» ‘
L Y '4‘"‘., FPS

FACIUTY FORM 601

TECH LIBRARY

e IHM”I/IMUHIII

\'3(._ .

LITERATURE SEARCH AND RADIATION
STUDY ON ELECTRONIC PARTS

FINAL REPORT

JPL Contract No, 952545

MAY 1970
pd . , 7 — ;’\ >
// (%c[fsz?/i?(c/ C,Q,_:,:,;,'\ PR G L
" KR / RPN :“.} o
o? J T Gt ot P E, L - - \;\\’_; o
2 I S
< Bl f” 2Pmmr«! by
yor 'ﬂflﬂﬂ coMmany
Aerospace Group

Secttle, Washington

For

JET PROPULSION LABORATORY
Pasadeno, Californie

1 N70-31746

Y e
LLEARLANG
{ACCESSION NUMB!R) (1zu) ;:,': ool .ef:’t: :. Q ? 5
Loy it FIDgLg vy 9";5"‘
{PAGES) €00t}
(NASA CR OR TMX OR AD NUMBER) {CATEGORY)




i D2-126203-3

A The Boeing Company
Aerospace Group

Literoture Search and Radiation Study
On Electronic Parts

Final Report

JPL Controct 952545

' D2-126203-3

Prepared By: a4 £, MHearng
W. E. Home

Approved By:_‘/ pid f»«_&

R. R, Brown

- Approved By: ﬁ /‘//r/éé
R. F. Seiler

MAY 1970

s This work was performed for the Jet Propulsion Laboratory,
California Institute of Technology, sponsored by the
National Aeronautics and Space Administration under
Contract NAS7-100,




D2-126203-3

ABSTRACT

A survey has baen mode of rodiation effects literoture pertinent to effects of
low-level steady-state neutron, gamma, ond proton environmenis on electronic

components, A bibliography of over 300 references was compiled.

The doto were scanned and an onalysis made of the radiation effects state-
of-the-art for electronic components on a deep space mission that might be exposed
to planetary radiction belts ond to on-board rodisisotope thermoelectric generator

environments,

Emphasis was placed on permanent parameter degradotion, temporary para-
meter drifts, porometer degrodation foctors, hordening techniques, and screening

techniques.
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1.0 SUMMARY

1. 10 The objective of this lprognam was to perform a literature survey and to
anolyze data pertinent to radiction damage to electronic paris typical of those
utilized in deep space missions. The radiation environments considered were: 1)
that produced by radicisotope thermoelectric generators (RTGs), i.e.: low-level
steady -state fission neutron and gamma spectra, and 2) high energy protons, both
tnose generated during solar events and those trapped in planetary belts. Although
it wos beyond the scope of this program to consider electron effects, where data was

readily available such effects were included.
During the course of, the progrom the following facilities were utilized:

a. REIC (Radiation Effects Information Center, Battelle Memorial
Institute). )

b. NASA (computerized search performed by the Boeing Aerospace

Technical Library).

DDC (Defense Documentatiori Center).

d. DASA (Defense Atomic Support Agency).

(1}

e. Boeing Aerospace Library containing the following tools:

1) KWIC File Index citing Boeing research
documentation, :

2) Engineering Index (Electronics Section)
3) PhysicslAbstmcts
4) Electronics (on English Index)
5) IDEP Files
6) Plus the many ;aersonel reference books
. and documents of the Boeing Rodiation Effects Group.
These searches resulted in hundreds of references of which about 260 were

retained after screening for pertinent radiation environment and part types.

Analysis of the literature revealed that, in general, for most part types there
are at least some neutron and gamma data but that for mony types no proton data exist.

The extent of the data coveroge and its significance is discussed for each port type
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in the report. Primarily the analysis was directed toword the detemination of per-
manent degradation of parameters, temporary drifts of parameters, porameter degro-
dation factors and hardening and screening procedures. Where appropriate, additional

testing was recommended.

The relative sensitivities of components as detem\inedlzfrom the analysis are
summarized in Figures 1,1 thru 1.3. In general, SCRs and unijunction devices
oppear to be very vulnerable ond SCR response is especially unpredictable. For this

reason it is recommended that their usage be avoided where possible.

Power and low-frequency transistors appear to be the next most vulnerable
group. Since their behavior is better understood, these devices con be used if
sufficient gain margin is ollowed or other concem is tcken. |t should be noted that

in some cases shielding may be necessary.

Lineor integro're& circuits, reference diodes, ond MOS devices also present
a problem but if properly chorocterized, should be usable. In all three cases, in

order to assure rellable performance, testing of statistical samples is recommended.

Resistors and capacitors, in comparison to the active semiconductor compo-
nents, do not present a serious degradation problem, olthaugh it is not clear that
the effects of low~level radiation exposures on long-term reliability has been fully

evaluated for all cases (especiolly for resistors).

From the study, it can be concluded that: 1) for the present state of the art
many active components will be seriously degraded by radiation during interplanetray
missions, 2) in many coses data is inadequate to do more than make gross estimates
of degradation of part type performance, 3) data evolhoting prot;:n damage is not
available for many part types, 4) for most part types hardening and screening pro-
cedures are not known or are in a developmentol sfagq; 5) although part degrada-
tion can be estimated for each environmentol component, there is no dato indicating
how to assess the total degradation due to combined environments, and 6) using
currently available dota system reliability in o rodiation environment would be dif-
ficult to assess, particularly for part types for which the radiation levels are near

the threshold for damage. Even methods of assessing such damage needs to be more

2
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fully explored.

It is recommended that; 1) evaluation testing be performed to obtain data
on part types where no data exists and that lack of data is significant (these cases
are noted in the report), é) that testing in combined environments be performed to
obtain insight into how to assess the total threat to pau;ts in interplanetary missions,
and 3) that methods of assessing reliability of irmadiated components be more fully

explored,
1.20 References

1.21 Bowman, W. C., ‘et ol, "Guide Book for AWACS Nucleor Radiation Sur-
vivability Study", Boeing Document D204-10317-1, August, 1969.
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2.0 INTRODUCTION

The purpose of this program has been (o) to search existing industry and
government literature regording the long=term neutron, and gomma radiation expo~
sure effects on electronic parts and, (b) to anolyze the literature and informotion
reviewed during the search with primary emphasis on thei‘effects of plutonium 238
nautron ond gommo rodioﬁor"w on electronic parts. Although it wos not included
in the scope of the contractual effort, data on charged porticles such as protons and

electrons were included when it was convenient to do so.

The effort has been limited to the effects of long term, low intensity radic-
tion fields such cs would be encountered on deep space missiors passing through
plonetary radiation belts and having on boerd radioisotope thermoelectric generators.
The enalysis included the consideration of catastrophic éailures, permanent degrada-
tion, temporary paramater drifting during radiation exposure, radiation levals in

total integroted doses, degrodation factors, and recommaended testing.

The analyzed survey is presented in a form useful to persons having a know-

ledge of electranie parts but not necessarily familiar with radiation effects,

The progrom began on July 1, 1969 and the analysis was completed Feb-
ruary, 1970.
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3.0 GENERAL CONSIDERATIONS

Electronics to be used on board spacecroft during deep space missions
ancounter both particulate and elactro-magnetic radiction. The particulate radia-
tion consists of protons, :electrons, and neutrors. The electromagnetic radiation

corsists of gammo and x=rays.

Protons are elementary nuclear particles with o pasitive eiectric charge
equal numerically to the chorge of an electron but whose mass is 1847 times the
moass of an electron, or approximately one otomic mass unit. Protons are enceunt-
ered in the vicinity of planets in the form of belts, i.e., charged particles trapped
in the magnetic fields of planets. It is believed that the proton belts around Jupiter
may be very intense. In interplanetary space, protom are encountered as a result
of solar winds and solor flares, that is, protons are e|ected by the sun and travel
through space. Such protons have energies ranging ‘from 1 Mev 1o 100 Mev. A

typical spectrum is shown in Figure 3. 1.

Electrors are nuclear particles having unit negative charge and rest mass of
9.107 x 10-28 groms. These particles are many times ‘less massive than protons and
are much more penetrating. Energetic eiectrons‘ in sécce ore primarily found in the
vicinity of planets as belts of charged particles tropped in the magnetic fields of

Lt
’

plonets.

Neutrors are atomic particles having zero charge ond having moss approx-
imately equivalent to thc;f of a proton. Due to their lock of charge, neutrons are
highly penetrating ond when penetrating are oftenvated by collisions with nuclei.
In spoce missiors, neutrons in significantly lorge numbers originote on boord the

spocecraft from rodioisotobe thermoelectric generators (RTGs).

Electromagnetic radiation encountered on spocecraft consists of gamma rays
emanating from nuclear reactions in on board power supplies such 0s RTGs, X-rays
are also generated by the stopping of energetic chorged pariicles such os electrons

ond protons in dense materials; such rodiation is colled bremsstrahlung and con be
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significant in trapped planetary radiation belts.

Radiation is usually meosured in two woys. Either in terms of obsorbed
energy {dose) or in terms 'of particles per square centimeter (Fluence). For ab-
sorbed dose, the most commonly used unit is the Red. A Rad is defined as 100
ergs absorbed from the radiction field in one grom of irradiated material. It should
be pointed out that the ;bd expresses absoibed dose in a specific material and the
type of material is usualhly denoted by a suffix. For example, o Rad (5i) is 100 ergs
of energy absorbed in one gram of silicon. Other cor‘nmon unils are roentgen (R),
and ergs. g-](C). In magnitude these units are fairly close. Conversions factors
are listed below: -

- 1 Rad(Si) = 1.1 roentgen = 96.4'ergs'g ©)

1 roenféen = 0.91 Rads(Si) = 87.7 ergs .g'_l(C)
100 erg’s.g-](C) = 1.037 Rads(5i) = 1.141 roentgens

For purposes of this report, since the objective is to establish approximate
thresholds and relative sénsitivities ravher than absolute dosimetry, these units have

been converted directly.

Porticulate radiation such as electrons, protons, and neutrons are commonly
expressed in fluence, or particles per centimeter square. Neutrons are also frequen-
tly expressed in nvt where n is neutrons per unit volume, v is velocity ond t is time.
This term hos units of neutrons per centimeter square with the velocity expressing
energf spectra. For this report, since only one fission energy spectrum from the RTG
is involved, neutrons are expressed in fluence and the energy spectrum is understood to

be o fission spactrum,

The effects of nu;:lecr radiation on electronic materials con be grouped
essentially into two types: .

) Displaeemer;t effects,

(2) lonization effects.
Displacement effects are the result of collisions between incident rodioti;:n particles

and atomic nuclei of the material being bombarded. Displacement in a crystal

10
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lattice leaves a hole or vocc%ncy in the lattice at the original site of the disploced
otom. The disploced otom, in turn, comes to rest in some interstiticl position in
the lottica. These vacancy interstitial pairs, commonly called Frenke! defects,
ccuse disruptions in the potentiol energy within the lattice cresting new alI:owcble
electron energy levels in the forbidden band gap. In semiconductors, the new
erergy levels then act os recombination and generation sites and thus in an indivi-
dual sense may act in the same monner as an impurity (dBlpant) atom. However, it
has been observed thot the net effect of displacements insilicon i is very different
from the controlled effect of danor ond/er acceptors intreduced for doping purposes.
For instance, donor and/or. acceptor levels increase the conductivity of the intrinsic
c.rystol, whereas rediation~induced vacancy-interstitial pairs usually decrease the

conductivity.

The introduction of vocancy-interstitial p;ﬁrs, associated with the generation
of new alectron energy levels in the forbidden band gap, has an effect on ciucnﬁties
like electric ond thermal conductivity, carrier mobility, and, especially, minority
corrier lifetime. The most important changes for most purpases ore the changes in

!

conductivity and minority carrier lifetime.

Changes in corducitivity are usuclly referred to as a process called “carrier
removal” and implies that majority carriers ore removed and that the conductivity

decrecses. The decreose in conductivity occurs in both n- and p~type silicon.

Possibly the most imporfant effect of displacement domage is the enhance-
ment of recombination between conduction electrons and valence holes. Thus,
vacancy~interstitial poirs con be thought of os trapping centers for minority carriers,

leading to increased recombination with majority carrien.

An importont questiou Is what type of nuclear radiotion gives rise to dis-
plocement domage. In order to disploce an otom from ity lattice site the bombarding
particle must impart sufficient energy to the struck nucleus to overcome the dis-
placement threshold volue of the lattice. Since the energy transfer between the

radiation particle and the nucleus is o function of their respective masses, the

1}
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heoavier radiation particles ore more capable of displacement production than the
lighter particles. The relative effectiveness of various particle nypes for producing

displocement in silicon hove been determined Ref. 3. 1) are are presented in Table
3. | : '

The effectiveness of a given particle type to cause displacements is also
a function of the particle energy. Figures 3.2, 3.3 q}\d 3.4 illustrate this for pro-
tors, electrons, and neutrons. As shown in Figure 3.2 protons become more effective
for causing displacement damage with decrecsing energy. This foct hos special sig=
nificance when dssigniné shlelding for spacecraft. This significonce will be dis-
cfxssed further in the following paragrophs.

When considering the effect of radiotion on electronic companents, one
should consider the effect of shielding which moy be inherent in the device pockoging
or spacecraft structural moterials, The range of protons and elgctrons in aluminum
is shown by the graphs in Figures 3.5 and 3.4, For shielding thicknesses that do not
completely stop the rodiéﬁon particles, the transmiﬁe'ﬂ parﬂclles emerge with re~
duced energy. In the case of protons, the reduction in energy increases the

efficiency for causing displacements.

lonization effects occur when rodiation passes through matter and interacts
with atomic electrons within the material imparting sufficient energy to free the
elactrons from their atomic orbits, “While it mightseem that only electrons, protons,
and other charged particles can cause ionizotion, gamma and x-rays ore quite
effective in producing ionization and excitotion; that, is the generation of electron-
hole pairs. When a gamma photon trovels throuqh moéter, it generates photo elec-
trans and compton electrons. In generation of phato electrons, alt of the energy
of the photon is lost, while in the compton proc;ss the ;:hoton ilmparts only part of
its energy to the scattered electron and reoppears as c£ lower energy photon. The
compton scattered electrons, depending on the incident photon ;nérgy, generally
receive sufficient energy to cause further "secondary" ionization along their path
or even disploce atoms creating Frenkel defects along thelr poth. Thus, photons

although they have zero mass, if sufficiently energetic can cause displacement

12
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Figure 3.4 Normalized Average Neutron Displocement

" Damoge Constant, K (Ref. 3.23)
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demage through secondary collisions betwaen compton scattered electrons and nuciei.

The ionization process tends fo raise the conductivity of insulating materials
through the creation of electron-hole pairs in the irrodiated moterials. For pulsed,
high intersity fields ionization induced currents become important; however, for
low intersity steady-state fields such os thase encountered in space vehicles the
problem is less severe. , ‘

Further, ionization energy may ac* as ¢ catalyst'to ccuse chemical changes
or molecular restructuring within mcterials. Also, in come cases, o net positive
or negative charge may be left in the irrodicted materials. in semiconductors,
these changes usually manifest themselves at the surface of the material or within

the oxide passivation layers.of the silicon surfaces.

These general considerations of raciation effects and interactions should
prepare the reader for the discussion of specific effects on electronic parts in sub-

. \
sequent sections.

3.2 References

3.21  Brown, R.R., Sivo, L.L., and Kells, K., “Rediation induced Nonlineor
Degradation of Transistor Gain", NASA Contract NAS5-10443, Boeing
Document D2-125680-3, October, 1969.

3.22 Brown, R.R, and Horne, W. E., "Space Radiation Equivalence for Effects on

Transistors”, NASA Contract NAS5-9578, Final Report, November, 1966.

3.23 Messenger, G.C.,"Radiation Effects on Microcircuits”", IEEE Transactions
on Nucl. Science, Vol. NS-13, No. 6, Dacember, 1966

3.24 Rich, Morvin, and Madey, Richard, "Range - Energy Tables", U. S.: Atomic
Energy Commission, UCRL-2301.

3.25 Nelms, AnnT,, “Energy Loss and Range of Electrons and Positrons”,
Notional Bureau of Stundards Circular 577, July 26, 1956,
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4,0 BIPOLAR TRANSISTORS
4,10 Permanent Parometer Degrodation

Bipolar transistors are one of the more rodiation sensitive electronic compo-
nents. In general, when transistors are irradiated, their current gain, hFE,/decreoses
1 . ,
while junction leakage currents, safuration voltage, VéE(sat)' and breakdown vol -

tege BVCBO' all increase.

