jeneration “ne ratz of recombinaticn
is detarmineg by the number oF defacts that are 3vezilagie fIr tne twe st
ransiticn feom tne cIrduction band 2 tne valanca tand.  The situation is the

v A

same as that pictured in Figure 43 but with the arrcwheads reversed cn tre
} srinsiticn changes sinca r2camginaticn ‘nvoives 2n 2iaciren cing from ne

zzncducTion tang tack <2 Tne vatsnce and. Sinc2 ¢rvssal JeTacts zetamnine  tne
~acompinad<isn characseristics oF the crystal, they 2re gailad recamci-aticon

szntars. The mean time 3n 2lacTrIn sgends in Ine IInduction ang or o2 et

{1}

.

scends in tne /a’anca anc se’tre -ecombinetion s 27734 the wminerity zarvTar

‘fatime, <.

The generation rate of 2lectren-nole pairs can Se de*ermined from:

. x e {100 EESS/:H-rad\
(1.6 x 107 ergs/ev)

where . .
v = the absorbed dose rate in rias ‘material’,sec

> = the mass density in gm/cm3 2f the material

e e e e

m
[}

the average amount of energy required to form an electon-hoia pa‘r




For silicon with a bandgap of 1.1 eV, £ must be 1approximately 3.6 eV. Using 2.33

gm/cm3 for the density of silicon the iabove 2quation indicates that 1 racd/sec gererites
3% 1013 carriers/cm3-sec in Si.
Tne behavior of a semiconcuctor device, when exposed to ionizing radiation,

depends on the number and rate of alectron-nole pairs in the semiccnduczor ard not ¢n

é

the type of radiation. When a p-n junction is expcsad to 2 culse of icnizing radiaticn

.

a photocurrent will be produced due to the interaction between the j.nction 2anc ' 1
the electron-hole pairs produced by the radiation. This current is called tne
primary photocurrent. It is made up of a drift and a diffusicn compcrent.
The drift component results from carriers generatad in the decletion
volume or space-charge region of the junction. Carriers produced in this region are
swept out by the field and cause a current in the external circuit. The diffusion
cemponent consists of mingrily carriers generatad in the gquasineutral region near the
junction that can reach the depleticn region before recombining. The average distance
minority carriers travel tefore recombining is called the diffusion length. The
diffusion component of the photocurrent consists of mincrity carriers producad within

gne diffusion leng:th of the adge of the depletion region.’2 This compcnent will be
delayed when comrpared to tne drift component due to the finite time reguired for the

minority carriers to reach the depletion region.

The photccurrent is a function of the diode gecme:ry and, in particular, the
gffective volume from which axcess carriers can diffuse tc the junction before recombinic:
There are saveral equa*tions which attemot to describe the gereration of ghetocurrents.

73
r

a rectangular radiaticn pulse the pnotccurrent can be axpressed by:

. 5 (bt )87, A .
Igp (t) =7 3g Ag [(N + L) erf (t/r)’} ugt)- BW+L) erf-g?fﬂfﬁ}(u\t-:p,g .b
where ‘
Ipp = the diode ghotocurrent
W = affactive width of the cepie%icn region
= diffusion langth

= junction area

charge of an electron
= the generation rate of electron-hole pairs/cm3/sec in sitican

L
A
q =
9
T

= minerity carrier lifetime




ty = radiation pulse width
= doces rata in rads (Si)/sec

)
f
t = time aftar the ini%jation of pulse
) = unit stap functicn at t=o

\

= ynit stas function at =ty
arf = error functicn

fD

first group of tarms in this egquaticn expres -
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Figure 44, Typical Shape of Primary ?hqtccurfen-
Inducad by a Square lcnization Pulse of

Width cf tp-t

For nonrectangular radiation pulses, the photocurrent can be predicted more
accurately if a convolution integral is used to relate the time depencent rate of
radiation exposure to the photocurrent production as in the “ollowing:

op = Cy, fw(y(e)), (1 T oexp (A} VT (t-3)dA
i v YV T
' P

; where C = an empirically determined scaling factor refiecting
material and geometric constants
*p = peak value of the radiation pulse
A = dummy variable for integration

and all other variables have the same meaning as in equation 1.
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d note of caytion muset be raised camgerning <ne use of tnesa ecuasticns.,
- - Q 4 4 H
For dose rates gresétaer Than 1 x 107 rad(Si)/sec, cthe amc

Y

ituces of tne JnCTIcurTerts

3¢ not necassariiv scaie linearly with increasing dcse ~2zes. Therefcre, exzerimenti)]
c2t2 are ysua'lly necassary %2 accurzteliy modei ohcotorssconse in this cose =2%2 -2g7ln.
Also, tne diTfusion component of photacurrant is Aicnhly degsencent cn mingrity lar-fer

Tifetime. In additicon, neither of <he sgua<ions 2cciy %0 a2 dicce coerating *n ava'ape
cne dreakicwrn siace in this moge <the Ziode has orspertiass similar o & veltage scumisE

r3atnher cthan i current sgurca.

30Th 07 :inese esquasisns ingicatz that the apciseurTent T a nezviy 2zzec R
dicge is less than thaz of a lightly doped Zicce since tne aec’2zicor wizirm " w
gecreasas w~ith 2nm ‘ncrease in dcping danstiv, This {5 true for forwars siases ang
“or reverse ziases ‘ess than ascrcoximata’y cne ha'f of thne sreaxzown voitace.  Lngar
Sias concditicns nmear Jut Ye’iw Dresaxicwn, the transiant ressonse T the 272ce Tncrmeasas

wizh bias voizage zue =2 the avalanche muiTiolicatisn of the orcTscurtment wrntIn kas

Deen creaztad by ianizing radiation. Figura i5 shows the maximum transient Zncis- .
currsnt o7 2 silicon dicce with a 28 V breaxdown plgtted as function 29 rsvers:
sias Tor varisus Zcse ra:es.75
ol ,' Dose Rote :» Rads (5i )/\eg 1 IO’ i
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Figure 45. C[Cicce Phctapcurrent versus
Reverse Vol<tage for Various
Racia<ion Jeose Razas
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The imper<ant featuyre of Tizure 35 is the increase in anctgcurrent wiln
Sizs veltage af=ar she revarse dias has axcszaces 12 V wnich is one h2’f ine 2valancre
Sreakaown veltage Far this disde. The imzaest of this effact is, cernacs, cettar fllus-
e

transfant chciscur-ent as @ fungTion ©

tratad in Sigure 36, This is 3 olct of on

Dase rate = 1.1x° o rag s, 'sez
— VB' &y
T Ve 25y

=== e Y

yelss

Figure 16 Diode Phctocurrent versus ~=ve*s- 33as
Tor Three Vzlues of 3reaxZowr Voitage

P
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a2
<

voltage for dicdes with differant breakdown veitaces after deing expised
S .
t

gose rate of 1.1 x 10° rads{Si)/sec. Thecretizzliy, diodes wizh lower Sreiakiown
{corresponding td heavier deping) shouid exnibit smailer dncidcurrents 2ue <¢
2oth the smailer dep.et1on width (W) at any given voltage anc the ~ecucad
minorisy carrier iifetime beth of wnich result from <he heavy Zccing. Figu=e 316
indicates that this, in fac%t, is true onily Tor low bias vc tages. However, it
is not true for voltages near Sut stiil below breakdowr. A2t 2 =eversa ias ¢~

20 V, the 26 V diode has a much larger onotocur-ent ther # 30 V ciocce ang, vet,
for a reverse dias cf 5 Y just the 2cpesite is true. For nar-zening cu-ccesas,

e o -

tnis incicates that neavy doping, wnich is used ¥or “arter‘ng 22ainst neutron-

induced Zegradation, may net se acvantageocus for reducing oheTocurrents,

~A4




|

Table 27 is typical of the transient respcnse OF some CUTTCD
Tn =his tabie PW is the abbreviazion “or Julse wicIn. The numger of 2¢7nIs i3
the number o°F measuyrsment 2CiNTs tnat were taxen n In€ waveTarn o
Ju'se. VR ig, of course, =he ra2verse Sias. The rotax2zion <ime is tne zecz:
time oF tne Jnctocurrent.

The multipie 2ntries for tne rgc:ifﬁers ard Tne zenerz. Z°2CeS

sarressone S2 zicces stiained from different manufacturers. The Surtose o7
inclucing tmess anTrias s 12 indicate tne sarfatisns [fagtors ST 2o i o
-ne ~ransianc resscmse chat can axist for dizces 37 ne same TycSe Wntin lme
from gi<Farent manuTacturers.

As Taple 27 indicates, the current can be guite large {e.g., =1 & “ir
-me INT730 and a 2cse raze of accroxTmate’y 1.84 x 277 r323'3¢ /sac 2arg 2zvtilz
sam cause Aavsc 12 2any system. .n arzer iz minimizs tne ongIscurTart Tt U

-

racarmenced Tmat 2 cow voliage [neavily copec. Iioce Se Jsac 2arc Je SUasac
se'ow sne-~a.< <ne sreakcewn vo'iage. This is comoatilie ~TIn Ine reclmmenci-
+ions for neutron hardening.

~he 3ancve ramarks 2207y Sor 2 dicce sterating 28TIw YIS Cr2Exicwn
{¢.2., <he magrnitude 37 zne bias vcllagce is
There ‘s scme rescortag evidencs that the same rTaCimmenc
aiode w~ouls 25oly wnen tne diode is recuired o 2e ciasec inte ‘23 Drezcilwn.
Sfigure 47 Y7lustratas =q:s./%  This Tigura incicatas nAat n
any Sias cur=ent is larger for higher vo
magnicude of the trinsient response decrsases s tne sias cur—ent is increasec.
dowever, che axzlanaticn given in =eferenca 74 for this Tijurs Tace Ine 2ssuT
«ion tha*t =he junction resistance s 2n increasing funciion oFf Sreakiowr vCot-

age.
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Taple 27. Dose Rate Response of Typical Diodes
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in appiications such as a Zener retarence eiement which is biasad ints break-
down, diodes with a breakdown voltage as near to 7 V as possitie sncula he
chosen and %hev shoulc be operatec at the nighest practical fias curren:t. It
shouid also be noted that i¥ temperaturs compensatad units consist of more than
one junction, a certain degree oF shclocur—ent comoensaticrn is optatnes £y TWC

geeosing junctions in series.

Tota) dese effects on diodes result in changes in the leakag current,
breaxdown voitage, and forward voltage. Tables 2864 and.2964 1ist the response of
some selactad cdioces to +total desa. Figure 49] indicates the percentage change
in ¢iode characteristics as a function of <ot2] dose. In general, the leakag
cur~ent increasas and the Torwars volitage drcps in 211 diodes with increasing
gose. The breakZown voltage of switching and rectifying diodes usuaily decreases
and tnat of refarence diodes usually increases, The threshold for the onset o7
+ctal Zose afTecss 2opears at 2sproximately 104 rad {Si) Hut “ne effacis are

-

usuaily scierable (15 percent change or less) up to at least 105 rad (S1).

Recti®iery ang Swiziming Ciodes Reference Jiodes
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Figure 49. Composite Change in J7cce Characteristiics vs Total Icse
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5.1.2 Silicon Controlled Rectifiers

The discussion on discrete semiconductor devices up to this point has
’ focussed on the vulnerability of diodes. The discussion would be incompiets
if it did not include silicon controlled rectifiersA(SCRs). The device type
finds wide application in voltage and current regulators where it often acts

as a solid-state breaker switch. However, as will be seen, SCRs are among

A
|
B

the mos* vulnerable semiconductor devices to radiation. In addition, SCR-
like structures in integrated circuits (ICs) constitute one of the major prob-
lems for the survivability of [Cs. For these reasons, it was decided to in-
clude a brief, separate section on SCRs.

A silicon controlied rectifier (SCR) is a semiconductor device which
can be triggered to operate in one of two states, a high-resistance OFF state
or a low-resistance ON state. The physical structure of a typical SCR is showr

il . oo,

in Figure 3Q.

,Catheze X ,Gate

Arode o

Figure 53. Physical Structure of a Silicon Controiled Rectifier

The SCR is fabricated by diffusing a p-layer into both sides of a

1ightly doped n-type silicon wafer and then diffusing an n+-type region (cathode
into one of the p-layers. This p-layer is termed the gate and the other p-layer
is the anode. The three upper layers form an n-p-n transistor structure where j
the cathode is the emitter, the gate is the base, and the middle n-region is

the collector. The iower three layers fc~m a p-n-p transistor structure where

S —
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the ancde is the emitter, the n-region is the base, and the gate is the collec-
tor.

This equivalence leads to the two transistor model commonly used
to model the SCR, shown in Figure 51.3" n normal operation the ancde is posi-
] tive and the cathode negative, so that both T1 and T2 have the emitter-base
’ Jjunction forward-biased and the collector-base junction reverse-biased.

Figure 31. Schematic of the Two Transistor SCR Mode!l

Note that IC1 is the pnp collector current crossing the high resistivity n-
region. IC2 is the npn collector current crossing the base p-region. £ BI

and 32 are used for the commeon emitter gains of Ti1 and T2 respectively, the
current relations can be written as:

Ieg = (1 + 8y gy *+ 81(I¢p) (2) ;h

. i
leg = (1% 35)1gy * 8y(1cy + Ig) (3)

Where ICBO is the leakage current, wnich is the same for both transistors since
both have the same ccllector-base junction JZ; and IG is the gate current which
is used to trigger the change in states. By noting that IA = ICI + IC2 and

combining equation (2) and equation (3) the individual collector currents may

S —
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be eliminated, resulting in

21C80<1 + 31)(1 + 32) + 8yl

I, = — — (
A l - 5132

4
-

At low currents the product of the gains is less than one anc the anode current,
IA, is small. [If the gains are increased by increasing the current level or oy

L
e e S

raising the voltage to increase the junction multiplication, the procuct of <ne
gains will reach a value of 8,3, = 1, making IA indeterminate. When 5152 =1
g the SCR will switch to the low resistance ON state. In an SCR this switching
is accomplished by injecting a gate current, IG’ large enough to force 3152>1.
Once the SCR has been switched to this ON state it cannot be switched OFF by
i reducing IG' To switch to the OFF state I, must be reduced to a pcint where
3132<1. This is usually done by reversing the ancde voltage.

During turn-on, with a large voltage across the rectifier, burnout

becomes a problem. The base current causes emitter crowding, which forces
the initial current flow to the side of the ancde nearest the gate contact. t
The buildup of current in this area can cause local thermal heating and burn-
out of the SCR at the edge of the anode. If the local heating is not excessive
the region of high currents will propagate lateraily until the entire anode
area is turned on.8]

The typical SCR is very sensitive to neutron irradiation because the
gain and saturation voltage requirements demand a long minority carrier 1ife-
time, and minority carrier iifetime degradation is a principal effect of neutron
irradiation. This affects the SCR by taking it out of the ON state when the
8 degradation is sufficient to force 8152<1. Provided the SCR is not severely i
damaged it can be turned ON again by additional gate drive. Figuresz] shows
the probability of this type of neutron-induced failure as a function of

|

|

neutron fluence. No failures were cbserved at 1012 n/cm2 for the 55 SCR's !

tested; however, failures have been reported for fluences as low as 5 x 1011 g
2
n/cm”.

Total dose affects the SCR by increasing leakage currents. If this
increase is sufficient the switching current gain will be boosted to a point
where 8182>1, causing the SCR to switch from the OFF state to the ON state.

S —
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Total dose data on the 2N2323 SCR are presented in Table 30} IRO’ IFO’ and
IRGO are leakage currents.

:
i
4

S e v —v—

‘ SCR
‘ %l TYPE SAMPLE
0.8 4 SIZE
A 2N3562 5
v 2N13454 5
A | 2N4173 5
< 0.6 . 2N3523 5
= 2N3852 5
3 2N4442 5
2N2579 5
S 0.4 / C40A 5
v C45M 5
5 / SC450 5
= / SC408 5
2 0.2 55
/ QO average test data
JC
0
102 n/enl 10'3 10"

Figure 52. SCR Switching Failure Probability as a
Function of MNeutron Fluence
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Table 30. Total Dose Data for the 2N2323 SCR
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Experimental studies have shown that SCR's can be triggered from the
OFF state to the ON state by doses as small as 10 rads(Si).] The exact effect
is dependent on the duration and shape of the ionizing pulse. A 1.5 ns pulse
with peak dose rate of 2.3 x 1010 rad(Si)/sec can cause triggering in 15 ns.
This extreme sensitivity to both\total dose and dose rate leads to our recom-
mendation of avoiding SCRs completely. In cases where the use of SCRs cannot
be avoided, current limiting on the power supply buses can reduce tne likeli-

hood of latchup and device burnout.
It should be noted that p-n-p-n SCR structures occur frequently in

integrated circuits. Dose rate induced photocurrents may be sufficient to
cause these parasitic SCR paths to fire, leading to latch-up and burnout.
This problem will be discussed in greater detail in the section on integrated
circuits (5.2).
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5.1.3 Transistors

A bipolar transistor in its simplest form is a three region device.
This is illustrated in Figure 53. The three regions for the n-p-n transistor

a-tyoe o={yoe a-y0R
em.aer . sase TiesTar
: = ; ' Chrmn tace
,,_,' . . r’.ﬂ K on
t l = -
i il
[5 S = > i f"_‘A'c
"l : I x l r‘ ‘
[ I v
by : i
r S :
! ! 1 |
v hdd i -
Immer-case - \-.:nec:cr-aase
wrguen uncuen

ls

Figure 53. Simpiified Picture of Transistor Coeration,
For <ne 2xzTem™a. cirguic, ar-ows are in ne
direc=ion of znhe “low of cositive charge.

are, of course, an n-typé emitter, a p-type base, and an n-type collector. The
n-type emitter and the p-type base form a dicde while the p-type base and the
n-type collector form another diode. In simple terms, the operation of a tran-
sistor requires the electrons to migrate from the emitter to the co'lector with-
out being captured or recombining in the base. The average time required ‘or

an electron to transverse the base region is known as the base transit time,

tb' For a uniform base transistor tb is given bysl
W e
= b /
tb - ZD \5)

where wb is the base width and D is *he diffision constant.
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For a graded base transistor, this equation is modiied Lut the KDZ deperdence
remains.

Letting Rn be the recombination rate per electror then the probebi~

1ity that an electron will recombine in the base region is approximately tbRn.
According to the simplified picture in Figure §3 IE is essentially the number of
electrons that leave the emitter and enter the base. The common emitter dc gain

R is given by

g = E = iE(l -RtbRn) = -3 -1 (6)
B E (tb ;77 *oRn

As mentioned previously, neutron-induced displacements actually
produces three major effects in semiconductors: (1) minority-carrier 1ifetime
degradation, (2) majority-carrier removal, and (3) majority-carrier mobility
decrease. The dominant mechanism is minority-carrier lifetime degradation in
the base region and this degradation is principally determined by cluster defects
in the base region. M(CS devices are insensitive to variations in the minority
carrier Jifetimes and, for this reason, are reasonably invulnerable to neutron
displacement effects. However, bipolar devices can be quite sensitive to de-
gradation of the minority carrier lifetimes.

Carrier lifetime, T, is the most important semiconductor parameter
to be affected by lattice defects. The reciprocal of the lifetime sometimes
called the recombination rate per carrier is often used in analysis and pre-
diction of dispiacement racdiation damage effects. This is a very useful con-
cept since all terms contributing to the recombination rate can be simply
added together and because 1/t is proportional to the number of defects and
thus to the radiation exposure. This leads to the relationship between the

neutron fluence and carrier lifetime given by77




wnere - is the pre-i~radiation lifetime
v. 1s <the Jost-irradiation lifetime

. J 2 . - ’ I3
N s the lifatime 2lamage z2nszant in ¢m“/n-sec

o , e . 2
, 2 ¥s tne [ Mev equivaient neutran flyence in n/n”

Magsanger and Spr'at*:/b used the lifatime degradation equaticn [2guat-

jon (7)) as the fluence-dependent volume reccmbination term tigether wiln an
. s . . . - . /9
exoressicn for a gradad-base transistor Similar to egquaticn 7) by Wilscn to

derive an ecuation relating *the transistor current gain Zegrad ti.? wisn neutren
fluence. In doing this trey Jtilized Shockley-Read statistics ‘ to descrite
the variaticn of lifatime with injection level ind combined :ne effects of injec-
tion efficiency and surfice reccmbinaticn into a single, fluence-insensitive
tenw.z A detailed derivation of this equation is quite invelved ard scmewrat
outside the scoce of this study. For the purposes of this study the usual form
of this scmewhas “amcus a2cuaticn will Se usad. This version is given Sy:

Lg_ j_fq_ (8)
7y %0 =Ty

where

3 = post-irradiation common emitter dc forward current gain
3, = pra-irradiation common emitter dc forward current cain
= the neutron fluence

K = Jlifetime damage constiant

fa = alpha-cutoff frequency or ccmman-base cutoff frequency.

This expressian is expressed in terms of fa where a2 is the ccmmon-base dc forward

current gain. fa is, of course, defined as the frequency at which the value of
alpha drops tu .707 times its 1 kHz value. Larin
terms of the base transit time as

81 expresses aquation {7) in

e il e e




This form is perfaps less usefui since values 2% I, are nct ysuaily 2vaitagie.

dowever, it coes indicate the dependence of tne zain degragiticn on :the tase
transit time and, nence, on the tase w7etn of tne transistor. QJuize ofzen

(%)

is not avaiiable and in =hose cases the gain bancwicth preduct, T., is used

’ with tne introcuction oFf very small er-or. The 3ain banewicth product s, of
czurse, =ne Srecuency 2% which tne commen emi<tar dc forwar< curwent zain is
unity. The reiaticnsripo Setween F. and t_ is, o the first aporoximaticn, jiven
2y

]
te T w—me——
e} T T-
!
Ancther modificatisn %o equa=ion (5) wmat is guite pepular s the

form

ﬂ;—-.“'_ = a3 \

3, 33 3.
wnare T 15 the neutron Zamasge factor and, of course, is relased to K oy

The ease of this form is cbvious since C is Jjust the slape sf the 1ine wnich
results frem plotsing A(1/3) versus the neutrcn Fluence.

The damage cons:tant, K, takes into account the recsmbingzion in
che emitzer-base junction and tne base region. It will alsd vary with the

collector current, I, resylting in a variation in the neutron resscnse of 2

v

transistor wish I Fiqure 54 indica%tes the effect of on *he nreu<ran vuiner-
g 5

- AC 1

-
ability of a 2N2708 transistor.1 For a Fluence of 1.4 x 10°° n/cm? tne ratic !
3 1 : - - ’ > ~ (
of 3*/50 is 0.22 fer a co)lector of current of 0.01 mA. For an I_ of 10 mA t

¢

which corresponds <0 the max‘mum pre~irradiated current gain, 3*/'0 has a vaiue
L4

a€ 4. This illustrates a general ruie for Jesigning survivabie circufls.

The >iasag sncu'd te such that transissors are cperitad 2T or near the Je€ik

surrent 24a° in.
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A vast amount of data has -een *aken on *the neutron response oF
PR,

¢ciscrete tipoiar transissors. The Component Response information Center (CRIT)
mainta‘nec by Harvy Diamong Lapcratories has cata on cver 430 transistor :yaes.64
This is only one ¢f several data scurces. [t certainiy is nct pessibie or necess-
ary for <he purpeses cf this study-tc assemtie ail of this data. Tatle 31 is

' racresentative ¢f the data.64 The data has been separated by frequency into
rougn v tnree grcups corressonding to fT jess tnan or ecua.: % 30 MMz, fT ess
+nan or aqual =o 150 MH:z but greazar than 30 MHz, and fT greater than 158C MH:z.
This, of course, assumes that fa nas been reoiaced by fT in egquation 8 wnicn
is the usual form of the equation. Obviously, high f vaiues indicate less
chance in 1/8_ and, therefore, more radiation resistant devices. This consti-

-l -
c
zyzas the sacond des‘cn juideline. The devices with the highest possitie f.

shcuic be used to ensure 2 survivabie design

The dependence of vulnerability on f. is berme out in Table 31. This is
1

U SE

indicated by the sz/sc coiumn for a fiuence of 1C!? n/cm?. The razio of VER
varies from .06 for a 630 kHz device {<the 2N128%5) to over .9 ¥zr 2 100C Mh:z
gevice (the 2N2857). The increa2se in hardness exnibhited in <he +<atle is no*

2 smooth menctonically increasing funciion of f,. This is aue ts the Tact tna:

tne ratio E,/Eo alsc depends cn 240 TR ‘s dependence of EA/SO can e illustrazec
- N

bv solving equaticn 78} for sa/so. This yfesds

>

® _ 1 -
= = .—'—E__KT (1
I
&l ‘.[.
¢
This ecquation shows that the ratio, 2, 72 , has a depencencs on ‘..Z,
- - : ~

so tn2t the initial value of the cain shoulc nct e icnored. In <=ne sassis ¢
fT aione, the 50 M:: 2N3806 shouid be more raciation resistant zhan *the IC WMo

IN720A. However, radiation data indicates tha* the 2N3806 is mcre suscantisie ;
+han tne 2NT20A singe at 12°% n/om* the 2NT2CA has a S:/So value of .87 while '
“he vaiue of this =atio for <ne 2N3806 is .36. This ancmaly occur—ed Hecause i

the contribution of Qo was icnored. The parameter t0 Dinimize is rezliv &_ ..
=

' |
o/f- min for the 2N720A is 1.4Z and for the 2N3B8QE tne ratio nas
7. 0On this 2asis the lower “requency 2N7Z2CA s expectesd o be

3

{

g The value of 8

% a vaiue of 1.2
Tess vuinerabie cthan the 2N380€6.
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This is not to say that one should use the transistor type with the
Towest So value to minimize Eo/fT. Instead this ratio should be minimizec by
using the highest fT possible. There is some correlation between fT and Eo, and
in general, an increase in fT means an increase in 80. In addition, a higher
value of EO means a greater design margin and therefore the circuit can with-
stand more gain degradation. For a constant Bo/fT ratio the combination with
the highest value of fT should be chosen since that choice will not only suffer
less gain degradation but aiso has a greater design margin due to its higher
gain. Thus, the third design guideline is to chose the device type with the

~

highest & since this will increase the design margin.

Equation (10) has been used to generate two nomographs that can be

- o - 3 - - P I -;8’
useg tC estimate the vaijue o7 5./50. These were first developec by U. R. Bilimski©“
but since have appeared in numerous p?aces.83’84 The nomcgraphs are actuaily basec
on

. 1
[ =¥ =
'c/'c 50 =
1+ 0.2 =
‘a
-7 2 - ca s L
with K = £.5 x 107" en/n-sec for PNP silicon devices
and K = 8.5x 1077 cmz/n-sec Tor NN s<iican daviges

The “wc ncmographs have been comcined intc one in Figure 55, The procecure in
using tne nomograpn is fairly obvious. The first step consists of

the vaiue of fa with the initial or unir-adiatea vaiue of the current géin.
e intarsecsion of <his line with the tivet iine is then corneciec with

/

L) o

: e =
~ yNE. woudC
v

wm

./SO is then read off tne 3_,
‘. is used instead of fc with the introcuc:on of very 19%
]

<=reat “luence. The value of 3

«t ©

-
1

‘e error
Generaily a designer will not know & priori the exact values ¢7 2

and f; or f. for the devices in his circuit. Tc overctome this manuvaciyrer's

anc f- are “-ecuently used. ~his, of course.

~ -
(™)

/Eo. However. tnis f¢ ba'ancec sImewnat oV

zhe values of K which were used 22 create the NCMOCrapAs. ~hese are jom 7.

Tinimum specified values of 2
vieids 2 safe-siged es<timate c¢7 3

-
-

or typical values. Within a generic type, X is essentia’ly consiant Zut T will

vary sy a ‘ac:or of approximately £ over ail seneric tvpes.
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Durgin, Alexander, anc Randa1165resoived this problem by realizing

that the use of manufacturer's minimum specified values of 2_ and fT trans-

o}
formed equation (10) from a device equation to a generic type equation. For a
particular device type, BO min and fT min are known. The only uncertainty arises
from K. They then treated K as a lognormally distributed random variable over
all device types. This transforms equation (10) from an equation in four
variables (EQ, 8., K, and fT) to an equation in two random variables (E¢min and
K). Basically, this changes equation (8) from an individual device equation to

a device type egquation since B and fT min are characteristic of & generic

o min
cevice type (some particular 2NXXXX) rather than an individual device within

a generic Lvpe. The resuiting form of the equation is

— - = - £ (1)
¢ min 0 min T min

Since K is now treatec as a -andom variable, it is possible to derive an expres-

sion for _n1e probability thet 50 min will degrade below some value a after being

exposed to a neutron “luence ¢f 2. Ths expression is given by:

6o min win/so min
P(: <a)=F -1n(——3—"——-1)-’m( — ¢ =)+
’.; n“’r - o (]2)
where 50 min = manufacturer's minimum speci‘ied vaiue of £
£ = manufacturer’'s mirimumr speci‘ied value of f

g

T min T .
neutron fiuence |

€3
"

m = mean value of In K ang has a value of 16.38 at the
Tower 80% confidence bound for Si
K = neutron damage corstant 1

c? = the variance of the variatle In K anc has a value
of 0.444 at the lower 9C% confidence bounc for Si
F = the cumulative normal distribution function

=~ ‘
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A detailed derivation of this eguation would be out of place. How-
ever, it can be furnished if required. It can alsc be found in reference 65
and summarized in reference &5. In any case the use of this equation yields a
probabilistic answer and takes into account the varjation or uncertainity in K.
The equation is stiil safe-sided since it uses manufacturer's minimum specifica-
tion values of Bo and fT. These, of course, do not correspond to an actual
device but are derated from the Towest value of 8 and fT which have been measured
by the manufacturer (typical derating factors are 10 to 20:).86

A useful concept for designers is the circuit tolerance factor (C.T.F.).
This quantity is defined as

8
C.T.F. —E;_—_
where ST is the threshold or minimum value of gain that the circuit requires for
proper operation. In other words, BT defines circuit failure and the C.T.F. is
a measure of the design margin or the allowable degradation of the gain. Using
this concept equation(12) becomes

In{(c.7.F.)-1) 1n(fT min’€o mi”) +m

¢

)

where, of course, PF is the probability of failure. A nomograph was created

65 it should be noted that no distinction is made

and is shown in Figure 56.
between p-n-p and n-p-n devices since both the nomograph and its generating
equation (ecuationl2) were based on the distribution of K over all devices types.
The nomograph uses the probability of survival, PS, wnich, of course, is simply
1-
- pF.
There are many ways this nomograph can be used. Essentially, two 0¥

hr ¥ ities; C.T.F. ./ .

the three guantities; C.7.F., (fT min’ 20 min

or assumed, are connected by a straight line, and the third is then determined

2 }/3, and P(e); are either known
by the intersecticn of the line with the remaining axis. Figure 56 is an example
of its use. For this case a C.T.F. of 2 and a P, of .99 was essumed. If the
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¢ircuit required a gain of 20 then, to achieve a C.7.F. of 2, so min woulcd be

=ecuired to be 4.0 According tc the nomegraph (fT Tin/so min)/¢ woulcd be reguirec
- i H

tc have a value of appreoximataly 2.2 X 107/ or fe min/¢ Must have 2 value of

- '6 14 ' 2 £

o] * f" - .

2.8 X 10 °. Az 10°'n/cm Fe min

device. QOFf course it must be remembered that the use of manufacturer's minimum

min
must tnen be 880 MHz wnich is not an orcdinary

values yield a very conservative estimate of the maximum fluence that wili still
allow a given PS. This fluence may be underestimated by a facior as great as 10

althougn factors of two to three are more common. 88

It is very difficult tc translate this ungerestimate intoc an impact
on device parameter requirements used in the nomograph since this inveclves
- _. /8 L. F th umotTi that the faii Ty ] ger-
fi min’ %o min However, the assumption that the faiiure fluence has been unde
estimazed by a factor of 10 implies that the required value of fT woulc be icwer,

This stems from the fact that ;. is prcoorticnal to the base width and the suscesti-
T

5iiity ¢f the device t0 neutron-induced aegradation is depencent on the base
width.

If the circuit is designed tc be very toierant of neutron-incduced cegraca-
tion then it obviously wiil have a much larger (.7.F.. For the same value of

gain this translates intoc a iower required vaiue of f- min® The s<ituation is
] '

illustrated by the dashed line in Figure 3. For this case, with the same
b

- ~14 2 . .
kS of 40 ancd a C.T.F. of 2C for an exDposure t2 157 n/cm™ the device wou'c

2 7in
Se reqguired to have an fT 0f 88 MH: in orcer 7o nave a 9¢ percent protabiiity of

survival.

0f course this cnly applies to circuits containing ore vu'rerable trarsistor.
!

'n tactical scenarios where the threat levels are much lcwer this dces nct recresant
n ze ccnsiderad invulneratie td

£

3 serous constraint since many cereric tyres ¢

-
|

these fl.ence levels. Hcwever, for stra*egic scarar’os, tnis conssiraint ass.mes in-
creasing importance. The solution to this problem rests .pon the reaiization that

the gains of any two transistors can e expressec in terms of the same r3ardcm vari-

abie, K. For a circuit which contains two vuinerabie transistors whose mninimum out-
Sut (M) can be expressed 3s the product of the 3ains Cf the devices witrin 1T this

idea resuits in

—
~N
o
—
(o]
~n

(14)

M= s¢la¢2 = §(K) = 173 L J(KE o+ f

wnere 51 is the gain of zevice 1 and &

bt ¢ mamadhen e ad




expression for the probability that the circuit will survive a fluence » given 3y

(-1ng(M)+m)

-

-~
o
——

M) = F
P(5$1532_>_ )

where 301 = manufacturer®s minimum specified gain for the Tth generic devica
type
351 = gain of the Tth deyice whose initial gain was 3,; after an 2xo0s-
ure to a fluence 3
[} A
f fe fa fa $f. Fa
[P WY L IR U WU TR GO SRED G RS S
2> |\ 3 3 ?S\j 37§, 4
% 9 2 1

m and = are derined Tn equation {12]

F = cumulative normal probapility distribution.
Trhe complate derivation of this equation is beyond the scope ¢f tnis study. However,
it can e found in reference 87. [n addition, this reference 2lso ¢

(@)

ntains a mora
general form of this equation which utilizes a circuit output of tne form

H

Z=A33, +8

where A and 8 are arbitary constants. 3oth these forms are currentiy zeing usad 2o
3ssass the probabiiity of survival of tactical systams.