For passivated silicon transistors, the degradation of current gain is genercliy

the most important effect. -
4.11  Neutron Effects

Neutrons reduce tr;:r,sistor current gain primarily by two mechanisms, (1) the
reduction of minority carrier lifetime in the bose region and (2) the increasé of
recombination-generation currents in the emiiter-base space charge region. Typical-
ly, for currents above a few milliomperes, the minarity carrier {ifetime effects in
the base region are dominant. These effects have been observed to be proportional

to the neutron fluence as expressed by equation 4. 1.

h i ' " (Eq. 4. 1)
FE = q. 4.
T+ hFEo ’b K® :

Initial current gain

3
L}

FE,
o= Average base transit time
K = Damage factor dependent on device parameters. . K is
also a function of emitter current, neutron energy, and
device temperature.
® = Neutron fluence, n/cn12.

For first order damage evaluation, a number of simplifying assumptions con be made.
Fora given fission spectrum, -such as that for radioisotope thermoelectric generators,
RTG's, K con be considered a constant with respect to energy. Further, if one

|

FEV® 'c
peak, then on estimate of neutron damage can be made from the nomograph.in

assumes a temperature of 25° C and that the device is operating neor its h

18
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Figures 4. 1 ond 4. 2. 1t is noted here that the cutoff frequency, faco, can be re-~

lated to the base tronsit time by equation 4. 2 ot high currents.

~ 1
foco e (Eq. 4.2)

1

In order to use the nomographs, one first oligns o straight edge so that it passes
through the frequency and initiol goin, hF . as shown on the nemographs as Step 1.
One than starts ot the intersection of Step 1 with the pivet line and places the
straight edge through the neutron flusnce of interest; os shown in Step 2, the inter-

section of the straight edge with the hFE scole then indicotes the final gain,

The above technique is only a first order estimate. If one is interested in
o more accurate prediction, ¢ detoiled method which is the subject of a document
by Frank and Toulbee (Ref. 4.71) con be used. Their methed is not reproduced here
because of its length. For applications thot are particularly critical, if o device
that is marginel by the above estimotes must be used, ectual radiation dota should
be obtained on a fairly large sample of the transistors in question.

Leckage currents are not so amenable to prediction since they are strongly
influenced by surface effects. If the neutron fluence to ionization dose ratio is
> 108 then the surface leckage current increases con (to o first approximation) be
ignored and the leakage current predicted in the monner specified by Frank and
Taulbee (Ref. 4.71), however, it should be noted that for an environment such as
TOPS the ionization dose is enhanced by charged particle radiation. For this reason,
leokoge currents ore not amenable to prediction for the TOPS environment and the
rather deteiled prediction technique is not included in this summary.

Soturotion voltage, VC E(sot) increases due to gain reduction which tends
to pull the transistor out of saturation ond due to increases in the collecter resistance.
The complexity of parometers influencing VCE(” 9 maoke it unpredictable at the

present time.
4,12 Proton Effects

Proton effects include not only displacement damoge somewhat similar to

19
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neutrons, but, since protons are also heavily ionizing, significant surface domage

cen result which is not as readily predictable.

Bulk displacement damoge due to protons can be estimated using the nomo-
groph in Figure 4.3. It ;ﬁbuld be noted that this nom;:gmph assumes the transistor
to be operating near its KFE vs. 'C peak at cbout 25°C. To use the nomograph,
place o straight edge through the frequency ond initial gain of the device os shown
in Step 1, then pass the siraight edge through the intersection of Step 1, with the
pivot line and through the neutron fluence of interest.” The intersection of Step 2,
with the hFE scale thus indicates the final gain, If more thaon o factor of 2 or 3
accuracy is required, one should use the detailed domage prediction technique re-

ferred to in Ref. 4.71 for neutrons; however, the domage constant should be con-

verted to the equivolent proton damage constants as shown below:

8 - 17 MeV protens

100 MeV p;'otons
where K = domage constant

Kpmttm = 33 Kneutron

Koroton = 8 Kneutron

- in addition to the displacement domage due to protons, one also has an

ionization dose which can be calculated approximately by

Dose - 5‘x 10-7 rads / (8~17 MeV on silicon chip) Protons/cmz
Dose — Tx )0-7 rads/ {100 MeV on silicon chip) Profons/cm2

lonization effects on current gain ore dependent on the operaring conditions of the
tronsistor during irradiation. There have been some ébservctions (Ref. 4.73) indi-
cating that proton irradiation causes anomalously high demage in NPN transistors

in comparison to an equivalent ionization dose incurred from electron or gammo
radiation. These effects should be more fully investigated. Due to the observed
anomolies described above, it is not practical to make estimates of proton ioniza-
tion domage in NPN transistors ot the present time. ﬂowever, estimates of ioniza-
tion induced éain, degradation in PNP' transistors can'b; made on the basis of absorbed

dose (see gamma effects, Section 4. 13).

Further, the relative amount of ionization to displacements due to protons,

moke leakage current prédictions unfeasible. However, for passivated silicon

22
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devices, leakage current changes ore generally unimportont compared to gain changes.
Figures 4. 4 ond 4. 5 show typical leakage current chénges os o function of pl:oton

fluence,

4.13 Gomma Effects

-

Gammo rays produce both ionization and atomic displacements in silicon,
however, their effectiveness for producing displacemants is low compared to that of
particutale radiation, scéch as neutrons and protons. The most significan? effect for
gomma irrodiation in transistors is, therefore, ionization effects (the only exception

being low frequency power devices) below exposure doses of about ‘06 rads(Si).

Although the exact mechanisms by which ionization offects transistor sur-
faces is not well understood, the effects have been well characterized ond several
models proposed to describe them. The present consensus seems to be that there are
two basic ways in which ienization influences current gain, (1) ionization produces
recombinarion sites and trapping centers at the intécfoce of the silicon ond silicon
dioxide passivation laye'rj., The mechanisms by which these states are ;\)roduced are
not well understood at this time; although it has recenty been postulated that they
may be causecj by devitrification, or compaction, of ;he 5302 loyer (4.74), (2)
ionizing radiation ionizes the gas in the transistor can and the material in the silicon
dioxide passivation loyer-on the device surface. Asa result, positive charge accumu-
lates within and on the surface of the oxide layer of the transistor. These positive
chorges then cause changes in surface potential ot the silicon surface, thus offecting

1

the surface recombination characteristies.

If an electrical bias is applied to the transistor during irradiation, then the
charge accumulation is influenced. For NPN devices, the charge accumulation is
influenced in such o way cs to enhance gain degradoﬁ\‘on. It has been observed,
(Ref, 4.73), that evacuating the tronsistor cons greetly reduces (if not eliminates)

the bias dependence of surface ionizotion damage.

Since ionizotion damage Is ¢ surface effect, ond is dependent on transistor
operating conditions during irradiation, it is not passible at this time to make accur-

ate predictions of the damege. However, from the observations of data on many
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devices, the nomegraph in Figure 4.6 hos been made to givé an indication of typical

effects of ionizing radiction on transistor gain. CAUTION -  This should not be

construed as a damage prediction, it is only o ballpark estimate and for NPN tran-

sistors is applicable only for these devices without bias applied during exposure.

The nemograph in Figure 4.7 provides an estimate of displacement effects
of gamma radiation on transistors. The nomograph ossumes the device to be oper-

ating near its hFE vs, C peak at ~ 25°C,

The effects of gcmma radiation on leakage current are unpredlctable. In
general, for passivated silicon devices, the leakage current changes are nof as
important as the gain changes; howaver, there are some devices that form surface
channels and leakage becomes excessive. There is no well-proven method for de-
tecting channel -prone deviées, although a technigue involving avalanche noise
measurements has been proposed (Ref. 4.75). This technique will be discussed in o

lafer section.
4.14 Electron Effects

Electron effects are very similar to gamma effects except that electrons are
more effective for producing displacemenrs than gamma rays. Figure 4.8 shows a
nomoagraph for estimating e|9ctron displacement damage, The nomograph is based on

& device operating near its hFE vs. IC peak at ~ 25°C. !

The nomograph shown in Figure 4.6 can be used to make "Iball park" estimates
of typical goin degradation due to ionization effects of the electrons if the electron
fluence is converted to an equivalent ionization dose usi;\g stopping powers. Note
this is not o prediction technique and the text discussion of Figure 4.6 should be

read before using the nomograph.

4.20 Temporary Parameter Drift

For long-term steady-state radistion effects, there is no evidence in the
literature that parameters show drift other than the normal degradation already dis-
cussed. However, ionization damage does show some long-term annecling that
usl:olly occurs aver several weeks ot room temperature. For this reason, it has been
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suggested that ionization domage in low intensity ionizing environments may reach
an equilibrium state where production rote Fquals annecling rote; howevér, there is
no positive data to substantiate this. Furthermore, elevated femperafure'(i.e. ’ SOOC)
can accelerate surface da:mage recovery. Thus, circuits that are periodically exposed

to radiation and operate above 25°C may show considerable drift in gain.

4.30 Paorameter Degradation Factors

Due to the many different types of transistors, it is not practical to give gen-
erally cpplicable degtodéﬂon foctors for parometers ui this poinr, After o device is
selected, its specific derating foctors should be determined from the estimation tech~-
niques outlined in the p."e_ceding sections, The -pc:rometers that should be derated are

h olthough no specific estimating techniques are known for

re 'csor O™ Ver(sary

Vc EGsat) for ionization induced | CBO chan_ges. Forfunafel_x, these parometers

ore not usually as significantly degraded as hFE'

Data from the literature for specific devices on the TOPS parts list have

been collected and are shown in the Appendix 4. A,
In generol, damage thresholds for different categories are shown in Table 4. 1.

Table 4.1 General Radiation Damage Thresholds For Bipolar Transistors

Transistor Radiation Type General Domage
Category Threshold
oot 10 N 2
Low Frequency Fission neutrons 107" t0 10 " n/em
Power 8-17 MeV Protons 5x ]OS to 5 x ]09 P/sz
Gomma Rays 104 to 103 rads(Si)

Med. frequency
50 MHz < foco
< 150 MKz

High frequency

Fission neutrons

8-17 MeV Protons '

Gamma Rays

Fission neutrons
8-17 MeV Protons
Gamma Rays

101246 1013 n/cm?
5% 10° to 5 x 1010 P/cm?2
. 10% to 10° rads(Si)

“1013 10 !0]4 n/cm2
5x 101040 5% 1011 p/cm?
104 to 107 rods(Si)
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4.40 Radiation Hardening .

Bipolar tronsistors can be hardened against rediation damage by: (1) keeping
] K
their effective base width as thin as possible, (2) designing them to operate near
their hFE vs. lC

placing metallization on the oxide over the emiiter base junction, (5) maintoining

peak, (3) keeping their emitter periphery os small as possible, (4)

strict quolity control over manufacturing processes to insure uniform surfaces, (6)

evocuating the tronsistor cases, and (7) utilizing PNP construction.

Keeping the batewidth thin reduces displacement effects on hFE' Operating
near the hFE v§. ‘C peck reduces displacement effects and minimizes ionization
effects, l

Maier, (Ref. 4.75), hos found thet ionizotion effects on hFE con be reduced
by keeping the emitter-base periphery small and by placing metollizotion on the
oxide over the emitter base junction. Since devices show such varied responses to

surface damage, it is not p@ctical to estimote the amount of improvement this gives.

The role of manufacturing quality control on surface etfects is very impor-
tant. Although one cannot estimate quantitatively the improvement, it is generally
conceded that variotions in manufacturer's processes result in the wide variations in

transistor sensitivities ta surface effects.

Evacuating Fairchild 2N1613 cans has been observed (Ref. 4.73) to reduce

the bias dependence of surface damage, thus reducing the overall damage.

PNP devices have been found to be inherently harder to surface effects than

NPN devices. They show almost no bias dependence for surface damage.

4.50 Recommended Testing

All devices to be used should be characterized in statistical samples for

ionization effects. The dose ranges of interest aré 104 to 106 rads{Si).

The anomalies observed for proton ionization damoge (Ref. 4.73) os discussed

in Section 4. 12 should be investigated further. The parameters influenced are hFE
ond ’C’ The fluence range of interest is about 1013 ;‘a/c:m2 ot 20 MeV.

k)
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Studies should be made of combined environmental effects to insure against
synergistic aeffects and to determine how to evaluate total damage due to a mixed
environment by considering its separate components, i.e., neutron, proton, gamma,

and electrons.

4.60 Radiation Screenmg

Transistors to be used in o radiation environment should be screened by tran-
sit time or cutoff frequengy meosurements. Devices having abnormally low frequen-
cies (or large transit times) should be eliminated. This should provide optimum de-~

vices fer neutron and proton displacement domage resistance.

Several techmques hove been studied for ionization screening. Perhaps the
most theroughly studied techmque is one wherein the devices are irradiated in a
Co+40 gemma envnronment and then, ofter observing their relative radiation sensiti-

vities and el nmmahng the more sensitive devices, the.remaining devices are annealed

_ by baking at 150°¢. 1he damage anneols completely, and the devices tend to

retain their original radiation response charoctenshcs They have also been observed

(Ref. 4,76) to be able to fulfill mil spec lifetesting mqunrements after such a screen.

Another fechmque (Ref. 4.75) which has not been fully tested on modem
devices is the measurement of microplosma noise when o device is operating in the

avalenche breakdown mode. Noisy NPN devices were observed to be more radiation

‘resistant than quiet NPN-devices while quiet PNP devices were more radiation resis-

tant than noisy PNP units.

Further, considerable work (References 4.78, 4.79, 4.710, 4,711) has been
done 1o study the effectiveness of the Weibull probability distribution for predicting
radiation reliability and- selechng reliable device types. Th:s technique appears
very promising, but needs further study.
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4.A APPENDIX

4, 1A Rediation dota from literature for JPL TOPS transistors.
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1.4
L eN2222 UNIT | SYMBOL | INITIAL VALUES
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Figure 4.20A Tramsistor 282222 Neutron Dependence of b (Ref. 4.21A)
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107t
® Passive
Vc = 20V During Irradiation
Ic L] 001 ®a
1072 |
Al h; )
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4
G
J
1074 J ]
10° 10" 10° 10°
Co - b0 Radiation Exposure, Rada(Si)
Figure 4,22  Ionization Damage in Fairchild 2Nogk6 Transistors

at Vc - 20V, Ic s 1,0 ma Measurement Condition.

(Ref. 4.24A)
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@ Passive
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O
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Figure 4,23A lonization Damage in Fairchild 2N2946 Transistors
at Vc = 20V, Ic = 10 ma Measurement Condition. (Ref. 4.24A)
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Figure 4.20A.Transistor 2N3251 Neutron Dependence of e (Ref. 4.214)




D2-126203-3

5.0 JUNCTION FIELD EFFECT TRANSISTORS

5.10 Permanent Parameter Degrodation

Presently availoble junction field effect transistors, JFETs, are comparable
to high frequency (foCO > 150 MHZ) bipolar transistors in radiation sensitivity;
however, recent studies have shown that, ot least for displacement effects, they

can possibly be made much horder.

For displacement domage, the transconductance, 9, the drain to source

current, | 0SS and the pinch off voitages, VP' are the sensitive pan]:g:efers.z Nor-
mally the devices show little degradation at fluences of the order 10~ n/ecm”, but
show excessive damoge between IOM and ]015 n/cmz. However, recent experi-
menters (Reference 5.71, 5.72) have fabricated specicl heavily doped devices which

16

are able to withstand from 10'5 to 10 n/cmz. It has also been observed thot n-

channel devices are more resistant to displacement damoge than p~channel devices.

For ionization damage, the gate to source leakage current, | GS is the
most sensitive parameter and it usually increases very ropidly beyond 10° rads. 1t
has been observed (Reference 5.73) that p-channel JFET s are more resistant to

ionizing rodiction than n-channel units.

These observations indicate that a design tradeoff must be made in choosing
n-channel or p-channel devices for radiation resistance after considering the en-

vironment to be encountered.
5.1 Neutron Effects

The predominant basic mechanism resulting from neutron exposure is the
production of atomic displacements. Since JFET s are majority carrier devices, the
most important effect of the displacements on device operotion is carrier removal in
the channel region. Shedd et ol (Reference 5.72) have summarized the theory of
permanent effects of neutrons in JFET s and presented the relation in equation 5.1

to express the degradation: Qm( )
-—-—9 = exp (- -%-) (eq. 5. ‘)

Mo
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9 (®) = tronsconductance ot fluence & ‘
9y, = initiol transconductance )
o
® = fluence, n/cm N
K = KP = 398 Pg' 77 for a p~channel
K = K = 98BN"B2 for o n-channel
Pa
Initial carrier concentrations
N,

The important point to obseg:ve here is that theory predicts n-channel devices to be
harder than p-channel devices. The full development of the theory is not presented
here; however, it appears to be in good agreement with empirical observations. It
shauld be noted, though, fhc;t the above relations have not been verified sufficiently
on o stetistical basis. Therefore, for the present, the relation should not be regarded

ot more than o semiquantitative estimate of neutron degradation.

Empirical thresholds have been established for neutron damage in presently
ovailable JFET s and it is found that they ore generally able to withstend fluences
of the order 1013 n/cm2 with very little degradotion but show significant effects ot
IOM n/‘:m2 and are completely destroyed at 10‘5 n/cmz.

Further, some rate dependence has been mport;ed (Reference 5.74) in the
pinch off voltage, V,, bur the dependence appears to be significant only at rates
greater than 3 x 10 0 n/c?rnz-sec plus  1x 106 rads/hr (mixed environment). From
the data it was not clear w?\erher the rate dependence was due to the gamma field or

the neutron field.

5.12 Proton Effects

t

3

Protons cause both displacement damage. and’ ionization damege. Therefore,

one would expect them to produce changes in g, 'GS’ and V_. Unfortunately, the

P'
only article iocated (Reference 5.75) dealing with proton effects did not report the

effects of proton damage on 'GS‘ It is interesting to note that Vp showed degradation
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ot a fluence two orders of magnitude less than 8 OF lDSS' This early cnange in VP
probably reflects proton ionization effects. Protons have been observed to cause
significant damoge to g, and Ipgg in JFETs. Generolly, the parameters g, and

'DSS were degraded 30 percent by o fluence of )0‘2 - )0‘3 F’/cm2 (22 MeV).

A model was proposed for the degradation based on carrier removal in the

channel region. The model yielded equation 5.2 and 5.3

= 2
lDSS - ‘Dsso (‘ + 7.) . (eq. 5. 2)
tmo = Omo (1+7®) ‘ (eq. 5.3)
lpss, = initiel g
9mo = O Of zero gate voltoge
mo = initial g,
° 2
& = proton fluence, P/em

Y = constant dependent on Initial carrier concentration,

N, . and initiol carrier removal rate, (AN/d@ ),

1
as expressed Y= m
(<] o

The constant y shows considerably variation between device types due to impurities
in the materials. Examples of the variations observed in y are shown in the equations
5.4 and 5. 5 presented by Bryant (Reference 5.785) fer two type s of devices.

-13

Type 2N3070 g /o = (1.0-0.148x 107" @) (eq. 5.4)
(<]

0.986(1.0 - 0.737 x 10”'%®) (eq. 5.5)

1

Type 2N2844 g c’/gm‘,"

It should be nated that proton damage could probably be described by the neutron
theory discussed in Secticn 5. 11 which is not restricted to the condition of zero gate

voltage as are the above relations.
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5.13 Gamma Damage ‘ "

j

Gamma radiation produces primarily ionization domoge. Since semicon-
ductor surfaces are altered by ionizing radiation, one would expect leakage cur-
rents to be the most sensitive JFET parameters to ionization damage.f These expec-
totions have been verified by experiment for both gamma and electron radiation
{electrons cause heavy ionization). The gate leckage cur‘g‘enr, | GS".- is the parameter
mast affected. N-channel devices have been found more sensitive to ionization
effects than p-channel devicés‘. Stanley (Reference 5.73) hos attributed this to the
build-up of inversian layers on the high resistivity p-type material of the n-channel
devices due to charge accumulation in the oxide passivation loyer, These inversion
layers couse channel formation over the junctions and, hénce, ieakage paths. The
charge accumulation in the oxide of p-channel devices is less effeétive ot inverting
the low resistivity p~type silicon source and drain of the p-channel JFETs. For this
reoson, they ore less subject to chonnel formaticn. As has been observed before,
for similar oxide charge accumulation effects in bipolor and MOS devices, the | GS
chenges are bios dependent a'r.xd, if the bias is removed, show cansir;lembie annealing.

The surface effects are not readily predictable, but o general threshold for
damage has been observed to be about ]06 rads(Si). Above 106 rad(Si), the leakage
current degrades very mpidly. For applications re;;uiringlihigh input impedance, the

threshald should be lowered to about 105 rads(Si). ’ )

5.20 Parameter Drift

The dota indicate no significant parameter drift during irradiation other
than the long term degradation discussed cbove. An exception being the enhance-

ment of, and annealing of ionization domage by changing bias levels.

>

t

5.30 Parameter Degradation Factors

The extent of radiation degradation of various JFET parameters can be
assessed from the data shown in Figures 5. 1 through 5.6 and Tables 5.1 and 5.3

which are typical of the data located in this literature search, From the dato
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Table 5.1 Leakage Currents During Irradiation (Ref. 5.73)
Irradiation . 2
Conditions Leakage Current at Total Dose(e/cz")
Type Uait| Date Baas Inmtial] ;o2 108> | 1ot 1042
.V - . - v
n-chagne} 9/16/01,65- Gv ovbale® [4.1x107 |3.8x10%° (8. 2020
175 DS- +l2V
Gate Current
3l '0.11 nA} 0.3% nAl 28.8 nA| 5.2 A
2 0.10 nA| 0.48 nAl 15.7 nA! 3.8 A
3 = 0.16 nAl 0.63 nA| 11.€ nA{ 5.0 A| 9.9 A
4 0.28 nAl 0.80 nA| 11.5 nA! 6.0 A
5 0.29 nAj 0.75 rA| 1.9 nA[760 Al .
6 0.26 nA] 0.80 nA] 3.2 nA! 2.46 A S.9 A
7 0.35 nA] 1,10 nA! 2.3 nA;562 nA} 4.4 A
8 0.32 nA| 0.90 aA] 2.3 nA{920 na| 5.5 A
PROTONS
1.0 Q -
.9 2N28kk:
Normalized
* Zaro-Gate .8
Transconductance,
&, (&,0%0 .7
.6
2 F Nz
1 ' [
0 1.0 2.0 3.0 3.5x0%

’ Integrated Flux, li’rott.'ms.cw2

Figure 5.5 Normalized Zero-Gate Transconductance as a Function of
22-¥eV Proton Flux. (Ref. 5.75)
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Figure 5.6 Normalized Zero-Gate Voltage Drain Gurrent
a3 & Function of 22-MeV Proton Fluence for
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Toble 5.2 2N4448 N-Chonnel JFET (Ref. 5.76)

DOSE IN RADS (SI) .
UNIT a P s
PARAMETER NO.| o 10 10 10 8.3x | 3.7x
(ohms) 2 1.0 {I1L5 L3 [ 3 |7 e
Vgs= OV 3 8.4 | 8.7 | 86 8.8 9.0 9.1
&
Vpg=-1V 4 0.0 {10.0 |10.0 | 10.0 | 10.0 10,1
VDS(ON) I 105 | .108 |.109 [.108 |.1w09 |.n2
(volts) 2 SRR TR T 20 N A < T R & S B | .16
Vgs = OV 3 .084 | 087 |.086 | .088 |.0% | .094
&
igg = 10me 4 100 |.100 |.100 | .00 |.100 |.101
!DS(OFF) ] <1 <1 1.§ 300 570 1100
(na) 2 < <1 {62 | 360 97 270
Vgs=-10V | 3 < 3 1.0 3.0 17 26
&
Vps = 5V 4 < Q0.6 1.8 10 16
Vp ' |87 |87 |-87 |90 |-87 |-87
(volts) 2 4.6 | -4.6 | 4.6 |-4.9 |-46 | -a6
VDS = SV 3 -5- 2 '5. 2 .5. 2 -5. 4 -5' 2 ’5- ]
&
Ipg=3pe | 4 -2.8 | -28 | -28 |[-3.2 -2.8 -2.8
IGss 1 <.l | .17 | 2.8 % . | 1000 | 2700
(na) 2 f<.3 | .85 6 - |-8 " | 240 950
Vs <15V 3 <1 90 | L5 |61 36 53
VDS=0V 4 < .] [ . 19 .70 4.0 ]8 29
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ovailable in the literature, the general degrcdation factors (amount parameters are
expected to degrade) presented in Table 5.4 are estimated. The degrodation factors

are defined os the percentage change expected in the parameter of interest.

5.40 Radiction Hardening

Recent studies (References 5.71, 5.72) have shown that JFET s can be
mode considerably harder than presently available devices by increasing the chon-
nel doping level. Techniques have also been develooed in tnese studies to cffset

the deleterious effects of heavy doping in the chonnel region en breakdown voltage.

These hardening procedures are effective against displacement damage (neutron, proton)

only, however.

I* hos alse been observed that n-chonnel devices are harder than p-channel
Jnits to aisplacement damoge; however, n-channel devices are more susceptible to
ionization damage than p-channe! units. Thus, it can be seen that a choice must be
made by the parts engineer depending on the displacement to ionization ratio of the

environment in question.

5.50 Rediation Testing

It is recommenaed that JFET s be tested further in proton environments with
more empnasis placed on observing the ionizing effects of pretons on | ¢ lDSS’ and
Vo. it is further recommended that any specific JFET type to be used in o radiation
environment be characterized (on a statistical sample) in the environment in ques-

tion.

5.60 Radiation Screening

At present there are no screening techniques for JFETs. Lockheed (Ref-
erence 5.74) os presented in Figure 5.4, has shown that the Weibull probability

distribution may be useful in determining general component reliobility.
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Toble 5.4 Degradation Factors for JFET&

[ .

Radiation Parameter Fluence Degrodation | Fluence Degradation
Type { Factor Factor
Neutrons | g 1014 r;/cm2 -10 percent 10]5 n/cm2 -80 ;;ercenf
(fission; lDSS 10]4 n/c:lln2 -25 percent IO"S m/<:m2 -90 percent

Vp IOM m/t:m2 -25 percent 1015 n/<:m2 —
Protons | g 10'3 P/<:m2 -15 percent {3 x 1013p/cm2 =50 percent
(22 MeV) iDSS 10,3 p/cm2 -20 percent 8 x' 1013p/cm2 ~55 percent
Vp S5x lf)wp/s:m2 +100 percent ¥4 x !Onp cm2 +400 percent
Electrons lGS 10]2: e/o:rﬂ2 +300 percent 10]3 e/cmz +4000 percent
(1.5 MeV)
y Gemme 5 6
Rediation| | 107 rads(Si) +250 percent {107 rads(Si) |approaching
DSS
(Co-60 pamps
Vp 105 rads(Si) 0 percent 106 rads(Si)
| GS 10° rads(St) >2800 percen iOé rads{Si) |approaching
- pomps
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6.0 INSULATED GATE FIELD EFFECT TRANSISTORS
6.1 Permunenthqmmete( Degradation

At the present state of the art, ionization damage is the most important
degradation mechanism in metal -oxide-semiconductor field effect frg‘msiston;,s,
MOSFET's. Although displacement damage can be present, the devices' sensitivity
to ionization effects in the oxide, in particular, generally make the displacement

effects only of secandary importance.

The parameter most sensitive to radiation is the gote threshold voltage,
VGT' For present, o:f-rhe~fielf units, VGT often ?hifts)s‘evemi volts for rodiation
exposures between 10" and 107 rads(Si). The extent of degrodation is a function of
applied gote bios during irradiation. The proposed mechanisms for radiation degra-
action of VGT are: (1) the accumulation of tropped Fhargg within the oxide insufa-

tion layer, (2) the introduction of surface states ot the oxide silicon interface.

. As is the case with surface effects in transistors, MOSFET. damage’ is not
reo;;!ily predictable ot the present state of the art. Many studies have shown the
damoge to be highly dependent on processing techniques during manufocture and
sev;ml processes (which will be discussed in Section 6. 40) have pro:ved promising for
hardening MOSFET's in the {abomtory, but these techniques have not generally
reached commercial products yet, The best approach fort estimating domoge, ot
present, is to obtain actual date on a foirly large sc;mple of devices. in general,
for devices from identical production processes the rodiation response is quite simiigr.
For devices from the same lot but different chips the spread becomes greater; and for
different lots from the same fwoducﬁon line the spread in ‘response is ogain increased.

The extent of the different r;spomes will be discussed in ¢ later section.

Since the effects of radiation on MOSFET devices can be ;:Imost entirely
due to ?onizafigm, !t is not ﬁcﬂ?culog[y valuable to c?‘i]?cu'ss each ';:::rticle type
seporately. Rather, it is shown in Figure 6. 1 that if particle fluences are converted
to ionization dose (rads) using stopping power tables* reasonoble agreement can be

established for damage from the different porticle types.

*Neutron dose was converted on the basis of accompanying gamma dose reported
for the reactor type used and the ionization energy depasition by the neutrons.
9
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6.2 Temporary Paremeter Drifts

Although some rather long term onnecling is observed for MOSFETS, the
damage is usually considered permanent at room temperature. Therefore, the drifts
consist of normal degradation as discussed in the previous section. The degradation
does have a tendency to reach o saturation level at high exposures ( > 106 rads).

This phenomenon is particularly true for biased units under rodiction. Holmes-Siedle
(Ref. 4.74) hes observed that alternately biesing and unbiosing the devices during
irradiction can cause the gate threshold voltage ta oscillate as itlustrated in Figure
4.2, He observed that the oscillations were bounded by the degradation curves of
aevices having no gate bias during irrodiation and devices having o gate bies equol
to the peak value of the cycled bias. He further observed that o device that is
cycled on and off during irradiation with, for example, a squore wave wili experi-
ence a degradation curve gt some median point between the zero bias condition and
the maximum bias level that is proportional to the duty cycle. For example, if the
bios alterated from zero to nine volts with o SO percent duty cycle, the degradation

curve would approximate that for a continuous bias of 4. 5 valts.

é.3 Parcmeter Degradation Factors

Due to the heavy dependence on operating conditions, it is not pracrical
to try to tabulate damage factors for MOS devices. Rather, typical degradation
data is shown in Figures 6.3 through 6. 12. Figure 6.3 shows typical bias depen-

dence of the degradation.

Figure 4. 4 shows the spread of radiation degradation curves for ten types of
P-channel MOS trarsistor types irradiated with gammeo roys. Figure 6.5 shows the
spread in responses for devices irradiated with 22 MeV protons. Figures 6.6 through
6. 11 show various degradation curves for Co-60, electron, and proton rodiation.
Figures 6. 12 and 6. 13 show the effect of on altemating bies during irradiation.

As noted earlier, for such cases the bias dependence of the degradation seems to fall
nerween that of zero bias and the peck of the altemating bias. The mean degrada-

*ion curve is proportional to the duty cycle of the elternating bigs.
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Figure 6.2 Threshold-Voltoge Shift of TA5351 IC, Somple No. 3,
P-Channel Cycled Over Long Time Intervals. (Ref. 6.74)

6.4 Radiation Hordening

Experimenters have found several fabrication techniques thot seem ro in-
crease the radiation resistance of insuloted gate devices. The results of many of

these rechniques are summarized in Figures 6. 14 through 6. 19.

It oppears that the presence of phosphorous in the insulator tends to harden
devices considerably. it is not fully understood why this is true. It is thought that
the phosphorous may act as a getter for impurities in the oxide that may contribute

to the charge trapping in the oxide.