0f course, since these equations are based on manufacturer's minimum speci~
Fications, they yield very conservative estimates of survival and, cerhaps, are to0
conservative for 3MDATC radar purposes. An expression that may oe more suitabe Iis
sasad on radiaticn data. The form of the Messenger Spratt equation which is most
suitable is given by equation 9 or

1 1
EXE | (3}

? 3
Usa of this 2gquation leads to an axpressicn “or the prabability of failure
85
by
Tn 3.+ m_ = 1n (A + 5}
) = F —2

T { 3 ) (18)
9

(3

<

i

?




where

ST = minimum current gain which is required for proper c¢ircuit
operation

3¢ = current gain after an exposure to a fluence of 2
p = neutron fluence in 1 MeV equivalenca
and Tg0 My and A are constants obtained from neutron affacts data as shcwn
below
g
s so
3t = In{{z=)2+1)
0 ug
0 2
%
= ] - —
Mo N He 2
g
3
A= 3 } (4 %)l
c”3 3
0 0
whera
u, = astimated mean value of the current gain based on data
3
0
He T estimated mean value of the neutron damage factor based on

radiation data

csoz = estimated variance of the current gain based on data

Equation 16 can bé readily modified to assess the survivability of a
circuit containing two or more vulnerable transistors similar to the manner in
which aquation 13 was modified, This modification utilizes the fact that normal
densities are closed under addition with the mean of the resulting density being
the sum of the means of the individual densities and the variance being the sum

88

of the variances. Utilizing this idea, the probability of failure for a circuit

whose output, y, can be expressed as the product of the gains of the devices with-

S —

in it is given by
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where

31 = the gain of the i th device in the circuit after an a2xzcsure
to a fluence » ﬁ
n ]

m o= = + 1n(A;+1

My . (mo. In(A;+9))
i i

, N
I "= 39,2
Q i 01'

2

and My s A, and = are the parameters defined in aquaticn 16 for the i th

i 0.
. i
device. !

This method, of course, is based on radiation test data and would tend
to be less conservative than that based on manufacturer's minimum specifications.
The predictions resulting from the two methods can vary widely. For the 242357 and
a threshold gain of Somin/z the ratio of the fluence associated with a probabiiity
of failure of 50 percent is 1.98 while for the 2N336 it is 32.1.9°

It is difficult to say which model predicts failure more realistically.
The model based on manufacturer's minimum specifications will, by definition, over-
estimate failure. However, the model based on radiation data has its faults also.
The model predicts failure probabilities for a generic transistor type based on
data which is usually taken on a small number of devices from that generic popu-
lation. Unfortunately these devices usually come from the same manufacturer and the
same diffusion lot. Consequently the data is not necessarily characteristic of
either the total generic population or that portion of the population which would
be used to build the system.

The problems arise from the attempt to apply subpopulation results to tne }
total population. [t is a consequence, primarily, of the nonrandom selection of tne ;
samples. Random selection means that all members of a population have an equal {
chance of salection. Since the selection is usually confined to one manufac- ‘
turer and one diffusion lot, any prediction based on this data mus% be taken
as being valid only for that particular subpopulation. Viewed in this light

S —
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the implication is that the prediction and confidence limnits associatad ~ith
the prediction have no absolute meianing when applied to the total popuiation.

Instead they must be used as indicators of possible problem arees.

Attempting to use data on one subpcpuiation to predict the resgense J
of the rest of the population can lead to over- or under-estimates oFf survival. E
The most serious of these is, of course, the overestimatiors. [t nas ceen fi.nd

. ) - 30
that survival can be overestimated by a factor as great as 17.1.

The problem is furtner complicated by the fact that it is doudtfui
that tre total population can ever be randomiy sampled since this wcu'la 2ntail
sampling not only the present but aiso the past anc future popuiation,

rof

O
«

Messengerg] has found trat the ne.tron damage factcrs can vary by a face

1%
(49

8.1 for a captive line aver a period of tnree years. Obvicusly it is not feas.

(4%
ot

ible to wait three years before Deing able to make a predicticn of tne rad?

icn response of a generic type

The question of the appropriate use of radiation data in generating

a safe-sided estimate of the radiztion response of the total pcpulation is
still an active area for research. Various schemes have been prapcsed. Cre )
approach is to analyze the survivapility of the circuit at i\ times the -hreat

f1uence.92 Acceptance cecisions would then be hased on *he arobability of

survival at this higher fluence Tevel. However, depending on the choice of

A this could lead to an overly safesided survival prediction at the actual

threat level. Reference 30 indicated that the proper choice of A will decend

on the required survival probability and the threshold gain, ST’ of the cir-

cuit. The value of A must be increased as 3T increases. Hcwever, a sensi- ‘
tivity analysis of the proper choice of A versus BT has not been nerformed so

a general relationship between ) and ST has not been aestabliished at this time.

Another approach to the problem of characterizing the total pcpulation's .
radiation response is to estimate and use parameters which pertain to the tctal
population rather than the subpopulation. One approach of this nature deve!loped
in reference 89 consists of estimating the mean and variance of the gain and the
damage factor based on manufacturer's specified maximum and minimum values of ﬁ
the device's parameters. In general, this method shows great promise but more |

S —

studies must be performed before it can be safely applied.
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Crorave haen

The probability densities of the gain and the darije fac

modified90’93 in order to rmake th2se functions meore realistic. Ever witn 23] of

f these modifications and approaches the problem of estimating trne response Cf trs
} total population to neutron irradiaticn is still unresoived. Pernaps tnis drss nit @
] i constitute a problem for SMDATC-radar. The rumber of systems trat wiil ce oro- ]
' duced is very limited and tney will be built from a very srall porticn of 3 ce- ‘
vice's total population. In addition it is true that the metrids pessd on rig- E
jation data seem adeguate in predicting the »eutrcn rescirse of tre 79,3700 10t E

from which the samples were drawn. In adcition, tne metned sased or gaufaltursr’s

(2]

(]

.
1

minimum specifications is alwa,s safe-sided. Tnus, an approacn based on @

ation of the two methods can be develoged to choose bipolar devices witn tng re-
quired probability of survival. The first step in such an apzfroach wou.d pe

to estimate the probability of survival based on manufacturer's wmini~.m sgeli
fications It this estimate is accegtahle ‘e.g. PS of .999 or greater) tnen tnere
is no need to go further. If it is not acceptatble then an attempt should ce neace

to find a generic type which is. If this can nct be done tnen several options are
available One consists of using manufacturer's minimum and maximum specificat-
jons to estimate the response of the total population. Tne other opticrn is to rad-
iate each diffusion lot in order to characterize not the total pcorfulation but Cnly
that portion of the population from which systems will be buiit. [f tnese less
conservative estimates are still not acceptahle then tne circuit must be redesigrec
to incorporate a larger circuit tolerance factor. If this can not be dcone tnen
shielding must be used to reduce the environment that the device will exgerience.

[t must be mentioned that because of the weight, volume, and cost penalities snield-
ing against TRE and electromagnetic pulse (EMP) should be aveided whenever possit!
and can be justified only after all other approaches have been found to be unaccept-

able.

So much time and discussion has been devoted to neutron-induced gain
degradation of bipolar transistors since this is the most mature assessment
methadology. Basically the same approach has been used on other classes of
devices and threat constituents. This consists of assuming a distribution
for an operational parameter over the device's population. Experimental data ;
is then used to establish a functional relationship between the radiation-in-
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duced parameter degradation and the radiation level. The failure thresrelc

value for the parameter is determined through detailed circuit araiysis.
£

(&)

These are compined in 1 probability eguation that will allow tne estinzte
circuit failure as a function of threat level.

In addition the above discussion serves to illustrate scme cf the
pitfalls associatad with experimental data and %tecting. The variation “n tre
radiation resgonse within a piecepart population is ampiified cn the sys-a~
and subsystem level. The more samples that are taestec tne Ze*ter ifne est'—a%e
of the radiation response of the subpopuiation from which they wers Criwn. Fow-
ever, tne law of diminisning returns dces apply here. Since the form £f ine
distribution is xncwn a sampie size much greater *than i0 wiil not provice
much more additional information provided the samplas were randomiy driar
the population that is being characterized. As with any statistical probiam
a great deal of care and caution must be cevected initieily to defining the
assumptions and definitions or the results may easily be misieading anc mis-
interpreted. Random sampliing is an absclute necessity. The degree of ran-
domness must be maximized in order to insure the validity of the test resylts.

Without rancdom sampling it is better to have no data at all. Firaily the abc.e

(@)

examples serve to illustrate the folly and danger in attemgtirg to extend
subpopulation test results to the whole population. References 90 and 32
demonstrated quite clearly that such attempts could lead a dargercus over-
estimate of survival. The total population from which a system is to be built
must be randomly sampled in order for test results to have any appiicability

in a survivability assessment.

The above discussion focused on the gain degradation induced Sy ex-
posure to neutrons. This should not be taken to mean that the gain is the only
operational parameter which is affected. In fact, just the opposite is true.
Many other transistor parameters which are of interest to a designer are also
affected. However, these effects, in general, do not significantly cnange the
operation of the device and are of secondary importance when compared to gain
degradation. The exceptions to this statement inciude the collector resistance,
rech the saturation voltage, VCEsat; the leakage currents, {EBO and ICBO; and
the collector emitter sustaining voltage, BVCEO'

D oy’ -
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Saturation voltage changes resulting from neutron irradiation may ce
as important as gain changes especially in those applicaticns requiring pcwer
transistars. A <ransistor is in saturatisn wnen Soth i%5 amittar-btase and
collaceor-tase junctions irs forvard-bizsad. For weasurzmers I tne saturitian

voltaga, the collactar current is 2cnstant and the sasurzt sm /907362 °3

Tedsured 15 3 Functicn of Ine zase Iurvant r the “orcad e, (.l.. TTe
vQitage 3i“Tarenca setween tne 2amisTar and :olacIiir IIrtacts fs-::e 1aTuri-
ticn veizage casiznazed 1is /CEsa:' This J0i%nage 1as TwC IITTcnents, e
*irst cne, 224 ne [uincTionm satur3ticn seo'zzce, L/, Y5 tne 1fffzrerzz c-

the appitaq Firward /27 tage 2t Ine “wo juncIicns r

The seccnd cocmocnent SY tne saturiticn sgicage i3 ine :277z¢Isr -2ststanc:

- ‘ - - - . - ~ - Sy, - - -
comoonent, Yo, cue 2 tne <3172CISr satyraticn turrant Tlwicg tnartusn ine

collactor buik resistanca, Foc- Tre *9tal saturiticon «¢'iaze s therefzra

t = M+, o=

tZsat 3 P

. . -
- / . -
, .

~
9

)

32
The Jsual axzcressisn for the junczizn saturacicn zeriyec 3v Itars irg o0 in

tarms 97 the sase ind cgllacser curranzss ‘s 3iven 3y

TR
| - l i r
Vac. = +—!]nl.1 T BN LT
CEsat - 9 i :I))\J C sc
where: a, = inversa ccmmon coiiactor jain
'Y

3 = common smitter 3ain
i c

= forced gain =

-
[0}

[ = terminal collector current

= terminal base current

terminal emitter current

. 0
= 3dolczman's constant in eV/ K
. Q .
= temperature in K
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The - sign is used fcr n-p-n transistcrs and the - sign for a p-n-p transisior.
A cifferent version of this equation is derived in reference 81 unger sligntly
cifferent assumotions but the two versions are in guantitative zgreement. It
shoulc be noted that there is an error in the version of this eguation in

reference 85 in that the tEHﬂ<(] + BF(I - al))) is replaced by

The first term in the abcove 2Cuation is the junction saiuration
voltage and the second is, of course, the colliector resisiance component. As
statad in the diode section, neutron damage causes a reducticn Th minority
zarrier lifetimes and carrier removal due to an incrsise in the density ¢f

ecombination centers. This will occur in bcth the base anc ¢collector ragicns.,
in the base region the effact cf cisplacament damage resuiting Trom neutren
irradiation s an increase in the base current reguired to crive the transistor
into saturation. This is illustrated in Figure 57 for a 2N1813 transisior
ccerating with an IC of 100 mA a7ytisr exposure. After irracizticn, about 2 mA

of Sase current is required %o drive the cevice into saturztion.

2-3 1 T T 1 1 1771777 1 T 1T T vyl T ¥ 1 11
- o A! -
- 3 >
2.4 |- -
r- Q= 1.2 x \O"4 n/cmz B
2.0 P / -
- -
Z is5¢r 4
s r .
Vsl
S 1.2k 4
>
» ] ) =
Pre-irragiation
0.3 re atio A
IN16I3 n
3.4 | Ic- 00 MR T
b -
o] i Adediaal I Lo aaaal i P WY
1 10 100 i1 G00

Base current [mA)

Figure 57. Change in Saturation Voltage with Neutron
Irradiation
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The most significant change in VC:sa* caused by neutreon irradiatizn
- -
is that due ta changes in the voltage drop acrass the collactor cSulk rasi

tancse,

n

Fc- The carrier removal effect resulss in effactively counterdcoing all
regions of the semiconductor.72 Cne effect of this counterdcping is <o increase
the resistivity of the semiconductor. The increase in rasistivi<cy is especialiy
praoncuncad in TightI] doped regions simply fecause the carriers remcved oy
neutron exzosure is a greatar gercantasge of the carrier concantraticns in thesa
regions than that which occurs in the more neavily dcped regions. This is a
serious problem for power transistors because the coliector is lightly dcped

to obtain high jreakdown voltage characteristics and the chance in sasurisicn

. . . N . . 8

voltage ~ill be dominatad 5y increases in the collactor bu'lk resistanca, e ]

The resulting increase in VCcsat will require an increase in the pcwer that
=3

needs to be dissipated or the transistor will suffar juncticn burnout,

Figure 58 is typical of the changes in V i1s a function 97 neutron

Cisat

Vegsaglvolts)

1013 10" 10 10'6
Neutrons (n/cmz)

Figure 58. Saturation Voltage Versus Neutron
Fluence for a 2N2907A Transistor
and a Forced 8 of 10 with a Ic of
500 mA

f1uence.]

As is evident from this figure, the change is not linear with
fluence. Table 32 lists the change in the saturation voltage due <o axposure
to neutron fluence for several cocmmon transistor types.64 The large increase
in the saturation voltage a2xhibited in Figurss 57 and 58 and in the tabie is

typical of nonepitaxial transisters with relatively low doping in the Sase regizn,

S —
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he discussion serves as a basis for the formation of several Zasign
guidelines. For saturated operation, oniy esit
-

ax
reakdcwr voitage transisIors ~nicn,

95,96,97

Circuits shou'd be Zdesigned to tolerate low
of course, means using transistors with heavier dooed co’lactor regions.
This, nowever, canno: de done incecendent gf reliarpilicy considerzticns. The

maximum Sractical base current shculd Se uysad for transisicrs racuired o Coerit:

in saturaticn. This will allow for the neutrcn-induced increzsze n Ine lasz2

current reguired <c drive the transistor intd saturaticn. S-mitarly, 1737¢757Irs

with low v‘fsa' and stsa* should be chosen %o allcw for neutran-incucec nerea-
“a [ - -

ses. [n acdizien, since V.. increases as [. increasas, ore mar<aring Tecrri.
Cisat C

gue is to minimize IC.

However, this is counter to tre earlier pecomrerndation of biasing the

device so that it operates at or slightly below its maximum gain. Mini~izing IC
will maximize tne device's gain degradation. The recomrended procedure will de-
pend on the appiication and whether vCEsat Oor the gain is more imgortant for that

application. [In addition, power transistors are quite often used as series rejulat-
ors of power supplies and, since power supplies have given current reguirements.

it may not be possible to lower IC' In these cases it may be necessary to parailel
98 Finally, it is irportant to minimize
83

two or more series regulator transistors.
the requirements for ultrastable voltages, currents, and freguencies. Since
neutron degradation of device characteristics is primarily a gradual change. the
larger the tolerance in parameters such as current, voltage, and frequency, the

greater will be the neutron fluence required to cause circuit failure.

Table 32 also contains data on the affacts of neutran irragia
Teakage current. Junction leakage is issumed o result frem carriar
reccmbination centars in the deplation layer. As the numter :Ff these canzars
incraasas due to neutren displacement the lz2akaga current «il' incre2ase z+-ccor-
tionately. Figure 59 depicts the variation of Icao as a fuactian af neyzron

r"(uence.s1

This indicates that ICBO varias linearly wi<h fluenca anc 3i3537aca-
ment is the dcminan% damage me<ranism. 81 Acwever, as avident in nis Fi
and in Taple 32, the lsakage current is zypical’y in the micrsamo ringe 2
currents 2f Zhis magni<ude, even af‘er neutran irradiatian, sererally ~ill ace

pcse a design probXem.z
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Figure 59. Leakage Current as a Function
of Neutron Fluence for a 2ZN1613

Transistor

Changes in breakdcwn voltages are imoor*ant desicn parametars For
pcwer transistors., The maximum reverse-tiasing voltiage which may be appliad
kefore breakdown betwesn the collector and base terminals of the transistor,
uncer the condition that the emittier l2ad Se :spen-¢ircuisad, s recrasentad
Ey the symool BVCEO' Sreakdown dccurs secause of avalanche muitipiication ofF
the current ICO that crosses the c¢ollector junczion. At hign encugn voi<ages,
namely BVCBO’ the muitiplication factor beccmes nominally infinite and the
region of Sreaxkdcwn is then 2ttained. The currant rises acructiy ang jarge
chenges in current accompany small changes in acpiied voltage.

BVCSO is detarnined in part by the dcoing or impurity concentration

A%
>

on the more lightly doped side of +he junctign. The dJepencence of the Srezkicwn
voitage on the dcping Tevels for both 3 step 2nd a ¢raced jurcticn is shcwn in

Figure 60.8]
oroportionaiity censtant in the approximation of the impgurity concentration

in a graced junction of the form

The linear grade constant, 3, anich 2ppears in this figure is thre

N({x) = ax

=44
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Figure 60. Avalanche Breakdcwn for pn Silicen Junction
]
where N is the impurity concentration at a particular distance, x, from tne 4

edge of the junction. As indicated in this figure the breakdcwn voltzge
increases with decreasing impurity concentraton. Since one of the e
neutron irradiaticn is carrier remaval which lcwers the effective dcping lave

Lo

the breakdown voltage increasas with neutren fluence.

Usually, a more important breakdown voltzge for transisters is the
collector-emitter breakdown or sustaining voltage with the base open, BVC:O.
This voltage is related to the collector-bese breakdowr voltage by 62

where & is the common base gain and n is an empirical fitting constant varying
from 2 to 6.81 As indicated by this equation, the increase in BVC:O resulting
from displacement damage is larger than that in BVCSO due to the n;utron-induced
gain degradation. In any case, neutron irradiation causes a1l of the treakalown

voltages to increase which is beneficial and will not result in device failure.
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Volume [ covering the threat levels indicates that the nuclear envircn-
ment that the radar will experience will be ver} stressing. Tnese high radiation
levels will impose a higher cost of radiation hardening if for no other reason
than the effects of some of the threat constituents can no longer be ignored.

The effects of total dose on bipolar transistors is a good examplie of tnis. In
tactical scenarios bipolar devices are considered invulrerable to total dose ex-
posure. However, this is not true for strategic scenarios. The damege tnreshold
5 rad (Si).]’81’84’99’100

fact this range of thresholds is so well documented that the five cited references

for bipolar devices is somewhere between 104 and 10 In
must be taken as a representative list rather than one that even approximates an
exhaustive ona.

For bipolar transistors total dose primarily causes an increase in thre
leakage currents and a degradation in the gain with the gain degradation being
the most important. Several mechanisms are responsible for this degradation.
One of these is the ionization of the gas in the transistor can. This results
in the deposition of positive charge on the silicon dioxide when an electric

field is applied between the transistor and the can.8]

this situation for an npn transistor.B} In additon, the total dose irradiation

Figure 61 illustrates

produces ionization within the SiO? layer itself. The electraons released during
this ionization are more mobile than the ions or holes and some of them are swept
out leaving behind the positive charged holes. A1l of these positive charges
(those deposited on the surface of the 3102 and those creatéd by the ionization of
the S1O2 jtself) tend to migrate to the silicon-silicon dioxide interface and can

101,102

significantly alter the potential at this interface. Essentially a channel

Qr an inversion layer is formed in the silicon as depicted in Figure 62.81

Channcl ; l Emitter region

Emitter-tase junction space-charge region

Base region

Scace-crarge cez on

Collector region

Figure 62. The Creation of a Channel in the Base Region
Due to the Migration of Positive Charge to the

/‘/
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As the ionization continues, electrons generated in tne silicon by tre A
radiation have enough energy to cross the interface and neutralize sore of tne y

positive charge that has migrated to the interface. This neutralizatjon of tne

97 81

positive charge causes the channel to recede’’ as shown in Figure 63.

—+ + + +* + + -—
......... }

l e U S . e .
| 3
| ,
Base region i Emitter %
} region "

Emiger-case uncucn
SCACE~=_rarge egont

Figure 63. The Imitter-d8ase Junction After the Channel
has Receded

-

Table 33 lists the total dose response of a nurter of transistor ty;es.o*
This data should be used only as an indicator of the susceptibility of the devices.
The dose response of a device is very sensitive to the oxide growth corditions ?
and can vary widely even for devices produced by the same manufacturer. Table 33
also indicates the dependence of the gain degradation on collector current (IC).
The degradation is greatest for transistors which are operated at low collector
currents. At these low values of IC, the gain is primarily due to surface cur-
rents which are sensitive to surface contaminants such as traps. Thus, low cur-
rent, high gain transistors are particularly vulnerable to total dose effects.

The implication of the data in Table 33 is that bipolar cevices cannot
be considered invulnerable to total dose effects of 105 rad(Si) or greater. Ce-
gradation of 20% is not that uncommon even for normal IC values. [t must be also be
remembered that the gain will also be degraded by neutrons. The total dose-induced
degradation is due to surface damage and the neutron-induced degradation is due to
bulk damage. The gain degradation due to total dose exposure can be considered
independent of that due to neutron-induced damage.]03 The total damage is the sum !
of that caused by neurons p]ys that caused by total dose with no synergistic effect. ﬁ
The neutron-induced degradation will, in most cases, be the greater component but |

S —

the dose-induced degradation cannot be ignored.
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Table 33. Total Nose Iladucsd Gain Cegricazizn /idverize)
in Irradiazag Active Transistors w«ith
Var = 2 v.; Sample Size = 10
CE

! : Averige 3ain 5
¥easyrement } - I
Type [ (mA) | 0 rads(si) | 137 racs(Si) | 13° racs(sSi)
2N22224 | 5 | 103 | 523 L2603
’ 50 | 109 | 86.5 P 55.4
! i |
2N2434 | 0.02 175 | 63.1 ! 31.3
1 343 221 g 143
22538 5 147 50 29
500 225 | 181 138
IN2S45A 1 188 145 L 42.3
10 146 124 L 36,
¢
2N3019 10 115 35.3 L 333
50 135 123 | 32.3
|
2N3533 10 20.2 15.3 g .22
100 35 29.3 [20.7
2M3752 1Q0 117 37.4 | 78.5
1000 |
285090 2
10
INS470 5
50
26257 10
100
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Like the gain, total dose also impacts V and the leakage current.

Cisat
The saime mechanisms which cause the gain degraticn alsg cause the impact on VFEsat
and the leakage current, i.e., formation of an inversion layer. Typical variatiors
. ) . ) , 63

in VCEsat due to total dose exposure are shown in Figure 64104 and Table 3ﬁ,6 As

18
160
140
120
% 100
%
2 50
;S 40
P

L 1 i . - . i

T T T T N L A

ose (racd(Si})
Figure 64. V.. versus Jose fcr the 23732
CEsat

indicated in this figure, the dose-induced change in VCESat is a function of IC'
However, as also indicated in the figure and in the table, these changes are

usually minor compared to degradation in 5.]

The leakage current, ICBO' is also affected by exoposure to total
dose. The generail tendency is for ICBO to increase inizially for low values
of total dose and then decrease for higher values of the dose. This can pro-
bably be attributed to the formation of the chahne? or inversion layer depicted
in Figure 62 and then, with increasing dose, the recession of the jayer illus-
trated in Figure 63. However, there is considerable variation in tne total dose
response of transistors. This applies even to devices of the same type as
shown in Figure 65.81 The response of device 2 is more typical of most transis-
tors of this type while device 1 has leakage of about two orders of magnitude
greater at low exposures where channelipng is a more significant damage mechan-

ism. The very large difference in behavior is attributed to local defect sites

S —

contacted by the channel.
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As evident from the figure and Table 34, the effects of total dose or
the junction ‘eakage of planar transistors is generz’ly very larze on a rerczeni-
sttt

age basis. However, on an absolute current basis, the ieaxkage current is st

a
fairly small. As indicated by the table, ICBC seidom exceedac ¢ milijamc and
7

this occurred only after an exposure tc the very nigh level of 1.5 x 13" rad 3%,

Generally, the increase in Teaxage current is no%t significant in most circuiz

applications,

Up to this point, the impact of dose rate on the operations of a
transistor has not been addressed. This is not to say that this threat constit-
uent is not impcrtant. Quite the contrary is true for this constituent is one
of the major sources of catastrophic failure. The problems arise from the
dose rate induced photocurrents. As mentioned in the secticn on dicdes, a dose
rate of 1 rad(Si)/sec generates 4*1013 carriers/cm3—sec. In transistors these
carriers are swept across the p-n junction in the same manner as within a dioce.
However, with transistors, the geometry and the interactions between the diff-

erent regions (collector, emitter, and base) make the situation more complex.

Consider the schematic transistor depicted in Figure 66. Holes and
electrons are produced uniformly throughout the silicon. Since the electric

S —
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Figure 66. Tne Flow of Minority Carriers Producing Pringr
Photocurrents in an npn Transistor

J

fields at the junctions are in a direction to keep the majority carriers from
flowing across the junction, these carriers remain in the region in which they
were generated. However, the minority carriers in the vincity of a jurction

will be swept across the junction which results in a current in the emitter-

base or collector-base circuits. The term primary photocurrent (Ipp) applies

to the current flow across the junctions which is the result of actual carriers
generated by the radiation. Ipp’ of course, will be amplified by the inherent
gain of the device. The term secondary photocurrent (Isp) applies to the current
which flows out of a transistor as a result of dose rate exposure. There is

some disagreement in the literature over the exact definition of Isp‘ References
2 and 81 define rsp as the primary photocurrent plus any additional current

that flows due to carrier multiplication by transistor action. References 1

and 105 define 1I__ simply as I __ times the gain of the transistor. However,

sp pp
the two are essentially in agreement with one another since the approximation

I (1+8)1 =~ 81

sp PP pp
is valid for any realistic value of B.

The effective volume for the collection of generated carriers is shown
between the dashed lines in Figure 66. 72 Carriers generated above the upper

Jine will diffuse to the surface where they will recombine and therefore will
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not contribute to the photocurrent. Carriers generated below the lower dastred
line are too far from the collector-base junction to diffuse to the junction
befcre recombining since the mean distance for minority carrier diffusion is a
diffusion Tength, L. When exposed to ionizing radiation, photocurrents are
produced at both the base-collector junction and the base-emitter junction.
The magnitude of each photocurrent component is directly proportional to the
volume of the region contributing to the photocurrent. Since the base-emitter
junction is geometrically smaller, the base-emitter photocurrent is usually
much smaller than the base-collector photocurrent and is often ignored.gs’106
The photocurrent at the base-collector junction will consist of a prompt
component that is made up of pairs generated within the depletion layer and a
delayed component of minority electrons and holes generated one diffusion length
away from the edge of the depletion region.

Table 3564 lists the primary photocurrents induced in typical transistors as
a result of various levels of dose rate. As indicated in this table Ipp can .
vary from niilliamps to tens of amps. Currents of this magnitude are of obvious
concern and provide the incentive to examine their generation in more detail as
well as methods for estimating their values. Utilizing the ideas of the
previous paragraph leads to an expression for the steady-state primary photocurrent
that flows across any p-n junction which is given by

Top = 99 erf?

pp
where q = the electronic charge

9, = the c?grier generation gate conversion factor
= 4x10 carriers-sec/cm“-rad (Si)
Veff = effective volume from which all the generated carriers
can drift or diffuse to the junction before recombining
Yy = dose rate in rad (Si)

The determination of veff is difficult and limits the usefulness of this
equation. There are several methods which have been developed to predict Veff
by measuring certain electrical transistor parameters and relating them to
physical and geometrical parameters. Generally this will allow the prediction
of Ipp to within a factor of 2. These methods may include the determination
of the collector-base junction area, the depletion layer width, diffusion length,

S
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Table 35. Dose Rate Response of Typical Transistors
Class: Low Power S
Test Test Number Dose Rate Range I Relax
Sample Conditions Width of pp (mA) Time
Type Size Vi (V) (nsec) Points Min Max Avg [ Max (usec)
2N697 6 6.00 4.0 6 1.00E8 |1.00E8 6.20{13.0 -
ZN329A 12 6.00 4.0 12 1.00E8 [1.00E8 22.1 53.0
2N1613 6 10.00 4.0 6 1.00E8 |1.00E8 7.55| 8.60
2N1132 6 6.00 4.0 6 1.00E8 {1.00E8 2.97 4.00
2NZH5L 2 80.00 .03 4 3.55E10(5.97E10 2500 { 10000 4
2N2907A 3 48.00 .03 2 5.10E710(5.17E10 1025 | 1800 .0579
2N3019 3 75.00 .03 2 1.45E11|1.56E11 3300 | 3400 .19
Class: Switching
loNa0a 6 6.00 4.0 6 1.00E8 [1.00E8 18.8 [ 22.0
Z2N914 5 2 32.00 .03 5 4.57£1017.27E10 202 340 .27
Z2N1132A 2 40.00 .2 2 1.5£9  |1.5E9 43.0 | 46.0
ZN2851 2 80.00 .03 4 3.55E10(5.97E10 9500 | 10000 .41
Z2N3599 3 50.00 .03 5 7.97E9 |2.50E10 16800 | 23000 .25
Z2N4002 5 50.00 .03 5 1.02E11 {1.30EMT 33600 | 38000 .34
Class: High Power
[PN1490 3 6.00 4.0 3 T.00E8 [1.00E8 2133 | 2800
2N1016B 2 80.00 .2 ? 1.00E8 |1.00E8 2000 | 2000
2N2907A 3 48.00 .03 2 9.20E9 (1.33E10 230 240 <PW
Z2N3467 2 32.00 .03 1 2.30E11 [2.30EM1 1100 {1100 <PW
2N3499 2 80.00 .20 2 1.00E8 |1.00E8 6.50 | 6.50
Z2N3599 6 50.00 .03 1 5.83E1015.83E10 32000 { 32000 .46
2N4002 5 20.00 .03 5 1.02E11}1.30E11 33600 } 38000 .34
i
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83,107,108,109

and minority carrier lifetimes in the collector. These are very

costly and time consuming experiments and calculations. In addition, these methods

require a number of sample devices which, for BMDATC radar systems, may not be

. available. However, a set of equations based on manufacturers' data sheets has been
110

developed. The equations differ slightly for switching and armplifier transistors,

for npn and pnp transistors, and for different power ratings. The full set of

these equations is listed in Table 36. In this table CCB is the base-collector

capacitance, VCBI is the reverse bias voltage at which C.. in the data sheet has
v

been measured, CCB’ is the measured capacitance, V is the reverse bias voltage

€2
CBC is the maximum allowable collector-base voltage
(i.e. the collector-base breakdown voltage).

during the irradiation, and V

A comparison between the results of these equations and empirical data is

shown in Figure 67.”0

These equations appear to give reasonable agreement with
experimental results. However, the data in Figure 67 may be misleading. Some of
the I__ data was taken at lower dose rates and simply extrapolated to 1010 rad

(Si)/sec”O
108
regions with respect to dose rate: 1) linear with dose rate, 2) transition region
between 108 and 109 rad (Si)/sec, 3) sublinear with dose rate, and 4) saturation.

In some transistors the transition region is superlinear while in others it is

b varies linearly with dose rates above

, under the assumption that Ip
or 109 rad (Si)/sec. In fact, the primary photocurrent exhibits four basic

sublinear.]’]10 Both types of reactions are shown in Figure 68.]
—”—,,,oSaturation
I ']
ppc / fopc

/
/

Y Y
Superiinear Transition Sublinear Transitior

Figure 68. Characteristics of Primary Photocurrent Versus vy

This behavior may be due in part to changes in the effective volume. For a
of f for the
collection of minority carriers is a function of the collector current since

transistor operating in the active region the effective volume V

140
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the collector current creates an electric field in the collector by flowing

through the collector body resistance, rsc'73 However, the increase in the
effective volume by the electric field in the collector is relatively unimportant
for thin epitaxial transistors. This results from the fact that it is difficult
for the added volume to penetrate the substrate because for epitaxial devices,
the substrate has a short lifetime and diffusion 1ifetime. However, the effect

T e

should be taken into account for thick nonepitaxial coHectors.B1

The effective volume will also be influenced by the injection level. The

injection level simply is the ratio of the minority carrier concentration to the
impurity concentration. Low injection means the minority carrier concentration
approaches that of the impurities. High injection will cause an electric field
in the collector region that is in the direction to increase the effective area.

|
|

The reasons for this are beyond the scope of and, perhaps, not pertinent to this
study. It is sufficient to be aware that a transition from low injection to a
high injection level will result in an increase in the effective volume and an
increase in the photocurrent. Low levels of dose rate will cause a transition
from a low injection to high injection level for devices that have low-doped

co]]ections.g] Consequently devices with such collectors are more sensitive to
dose rate.

It has been reported in reference 107 that the primary photocurrent variation
as a function of junction voltage is in excess of that caused by variations in the
effective volume, This voltage effect is not linear with radiation rates between
1x10° rad (Si)/sec and 5x10° rad (Si)/sec,®s11
region. No explaination for this nonlinear behavior has been formulated.