It has also been found (Ref. 6.77) that the introduction of chromium into
the silicon dioxide can reduce the formation of interface states between the oxide
and silicon interface. This is exploined by the fact thot silicon dioxide alone under
ienizing radiation tends to devitrify and undergo compaction or negative dilation.
The contraction of the oxide porallel to the silicon interfoce breaks bonds between
the two loyers and the unsaturated silicon bonds couse the interface states, Thus,
Hughes (Ref. 4.77) proposes that o composite structure utilizing o dielectric of
silicon nitride and a chromium doped silicon dioxide moy lead to @ radiation resis-

tant device.
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Figure 6.16

Change in V_, as a
Function of*Co-60
Dose (vG = +20 V)

(Ref. 6,76)

Figure €.17

Change an VT as a Function
of Co~60 Dose (Vg = -20V)
{Ref. 6.76)

Figure 6,18

Change in ‘I,r as a

, Function of Bare

Reactor Exposure (Ref.

" 6.76)
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Another interesting technique is the use of o thin oxide layer over the
silicon followed by a nitride loyer under the gote metal. Figure 6. 19 shows the
effect of thickness of the oxide layer on the radiation response. The author (Ref.
6.78) comments thot it appears that charge is trapped ot the oxide-nitride interface
and that the amount of chorge is a function of the oxide thickness. The MNOS
structures can withstend 106 rads exposure. This process dees, however, tend to
make the deviees less temparature-voltage stable. The devices having 125 angstrom
oxide layers were found usable between =40 to +35 volts gate bios. A feel for
the relative state of the ort in hardened MOS can be obtained by the following
example: A production process which yielded hardened devices was reported by
Long (Ref. 6.78). Later an attempt was made to reproduce the process and devices
from both the original "hard" process and the second duplicate process were com-
pared ot The Boeing Labaratory (6.79). The second process yielded harder devices
than other commerciol processes, but did not produce rhe same degree of resistance

os the originol process. The results of the comparison are shown in Figure 6.20.

6.5 Recommended Testing

If @ MOSFET device is to be used, it is recommended that a representative

sample be given qualification testing to fully choracterize its rediarion response.

6.6 Screening

At the present time, (as for the case of surface effects in bipolar devices),
there is no known technique for screening out hard, or soft, MOSFET's. The only

procedure seemingly is to characterize the port type statisticolly.
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7.0 UNIJUNCTION TRANSISTORS

7.1 Permanent Parameter Degradation

The negative resistance characteristic of the unijunction tronsistor depends
on rthe conductivity modulation of o moderately high resistivity silicon bar by means
of injected minority carriers from tha rectifying emitter contact. It is, therefore,
kighly sensitive to radiation induced changes in minority corrier lifetime ond resis-
tivity. Figure 7.1 shows o typical unijunction characteristic. Failure is brought

aoout by increasing Valley voltage, V, , decreasing valley curient, l,, and de-

creasing peak point voltage, VP'

EMTTER
VOLTAGE
Vg
¢  MEGATIVE
- r RESISTANCE ole- QATURATIGN ~—~~-
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Figure 7.1 Static Emitter Characteristic Curve Showing Importont
Parameters Ref, 7.71)

Failures are determined by the ratio of VP to V,, that can be tolerated by the circuit

=pplication. Catastrophic failure can be considered os the point where Vv = VP

2ns t~e negative resistonce characteristic no longer exists. Typical failure thresholds

cre listed in Toble 7.1
TABLE 7.1 Typical Rodiation Failure Thresholds (i.e. V = VP)

Gamma { 1 MeV)

>4 x 10° rad { Si)

Neutron (Fission) S x 10” Sx 10}2 n/'cm2

Proton (17 -~ 20 MeV) 1.0 x 1010-—-——- 1.0x 10” P/cm2
A .o .

Proven 1IC MeY/) TX W emm— T x L 5 gt
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7.1 Neutron Effects

The primary effects of neutrons are the reduction of minority carrier life-
time by displacement defects in the bulk silicon of the base one region. Ruwe,
(Reference 7.72) has developed an empirical equation for predicting neutron effects

on unijunction transistors of the form

!nR=(K]+K +Lp)lnI*K3/Lp ‘ (Eq. 7. 1)

2

= saturation resistonce of base 1 region

K

K K, = empirically determined constants

L
Lp = diffusion iength of holes in bose 1.

He assumed that changes in the diffusion length of base 1 material was the only
significant effect, He hoc; some degree of success in predicting failure points for
the specific devices (2N491) he studied; however, it is not clear that the equation
is generclly valid. Rather, it seems that the constants are dependent on device

geometry and would have to be evaluaied from test dato on each device of interest.

7.12 Peoton Effects

Protons should produce similar effects to those of neutrons with additional
ionization effects. As pointed out earlier for bipolar transistors, protons are more
effective than fission neutrons for causing displacement damage. One could apply
the eauivalence factors (Reference 7.73) 1 (8-17 MeV) Profons/cm> 5 33 n/cm?
and | (100 MeV) Pron:m/cm2 g 7 r\/cﬂ-»2 fo compare neutron and proton domage
thresholds but no doto exists as to the ienizing effects of protons on unijunction
tronsistors. Gommo radiation doto indicote {Reference 7. 73) that additional de-
creases in Vp may be incurred due to icnization effects. Also, if one uses the
neutron domage thresholds for comparison, he should be awore thot the estimate ig-

neres the ionization effects of protons.
7.13 Gomma Effects

Camma radiation will produce some displacement damage but it is much
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less effective than neutrons for displacement production. However, gamma radiation
can cause consideroble lonizatien. The effects of ienization on unijunction devices
would result primarily in 6n increase of surface feakage currents with some chonges
in V,, and Vp ot high dose :Ievels. Measel (Reference 7.73) has tested unijunction
devices in o cobalt-60 gamma environment and found them to survive with only small
changes of all parometers for doses of 4 x 10 rads(Si)., Flescher, (Reference 7. 74)
has found for 1.5 MeV electron radiation, which is highly ienizing, the peak vol-
tage, Vp, is the most senqi’!jve parcmetar as opposed to the Valle?r Voltage, V,,

for displacement damage. -

7.20 Temporary Parameter Drifts

There is no evidence in the literature that ony unusual parameter drifts
occur in unijunction devices other than the permanent changes discussed.in the pre-
ceding section. One migitt expect that the ionization effects might show some an-
nealing over a period of time (perhaps weeks) similar to bipolar transistors, but this
hosn't been verified.

1
f -~

7.30 Parameter Degmqétion Factors

The extent of effects of varlous radiation environments are shown in
Figures 7. 2 through 7.4 and in Table 7.2. Ruwe (Reference 7.72) has found that,
for neufrons, unijjunction dev:ces experience cafastrophsc fatlure between 10‘2 nd
(f.suon) n/cmz. Curves for electron irmadiotion are shown in Figure 7. 2
fhrough 7.4. Similar data were reported by Stenley (Reference 7.75). Data taken
by Measel (Reference 7. 73) for Co-60 gamma radiotion are shown in Toble 7. 2.

From these dota, ths degradation factors listed in Table 7.3 are estimated.
These degradation factors ore determined from data on 6_ few device type; only and
should not be canstrued cs:;norp than o “bellpork" esﬂnitote. The 'degradation factor
is defined as the percentage the parameter may increase or decrease at o giver?

radiation fluence.
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Table 7.3 Estimoted Degradation Facters For Unijunction

Transistors

Parameter Radiation Type Fluence Degradation Facter
interbase Neutrons 2x 10‘2 n/c:m2 + 37 Percent
Resistance P

rotons ——
Electrons (1.5 MeV) XO” e/cm2 ~26 Percenr
Gamma rays 4 x 105 rads {Si) -16 Percent
12 2
Valiley Neutrons 10 “ n/em +100 Percent
Voltage Protons (8~17 MeV) 10” n/cm2 +100 Percent
Etectrons (1. 5 MeV) IO'S e/t:m2 +100 Percent
Gamma rays 4 x 105 rad (Si) +10 Percent
Peak Point Neautrons — ——
Veltage

Protons (8-17 MeV)
Electrons (1. 5 MeV)
Gammo Rays

10]4 e/cm2

4 x 10° rods (5)

~18.7 Percent
=7.0 Percent

7.40 Radiotion Hardening

Due to their construction, dependence on minority carrier lifetime, and

requirements for moderately high resistivity material, unijunction transistors ore

very sensitive to radiation. Rather than suggest hardening techniques, researchers

have generally concluded that unijunction devices are unsultable for use in even

low level radiatien environments and should be avolded if possible.

7.50 Recommended Testing

if @ unijunction device must be used, it is recommended that the specific

device type to be used be rodiation tested. It should be noted thot the devices are
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sensitive to all components of the TOPS eavironment and thet, for profons, the pos-
sible nonadditiveness of the effects of combined displocement and ionization damage

have not been investigated,

7.60 Screening

There have been no screening techniques suggested in the literature.

7.70 References
7.71 Transistor Manual, 'General Electric Co., Copyrignt 1964.
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8.0 DIODES

The following discussion is infended to cover switching diodes, rectifier
diodes, and general purpose diodes. Where the discuséiyon applies to only one of
the three types, this is noted. It should olso be noted f:hot only limited (iiotq is
available on general purpose diodes; however, it is felt that theit: behavior should

be similar to the switching ond rectifier ‘ypes.

8.10 Peemonent Parameter Degrodation ,
The parameters that ore affected by rodiation ore forward voltoge, Vg,
4
reverse leakage current, lR’ breakdown voltage, BVc o and the switching and
storage times. The switching and storage times decreose while the breakdown vol -
tage increcses. Since these changes are not of great consequence in most applica-

tions, the discussion will deal only with changes in Vf and IR.

.
'

8. l 1 Neutron Effecrs

T

Tne forward voltage, which is the most s'ens?ﬁ've parameter fo radiation
in most cases, is influenced primarily by two effects, ('l’) minority carrier lifetime
reduction and (2) carrier removal effects. Minority cot}rier lifetime degrcdation
usually contributes to voltage 'chenges at much lower fluences than carrier removal
effects; however, carrier removal is generolly the mechanism which ccuses ultimate

device failure.

The degradation rate in diodes appears 10 be fo_z function of the initial doping
coneentration, the junction area, the cross sectionol r;reo, and the hase width. In
general, the h:gher the dopmg level the less radmnon sensitive the device. Thus,
the lower the breokdown vol tage of the diode (neavuer doping) the more resistant
it is. The junction and cross secfxonol area seems to ploy o fanrly important role in
switching diodes os mducofed in Fugure 8.1. (The currenf rating being on indirect
md:cahon of |unchon and cross sectional area). However, for rectifier diodes, the
device area has not proved so important, The data in&%cote very litHe evidence of
area dependence of damage in rectifier diodes. The doto is too limitedv in the case

of general purpose diodes to make any observations. Huth (Reference 8. 81) has
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shown that degradotion in device forward volrage is a function of base width, i.e.,

the thicker the base, the greater the degradation for a given fluence.

Due to the many types of diades, there has not been a general model de-

veloped to accurately express degradation as a function of radiation fluence for

all types.

There have been two methods developed for estimating forward voltoge
changes as e function of neutron fluence. Manlief (Reference 8. 82), hos proposed
a simplified model for rectifier diades which neglects the etfecrs of minority carrier
lifetime degradation and ossumes a simple step junction. Thus, based on the initiel
conductivity of the diode bose region (or the reverse breckdown voltage which is

inversely proportional to the conductivity), he suggests that one can obtain a semi-

quantitative estimate of a diode's radiation sensitivity. Figure 8. 2 indicates the

correlation observed between neutron damage and breakdown voltage. In general,
it appeors that a device having o breokdown voltoge of 100 volts or less should
still be usable ofter exposures to neutron fluences greater than 10“ n/cmz.

From Manlief's equations, one con develop equation 8. 1 (See Appendix SA
for derivation) for cbtaining a semiquantitative estimate of rectifier diode degrada-
tion in o neutron environment. Figure 8.3 shows o groph of R/N° (for p on n junc-
tions). Figures 8.4 ond 8. 5 show comparisons of predicted results ond cctual results.

it should be pointed out again that this technique should be considered only o pre-

v
f * (R/N,® )
- - e (Eq. 8. 1)
fo
where Vf = Initial forward voltage

°
* Semiquentitative estimate only

liminary screen, The neglect of lifetime effects means thot the estimate may be low

for low fluences. If additional information is needed, one should obtain actual

rodiotion dota on the device type or, if this is not possible, obtain more porameter

date from the manufocturer and use the estimation technique published by Frank and
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) o .
l{h MANLIEF: NEUTRON-INDUCED DAMAGE TO SiLICON RECTIFIERS
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Taulbee (Reference 8.83). Their technique is much more detailed and does consider

lifetime changes, etc.

The effects on reverse leakage current are, in most cases, less important
than the forword voltage changes. The changes in leakoge current due to neutron
radiotion can be estimoted by the method outlined for transistor junctions in Ref.
8.83 . The leakage current is affected by changes in the minority carrier lifetime.
There cre two components of leckage current, {1} the reverse-saturation current and
(2) the carrier-generotion current which is dependent on the minority carrier life-
time. Another component of leakage current arises ot the surface and, as stated for
rronsistors, is unpredictable. For the TOPS environment the extent of ionization
present will probably result in the surfoce component being dominant. Thus, tech-
niques for prediction of leakage currents are very questionable at the present state of

the art,
8.12 Proton Effects

Proton effects on diodes are not so well documented as the effects of
neutrons. In general, though, it should be possible to estimate proton domage in
‘dicdes using the neutron theory ond experimentolly determined equivclences,
(Reference 8.84) between neutrons and protons. This technique ignores the ionizing
effects of protons. However, in the case of diodes, since the major effect is carrier
removal, the ionization effects on forward valtage are probably small. On the other
hand, this may not be the case for reverse leakage currents, since ionization can
couse channel formations over the junction regions. Unfortunately, to date there
are no techniques for predicting channe! formation. Forward voltage changes may be

estimoted semiquontitatively using Manlief's technique outlined in Section 8. 11.

In no cose, should this be construed os fino! data. It is simply a “ball perk" estimate

and no more. For a more occurate estimate, one should consider the estimation
technique oullined in Reference 8. 83 for neutron damage. When using these techniques,

the empirical equivalence factors listed in Table 8. 1 should be used.
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Table 8.1 Proton - Fission Spectrum Neutron Displacement Equivalances

1 (8-17 MaV) Pn.'.nom/cm2 = 33 {fission spectrum) neutrons/cm2

100 MeV Prorcm/c:.m2 ~ 8 (fission spectrum) tm.m'ons/t:m2

i1 eitner of the cbove estimation processes indicate margine! performance for the
part in question, the part should either be replaced by o more suitable type or actual

data obtained on a reasoncbly large sample of devices.

It should be noted thot no applicable data was found in the literature to

verify the estimation.techniques listed above.

No daota wos located to indicate leakage current effects, but one would

expect the charged particles to induce surface leakage. )

8.13 Gammo Effects e

Gamma rays couse essentially the same effeets in diodes as do protons but
are much less effective. It is felt that if gommo domage produces significant effects
in the TOPS environment, the effects will be due to chonneling end increased leak-
age currents, As stated earlier, channel formation is not amenable to prediction

at the present state of the ar.
8.14  Combined Environments

At present, there are no data available Indicating how to assess the effects
of a combined environment, For the present state of the art, the most reasonaoble
approoch is to assess the effects of each individual environmental component ond
assume that the effects are additive on o one-to-one basis. For ionization effects
on leckage currents, this is probably a worst-cose assessment since lenization domage

does appear to saturote with increasing dose.

8.20 Temporary Parameter Degradation

For the radiation intensities expected in the TOPS environment, there is
no evidence in the literature that any ebnormal drift in parameters will occur during
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irradiation other than the degradotion discussed in the preceding section.
8.30 Parameter Dsgradation Factors
For dicdes, the parameters to which degradation factors should be applied

are forward voltege, reverse leakage current, and peck current capabilities.

Since rhe extent of rodiotion damage is highly dependent on device type,
material, and construction, it is not feasible to list a universal degradation factor
versus radiation level; however, using the damage estimation techniques outlined in
Section 1, one can calculate reasonable degradation factors to be applied for o
specific dlode type. An example of such a calculation wiil be given for the IN645
diode, Using the somple prediction given in Ref. 8. 83, it is estimatea that the for-
waord voltage will be about 2. 41 volts ot IF = 100 mo. The manufacturer data
sheets lists 0. 8 volts os typical for the device type before irradiation. Thus, the for-
ward voltege at 100 ma will have to be uprated by +200 percent. The maximum olfow~
able forward current at 25°C is listed by the manufacturer to be 400 ma. At 400 ma,
o typical forward voltage is 1.0 volts. Thus, maximum power dissipation of 400 mW
is established. The new maximum forward current must be derated sufficiently so
that no more thon 400 mW is dissipated in the device with the increased Vf. Thus,

o reasonable derating factor would be calculated by the equation 8. 2,

_ 400x 1078 w
max) = T BTverE - T 160 (ea. 8.2

* (0. 1 volt was added to allow for increased current so that lf( max)
should be derated by 60 percent at 7.2 x 1013 fission ?
neutrons/cm2.

Toble 8. 2 lists estimated average degradation factoss for diode parameters.
8.60  Radiatlon Hardening

Diodes can be hordened by increasing their doping levels. In general, de-
vices with fow breckdown voltages have heavy doping ond, thus, ore relatively radia-
tion resistant. One should, therefore, choose the lowest breakdown voltage unit

thot is in keeping with the application.

Further, it has been found {Reference 8.82) that gold doping tends to har-

den diodes to neutron radiation.
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Table 8.2 Estimated Diode Degradation Factors

Fluence Fluence

7.2x 1013 222107
Parameter Neutron/cm 8-17 MeV Protan/cm

Degradation Degradation
Vf at 100 ma | + 200 percent +200 percent
'F(mox) ~60 percent ~60, 0 percent
g ot 100 volts Unpredictable due to lonizatlon®

Damage

* Leakage currents have been observed to change

from 50 percent to 800 percent at a fluence of
1014 n/em2,

Radiation Sereening

The only scraening technique that has been suggested is preirradiction

cnd annealing for ionization effects as described for tronsistors in Section 4. 60.

8. &0

8. 81

»
&
o

.83

(41}

8.84
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APPENDIX 8A A(v,) ESTIMATION TECHNIQUE

A method has been suggested (Ref. 8.82) for estimating the amount of
neutron induced degradation in silicon rectifier diode performance. The method is
outlined here and extended to yield o relation for normolized change in forward
voltage. Although the methed was developed for neutron damage, it should apply

equally well to displacement damoge caused by protons.

The estimation technique assumes a diode model of a silicon rectifier with
o simple step junction. it is further assumed thot the density of minority corriers
is much less than the density of majority carriers, i.e., no conductivity medulation

occurs. The above assumptions make the estimate semlquantitative as a general pre-

diction technique.

The technique is developed mothematically storting with the relation for

forward current presented in equation 8A. 1.

L= ( Vi ) (eq. 8A. 1)

e t-l
D 1/2
o= 'qANp( n ) (eq. 8A.2)

'n

= electronic charge

junction areq

o > o
f

= diffusion constant of electrons in the ptype material
= Boltzmann's constant

absolute temperature

< — X
i

= junction voltage

Zz
]

minority carrier density

-
]

minority carrier lifetime in the p-type material

- )
it

diode current

iw
and Vb = T—‘-P— (eq. BA, 3)
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W = width of base region
o o = conducﬁvlt? of the p-type base

Assumption - Primary effect is carrier removal in the p-type bose region. °

-a®
o= o0, e

(over range of conductivities o}f interast).

o = conducﬁvity
o, = initial conductivity
o =  constont

=  radiation flux

a_ - 00
aO
o
o
p- i

d'o o

but the constant a can be related to 90 by
’ 1 do

az"-;._,o_. -—d-—-.-n—

but since ¢ = Paqu

P = impurity concentration
p = mobility

then :
o = + ] Q. dP
% d® | §—o
dp - r
d@® |@—o
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(eq. 8A.5)

(eq. BA.4)

(eq. 8A.7)

(eq. 8A.8)

(eq. 8A.9)

- (eq. 8A. 10)

(eq. 8A.11)
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R = iniﬁul carrier remove! rote

Thus o=+'—3-£-—k

Q
on -
and In (=) = + 3L re
o
8ut from (3)
os W
b

or

" (eq. 8A.12)

(eq. 8A. 13)

(eq. BA., 14)

(eg. BA.15)

(eq. 8A,16)

If one assumes that changes in u are of secondary importance as Maniief suggests

or

where

so thot

or

end

In (__‘_fb_) =+ KR®
Vbo

in (Vb) = In Vbo + KR.

k=3B - o9r o 1

o aKg P, -F:

¢

ln(Vb) ‘= In vbo+ -%".
°

1~

w oo R o
B 2 a0 for Nion P diodes
Vbo '

R

N ®
Yo =4 ° for P on N diodes
Vbo
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(eq. BA, i8)

(eq. 8A.19)

(eq. 8A. 20)

«
¥

{eq. 8A.21)

(eq. 8A.22)
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If the initial conductivity of the base material is not known directly then it can be
estimated from the curve in Figure 8A-1, R ond N, have been established from
Manlief's curves of @ * VS o, and N, VS§ Vg ond ore plotted in the graph
of Figure 8. 3. ' '
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9.0 ZENER DIODES

Due to close tolerances required by most zener diode applications, they
must be considered os relatively radiation sensitive devices. They frequently show
changes of from 2 to 4 percent in the reference voltage at neutron fluences of the

order of 10,2 n/ cm2 plus ionization doses of the order 106 rads.
9.10 Permonent Parometer Degrodotion
9. 11 Neutron Effects

Thatcher (Reference 9.71) has made a survey of zener experiments through
1964 and his survey is repreduced in Table 9. ! with rediation units changed to con-
serve consistency in this report. In addition to the data presented in the Table,
more recent tests (Reference 9.75) have shown that, even through zeners may, in
some cases, show very little change with radiation or 25°C, the zener voltage versus
temperature characteristics change with increasing radiation so that the device may
show no change at 25°C, but show considerable change at higher or tower tempera-

tures. Tnis observation is illustrated in Figures 9. 1 end 9. 2.
9.12 Proton Effects

No data were found for proton effects on zener diodes, but the domage
mechanisms should be similar to those for neutrons. However, it is noted that pro-
tons are relatively more damaging thon neutrons. For example, 1 (15 MeV) proton/cm2
does damage equivalent to that of about 33 (fission) neutrons/cmz. (Ref. 9.76).

This equivalence ignores the tonizing effects of pratons.
9.13 Gamma Effects

The dota for gaomma effects on zener diodes, indicate that they appear to
be altered very little by doses as high as 4 x !Os rads(Si) Co-60. Tests in combined
environments of 106 rads and IO12 n/cmz, however, show changes of from 2 to 4 per-

cent in zener reference voltages.

9.20 Temporary Parometer Drift

The effects of radiation on zener diodes are permanent; however, they have
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Figure 9.1 Voltage-Teupersture Characteristics for IN829 (9.75)
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Figure 9.2 Voltage-Temperature Characteristics for IN939 (9.75)
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been observed to show both a decrease and a subsequent increase under radiation.
For example, in one experiment (Reference 9.74) Motorola IN943 devices were
2

observed to decrease 3 percent at 3 x 1015 n/em” ond to then show an increase

of ~ 30 percent by the end of the test (8 x 10‘5 n/cmz).

9.3C Parameter Degradation Factors

Table 9. 1 and Figures 9. 1 and 9. 4 summarize typicol changes in zener
reference voltages due to radiatien. It is cbserved that zeners appear to change
less than five percent at neutron fluences 10‘5 neufmns/cmz. However, changes
of from 2-4 percent occur at radiaticn levels as low as 5 x 10‘2 n/cm2 plus
7 x 105 rads (C). The designer should note that these changes maoy be either in-
creases or decreases with the pattern frequently being o gradual decrease in refer-
ence voltage followed by a rapid increase. It should also be noted rthat, as shown
in Figures 9. 1 and 9. 2, the zener voltoge versus temperature characteristics change

with radiation.

9.40 Rodiation Hardening

No techniques for hordening zener diodes were located in the literature.

9.50 Recommended Testing

It is recommended that any zener device type to be used in a critical op-
plication in o radiation environment be thoroughly characterized in the radiation
environment of interest, The zener valtage should be tested both os a function of

current and temperature.

9. 60 Screening

No screening techniques for zener diodes were found in the literature.
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10.0 TUNNEL DIODES

10. 1 Permanent Parameter Degradation

Tunnel diodes are relatively resistant to radiation. This is true because they
. depend on the tunneling of electrons from the conduction bond to the valence band
- for their operation. Thus, they ore not dependent on minority carrier lifetime.

Figure 10. 1 shows a typical characteristic of o tunnel dicde.

10. 11 Neutron Effects

The primory effect of neutron rodiation is to increcse the excess current.
This increase is believed to be brought about by the tunneling of electrons via de-

fect energy states introduced by the radiation.
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Figure 10.1 Static Charocteristic Curve of Germonium Tunnel Diode (Ref 10.71)

- Neutron damoge has been characterized fairly well for tunnel diodes. However,
although the domage has been theoretically described, there hove been no models
developed for making quantitative estimates of an individue! device's sensitivity to
radiation.

Thus, only ball park domage thresholds can be astimated from data in the

literature. These estimates will be presented in Section 10, 30,

115




D2-126203-3

10, 12 Proton Effects

No dota were located for proton effects on tunnel diodes; however, there are
indications (from electron experiments) that ionization effects are relatively unimpor-
rant in these devices. If one neglects ionization effects, then damage thresholds
should be related to neutron thresholds by the proton to neutron equivalence factors
1 (8-17 MeV) profon/cngzz 33 (fission) neutron/cmz. (Ref. 10.72)

10. 13 Electron Effects

Although there is very little data on electron effects on tunnel diodes, early
710 10'8 (1 Mev)

electrons/cmz). As in the cose of neutron demage, the parameters that change are

studies indicated that they could withstand very high levels (10

the excess current. Tne fluences are about the magnitude one would expect for dis-
placement domage based on the equivalence factor (Reference 10.72) between fission

neutrons and 1 MeV electrons.
10. 14 Gamma Effects

The device's resistance to electron irradiation should indicote their response
to gomma radiation which couses displocements primarily through compton scattered
electrons. Therefore, one would expeet them to be resistant to gamma radiation.
Studies of n on pgermaniumdiodes have indicated that they can operate in o properly
designed circuit to 1.5 x 10‘6 ﬂ/»:.m2 (E>0.3 MeV) and 2.2 x 108 rads(C). Com-
pared to other semiconductor devices, 2.2 x 108 rads is an extremely large ioniza-~

tion dose.

10.2 Temporary Parameter Drift

The data reviewed indicote no radiotion induced porameter drift other than

the permonent degradotion discussed earlier.

10.3 Derating Factors

Bosed on gvailable data, the derating factors listed in Table 10. 1 are estima-

ted. Figures 10, 1 through 10. 2 show typical degradation curves for tunnel diodes
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Figure 10.2 Degradation of 2.2-ma Tunnel Diode I-V Curves
(Ref. 10.73)
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Figure 10.3 Degradation of 10-ma Tunnel Diocde I-V Curves (Ref. 10.73)
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Table 10,1 De'gradation Factors For Germonium Tunnel Diodes

Radiation Parameter Fluence Degrad. Fluence Degrad.
Type

+ Neutrons | Excess current | 1.0 x IOM n/cm2 + 20 T x IO‘sn/cmz + 90%
Proton (15| Excess current | 3 x 10]2, p/cm2 + 20 3 x l(),sp/’cm2 + 90%
MeV)

| 15 2 16 2
Electron | Excess current | > 10~ e/cm + 20 > 10 e/em - 90%
(1 MeV)
Goemma Excess current | > 108 rads +20 > ]08 rads + 90 %
(Co-60)
10. 4 Radiation Hardening

The only hardening suggesiion noted in the literature was that of doping the

devices to be used as heavily a3 is compotible with other requirements of the design.

10.5

Recommended Testing

All available data indicate that tunnel diodes are somewhat more radiation

resistant thon other semiconductor devices. No testing isfelt to be necessary at

this time, although it would be desirable to verify the effects of protons on tunnel

diodes.

10. 6

Screening

No screening techniques were noted in the literature.

10.7

10. 71
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11.0 : Silicon Controlled Rectifiers and Switches
1.1 Permanent Pcrameter Degradation

The operation of g four layer PNPN device is generally analyzed using the
classic two transistor analogy (11.71, 11.72, 11.73) normolly biosed witha regenera-
tive feedback loop (Fig. ':H. 1 ) where the alphas of each transistor (a, & ap) are

strongly dependent on the total anode current.

Using the circuit of Fig. 11. 1, the oncde current through the device below

breakdown is expressed by Equation 11. 1.

M (i + °2n)
.= 1= Gy, 7 G, M

Ib (Eq. 1. 1)

where: M is the multiplication factor at the center junction and
Alpha (o) is defined as the emitter efficiency times the
base ‘transport factor for the corresponding transistor.

It may be seen from Equotion (1) that the ong‘:de current is well defined as
long as the demonimator c!oes not equal zero. When.‘( a.t azn) M =1, the equa-
tio'n is undefined and | A ercmes unstable, switching from the nonconducting “off"
s‘tote to the conducting or “on" state. The failure criterio is, therefore, defined os
that point where ( a In + ”azn) M < 1 and will not sugtlain ‘A o; when the surface
leakage across the center reversed-biased iuncﬁon inéreoses to a level where
ra, JM>1. -

In general, forward breckover veltage (VBO), gate firing current (| GE)

(e In
ond gate firing voltoge (V GF) should all increase with bulk damage while the for-
ward holding current (Ih) ond reverse blocking current (IR) will be sensitive to sur-

foce ionization. )
11. 11 Neutron Effects:

The primary effect from neutron radiation “,‘9" increase in the recombination
rate of the bose region when trapping centers are created in the bulk silicon. These
recombingtion and tropping centers not onl'y Increase the effective resistivity of the
bulk by carrier removal, but most important they reduce the minority carrier lifetime.

The reduction of the minority carrier lifetime decreases the alphos of the devices
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Figure 11.1 SCR Equivalent Circuit. (Ref. 11.72)
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thereby increasing the soturation or breckover voltage. As the saturation voltage

increoses, a current much less than the rared volue destroys the SCR by overheating.
A i

Fig. 11.2 shows a, Vi I_ as a function of integrated neutron fluence for o

E

typicol silicon-controlled rectifier.

[ X ]

as

4
) L

) » ™ = ]
Figure 11.2 Alpha vs Emitter Current'as o Functionof ' -
Integrated Fast-Neutron.Flux, ¢ (Ref. 11.7)

A secondary parameter of interest from neutron effects is the leokage
current lCO' Sah (11.74) et al., have shown that Iealfage currents generated in the
spoce charge region or the center junction may be orders of magnitude greater than the
normal diffusion leakage current, _Since minority lifetime decreases under radiarion
ond the generotion rate is inversely proportional to the minority lifetime, it seems

reasonable to expect that the leakage current will, therefore, increase.
11.12  Protons

No data has been published on SCR's for proton effects but as pointed out
earlier for transistor etc., protons should produce similar effects to those of neutrons
with additional ionization. Since protons are more effective than neutrons for dis-

placement domoge, one might expect o lower damage threshold.

K

11.13  Gammas

Surface ionization from gamma rediotion produces o lowering of the swit-
ching characteristics by the generafion of leakage currents or channeling across the
center reversed biased junction. The turn-on characteristic of the SCR, neglecting

recombination, depends basically on the number of majority carriers injected into
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specific regions, the transit time of the minority carriers in each base, emitter effi-
ciency, and the basa transport factor before regeneration can take place. As the
regeneration process builds from ionization, the leakage current (ICO) increases,
thereby causing alpha to increase, a critical threshold is reached at (°2N + u‘N)M-ﬂ.
At this time the center junction has become slightly forward biased and
causes the device to tum completely on. This phenomenon, observed by Stanley
(11.72), Gwyn (11.75), and Measel (11.76), poses o serious radiotion problem

{fatlures as low as 103 rads {S1) for devices under electrical bias during irradiation).
1.2 Temporary Parameter Drifts

There has been no evidence In the literature to suggest a temporary drift
in eny of the parameters normolly measured other than those mentioned in the pre-

ceding section on permanent domage.