- essentially the transition

The primary photocurrent can, also, undergo a step increase as a function
L of dose rate. This is illustrated for a 2N915 transistor in Figure 69.81 Similar ;
behavior has been reported in reference 2, 113, and 114. In order to uncerstand l
this behavior it must be kept in mind that what is of concern here is the primary
not the secondary photocurrent. This simply means that the transistor must be
"turned off". The desired situation is for the observed collector photocurrent
to be equal to the primary photocurrent generated in the collector-base junction.

i
This will be true only if the transient emitter voltage is zero. The best %

i~

approximation to this results from shorting the external emitter and base terminals.
For a shorted emitter, the transistor will turn on when the voltage drop across
the internal base resistance is large enough to forward bias the emitter-base
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Figure 9. The Response of a 2N915 Transistor With an Open Emitter

junction to approximately 0.7V. Even with no external base resistance, that
portion of the primary photocurrent flowing across the collector-base junction
opposite the emitter can generate a substantial transverse voltage from the

center of the emitter to the periphery due to the relatively high intrinsic base
resistance. The explaination in reference 113 for the turn-on phenomenon for

the case of the open emitter is that the voltages that build up across the emitter-
base junction due to the filow of the primary photocurrent are large enocugh to
exceed the breakdown voltage of the emitter-base junction. This junction breakdown
essentially shorts the base and emitter and permits a large secondary photocurrent
to flow due to the inherent gain of the transistor. The abrupt discontinuity is
typical of high-resistivity collectors. The transistion is more gradual in lower
resistivity collectors which implies that devices with heavier doped collectors
will be Tess sensitive to dose rate.

The secondary photocurrent in transistors is affected by internal base bulk
resistance as well as the external circuit resistance connected to the base. In
the simple transistor circuit of Figure 70, secaondary photocurrents will not
appear until turn-on or until the forward bias across the base-emitter junction
reaches the cut-in voltage (.7V). This level for the circuit in Figure 70 is given

by ]
R, R ’
. 1.2y 2
fop (rg * gam, ) = 07V |
2
.!!’fii;'
/]
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Figure 70. Photocurrent Compensation

This indicates that the base bulk resistance, rg» can have a large impact

on the turn-on threshold and also that because of r_, secondary photocurrents

B
can occur even when the base is externally shorted to ground. For small area
transistors, s is typically between 200-1000 ohms and for power transistors
it is between 1-100 ohms.]05

A common technique for mitigating the effects of the external resistor

consists of connecting a compensation diode to the base of the transistor

N TR T N = —

across the load resistor. This essentially removes the same amourt of charge !
from the base region as flows into the base region as primary photocurrent.

This is illustrated with two transistors in Figure 71.8] The effectiveness of

compensation is limited by photocurrent mismatch and by the base bulk

resistance, which may cause turn-on of the internal junctions even with exact

primary photocurrent matching. The photocurrent matching is dependant on

the differences in the effective volumes of the transistors. If the effective

volume of the compensating transistor is much larger than the original

transistor, the net effect will be to turn a transistor off which should be

; on. Compensation works well for integrated circuits (ICs) since the collector- i
base diode of an adjacent transistor has essentially the same primary
photocurrent and base bulk resistance. It is for this reason that the topic ]
of compensation will also be discussed in Section 5.2 on ICs. It should be %
mentioned that compensation can help prevent secondary photocurrents by {
preventing the transistor from turning on but it will not reduce the primary

photocurrents.

There is a second type of abrupt discontinuity in the collection
current at high radiation rates which is due to second breakdown. This is a
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Figure 71. Photocurrent Compensation

very serious problem for power transistors. Second breakdcwn is a local thermal
runaway effect at the junction which is induced by severe current concentration

81

within the device, A review of second breakdown in reference 115 distinguishes

between two primary types of initiation of second breakdown: (1) thermally-induced
second breakdown, and (2) current mode second breakdown. The damage mechanism

appears to be localized ‘neating”6 within the junction which results in the form-
ation of hot spots and finally junction failure due to excessive current conduct-

17, ns Essentially, the problem results

ion over a portion of the junction area.
from power being dissipated within the junction. As a consequence of this dissi-
pation, the junction temperature rises, and this, as a result of thermal gereration,
increases the current which results in a subsequent increase in power dissipation.
If allowed to continue this self-heating phenomena will locally melt the silicon.
The resolidified region at the junction results in decreased gain, decreased break-
down voltages, and a significant increase in junction leakage cur\rent.”9

120 A transig%or was swept through

The effect was first reported in 1958.
its VCE versus IC characteristics as shown in Figure 72. When the collector
was allowed to increase to IM the voltage suddenly dropped and the transistor was
found either to be shorted between the emitter and the collector or to have reduced
BVCEO' The sudden de?5$ase in voltage has been ascribed to a sudden drop in the
effective resistance.
It should be noted that the V-1 curve in Figure 72 is doubled valued - at relative

low voltage either a very low or a very high current can be present. Under normal

The decrease in voltage has been termed second breakdown.

operating conditions the low-current state is maintained. The application of a
relatively large voltage is required to initiate a breakdown before the low-voltage
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Figure 72. Second Breakdcwn for Typical
Forward-8iased Transistor

high-current state is attained.]22

It must be pointed out that second breakdown does not in itseif cause
failure. Devices have been placed in this second-breakdcwn state with sufficient
current 1imiting to allow recovery without electrically measurable degradation.
However, very little additional energy is required to cause the componenrt to
fail when in the second-breakdown state.m3 In many references second breaxacwn
and failure are considered synonymous.

It has been noted that a transistor operating at a current and voltage large
enough to cause second breakdown required a delay time before the transistor failed

12 . . . . .
4 Since the phenomenon in most cases is thermal in origin,

by second breakdown.
there is a finite amount of time required to raise the temperature of the small
region of the transistor where breakdown takes place. The self-heating process

proceeds until breakdown and has a typical time lag associated with it]z5

that energy dissipation is a factor.81

In any case, the possibility of second breakdown is enhanced by the choice of
high frequency, narrow base width transistors, and represents an example where
nuclear survivability must be traded against reljability. In addition to tradeoff
problems, second breakdown itself consistutes a serious probiem for applications
in a nuclear radiation environment. Displacement damage resulting from exposure
to a neutron fluence increases emitter crowding, decreases storage time, and
increases the transistor fall time all of which favor the conditions for second
breakdown. Furthermore, photocurrents resulting from dose rate can drive a
transistor into regions where second breakdcwn can occur which, of course, can

lead to burnout. Although it is not a subject for this project, it should be
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mentioned tnat second breakdown constitutes one of the major EMP da~i,e melranis«s
for devices.

The previous discussion on dose rate effects has concentrated on the generation
of steady-state photocurrents for exposure times that are long compared to the

minority carrier lifetimes. There are two other situations which must be considered:

1) saturating photocurrent pulses due to a short, intense, radiation exposure and
2) nonsaturating photocurrent pulses resulting from a prompt gamma pulse. The
saturating photocurrent, as was the case with steady-state photocurrents, can
be determined from fairly simple hand calculations. However, a computer solution
is usually required to determine the nonsaturating phctocurrents as a function of
time. The discussion will focus first on the saturating photocurrents.

A small prompt gamma pulse can drive a fransistor into saturation tecauss
the number of carriers generated per rad is large and the pulse car be delivered
in a time that is short compared to the minority carrier lifetime in the collector.
A transistor driven into saturation will remain in saturation even after the
radiation pulse has disappeared. The prolonged saturation time is called the
radiation storage time, tsr’ This is the time required to reduce the excess carrier
concentration after the gamma pulse to the concentration reguired to give the
saturation current, Ics‘ The radiation storage can be express as

_ ~plo
tp = T In E%%E%f)

where Ap(o) = excess carrier concentration after a pulse of y rads.

Ap(sat) = excess carrier concentration required to maintain
saturation.

T = minority carrier concentration in the collector.

The radiation storage time is a function of dose rate since :p(o) is a function of
dose rate. For a square radiation pulse Ap(o) is given by

op(o) = goi:(1 - exp(-tp/t))

where tp is the radiation pulse width. For this case, the relationship between t

126

and t, is depicted in Figure 73. For dose rates greater than 108 rad (Si)/sec,

reference 2 lists the following simplified expression for tsr

tsr = ,138 ts ]oglo Y

where tS is the transistor storage time. However, the note was also made that
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Figure 73. Relationsnip between tp and tSr

this expression would yield values that may be high. In any case, tSr will

generally vary from 1072 to 1078 sec.

An expression for the primary photocurrent is given by 1,81
1 -
R Tl
pp +3 .

where ICS is the saturation collector current and IB is the correspcnding base
current. The upper limit on Ipp is, of course, ICS and this can be obtained
from manufacturer's data sheets.

The last situation that must be discussed is the generation of nonsaturating
photocurrents due to an exposure to a prompt gamma pulse. Essentially this
situation corresponds to the transistor being in the active region. Besides
defining the effective volume, the solution of the current as a function of time in
this situation must account for the buildup of the primary photocurrent as a function
of time and the charging of the emitter and collector capacitances and the base
region by the primary photocurrents. Computer solutions are generally required to
evaluate circuit operation in a transient radiation environment. ™’

For a step radiation pulse of magnitude v and width tp, the time response of
the primary photocurrent is the sum of a prompt component coming from the volume
of the base and the collector-base junction and a delayed component from the
collector. As was the case with diodes, the delay in the current from the collector
is the time required for carriers to diffuse to the collector-base junction. The
expression for the primary photocurrent as a function of time for a square radiation

pulse width, tp, is
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Ipp GAC [(xC * s ) + Le erf (Té { for t<tp 12a
= E LZ - - _R 2 o]
Ipp GACLC [erf (r) erf (t T )] for t>tp 18b.

where G = bulx current generation rate = 6.4 ;A/cm3-rad{5i)/sec

Ac = area of the collector

LC = minority carrier diffusion length in tne coliector
Xe F width of the collector-base depletion layer

rj = base width

erf = errcr function

A typical transistor primary photocurrent for a radiation pulse wicin of
81

approximately 0.8t is depicted in Figure 74.

Figure 74. Typical Transistor Primary Photocurrent
resporse to a Step Radiation Pulse with
a Pulse Width of tp.
The secondary photocurrent can be estimated by approximating the primary

phoiicurrent with a step rise in photocurrent, equation 18, and

IC = I = Blpp (1 - exp(—t/B(tb + 1.7RLCTC))

RL = load resistance
CTC = collector junction capacitance
tb = base transit time

In order to use this equation, the value of Ipp and the time, t, must be determined.
The maximum possible secondary photocurrent will be for a square Ipp pulse with
amplitude equal to the primary photocurrent at tp calculated by equation 18a. The
time of the square wave pulse can be determined by making the total charge collected
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equal to the steady state Ipp (i.e.. Ipp(t) evaluated in eqg.2tion 12a at an infinit

time) times the radiation pulse widtn. This can be expressed 2s:

or

I (=)t
t = PP
Io(t)
pp" P
I tre fact

%

Eguation 18 car be used to determine the appropriate vai.es of Loy asin
that erf{~) has a val.e of 1.

It must be remembered that above procedure yields only a rough estimate of
the peak secondary photocurrent. The problem in calculating the unsaturated
secondary photocurrent is the lack of a detailed description of the currents as
a function of time when many quantities such as thne radiation, primary photo-
currents, voltages and capacitances are all varying during the pulse. This is
important when a circuit is being evaluated for transients generated Ly a radiation
pulse. A number of computer codes have been develcoped which address this problem
and are summarized in reference 83. Both Ebers Mol1,8] charge contro1,127 and
Linville models128 have been applied to this problem. This is a very compliex
problem which requires a computer for its solution. [t is certainly beyond the
scope of this study. A1l that can be said is that the time varying unsaturated
secondary photocurrent, Isp, can be determined and its peak value will be less
than the steady-state value of Isp'

Several guidelines for device selection and circuit design which mitigates
the vulnerability of transistors have been presented. IL has been briefly
mentioned that some of these guidelines will have an adverse effect on reliability.
One instance of this was the recommendation to use devices that employ high
doping levels. This will limit the affect of neutron radiation on bulk resisti-
vity which in turn will result in less change in VCDsat' However, nigh doping
levels are related to low junction breakdown voltages, both BVCBO and BVEBO'
Obviously this will have an impact on reliability. A somewhat similar situation
exists with the recommendation to decrease neutron vulnerability by using cevices
with the highest practical fT. This, of course, implies a very thin base width.

As has been mentioned previously, unfortunately this means that these de.i:es
will be more susceptible to second breakdown.

These represent examples where nuclear survivability must be traded against
reliability and is indicative of the fact that the commititent to harden a system
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is a significant decision from a technical point of view. It establishes a
definitive engineering task which must be fully integrated into the system
management since the hardening procedure impacts device selection, circuit design,
testing, reliability, qualification, logistics, and documentation. Aside from
the technical and management aspects, hardening will incur both nonrecurring and
recurring cost increases during system acgquisition. The reason for this is that
the primary cost drivers in a hardening program are tne aralysis and testing. in
addition, nuclear survivability will require an increase in documentation
associated with the system. The costs of the hardware modifications (e.g.,
redesign for greater base drive to a transistor, insertion of current-limiting
resistors, or substitution of a hardered transistor) are negligible by comparison
with the analysis and testing costs.

Same comments on testing must be made. Radiation facilities cost roughly

123 This is only a small part of the total cost of a test

$2000 per day to use.
because this is dominated by pre-test and post-test analysis. The pre-test analysis
must include benign environment characterization of the material, piece-part, circuit,
subsystem, or system to be tested. Obviously, it must include the design of the
test. In addition, it should include a careful evaluation of the expected radiation
response of the sampie. Tnis is especially true for tests on higher levels of
samples (such as systems, sub-systems, or modules). The evaluation should lead to
an identification of the weak links in the system and to a prediction of the trans-
jent voltages and currents and degradations of part parameters. The evaluation
then serves as a basis for system level tests in that particular attention can then
be paid to monitoring the identified weak links and the test points to measure
the predicted transients and degradations. Thus, the test serves as a verification
of not only the system's survivability but also of the analytical techniques used
to predict the radiation response of the system.

The post-test analysis must include a determination of the level of
confidence associated with the test. This is necessary because of the variaticn
in the radiation response of piece-parts and becomes an extremely important
consideration. Since no simulator will exactly duplicate the threat environments,
the post-test analysis must extrapolate the test results to the threat. The
analytical tools which were used in the pre-test predictions and then verified by
the test, itself, should be used to do this extrapolation. In addition, considera-
tion should be given to synergistic effects (such as the combined effects of

_f)—
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thermal and blast or EMP and gamma.)

In any case, the cost of irradiating the equipment is a very small pertion of
the total cost of a radiation test. The analysis dominates both a test and a
hardening program. In general the cost is a function of the threat levels.
References 130 through 134 do provide some data on the incremental ROTAt (research,
development, testing, and evaluation) costs of hardening a tactical system to a
balance tnreat associated with 5A1G]] n/cmz. A three percent increrent was 35300 31723
with hardening to the complete spectrum of blast, thermal, TREE, and EMP. Ffor
hardening against neutrons only, RDT&E cost deltas for harcdening a system in

65

development and in production have been reported = for a range of neutron fluences

and are shown in Table 37. It should be noted that these last deltas are based
on strategic systems while the delta associated with the 5A?O]] n,’cm2 fluence is

based on tactical systems.

Table 37, RDT&E Costs for Hardening Against Neutrons

NEUTRON FLUENCE (n/cmz) DEVELOPMENT COST DELTA (%) | PRODUCTION COST DELTA (%)

1X10E10 0 0 |
1x10E12 3-5 5 1
5x10E12 25 17 |
1x10E13 60 25 |

The costs associated with obtaining nuclear survivability vary widely due to
several reasons. Besides technology and risk factors, the methods of measuring
or determining the survivability costs are not uniform. Moreover, increasing the
survivability of a system quite often helps in meeting other performance specifi-
cations such as conventional survivability, and electromagnetic compatibility (EMC)
requirements. In fact, in spite of the above discussion on the tradeoff between
nuclear survivability and reliability, nuclear survivability can also aid in meeting
reliability requirements since survivability requires a more careful screening of
piece-parts, increased design margins, and may introduce a certain amount of
redunancy into the system - all of which will increase the reliability of the
system, Thus, the true cost of survivability can be masked or appear misleadingly
high compared with the cost of meeting other performance specifications, depending
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on how the costs are tallied. Nuclear survivability costs can be estimated realist-

ically only when the other performance parameters have been assessed tneir fair snare.
The magnitude of the costs associated with developing a survivable system

4
<

’ depends to great extent on the knowledge and expertise residing in the Progran
Manager's Office, their nuclear vulnerability advisors, the contractor, and the
entire chain of participants or their nuclear advisors in the life-cycle management
of developing nuclear survivable equipment. This really means participants are
required who understand how the nuclear environments affect the performarce of

b materials, piece-parts, circuits, subsystems, and systems. The phenomenology which
created the environment is of lesser importance when it comes tc hardening a system
to a defined threat. Like any requirement, the less the expertise and knowlecge
applied, the greater the risk in not meeting the reguirement and the greater the
cost incurred in actually meeting the requirement.
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5.2 INTEGRATED CIRCUITS
5.2.1 Introduction

The previous section discussed semiconductor devices (dicdes, SCR's,
] ) and transistors) when implemented as discrete devices. This secticn will

extend that work on discretes into semiconductor devices when fabricated

into integrated circuits (IC's). Obviously, it would be naive to tnink that

this report could completely cover this area. For this redascn it was necessary

to focus this report on a more specific family of IC's. The fact tnat most of
the work on semiconductor dicretes concentrated on bipolar discretes made it
natural to concentrate on bipolar IC's. The decision to study Transistor-Tran-
sistor Logic (TTL) and Emitter-Coupled Logic (ECL), both bipclar tecanologies,

was motivated by several factors. TTL is by far the most popular technology

and has a vast amount of radiation hardening research behind it. TTL is currently
used in the MX system, and both TTL and ECL are candidates for LoADs. ECL is

the fastest commercial technology available today and in addition has been pro-

e

posed for use in the BMDATC-radar preprototype endo NNK homing and fusing sensor.

Before one can understand the operation of and the radiation effects
on integrated circuits it is necessary to understand some fundamentals of semi-
conductor logic. This introduction may be unnecessary for the reader who is
familiar with electronics; however, many have not been exposed to these areas
before. This introduction will be followed by 5.2.3, TTL operation and radia-

tion effects on TTL integrated circuits, 5.2.4, ECL operation and radiation
effects on ECL, 5.2.5, a discussion of technologies which didn't merit an
entire section - Gallium Arsenide (GaAs) and n-channel-metal-oxide-semicon-
‘ ductor (NMOS).

5.2.2 Fundamentals of Electronic Logic

A logic gate is a circuit which is capable of implementing a Boolean
algebraic operation by taking one or more inputs and generating the proper out-
put. This circuit can be electrical, mechanical, hydraulic, pneumatic, etc.,

but in this case will be electronic. Although Boolean algebra may be trivial to
many, it is likely that many others have only heard of it. As in any algebra
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it deals with variables. The difference is that a Boolean variable may take on

only two values, 0 and 1. It is immediately obvious that Boolean algebra is
ideally suited to the binary operations of digital computers.

The three most fundamental operations are NOT, AND, and OR.
are represented by the operators "-", "<", and "+".

seen in the truth table of Figure 75 where x], X5

These

These creratiors arg eas'’,

cy KN are tne inuut variacl=s,
and XO is the output variable or answer. The truth table, which is a table of

all possible conbinations of inputs and their corresponding outputs is a comron

and useful tool in Boolean algebra and logic circuit design.

Input | Outpu: Input. &_pi‘ Input | Ou:;:\i';_
—l‘ (.' — l; (;, l{) 1, ‘_4. 1
0 1 0 0 0 o ol o
1 0 1 0 0o 1 1
1 0 0 1 0 1
1 1 1 1 1 1
Xq= <X, =X X =
17%o X1+%,7Xg XX, X g
NOT AND OR

Figure 75. Fundamental Boolean Operations

A number of other operations exist, but two of these are the most important

operations in digital logic. They are NAND ( *) and NOR ( ‘) from the contrac-

tions of NOT AND and NOT OR. Their truth tables are given in Figure 76.

Injur Ourpe Loni 0
Lo N T, T
0 D 1 i" f !
n 1 1 ' i
1 0 1 1 ) h
1 t 0 1 o
X, 4 = =
1 X2 XO X]¢X2 XO
NAND NOR

Figure 76. NAND and NOR Operations /’/
4
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In logic circuit design the gates which implement these operations

are given the symbols shown in Figure 77.

< W

¥=a Y=A8-N YxA+Be- e N Y=AHh Y. 4-H

NOT AND OR NAND NOR

Figure 77. Logic Gate Symbols

The application of Boolean algebra to logic gates can easily be seen
in one of the earliest electronic logic families, Resistor-Transistor Logic
(RTL). An N input RTL gate is shown in Figure 78.134

l(,‘{
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Figure 78. RTL Gate
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The input voltages Vl’ V2, ey VN’ representing input variables, are
applied to the bases of the traasistors through Rb‘ The logic levels, Vi
not fixed values but are such that Vi is at logic level zero if it is below the
cut-in voltage, VY’ of the transistor and is at logic level 1 if Vs is sufficient
to drive the transistor into saturation. For an RTL gate typical values for
"0" and "1" are< 0.2 V and > 0.3 V respectively.
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It can be seen that if any of the transistors are in saturaticn (Vi =
"1") the output of the gate, Vo» will be "0". The cutput will be "1" only whren
all inputs are "0". From the truth table of Figure 76 it can be seen that the
RTL gate performs the NOR operation and is thus a NOR gate. Using this NOR
gate, we can build a logic circuit that can implement any Boolean algebraic
expression. This is the reason NAND and NOR gates are so important to lcgic
design. One may design a logic circuit solely of NOR or NAND gates to realize
any algebraic expression. This connecting of logic gates is the essence of
combinational logic. A flip-flop, the basic memory element of a digital corputer,
is built by wiring a set of gates together such that they, the gates, are forced
to respend to a clock. These flip-flops are also used to construct logic circuits.

Sequential logic involves the combining of flip-flops and other logic gates.

5.2.3 Transistor-Transistor Logic (TTL)

5.2.3.1 TTL Operation

The forefunner of TTL was Diode-Transistor Logic {DTL). Figure 79
shows a three input DTL gate as realized with discrete components. It can be
seen that when all the inputs are logic level zero then the ocutput, VO, is 5V
which is a logic level one. If any input is 5V = "1" then the output is "0"

since Tl saturates. The DTL gate performs the NCR operation making it a NCR
gate.

Figure 79. DTL NOR Gate




r’m.

By examining the change of states the motivation behind TTL becomes
apparent. Consider one of the inputs to the DTL gate to be at logic level one
(5V). The current flows through D1 and D2 and into the base of Tl, eventually
driving Tl into saturation. But what happens when the input changes to logic
level zero? The output of the gate will go to "l1", but not instantaneously.
T1 must come out of saturation, pass through the active region, and go into
cutoff. During this transition D2 is cutoff, requiring the base charge of Tl
to be removed through recombination and as a current flowing through Rb. This
is a slow mechanism and the fundamental speed limitation of DTL.

The speed problem associated with the removal of base charge wsas
solved with TTL. The simplest TTL gate is shown in Figure 80.

Figure 80. Simple TTL Gate

When the input is at logic level one the emitter-base junction of Tl will be
reverse biased and current will flow through R, through the collector-base
junction of T1 and into the base of T2, saturating T2 and taking the output to
logic level 0.

What happens when the input drops to "0"? The emitter-base junction
of T1 becomes forward biased and allows the stored base charge of T2 to flow
through the collector of T1. To illustrate the difference in switching times
BE(sat) " 0.75V, R, = 2K2, R = 4K, ard hFE = 20. It can easily be
shown that the initial currents carrying the base charge are 0.38 mA for DTL
and 22 mA for TTL. This leads to propagation delays for TTL which are 1/10
those of DTL.135

assume V
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The propagation delay (tpD) of a gate is one of several para~eters
used to characterize a logic gate. Two others, rise tire (tR) and fall time
(tF), can be seen in Figure 81.

Figure 81. Measurement of Propagation Delay and Rise and Fall Times

The propagation delay is the time it takes for the output wave form to respond
to the input. tPD is measured between the 50" voltage levels of the respective
waves. The time required for the output to respond to a rising pulse will
usually differ from the time required to respond to a falling pulse, justifying
the need for two propagation delays, tPHL (input going High and output going
Low) and tPLH (input going Low and output going High). top is simply the
average of the two delays. The rise time and fall time are measured between
the 10% and 90% voltage levels.

After decreasing the time necessary to remove the base charge of the
output transistor there is only one principal limitation on gate speed Teft to
overcome. This is the time required to charge the output capacitance. The
output capacitance, Co‘ comes from the capacitance of the output transistor and
the input capacitance of the gates being driven. In Figure 80 it can be seen
that when the output transistor T2 is driven to cutoff the output capacitance

measured from the collector of T2 to ground must charge through RC with a time

constant RCCO. A reduction in RC would lower this time but presents an un-
wanted increase of power dissipation in RC (i = v/R, P = iZRL

Thus, active
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elements (semiconductor devices) are used in place of RC' This is shown in

Figure 82135 without detailing its operation. For those interested, an excel-
lent description can be found in Reference 135.
Vi =5\
7
I M ‘
| . 7 gR
[RL ?44’ R:.?l«' <[' / .
7"'?‘\— I, 4 " )
:——///:’r. \\\ . T4 D!v~E __[_
3._—/"/' I~ - i\\\ [r;
3—-——/ﬁ ' / -

||}-u '

Figure 82. TTL NAND Gate with Active Pull-Up

This is the TTL gate as implemented in most TTL IC's and is the gate
referred to in all further discussions of TTL. Additional modifications can be
made for applications requiring low power or high speed.

Before discussing radiation effects it is necessary to have been
exposed to some peripheral information on TTL logic circuit operation.

Fan-Out

In Jogic circuit applications a TTL gate is supplied current by the
driving TTL gate which is in saturation. Often, this driven gate is supplying
current to other gates as well. This ability of the gate to supply driving
current to additional gates is termed fan-out. Thus, the fan-out of the gate
is limited by the amount of current that the output transistor, T3, can sink
while in saturation and the amount of current required to drive the driven
gates, T11 - TIN (Figure 83).
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j Figure 83. TTL Gate With N-Gate Fan-COut
: The current that 73 can sink while in saturation is determined by the
é gain of T3 and by the input current IB3‘ The current required to drive the !
' second stage of gates is determined by R_ and hFC of the driven transistors.

b
In a typical gate we find that when the driving-gate output is logic zero it

} must supply about 1 mA to each driven gate.

Fan-out also affects propagation delay time and saturaticon time. The
dependence of tPD on fan-out is due to the capacitive loading added by each

driven gate. For example, with a capacitive load of 15 pF and a fan-out of 10,
trp is typically 10 ns.

The fan-out of a gate may be calculated from the required input
current to the driven gates and from the output current of the output tran-
sistor of the driving gate. Data on the minimum current necessary to drive the
next stage of gates is usually given in the manufacturer's specs. The output ;
current can be found from the equation describing dose-induced gain degradation.
This is important because it enables the fan-out to be accurately modeled.
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Input-Qutput Characteristics

In order to quantitatively discuss the performarce of a TTL gate sgre
relation between the input and output voltage levels needs to be examined. The

most common is the curve relating VOUT to VIN' This is known as the voltage

, transfer characteristic and is usually given as one of the manufacturer's

specifications. The voltage transfer characteristic for an SN534/74 TTL NAND
134

gate is given in Figure 84.
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Figure 84. Voltage Transfer Characteristics for Typical
SN54/74 NAND Gate

Speed-Power Product

What the voltage transfer characteristic does not show is the speed
or the power characteristic of the gate. These two parameters are often used
+ to characterize the performance of a logic gate. It is obvious a tradecff is
involved between maximum speed and minimum power. This inverse relationship
between speed and power leads to another parameter which is often used to

characterize performance: the speed-power product, in which the speed and
power are combined.

The importance of high speed is obvious. What might not be so clear
is the importance of low power. The power a gate dissipates in an IC is going

S —
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to directly affect the level of integration attainable. The packing censity of
gates on an IC is limited by the amount of heat (power) that the IC can dissi-
pate.

Schottky TTL

It has been seen that a change of states in TTL involves coring out
of cutoff, passing through the active region, entaring saturation, and going
deep into saturation. To ottain the fastest circuit operation, a transistor
must be prevented from entering saturation. This can be achieved by usir; a

Schottay diode as a clamp between the collector and base. Tnis car e iple ente:

in an I as srown in Figure 35{a,.

C E B o
: : ; ¢
i 1
: ! p base B =
P ~aa o L
: L n collector J i ‘-\
: p substrate i s
o E
(a) (b

Figure 85. (a) Schottky TTL IC Structure
(b) Schottky Transistor Symbol

An aluminum metallization is used for the base lead and is allowed to
make contact with the n-type collector region, but without the intervening n+
section. This procedure forms a metal-semiconductor diode between the h:se and .
collector. This is referred to as a Schottky transistor and is represented by 1
the symbol in Figure 85(b). When TTL is implemented with Scho‘tky transistors i
it is referred to as Schottky TTL. |

The latest advancement in Schottky TTL is Advarced Schottky TTL,
introduced by Fairchild in 1979. This version of Schottky TTL emplovs smaller
geometries, higher frequency transistors, and oxide separation to attain speed }
and power characteristics which are superior to Schottky TTL. Aside from '
Fairchild's FAST (Fairchild Advanced Schott:, TTL), Motor~cia nas introd.ced 1




SS {Super Schottky) and TI/National has introduced ALS (Advanced Low Power :
Schottky) and AS (Advanced Schottky). It should be noted that military speci- 1
fications have been generated for FAST, the military has a captive line for S5,

5 and is considering ALS. i

A comparison of the speed and power characteristics for Stancard TTL,
Schottky TTL, and Advanced Schottky TTL is shown in Table 3«‘3.13‘0"135’1"6

Table 38. Speecd/Power Characteristics of Standard T7c,
Schottky TTL, Advanced Schottky TTL

Propacation Delay Power

54 Standard TTL 10 ns 10 mi
54L Low Power 33 ns 1 oW
54H High Speed 6 ns 22 i
54S Schottky 3 ns 20 mw
54LS Low Power Schottky 10 ns 2 W
FAST 2.5 ns 4 W

SS 1.5 ns 20 mW

ALS 3.8 ns 1 mh

AS 1.8 ns 20 mW

5.2.3.2 Radiation Effects and Radiation Hardening of TTL Integrated Circuits

Radiation hardening of TTL will be discussed on the gate level,
assuming the gate is to be incorporated in an IC. From there the report will
proceed to flip-flops and then to shift registers, the building biocks of the CPU.

The radiation threshold of a TTL gate is defined as the level of

radiation {neutron fluence, total dose, or dose rate) for which the output

response exceeds the noise margin, i.e., the radiation level necessary to cause
a change of state of the output logic level. This threshold is dependent on

noise immunity, element construction, and packing arrangement.




5.2.3.2.1 Neutrons. Irradiation of TTL IC's with neutrons causes bulk darage
in the form of lattice dislocations. These dislocations cause changes in the
electrical characteristics of silicon, namely reductions in mobility, effective
free carrier concentration, and minority carrier lifetime.

The reduction in minority carrier lifetime causes a proporticnal de-
crease in the forward gain (Ef) of the transistor as shown in the Messenger-
Spratt equation.1

where D = diffusion constant
W = effective base width
T, = pre-irradiation minority carrier lifetime
K = damage coefficient (material dependent)
& = neutron fluence

This reduction in gain causes the obvious reduction of the output
current of the output transistor of the gate. Recalling the previous discus-
sion of fan-out, it can be observed that a reduction of the output current will
cause a corresponding reduction of the fan-out capability of the gate. Sirply
stated, if the gain degradation is sufficient the gate will be unable to deliver
enough current to drive the next stage of gates. This effect is shown in figure
86°
too. Another problem associated with gain degradation is that of maintaining

for a Motorola MC201 DTL gate. The curve is characteristic of a TTL gate,

saturation. Recall that a minimum base current, IB = IC/hFE’ is necessary to
drive and keep the transistor in saturation. Thus, if tne gain degradation

js sufficient the minimum value of base current required to drive the transis-
tor into saturation will increase past the value of base drive designed into
the circuit. This will cause the transistor to cowe out of saturation and
will result in a change of states of the gate output.

There are several approaches to fighting this degradation. The
first of these, and perhaps the most important, is the designing of a large
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Figure 86. Neutron-Induced Gain Degradation and [ecreased
Fan-Out Capability

gain margin into the circuitry. This is done by overdesigning the circuit

so that a decrease in gain will not affect the operation of the gate. Ffor
example, if a gate required a transistor with a gain of 20, a similar transis-
tor with a gain of 100 could be substituted. Obviously, this would allow ar
80% degradation of gain without affecting gate operation. Tne design margin

alon2 can allow for a 10%-90% reduction of gain

Another effective method is to reduce the fan-out requirements of the
gates in the design of the circuit. By reducing the number of gates to which
the output transistor must supply current, the effect of any reduction in
output current can be negated.

By increasing the reverse bias and increasing the collector current
the transistor can be driven harder into saturation. This will aid in keeping
the transistor in saturation when it is supposed ty be there. The above methods
are used to harden against all types of radiation-induced gain degradation.

b . s,
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Permanent gain degradation can be lessened by using as large an
emitter current as practical and as high an ambient tmeperature as possible.
Both of these increase the annealing of displacement damage and thus reduce

permanent gain degradation.

The reduction of carrier mobility and carrier concentration causes a
reduction in the resistivity of the silicon.
operating point of the transistor. Tr:. effect can be negated by using a smal)

resistor in the emit*ter or by using low resistance bias circuitry.

Neutron irradiation also affects the static pararmeters of the IC
gate. The input threshold voltage will increase moderately and the output Tow-
The latter of these is by far the
most common mode of neutron induced fai]ure?

level voltage will increase significantly.

level voltage is caused by a combination of gain degracation and increased

resistivity.

logic level zero will be read as a logic Tevel one.

Figure 872.

Figure 87.
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This increase in the output low-
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To illustrate this effect
a voltage transfer characteristic for a Motorola MC201 DTL gate is shown in

S —

AP o PR P o5



This curve is representative of TTL behavior as well, as shown in
Table 37.137 Measurements were made on a total of 80 radiation-hardened, low
power, TTL quad 2-input NAND gates, namely the RSN54L00, after exposure to

13 n/cmz. Only the values of those de-

neutron fluences ranging from 4.6 x 10
vices which remained within the manufacturer's specifications were used in tne
average of the output low-level voltage. The figure in parentheses gives the
number of devices inciuded in this average. These gates employed dielectric
isolation, thin-film resistors, guartz-surface passivation, end phitoc.rrert
compensation for radiation-hardening. It should be noted that pre-irradiation
testing revealed two electrical problems. Two gates had an apparent electrical
short between the two output emitters. Thus, when an unused input was cornected
to the power supply through a 1K resistor and the otner ingut peld low ex-
cessive supply current was drawn. During testing at the White Sands Missile
Range LINAC, one gate began to draw excessive current after exposure to a dose
of only 104 rads(Si). Examination with a Scanning Electron Mirror Microscope
revealed a possible pinhole short in the device die through the oxide from the
emitter metalization to the base region. This may have been caused by electri-
cal overstress rather than radiation.

TABLE 39

Average Low State Qutput Voltage (V 0 in units of volts) of Surviving
Devices after Neutron Irradiation tg Specified Fluences. Numbers in
parentheses indicate the number of devices in each sample.

FANOUT 10 9 8 7 6 5

(Fluegce
(n/cm®)
(1 Mev
equiv)

0 13 0.168(80)
4.6x1013 0.200(80) -- -- -- -- --
9.6x10 0.208(80)
0.247(4)
0.247(2)

2.2x10}2 0) | 0.189¢10) | 0.172(10)
2.5x101¢ )" | 0.209(9) | 0.189({10)
-- 0.255(1)

1.2x10 -- - - - i >
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Since this increase of low-level output voltage varies amcng devices
it is important to test candidate gates at the anticipated threat levels to
insure that this problem will not interfere with the circuit operation.

Dynamic characteristics of the gate are also affected. The propaga-
tion delay will increase slightly, the rise time will decrease initially and
then increase rapidly as the gain degrades. The fall time may either increase
or decrease depending on the loading and other circuit characteristics.

The vulnerability of TTL devices to neutron irradiation has been

64,136,138,139,140 The point where the bar starts

summarized in Figure 88.
indicates the radiation level at which the first device of that tvpe has been
observed to fail. The last point on the bar represents the radiation level

above which no devices have been observed to survive.

V4 - Range of Failures
LSI 54 Series
Adv. Schottky
(estimated)
microprocessaors W
RAMSs W
PROMs 7
shift registers X
(typical)
flip-flops X
(typical)
— 2
lu'} ‘014 ]0]5 ] 6 LN, n/u;.

Figure 88. TTL Neutron Failure Levels
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A set of design guidelines for neutron hardening are summarized be-
Tow. 4

) Design a large gain margin into circuitry

) Reduce fan-out requirements in design

] Large emitter current
] Large collector current

] High ambient temperature

0 Increased reverse bias
. Emitter resistor
(] Low impedance bias circuitry

5.2.3.2.2 Total Dose. Total dose exhibits itself as a degradation of gain and
an increase in leakage currents. Although the leakage currents may increase by

an order of magnitude they are generally insignificant when compared tec the
operating currents of the transistor. The level of gain degradation necessary ‘1
to cause circuit failure is dependent on a number of factors. As with neutron

induced gain degradation the design margin and fan-out requirements are the

most critical of these. All comments regarding the effects of gain degradation

from neutrons also apply to total dose induced gain degradation.

The mechanism behind the gain degradation is jonization of the atmos-
phere, the 5102 insulation layer, and the bulk silicon. In the atmosphere
positive ions and electrons are produced. Electric fields produced during
transistcr operation are in a direction to drive the positive ions toward the
base region (for an n-p-n transistor), hence a deposition of positive charge on i
the SiO2 insulation layer. This charge then migrates to the 51—5102 interface. {
Ionization in the 5102 layer leads to the production of electrons and holes. }
The holes migrate to the S1'-S1'O2 interface, causing a charge inversion at the 3
interface; p becomes n and n becomes p. This effect is illustrated in Figures
89(a) and 89(b). 5!
space-charge region to be extended by the formation of a space-charge channel.

The charge inversion causes the emitter-base junction
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Ionization of the bulk silicon also occurs as the formaticn of elec-
trons and holes. As the positive charge layer forms at the interface the elec-
trons are attracted to the interface and absorb enough energy to allow them to
cross the interface and neutralize the positive charge. This causes the channel

’ to recede to a point between the original state and the maximum channel length.
The gain degradation is a direct result of the forementioned charge inversion.

1

The level of dose-induced gain degradation experienced by a TTL IC
is dependent on a number of factors. At low current densities the percentage
gain degradation will be much greater, and depends on the bias conditions botn
during and after irradiation.]05 For npn transistors, 3 degradati~ 1is greatest

when irradiated under an active bias condition; the magnitude of the degradaticn

NP SRS L N TSR S

being controlled primarily by VCB during irradiation. pnp transistors show the

a

greatest degradation when irradiated under a passive bias condition with the

oy

degradation being controlled primarily by IC during irradiation.2

i

' TTL IC's can be hardened using some of the same techniques discussed
under neutrons. In the design of the circuit a large gain margin and reduced

fan-out requirements are very effective. ‘?

In the fabrication stage gold doping is very effective in hardening
against total dose. This hardening is due to the gain degradation of the outpu*
transistor at low injection levels caused by the introduction of traps and recom-
bination centers. Gold doping simply degrades the gain before the dose has a B
chance to do so. The net result is the use of transistors with a dejraded gain
of 30, for example, which show little or no gain degradation upon total dose ex-
posure, rather than the use of transistors with a gain of 100 which degrace to
a gain of 30 upon irradiation. Gold doping is not the luxury it sounds since
it is also used to increase switching speeds and harden againrst dose rate.
Pre-irradiation with neutrons affects the transistor in the same way as gold
doping and is often used as an alternative to gold doping.

{
A1l things considered, hardened TTL is hard to total dose at the |
|

threat being considered, and should not be a primary problem. The vulnerability
64,136,138,139,140 As

of TTL to total dose has been summarized in Figure 90.
before, the beginning of the bar corresponds to the first observed failure ard
the end of the bar indicates that all devices have been observed to fail by
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V//A- Range of Failures

Microprocessors
RAMs

PROMs

—

107 108 1, rads(Si)
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Figure 90. TTL Total Dose Failure Levels

A summary of design guidelines for hardening against total dose is

-t

given below.

) Large gain margin in design

—arm omn

' Reduced fan-out requirements

] High current levels

[ Increased reverse bias

° Gold doping of collector region ,H

. Pre-irradiation with neutrons
3.3.2.3 Dose Rate

Dose rate indured effects in IC's are caused by the gereration of

|

|

|

|

electron-hole pairs. The behavior of the IC depends on the number and rate of i

generation of these electron-hole pairs. The generation rate, g, can be deter-
mined from
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- Yo 100 ergs/gm-rad
9% ¢ T2
1.6 X 10 ergs/eV

absorbed dose rate in rads (material)/sec.

Y =
e = mass density in gm/cm3 of material
E = average energy required to produce an electron-hicle pair.

The number of electron-hole pairs produced is directly proportional to the
generation rate, g, and the volume of semiconductor exposed to the threatening
radiation. These electron-hole pairs move under the influence of the applied
electric fields to form a photocurrent. This photocurrent is called the primary
photocurrent, Ipp. TypicaHyi a dose rate of 1 Mrad(Si)/sec. generates a
primary photocurrent of 10mA,. This primary photocurrent is indistinguishable
from the normal operating current of the transistor and thus will be amplified
Just as the operating currents. The amplified primary photocurrent is called
the secondary photocurrent and is the principal dose rate damage mechanism.
These photocurrents can cause permanent damage in the form of device latchup
and component burnout.

Latchup occurs when internal p-n-p-n paths have sufficient gain to
create an SCR within the circuit and the current flow after irradiation exceeds
the holding current of the SCR. This holding current may be less than the
normal operating current.141 Recall that when the SCR fires, a low-impedance,
high-current path is formed. The device will remain latched in the high state
until primary power is removed. This means the output will not respond to any
input signal. If primary power is not removed the high current levels will
cause device burnout, possibly within microseconds. Radiation hardening often
consists of trying to control these photocurrents rather than hardening the

device against them. This approach is called photocurrent compensation.

Two of the many circuits used in photocurrent compensation are shown
in Figure 912. Base-emitter compensation (Fiqure 91(a)) uses the forward
biased collector-base junction of a neighboring transistor to shunt the primary
photocurrent to ground, thus preventing it from being amplified.
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Figure 91. Photocurrent Compensation |

Transistors connected in pairs are very effective in reducing the
transients caused by photocurrents. The balanced pair (Figure 91(b)) also
provides a low source and sink impedance for the following stages. For gocd
rejection the transistors should have the same photocurrents and base input
resistances. This is a minor problem in IC's since neighboring transistor
structures have nearly identical characteristics. The designer should, now-
ever, exercise caution when designing a photocurrent compensation circuit into
a system as these circuits may have increased susceptibility to total dose,
variations in power supply voltages, and transient voltage and current s;ikes
caused by EMP.2 Many other circuit tricks have been found which are useful in
controlling primary and secondary photocurrents and can be found in refererce 2.

Photocurrent generation can be minimized in the fabrication process E
by using shallow diffusion depths and small p-n junction widths, aliowing less

area in which photocurrents cen be produced. Heavy gold doping of the collector

to minimize carrier lifetime is also effective. Gold doping, however, is

seeing less use as a method :3 increase speed as Schottky TTL becores more
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popular for high speed applications. Schottky TTL has never been observed to
be susceptible to photocurrent-induced latchup but may be suscentibis to nign
temperature Schottky latchup. This is due to a difference in the temperature

dependance of Schottky current, 2%/°C, and collector p-n junction current, & /°C.

[f the dose rate-induced photocurrents are large enough to heat tne IC to tne
upper end of the military spec. range the p-n junction current ray be sufficient
to cause high temperature latchup. This leads to a conditicn similar to tnat
of non-gold doped transistors discussed previously. In newer Schottey VErsions
the Schottky barrier dicde is replaced by Darlington transistors, elimirating

all latchup possibilities.

Even if the photocurrents are not of sufficient majnitude to cause
latchup they can still cause transient upset. Transient upset is a term which
is used to collectively describe a variety of noncatastrophic logic errcrs.

A photocurrent flowing in the junction which isolates the collector of tne out-
put transistor can cause the gate output (which is a bit in a computer} to
change states. Another common logic error is the production of a photocurrent-
induced extraneous command signal or clock signal which will trigger a cnanse
of state. [t is also possible for photocurrents to cause the cormputer to mis-
read a bit of data.

Larger photocurrents are capable of causing permanent damage even
if latchup does not occur. Metalization patterns are very susceptible to
electrical overstress brought about by excessive photocurrents. For exarpie,
the current density in aluminum metalization is limited to 5x105A/cm2 due to
reliability considerations. If a typical value of 25 nA/(cmZ-rads-se:) is used
for the photocurrent produced in an IC p-n junction aluminum electrical over-

stress can be calculated to occur at y = 2x101] rad(Si)/sec.2 The pussibility
of dose rate-induced overstress can be reduced by using metalization patterns

with small cross sections and by using current limiting resistors.

[t should be noted that metalization burnout is not the only dose
rate-induced electrical overstressing failure nicde associated with IC's. Two
others, junction breakdown and interface breakdown,%4 are both more corvon
than metalization burnout and, in fact, are the most common doss rate-ind. =d

permanent damage mechanisws. Altnough junction breakdcwn and interface breas-
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at this point.

Junction breakdown is caused by second breakdown, a pheromercn previously
discussed in section 5.1 under dose rate-induced damage to discrete bipolar tran- *
sistors. Recall, second breakdown is caused by a sudden decrease in tne effective
resistance of a reverse-biased avalanching transistor (thermal runeway). In a
submicrosecond time frame this resistance decrease is seen as a simultanec.s
increase in junction current and a decrease in voltage across the junction. In

S-S S P

the transistor level this causes localized heating within tne junction which
eventually melts the silicon and results in a melt channel which extends across
the junction. This channel acts as a resistive short circuit between tne coliect- i
or and emitter and is referred to as junction breakdown.

Interface breakdown, commonly called a flash-across short, is the result ;
of a breakdown path which usually appears across the emitter-base junction tnat .
is caused by a voltage transient. The models that have been proposed to exglain
the process do not agree on the initiation mechanism but it appears that a relt-
ing of the aluminum metalization is involved. This effect is one of the grincipe! !

264 . .
and, as such, merits further stud,.

EMP-induced damage mechanisms

Junction breakdown can be hardened against by using current limiting i
resistors, an approach which can be used to harden against all types of photo-
current-induced damage mechanisms; using wider base widths, a hardening approach |
that involves a tradeoff with neutron hardness, reliability, and switching speed;
and using transistors with higher power ratings, an option which is pronibitive in
regard to level of gain attainable. o

The most effective way to prevent damage from latchup is to prevent N
latchup. This can be done by eliminating the parasitic SCR paths asscciated !
with latchup. Figure 92(a) shows the cross section of an IC fabricated using
dielectric isolation in which p-n junctions are used to separate different t

as shown in Figure 92(b). Dielectric isolation, shown in Figure 92(c), uses

1

transistor regions. This leads to the formation of many passible p-n-p-n patns J
an isolating Siﬂz Tayer between regions to prevent the formation of parasitic J
1

p-n-p-n SCR paths and parasitic capacitances.
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Figure 92.

The most common method used to fabricate an IC with dielectric isola-
tion is the lapback technique, outlined in Figure 932. A buried n+ region be-
low the collector is used to lower collector resistance. A simple way to
include this region is to begin step 1 with a substrate having either a diffused
or epitaxially grown n+ skin. After step 6 the cross section resembles the
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A modified lapback technique diffuses the n+ skin after the moat
etching of step 2 and before the oxidation of step 3. The lapback process
demands skillful lapping and polishing techniques during the lapback, step 5,
since the circuits must be diffused through this surface.

Other oxide insulation techniques replace the lapback step with an

extra deposition step and thin the crystal from the bottom to reduce the irportance

of the quality of the finish, These are known as double handled processes.2

The mesa isolation technique of dielectric isolation uses a wafer
into which the circuits have already been diffused.2 After the top plate has
been reinforced with a rigid material such as silicon or glass, moats are
etched completely through the underlying oxide in the appropriate regions. The
area between these exposed silicon areas is either left empty (air isolation)
or filled with a ceramic (ceramic isolation) and leads are attached. Dielectric
isolation has been proven effective in raising interdevice breakdown voltages,
lowering parasitic capacitances and increasing resistance to radiation damage.

The problems present at the transistor and gate level lead to new
problems at the flip-flop level. The flip-flop is the basic memory element of
the computer and is simply a group of gates wired together and made to respond
to a clock pulse. A sufficient dose rate will cause a change in logic states,
either from an extraneous clock signal or from a photocurrent induced signal.

Table 40 summarizes the sensitivity of flip-flops to dose rate in-
duced upset.141 The SN54L72 uses unhardened gates while the RSN54L71 and
RSN54L74 use hardened gates. The flip-flops were loaded at a farn-out of 10 and
toggled at 1 MHz. A Togic or phase error was said to have occurred if a device
incorrectly changed states or failed to respond to a command immediately after
irradiation. The apparent increased hardness of the flip-flops over the gates
used to build the flip-flops is largely a matter of failure definition. The
table also shows the peak supply current drawn by the flip-flop.




TABLE 40. FLIP-FLOP TRANSIENT RADIATION FAILURE LEVELS

SN54L72 J-K Master-Slave Flip-Flop

Dose Rate Logic Failure Peak I. (ma)
3x10; No 23
5x10 . Yes 4G
1.5x10 Yes 85
1x10*° Yes 135
RSN54L71 R-S Master-Slave Flip-Flop

Dose Rate Logic Failure Peak Icc(mA)
9x10] No 12

2x10 Yes 18
RSN54174 Dual-D Flip-Flop

Dose Rate Logic Fajlure Peak Icc(mA}
1.6x10° No 3
3.0x]0° No 3

9x10 Possible 5
2x10*° Yes 15

Transient upset of flip-flops may be mitigated by using circunven-
tion, an alternative which requires a large amount of redundancy. Circumvention
requires the contents of a shift register (string of connected flip-flops) to
be stored in a hardened memory during the period that a threatening dose rate
eixsts. This is also an expensive alternative as a plated wire memory, the
183 1t should be noted |

that dollar values as low as $1.80 per bit for plated wire memories can be
144

most commonly used hardened memory, costs $15 per bit.
found in the literature , but it has been impossible to verify trese values.

This technique is necessary only for volatile memories, memories whose contents
will be destroyed if power is removed. A nonvolatile memory on the other hand

can have power removed and retain its contents. This would allow the memory to
be turned off for the duration of a threatening dose rate with no effect on the
memory. Metal-nitride-oxide-semiconducter (MNOS), magnetic bubbles, and amorphous
semiconductors are the only nonvolatile memories available. These technologies
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are also the least mature and tnerefore have the poorest performance of memory
technologies; but the nonvolatility advantages insure low module power dissipa-
tion, high module reliability, and intrinsic radiation hardness in a pulsed
nuclear environment. These facts make these three technologies prime contenders
for nuclear radiation tolerant systems.

TTL's susceptibility to dose rate induced transient upset has been

64,136, 138,139, 140

summarized in Figure 95 Transient upset is defired as a

change of states, a failure to read properly, or an extraneous cormand signal.

74 = 1ong pulse {1-4 .s)
R = short pulse (23-100 ns)
SSI/MST!
LSI 54 Series
PROMs

microprocessors

Adv. Schottky (est.

RAMs

106 107 108 109 1, radsiSiliise:

Figure 95. TTL Dose Rate-Induced Transient Upset Failure Levels
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It can be seen from Figure 95 that the dose rate failure levels are
dependent on the pulse width, similar to total dose failure levels. Tris de.en-
dence can be seen in Figure 96 for a 64-bit Schottky TTL RAM.139 As the pulse
width varies from .01 us to 1.0 us the dose rate failure level decreases by an
order of magnitude from 3 x 102 rads (Si)/sec to 3 x 10 rads (Si)/sec. Similar
pulse-width vs. failure level data for the AM2901A, AMZ2910, and 745481 TTL
microprocessors presented in reference 145 shows a factor of two rore upset
sensitivity than the forementioned Schottky RAM. This makes it important that
a dose rate time history, showing pulse width, is known when designing a radia-
tion hardened system.

o 10 T T
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3 5 64 bit S/C TTL RAM

v "~

v R 1
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28 2"~ v °

Radiation Pulse Width, \is
Figure 96. TTL Pulse-Width Dependence of Transient Vulnerability

A summary of dose rate hardening design guidelines is given below.
) Minimum transistor geometries

) Gold doping

(] DieTectric isolation

] Current limiting resistors

(] Photocurrent compensation

] Circumvention

) Nonvolatile memories

. Wide base widths
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propagation delay time caused by the transistor going into saturation. To
counter this problem it was necessary to find a way to operate a gate with one
Togic Tevel in the active region and the other in cutoff. It must also be
possible to achieve switching between the active region and cutoff with a small
input voltage swing. ECL accomplishes this by using a difference ampiifier
(Figure 97).

= Ve

Figure 97. The Difference Amplifier

When used as a logic gate, the base of T2 is held at a fixed reference voltage,
VR’ and an input, V], is applied at the base of T1. When V] is sufficiently
larger than VR’ T2 will be cut off and the current will flow through T1.

As v] drops to equal VR’ the currents in the two transistors will be
equal. When V] is sufficiently lower than VR, T1 will be cut off and current
will flow through T2. From this it can be seen that ECL accomplishes switching
by switching current from one transistor to the other rather than by turning a
transistor ON and OFF. This switched current is, in fact, a nominal emitter
current which varies by less than 2% as it is switched.

This leads to an ECL gate as shown in Figure 98. The corponent

values given correspond to the Motoroia MECL III, a medium speed, medium power

gate. 3>




Figure 98. Motorola MECL Il Gate

The gate has several important features which should be given special
attention. First, the gate is equipped with OR and NOR outputs which, of
course, are complements of each other. Since one or both of the outputs can be
used, the gate provides the designer with flexibility that is not available
with other gates.

The reference voltage, VR’ is also worth examining. The gate is de-
signed such that the 20 and Al noise margins are approximately equal (21 = 20 =
0.175 V). > But since there is a temperature degendence of 2 mV,/°(C the noise
margins will be equal at only one temperature if the reference voltage remains
fixed. This problem is countered by using a temperature compensated reference
voltage. The circuit used in the MECL II gate is given in Figure 99.

w il o= R,

Figure 99. Reference Supply Circuit for ECL Gates
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Using this compensated reference voltage, as the terperature changes,
the midpoint of the range from logic 1 to logic 0 changes by the same arcunt at

the reference voltage VR' This setup maximizes noise immunity over a large
range of temperatures and also provides a significant amount of compensation
for variations in the supply voltage, 'VEE'

The relationship of the noise imargins, reference voltage, ard tne in-

put and output voltages is easily seen by examining the voltage trarsfer char-
acteristics (Figure 100).135

R ey

(OR]

Figure 100. ECL Transfer Characteristic

The transfer characteristic of a particular type of gate is included

{
in the manufacturer's specifications and will show good agreement with the de- {
rived transfer characteristic,




The noise margin alsc directly affects the fan-out. In CTL (Dicde- |
f Transistor Logic) and TTL (Transistor-Transistor Logic), where tre cutputs are |
taken across a saturated transistor, as long as the allowable fan-cut is nct

exceeded the output voltage and noise margin remain essentially consta~t. Tnis
* ’ is not the case with ECL, a non-saturating logic. In fact fan-out is strictly

T a

' a function of what the designer considers an accepteble neoise margin. Ir 2
typical case if trne 2allowed nois2 margin is 0.3V tn2 ~ar-.t will oo a0
mately 25, while if the noise margin is 0.1V the fan-cut will increase to z50.
This makes it apparent that fan-out is no problem if the only worry is avail-

ability of driving current. However, fan-ocut does affect gate speec, the ~ain

attraction of ECL. To keep propagation delay times belcw the specified 1irits
it is only necessary to conform to the manufacturers specified ac fan-out and
dc fan-out, typically 15 and 25 respectively.

In any case, as with TTL, a good design incorporates a minirur fan-
out. This maximizes the speed in a benign environment and minimizes the effects
of gain degradation in a nuclear environment. The effects of fan-out on the

propagation delay of a MECL Il gate are presented in Table 41. Tre tadis 57.es

fan-out values for only 0 and 20 pecause the effect of dose rate on t .. t ..

[}
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and tf is linear between 0 and 20.135
TABLE 41. EFFECTS OF FAN-QUT ON MECL II
Fan-Out od(HL) Lod(LH) ty te
0 3.5 ns 3.5 ns 6 ns 4 ns
20 18 ns 5 ns 8 ns 30 ns

One last note on the use of ECL is of importance. Whenever the
propagation delay time approaches the line delay time (the time necessary for
the signal to go from the output of one gate to the input cf the nex*) the
output signal will begin to oscillate. To explain tnis effect requires tre use
of transmission line theory that is not appropriate here. It is sufficient to i
J

know that the oscillations can be minimized by using short connecticns betas

(86

n

gates and by properiy terminating these gates. For this reasor tre mirufict . rers i
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generally provide inforraticn concerning maximur unterinzted Tine (er;

and the most effective termination of longer lines.

The latest development in ECL technology was the introduction of
Fairchild's 100K series in 1978. This series offers propagation delays of
0.5 - 1 ns and an operating frequency of 5 GHz. These speeds make ECL by far
the fastest logic family on the market. With these outstanding speed and
frequency characteristics one might ask why ECL is used only sparingiy. Not
surprisingly, the reason is power. A gate from the 100K series dissipates frorm
10-40 mW depending on the switching speed.

For applications where there is no alternative but to use ECL the
dissipation of this power becores the prime consideration. The Cray II, the
world's fastest computer, circulates iiquid nitrogen to act as 2 heat sink for

'S

O

its ECL gates. Schemes such as this will likely be necessary if LSI 1e.213
ECL are to be used.

This power problem is also the reason ECL hasn't achieved the levels
of integration of other technologies. An ECL gate would literally melt during
operation if fabricated using VLSI. Fairchild has introcduced a low pcwer
version for RAM applications but the authors have been urzbie to “ind an, usefll
data on tnis series.

The State-of-the-Art in £CL is an ECL/TTL 4K RAM (93471) which utilizes
the high speed characteristics of ECL and the low power characteristics of TTL.
Although the Tatest advances in ECL have been introduced by Fairchild, Motorola
ijs still the authority on ECL. They introduced their first ECL gate in 1982
and have continued developing this technclogy ever since. Mctoroia pcssesses tne
most mature ECL production line available today.

5.2.4.2 Radia*-,n Vulnerability of ECL

High switching speed is not the only attraction of ECL. ECL is
harder to radiation than any commercial logic family. Combined, these two
factors make ECL the most desirable bipolar logic to use in a radieticn erviron
ment where high speeds are necessary. Although very little work has been crore

on ECL vulrerabilitv, the problem is beginning to receive the attenticr it werits,

_ Ay




There are several factors contributing to the radiation tolerarce of
ECL. First, the higher the operating frequency of ECL, the higher the ragizticn
tolerance. This is true of ECL in particular but not of logic families ir
general. This is because higher operating currents are required for high speed
operation, lessening the effects of gain degradation. Also, the construction
of high speed ECL requires a very narrow base region. This contributes tc
neutron harcdness. As a rule failure levels of ECL are on order of ragnitude
higher than those of TTL as by comparing Tabie 42];6 Wwitn tne dat: sresente

N

the discussion on TTL.

TABLE 42. ECL RADIATION VULNERABILITY

THREAT FAILURE LEVEL
N (n/cm?) 1013

7 (rad(si)) 107

. _ .
YUPSET(V‘ad(51)/Sec) 510

K i 11
"penmangy (rad(s1)/sec) 10

These levels of hardness do not apply to the 93471 ECL/TTL 4K RAM
mentioned earlier. In dose rate testing performed by Boeing, 50 ns and 1 s
pulses were applied while the device was in the active low output state.147
For the 50 ns pulses, transient responses exceeding 0.8V were observed at 7x107
rads(Si)/sec. Data upset was observed at 109 rads(Si)/sec. For the 1 .s
pulses, voitage transients exceeding 0.8V were observed at 7x106 rads{Sij/sec
and data upset at 1.5x107 rads(Si)/sec. These values of transient upset are
well below those of RAMS which are only TTL or ECL.

Just as TTL total dose and dose rate failure levels are dependent on
pulse width, so are ECL failure levels. This means it is important to consider
the nature of the pulse when evaluating gate hardness. For an MCI678L, a typi-
cal ECL NOR gate, the radiation tolerance is as shown in Table 43.]38
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TABLE 43. ECL IC PULSE-WIDTH FAILURE LEVEL DEPENDENCE

e
ECL Transient Susceptibility (¥, ﬁé%é%ll)

Narrow Pulse Wide Pulse
(tp = 10 ns) (tp = 4 .s)
3-5 x 108 1-1.5 x 108

This concludes the work on ECL. As mentioned previously the scarcity
of ECL radiation data prohibited an in-cepth study. Points to rewerber are

that ECL is both faster and harder than any commercial bipciar tecrncizi,. Trese

[83]
w

advantages are offset by the very nigh power consumpticn wnicn is tne on2 factor

that has restricted the use of ECL.
5.2.4.3 Radar System Parts List

Table 44 represents a list of semiconductor discretes ard integratec
circuits which might be found in a typical radar system. Also included are
selected manufacturer's specifications and an estimate of neutron irradiation
damage for fluences of 1012, 1013, and 1014 n/cm2 as predicted by the Messerger-
Spratt equation. The Messenger-Spratt equation is presented in the section on

discrete semiconductor devices but may be approximated at high freguencies as

.1_. = 1_. + K:
b@ BO ZﬂfT
where 8¢ = post-irradiation common emitter dc forward current gain.
80 = pre-irradiation common emitter dc forward current gain.
¢ = neutron fluence
K = material dependent neutron damage factor, 5.5 x 107 cm2/
n-sec for PNP silicon devices, 8.5 x 107 cmz/n—sec for
NPN silicon devices82
fT = gain-bandwidth product
ai"ci;'
/4
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It should be noted that since the values used for ;o and fT are
manufacturer's minimums, the resulting estimate of post-irradiation gain is a
conservative one. From the Messenger-Spratt equation it can be seen that he
most vulnerable devices are those with high gain and Tow injection Tevels. The
effects of radiation on most of the devices was unavailable. Since the Messenier-

2

Spratt equation is only applicable to transistors the effects of neutrorn irradiation

[N

on the gain cdegradation of transistors is the only radiation da age greldicticn | re-

sented. More extensive predictions of the effects of neutron irradiatior on bi.olar

IC's could be formulated if the constituent transistors were kngown.

5.2.5 Other Technologies

During our study of the radiation vulnerability of integrated circui*s
it was felt necessary to study some technologies which are currentiy very; ;coular
or are Just emerging. These technologies are Gallium Arsenide (Gads) and N-Cnannel
Metal-Oxide-Semiconductor (NMOS).

e 4 e b Al AR

5.2.5.1 Gallium Arsenide

-

Gallium Arsenide (GaAs) has been the subject of intensive R&D prograrms
over the past few years in several companies including Rockwell, McConnell
Douglas, The Aerospace Corp., Lockheed, and IBM. This work has concentrated on
the fabrication of GaAs IC's. Much of this activity is aimed at developing a
VHSIC (Very High Speed Integrated Circuits) capability. The remarkable speed
pp = 100ps, P = 5 nW) make it the natural
choice for future high speed IC's. What has gone unnoticed is the outstanding

and power characteristics of GaAs (t

radiation resistance of GaAs. In Reference 148 McDonnell Douglas performed a
: set of theoretical calculations to determine GaAs vulnerability to neutrons,
dose, and dose rate.

By predicting the magnitudes of the photocurrents generated, one can

e A g

predict the vulnerability to dose rate. Dose rate, as has been discussed, pre-
sents a severe, yet unsolved hardening problem for IC's. Of all the techknolo-

O R s

gies studied, only GaAs offers any hope of providing an inherently dose rate
hardened IC at the anticipated threat.

As was discussed in the section on semiconductor discretes (5.1),
photocurrents are caused by electron-hole pairs moving under the influence of
electric fields. The rate of formation of these electron-hole pairs can be
used as a base for predicting the photocurrents. If all the electron-hole

S —




pairs generated were collected by the electrodes, the prinary protocurrent

is given by
[hp = 997ALe (19
where Aj = the junction area
? g = the electron charge
9, the carrier generation constant of ionizing radiation
LC = effective collection length
Y = dy/dt = radiation energy deposition rate density

The conversion factor g = g(t)/y, where g(t) is the carrier genera-

tion rate density, is

g =6.25 x 10]3 —g——-carriers/cm3-rad
0 EE-H
where d, = specific density of the irradiated material in 3/cm3
EE-H= the energy required to produce one electron-hole pair in eV

13 carrievs/cm3-rad. The value for

143
26¢

For silicon, 9 (Si) = 4.33 x 10
GaAs is 9 (GaAs) = 6.63 x 1013 carriers/cm —rad 50 Targer than silicon.

The tran51ent primary photocurrent procduced in a pn Junct1on is given by
t N

D, exp(~ ) + D exp (- = ;
I,(t) = qAJ Wg(t) +f9(t-?\) fn P14 (20) 1

” : e

where W = depletion width

Wg(t) = the instantaneous photocurrent due to carriers generated in jg
the depletion region ’

Dp = diffusion constant of holes

Dn = diffusion constant of electrons ¥
tp = characteristic recombination or trapping time of holes H
t = characteristic recombination or trapping time of electrens )

In tests on GaAs JFET structures the response to pulsed, ionizing
radiation was studied.267 The photocurrents were seen to increase linearly with |

dose rate at low dose rates but sublinearly at high dose rates. This character-
istic is either caused by the onset of band-to-band recombination or recombination
through energy states in the bandgap. If the excess carrier concentration is much
greater than the initial majority carrier concentration, direct recombination

becomes proportional to the square of the excess carrier concentration.267 The

.. . T bt O e s e i o ST
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generation rate at which the transition between linear and square dependence

occurs 15267
- 1,2
Ier © 26 (no * Gr) (21)
where § = direct recombination coefficient
Ny = equilibrium electron concentration
T = hole lifetime

By comparing equation (21) to experimentally obtained values the best

fit was found at &6 = 3.3 x 10']] cm3/s and 1T = 8 x 10'73.

The transient peak photocurrent of a GaAs FET with pn junction gate

from equation (20) can be approximated by267

[ = ngiLw(a + L (22)

PP
6.63 x 10
dose rate in rad(GaAs)/s
Lp)
= channel length

0/

13 3

where electron-hole pairs/cm

0

+

g
Y
(a = collection length of about S.m for typical GaAs FET structures
L
W

channel width

To see when this photocurrent will cause logic upset it is necessary

to find the Togic upset current, I (UPSET). Without irradiation”®
2 .
Ins = K(Vg - Vo) (23)
where IDS = drain-to-source current
K = constant
VG = gate voltage
VT = threshold voltage
Where near the threshold voltage, VT’ a relation analogous to MGSFETs is obtained]34
uCow
K = Al - K' (W/L) (24)
where C0 = gate capacitance per unit area
p = majority carrier mobility

S —
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When the logic upset current for a gate is defined a5268
_ o, 2 c
IDS(UPSET) = K T (VNM - VT) (25,
. - -4 2
where K = uCO/Z =1 x 10 ° A/V
VNM = 0.5V is the noise margin
VT = 0.25V = threshold voltage
L = channel length
the logic upset dose rate, ?UPSET’ can be evaluated.
Equating equations (22) and (25) yields an upset dose rate of
| 2
. _ KWy - vy (26)
fUPSET 2

agyL™ (2 + Lp)

Using numerical values for a gate with a chanrel lengtn of 2.5.m,

namely
K= 1 x 107 an?
VNM = 0.5V
Vp = 0.25v
a+ LD = 5um
L = 2.5um
9 = 6.63 x 1013 e-h pairs/cm3
gives a value for YupSET of
. - 1
YUpSeET = 1.175 x 10" " rad(GaAs)/s.

It should be mentioned that the levels measured in rad(GaAs) may be compared
to rad(Si) since the conversion factor is 1.06 rad(Si) = 1 rad(Ganrs).