1.3 Parameter Degradation Factor

The literature study has revecled that while in o radiation field oll charac-
reristics of o PNPN device appecr to increase in mognitude, ranging from insigni-
ficont to orders of magnitude depending on the type of rodiation and the particular

pcrometer,

Tests conducted by the Georgio Nuclear Lob (11.77) 1964 (lockheed~Georgia
Co. ) revealed poor performance assaciated with SCR devices and the degradation

foctors are given in Table 11.1 and Figures 11.3 through 11.8 for the 2N 1774,
Table 11.1 Degradation Factors for 2N1774

Degradation - Foctor
Pre-Radiation 21002 p/em? 4x10°Rad
Porometer | Mean |% Dev. Amean% max % Dev. |Amean% max%Dev.
VGF 1.16 V t 25 + 26 +37 to =27 +11 +30 to =29
'GF 5.0 mo + 50 + 64 +58 10 60 +20 +58 to =52
ih 8.0 ma [+30t0 ~-23| 104* +27¢ to -21 +28 432 to =28
‘R 5.5ms +2 +0.1 ma 2 - -

* Derating factors given for the single mode I, condition only.
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Figure 11.5 SCR 2N1774 - Mean Gate Firing Cutrent Versus
integrated Neutron Flux Ref, 11.77)
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Figure 11.6 SCR 2N1774 - Mean Gote Firing Current
Vensus Gamme Dose (Ref. 11.77)
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This poor radiation performance was further substantiated for neutron environments by
Leith and Blair (11.73), December 1965. They concluded that SCR's are not well
2

1
suited for use when subjected to an integrated fast nautron flux greater than 10 3ﬂ/cm .

In 1967, D. K. Wilson and H. S. Lee (11.71) conducted experiments on
narrow base PNPN devices and concluded that SCR's are not only superior in per-
formence in current switching and power handling but were more rodiation resistant
than bipolar transistors of comparoble base widths.  Table 11. 2 gives the derating
foctors for the various structures tested and Fig. 11.9 through 11,10 show the for~

ward “on" voltage vs. neutron fluence at two current levels. Fig. 1111 and 11.12

Table 11,2 Degradation Factors for Some SCRs

_ Degradotion Factor
Parameter Type Boswe X;dth 1x 10’3 n/cm2 1 x 10]4 ﬂ/cm2
n
2N1765 100 300 percent
352C0 (w8} 50 = 10 percent
Vor | 81001 (wh) 20 £ 10 percent £ 10 percent
Z81001 (NB) 15 £ 10 percent z 10 percent
2N1765 100
‘GF 352001 (WB) 50 Refer to Fig. 11.
Z81001 (W8) 20
ZB1001 (NB) 15
2N1765 100
'n 352001 (W) 30 Refer to Fig. 12.
ZB1001 (WB) 20
ZB1001 (NB) 15

show I and ‘G’ respectively. It is clear from the doto of Wilson and Lee that the
13

conventional triple diffused 2N 1745 is severely damoged ot 10 n/cm2 which agrees
with previous investigators, whereas the narrow-based structure is relatively inde-

pendent of neutron fluence at levels greater than 5 x 10]4 n/cmz. They also stated,
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for the narrow-base device, that it would be insensitive fo transient ionization ot

dose rates greater than 109 rod/sec if the initial lifetime degroded to 3 x 10710 sec.

T
_This value is opporently a dasign colculation since no'experimental datc were given

by them to substantiote the estimate.

Following the work of Lee and Wilson on neutrons, A. G. Stanley (11.12)
reported on bulk domage and ionization effects from el'fectrons and the results are
given in Toble 11.4 and 11.5. Degradstion factors could not be calculated from
the deta due to imumcie;it informotion. Bulk dumogéjeffecfs were assumed to pre-

2-«

dominate at a totol elec?fon dose of 5 x 1014 efem”, -

G. D. Smith (11.78) 1966 reported on PNPN devices using Cobalt 60
gommo radiation. The rgsults of these tests and the débrodoﬁon factors for the
2N483 ore given in Fig. 11,13 through il. 17 and Tcgle 11.3. C. W. Gwyn (11.5)
reported on narrow base PNPN structures with o cathade~-base region of 3‘;6}) width
ond on anode-bose width of 10.6yp. This study did not give data for determining
degradation factors, but showed that a rectangular m;iafion pulse with o peck dose
rate or 6.4 x 108 rad(Si)/sec at 10 n.s. pulse width or @ neutron exposure of
5x 1013 xfn/cm2 Is required for device tum-on. Measel (11.76) also reported, using
a Co-60 source, that tum-on was cbserved at doses o'f. less than 103 rad if the de-
vices were under operat(i"ng bias during irmdiaﬁ;:n. Again, no factors could be

calculated, but the results are shown In Table 11.6. -

Toble 11.3  Degradotion Factors For SCR 2N688

Degradation Factor
Paremeter Parcent/meg. rad 2 x 10° R
Ver - +4.1 g +5 - 8 percent
'GT - +5 . ': + 10 percent
b ' +6 ‘ +14 perceu;\t
'FWD 330 percefm . > 300 percent
‘R 220 percent —_—
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r

irpadiation Conditions

Bias Tota! Dose Before After
Unit RGK =1kQ (e/cm®) (volts) (volts)
62 | V=2V, off | 1.0x10° 1.5 1.58
635 V, =20V, off | 4.95x o!3 1.56 1.58
633 V=20V, off | 1.0x 10 .66 .66
639 V, =20V, on 1.0x 10 1.71 1,70
636 L=0V, off | 51x10 |14 1.5

b3

50 | V,=20V,0on | S51x10" 1,52 1.55
634 | V,=20V,off | 1.05x10" 1,66 1,82
638 Va2V, off | 1.0 1013 1.76 1.86
644 V=20V, on 1.05x 107 1.82 1.88
160 V=590V, off | 2.0x 1013 L7, 2.05
102 .5 2.2°
103 V,=-50V, off | 2.0x 103 1.46 1,85
104 1.42 1.9
108 1.72 2,35
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Tabie 11.6 2N2323 S, C.R. (Ref. 11.76)

: Pre-irradiation
REV. FWO Fired in
Blocking | Blocking | IRGO(amps) Field
Unit No. |V G].(Yol ts) S (amps) o (omps) »
1 .5 22x107 5.6% 1077 | 4.4x10° | -
2 & 82x107 | 23x10° | s6x1070 | .
3 545 | 4.4x 10”7 50x107° | 154107 | -
4 55 | 16x1077 70107 | 3.2x107° | -
5 6 |20x107 2.2x10°8 | 40x1070 | .
IO‘ rad
! S5 | 25x107 | 6axio® | sex10® | yes
2 55 | 1ix108 .0x107° 1 10x1077 | no
3 55 | 5.9x10” 9.2x 1070 | 2.2%x107 | yes
4 .55 1 2.ax107 L1107 | 1.3x1077 | yes
5 .56 | 2:5x107° 9.5x10% | 60x107"° | no
&% 10° rod
9 5 | 3.4x10”? 2.2x 1074 | 6.2x10° | no
2 .56 77,‘109 Lex10® | 3.0%x10° | no
55 | 7.5x 107 2.0x107% | 2.3x107 | yes
4 5 | 2.5x007 ol aox0™ | n3ax10”? | e
5 %6 |3.8x10” 1.0x10° | 2.2x107 | yes
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1.4 Radiation Hardening

It has been pointed aut that narrow base PNF;N or P’ NIPN+ devices may
be more roduohon resistant than previously reported for conventional devices.
Further, by decreasmg the base region lifetime, applying a negative gate bias during
irradiation, decreasing the impedance between cathodg and gate, or by decreasing
anode bias one may achieve some improvement in circuit hardening. However, it is
concluded that silicon controlled rectiflars shoula not be used in a radiation environ-
ment where gamma radiation approaches 103 rad({Si) or: the neutron fiuences is
greater than 5 x.10'3 a/cm®" g

e

1.5 Recommended Ter:?ing

It is recommended that SCR devices not be uséd in significant radiation
environments, however, lf any PNPN devices are to Be considered for circuit appli-
cation, it is recommended that each type to be used be tested. 'SCR's are sensitive
to all components of the TOPS environment and the combined effects from proton
damage nas not bean inve%.tigéned. It should also be noted that the devices should

pe rested while under electrical bios. W

<

11.6 Sereening

There have been no screening techniques suggested in the literature.
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12.0 MICROCIRCUITS
12. 10  Permanent Porameter Degradations

Integrated circuits differ fram discrete component circuits {for junction
isolated devices) due to the presence of parasitic components such as substrcte trans-
istors and diodes and increosed capocitonce to ground. While these differences con
kave a dremotic effect on the transient response of the cf}cuit to high dose rate
ionizing rediation environments, they appear 1o have no significont effect on the
permanent degradation of the circuit porometers due to Ilo:w level steady state en-

vironments,

The parameters mo"sy adversely affected by permanent degradation are cir-
cuit gain, changes in bios c';me’ms, output voliage swin-‘g capability, and changes
in \fol tage offsets for linear circuits. In logic circuits th; transistor gain degrada-
tion results in o degraded Fa‘h out capability and chenges in propogation delay times,
while the increosed leakoge‘currenfs ean modify the fan in copability for some type
of circuits (i.e., ECL). Thé environment levels at which these circuit parameters
become significantly aoffecred are a strong function of fhe environment (i.e., por-
ticle and energy spectrum) and the circuit design (i. e., lineor, logic, degree of

feedoack, trensistor gains, ete. ).
2. 1 Neutron Effects ‘ -

The primary damoge mechanism of neutrons in microcircuits is atomic dis-
placement damage. For low-level steady state radiation the effects on circuit com-
ponents are no different than the effects on discrete components ciready discussed.
Therefore, the designer is referred to the preceding sections on discrete components
for active elements. The discussion here will be limited to effects on semiconductor

* N
‘

resistors and capacitors.

Integrated resistors formed by diffusing o strip.of p-marerial into an n-type
epitonicl layer show increases in resistance with increasing neutron fluence. The per-
centoge of change for o given fluence is dependent on the initial impurity concen-

tration. Low value resistars (higher impurity levels) ore less affected by neutron

138




D2-126203-3

irradiations. Figure 12. ) shows a typical degrodation curve for silicon resistors.
Normally, the change for ~ 10'5 n/cm2 is less than the initial tolerance on the
resistors (+ 20 percent). Further in the case of bias networks where resistance ratios
are of interest, the ratios tend to stay opproximately constant if the resistors involved

hove comparable initial impurity levels.

Integrated capacitors may be formed by back biosing a diode. For back
biased diodes, since both n and p-type motericls tend towards the electrical proper-
ties of intrinsic material, the capocitance decreases. As in the case of resistors,
the decrease in capacitonce is usually less than the original device tolerance of

obout 1015 n cmz.

12
v 1 lntegrated resistors in-
crease in value under radia.

&

4

2 1o :

e tion, because the p-type

g 0% - material tends to change its

1 . behavior toward that of the

5 L intrinsic semiconductar. The

£ percentage increase depends

= on the amount of radiation
.tg:' o " . od received and the ornginal

WEUTRON RAGIATION tavt) impurity concentration.

Figure 121 Typical Semiconductor Resistor Degradation (Ref. 12, 71)

12. 20  Proton Effects

As stoted earlier in discrete component sections, proton effects should pro~
duce displacement demage similar to neutron damage with additional ionization dose

due to the positive charge of the proton.

The protons are more efficient for producing displacements than neutrons.
The equivalences for producing displocements that have been established (12, 72)
ore: 1 (100 MeV) Proton == 8 Neutrons (fission) and 1 (8-17 MeV) Proton =~ 33
Neutrons (fission). The ionization dose associated with the protonswould preduce

surface effects similar to thosa for transistors (i.e., increased junction leakage
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currents ond decreased transistor gains). .
12.13  Gammeo Effects

The effects of gamme radiation on microcircuit elements are ‘essentiol!y the
same as those on discreté components described in previous sections. Some workers
have suggested that micéocifcuiu are less susceptible to surfacg effects (12. 73) than
discrete components although it is not cleor that this is generally true.

12220 Temporary Parameter Degredation

For high level Lzum type environments short term annealing occurs.  Short
term annealing data is very limlted for integrated circuits. Thére is some data for
the neutron envlronment which indicates annealing factors as high as two exist for
rimes shorter than o mnlhsecond The data indicate fhe similarity berween circuit
and transistor anneali mg factors. However, for low mtensuty, steady-state environ-
ments there is no evidence of annecling or drift other than the permanent degradutlon
discussed earlier except, that some parameters of Imgcr circuits vary as o function of

fluence. This effect is discussed in Section 12.30.

12.30  Poremeter Degradation Factors

Due to the many variations in circuits found in 1.C. ', it is not very practical
to try to list parameter degrcdahon factors for each ccrcust type. Rother, general
thresholds for broad cm:u:t categories are pnsented m Table 12, 2 ond typical ex~
amples of date are shown in figures 12,2 through 12. IS ond Tobles 12. 1 through
12.6. A general summary of thresholds of damage for bread cofegones of circuits

is presented in Table 12, 1.

12.40  Radiation Hardening

Major manufacturers are currently designing “"Rodiation Hardened" inte-
grated circuits. In general, the hardening is for a transient environment which in-
cludes permonent domege due to neutrans and total dose. The techniques are mostly

oriented around wsing high gain high frequency transistors in low gain applications.
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currents and decreased transistor gains).
12.13  Gomma Effects !

The effects of gamma radiation on microcireuit elements are essentially the
same as those on discrete components described in pre\;ious sections. Some workers
hove suggested thot microcircuits are less susceptible to surfoce effects (12.73) than
discrete components although it is not clear that this is generally true.

12.20  Temporary Porcnigter Degradation

For high level burst type enviranments short fgrm annealing occurs. Short
term annecling data Is very limited for integrated circuits. There is some data for
the neutron environment \ﬁlpich indicates annealing faétors as high os two exist for
times shorter than o milliiécmd. The data indicate the similari;y between circuit
and transistor annealing fgétou. However, for low intensity, steady-state environ-
ments there is no evi.dence:of annealing or drift other than the permanent degradation
discussed earlier except thot some porameters of linearcircuits vary as a function of

fluence. This effect is diécussed in Section 12. 30.

12.30  Parameter Degm;!ation Factors

Due to the many varictions in circuits found in 1. C. 's, it is not very practical
to try to list parameter degradation factors for each circuit type. Rather, general
thresholds for broad circuit cotegories are presented m Table 12, 2 and typical ex-
omples of data are shown in figures 12. 2 through 12, iﬁ and Tables 12. 1 through
12.6. A general summary. of thresholds of dcmoge; for broad categories of circuits
is presented In Table 12. 1. C

3

12.40  Radictlon Hardening

Major manufacturers are currently designing “Rodiation Hardened" inte-
grated circuits. In generé:l, the hardening is for a transient environment which in-
cludes permanent domage due to neutrons and totol dose. The techniques are mostly

oriented around using high gain high frequency transistors in low gain applications.
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Figure 12.7 MNC1525 Typical Transfer Charecteristics (Ref. 12.73)
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Figure 12.10 Neutron Degradation of MC20VF-3 Tronsfer Function.
(Ref. 12.73)
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Teble 12,1  General Damage Thresholds

Radiation Circuit General region for signi-
Type Type* ficant damage or circuit
(bipolar failure
tmnsistors)
Neutron A Digital : 10]3 to 10]5 n/cm2
Linear . 0'? to 10]4 n/cmz b
Proton Digital ~ 10” 10" p/em?
(22 MeV) Linear 21010 410" p/em? v
Gamme Digital > 106 rads
(Co-60) " Linear 10° to 107 rads(Si)
Electron Digital "~ 107 0107 e,/cm2
(3 MeV) Linear ~ 10]3 to 10]5 e/cmz*

* There is insufficient data in the |iterature to specify MOS cir-
cuits; however, limited testing at Boeing has indicated that
Digital MOS circuitry con survive > 10% rad(Si) and other
workers (12.74) have indicated that properly desugned MOS
logic can survive > 107 rads(St).