These theoretical predictions were compared to experimentally obtained
148

values for three integrated circuits.
A. Nine-stage ring oscillator
B. Buffer stages

C. Memory cell circuits with ion implanted resistors and external

/‘/
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For the oscillator, oscillations were suppressed at 7 = 1.14 x 101O

rad(GaAs)/sec. For the buffer circuit, logic upset had cccurred in a majority
of the devices by about 1 x 1010 rad(GaAs)/s. Memory cells, consisting of a
flip flop with read and write circuitry, had upset levels in excess of 1.2 «x
10
10
occurred at 1 x 10

rad(GaAs)/s. The first failure mode regarding circuit survivability

11 rad(GaAs)/s with the occurrence of gold metalization

burnout. By using thicker and wider metalization a survival dose rate of

11

greater than 107" rad(GaAs)/s can be achieved with present tec'nnclog‘,.]’D

The correlation of the theoretical and experimental failure le.=is
gives credence to the validity of the theoretical calculations. The above
devices were SSI planar circuits, but are capable of being expandec intc ™SI
and eventually into LSI. The state-of-the-art technology is able to offer
radiation tolerance of GaAs IC's with negligible degradation of electrical

performance for]48
Fast Neutrons 1 x 1015 n/cm2 (E~10KeV)
Total dose of ionizing radiation 1 x 107 rad (Gahs)
Dose rate for logic upset 8 x 107 - 2 x 1010 rad(GaAs)/s.
Survival dose rate 1 x 104} rad{GaAs)/s

These levels are expected to increase due to advances in fabrication
and material technology and device and IC design and should result in the

following Teve]s.]48
Fast Neutrons "5 x 101° n/em® (E > 10KkeV)
Total dose of ionizing radiation vl x 108 rad{Gahs)
Dose rate for logic upset 5 X 1010 rad(GaAs)/s
Survival dose rate A5 x 1011 rad(GaAs)/s

While GaAs has outstanding radiation resistance to total dose and
neutron fluence, so do other commercially available technologies. Howaver,
only GaAs appears to have the ability to withstand the dose rate threat that
has been imposed on the system. The combination makes GaAs devices and IC's
the logical candidates for use in hardened system electronics required to
operate in severe nuclear radiation environments.
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Additional data on GaAs tunnel diodes and GaAs FET's can be found in
the sections on discrete semiconductors (5.1) and microwave devices (6) resuasctively.
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5.2.5.2 N-Channel Metal-Oxide-Semiconductor (NMOS)

This section has been included to warn of tne proulems posed by a

radiation environment for NMOS devices, in particular microprocessors (.P's). :

NMOS offers high densities alcng with moderate speed and power. Tnese attributes

together with the fact that NMOS is a fairly mature technology {pre-1970) has

allowed NMOS to become the dominant semiconductor technology, particularly at the .i
' LSI level. But these advantages lose their importance in a radiation environrment

since is among the softest technologies to total dose. Fortunately the wide use

of NMOS has promptaed considerable work on NMQS radiation testing and nardening.

W et -

Among the state-of-the-art devices are a number of .P's, including
the Intel 8086, Motorola 68000, Zilog Z8000, and the Texas Instrurerts TMS3985.
National recently introduced a 32K Static Random Access Memory (RAM,, the 6132,
and a 65K Dynamic RAM, as have Tl and Motorola. 64K Read Only Memories (ROM's)
and 65K Programmable ROM's (PROM's) have also been recently announced. Japarese
manufacturers have announced the introduction of a 256K RAM.

As is true with all MOS technologies, NMOS is inherently hard to

5 2

neutron jrradiation and does not have problems below fluences of 101 n/cm-.

Failure from total dose has been reported as low as 500 rad(Si) for
the Intel 8080 ;P.149 The vulnerability to total dose has been surmarized in

64,136,138,139 where the bar represents the range of observed failures.

Figure 101
Note that no devices have been observed to survive a total dose of greater than
2 x 104 rads(Si) and that all device types have been observed to fail by 7x102
rads(Si). R&D efforts, begun by EMM-SEMI and NRL in 1979, have produced
hardened NMOS devices which may be able to survive a total dose of 105 rads (Si)

at low dose rates.136
|

LP's- 8080A, 6800, F8 _

Cynamic 4K and 6K RAMs

Static TK and 4K RAMs

R3D: EMM-SEMI/NRL 1 1
Hardened Gate Oxide: '

Hardened Field Oxide: ‘.;»”Qf

2 3 4 5

10 10 10

Figure 101. NMOS Total Dose Failure Leve‘|5/
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NMOS is also among the most vulnerable to dose rate, the Intel 8080 .P having

been observed to fail at dose rate less than 105 rads(Si)/sec.]49
64,136,138,139 for two pulse

Dose rate vul-
nerability has been summarized in Figure 102,
widths.

-= Short pulse (20-100ns)

[::]= Lorg puls2 (1-4.s)

Intel a3 | []
2114 | 2147

Static 4K RAM - .
(Intel, T4M;
Ceperiant on clocr freduzncy
Dynarmic 3 RaM)
{(Intel 21078)

OM
[t ]

10° 10° 107 1 13

Figure 102. NMOS Dose Rate-Induced Transient Upset
Failure Levels

At the anticipated threat levels for both total dose and daose rate,

- Figure 101 and Figure 102 show that no NMOS devices will survive. This leads

us to make the following total dose and dose rate hardening recommendation.
DO NOT USE NMOS!
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6.0 MICROWAVE AND MILLIMETER WAVE LEVICES

BMIATC-radar is exploring systems concepts in the hign frejueng,
region. Tnerefore, it was appropriate to include some typical cliasses and
types of devices that orerate in tne micrcwave region and above in tnis study.
Specifically, the classes that were included were: 1.) Impatt-lixe devices,
Gunn diodes; 3.) PIN dicges; 4.) Ferrite phase shifters, and 5.) Gigarer:z
Galds field effect transistors (FETs). Comgared to device classes discussed
previously in secticn 6.0 these are ratner specialized classes anc,as sucn,
there is less radiation data on these classes than on RF devices. howe.er,
the data that does exist has heen compiled, sumsarized, and is includel in

the report.

6.1 Impatt-like devices

As the title of this subsection implies this portion of tne reiort
will not be confined to just Impatts but will also inciude Trapatts and
Baritt diodes. In order to understand the impact of transient radiztion on
these type of devices a brief discussion of the operation of I[mpatts 1In
elementary terms would be appropriate. It was felt tnat tnis discussion
should concentrate primarily on Impatts since tne operation of Trapatts and
8aritts are very similar.

The term Impatt is an acronym that stands for " impact ionization

avalanche with transit time Conventional semiconductor devices operats

by controlling the flow of charge carriers at a p-n junction and, therefore,

are subjected to the fundamental transit time limitation. From tne early

1950s, the possibility was considered of using the effects of the finite carrier
transit time.rather than allowing it to remain as a limiting factor. Start-

ing in the early 1950s, various scnemes were proposed to achieve tnis. Jre

such scheme was the avalanche transit time diode structure first proposed

by Read' 20 in 1958.

Before examining the internal mechanism of Impatt dicdes used as oscil-
lators, it must first be realized that there are two basic regquirements for a feed-
back oscillator. First the feedback from the oscillator must be of sufficient
magriitude to drive the input and, second, the freguency of the oscillation is det-

ermined by the phase condition of the output with the phase difference between tne

202

- . . ol i g & T A B b oy
. s




i,
7

input and output differing by a multiple of 2-. A twoc termiral dicde devi:
can act as a delay by storing the information within itself for a firite tire.
This is the "transit time" referred to by the last two letters in Imzatt. In
the forward biased case, there is certainly a transit time involved in getting i
' the charge carriers across the junction. However, there is noc gain s0 the 3

diode cannct sustain oscillation.

7 e —

A junction biased in *he reverse direction would seem just as
useless because very little current flows in this conditicn by definiticn.
However, as discussed in the section on diodes, the application of a large
enough reverse potential results in a breakdown of the blocking conditicr, i.e.,

sed

W

the impedance is reduced and the current is multiplied. As was discu
previously, there are really two mecnanisms whereby breakdown can occur: tre
Zener effect and avalance breakdcwn. Avalanche breakdown is the mechanisn 0of
concern for Impatts. This mechanisin results from the acceleraticn of carriers
by the applied reverse electric field to the pn juncticn such that they are
capable of and, in fact, do collide with and ionize lattice atoms in the
junction. The resulting carriers are further accelerated which resuits in
more jonization causing more free carriers to be formed. This is the

"impact ionization avalanche" that is referred to by the first four letters

in Impatt. }

The width of a junction in the reversed biased condition depenis,

among other things, on the doping densities. One model that illustrates
this is the abrupt junction pictured in Figure 103. The total widtn of such a

[ a) + v
N f
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£ . ¥ :
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' a) Impurity Distribution b) Depletion Widthrs §

Figure 103. Idealized Abrupt pn Junction




junction is dominated by the density of impurities in the pcrticn of tre matzria

[¢\]

with the lowest doping dersity. This results simply from tne fact tnat cner;
neutrality must be maintained and, therefore, the nurter of uncovered crarjes
(i.e., donors that nave given up an electron or acceptors wnich npave aclzgtes
an electron) on each side of the junction must be egual. Tnis irpiies trat tns

~E

pentration of the depleticn region is the greatest on tne lcower acped sice &

- i

the junction. OQOne method of forming an abrupt junction is depicted in Fijure 103a.

[t consists of introducing a hign density of accegtors (%,) ints a regicr tret
I}

was uniformly more lightly doped. Figure 103b compares the total cepieticn
layer widtn, W, witn that of tne lightly doped side, wj.

A modification of this method which procduces a PIN dicde struciure
that is related to that proposed by Read is illustrated in Figure 103. In
this method, a high density of acceptors is introduced intc ore end of hcogercus
material which has been lightly doped and a high density of doncrs is intro-
duced into the other end (Figure 104a). For an Impatt-type device, it is
immaterial whether the 1igntly doped region contains denors, acceptors, or an,
impurities at all. The original structure Dfoposed by Read was n+pi:* wrere

+ denotes high doping and i means 1ntrinsic130. A variety of similar
structures have been proposed, analyzed, ancd fabricated including n+pp+,]°]
++ ++ 152 ++ 4+  ++ 152
p nn and p nnn .

that is critical to the operation of an Impatt is that the total number of

The only thing concerning the deping densities

uncovered charges in the entire lightly doped region should be less than the
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nurber in either of the heavily doped regions when the dicde is reversed

biased.]53

This ensures trat, for a reJersed bias, a punib-troiu;n oz oilr
extends throughout tne lightly doped region, i.e., the space-charge regicn
extemrs frgn the ;+i Jjunction to the in junction. Rather than tcally
relying on Zdoping profiles to ensure conditions for punch-throush, the reiverss
bias —zv s‘::Ty be increased until it exceeds the punch-througn viltaze of

o)

the ce. .2,

Tre region between the heavily doped areas is scrmetimes referred to
as the intrinsic ra2gion even though it is one in which a space charce a
electric field do exist. A be*ter descriptor wculd be “degleticn resicn” since
the charge ir this region consists of uncevered impurity jons which are
staticnary and the rsgion is depleted of mobil charges. The field acrcss this
depiation region is not recessarily constant, Essentially the depletior
region bectween the.heavily doped P and N regions constitutes a relatively long
path in which mobil charge carriers will be subjected to an electric field.
They will drift along the path under the influence of the field provided the
field is in the correct direction. This path is called the "drift space".

In this space, free electrons will drift towards the n+ region and hcles
toward the p+ region. Essentially the Impatt diode can be reguardec as an
accelerator. Minority carriers (holes from the n reaion and electrons from
the p region) as well as electrons and holes generated thermally in the region
will be swept through the drift scace.

In the drift space, the carriers will not be accelerated to higher
and higher velocities. Electrical potential energy is being converted to
kinetic energy of the carriers and their velocity increases. However, the
carriers interact with and transfer energy to the atoms which make up the
crystal. Essentialiy tre lost carrier ererg, resuits in increasing tre trermal

vibration of the lattice atoms and the terperature of the crystal rises. In

crossing the drift space, the carriers attain a stable velocity which for silicon

is approximately 107 cm/sec or about 2 million miles per nQJr,]SJ Altncuash tnis
velocity is high, it is still not in the relativistic region since the speed

of light in free space is still a factor of 300 greater.

The above discussion should not be taken toc "~~ly that the carriers

will attain a saturating value of velocity for all va' .- : of fields. The
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Figure 105. Idealized Plot of the Velocity of Free Electrons
in Semiconductors Versus Electric Field

153 As indicated in tnis figure, tre

actual situation is depicted in Figure 105.
curve is linear at low fields and velocities. The linear region is the area
where RF devices are operated. In this area a concept known as mobility is
valid. The electron mobility, u, is simply the velocity of a free electron
in that material at a condition in which the value of the electric field is

unity. Utilizing this concept, the velocity can be expressed simply as
v = uk

Mobility is an important concern to the operation of Gunn dicdes and will be
discussed more fully in the portion of the report on these devices.

In any case, there exists a saturation field, Es’ such that further
increases in the field will not result in a substantial increase in the
electron velocity. The field throughout the drift space does not have to be
constant but simply above ES in order to ensure that the carriers all have
attained the saturated value of velocity, V- The constant velocity, of
T course, implies that the transit time is determined by the length, W, of

the depletion region and, hence, the time delay between the output and input
to an Impatt is controlled by W.

The discussion up to this point has viewed the PIN structure
primarily as a delay line. However, the feedback signal must be of sufficient
magnitude to sustain oscillation. As mentioned previously, the mechanism that
is used to attain sufficient gain is the avalanche effect of impact ionization.
The reader should not be misled by the discussion on the saturation velocity.

t The concept of a constant value of a saturated velocity is a convenient

approximation which allows the easy determination of trarsit times with a very
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small error. In addition, the curve in Figure 105 approaches Vs asymptotically.
The fact that increasing the field to Ebd (the value of the field in Figure

105 necessary for avalanche breakdown) does not substantially increase the

free electron velocity above Vs does not mean that the kinetic energy of the
electron and, hence, the energy that is available to be transferred to lattice
atoms has not been increased. It must be remembered that tnhe energy varies

as the square of the velocity and, therefore, small increases in velocity

are reflected in larger increases in kinetic energy.

The field has a large peak at the junction of the p+ and n regions
(the n region has been referred to as the intrinsic region in the foregoing
discussion). This is a result of the potential gradient, dV/3x, in going
from the p+ to the n region. The rate of pair production is a sensitive
nonlinear function of the field which has been found to be]54 given by

‘1=E

A value of 6 for m has been found to yield a good fit to the data below about
500 kilovolts/cm. By proper doping the field can be given a relatively sharp
peak so that multiplication is confined to a very narrow region at the p+-n

150 In addition, if the doping profile over the n region varies

junction.
logarithmically the field will be constant over the rest of the n region.

A typical field distribution for a Read diode is shown in Figure 106.]53

153
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Avalanche region

Figure 106. Electric Field Distribution Through a Read Diode.
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In order to maintain a constant velocity, the field must exceed ES at all
points in the diode and, for avalanche ionization to occur, tne peak field must
exceed the breakdown field, Ebd' For this situation electrons will pe
generated in the avalance region and swept into and across the drift space.
After a delay of one transit time, they will appear at the n+ region.

There is one unusual phenomenon in an Impatt which deserves merntion.
Consider the effect of a single sguare pulse superimposed on a d.c. bias
potertial which momentarily causes the peak value of the field to exceed Ebd‘
Free electrons will be formed and swept into the drift space for a time 't
as incicated in Figure 107. Assume that it is less than the transit time, t
Under these conditions the voltage pulse is translated into a current pulse
which is swept through the drift space. Because velocity saturation is
occurring the amount of diffusion that occurs is minima1.]53

¢

Diffusion will
only occur when there is an assembly of mobile particles which are free to
move in any direction. However, in this case, the mobile particies are
constrained by the field to move in one direction so the conditions for
diffusion are not present. Therefore, the current pulse will be just as
abrupt in passing out of the drift space as it was when it was formed and the
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Figure 107. Time Displacement of a Square Voltage Pulse Applied
to an Impatt Diode and Its Resultant Square

Current Pulse /I/
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situation exists in which a signal will not be degraded as it moves through
a piece of semiconductor material.

Returning to the main topic, i.e., the operation of an Impatt
oscillator, the above discussion indicates that the Impatt diode does satisfy
the two requirements for oscillation: gain and a controllable phase relation-
ship between the input and output. In order to form an oscillator the
current pulse from an Impatt is used to form a potential which is fed back to
the diode terminals. This is achieved by mounting the diode in a tuned micro-
wave cavity in which the transit time of the diode is consistent with the
frequency to which the cavity is tuned and thus oscillation is attained ard
maintained. This ends the discussion on the operation of Impatts. For a
more complete discussion on the generalized Impatt theory, the reader is
referred to references 151 and 155.

An Impatt oscillator is composed, of course, of two parts: the
diode itself and the microwave cavity. Transient radiation affects both parts.
The impact of radiation on the cavity is to ionize the air or gas which fills
the cavity. The fact that ionizing radiation does impact a gas-filled micro-

156 In fact, this effect has been used to monitor
157,158,159

wave cavity is well known.
power levels inside reactor cores. It has been shown that the
ionization of the air causes a shift in the resonant frequency and a change

156,157 pe change in the resonant frequency is very small but

in the cavity Q.
16C

the change in Q can be as large as 30% for a dose rate of 3x109 rads(Sij/sec.
This loss in Q results in a reduction in the RF power from the oscillator. In
addition, the air ionization provides a shunt path for the dicde bias current
which further reduces the power. It has also been observed that there is a
delay in the build up of RF power after the radiation pulse (on the order of
50 nanaseconds) which has been attributed to air ionization - recombination

effects.]60

However, the reduction in RF power due to the ionization of air in
the cavity does not occur at all levels of dose rate. The threshold appears
to be between 1.4 and 4.Ox109 rads (Si)/sec as can be seen by a comparison of
the two parts of Figure 108160. It should be noted that this effect is not
unique to Impatts but occurs for all microwave devices reguiring a cavity
including traveling wave tubes (TWTs). Even though the jonized air-induced
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Figure 108. RF Power From an Impatt

reduction in Q will be present at the threat levels, it is easily mitigated by
simply evacuating the cavity.

The other part of an Impatt oscillator is, of course, the diode
itself. The oscillator characteristics of Impatt diodes are virtually unchanged
after exposures to neutron fluences of 10]5 n/cmz. 161,162 This threshold
is based on empirical data but it is in agreement with theoretical calculations.

Typical data for Impatts is depicted in Figure 109]6] for the output power and
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the threshold current for oscillation. In this figure, the origiral lot of
10 was divided into two sublots at 10]5 n/cmz, one with a high-averaga output
power and one with a Tow-average power. As indicated by the figure, these
type devices should essentially suffer 1ittle or no degradation at the threat
level of neutron fluence.

Although neutrons present no problem, the same cannot be said of

1
v o atmadioe -+ wasei s . L-.“‘_“hh‘.mj'

ionizing transient radiation. The primary effect of this radiation is the
same as for any other semiconductor, namely, the generation of electron-hole
pairs throughout the Impatt. This additional generation of electron-hole
pairs manifests itself as an increase in the leakage current of the diode.
This current is proportional t¢ the dose rate and the sum of the volume of

the depletion region and the volume bounded by one diffusion lengtn fros tne
depletion region (i.e., the effective volume). The effect of this additional
leakage current is a premature build up of the avalanche current which results
in reduced RF power and an increase in the frequency of osci]]ation.]64’]65
In addition, reference 166 concludes that the affect of leakage current on

the operation of Impatt oscillators is to damp the osciilations and, thereby,
reduce the power output and the oscillator's efficiency. Computer calculations
indicate that a bias current to leakage current ratio of 100 to 1 reduces the

RF power output to one-half that which would have been obtained without any
164

leakage current.

This predicted quenching effect has been well substantiated by

167-173 Reference 167 indicates that a ceasing of RF power (5 W

empirical data.
or less) in silcon oscillators occurs during and for 15 minutes after a 15 milli-
2 6

and 5x10

rads(Si)/sec. respectively. Full recovery of RF power occurred only after the

second pulse of a combined neutron and gamma flux of 3x1015 n/cm

bias was reduced to zero and then increased back to preirradiation levels.
At approximately twice these radiation levels, irreversible diode failure oc-
curred.”9 Reference 170 indicates that 100 mW silicon Impatt oscillators
ceased oscillation after an exposure to 7x1O7 rads(Si)/sec. However, in tnis

case, the oscillation resumed immediately after the exposure with no charge in

operating conditions. Reference 171 indicates that 200 mWw GaAs Schottky barri-
er Impatt oscillator only experienced a small fractional charge in RF pcwer
after an exposure to 7x109 rads(GaAs)/sec. In this case, full power was obtained
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immediately after the pulse with no chage in operating conditions. The reduct-
ion in RF power has also been observed in injection locked Impatt oscillators
8 and 3x109 rads(Si)/sec.]73

following an exposure to rates of 1x10 Figure 110
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Figure 110. RF Power From a 10 GHz Impatt Oscillator
For Various Dose Rates
is indicative of the data.]60 This data was for a X-band silicon double epi
Impatt diode. However, it should be noted that osciilation did cease when the

dose rate was increased beyond 5x109 rads(Si)/sec.

As mentioned previously, the effect cf the additional leakage current
generated by the ionizing radiation pulse is the premature buildup of the
avalanche current. This means that the 90° phase lag betwesn the voltage and
current is reduced, i.e., the leakage current leads to a premature buildup

of the avalanche current which, in turn, deteriorates the optimum phase
relationship between the current and voltage. The smaller the transit tire
through the avalanche region, the greater will be the reduction in the 90° phase
lag betweer the current and vo1tage.]60 Therefore, Impatt diodes with thin

avalanche regions are predicted to be more susceptible to leakage current effects.

Oscillators will also experience a temporary dose rate-induced
frequency shift. Typical shifts are shown in Figure 111.160 As can be seen,
these are in the MHz range. However, it must be noted that these changes
during the pulse are critically dependent upon the RF circuit as well as the
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Figure 111. Dose Rate Induced Frequency Shifts
in a 10 GHz Impatt Oscillator
Impatt diode itself. This data was Tor a X-band silicon diftfused Impatt
diode.

The effects discussed above are temporary in the sense that the
diode and oscillator do return to preirradiation values. However, it has
been briefly mentioned previously that permanent effects have also been

167,169,172,174 169,172

reported. In some cases catastrophic failure occurred

and in others a lower power but a stable oscillating condition was obtained
even though the device does not riecessarily undergo irreversible change.”z’”4
Reference 174 indicates that the permanent effects reported in references
167,169 and 172 could have been caused by the long cable length that is often
used between the diode and the bias network to allow for the incorporation

of the proper radiation shielding. It has been shown that bias circuit
instabilities are possible for cable lengths greater than 4 1’eet.]75 Based
upon the reported descriptions of the radiation facilities, reference 174
concludes that the failures reported in references 169 and 172 wera due to
improper bias circuit impedance and that reference 175 should be used as a

quide in this area.

Three major conclusions were reached in reference 174, which is
the latest published report on radiation-induced permanent effects on IirLatts
the authors have been able to uncover. These are:

1. The permanent effects are related to a diode-circuit interaction.

2. The principal cause of the permanent effects is not improper
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bias circuit impedance that results in bias circuit oscillations.
However, it is beleived that bias circuit oscillations, combined ;
with the permanent effects, have caused diode failures reported

e el f o e A -

, in references 169 and 172,

3. The GaAs Schottky diode is more prone to permanent effects.
They occur at power levels above 200mW and dose rates above
2x109 rads(GaAs)/sec. The permanent effects in Si and GaAs
diffused diodes only occur with the diode operating slightly
below power saturation and/or spectrum deterioration and at

hrah- 0 st - el - .

dose rates of approximately 8xTO9 rads {Si)/sec. The GaAs 1
diffused diode was more prone to these permanent effects than
the Si dirfused diodes. j

This finishes the discussion on Impatts. However, as indicated at
the beginning of this section, there are a number of variants of the basic
Impatt structure. One of these is the Trapatt diode. Trapatt is an acronym
that stands for trapped plasma avalanche triggered. Like Impatts, tnese
devices are punch-through o+nn+ devices. Also like Impatts, neutron exposure
does not affect the breakdcwn voltage until the fluences are large encugh ta
cause carrier removal at the edges of the space-charge region in the p+ and
nt region.]76 Devices with heavy doping in the p+ and n+ regions and an
abrupt doping profile will be more resistant to carrier removal at the edges

i

of the space-charge region than a diffused junction device.

Figure 112 indicates the affect of neutron irradiation on the
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176,177 161

diodes. In Figure
163

breakdown voltage for both Trapatt and Impatt
112b, there is data on two Trapatts as well as a theoretical calculation.
The two device types were operated at the current densities at which the devices
worked the best as Trapatt oscillators: the FD300 at 4000 amps/cm2 and the

RCA device type at 1000 amps/cmz. The RCA device has a more abrupt doping

mlpes o o i o behen e Wk

profile and is indeed more resistant to breakdown voltage increases with
neutron fluence. In fact, if the RCA device were operated at the same current
density as the FD300 then the difference between the curves would even be

o sl

more pronounced since increasing the current density decreases the breakdown
voltage due to charge trapping.

The vertical scale to the right of Figure 112a has been normalized
to a pre-irradiation value of 82 volts. As indicated in this figure, the
response of the Impatt is close to that of the RCA device. This is to be
expected since this Impatt device that generated this data is a "nearly
abrupt" diode and, essentially, the same comments apply for the Impatt that
applied for the RCA device. Essentially the guideline for both Impnatts and
Trapatts is to use heavily doped devices with abrupt doping profiles.

It must be remembered that the increase in breakdown voltage is
really advantageous. Unfortunately there are other effects asscciated with
neutron irradiation which are not desirable. One of these is associated with

the device's temperature coefficient. For avalanche devices this coefficient

Y4v/dT for a given bias current and units of o1 176

is normally defined as V~
As mentioned in the previous paragraphs, the increase in breakdown voltage is
due to carrier removal at the edges of the space-charge region. This remcval

effect is reduced with an increase in temperature because of increased thermal

release of trapped charge. The result is a negative contribution to the device's

temperature coefficient.]78

For an unirradiated device, the temperature coefficient is positive
because of the positive temperature coefficient of avalance breakdown. The
negative contribution from carrier trapping and the positive contribution from
avalanche generation compete with each other to determine the device's overall

temperature coefficient. A more abrupt doping profile will reduce the negative
contribution from carrier trapping at the edges of the space-charge region.
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Figure 113. Calculated and Measured Temperature Coefficient at
30 A/cml Versus Neutron Fluence.

Figure 113 is a plot of the measured and calculated temperature coefficient
versus neutron fluence at a current density of 30 A/cmz. The device with thne
more abrupt junction (the RCA diode) is more radiation resistant than the
FD300. It should be noted that the coefficient for the FD300 becomes negative
at the higher fluence. This is important since a negative temperature
coefficient impiies thermal instabilities (i.e., thermal runaway) and the
possibility of current filament formation.]76 The net result, of course,

is an increase in the probability of burnout with increasing neutron fluence.
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This, in fact, has been observed in irradiated Impatt diodes which are

very similar to Trapatt in terms of this effect. Fortunately, this effect does
not appear to be evident below 1014n/cm2 and should not be a serious problem

in the scenarios proposed for BMDATC-radars. However, it is still recommended
to use heavily doped devices with abrupt doping profiles.

As the neutron fluence increases there is a slight increase in
frequency for both Impatts and Trapatts.]m'w3 Since the frequency is primarily
determined by the cavity, the frequency shift is typically one percent or 1ess.]76
In addition, no appreciable degradation of Trapatt mode instantaneous RF output
power has been observed below 6x1015n/cm2. This is attributed to the alternat-
ing "off-on" nature of the Trapatt which switches between a high voltage, low
current state and a low voltage, high current state. Neither state is
appreciably sensitive to neutron damage. Neutron damage should affect the
device's operation only during the transition period by increasing the rate
of trapped plasma extraction through added recombination. Since the transition

period is only a small portion of an RF cycle, the overall effect on the RF
176

power output should be small.
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The degradation of RF output power of a Trapatt oscillator after v
neutron irradiation is actually due to failure of the ordinary Impatt mode
whose presence is necessary to initiate the Trapatt phenomenon.]76 Since Tragpatt
devices require the presence of a number of harmonically related signals, f
devices quite often require the existence of an Impatt mode to initially build
up RF energy in the microwave cavity to a level sufficient to initiate the
first Trapatt oscillation. The time delay between the application of a bias
pulse and the actual initiation of the Trapatt phenomensn (i.e., the buiid.p }
time) is inversely related to the small-signal growth rate of the ordinary %
Impatt mode.]76 Neutron exposure degrades the small-signal growth rate of
Impatts because some of the carriers injected by the avalance mechanism

163 The buildup time decreases

recombine as they transit the space-charge region.
the amount of time during the application of the bias pulse when RF power is
being generated and thus reduces the average output power. This effect is
depicted in Figure 114 where the average output power for a 500 nsec bias
pulse length is plotted versus neutron ﬁuence.”6 As indicated by this
figure, the RCA device is essentially unaffected by fluences of 10]5n/cm2 or
lower. The RCA diode is a 1 GHz device with a depletion width of 6 microns
and the FD300 is a 600 MHz device with a depletion width of 10 microns. A
narrower depletion width, of course, means a shorter transit time which also
means less chance of avalanche injected carriers recombining as they cross the
space-charge region. Basically, this means that higher freguency devices have

a shorter buildup time and, hence, are more resistant to neutron-induced

degradation.
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By defining RF failure to mean an increase in the buildup tire on
the order of 25C nsec, using the equations in reference 173 anich Jefire tne oolinum
. . . . . . -1 _
space-width for a given frequency (optimum width is proportioned to f '), ard .sing

the results in reference 161 on carrier lifetime as a functicn of neutrcn fluence
(1ifetime inversely proportional to the fluence at high fluence levels), the
freguency of operation has been found to be linear with the level of neutron
fluence required to produce RF failure. Such a qualitative result is depicted

in Figure 115]76 with the unity slope line representing expected behavior for

s Bl

. bt 3"

RF failure as a function of neutron fluence. This line has been matched to

the 1 GHz RCA device. The area above 10]6n/cm2 results from an increase in

the probability of DC burnout due to the negative temperature coefficient effect.
It should also be noted that the threshold is very high and probably poses no
problem for Ghertz devices at the threat level.

The discussion up to this point has focused on the affects of neutron
irradiation on the performance of Trapatts. However, these devices zan also
be affected by dose rate. It has been shown that various Trapatt parareters
are strongly dependant on the reverse saturation current of the device.]30
Specifically, an increase in the reverse saturation current results in a s
decrease in the peak electric field and the width of the avalanche regicn which,
in turn, reduces the mobile charge generated by the avalanche shock front.
Moreover, thece effects occur at unexpectedly low values of the reverse satura-
tion current.18] As with any semiconductor device, the primary effect of a
radiation pulse is the generation of electron-hole pairs throughout the

Trapatt diode. This results in an increase in the leakage current which, in
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turn, serves to increase the reverse saturation current. Thus, Trapatts are
expected to be susceptible to dose rate induced effects.

The RF output power from a Trapatt oscillator as a function of
dose rate is shown in Figure 116.]81 As this figure indicates, the oscillators
exhibited the same behavior in either an air-filled or an evacuated cavity.
This is to be expected at these dose rates and for these lcw Q cavities.
Cavity effects are not expected to be significant below approximately 5.Ox108
rads (Si)/sec. The RF power does show a gradual decrease with dose rate up
to 1.8x108 rads (Si)/sec. At this point the power drops to almost zero within
a factor of 2 increase in dose rate. Beyond 3.6x108 rads {Si)/sec, the RF
output power is virtually zero. This same behavior has been found in other
diodes from the same manufacturer with the critical dose rate ranging from
8x107 to 2x108 rads (Si)/sec.]81 However, it nust be mentioned that only
limited data is available and no attempt has been made to characterize

variations between manufacturers.
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Figure 116. RF Qutput Pcwer From a 2.5 GHz Trapatt
Oscillator as a Function of Jose Rate

The RF power does recover to its original value within 50 nsec after
the radiation pulse has ended. It has been found that the behavior of the RF
power curing the radfation pulse was independent of the position of the
radiation pulse with respect to the bias pulse so long as they overlapped.
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With nonoverlapping radiation and bias pulses, the radiation had no affect on
the RF behavior of the diode. However, it has been observed that if the
oscillator has not been carefully tuned, a radiation pulse at the beginning
of the bias pulse would turn the oscillator off through the whole bias pulse.
Even 1in these cases, the pre-irradiation characteristic will be restored on
further bias pu1sing.]8] Thus, it would appear that the RF output power from
Trapatt oscillators will drop to zero at threat levels of dose rate but it

will return to its original value after 50 nsec.

A first order model of Trapatt operation has been developed to
calculate the RF power during the radiation pulse. This model combines tra
circuit model described in reference 182 and the device equations found in
reference 180 to determine the total charge generated during the charging
period.]S] A detailed description of this model is beyond the scope of this
study. However, a comparison of its results with empirical data is shown
in Figure 117.]8] Although the curves do not match exactly, at least the
theory does predict a decrease in output power. This simply means that the
model is only a rough approximation of the true behavior of a Trapatt diode.

Baritt diodes are another device type that is related to Impatts
which deserves some mention. Baritt is an acronym that stands for “barrier
injection transit time." They are low-power, low-noise microwave oscillators
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which operate on thermonic injection of minority carriers and the transit tire

183 These devices utilize punch-throusgh

delay of these charge carriers.
injection (PTI) ratner than avalanche injection used in Impatts and Trapatts.
Baritts also differ from Impatts and Trapatts in that their structure is n+pn+.
or MSM (metal-semiconductor-metal) with contacts made only to the end regions.

This configuraticn is illustrated in Figure 118]84 and as can be seen closely

lcd

resembles an open base transistor.

Because of their different structure it will be helpful to briefly
discuss the operating principles of Barrits. The application of a small bias
voltage (V1) across the diode causes one of the p-n junctions to be forward
biased and the other to be reverse biased as shown in Figure 118. The current
will be very small since there is a very small probability that charge injected
at the forward biased junction (left-hand junction in Figure 118) will be able
to diffuse through to the reverse saturation current of the reverse biased
Junction. As the bias voltage is increased, the depletion region of the
reverse biased junction widens while the depletion region of the forward biased
Junction narrows. Eventualily the bias voltage reaches a value (V2 in Figure 118)
where the depletion region reaches the forward biased junction and PTI occurs.
Under these conditions, carriers injected at the forward biased junction are
swept across the depletion region by the large electric field and the current

Figure 118. Typical Structure of Baritt Diode and
the Electric Field Profile.
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Figure 11S5. V-I Characteristic of a Baritt Diocde

increases quite rapidly as indicated in Figure 1]9.184 The volitage at which

PTI occurs is given by185

~ 2,5
V= ENDL /2:.

where
e = charge on an electron
ND = N region uncovered donor density
L = N region width
¢ = Dielectric constant
The maximum value of the electric field has been shown]SS to be
Em = eNDL/£

The only drifting carriers of importance are the holes injected at the forward
biased junction.]85 [f the field is large enough so that the carriers attain
the saturated drift velocity, Voo then a transit angle,?, can be defined as
“L/Vs where o is the operating frequency.]Ba [t has been shown]85 that if =

has a value of 3:/2, then the combination of PTIl and carrier drift will cause




the terminal voltage and current waveforms to be such that a negative
resistance occurs at a frequency of 1.5n vS/L at a bias of approximately V2.
The design values of Np, L, and the optimum operating current density, Jo
189-186 . . 184 p

Their values are given by

vary with frequency.