-~ wk EShm*edo _ ) '

Levels of hardness due to permanent degradation are somewhat better than for normal
I.C.'. System designers should rely on data to determine the level of hardness for
¢ given circuit type. System hardening ean be achieved by using circuits in low

fan out or low gain configurations.

12.50  Recommended Testing

'

It is recommended that test data be obtained for each integrated circuit in

the environment in question,
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Toble 12.3 E!ecirm Fluence ot First Foilure For Gaotes Tesred. (Ref. 12.77)

. Specified
-Typical -
Failure Fluence, Propagation Logic Construction

. 1014 e/cm2 (3 MeV) Deloy, ns Configuration Function Method

" . 7 : 150 RCTL NOR Diffused(b)
17 12 RTL NOR Epitoxicl

. 25 40 RTL . NOR Epifcxiat )
33 25 DTL NAND | Diffused b
84 30 DT NAND | Diffused®
100 - 43 DTL NAND | Epitaxial
130 6 ECL NOR Epitaxicl
180 9 T2 NAND | Epitaxial

Table 12,4 Electron Fluence at First Failure i‘or Flip-Flops Tested. (Ref. 12.77)

- Specified

Failure Flugnce, = Typical Clock Logic Construction

1014 'e/cmz (3 MeV) Rate, me Configuration Type Method
12 1.0 Relt ' | Rs | Diffused®
22 10.0 RTL JK Epifaxiaz
50 4.8 DTL JK | Diffused®)
55 14.0{a) ECL deRS | Epitaxial
74 12.000) DTL RS | Diffused®
77 10.0 T2 RS | Epiraxial
93 8.5 RTL D | Epitaxicl
110 - 8.0 OTL JK Epiraxial

(a) Estimated.

(b) No epitaxial processing.
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12,60  Screening

Pre-irradiation and thermal annecling of circuits while still in the wafer
stage has been found to be successful. Such a screening technique requires irradia-
tion ro specification levels, however, because data is not readily extrapolated to
high levels with any degree of accuracy. The temperature required to anneal the
circuits (400° - SOOOC) are experienced in the normal packaging pracess. The effects
of irrediation on normal reliability for this sereening procedure have not beeh derer-
mined. The screening procedure is currently being carriea out af Motarola for neu-
tron environments and may well be in effect elsewhere. It is thought thot surface

f 1
demage due to ionization would be amenable to such a screen as well as bulk damage.

12.70  References

12.71  Kubinec, J. J., "Will Rodiction Wrech Your IC Design?", Electronic
Design Vol. 4, February, 1969.

12.72 Brown, R, R., Home, W. E., “Space Radiation Equivaience for Displace-
ment Effects on Transistors", Boeing Doc. D2-84088-2, NASA CR-804,
July 1967,

12.73  Messenger, G. C., "Radiation Effects on Microcircuirs”, |EEE Trans. on
Nucl, Sei., Vol. NS-13, Dec. 1966, p. 141-159.

12.74  Poch, W. and Holmes-Siedle, A.G., "Permanent Rodiation Effects in
Complementary~Symmetry MOS Integrated Circuits”, 1EEE Trans. Nuel.
Sci., Vol. NS-18, No. 6, Dec., 1969.

12.75 Bryant, F. R., Fales, C. L., Jr., Breckenriage, R. A., "Proton lrradia-
tion Effects In MOS ond Junction Field-Effect Transistors and Integrated
Circuits”, RADC Physics of Failure in Electronics, Vol. S, June, 1967.

12,76  Partridge, P. E., Réport on Radiation Test Series Nq. 15, The Mortin Co.,
IDEP No. 347.65.00.00-56-13. )

12.77 Homman, D. J., "Space Radiation Effects in Integrated Circuits", IEEE
Trans. Nucl. Sci., Vol. N53-=13, No. 6, 1966.
155




D2-126203-3

'13.0 PHOTOCELLS

The photocelis were lighr sensitive semiconductor devices with peak res-
ponse in or near the visible spectrum (.4 to .75 microns). Data collected in the
search were primarily on CdS, Si, and GoAs materials and/or devices. The data

reported are on permanent damage effects mostly in the bulk material.

“

Only o brief summary from a few of the many extensive solar cell reports
are cited here. For photovoltaic devices used as solor cells *he main parcmeters
of interest are the short circuit current, the efficiency, or')d rhe open circuit vol-

rage. . , . :

in general, the parcmeters of interest on phorocelis include the effecrs on
borh-electrical properties and optical properties. Electrical properties of interest
include carrier concentration, resistivity, ond energy (act%varion) levels introduced
into the semiconductor. These electrical properties, and the oprical properties of

3

interest {attenuation, transmission versus wavelength) together with noise are useful
in giving the usual detector parcmeters of interest{impedance, resisrence, noise,
spectral responsivity, noise equivalent power, detectivity, ‘ime constant, and

quantum efficiency).
13.10  Permanent Parometer Degradation
13. 11 Neutron Effects

For n-type cadmium sulfide material thermal neutron irredictions ct 30° C
introduced acceptors (13. 71) thought to be due to preferential displacement of §
atoms over Cd atoms. Table 13. ] shows rodiation damoge introduction rates {centers
introduced per incident particie) (13.71). Figure 13. 1 shows the effect of thermai

neutrons on carrier cencentration.

Fast neutrons (13.72) give rise to a continuous optical absorption spectrum
for wave|engths beyond the fundamental obs‘:;rp}ion edge, with the absorption in-
creasing as the inverse square of the wavelength, Figure 13, 2 shows the percent
transmission versus photon energy (wavelength in microns is given by 1. 24/photon

energy in V). Some annealing (after 3 months ot room temperature) is evident.
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This continuous absorption is attributed to a similar mechanism to that to be discussed
in the case of GaAs (below), and is exhibited as a continuous radiation-induced
attenuation, beyond the fundomental edge at 2.4 eV éhoton energy, with no evidence
that discrete levels are introduced into the semiconductor. These would be evidenced

by peaks in the absorption: spectrum. g

For silicon, two units of the Texos lnstrumenf:s'{LS 600 npn silicon planar
phototransistor were irradigted with fission neutrons at the White Sands Fost Burst
Reactor. (13.73) Figuee 13.3 shows the damage produ_éed by fast neutrons in rerms

/AL,

of decrease in the transfer ratio, T, defined aos A | out

Toble 13,1 Radiotian Damage Rates Determined From caé Data. (13.71)

Type af rodiction total doss
O, N3 Z9 Nt Ko nautrons
~6.0x10%uds ~Ldx107wmds 5.4 10" em?
Hydrogenic donu (0. 649-\/)
Dowage mte® 15,0 ‘Ohlo 0. 2(40, ‘mq zo.qmo om0~
Conter density® 3. 261010 0, 79x10'6 12, 310%¢
Accepton o4 -4
Damage rote 3.0(4, 0){10 0, 5(0, tmo 480, 0(:‘0 , 0)x 10
Center density 0.023x10%6 0.22x10% .  0,5%x10'¢
0. 116V leval - 7 -
Domags mte 4.0(+2.01x107° 0,520, Ix10 -aw.o(mo.opluo
Conter density | 1.02«1016 0.23 x 1016 2.2x 1016

@ Damage rote Is cbesrved radiotlon-damoge rate In units of conters Iniroduced per
p SC Por incident portlicle,
Density of the canter before Irradiation.

For GoAs, specimens of either n on p type, after sufficiently heavy neufron :rmdzaﬁon,
(~ 10’7 n/cmz, or to where carrier concentration is reduced below 10 /cm )

are characterized by the following properties: (a) a very low carrier density (semi-
insulating), (b) anomalously low Hall mobility, (c) onomalously steep temperature
dependence of Hall mobility, (d) photoconductivity with o very long ’recovery time
(hours or days), (e) instability ond sensitivity to ambient temperature (13.72). All

of these observations poiv"gt to the presence of slow sur-_face sfate;s‘ which may consider-

ably mociify the bulk properties,

Carrier removal rate is 4 to 8 electrons/cm of path for an n-type sample

]
with 10 7 carriers/cm3 initiolly. Annealing of conductivity change begins at 220°C
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with a second stage at 550° C and a final anneal between QOO and 700°C.

Optical attenuation b’eyond the fundamental absorption edge in GoAs is sur-
prisingly large after fast neutron irradiation (Fig. 13.4). The attenuation coefficient
increases as A -2 and is proportional to the integrated flux when free carrier ab-
sorption can be neglected. No structure was observed in unannealed samples at
room temperature or 60°K. This fact is not well understoo:ifbut may be related to
the damage characteristic of fast neutrons or other heavy p;rticies,( i.e., inhomo-
geneous damage such as clusters or dislocation loops, ete.) since o GaAs sample

heavily irradiated with electrons did not show these effect;.

Even heavily neutron irradiated specimens (carrier concentration below
10‘4/cm3) remained the same conductivity type. Three levels, EC-O. 1, E.-0.5,
and E, +0.6 eV were introduced. ;

15. 12 Proton Effects

Two thin film po'yc&sto”ine CdS p-on=n photocells were stu;ﬁed using
1.6 MeV protons to a total fluence of 10‘5 protons/cmz. The short circuit current
of cell 1 was reduced 33 percent while that of cell 2 was down 66 percent. (13.74)
Typical data for n-on-p silicon photovoltaic cells-show (13.74) that ot
10 n 1.6 I‘v‘(eV-proror\s»/c:m2 the short-circuit current hes dropped 33 percent, Other
data (13.75) on silicon phototrensistors irradiated by 30, 60, 100, and 140 MeV
protons to 1 x 1010 profons/cn?, showed no significant clionges in the important

phototransistor parameters, which is consistent with the above data.

13. 13 Gomma Effects

-

Low energy gamma irradiations ( 137 Cs, 0.662 MeV) of n-type CdS intro-
duce acceptors by preferential displacement of sulfur atoms, while higher energy
gamma irradiations 60 Co, 1.17 and 1.33 MeV) introduce-denors by preferential

displacement of cadmium. (13.71)

Figure 13. 5 shows the effect of 60Co gomma ray irradiations at ambient
on carrier concentration. The effects of ]37Cs gammas are shown in Figure 13.64

Some irradiations of liquid nitrogen were made to determine whether results would
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be significantly different. No differences were noted.

Damage introduction rates are shown in Teble 13. 1. The rate of center
introduction versus total dose is shown in Figure 13.7 and is seen to decrease with .

total dose. ) -

Dara for 10 Hoffman Electronics Corp. Type 120 Csilicon solar cells
tested by Lockheed Missiles and Space Center (13.76) were obtained with a 60Co
source. Permanent damage (in short circuit current) was nored at 8. 8 x 104 rad (C),
and for some cells at doses as low as 8. 8 x 103 rad (C). On the average, the reduc~
tion in this parameter was 25 percenr ot 8.8 x ]05 and 50 percent ot 8 8 x 106 rad
(C). The open circuit voltage was permonently affected ct 8.8 x 104 rad (C).

On the average, it dropped 10 percent at 4.4 x 106 rad (C).

13. 14 tlectron Effects

The proion-irradiated cells of 2 above were-also irradiated with 0,8 MeV
eiectrons to determina efficiency degradation. It was found thet the efficiency of
celi 1, initially less tnan 1 percent, was degraded n percent by 9.7 x 1015 electrons/
cm2, and cell 2, initially 3.4 percent was degraded 39 percent by 8.8 x 10]6

2
stectrons/em”,

in onother study (13. 77) CaS was irradioted by electrons to determine rhe
mechonisms involved in producing fluorescence. it \@'@s found thot the threshold for
displacement of a sulfur atom in CdS from o lattice point is 8.7' eV, but requires
electrons (perpendicular vo the C axis of the material) of of least 115 keV. This is
also the threshold for-praduction of the well known green edge emission centers res-
ponsible for photoluminescence (fluorescence excited by ultrovioler) ot liquid nirro-
gen with peaks at 5140, -5225 and 5310A, and for production of the red fluorescence
band centered at 7200A, . In crystals which show (gre;n) edge emlission before bom-
bardment this is removed by electrons in the energy range available for use in the
reference (2.5-200 keV). The red fluorescence was,- however,hnot removed by this

electron irrodiction but increased in intensity with bombardment above the threshold,

Green edge-emission has been produced in CdS whiskers (single crystals)

by 130 KeV electrons from 40 pA-hr/cmZ to 160 pA-hr/cmz, at which total electron
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fluence it disoppeared. At 120 keV and 240 pA-hr/cm red fluorescence was pro-

duced; the intensity of this increased with bombardment.

The model proposed to account for the various effects observed assumes
that on interstitiol sulfur atom is the responsible center-for edge emission oand a sul-
fur vacancy is the center for the red fluorescence. The threshold for the production
of vacancy-interstitial pai.rs of sulfur atoms in CdS by electron irradiation is 115
= 3 keV corresponding to @ maximum energy transfer ofg 8.7 eV. The suifur inter-
stiticl exists as o negatively charged ion at room tempg'rature in these crystals. |t
is proposed that another electron could be bound to th;‘sul fur interstiticl at liquid
nitrogen and that the recombination of a free hole with the second electron trapped

ct this center would result in edge emission. s

A very extensive study was mode of permanent damage effects of electrons
on silicon n-on-p photovaltaic cells using electmr; energies in the 0.5 to 7 MeV
range. (13.78) The main effect appeared to be a decrease in the base diffusion
length brought about by a decrease in the p~type base lifetime. A reduction in shorr
circuir current of 25 percent was orbitrarily used as a criterion t:» estabiish a critical
electron fluence, OK . The change in reciprocoi lifetime with fluence and of
short circuit current with fluence were obtained for various eiectron energies (Fig. -
13.8). From this the dependence of damage constant (K *A /Aé )and

g on electron energy was obtained and fitted to fwg_dnfferent modeis (Figure
13.9). The model that has the much better fit to the data {solid curve) ottribures
the electron domage to boz'md pairs of primary defects r;qther than to individuol
defects. This model allows predictions of damage to be made.

The data of Figure 13.8 (b) indicate that the short circuit degradation
“threshold" is between lOw and IO” for all three enel‘gfes considered ('l 2, and
4.9 MeV) with the damage increasing with electron energy. The original base
resnshvaty of 1 ohm-cm corresponds to an acceptor concenfronon 'of 2 x 10]6 atoms
per cms. The inltial lifetime of ~ 2 psec was reduced by a fluence of 10"?1
ele'cl'roris/cm2 to the following values from Figure 13.8 : ~ 2 usec (4.9 MeV),

~ .33 usec (2 MeV), and 1 usec (1 MeV). The threshold for electron demage in
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Figure 13.8 Reciprocal lifetime 1/;n (a) and current I__ (®)
in silicon photocelis as fumctions of electron fluence.
Electron energy 1) 1 MeV; 2) 2 MeV; 3) 4.9 MeV.
(Ref, . 13.78)

Figure 13.9 Damage cosfficient (1) and reeciprocal of the critical
i fluence :(2) as functions of the bonbarding electron
energy E.  Continuous curve shovs bound defect pairs
. model. Dashed’curve shows individual dafoct model.
. (Ref. 13.78)
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p-type silicon was found to be 220 keV.

Electron irrodiation effects on optical transmission have olso been studied
(13.79). While the reported findings were somewhat quolitative, they are worth
noting. The absorption in silicon induced by 1.5 MeV electron irradiation (bands
at 7.75 and 11. 98 microns) is only 6 percent as severe for fiquid-nitrogen-ambient
irradiation followed by warming to room temperature as for room temperature ambient
irradiation. The proposed interpretation is that defect mo-’ﬁon is required for forma-

tion of the defect center responsible for the absorption.

For 4.5 MeV electron irradiations ot liquid nitrogen and warming to room
temperature (induced absorption bands at 11.98, 11,56 org;i 1.8 mic;'rons) the obsorp-
tions were over 50"|percent as s:evere as the room fempemh}fre irradiation induced
absorptions. The assumed implication was that o defect mibffion requiring an activa-

H
tion energy was not as important for irradiations with high energy electrons.

1

An important finding (from practical considerations)was that the irradiation
induced cbsorption (at {.8 ml\cram) 1s anisotropic. This could be significant where
the photocell mounting introduces strain in the semiconductor - a fairly likely situa-

tion.

For GaAs Figure 13.4 presents the optical attenuation data for electrons.