Ny = 4x10° woe/ (3nvee)
L = 3n VS/(Zwo)
J =10

0
A comparison of typical V-1 characteristics on platinum silicide
Schottky diodes before and after neutron exposure is depicted in Figure 120.184
This figure indicates that at low currents the voltage required to produce a
given current decreases with neutron fluence. At high currents tne situaticn
is reversed in that the voltage increases with fluence. The reason is that
neutron irradiation introduces traps which trap the predominant carrier
(electrons) and compensation occurs, i.e., the positively charged uncovered
donors are neutralized by the trapped electrons. (For a more complete
description of compensation the reader is referred to Section 4.2 on quartz
crystals.) This electran trapping lowers the punch-through voltage and causes

the current to increase at lower voltages. At higher current levels, the N
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region is depleted of electrons (by definition of punch-through) and the only
carriers available to be trapped are the drifting holes and, therefore, the
traps become occupied in the positive state. In effect, this increases the
uncovered donor density. Remembering that the definition of V2 is eND L2/2€,
the net effect is to increase the punch-through voltage.

184 indicates the affect of neutron irradiation on the

Figure 121
microwave output power of a Baritt oscillator operated at a constant input
current of 15mA. The increase in power is due mainly to the increase in
operating voltage required to maintain a constant current. With further
increases in neutron fluence, the output falls off rapidly due to avalanche
multiplication of the hole current.184 This phenomenon occurs when the
maxim?g7e1ectric field approaches the avalanche breakdown value of 2.8x105
V/cm.

is given by

A prediction of the fluence at which the falloff in power occurs
184

o = 8.8x10% 05 (n/cn?)

where w_ is the design frequency. Reference 184 indicates that use of this

0
equation for the device used to generate Figure 121 yields a prediction of
1.4x10]5 n/cmz. However, when the quoted nominal value of freguency of

4.5 GHz for the design frequency was used a value of 2.16x10]4 n/cm2 was obtained.

It should be noted that the 4.5 GHz value was for nominal operating values
of 60V for the voltage and 15 mA for the current. The nominal output power

POVAR QUIPUT - mw
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Figure 121. Output Power From a 4.5 GHz Metal-Semiconductor-
Metal Baritt Oscillator as a Function of Neutron
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was 5mW. If the quoted value of 1.4x1015n/cm2 is used in the above equation,
the required design frequency is 29 GHz - roughly a factor of 6 above the
nominal value. Either the design frequency of the device in Figure 121 was
considerably higher than the nominal value, the operating conditions in the
test caused an increased in frequency, or the multiplier in the equation is
wrong and should be replaced by 3.11x105. The situation is further complicated ‘
by the fact that the derivation of the equation is not given in reference

184 and, as such, the authors view this equation with a great deal of caution
and misgivings.

In any case, Figure 121 does indicate that Baritt MSM diodes shculd

be unaffected by neutron fluences levels below 1O]5n/cm2. Thus, it would

appear that they can be used in neutron tolerant microwave oscillators.}Sa’]so

In addition to being neutron tolerant, daritts are also Tow noise devices.

The same cannot be said for Impatts. Impact ionization is a noisy mechanism.

The discontinuous creation of mobile charges results in the discontinuGus rise
and fall of the space charge in the base region. When Impatt oscillators are

.
=N N VU U S

working at their optimum condition as feedback devices (i.e., at their resonant
frequency) the noise is very great because of the violent fluctuations of R
current in the ionization region. Ffor silicon I[mpatt diodes, the noise can

153

be as large as 40 dB. By comparison Baritt diodes are neutron tolerant as

are Impatts but have the advantage of being low noise devices.

However, the effects of dose rate on the performance of Baritt
oscillators cannot be ignored. Table 45 shows the results of transient ionizing
radiation exposure on a variety of Baritt diodes.]89 The characteristics ]
of these devices in a benign environment are listed in Table 46. The diode
labeled Ch was that used to generate the neutron data.]84 The junction of
importance is, of course, the injecting contact (i.e., the forward biased
junction). Thus, the diodes, S1 and C4, are similar to the Ch diode in that
they are flat-profile Schottky diodes with characteristics that bound those

}
J
of the Ch diode. They are dissimilar in that they have chrome-gold junctions ‘

i

while the Ch diode has a platinum Schottky junction. The diode Ad has a
different device design which was proposed in Reference 190 but it still has
a chrome-gold Schottky contact. The notation, MNvP+, used to designate this
device has not been explained in the literature. However, it should be
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Table 45. Effects of Dose Rate on Baritt Diodes

Characteristic cn(® SL , cL Ak oo,
Type MM MNP MNP MpP p'Np
Bias Circuit Impedance .

(ckms) 500 500(5000) 500(19,000) 3¢ ‘ ‘
Air-filled or Vacuum Cavity air atr® vacuum vacuum Valu.a
Dose rate for 23dB drop in

pewer {rads/sec)(normali- 8 )

zation dcse rate) 2 x 10 1.3 x 10 -~ 109 ﬂle; 2 x 107
Measureable charge stcrage Yes Yes No No Yes
Stcrage time at 107 rads,sec

(nsec) 125 200(300) - - 500(£25)
Measgred photocurrent at

10°rais/sec (mA) 16 15 0.7 2 30
Voltage drop at 10° rads/sec

V) 20 b(14) 0.3 (2) <2 17(32)
Measured Seccndary Photo-
current I_ at 107 rads/sec
(ma) ° 16. 15. 0.7 2. 30.
Calculated Primary phcto-

current I, at 10 rads,/sec

(ma) 3.1 9.5 0.75 2.4 0.53

Extrapoiated I at

dose rate fcr 3dB

drcp in RF pewer (mA) 3.2 2.1 0.7 2. 0.6
Is at dose rate for 3dB

drop in RF pcwer dividel

by ncminal cperating bias

current (later given in :
Table ug) 0.21 0.12 0.0k 0.07 0.C4 :
T ‘ - 1
Some vacuum tests were taken with no appreciatle change in characteristics under radiaticn.
]
;
i
< 1
i
Table 46, Baritt Diode Characteristics in a Benign Environment :
Diode
Characteristic ch(2) Si ch Al Dl
: Type MM o et we' wwet Pt |
i Area (ca®) -3 4.0 x 10]) 9.0 x 10 1.8 x 10 3S.x 10, thox 10 !
Dopirg Conc. (cm™7) 5.6 x 10 5 x 10l% 1 x 109 100 10l 2 x 1015 |
Thicknesa (um) 12 16 €.2 i.3.2%, t.3 l
Nominal Cperating Voltage (V) 60 80 33 30 i :
Nemiral Cperating Current (mA) 15 18 13 30 14
Nominal Power (ot ) 5 7 2 3 2
Noviinal Frequency (GHz) L.5 2.5 €.5 6.5 8.9

-
First number refers to N layer and seccnd refers to v layer.

-
cw power, although scme dicdes tegted with pulse bias in irradiation testing unier va:.um
at identical pulse power levels.
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noted that doping concentrations fall from a value of 1016 cm'3 in the N

layer to 1014 cm"3 in the v layer. In addition, the thickness of the v layer

is 9.2um while the thickness of the N layer is 1 um. The four diode types;

S1, C4, A4 and D1; had various chrome thicknesses on the Schottky contacts]89

' which resulted in slightly different barrier heights.]91 A1l the devices
were oberated in the continuous wave (CW) mode at room temperature in evacuated

o:avities.]89

As indicated in Table 45, the RF output power of all the diode types
I is reduced by dose rate. The reduction increased with increasing dose rate
# with the dose rate required to reduce the RF power by one-half (i.e., 3dB)
being listed in Table 45. The RF power is gquenched entirely at a dose rate
which is dependent upon the junction characteristics. Figure 122 indicates
the normalized RF output power during a radiation pulse (power during the
pulse divided by the pre-irradiation power) versus the normalized dose rate ;

(dose rate during the pulse divided by the dose rate required to reduce the
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Figure 122. Normalized RF Qutput Power as Function of

Normalized Dose Rate for Five Types of
Baritt Diodes.

RF power by one-half). It should be noted that all the diodes have similar
drops of the normalized power with normalized dose rates, even thoujh the
dose rate required to produce a 50% drop in the RF power varied by a factor
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of 50 (2x107 rads (Si)/sec to 107 rads (Si)/sec as in Table 45).

It must be mentioned that the RF power remains reduced after the
radiation pulse (pulse width of 100 msec) for approximately 500 nsec in
some diodes. Other than this temporary reduction of RF power immediately
after the pulse there are no permanent effects which have been observed in
172, 1748 A1y the

oscillators returned to their pre-irradiation characteristics within 1 micro-

Baritt diodes (as have been observed with Impatts

second after the end of the pulse. The amount of time that power remained
reduced is independent of the relative positions of the bias and radiaticn

189 The charge storage is related

pulses but does depend on charge storage,
to the injection efficiency of the injecting contact. The time the reduction
persists increases as the injection efficiency increases. The time tne
characteristics of a Baritt diode are perturbed by the radiation pulse will

be reduced for Schottky injecting contacts with low injection efficiency.]89

This ends the discussion on Impatt-like devices. In conclusion
it can be said that these devices will be affected by threat levels of
radiation. Impatts seem to be the only device types that will suffer
permanent effects. The next class of microwave semiconductor devices to
be discussed is Gunn diodes.

6.2 Gunn Diodes

The semiconductor devices which have been discussed up to this
point have been junction devices, i.e., the properties of the devices depend
on the properties of the p-n junctions within the device. Gunn diodes do
not depend upon juncticn properties but rather upon the properties of the
semiconductor material itself. The microwave oscillations occur in the bulk
of the semiconductor rather than in the junction. This effect was first
discovered by J. B. Gunn in 1963 while investigating n-type Gaﬂ\s.]92 It
was found that, upon reaching a threshold field value in the neighborhcod
of 2 to 4 kV/cm, random noise-like oscillations appeared in the sanmple

193 For shorter samples

current with amplitudes on the order of an ampere.
(below .2 mm) the oscillations of some of the samples became coherent with
frequencies of several gigahertz. The frequency was determined mainly by

the sample and not by the external circuitry. The period of oscillation

was approximately inversely proportional to the sample length which indicates

P
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Figure 123. Current Yersus Time of n-type GaAs. Lower
Trace: 2nsec/cm, horizontally; .23 amp/cm
vertically. Upper Trace: expanded view of
lTower trace.

192 9¢

a transit-time effect. This behavior is depicted in Figure 123.]
By measuring the potential distribution along a GaAs sample, it has been

established that a marked electric-field inhomecgenity was moving from the
194

cathode to the anode in a cyclic manner.

The bulk effect that lies at the root of the Gunn effect can be
explained by the so-called transferred-electron effect.]95’]96 This effect
was proposed one to two years prior to Gunn's observation and contained
all the essential details for an explanation of the effect.]93’]97
Transferred-electron devices utilize a relationship between the electron-
drift velocity and the electric field of the form depicted in Figure 124.

This effect is well documented in the literature and verified many times from
199-204

1398

both a theoretical and experimental standpoint. As indicated in this
figure, the drift velocity increases linearly (ohmically) with the electric
field starting from the origin. However, it passes through a maximum at
a threshold field ET. There is a region of negative - differential mobility i
beyond ET where the drift velocity falls asymptotically towards a valley :
velocity, v, . ?
This phenomenon is very cormplex and a detailed description is :
well beyond the scope of this study. Suffice it to say that the effect is

a consequence of the many valley conduction band structure in GaAs and
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Figure 124. Electric Field-Dependent Average Orift
Velocity of Electrons in n-type GaAs.
Experimental Values (=) From Reference
199 and Theoretical Values (- -) From
Reference 200.

other similar materials. An idealized illustration of two possibilities for

the band structure is depicted in Figure 125.]53 In this figure, k is the

wavevector and E is energy. The lower band is the valance energy band, the
top band is the conduction band, and the two are separated, of course. by
the energy gap. In silicon the center energy valley is flanked by side
valleys that are somewhat deeper than the center one. On the other hand,

; E4 £ pe
| |
Conduction band ,
d Energy gap \ ]
Valence band - /__\ /\ \
b Ty T X% |
a) Silicon b) GaAs ¢
Figure 125. Idealized Energy Band Structure for Semiconductors.

v

GaAs has side valleys that are shallower than the center valley. In the
conduction band, free electrons will collect in the lowest available level or

S/ —
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Figure 126. Band Structure of GaAs.

energy state which in GaAs is the central valley.

The band structure for GaAs is depicted in more detail in Figure

197 As the electric field increases, the kinetic energy of the electrons

126.
in the central valley increases. When the kinetic energy of the electrons
exceeds 0.36 eV, they have the additional choice of occupying energy states

in the satellite valleys.

In semiconductor physics it is customary to assign to the mobile

charge carriers an effective mass, m, which differs from the gravitational

mass, m., which for electrons is 9.108x10'28 gm. This effective mass is

e nahd i ] s i

introduced to allow for the influence of the lattice forces on the carriers.
For mobile electrons in GaAs, the effective mass, My in the central valley

205,206 For reasons that are not

& has been found to be approximately .066 My
pertinent to this discussion, the effective mass of electrons in the satellite
valleys is a tensor. However, generally a mean value called the combined-
207,208 The

density of states, N, of a valley denotes the number of allowable energy ,

density-of-states mass, m2, is used and has a value of .85 My

states per unit volume and energy intervals which are available to conduction ;

electrons, and is proportional to the effective mass raised to the three halves ,
power. The density of states ratio between the satellite and central valleys ;

193

is approximately 46. Those electrons which have sufficient erergy will

exist predominantly in the satellite valleys. As the electric field is
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increased further more electrons have sufficient energy for the intervalley
transition so more of them will occupy the satellite valleys.

As was mentioned in Section 6.1 on Impatts the electron mobility
is essentially a proportionality factor relating the average electron drift
velocity, v, and the applied electric field, E. The electron mobility in the
satellite valleys, Moo is smaller than that in the central valley, Mi. by @
factor of approximately 70 because of the higher effective mass and the stronger

209

scattering processes present in the satellites. If the electron density

in the central valley is n; and in the satellite valleys is n, then the mean

2
drift velocity is given by

v=~pE=(;l “1“:—2 ‘“2>E
where n is the total electron density. The rapid growth of Ny in conjunction
with the fact that MY is much Jess than Hoo leads to the crucial result that
beyond a certain field value, the average drift velocity falls with increasing
field, i.e., negative differential conductivity is obtained. A popular nare
for the decrease in free electron velocity with increasing field is negative

differential mobility which wculd account for the decrease in velocity.

The material requirements, not all of which have been covered in
the discussion, for a significant transferred-electron negative differential

mobility are as fo]]ows:]97

1) The conduction band must have a many valley structure with Es’
the satellite to central valley energy gap in Figure 126,
being several times larger than the thermal energy (approximately
.025 eV at room temperature) in order to avoid populating the
satellite valleys at low values of the electric field.

2) Eg, the energy gap in Figure 126, must be greater than ES in
order to prevent impact ionization of electrons across Eg
occuring before intervalley transfer.

3) The effective mass in the satellite valleys must be appreciably
larger than that in the lower valley. Electrons with sufficient
energy to have the choice of occupying either valley will then
have a much greater probability of occupying the sateliite valleys
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owing to their relatively high density of states.

4) The electron mobility in the satellite valleys must be much
smaller than that in the lower valley.

5) Transfer of electrons between the valleys must occur over a
small range of electric fields.

If an attempt is made to apply a d.c. potential to the terminals
of a piece of n-type GaAs so as to produce an electric field in the negati,e
differential conductivity region there is a tendency for the naterial to form
high and low field domains within itself. Essentially a sample with velocity-
field characteristic shown in Figure 124 is thermodynamically unstable when
biased in the negatively sloped portion of the curve. The most favorable
state energetically is reached if, instead of having a homogenous field
distribution over the sample length, the field splits into a high-field region
and a low-field region.]97 In the high-field region or domain tne fieid tends
to a value which, in general, is in excess of the peak field, Ep, cf the E-V
characteristic curve and the velocity declines. However, the field outside

this high field region declines.197

Poisson's equation demands that at the interface of the regions
with differing field strengths, there must exist space-charge layers (i.e.
space-charge dipole domains). The dipole domain is composed of an accumulation

Electne Freid (E(X, TH

Distarce [ X]

Figure 127. Numerical Simulation of the Generation ari Propajaticr 3¢ a
Dipole Domain Through n-Type GaAs. Time Rotweer Successive
Vertical Displays is 161 sec Where - is tre Dielectric
Relaxation Time.
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Tayer which consists of mobile electrons and a depletion layer whicn ~as 3 Llien,
of electrons. Since the domain consists of mobile electrins, it will sz arate

from the source and drift toward the drain. As the depletion layer reaches the
drain, the dipole will collapse and the system will recycle as indicated in

210 This figure is for the formation of single cdipoles near the

Figure 127.
cathode. The sudden collapse of the domain gives rise to a currert pulse at

the anode.

When a transferred-electron device is placed in a microwive cavity
several modes of opera‘tion are possible. Three of the more comron modas will
be discussed: the transit-time mode, the delayed-domain magce, and the guenchel-
domain mcde. In the transit-time mode of operatior. the freguency is determined
only by the space-charge transit time across the device. Typical wavefor-s are
illustrated in Figure 1;8.]97 In this figure, TD is the space-charge or derain
transit-time, VB is the bias voltage, VT is the voltage associated with the
threshold field for the Gunn effect, Ip is the current corresponding to the
peak of the v-E curve, and IV is the current corresponding to the valley.

As indicated in Figure 123, the current spike occurs when a dcmain
enters the anode and the growth of the next domain is initia*ed at the cathode.
This is the form of the effect originally observed by Gunn.]gz’]94 The phase
of the voltage with respect to the current depends on the impedance in the
resonant circuit, the load impedance, and the transit-time of the device. The

efficiency of this mode is low and the frequency is limited to tne natural domain

Figure 128. Typical Waveforms for Transit-Time Mode
Operation of a Gunn Oscillator.
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Figure 129. Typical Waveforms for Delayed-Domain Mode
Operation of a Gunn Oscillator

transit-frequency. Usually this lies between 7 and 25 GHz.Z]]

The transit-time mode of operation is one in which the voltage is
always above the threshold. Because of jitter in the formation, drift, and
extinction of domains, this mode is the most noisy of all the operating modes.
Better oscillator performance is obtain by controlling the formation and/or
the extinction of the domains with the external circuitry. In the delayed-
domain mode only the domain formation is controlled. Typical waveforms are

197 The notation in this figure has tne sare

illustrated in Figure 129.
meaning as in Figure 129. For this mode, the circuit Q must be large enough
and the load impedance small enough to allow a sinusoidal voltage waveform
with a large enough amplitude at the device's terminals so that voitage falls
below the threshold for a portion of each cycle. The domain transit-time must
be less than the resonant period, TR’ of the tank circuit so that the domain
may be extinguished at the anode while the voltage is below threshold. The
formation of the next domain is not initiated until the voltage rises above
the threshold. During this delay period, the diode behaves as a resistor.

The efficiency is higher than for the transit-time mode since the current is
above Iv longer than for the transit-time mode (compare Figures 128 and 129).
[f the ratio of Ip to Iv is two, the effic{ency can be as great as 7.2*@.2]2

A further advantage is the controllability by the circuit subject to the restric-
tion that:]97

2TD > TR > TD

The quench-domain mode operation relies on the fact that the traveling
dipole domain is annihilated if the voltage across the sample drops below the
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Figure 130. Typical Waveforms for Quench-Domain Mode
Operation of a Gunn Oscillator.

213

domain sustaining value VS' The domain is essentially gquenched in flight

but the next one is not formed until the terminal voltage of the device has

197 depicts typical waveforms for this mode

risen to the threshold. Figure 130
of operation. Frequencies higher than the transit-time frequency can be
generated. However, the high-frequency 1imit for this mode is not infinit,
but is limited by the time, Tgs required for domain formation and extinction.

The frequency constraint is approximate1y]97

ZTD >TR > T

Thus the frequency can be controlled over a wider range of freguencies in this
mode than in the delayed-domain mode. The circuit requirement is that the
load impedance be reduced so that the terminal voltage falls below VS during a
portion of each cycle. This mode is not as efficient as the delayed-domain

mode with a maximum predicted efficiency of approximately 5 197

Another mode of operation is the limited space-charge accunulation
(LSA) mode. This technique avoids the domain-formation and transit-time effects.
[t resuits in a substantially homogeneous electric field over the SaWD]e.Z]A
In this mode the conversion of the d.c. power conveyed to the device into a.c.
power is achieved by the negative differential mobility of the indivic.al elacirons
rather than by the movement across the sample of space-charge bunches as in

193 Efficiencies as high as 18. are prech‘c:ted.m5

the case of the dipole-domain mode.
This mode of operation differs significantly from the Gunn effect in that a
dipole domain is never formed and the accumulation layer is quenched after it
has been initiated, grown, and moved toward the cathode. A detailed discussion

of this mode is even more complex than the Gunn effect because it involves

S —

236

R I LN ERE SRR SRl FRE IRF L BRIy -




r‘"""' ——~'"". i NS L m

accumulation-layer dynamics since, in contrast to dipole dorains, the accurula-
tion layer is never in a steady state. Suffice it to say that devices are
operated in the LSA mode because of their high frequency and efficiency.

As a brief digression, the discussion on the operation of Gunn
' diodes would be incomplete without mentioning the work contained in reference
216. This was the first explaination of the mechanism which causes the Gunn -
effect. Essentially, this reference couples the prediction in reference 196
of the existence of field-induced “"transferred electrons” effects which could
lead to negative differential mobility (NDM) together with the conclusion found
in reference 194 that the presence of NDM could cause homogeneous material to
become neterogeneous. The explaination of the Gunn effect was formed by the
joining of these two separate pieces of information. The theory was later
verified by an examination of the threshold voltage as a function of nydrostatic
H pressurem7 (the intervalley separation energy varies with pressure). The
threshold voltage decreased with increasing pressure and vanished completely

at 26 kbar. In another experiment, the intervalley separation was varied by

218

varying x in GaAs_ P As x decreases from 1.0 to .5 the intervalley

X  1-x"
separation decreases from 0.36 eV to zero. The threshold voltage disappears
at a value for x of 0.52. These two experiments left 1ittle doubt that inter-

valley transfer was the mechanism responsible for the Gunn effect.

Gunn and Gunn-like devices (i.e., transferred-electron {TZ) devices)
are appearing in a number of electronic systems. However, in many applications
they have to compete with other microwave devices such as Impatt, Trapatt, and
Baritt diodes; bipolar or field-effect transistors; or electron tubes. Table 472]9
compares TE devices with each of these device classes. As is indicated in this
table the strengths of TE devices are their low noise properties and low bias- ;
voltage requirements in moderate power continuous wave applications and their
high peak power available in pulsed operation. However, this is in a benign

environment and their performance is degraded in a radiation environment.

Similar to other bipolar devices, these devices experience two types
of radiation-induced effects: displacement effects caused by neutrons and
jonization effects which are related to either total dose or dose rate. Neutron
irradiation results in three main effects on the Gunn diode efficiency:
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Table 47,

Comparison of TE QOscillators (TEQ) and Reflec
Amplifiers (TEA) with Other Microwave Devices b

tion-Type

(a) State of the Art of TEOs
Strengths

RS

Weaknesses

IMPATT
diodes

Lower noise

Fagher puised poser
Hogher puised efiviency
Lower buas voltage

TRAPATT
diodes

Lower noise
Higher duty -cyvele operation
Higher frequency operation
Lower buas voitage
vs

Transistors Higher fregeney operation
Higher puised power
Less complicated structare
Tubes Longer life, more reliahle
Fquisalent noise performance
Lower buas voltage
Simpler power supplics
BARRIT diodes  Higher power and efliciency

(b) State of the Art of TEAs treflection-type)

Strengths

{

Lower CW.etticieray and )
poser ;
1

‘

Lower pulsed power and

N

cthce oy ‘
Less temperature stan'e o
Gans i S ;

NoCW L& S rand devices

GaAs s St
{
I ower power and efliciency A
k|

Less temperature stabie

Gavs v S

Weaknesses

vs
IMPATT
amphiers

Greater bandwidth

(Higher gain-bandwidth product)

More hinear

Lower none

Wider dyvnamic range

vs
TRAPATT
amphitiers

Much greater bandwidth

(Much tigher gain-bandwidth
product)

Much more lincar

Much tower poise

Much wider dyvnamic range

Higher frequency operation

vs

Greater bandwidth

(Hhgher van-bandwidth product)

Higher power in C, X, and
Ku bands

Transistor
amplitiers

Ls

Tubes Longer Wife More reliable
Low bias volrages
Stmpler power supplies
rs

BARITT-diode

amphtiers

Greater bandwidth (Higher
gamn-bandwith producth)
Higher power and efficiency

Lower C W efliviency and
power

Much lower puised power and :

etliciengy I
No LUHF or L-band operation
Gads o+ S

Fwo-terminal device
Gads s S

Less power and efficiendy
Less temperature siabie
t

GaAses Sy
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Figure 131. Carrier Concentration Versus Fluence
For a Typical Gunn Device

1) carrier removal, 2) reduction of the peak to valley current ratio (), and

3) slow trapping of high-field conduction e]ectrons.220

A typical curve of the carrier concentration versus neutron fluence

221 This curve has some interesting features. The carrier

js shown in Figure 131,
concentration maintains its initial value until the fluence reaches a damage
threshold value which in this case is approximately .9x1013 n/cmz. The carrier
concentration then falls off at a constant rate until roughly 5><10‘3

At this fluence point, although it isn't clearly evident from the figure, the

rate of decrease in the carrier concentration begins to slow due to a decrease
221

n/cmz.

in the carrier removal rate.

If a degradation parameter is defined a3222

d
a=-- (5
N 9% + 0

where n initial carrier concentration

0
¢

neutron fluence

The carrier concentration can then be expressed as

n=n, (1 - ap) (27)
Another parameter called the mobility damage constant which is used to relate
the effects of neutron irradiation on mobility is defined as22
-, (1
b =g (d¢ u) (28)

¢ >0

-




where b is the initial carrier mobility. Using this parameter the mobility can
be expressed as a function of neutron fluence by

‘Cl—‘

D) (29)
)

where Mo is the initial or unirradiated carrier mobility and L is the mobility

after irradiation. Equations 27 and 28 are reascnably accurate for chanjes in

n and y of less than 25% but loses accuracy for large fluences.zzz

The parameters, a and b, can be determined from conductivity and
Hall measurements. Data from references 222-225 was used in reference 222 to
generate the plot of a and b versus initial carrier concentration shown in
Figure 132.

Degraaation Fardameler a and b (tm‘)

Inttial Carrier loncentrat-on (:m'3]

Figure 132. Degradation Parameters a and b for Buik
GaAs Versus Initial Carrier Concentration.

The equations for these lines are

7.2x'l0'4 no—0'77

a

7.8x10°

The data for parameter a in Figure 132 lie closely along the curve
but the data for b shows considerably greater deviation. In fact, there is
some disagreement in the literature over the exact expression for b. References
222 and 226 agree with the above expression but reference 220 used Figure 133
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Figure 133. Mobility Degradation Parameter Versus
Donor Density

b~ 2.7(no)'] (30)

The carrier removal rate can be determined by differentiating

equation 27 or
= -n,a =-7.2><10'4 (no'23) (31)

ala
{3

Howaver, empirical data from references 221, 227 and 228 yields a plot of
rensval rate versus the initial carrier concentration depicted in Figure 134.

There is some disagreement since the equation for this curve is

dn _ -6 0.4
e -9.08x10 Ny (32)

'E /’/ L
/ ;/ /
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Figure 134. <Carrier Removal Rate Versus Initial Carrier
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dn

a: than equation 31. For example at 1015,

This equation yields higher values of

%% of approximately 2.0 en”! while equation 32
yields a value of approximately 9.0 cm'7.

equation 31 yields a value for
At higher fluences, the disagreement
is even greater. The bulk of the literature uses equation 31.

In any case, both equations do indicate that the carrier removal

ahmaiiamne © 4

rate depends on a fractional power of the initial carrier concentration. OQOne
consequence of this dependance is that devices with higher initial carrier
concentration should withstand the effects of neutron irradiation better than
devices with lower concentrations. The carrier removal rate will be somewhat
higher but the fractional change, %ﬂ-is proportional to "o raised to a negative

fractional power. Thus, %ﬂ-wi11 degrease as g increases.
0
The same argument also applies to the neutron-induced mobility

degradation. This becomes apparent when equations 29 and 30 are converted to
a common form such as

- -8
b= Ano

where A and B are positive constants. Rearranging egquation 28 for the change
in reciprocal mobility yields

I

Py
+

B

A ()= (5-) =

0 0

Cl—‘
3

1 1
u u
This indicates that the change in mobility will be less for devices with higher
carrier concentrations.

220 tpig

Some results for typical devices are shown in Table 43.
data includes one sample of a wafer that was preirradiated with gamma rays and
then neutron irradiated. The dose level for this exposure was 8x107 rads (GaAs).
In this table ND refers to the donor impurity density rather than the actual
carrier density, n, which is also listed.

The carrier removal rate for all the samples in Table 48 varies

-1 220

between 4 and 5 cm This is consistent with results reported in other

work221’227'229for this initial carrier concentration. As indicated in this

table, the carrier concentration does decrease with neutron fluence. Unfor-
tunately, the neutron fluences in this table are above 1013 to 1014 n/cm2 S0

the data does not demonstrate the threshold effect. However, even though the
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Table 48

Transport Properties of Epitaxially Grown GaAs versus Fluence

(T = 3¢P«k)
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spread in initial carrier concentrations between devices is not great, the

data in the table does indicate that devices with higher initial carrier concentra-
tions, no, experience less fractional losses in carrier concentration th?g th?ge
with lower values of Ny Device 95C-1, with an initial value of 1.69x10 cmM

for No» experiences a loss of .51 after being exposed to a fluence of 1.68x10
n/cm2. Device 143, with an initial value of 2.13)(1015cm'3 for Ngs only

experiences a loss of .33 after an exposure of 1.66><1O]4 n/cm2. Hence it would
appear that the percentage change in the carrier concentration due to neutron
exposure is very sensitive to the initial concentration.

As expected the data also indicates a decrease in mobility with
an increase in neutron fluence. In addition, the data also indicates that the
loss in mobility is less for devices with high initial carrier concentrations.
For the same two fluence levels as in the previous paragraph, device 95C-1
experiences a loss of 1261 cmz/v-sec which is 18 percent of the unirradiated
value while device 143 has a loss of 876 cmZ/V-sec which is 12 percent of tne
initial value. Thus, devices with higher carrier concentrations experience
less mobility degradation due to neutron exposure from both an absolute and a
percentage standpoint.

The impact of neutron fluence on the doping profile has been studied

by measuring the carrier concentration versus depth profile. The results of
this work are portrayed in Figure 135. This data indicates that the doping

0°6
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Figure 135. Donor Impurity Concentration Versus Depth
Before]and After Exposure to a Fluence of
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profile is essentially unchanged while the carrier concentration decreases duc
to neutron irradiation,

References 230 and 231 indicate that a Gunn oscillator should cease

oscillating when the doping-length product, n x 1 (where n is the doping density
and 1 is the specimen length), is less than roughly 5x1011 cm'z. This would
imply that neutron-induced decreases in carrier concentration would lower the

n x 1 product until failure occurred. OQutput power does decrease with increasing

fluence with device failure eventually occurring btetween approximately 1013

n/cm2 to 10]4 n/cmz. In addition, data indicates a much higher n x 1 procuct

221,227,228 than was predicted in references 230 ard 231. This

at device failure
data is depicted in Figure 136 in the form of the neutron fluence required to

produce a failure in the output power (i.e., osciliation ceassd) versus initial
carrier concentration. This data indicates that carrier concentration depends

linearly on the initial concentration.

Device efficiency is also related to device failure and is influenced

by neutron irradiation. There are a number of factors which control the effic-

iency of a Gunn diode. The carrier-concentration and length product (n x 1),23‘

232

and the ratio of the peak current to valley current, a, are generally

&

)y

e o

NEUTROR FLUENCE AT FALLURE (n-cm . £-10ke¥)

INITIAL CARAIER CSNCENTRATION {cn )

Figure 136. Neutron Fluence at Device Power Failure
Versus Initial Carrier Concentration
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Figure 137. Maximum Efficiency of Gunn Dicdes
Versus Neutron Fluence

considered to be important factors in determining the efficiency.zzo For a specific

device, there is a value of the n x 1 product where efficiency is a maxi~um. As
the carrier concentration is decreased due to neutron irradiaticon, the efficiency
falls and finally oscillation ceases. Figure 137 is a plot of the efficiency
SRR
N e

Versus f‘.uence.220 The data that was used for this figure is listed in Tahle =<:Z.
2

/o

The efficiency was reduced approximately 507 by an exposure to roughly 10'4 s

As was the case with Table 48, this table alsc contains data on a
diode (143B-14) that was irradiated first with gamma rays and then neutrcns.
The efficiency data of the two gamma irradiated diodes is also shown in Figure
137 where they have been plotted versus equivalent neutron fluence. Equivalence
in this case is determined by carrier remcval alone. This essentially mears
that all the gamma ray induced degradation is assumed to be due to carrier remaval.
This assumption is justified by the work in reference 233. As indicated in
Figure 137 the efficiency decreases linearly with carrier removal. The rate
for this decrease is consistent with failure resulting from tooc srall an n x 1
product. Thus, this curve gives an indication of the behavior of a device whase
only failure mechanism is carrier removal.

A comparison of the curves for the gamma-irradiated dicdes with those

for the neutron-irradiated diodes in Figure 137 indicates that there are other
neutron-induced degradation mechanisms present in addition to carrier remgval.
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The efficiency, n, is related to the peak-to valley-current ratio, i, by the

expression233
N
ﬂ-,+]

R|R

Data for Ip, the peak current; IV, the valley current; and x, their ratio are
listed in Table 49. It is evident in every case that u decreases with neutron

fluence. Ip is given by220 VanNn
Ip = C
where VT = Gunn threshold voltage
q = electronic charge
A = device area
L = active electrical length of the device

Table 49 indicates that VT is relatively unchanged over a fairly wide

234 also indicates this. The break poir% in the

range of fluences. Figure 138
curves which represents the onset of negative resistance that marks the onse: of
the Gunn effect occurs essentially at the same voltage point. In addition, this
figure indicates Ip steadily decreases with fluence until the Gunn effect has

virtually disappeared in curve D.

In any case, for a specific device Ip is a furction of only n, the
concentration, and u, the mobility, since all other quantities are constants.

I VOLT/em

CURVE A s BEFORE EXPOSRE
CURVE B ¢ AFTER NEUTRIN FLUENCE OF
209 x 0%
CUAVE C» aF7ER 126 x 0> N/
CURVE O » AFTEQ 125 x 0 N/Ofe
“ wod
CURVE € » AFTER (88 x i3 T N/

Figure 138. V-I Characteristics of a Gunn Diode After
Various Levels of Neutron Irradiation
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The valley current, I , is given by

v

IV = nqvSA

where Vs is the saturation velocity. It seems highly unlikely that neutron-
induced displacement damage would have any effect on the high-field phonon

220

scattering upon which Vs depends. Therefore

I V.onqpud
2oy = LT - constant x -
ngv .

5
Therefore, a/u should be a constant with neutron fluence. This is barne out
reasonably well in Table 49 in the last column. Thus, the reduction in = is

related to degradation in the mobility.

In addition to the degradation in efficiency resulting from carrier
removal and changes in a, there is evidence in the literature that slow traps 1

220

are introduced by irradiation which also degrade the efficiency. Unfor- “

220 which demenstrates this effect is in

tunately, the data in the literature
the form of oscilloscope traces which are compietely obliterated in the
available reproduction processes. Therefore, a descriptive account of the

experiment and the effect will be used instead.

A bias voltage in the form of a double trapezoidal pulse with an
amplitude of approximately 50 V was applied to diodes that had been exposed
to 2)(10]4 n/cm2. The width was .3 usec at the base and .2 .sec at the top.
The time between the initiation of the separate pulses was approximately .5
usec. The resultant power output of the devices was detected. The output
power from the first voltage pulse was initially high. Unfortunateily, the
value was not given in the literature. After approximately 75 nsec, this
initial value drops to a value that was roughly 50 percent of the initial value. :
The output from the second pulse degrades even more (roughly 65 percent) with :
the initial output being reduced 50 percent when compared to the initial output
resulting from the first voltage pulse. Before the diodes were irradiated the
power output was constant during the voltage pulse and identical from one pulse
to another.

The behavior after irradiation is due to trapping of electrons in
the high field portion of the domain by radiation created field-dependent

a—
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traps.220 The traps are filled during the initial part of the pulse by the

high fields associated with the moving dipole domains. As the electrons becore
trapped, the RF current and output power dr0p.235 The diodes were also
} ' subjected to multiple exposures of many double pulses with various time delays

between the indivudual pulses of each double pulse. A 3 usec lifetime was
220

measured. Similar experiments were performed on the gamma-ray irradiated

diodes. There was no indication of gamma-induced formation of slow traps.

Besides degrading the efficiency and, thus, the output power neutron
irradiation also affects the frequency of Gunn diodes. There is very littla
data on this effect but what does exist indicates tnat frejuercy will oe
increased by neutron exposure. The data that does exist is shcwn in Figure
139.2205 226 140 data for the diode 124B2-16 in Figure 139a is listed in
Table 49. The diode for Figure 139b had an operating frequency of 9 Ghz anZ a
bias voltage of 9 volts. The device temperature was not given. The frequency
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Figure 139. Effect of Neutron Irradiation on the Frequency
of Gunn Diodes
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behavior is not understood beyond noting that the temperature coefficient is
radically a]tered.220 Apparently studies involving the sensitivity of the

change in frequency to the initial frequency or the mode of operation have

never been performed. The diode in Figure 139a was operated in the hybrid mode.
No mention was made of the mode of operation for the diode in Figure 139b but

it was probably transit-time. In any case, it would appear that at threat

Tevels of fluence the frequency of Gunn oscillators will experience a significant
increase ranging from a few MHz to roughly 1 GHz.

Besides neutron irradiation, Gunn diodes are also susceptible to
transient ionizing radiation. As with any semiconductor, exposure to ionizing
radiation results in the generation of electron-hole pairs. ‘Dose rate exposure

results in the production of photocurrents. Figure 140236

is a plot ot the peak
photocurrent that was generated in response to a 25 nsec radiation pulse as a
function of dose. The photocurrents are normalized to the Gunn tnresngld current

for each diode. The data in Figure 140a is for a number of diodes operating in
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a high-Q cavity at different voltages. All of these voltages were above the
threshold voltage. The data in Figure 140b is for one diode operatad in both
a high-Q and a flat cavity.z36 The conductance data was taken below thrz2shcld
and normalized to the conductance at threshold.

Figure 140a indicates that the peak photocurrent above the threshcid

236 This implies that the current-vcltage

is independant of the voltage.
characteristic above threshold is saturated, even during irradiation. It must
be realized that since the pulse width was constant Figures 14Ca and b are

plots of photocurrent versus not only dose but also dose rate. Thus, the excess
carrier-concentration produced by radiation is directly prcporticnal to the
photocurrent and must also exhibit a power law to the 0.6 power of dose rate

as is the case with the photocurrent. The value of x (i.e., IT/IV, tne ratio

of the Gunn threshold current to the valley current) for diodes in the flat
cavity in Figure 140b is 1.6. In a pure Gunn mode x can approach two. legative

resistance will be present only if IT is greater than IV and x is greater than

unity. It can be shown that236
G_ /G
s ol (33)
a
pp’ T
where Gpp = peak conductance
GT = conductance at threshold
Ipp = peak photocurrent
IT = Gunn threshold current

numerical factor *.8

[+%)
1}

The factor "a" accounts for the slight departure of the velocity-field curve
from linearity at threshold.

For the data in Figure 140b, the ratio in equation 33 has a value
of approximately 2.0 which means that x is 1.6. Since x is greater than unity,
this means that even during the radiation pulse, the negative resistance and
the Gunn effect are not quenched. For the high-Q cavity, the value of 1 was
found to be roughly 1.1. Thus, the Gunn effect is still present during radiation

and the number of carriers generated by the radiation pulse is given by236

S —
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where b

a

13

Y

Two modes of

1) temporary cessation of output power and 2) avalanche breakdown when large

currents surge through the diodes. The first mode of failure is nondestructive

with a recovery time of

indicates the output power during and after a radiation pulse of 3a10° radsiGals,

N
1\—“?

R
EE

—+

|
i

.
ERTISAC i mwem
FGRIZCNTAL 2.v/cm
3}
7
! . ,

: bl o
VER™ CaL ! mwium
ZONTAL 2awem

1.1}

_‘
-

.6
3x10
dose rate

9

failure are associated with dose or dose rate exposure:
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Figure 141. Radiation-Induced Transients in Three Gunn Dicdes’
Output Power for a Dose Rate of 3x108 rads (Si)/sec
The recovery time, hE associated with this mode of failure is piotted in Figure
]42236 for a number of operating voltages. The data in this figure was taken

from pulse-diode test results.

The onset of this failure mgde is 109

racds{Si)/sec.

cyl diodes exhibit similar behavior except that the effect first appears at approx-

imately 108 rads{Si)/sec.
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Figure 142. Racovery Time Versus Dose (Pulse Width of 25 nsec)
for Pulsed Gunn Diodes.

From Figure 142, the recovery time, Tpe can be expressed as

g =c In(y-d)
The values of "¢" and "d" vary with the operating voltage and operational —ocde
(CW or pulse). Table 50236 lists values of "a" and "d" for different voltzges 1
and modes of operation. 1

" Table 50. Factors For Determining tne Recovery Tiwe

Cperating

Veltase tinde [} 1
(/olws) ¥cle (neas} (nze:) :
 § ) W 133 283 !
{ 12 i 139 R i
5 25 Pulse 73 R {
! 4 Puise 7T SO
: 35 Pulse o 13 ;
;

The behavior is also influenced by the types of cavity. This can
236

P A e

be summarized as follows:
1) There is an abrupt termination and recovery, after e of the

output power in a high-Q cavity. This is illustrated in Figure
141, For a flat cavity, the output power degrades during the

.i/ T 3
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radiation pulse and then gradually recovers.

2) In a high-G cavity the photocurrent seems to decay in steps and
after ) there is an abrupt drop. With a flat cavity, however,
there is a more gradual exponential decay.

In the high-Q cavity, the mode in which the diode oscillates is
critically dependent on the RF impedance matching between the device and the
cavity. During ijonizing radiation, the carrier concentration is increased,
the RF current waveform changes, the diode suddenly becomes detuned and cutout
power ceases. The diode is still oscillating but the power is no% coupled to
the output circuit. As the carrier concentration decays back to equilibri.-
the device will return to the original cperating mode and the output power will

resume. 236

With a flat cavity, there is almost no RF tuning and the output power
and device current are determined mainly by the diode itself. Therefore, as
long as the device is oscillating, some output will be observed and the diocde
current will smoothly follow the changes of the decreasing carrier concentration.

The second failure mode is associated with avalanche breakdown. It
is typified by the diode current gradually increasing to a large value and then
decaying. The threshold for avalanche breakdown varies from manufacturer to
manufacturer and with the mode of operation. The threshold for Monsanto diodes

10 rag (Si)/sec whereas other manufacturer's dioces

is approximately 1 - 2x10
had an order of magnitude Tower threshold. This applies to pulse operated
diodes. Breakdown was not observed for diodes operated in the CW mode up to

5x1O]0 rad (Si)/sec.236

It has been observed that breakdown occurs in some instances long
after the radiation pulse has ended. This suggests a thermal effect. Photo-

of the diode. This increased temperature can quench the negative resistance

l
|
currents generated by the ionizing radiation increase the operating temperature 1
237 (

phenomenon and stop the formation of the domains. The large electric field

associated with the domain could then be trapped at the electrode and results
in the injection of large currents into the diode and hence, breakdown. The

increased temperature could also cause "hot spots" at localized imperfections.
The radiation-induced hot spots would explain the delayed breakdown since this




is a heating effect which depends on the total integrated current through the
device. In addition, it has been observed that diodes which exhibit poor thermal
characteristics experience avalanche at lower dose rates.236 The hardness of
CW diodes can be accounted for by noting that these devices are operated at a
' much lower voltage than pulsed diodes. Therefore, the incremental heating due

; to radiation-induced photocurrents is less.

The above discussion applied to Gunn oscilltators. Gunn arplifiers
are, also, susceptible to the effects of ionization radiation. Sirmilar to
oscillators, two failure modes have been observed: 1) transient cessation of
amplification and 2) destructive permanent failure. The threshold for transiert
failure occurs at 2x108 rads (Si)/sec.238 When the radiation pulse occurs, the

power drops - not to zero but rather to a value that corresponds to zero dB gain
(i.e., to the input power level). The output level remains at this low level
for a period of time called the recovery time and then returns to the pre-
' jrradiated value. The operating voltage, current, and gain also regain their
238 depicts the normalized output power (P/PO,

preirradiation values. Figure 143
where P0 is the preirradiated output power and P is the output power after ?
irradiation) and the recovery time versus dose rate. It should be noted that
at the highest dose rate depicted, 4x1010 rads (Si)/sec, the off time was less

than 400 nsec.
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Figure 144. Peak Photocurrents in Gunn Amplifiers
Versus Dose Rate

The peak photocurrents induced in Gunn amplifiers by transient
ionizing radiation are plotted versus dose rate in Figure 144.238 This was
done for diodes biased above and below threshold. In this figure, the photo-
currents are normalized to their preirradiated operating values. Similar to
oscillators, the photocurrent and, hence, the radiation-induced excess carrier
concentration, is proportional to #'65 (.65 is the average of the two slopes
in Figure 144). The reader is reminded that for oscillators, the photocurrent
varied as ?'6. This behavior is believed to be due to a trap distribution in
the forbidden gap.239 The photocurrent for the diode biased above threshold
is independent of voltage which indicates, as was the case with oscillators,

that the Gunn effect was not quenched by the radiation pulse.

The transient mode can be explained in terms of radiation-induced
excess carrier concentration. This essentially changes the electric field
distribution across the diode, reducing the negative conductance to zerc. This
is depicted in Figure 145 for two different carrier concentrations. For the
diode that was irradiated (curve b) the region of the diode where negative dif-
ferential mobility exists (region of the curve between E1 and E2) has been
greatly reduced by radiation. The figure gives some indication that heavier
doped diodes will be more radiation resistant. Computer analysis for the field
distribution of curve b indicates that the negative conductance has decreased
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Figure 145. Electric Field Distribution Across a
Gunn Amplifier

a)ns= 1.2x1o]6/cm3, no radiation

b n = 3x10]5/cm3, dose rate = 3.3x709 rads (Si)/sec

almost to zero and that the diode ceases to act as an amplifier.238

Utilizing the data in Figure 144 for excess carrier concentration
as a function of dose rate, the gain of the diode was ccomputed versus dose rate.
This calculation was compared with the experimental results in Figure 143. The

238

results of this comparison are shown in Figure 146. The results are in

s
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Figure 146. Gurn Amplifier Gain versus [Dose Rate
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excellent agreement with one another which is a good indication that the transient
failure mode is the result of radiation-induced excess carrier concentration.

The second mode of failure is a permanent destruction of the device.
' This destruction has only been observed at dose rates of 6x1o10 rads (Si)/sec
or greater for diodes operated at 12.5 volts or more.238 The failure is thought

to be thermal in nature and the result of the large radiation-induced photo-

currents which induce thermal runaway. This effect has already been discussed
in the portion of the report on Gunn oscillators and, therefore, will not be

i,

repeated here.

Table 51 is a summary of radiation effects on Gunn devices. This 1
data should be taken as indications of the radiation levels where problems can

occur. They should not be taken as damage or failure threshoids. Tnere is not J
enough reported data to justify a threshold. The data simply are order of q
magnitude estimates of where problems can occur. However, given all of that, ]
it is apparent Gunn diodes will experience some difficulty in the scenariocs
facing BMDATC-radars.

Table 51. Surmary of Radiaticn Z7fects :on
Gunn Cevices

Malfurceion ! Radiaticn

Power Failure
Temporiry Interrupticn

Qsciilatars

CW oY rad{Si}/sac
Pulsad 10? rad(Si)/sec

implifiars 10? rad’Si)/sac

Avalanche 8raaxdcwn

Oscillatars
CW
Pulsed
Amplifiers

i
>5 x 10*7 radi/S1'/sec it
1047 rad(Si)/sec :
6 x 10%7 rad’/Sisac
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6.3 PIN Diodes

»
Pin diodes are another class of device which may have a vuinerability

problem. The devices are attractive alternatives to the customary garnet and

ferrite phase shifters due to their lower cost, less weight, less volure, and

ease of incorporation in or interfacing with integrated circuits. On2 of the

most obvious applications is in a phased array radar system. A phased array

is, of course, a steered electronic antenna. Its pencil beam or multibears

are focused by the phase shifters behind each radiating element. A phasad-

array radar system can have many thousands of elements with a phase shifter

for each; therefore, it would seem that PIN diodes are promising candidates

for phase shifters in any phased-array radar system.

A PIN diode is composed of a 1ightly doped n-type regicn boundec by
a heavily doped p* type layer on one side and a heavily doped n* type layer on
the other (i.e., p*nn*). The lightly doped n layer is generally referred to
as the i layer since under normal forward biasing the injected charge density
far exceeds the background impurity density.

The most lightly doped region (the i layer) of a PIN diode will be
affected by neutrons first while damage in the p* and the n™ regions will

require much higher f]uences.240

In the i region, changes in mobility, life-
time, and thermal equilibrium carrier concentrations are expected. At room
temperature and low doping levels, the primary scattering mechanism is inter-
actions with lattice vibrations. Defect concentrations of approximately 2><1OT5
cm'3 are required before defect scatieriny becomes important. Assurirg twe

5

defects per n/cm2, a fluence of 10] n/cm2 is required to significantly affect

mobility. %40

In addition, reduction of thermal equilibrium carrier densities
by carrier removal in the i region is not significant since the conductivity
of the i region is due to injected excess carriers. The most sensitive para-
meter of PIN diodes to neutron irradiation is the lifetime of injected carriers.

In fact, all the observed changes in the dicdes are due to chanjes 1in carrier
240

241

lifetimes. The carrier lifetime as a function of neutron fluence car be

expressed as

RN W




1—:.]_ +Kv (3_’,)
H TO
where Ty = initial lifetime
» = neutron fluence
K = damage constant
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The reader is reminded that this is the same equation that arzears
section on RF devices. The value of K apparently depend
For 14 MeVY neutrons, K has a value of 3.8x10-7 cmz/n~sec and fo .
neutrons, the value of K has been determined to be either 1.9x10'7 sz/n-seczjz
or 1.75x10°7 cmz/n sec.24]
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The degradaticn of lifetime due to 14 MeY neutron irradiation is
plottes in Figure 147242. There were 56 experimental diodes in this figure cf
various intrinsic widths and lifetimes. The initial lifetimes ranged from 2.5
to 20 usec and the widths varjed from 25 to 152 .m. There were aiso 6 commercial

devices in this figure. Manufacturer's data on these devices was not given in
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Fijure 147, Degradation cf PIN Diode Lifetime After
Expasure to 14 MeV Neutrons

J

[PURPUNEE VP SRS 2 |

Iy
R P v 2.




the literature. However, the intrinsic width was measured and found to be 157
2

um. As indicated in this figure, the same damage constant of 3.9x10'7cm /n-sec
gave a reasonable fit (error spread of 3 to 18:) for all four curves using tre
lifetime equations. The three separate curves for the experimental diodes
resulted from samples with three different initial lifetimes (25 .sec, 55 .sec,
and 125 usec). It should be noted that the curves converge as the neutron
fluence increases regardless of the initial lifetime.

In contract to Figure 147, Tifetime degradation due to exposure to

1 MeV neutrons is depicted in Figure 148.243 The nine samples were of tne

same type as those depicted in Figure 147. At the last fluence point,

13 2

approximately 4.5x10 “n/cm™, the lifetime had decreased to a value of 175

nsec. In Figure 147 the exposure to 14 MeV neutrons degraded tne lifetire

TN R A T - G

to approximately 1 .sec. However, continuation of the 14 MeV irradiaticons
to the same fluence level as that in Figure 148 would nave reduced tne life-
time to values similar to that exhibited in Figure 147.

"

MICHROSELUNDYS

LIkt i

caal

‘V‘lrvvvr‘

)
Pa— L_L_A_MW—“L*_L“MA_L'S____B Al .
10 e ¢

“_“' T

102

NE_TRON FL_ENCE A w2

Figure 148, Lifetime Degradation of PIN Diodes Versus

/ ‘/

262




—~——
~xgy-
EHELCTIvE IFETimE SECunps

& Secitory 7t

Figure 149, Lifetime Versus Neutron Fluence For
PIN Diodes Irradiated with 1 MeV
Neutrons

Additional lifetime degradation for 1 MeY neutron irradia*tion is
' depicted in Figure 149. The damage constant was 1.75x10'7
the data in Figure 143.

7 . 3 n
crin-sec givan by

The forward resistance of the intrinsic region, Rf, depends strongly
on the lifetime. The effects of neutron irradiation on low frequency PIN power
rectifiers have been examined with the conclusion that there will be an increase

in the forward voltage drop due to the decrease in ertime.z44 Typical forward
240

voltage-current characteristics of the diodes are shown in Figure 150 In tris
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Figure 150. Typical V-1 Characteristics of a PIN Diode
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figure the following definitions have been used:

RAD 1 = 2x10 3n/cm?
RAD 2 = 7x10"3n/cm®
RAD 3 = 2x1OMn/cm2
b ' This figure indicates that at a particular current the forward

voltage drop across the diode increases with fluence. This is due primarily
240

to an increase in Ri' An expression for Ri is given by

2 () , |
R. = —3~ sinh (—g—) tan'] [sinh (—H—)]
where W = width of the i region
= diffusion length = VDT
= diffusion constant
= bias current

0
= Boltzman's constant

i

Temperature 1in Ok

H -4 x —~ O

charge on an electron

Figure 151240 compares the result from this equation with empirical
data. The value of 1 was determined using equation 33. The value of Io was
held constant at 50 mA. As is obvious from the figure, the agreement is gocod
betweer theory and empirical data.
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Figure 151. Ri Versus Neutron Fluence
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The microwave insertion losses at various 14 MeV neutron fluence levels have

been reported for three phase shifters designed to produce phase shifts of &50,

90° and 180° respectively. The results are listed in Table 52.243 The phase

shifter designed to produce a phase shift of 45° was the least sensitive to
neutron irradiation.

Table 52

Increase in Insertion Loss of Microvwave Circuits
Versus 14 MeV Neutron Fluences

5 (n/cm?) 45° (dB) 90° (dB) 180° (d3)
6.43x10'0 0 0 .05 I
4.64x10"! .05 14 15 |
8.95x10 ! R} .32 .28 !

u
1.46x10'2 125 .59 6 }

Table 52 was only for three phase shifters. In addition, the dat*a
on 56 discrete diodes, themselves, have been reported and is listed in Table

53243. The comparison between the effects of 1 MeV and 14 MeV seers to the

Table 53

Average Insertion Losses for Mesa PiN Diodes
Exposed to MNeutrons

Intrinsic Unirradiated ¢ (n/cmz) Irradiated Increase
Width (wm) Loss (dB) Loss (dB) Loss (dB)
12 . o T
56 .38 1.39x10'2 (14 Mev) .39 e tectable
56 .38 1.26x10"3 (1 Mey) 1.0 .66
56 .38 4.4x10"3 (1 Mey) 1.6 1.2
12 .55 1.39x10'2 (18 Mev) 6 06

* Approximately within the accuracy of the measurerent. /
] —
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An increase in Ri’ of course, means an increase in the insertior loss.
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authors to be inconclusive as does the effect of increasing the intrinsic width.
It would appear that the only conclusion that can be drawn is that increasing

3 2

the fluence above 101 n/cm” results in a large percentage increase of insertion

loss.

Figure 151 indicates that Ri and, thus, the insertion loss does
increase with neutron fluence. Faijlure is, of course, a system rather than a
device concept. Reference 240 has determined the fluence required to increase
Ri to 1 for a damage constant of 1.75x10'7 cmz/n-sec and Io = 50h, The
results are depicted in Figure 152. This figure does demgnstrate that hardness
increases with decreasing width of the i region. However, the width of the i
region can only be decreased so far since the avalanche breakcdown voltage
decreases with i region width.]87 However, reference 242 does indicate that
devices with an intrinsic region width of 56 .m and lifetimes of 6 Lsec can be
built with acceptable breakdown characteristics. The gereral practice is to

us the minimum i region width without going into avalanche breakdown.
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Figure 152. 1 MeY Neutron Fluence Required to Increase R.
to 1.3 versus Width of the Intrinsic Region

In the discussion two slightly different damage constants have been
determined: one for 14 MeV neutrons with a value of 3.8)(10'7 cmz/n-sec and one
for 1 ['eV neutrons with a value of 1.9x10'7 cmz/n-sec. This just means that
14 MeV neutron are twice as effective in producing damage as 1 MeV neu‘rons.
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Figure 153. Decrease of PIN Diode Lifetime After Exposure
to 60co Gamma Rays.

This would also be expected for gamma ray exposure. Gamma rays whould be
much Jess effective in introducing defects than neutrons. Figure 153243
illustrates the effect of gamma-rays on the lifetime of PIN dicdes. It should
be noted that the conversion factor that was used to convert cmz/y-sec to
sz/rads(Si)-sec was 2.4x109 photons/cmz-rad(Si) (see Table 1 in section 2.0).

The factor that was used in reference 243 was 1.8x109 photons/cmz-rad(Si). 7

In addition to the diodes that were exposed on y to gammi-rays, f
Figure 153 also contains data on diodes that were used to generate Figure 147, }
The diodes were exposed to a cumulative 14 MeY fluence of 1.39x10]2 n/cm2 and
then given the gamma-ray exposure shown in Figure 153. It should be roted that

the gamma-irradiated or 14 MeV neutrons plus gamma-irradiited diodes clearly

exhibit the same practical 1imit of 1 usec. This means that an exposure of
approximately 108 rads(Si) was not sufficient to appreciably degrade the neutron

b A e n Srmpay e




evocsed samples beyond the 1 usec value which had alreay been attained due to
neutron exposure.

As discussed in section 2.0, gamma-ray exposure introduces point
defects involving a few atoms. Neutron exposure, however, introduces cluster
defects involving hundreds of atoms. The curves in figure 153 indicate the
distinct difference in the cluster type of defect damage as compared to point
defect damage. The limiting lifetime for gamma-ray irradiation from Fiqure 143
is 1 usec. For neutron irradiation from Figure 148, the limiting lifetime is
175 nsec. Thus, the limiting lifetime for gamma-ray exposure is considerably
greater than that for neutron exposure. The difference, of course, results from
the fact that clusters are more efficient in reducing the lifetime then are ogint
defects. A comparison of the damage constants (10']]cm2/y-sec and 1.9x10'7cm2/
n-sec) indicates that neutrons are 104 more effective than gammas in recdicing
the lifetime.

Figure 148 also indicates that the degradation of lifetirme is
saturating. This simply means that the lifetime will continue to degracde with

[5S]

3

(%3

continuing exposure but in a practical sense the degradation is not significant.

Table 54

Damage Constants for PIN Diodes
Exposed to MNeutrons and Gamiras

LIFETIME DAMAGE CONSTANTS REFERENCE

K (14-MeV neutrons) cm2/n-sec 3.8x]0'7 242,243

K (1-MeV neutrons) cmé/n-sec  1.9x1077 | 242,243

1.75x10°7 | 240

(60 11 042,083

K Co gammas) cmz/y-sec 1x10

Table 54 contains a sumrary of the damage constants for all tyres
of radiation. However, it must be remembered that these constants were
determined from the linear portion of the damage curve. Therefore, becaise
of the saturation effects evident in Figures 148 and 153, the use of these




constants in predicting damage for the higher fluences will overestimate tne life-
time decreases and insertion loss increases. It is felt that the 14 MeV damage
constant has higher fidelity than the others. This stems from the fact that it

' was determined on 62 diodes with intrinsic regions ranging from 25 .m to 152 .m
and lifetime from 2.5 usec to 20 usec. The 1 MeV neutron and gamma were not
measured on as many samples and, thus, may not have the same universality.

The above discussion indicates that PIN diodes are able to withstand
at least 10]3 n/cm2 and 108 rads(Si). Reduction in the intrinsic region width
will lead to increased hardness but peak power handling capability will be
reduced. In addition the radiation hardness of stacked diodes (i.e., two diodes

in series) will be greater than the level of a single diode with the same total
intrinsic width.

=
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6.4 Ferrites

As mentioned in the previous section, ferrites and garnets are
possible candidates for phase shifters in phased-array radars. As alluded to
in that section, they have certain disadvantages when compared to PN dicdes:
higher cost, weight, and volume. But, nevertheless, they are candidates for
phase shifters and as such, merit some discussion.

Ferrites are ceramic ferromagnetic materials with the general chemical
composition MO-Fe203 where M is a divalent metal such as iron, mannarsse,
magnesium, nickel, zinc, cadmium, cobalt, copper, or a combination of these. It
is interesting to note that lodestone is an iron ferrite or magnetite (FeO-Fe203

or Fe304). Work in the field of microwave ferrities did not begin until 1949
when Polder first derived the permeability tensor which laid the founZation for
understanding ferrite behavior at microwave frequencies.245
Ferrites are cubic and have the spinel structure sacwn in Fiqure 154256.
after the mineral spinel (MgA1204). In this structure, the M92+ ion occupies a
tetrahedral site since each is surrounded by four oxygen ions. The A13+ jon

occupies an octahedral site since each is surrounded by six oxygen ions. This

. . . . . 2+ .

is a normal spinel arrangement with the divalent ion (Mg"~ ) occuping a tetrahedral
site. There is an inverse spinel arrangement in which the octahedral sites are

Figure 154. Crystal structure of the Mineral Spinei

MgA1204




occupied half by divalent and half by trivalent metal ions.246

Rare earth garnets are of the general chemical formula 5Fe203- 3?-‘.203
where M represents yttrium or some other rare earth ion ranging from samariur
to lutecium. The garnet structure differs from the spinel lattice in several
respects. One of the chief differences being that the garnet has three types
of lattice sites available to metallic ions as compared to the two types of sites

in the spinel structure.247

Before discussing the susceptibilit, of these materials to radiation,
it is necessary to define some standard terms. Figure 155 is useful for this
purpose. The coercive force is the point on the curve lakteled -HC ard is thne
reverse H field necessary to bring the induction B to zero. The remanence 3r
is the value of B at H=0. The saturation induction BS is the limiting value
of (B-H) for large H.

Magnetic ferrites including both garnet and spinel structures are

susceptible to neutron radiation. The damage threshmd2 of these materials is

1012 n/cmz. The remanence and permeability, u, of these materials will be
reduced along with an increase in coercive force. i

Figure 155. The Magnetization Curve or Hysterisis Loop.
H_ is the Coercive Force. B, is the
R&manence. BS is the Saturation Inductanrce.
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However, this is a very large class of materials with nrogerties
that vary widely. As would be expected within the ferrite class, there are
examples whose damage thresholds are several orders of magnitude larjer than
1012
by fluences up to 10
permeability may suffer a 20 to 30% decrease in low field permeability.

n/cm2. Ferrites with rectangular hysteresis are nct appreciably affected

18 n/cmz. However, at this fluence ferrites with high initial

243

The

hysteresis properties of yttrium- and samarium-iron garre*s are not affecred

8 n/cm2. However, at 1018 n/Cm2 these materials

249

1
by neutron fluence below 10
experience a 30% increase in HC and the remanence.

Thus, as with so many other materials, ferrites have a wide rarnze of
responses and the survivability of the system will depend to a great extent on
the proper choice of materials. The literature does indicate that ferrites
can be found that will be able to survive neutron fluences at the threat level.
In addition, the magnetic properties of ferrites are insensitive to dose and dose-

rate.250

Thermal vulnerability of ferrites deserves scve mention e.2n thiugh It
was not an area of concern for the project. However, before discussing the

il

possible thermal vulnerability, it is necessary to briefly digress arnd give some
background. A substance is ferromagnetic if it possesses a spontanecus magnetic
moment, that is, a magnetic moment even in the absence of an applied magnetic
field. The saturation magnetization, Ms’ is defined as tne spentanecus magnetic
moment per unit volume. In the literature, the saturation flux density BS =
4rMS or even 47Ms is often used. The Curie point TC is the temperature above
which the spontaneous moment vanishes. The magnetic susceptibility, -+, is

given by

—
—n

<
{

x|

-

where C is the Curie constant. The % temperature dependence is known as the

Curie law. The susceptibility above the Curie point is found by assu™ing that
the Curie law holds provided the magnetic field is taken to be the su™ of the
applied field, H, and the Weiss field HE'

an effective magnetic field, HE’ which acts on the electron spins and tends

The Weiss field is the eguivalent of

to make the ionic and atomic magnetic moments 1ine up givina rise o a
spontaneous magnetic moment and resulting in a ferromagnetic material. This




results in the Curie-Weiss law

To apply or carry this over to ferrites would require incorporating guantu,
mechanics, domain theory, and spin interacticn and that is certainly beyoni tne
scope of this work. However, the above discussion does indicate the —zinetic
properties of ferrites should be depencent on temperature, should deterisrate
with increasing temperature, and should be dependent on the Curie poirt of the

material.

For latching ferrite phase shifters, the stability of the hysteresis
Toop is of major importance. The remarence should be insensitive to slight
variations in both temperature and stress. The Curie temperature is often used
as a rough guide to temperature sensitivity. Figure 156 indicates the variation

2000 .
5 LiTiZn Ferrite
e mm— YGdAlFe Garret
1500 < oo YAIFe Garnet
N —-—- MgMnAl Ferrite
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Figure 156. Magnetization Versus Temperature of
Microwave Ferrites

of Ms with temperature for a number of ferrities and garnets.]S] The Mg'nAl

ferrite has the lowest Curie point of the materials shown ard is quite sensitive
to variations in temperature. Tne addition of Gd to YAlFe garnets flattens the
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magnetization-temperature curve. Tne LiTiZn ferrite has the highest Curije pcint
of the materials shown and has the best temperature characteristics.

The effects of stress resulting from a temperature gracient betlnzen
the inner and outer walls of a square loop garnet toroid can greatiy deteric-
rate the hysteresis curve. Figure 157 taken from reference 251 indicates tnhis
effect for a temperature grdient of 20°C. It should be noted that tne effect
is dependent on the temperature gradient and not on the majnitude of tne tem_ er-
ature. As mentioned before, this project is not concerned with tnermal effects
but it was thought that this information could be of use. In addition, it snouic
not be inferred that all ferrites and garnets have such severe terrerature prco-
Tems but only that such problems associated with temperature and the rate of tery-
erature rise can exist.

6.5 Microwave Transistors

The discussion on the nuclear vulnerability of classes of Jevicas trat

may appear in BMOATC-radars would be incorpliete if it did not inciude a section on

microwave transistors. Due to its inherently high speed, Gass is beinjg used to
252,253

fabricate more and more device types in this area. Neverineless, Gass
technology is still considered embryonic and it may be difficult to produce davices

; in quantity.zs4

i' ll/

There seems to be an oxide problem - certainiy conrected witrn
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producing ICs. However, there is some indication tnat the probiem 15 in tre process
of being overcore with the introduction in 1980 of a 10C) gate Gais [C b, Rocraeli 1
Internationa1.255 In addition, Rockwell has made a commitment to prcduce a 13,000

e

}% gate GaAs IC by 1983.255 Hence, despite its immaturity the prcinise of tnis tecn- 1
E ¢ nology is worth investigating since gigabit GaAs logic is feasible.256
Present day GaAs microwave FET's are characterized by higrer jain znc ‘
lower noise than any other device in the 4 to 20 GAz freguency ranze and, 2t “-2- }
quencies above about 6 GHz, are capable of greater power outrut tnan Si pipciar N
transistors.zs7 Pernaps of even more importance than the high speed and 10. powaey ]
of GaAs is tneir excellent radiation characteristics. Studies nave found trat

radiation effects on Gads FET's were negligible at total cdoses of 106 racs, :a-s’

and neutron fluences of 5 x 1O]3n/cm2 148,253,254,259 or nigher. As discussed in '4
{ section 5.2, the neutron level and total dose 1eve1,_depending on device garareters ]
(such as channel doping level) can be as high as 1012 n/c:‘*2 and 19’ rads:ha’s; .
In fact, this is the oniy technology that has the potential of teing fnherently q
survivable at the neutron and total dose levels menticned in Volurme I.
However, a significant transient response problem has been reccrted for '1

GaAs metal-semiconductor field effect transistors (MESFET) that have been exposed
to low total dose levels (approximately 100 rads(GaAs}) of ionizing radiation
260 ]Orads(GaAs)/sec.

pulses. The dose rate was roughly 3 x 10

This effect involves the generation of long-term source-drain currint i
(IDS) transients. The transient recovery times are a strong function of temper- }
ture. At room temperature they ranged from 1 to 70 sec while at 200°C they were
approximately 100 usec. Figure 158 depicts a typical resporse of a depleted moce
MESFET following exposure at 250C.260 The device was initiaily biased at 535 .2 ang ‘
was driven into cutoff by tne radiation pulse. Recovery to the pre-irradiation d

level required more than 5C seconds.

A FET with a high density of deep level electrcn traps within the de-
pletion region might be expected to exhibit a negative-going IDS transient re- i
sponse (similar to that depicted in Figure 158) if subjected to a positive gate
voltage pulse when biased in a conducting state. ODuring the voltage pulse, traps
within the depletion region are filled with electrons which tends to bias the FET
closer to cutoff after the pulse. As the trapped electron population returns to
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Figure 153. Radiation-Induced Transient [
of GahAs MESFET

eguilibrium, IDS decays to its quiescent 1eve1.260 This sisply means that oe-
havior such as that depicted in Figure 158 can also occur in a beni;s environrent.

~e Respons
S espaonse

GaRs MESFET's are currently fabricated by twc basic techrijues. The
first involves the formation of the MESFET structure within an n-tyze surface lay-
er implanted within tre semi-insulating GaAs substrate. In the secord techinigue.
devices are formed within a thin epitaxial layer either directly on tne substrate

or over a semi-insulating GaAs buffer layer. These configurations are illustrated

260

in Figure 159. Radiation data exists for both these structures.
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Figure 159. Two Basic GaAs FET Configurations

Typical radiation response characteristics for an implanted MESFET
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operating at various quiescent current levels are shown in figure 160 Tne
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Figure 160. Pulsed Radiation Response Characteristics of
GaAs MESFET's at Various IDS Levels
curves were generated by an exposure to a dose level of 1CC rads{Ga2s). The pu
0 /
width of tne exposure was 3 nsec. Thus, the dose rate was 3.3 x 101J rads,
As indicated in this figure the amplitudes of the ID transients varied

S
from 90 of IDS(O) at a quiescent currert of .5 mA to less than 5. of IDQ(O) at
a quiescent current of 10 mA. It should be noted that otiher samwples biased at

.5 mA were driven into cutoff at these exposure 1eve1s.26O

The recovery time can be defined as the time for a 63 decay (dowr
1/e) of the transient. Using this definition the recovery times in Figure 160 are
between 10 and 14 sec. It should be noted that the temperature in Figure 160 was
25 - 27°C.

Table 55260 Tists the results of radiation testing of epi-layer power
MESFET's at 22°C. The pulse width for each of the 9 exposures was 60 nsec. Shots
1 through 5 show the increase in peak transient amplitude as the dose leveil of each
shot was increased from 70 to 730 rads{Gads) and the dose rate was increased from
1.2 to 12.2 x 109 rads(GaAs)/sec. Shots 5 through 9 illustrate the proiressive re-
duction in the relative significance of this effect as the quiescent current is
increased from .5 to 100 mA. The applied gate bias, VG’ was adjusted to reduce
the quiescent current to the levels shown in Table 55.

The recovery time is a strony function of temperature ranging from

-

tens of seconds at room temperature down to roughly 100 .sec at 200°C. Figure icl-
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Table 55. Radiation Test Data on Epi-Layer Power MESFET'S

(Shot; Dose*; Dose Vo 1 Tps } LIDS(ﬁeak)j ST
No. | Rate  (rads{GaAs)) | (volts) | (mA) | (1A) : ()
HRE 70 -6.7 | 0.5 0.16 | T
2 | 2.5 147 -6.7 0.5; 0.18 | 36
, 3 | 5.0 300 ; -6.7 O.St 0.21] ! 42
L4 0.8 648 | -6.7 0.5 023 36
, ‘ :
L5 11222 730 -6.7 . 0.50  0.25 | IV
| : ) | . '
.6 E 7.2 434 1 -6.35i 1.01 0.39 : 33
{ 7 118.0 1080 f -5 0 5.0 1.3 127
E 8 f 14.5 869 Lo-4.0 so.o; 3.0 i &
. 9 16.8 ¢ 1005 | -2.0 100.00 2 | 2
f i ! : ; F : i
*Units are 109 rads (GaAs)/sec.
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depicts the recovery time constants plotted as a function of reciprocal tesnpera-
ture for implanted and epi-layer devices. The data in Figure 161b lateled

MSC MESFET's is for commercial power MESFET's. As mentioned previously the data
labeled HIFET's is for some experimental heterojunction gate FET's. LE is the
activation energy or the difference in energy between the trap and the conduct-

ion band.

The response of the devices is attributed to nejative charge trafcir;
near the FET channel region during irradiation. The trapped charge, which anneals
with a time constant that is characteristic of the trapping levels involved, acts

like an additional negative voltage in series with the applied gate bias whicn

tends to further pinch off the channe1.260

The FET response was usually dominated by a singie trapping level

having an activation energy in the 0.73 to 0.80 eV range and a capture cross
-14 2
c

section of approximately 10 m=. Chromium, a known acceptor in Gahs, has

been reported26] to span an activation energy range of 0.56 to 0.90 eV. Activat-

262

ion energies of 0.57 to 0.90 eV have been reported for oxygen in GaAs but tnis

Q center typically acts like a donor. The trap parameters for tne FET corpare

very favorably with those reported 263 for Cr-doped bulk material. Thus, there
is a strong possibility that the acceptor level and, hence, the transient respcnse
is associated with the Cr center in GaAs. This would suggest that higher material

quality would resolve to a great extent the transient response probiem of the
GaAs FET's.

One thing the above discussion does indicate is the importance of
the processing techniques used in fabricating Geis. These devices were fabri-
cated on a Cr-doped GaAs substrate. There was a deeper level trap (0.37 eV)
that was found to dominate the long-term response of Gads NOR gate samples that
260

Thus, there

!
i
could have been introduced during the ion-implantation sequence. }
is still a need to more closely characterize the samples that were used. {

This ends the discussion on microwave transistors. Since trese are

fabricated from what must be considered a very immature technology no attempt has
to determine technigques that could be used to mitigate the effects that were nen-
tioned. However, it is obvious that these devices will experience transient upset
at the threat levels which have been proposed for BMDATC-radars.
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7.0 CONCLUBING REMARKS

One of the most difficult reguirements that any systein tnat is de;io,-
ed by BM2 will have to meet is to survive the nuclear ervircrients trat tne system
will be exposed to. It is not completely clear that the task can hbe done. It cer-
tainly can not be done unless the nuclear vulnerability issue is addresse?. Tris
i

-

.
ne

i

does not mean simply generating the levels of the envirgnrents tnit the e

a0

alt

(@]

will be exposed to. In fact, this is the easy part of the vcrozlen, Tne Jiffi

e R Y P P W

part is designing and building a system that can survive and funciicn in tnis en-
vironment. The problem is further cowplicated by the fact tnat the greraticnral
recuirements necessitates the use of some state-of-tne-art corporents. In any
case, the proper choice of the technology and the class of a device within tnat 5'
technology is crucial and must be considered the first step toward survivezility. ‘

Some technologies such as NMOS simply can not survive the environrent.

The object of this project was to identify the vuinerability ¢f state- f
of-art radar systems. The design of the system was not fixed ncr was tne 2arts

list. Thus, a staterment concerning the survivability of the s,;stem could nct be
made. Instead the assessrent was based on technologies, ma%terials, and corionants

that are found in most radars. Tnis identified those device classes trat snould ?
be avoided (e.g., SCR's) and device or material classes that apreared suscect
(e.g., quartz crystals, Teflon, Gunn devices). Hopefully, this will aid in ident-
fying those technology areas which need and would profit by a develogment effort
to provide survivable componentry when they are required (e.g., higher waterial
quality in GaAs FET's).

This project has attempted to describe to the reader the imgpact of
nuclear radiation on BMJATC-radars. This report is not intended to be a recipe boos
on how to satisfy the system's nuclear survivability reguirements. No sin;le doc.- i
ment could achieve this for all the classes of devices that could appear in a |
radar system. Instead, the emphasis was placed on presanting as mucn of tre total
picture as possible with the realization that the study would be incorplete.

Design guidelines have been presented where they exist. [t must be
reme~bered that most components will exhibit some response to nuclear ragiation. E
However, this does not mean failure. The nuclear-induced degradation can be
accounted for in the design margins. The guidelines should be used to help miti-
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gate the effects of nuclear radiation.

4 As a final note, the reader is advised that a sumrary of this volure
is contained in the Executive Summary. A deliberate effort has been made to keep
this volume and the summary unclassified to facilitate its distribution. It is

hoped that this volume will serve as a source or reference book. Because of tnis

.-

the reference list was purposely made as extensive as possible. Tne topics which
have been discussed are, of course, more completely discussed in the appropriate

references. As a final comment, the reader who has perseverad to tre erd of *his

v o

. tome is to be praised for his steadfastness of purpose.
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Appendix A: Recommendations and Design Guidelines

A variety of recummendations and design guicelines have been presentecd
in this volume. It was felt that it would be useful to restate these in an
outline form according to the section in which they appear. No attempt has been
made to rank order these guidelines but rather list these as they appearsd in
this volure. where necessary a brief introduction has been included. In
addition, mention has been made of those guidelines which require ohyvicus trade-
offs.

A.1T Materials

It was not possible to cover all types and aprlicaticns of materials
that could occur in a radar system. Instead, materials were diviced, as in
Volume II, into classes according to their application or use in the sys*tem.
The division that seemed to be most appropriate was: (1) insulatcrs, (2
adhesives, {(3) seals, (4) laminates, and (5) encapsulants.

The recommendations in this section involve the use or avaicarce
of specific types of materials. As such, the three-le.e' classification schere
of organic materials appropriate for each broad application category that was
developed in Volume II was employed. The first level was the preferred class.
This is the first choice and consists of the most radiation resistant materials.
The second level was the recommended class. This consists of raterials that
should be used only if all members of the preferred class have been found
to be unsuitable for nonradiation considerations. The third and last level was
the not recommended class. This is composed of materials that should be avoided
if possible. These materials should never be used unless test data on that
specific material indicates an acceptable radiation response. The range of
damage thresholds for each of these classes has been included as well as the
page number of Volume Il where these recommendations have been made.

The exception to this is laminates. These materials consist of
combinations of fillers and binders and the 1ist that classifies laminates
would be extensive. Instead a set of guidelines were formulated and are listed
in this appendix.

e
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Two general guidelines exist that apply to all categories of materials.

These are:

® Maximize the use of inorganic rather than organic materials.

¢ Avoid the use of halogenated materials.
The compilation of recommendations and guidelines will now proceed with sgecifics
for each category of materials.

A.1.1 Insulators

Insulators are composed of either organic or inorganic materials.
The general recommendation of using inorganic materials wherever pcssinie aprlies

here. When this is not possible, the following is a ranking of organic insulators.

Preferred Class: Polyester with mineral filler (Plaskon Alkyd),
preirradiated Kynar, preirradiated polyolefin,
glass filed polyester, polyvinyl floride (Tedlar)

Recommended Class: Bakelite, polyethylelen, polyvinyl forral (Formvar)
some forms of nylon, polymethyl metharylates,
polystyrene no filler

Not Recommended

Class: Teflon, polyvinyl chloride, Lucite, polyester with
no filler, Kel-F, polystyrene with black pigrenrt
(Styron 475), butyl rubber, Neoprene

The damage thresholds are as follows:

Preferred Class: D.T. > 108 rad(c}

Recommended Class: 106 rad(C) < D.T. < 108 rad(C)
Not Recommended Class: D.7. < 106 rad(C)

where D.7. is the damage threshold. This same notation will be used for the
rest of the material portion of the appendix. This category of materials is dis-

S —
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A.1.2 Adhesives

This category consists of organic polymers. The ranking of adhesives
is

Preferred Class: Gereral class of phenolics, epoxy-ghensclics,
and epoxies excluding thcse epoxies using

dicyandiamide
Recommended Class: NEOpreneR-phenolics

flot Recormenced Class: NeopreneR-Ny1onR-Dhenolics, cellulose adhesives

and epoxies using dicyandiamide

The damage thresholds are as follows:

Preferred Class: 5x108 rad(C) < D.T. < 109 rad(C)
Recommended Class: 107 rad(C) < D.T. < 5x10° rad(c)
d(C

Not Recommended Class: 10" rad{C) < D.T. < 10’ rad(C)

This category of materials is discussed on pages 16 through 22. It should be
mentioned chat there is very little distinction between the preferred and recom-
mended category in that both will easily survive the threat level environment

in any scenario. However, it is good engineering practice to use the most
radiation resistant material possible and, thus, it is still advisable to use
the preferred class whenever possible.

A.1.3 Seals

Seals are fabricated from plastics, elastomers, metals or a
combination of metals and plastics or elastomers. Metals are invulnerable to
radiation. However, their use in seals is limited due to their relatively poor
compressibility and elasticity. More seals are made out of elastomers than any
other class of material. Elastomers are rubber-like organic polymers and, as
such, are affected by radiation. The ranking of elastomers is:

,_._ ‘[I/ _
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Preferred Class: Neoprene (chloroprenes), natural rubkber con-
taining antirads, and threat sealant.

Recommended Class: Matural rubber without antirads, silicorne, and
styrene-butadiene (Buna-S).

Not Recommended Class: Butyl, fluorosilicone, fluorocarbon (Vitron),
butadient-acrylonitrile (Buna-f), and polysulfide.

The damage thresholds are as follows:

Preferred Class: D.T. > 107 rad(c)
Recommended Class: 107 rad(C) > 0.T. > 5x10° rad(C)
Not Recommended Class: D.T. < 10% rad(c)

Elastomers suitable for seals are discussed on pages 22 through 24.

The other class of material that finds some application as seals
either by themselves or in composite seals with metals is plastics. The ranking
of plastics commonly used as seals according to radiation properties is as

follows.

Recormended Class: Nylon and Kel-F

f |
Preferred Class: Kynar and Polyethylene

|

Not Recommenced Class: Teflon (TFE and FEP), and polyviny] chlori?i

The damage thresholds are as follows:

Preferred Class: D.T. > 107 rad(c)
1 Recommended Class: 107 rad(C) > 0.T. > 108 rad(C)

Not Recommended Class: 106 rad(C) > D.T.

F The preferred and recommended classes for both elastomers and plastics suitable
for seals should survive the threat while the not recommended class should be

S —

[ avoided. Plastics are discussed on page 25.




A.1.4 Laminates

As mentioned previously a ranking of all the common laminates was not
feasible since there are simply too many. Instead the following guidelines have
? been formulated.
For fillers

e Use inorganics
o [f organics must be used, then choose synthetic materials.

® Avoid the use of cellulose materials.

For binders
® Avoid halogerated polymers
® Be guided by the recommended 1list for insulators

For laminated printed circuit boards
& Use a coating of either polyester or a silicone varnish

In any case, laminates in general should be able to withstand threat levels of
the environment. The exception to this is coperclad Teflon glass laminate which
has a damage threshold of approximately 104 rad(C). Laminates are discussed on

pages 25 through 32,

A.1.5 Encapsulants

The last application of materials that was considered in the study
was encapsulants. For this application, the mechanical properties are more
important than the electrical properties. The ranking of encapsulants based
on their radiation tolerance is as follows:

Preferred material: Polyurethane (Eccofoam FP and Mitco R),
polystyrene, phenolic, epoxy (Epocast H2f~
011, H2E-012, H2E-037; Scotchcast No. 3)

Recommended Material: Epoxy (insulating lacquer 1162; Epccast
202/9615, 202/9647, 202-11/96154)

Not Recommended Material: Polysulfide (3C-737, Class A; 3C-7477,
Class B); silicon rubtber (Q-3-0031-
1/2, Q-9-3C03-1/2, Q-9-0C6-1/2, RTV-
503, PR-1930-1/2, PR-1920-1/2, PR-19210-
1/2); silicen rubber primer (General
Electric Co. S5-4C04; Products Research

Co. 1502)
S ’
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Encapsulants are discussed on pages 32 through 41.

There was one area that was discussed associated with prcpellants for
the interceptor that deserves mention. An important ingredent in many preopellants
is the fuel binder which is typically an elastomer or a plastic. PRadiation co.ld
lead to evolution of gas and loss of strength in the binder which can nave sericus
consequences on the performance of the interceptor.

This finishes the listing of the recommendations and guidelines on rat-
erials. It must be mentioned that these listings on materials as well as the
guidelines and recommendations for the other components discussed in this aprendix
should not be considered with the same degree of inflexibility as a specification
but rather as simply guidelines and indicators of potential problem areas. Speci-
fic examples within a class may have radiation properties exceeding those which
have been and will be listed.

A.2 Nonsemiconductor Components

The components that were covered consisted of three classes: rasistors,
capacitors, and quartz crystal oscillators. These components are usually igncred
in vulnerability assessments. However, at high exposure levels these compcnents
exhibit some susceptibility to radiation.

A.2.1 Resistors and Capacitors

The neutron damage thresholds of some common types of resistors are
given by the following:

Camage
Resistor Type Thresholds
(n/cm?)
Carbon composition 1043
Metal film 3 x 10
Carbon film 10ts
Oxide film 2 x 10'2
Precision wirewound
Ceramic 5 x 10}’
Epoxy 1015
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Besides neutron-induced degradation, resistors are subjected to dose-rate
effects. The impacts are the generation of a replacement current, iR’ and a re-
duction of the effective resistance. This last effect is eguivalent to a parallel
transient shunt leakage resistance, RS' The quantities iR and RS are given by

.- )
S v
and . .
1™ B,y
The proportionality constants are given by:
B, x 10°3 e, x 10712
Resistor Potting (kohins - (amps/R24.C)/
Type Compound Rad(C)/sec) sec,
Carbon Composition
(watts) 1
1 Air (630 mm Hg) 2.1 i 0.78 1
1 Silastic > 4.3 0.5
: 1/8 Dow-Corning 200 > 1.7 3.C
: Ceramic encased Paraffin >170.0 0.025
Metal film 1/8 watt Paraffin > 40.0 0.044
, A more complete discussion on the effects of radiation on resistors is given on
i pages 43 through 46. A

Capacitors are also susceptible to radiation effects. The parameters j
that are impacted by radiation are the capacitance, the dissipation factor, and
the leakage resistance. For neutrons it is possible to form the following ranking.

Preferred Class: Glass, ceramic, mica.
Recommended Class: Plastic.

Not Recommended Class: Paper, paper/plastic, electrolytic.
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The damage thresholds are as follows:

Preferred Class; 10]5n/cm2 <D.T. < 1O]6n,’cnZ
Reconinended Class: D.T. = 2x1014n/cm2

) 13 2 14 2
Not Recommended Class: 5x10 “n/cm™ < D.T. < 10" "n/cm

Some guidelines that will aid in the proper choice of capacitors are:
e Avoid organic dielectric materials.,
® Paper dielectric units must not be impregnated with hydrocarcens.
® The preferred types of capacitors are glass, ceramic, and tantalum
in that order.
A more complete discussion can be found on pages 46 through 43.

A.2.2 Quartz Crystals Oscillators

These companents are critical since they are used as precision rmaster
clocks. Radiation will affect the frequency of these oscillators. They will
suffer a transient and a permanent effect and in the extreime will cease to oscil-
late. There are two effects. The first effect is associated with lcw dose levels
(between 103 to 10 rads(Si). In this region the frequency change is small (typ-
ically 1 to 10 pp 108) and shows 1ittle dose dependance. Above IO4 rads{Si) the

8

change is much greater (several hundred pp 10~ to cessation of oscillation) and

has a strong dose dependance.

The accepted method of minimizing this effect is to use swept, syntnet-
ic quartz crystals. This method relies on removal of impurities. rowever, tne
effect is still present with a frequency change of a few parts pp 108. Thus, one
recommendation is to eliminate the need for ultrastable frequencies. In addition,
a proposed solution which has been formulated as a result of this study is to con-
trol the movement of the impurities through the use of temperature. It consists
of using partially swept synthetic quartz crystals grown employing a Na mineral-
izer and then to operate the crystal below 200°K. There is evidence based un
a study performed at Oklahoma State University that Na impurities are immobil
below this temperature and the effect should disappear. However, this solution
has never been verified. Therefore, it is recommended that Oklahoma State Univer-
sity be approached to determine if they would perform such a study. This reconmend-
ation stems from the fact that this University has reported the latest work per-
formed in this area and it is apparent from this report that this institut.:n has

S —
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access to quartz crystal processing equipment, an ESR apparat.s, and a railatisn
facility - all of which would be necessary for such a study.

In additicn, the effect of radiation on swept natural quartz has never
been reported. There is no reported data on any attempt to spti—ize the sweeping
process for radiation tolerance. It is, tnerefore, reccimended tnat tne folicwing
experimental studies be undertaken:

e Tne effects of temperature on tnhe radiaticn responsz Of syntnetic

crystals which have experienced various degrees of sweeping.

® The effects of sweeping and temperature or the radieticn resgecnse

of natural quartz.

® Optimization of the sweeping process for radiation.

Before leaving this subject the point should be made that guartz crystals are tne
most vulnerable component to radiation uncovered in this study.

A.3. Radio Frequency Semiconductor Devices

This section of this appendix will sumnarize the nardening technijues
and design guidelines presented in the text in section 5.0 for the reader wro failed
to read the body of the report or could not recall all of the many herdening sug-
gestions made in the body of the report. This summary will be presented in an cut-
line form, as opposed to the format that was used in tne sections of tnis appendix
on materials and nonsemiconductor components. Discrete devices (diodes, silicon
controlled rectifiers(SCR's), and transistors) will be presented first followed
by integrated circuits (IC's). These will be further divided according to the
threat constituent which is being mitigated, i.e., neutrons, dose, and duse rate.

Some of these hardening techniques will involve trade-offs in otner
areas such as reliability or performance. Where appropriate these tradec®fs
will be noted. The page numbers where specific hardening sugjestions first appear-
ed will also be noted.

A.3.1 Diodes

Neutron irradiation causes bulk damage in the semiconductor throujh
displacement. There is little that can be done to prevent this damase from oc-
curring; therefore, techniques used to mitigate the effects of neutrons on semi-

conductors tend to concentrate on minimizing the effects of the damaje on cevice
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operation.
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Neutron damage in dicdes manifests itself as an increase in leakaze
current and the forward voltage. Zener diodes experience a decrease in tne break-
down voltage and a change in the reference voltage. Tunnel diodes exhipit an in-

crease in the valley current. The following set of guidelines can be usea to
minimize the effects of neutron irradiation on diodes: ]
o For forward biased diodes, select those devices which nave fast i
recovery times, low power, and a small Jjunction volume.(p.33 a
® Use low voltage, heavily doped Zener diodes. [f tnis t iz of cicde '
is used as a reference element then this elerment should pe forwara-
biased and incorporate teiperature coupensation and gold doping.
(p.84)
e Use GaAs tunnel diodes rather than silicon, and select devices witn
high peak cuurent values. (p.86) '
Total dose affects the leakage currents, breakdown voltage, and forward
voltage of diodes. However, for exposures less than or eqgual to 106 racs(Si) tne
changes are generally less than 15% and can be tolerated. (p.96)

As in all semiconductors, dose causes the formation of electron-noie
pairs. These electron-hole pairs will move under the influence of a applied field,
indistinguishable from normal operating currents. These currents are called
photaocurrents and their magnitude is proportional to the dose-rate. The photo-
cqrrents can be minimized by the following:

‘ o Employing heavily doped diodes and biasing these devices ta less
than half the avalanche breakdown voltage.{p.91)

o Zener diodes, which are biased into breakdown, should be chosen with

a breakdown voltage as near to 7V. as possibie and be operated at
the highest practical bias current.(p.96)

A.3.2 Silicon Controlled Rectifiers (SCR's)

SCR's are very sensitive to neutrons, dose and dose-rate. As stated
in the text they should be avoided completely. In situations where no other
alternative is available, current Yimiting of the power supply can be used to

reduce the possibility of device burnout. (p.99)




A.3.3 Transistors

Neutron exposure, as mentioned in the section on diodes, causes dis-
placement effects in the semiconductor material. In transistors tnis results in
a decrease in the forward gain of the device, increases in the breakdowr viitages

' (an advantageous), increases in the saturation voltages, and increases in ths
leakage currents. Gain degradation is the most serious of these ard car be nmiti-
gated by using the following guidelines.

o Bias transistors at or near the peak current gain to lessen tne
effects of gain degradation.(p.107)

o Select devices with the highest possible gain-bandw otn product,
fT, since this implies a narrow base width and, thus, less ne.itron-
induced gain degradation.{p.109)

o Select transistors with the highest possible pre-irradiation Zain.
This will result in a higher design margin and, hence, allow for
more neutron-induced gain degradation.(p.111)

® Power transistors are susceptible to changes in the saturatian volt-
age due to the fact that they have low dopec collectors. Selecting
power transistors with the heaviest possible dcped collectors will

minimize the increase in the bulk resistivity of the collectaor region
and serve to minimize the increase in saturation voltage.(p.125) 1

e In applications where the transistor is operated in saturation only
epitaxial transistors should be used and the base current should be
maximized.(p.127)

e Circuits should be designed to tolerate transistors with low break-
down voltages. This, of course, involves a trade off with reliabil-
ity. (p.127)

e Transistors with low values of saturation voltage should be chosen H
to allow for a neutron-induced increase in this parameter. '

® Minimizing IC will minimize VCEsat' This involves a trade off with

the effort to mitigate neutron-induced gain degradation since this i

involves maximizes IC or at least operating the device at a IC value
which maximizes the gain. Thus, in these situatiuns the importance
of the gain must weigh against the saturation voltage for the part-

icular circuit under consideration. (p.127) In cases where it may
not be possible to lower IC’ such as in power supply regulators, it
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may be necessary to parallel two or more series regulator transistors.

Total dose causes an increase in leakage currents whicn is generally
insignificant compared to the normal operating currents of the transistcr and also,
when compared to the dose-induced gain degradation. The technigues that can be used
to mitigate the effects of dose-induced gain degradaticon are the same as those

' for neutron-induced gain degradation. (pp.131-136) That is:

e Operate the transistor at or near peak current gain.

& Maximize IC'

o Select devices with the highest possible pre-irradiaticn gain.

Dose rate causes the production of photocurrents, as has been rmenticned
earlier. The effects of these photocurrents can be minimized by observing tre
following recommendations.

e Use heavily doped transistors.(p.143)

e Use photocurrent compensation. (p.145)

o Use transistors with minimium geometries which, thus, have less mat-

erial in which the electron-hole pairs can be produced. The use of
narrow base width transistors increases the probability of punch-

through and the occurrence of second breakdown. This, of course re-
quires a trade off between nuclear survivability and reliability. ?

A.3.4 Integrated Circuits

The effects of neutron exposure on integrated circuits are the same as
those on transistors, with the primary effect being gain degradation. In an IC,
however, this gain degradation also affects fan-out, i.e., the ability of a logic
gate to supply driving current to successive gates. The following hardening recom-
mendations will reduce the impact of neutron-induced gain degradation on the per-
formance of IC's.

e Design a large gain margin into the circuit. This means one should ;
design the circuit so that a decrease in gain of, for example 50: i
will not cause circuit failure. (p.166) :

® Reduce fan-out requirements. This will allow for more gain degrada-
tion without affecting circuit operation. (p.167)

® Use a large emitter current and operate at a high ambient tempera-

ture to aid post-irradiation annealing and, thus, reduce permanent
Al“’:i;'
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¢ (perate with as high an IC as practical an¢ witn an increased
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reverse bias to drive the transistor harder ints saturaticn. (2.177;
& VUse an emitter resistor or low-impedance bias circuity, to Lresent
a change in the quiescent operating point caused by resistivit, in-
' creases. (p.168)
Total dose causes an increase in leakage currents and a cegr
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gain. The increase in leakage currents is generally insiznificant. Tne efects
of gain degradation can be minimized by observing the following cuizelires.
o Gold depe the collector. (p.173)

Operate at high injection levels. (p.173;

Design a large gain margin into the circuitry. (p.173)
Reduce fan-out reguirements. (p.173)

I

Increase the reverse bias to keep the transistor in saturation.(».173)

Pre-irradiation with neutrons has the same effect as goid-doping in

that it decreases carrier lifetime. (p.174)

f Dose rate effects in IC's are much more serious tnan those in discrete
‘ transistors. This is due to tne large substrate area in which electron-iole fairs
can be produced. The formation of parasitic pngn SCR paths can Jead to
latchup and subseguent burnout. The following hardening technijues are useful
in minimizing the effects of dose rate-induced phctocurrents.
e Use photocurrent compensation. (p.175)
Use minimum transistor geometries. (p.176)
Gold dope the collector. (p.176)
Use Schottky TTL with Darlington transistors. (p.177)
Use current limiting to prevent photocurrents from reaching vulner-
able circuitry. (p.178)

e Incorporate dielectric isolation in the fabrication process. (p.178)
e \Use circumvention where practical. (p.182)
® Use nonvolatile memories where practical. (p.182)
The use of GaAs IC's provides an inherent dose rate hardened IC. The
technology is still immature but does offer hope of solving the dose rate probler
presently faced by commercial IC's. (p.194)
! NMOS technology should be avoided completely since it has never been
¢ demostrated that any NMOS device will survive the dose and/or dose rate threat
! imposed on the BMDATC-radar systems. (p.200) NMOS is the softest electronic tecn-
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nology in existence today. It is not even recommended for tactical scenarics
where equipment only has to be as survivable as man. [t really can not be over-
emphasized that NMOS must be avoided in any scenario that has a nuclear rejuire-

ment.
A.4 Microwave and Millimeter Wave Devices

The types of devices that were investigated were: 1.) Impati-li-e

|
A

W

devices; 2.) Gunn diodes; 3.) PIN diodes; 4.) Ferrite gnase shifters; and
Gigahertz GaAs field effect transistors. These are ratner speciaiized classes
and, as such, there is less radiation data on these classes than on ~F devices.
Similarly, recommendations and design guidelines have not been ccipietel, form-

ulated. However, what does exist will be listed.
A.4.1 Impatt-like Devices

The device classes covered in this portion of tne regdrt were [7patts,

Trapatts, and Baritt diodes as well as microwave cavities themseives. Radiation-

induced air ijonization in a microwave cavity causes a srall chanze in tne resonant

frequency but a more significant change in the Q of the cavity. Tne c¢nane in

Q can be as high as 30 for a dose rate of 3x189 rads{Si)/sec. Howe.er, the effac

is easily mitigated by simply evacuating the cavity. This effect is discussed on
page 209.

Impatts will experience little or no degradation at the threat ie.els
of neutron fluence. Ionizing transient radiation will impact the operation of
Impatts. The ranking of Impatts according to increasing radiation vulnerability
is the following: Si diffused diodes, GaAs diffused diodes, and GaAs Schottky
diodes. These device types are discussed between pages 20c through 214 with
specific recommendations made on page 214,

Trapatt diodes are Impatt-like devices. In order to mitigate neutron-
induced effects it is recommended that high frequency devices which incorporate
heavy doping in the p+ and n+ regions and an abrupt doping profile be used. These
devices are discussed on pages 214 through 220 with recommendations made on pages
215 and 217.

Baritts are another device type that is related to Impatts. These

devices are invulnerable to neutron exposue. If it is possible Baritt dicdes
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should be chosen that incorporate Schottky injecting cortacts and nz.e low injec
ion efficiency. This will mitigate dose rate related effects. These devices are

w
Y
(9%
14

discussed on pages 220 through 228 with specific recommerdation on faze Zlo.
A.4.2 Gunn Diodes

It is apparent that Gunn devices will experience sure radiaticr-inc.zed

w

difficulties in the scenarios facing BMDATC-radars. Tne effects on Gunn cicue
range from temporary interruption to destruction of tne device. [t is recirrerizd
that these devices be operated in Cd mode at the lowest possibie voltage. l1Ices
with the best thermal characteristics should be usecd. In addition, if possinie

s 2¢2 tnreugh

w
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a flat cavity should be used. These devices are discussed on p
%

€

259 with specific recommendations being made on pages 255 and
A.4.3 PIN Dicdes

This class of devices is fairly resistant to radiation-iiducea gejrad-
ation. The recommendation is to use devices witn the smallest possible widtn of
the intrinsic region without going into avalanche breakdown. This device class

is discussed on pages 260 through 269 with specific recorrendaticrs being made
on page Z269.

A.4.4 Ferrite Phase Shifters

Phase shifters can be made out of ferrite devices. Ferrites are not
as attractive as PIN diodes for this application but, nevertneless, they are pct-
ential candidates. The recommendation is to use those ferrites which have rect-
angular hystersis loops. This recommendation is made on page 272. -

A.4.5 Microwave Transistors

These are GaAs FET's and have exceptional radiatior characteristics. 1
The only problem associated with these devices is a transient upset problem that
has been ascribed to Cr doping in the substrate. It is recommended that an effort
be made to improve the quality of the material used in fabricating these devices. E
This recommendation is made on page 279.
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A.5 General Comments

It has been stated previously but it must pe reiteratec trat ois 115i-
ing should not be taken as an absolute but rather as guidelines. In additicn,
specific examples within a class of materials or devices may have regiaticn pro-
perties exceeding those which have been listed. The purzose of tnis study was
to identify tnhose areas where problems can erise and pro;ose pessiciz soluticrs
but it was not intended tn be a recipe book that wculd ensure survivaci

dociLent could do that. Considering the tnreat ie.2is cont2ined in .8
vivability constitutes one of the most difficult engineering and tecrncicsy cre-

)
o

blewms that any system ever faced. Survivability will not hapeer oy accident anc
Y S
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a broad based apgroacn will not  succeed. Survivanility anogniy b
by constant attention to nuclear-related issues. This reguires carefl’ ard
constant exa~ination of devices and technologies. Thnis was the purpase of tois

study. Hopefuliy this goal has been partially met and tre resuiting Colurzntatiln

will aid in building a survivable system. ,
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