1 MeV electron irradiation induced conductivity is annealed out by, 220°C.

13.20  Temporary Parameter Degrodetion Lo

No dota.

13.30  Porameter Degradation Factors

Since the data discussed in the literoture deals primarily with radiation

effects on material parameters, no device degradation factors are listed. It is noted,

however, thot the thresholds for materiel damoege appear to be obout ~ 1012 n/cm2,

> ]O]o p/cmz, ~ 108 rads gamma, ~'IO]3 e cmz. _
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13.40  Rodiation Hardening

No dota.

13.50 Recommended Testing

it is recommended that ony photocells to be-used inthe environment be
tested in neutron , proton , and electron environments to characterize the device

behavior.

13.60  Screening

No techniques for screening for radiation sensitive photocells were found

in the literature.
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14.0 Piezoelectric Crystals

14.10  Permanent Parameter Degradation

There are many types of crystals that exhibit pi?zoelecrrig response. Of
these, quartz is the most widely used. Due to the precisicn required of crystals used

as frequency standards, it is important to know their response under radiation.

Mos: of the earlier tests on crystals invoived complete working devices and
ir is difficult to separate the radiation response of the crysrals from that of the pack-
age ond mountings. Due to this fact, no general theory of damage was developed.
The early tests evaluated spgcific crystals and very litfiq more. Thatcher (14.71) "
has cdequalely summarized rhe studies of steady stote redio*ion effects on crystals
before 1964. His summcﬁgn is presented here with the only changes being conver-
sion of radiation units to maintain consistency in the present report. Following his

summary is a recap of more recent work as iocared in this program.

"Most studies of radiation effecrs deal directly with the complete working
device which consists of the quartz conirol element and the crystal holder as opposed
to crystal sections or configurations. As such, the crystal toses iis identiry os o its
type of material and sometimes class of crystal seci:Ion and secomes identified wirh
type numbers and manufacturers' nomes. I view of the loss of crystal identity, the
exact nature of the damage mechanism has become extremely difficult to identify
and, in most cases, left unéxp!ained. The most commenly used electrical parameters
for determining radiation effects are: (1)series resonant frequency, (2) paraliel
resonant frequency, (3) equivalent parallel impedance, (4) equivalent series impe-
dance, and (5) electrostatic shunt capacitance. A comprehensive study of radiation
effects on crystals by monufacture and type number was made by Pfaff and Sheiton
(Ref. 14.72). In their report, it wos concluded that the rodiation effects depended
on the type of crystal cut, the manufocturer'f processes, and the type of radiation.
The nuclear enviro;ment to which the crystal units were exposed wos approximately:
thermal neutren flux, 2.5 x 10,2 n/cmz-sec, epicadmium neutr'on flux, 3 x 109n em
sec ; ond gamma exposure rate, 5.6 x 103 rads/sec. The total neutron fluence for

various crystal units varied from 2 x 10‘3 n/cmzro 9x 10‘3 n/cm? Frequencies of
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1

the 14 types of crystals varied from 60 kHz to 70 MHz, a:?d crystal! units from five
manufacturers were used in this study. An onalysis dnd study of the data obtained
during this experiment indicoted that, in general, the low-frequency crysfrol units,
i.e., those under | megacycle, showed the least radiation effects. A moi«larity of

the higher frequency crystals exhibited decreases in series and pcrc;llel resonance
frequencies up to more than 4000 parts per million, Examination of measurements
under transient radiction fields indicated that the change‘—s"were graldual. No apparent
rate effect, such as abrupt changes in frequency, were ol';served with changes in
reactor power level. For the lower frequency crystal units, some indications of rate
effect were cbserved and frequency changas were both neéafive and positive. In

some instances, nuclear damage was observed on the various crystal holders. In
particular, the glass bases ware found to be affected. No one manufacturer's crystal
Jnits displeyed superior resistance to radiation for all the'units tested. There was |
some indicarion that some of the manufacturers consistenﬂ.y produced a radiation-
resistant crystal unit within a norrow frequency category; however, other frequency
units thet they manufactured failed. In determining when a crystal unit was con-
sidered to have failed, the criterion used depended on w};’efher the brysrci unit

couid or could not be resonated. In the interest of pointing out the sensitivity to
nuclear rediation, a summary was mode of the 154 crystal ‘unifs without regard to
manufacturer or frequency caltegory. Of the 154 units tested and exposed to nuclear
radiation, 54 percent were classified as foilures. When 41 crystal units were irradiated
in a gomma ray environment, only one crystal unit was observed to_fail. In attempting
to correlate changes and failure occurrence with material differences and manufac-
turing procedures, it appears thot certain types of crystal cufs are more sensitive fo
nuclear radiation than others. For example, it was stated that AT cut quartz plates
are more susceptible to radiation damoge than any of the other types of cuts studied.

It was hypothesized that this may be a factor of orientation of the dimensions of the
plote with respect to the crystallographic plones. Thus, it appears that radiation
effects on completed crystal units are of major concern, and designers of electronic
equipment utilizing crystal units have many factors to explore when selecting crystal

devices for possible use in nuclear environments.

169




D2-126203-3

v

In a test by Belser, Hicklin, and Young (Reé. 14.73), the effects of gamma
radiation on quartz crystals and their coverings were studied. Four kinds of quartz
(natural, swept naturel, ‘cultured, and swept cultured) were used with three types of
plating (cluminum, silver, and gold). The Q-values of the resonators exposed to
3.0 x 107 rads from o G3-137 source were found to change with the species of quartz.
The Q of natural and cultured quartz resonators was degraded by about 25 percent,

whereas that of the swept natural and swept cultural quartz was changed lirtle.

Crystals other than quartz are also being studied 1o determine the effect of
nuclear radiation. Lead zirconium titanate and barium titancte have been exposed
to 1 x 1018 n/cm,2 (Ref. ‘14. 74). The barium crysfols:'showed about -22 percent change
in voltage and an average change in resonant frequency of + 7..5 percent. This
average was raised because one unit (of five) showed + 16. 4 percent change while
another showed 12. 5 percent change. The lead zirconium crystals showed an aver-
oge change of + 4.0 percent for frequency respo;wse and on averoge negotive change
of 19 percent for voltage. Seporate gumma expésure; were performed on these types
of crystals, and the barium crystals showed on averoge -2.0 percent change in
capacitance for an exposure of 1.5 x 108 rads. The iéad zirconium crystals showed
7

an average negative change of 14 parcent in capacitance for an exposure of 1.2 x 10

rads.

In another study (Ref, 14.75), a lead metcnjolate crystal was tested in a
Genera! Electric Type LM~278 transducer to an exposure of obout 3 x 108 rads and

at temperatures up to 800°F. Under these conditions.the device operated favorably.

The relation between nonelectrical parameters, such as crystal lottice
shifts as indicated by X-roy diffraction and those por'amefers mentioned earlier, is
not cleor. In the interest of establishing thresheld information,” @ comparison of
effects was studied so that data and results from many"‘of the experiments conducted
in which effects-were discussed in terms of:physical characterisrfics could be used.
For examplé, one report states that barium titanote was exposed to fast-neutron
irradiation up to o neutr;n fluence of 10]8 n/cm? and no changes were observed in

the crystol lottice parameters, (Ref. 14.76). However, with increased exposure up
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to 1.4 x 1020 n/cm2, o transformation of the tetragonel barium titanate into @ non-
ferroelectric cubic phase similar to properries possessed by Rochelle salt was indi-
cated by X-ray diffraction. Eorlier reports have been issved concerning radiation
effects on piezoelectric crystcls in which resonont frequencies remomed rel atively
stable at fast fluences of 3.6 x 10 n/cmz, the frequency chcnges being less than
1000 parts per million. Some exceptions (Ref. 14.77) have been reported where
presence of discoloration, because of radiation exposur'é; coincic:ied with large
resonant frequency changes for BT crystal cuts. The relationship between color
change ond resonant frequency change is more obvious in the vorious synthetic quartz
types. Studies conducted with AT crystal cuts have indicated that the natural quortz

is less sensitive to radiation thon the synthetic quartz. -

The improvement of electron-component resistance to radistion damage
ﬂ-;rough use of shielding aga-inst damage from thermal-ng-utron borﬁbcrdment has
been recommended for various future studies. Some work along these lines is cur-
rently in progress for crystal units ot the Admiral Corporqﬁon (Ref. 14.78) which
haos as its objective the determination of frequency s'niftr ot high remperature for
units exposed to a :'ut:licutic:vt';~ environment. The units being studied in this program
consist of Types CR-24/U and CR-51U crystals. A portion of the crystal units were
wrapped in o codmium foil to determine whether any improvement could be agetected
in the irrodiated state. Some units were active in circqi‘ts, whereas others were
passive. Frequency characteristics at 180°C were used to determine wherher the
radiation environment caused measureable changes in the various crystal units. The
erystal units were exposed to a total rediation flux of between 0. 40 and 1.4 X 10]8
n/c:m2 at an energy level greater than 0.5 Mev., An ex‘aminoﬁon of the pre-and
postirradiation curves of high-temperature frequency characteristics for the shielded
Type CR-51/U crystal showed o 10.003 percent transalation, and the crystal would
not oscillate at 180°C. The unshielded crystal unit, Type CR-51/U, exhibited the
same percent of frequency transloﬂt;n; however, failure to function at the high
temperature was not indicated. The reverse was noted for the Type CR-24/U crystal
units. For these crystals, the unshielded units exhibited increases in frequency ond

finally went out of tolerance. The shielded Type CR-24/U unit displayed o decrease
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in frequency; however, it remained within the specified tolerance for the unit.

Some low-freque:ncy crystals, Type CR-18/ U, were studiied in mych a
similar manner as those above. Both shielded and unshielded (Ref. 14.78) units dis-
played increases in frequency; however, frequency jumps or discontinuities were
observed for the unshielded crystels. Discontinuities of this type were not noticed
in any previous crystal studies. |t was postulated that this occurrence wos caused
by structural changes in the crystal blank, resulting in coupl iné to spurious modes.
The ultimate effects of coﬁdmium shielding couid not be defined ot this time since
the mechanisms involved are not completely understood, and furfher coniecfure on

this phenomenon was left to future observation. "

More recent studies, (References 14.79, 14.710, 14,711) have shown that
crystcls of Z-growth swept-synthetic quartz are the mc;sr resistant to steody-~state
radiation effects. AT-cuf_h 5. 27 MHz crystals were four;d to withstand > ]65 rods
with enly about 8 pp 108 max shift in frequency. The spread between crystals of
the same type cut from differem bars of materiol wes Fo‘und to be opproximotely
12 pp 108 ot 107 rads gomma For a mixed neufron and gammc envuonmenr such
crystals exhibited shifts of 11 pp 108 at 3.0 x 10 n/cm and 1.4 x 106 rads.

The areo of proton effects on crystals has not been explored. This could
be a serious discrepancy since protons cause both heavy ionization and displacement

along their paths.
14. 20 Temporary Porameter Degradotion "

14. 30 Porameter Degradation Factors

Due to the complexity of responses cbserved for cystals of different cuts
ond manufacturing techniques, it is not practical to list degradation foctors.
However, the relative sensitivities of saveral types of crystals are shown in Table 14.1.
It is recommended that any crystal type bein‘g cm;idémd for use, be fully characterized
in the rodiation environment of interest ond thet strict quolity controi be maintained

to see that manufacturing techniques not be cltered.
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14. 40 Radiation Hardening

, ;
No specific hardening techniques were noted in the literature except that

certain crystal cuts (as described in Section 14,10) seem more resistant than others.
It has elso been noted that Z-growth swept synthetic quurfz seems to be more resis-

tant than other fypes.

14. 50 Recommended Testing ‘

It is recommended that crystals to be used be tested in neutron and proton

radiation environments to fluences of the order of 10‘4 n/cmz and 10]2 P/cm2.

14. 60 Radiation Screening

No screening techniques for radiation resistant quartz crystals were noted

in the literature.

Table 14.} Relative Sensitivity of Various Crystal Types

Radiation Level for
Crystal Type Modergte Damage
Natural quartz | 3 x 107 rads (Co-60)
Cultured quartz 3% 107 rads {Co-60)
Swept natural i >'3 x 107 rods (Co-60)
Swept cultured _ >3 x 107 rads (Co-40)
Lead Zirconium titanate 1.5 x 108 fads (Co-60)
Barium titanate - >1.5x 108 rads (Co-60)
Lead metaniolate ’ >3 x 108 rods (Co-60)
Quartz ) 1013 - 1014 n/cm2
Swept quartz : 3 x 10"3'n/cm"2
Lead Zirconium titanate !9‘8 n/em?
Barium titanote ' 10‘8 n/cm2
Lead meteniolate
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15.0 CAPACITORS

'

Hanks and Hammonci (Ref. 15.71) published a rather thorough survey of the
effects of a combined environment of neutron and gamma radiation on capacitors in
1966. Since no more recent dato has been located in this search,:ond since the ex-
pected fluences for the TOPS mission are below levels expected to produce signifi-
cant degredation in copacitors, only a brief summary of ‘effects are treated in this

)

report.

r

Figure 15. 1 shows ballpark ranges for neutron damage in the capacitor types
included in the TOPS parts list. |t appears that the neutron exposure expected for
the TOPS mission should not cause significant effects in copacitors except for met-
allized mylar units under elevated temperatures. Howe(rer, for égmpleteneis, a

summary of effects in each part type is included.

15.A  GLASS AND PORCELAIN CAPACITORS |

1

15. 1A Permanent Effects

Glass and porcelain type capacitors can be considered os the most radiation-
resistant capocitors of all the conventional types. They have shown germanent
changes ranging from -2, 5 to + 3. 5 percent under neutron irradiation. Changes in
dissiparion factor are gene‘roﬂy temporary although some permanent changes have

been reported in porceloin devices.

Proton damage in capacitors is not so well characterized as neutron demage.
At presenf, one con only estimate prcton damage in capacitors since very little data

exists.
15.2A Temporary Parameter Drifts

Glass and porce!cir‘{ capacitors show temporary ‘changes in copacitance rang-
ing from -2. 35 to 4,0 percent and increases in dissipation factors. These changes
recover ofter removing the devices from the radiation field. It is felt thot the tem-
porary changes are ionization effects and os such in the fow intensity ionization

fields of the TOPS mission should not be a significant factor.
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15.3A Parometer Degradation Factors

From the literature, the parameter degradation factors listed in Table 15. 1
are estimated. These factors are felt to be conservative and usually the parameter
shifts would be smaller. "No estimotes for temporary changes due to protons are
given due to the unknown absorbed dose due to the charged particles. Further, no
permanent changes are listed for the dissipation factor since the results that have been

reported are errotic.

Table 15.1 Parameter Degradation Factors

Parameter Radiation Type Fluence ‘ Derating Factor

Capocitance | Fission Neutrons 1.9 x !016 n/c:m'2 Ze:ngnent ' ’l':r;psomry
+ Gommas 3.8 x 1010 rads(C) Percent Percent

Dissipation Fission Neutrons 1.9 x 1018 r\/cm2 -~ , <0.10

1

Focror + Gammas 3.8 x m}O rads(C)

Copacitance | 8 ~ 15 MeV 3.7 x 1014 p,/mﬂ2 . + 4,0 .-

) Protons ° ‘ Percent

ot et 14 2 i
Dissipation | 8 = 15 MeV 5.7x 10" p/em”. - ——-
Factor Protons :

15. 4A Radiation Harden‘ing

No specific hardening techniques were found in the literature of glass and

porcelain capacitors.
15.5A Radiation Testing

No radiation testing is recommended for glass ond porcelain capacitors for

the TOPS mission.
15.6A Radiation Screening

No screening techniques were reported.
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158  MICA CAPACITORS
15. 18 Permanent Parometer Degradation

Steady-state nuclear rodiation (fission neutron ond gamme) has been observed
to cause permanent changes in the copocitance values and dissipation factors of mice
capacitors. This damage is thought to be due to changes in the physical structure of

the devices.

T

Proton irradiation should cause similar effects to those stated above for fission

neutrons and gammas.
15.2B Temporary Parameter Drifts

The insulation resistance of mica capacitors decreases during irradiation and
recovers upon termination of the radiation. These changes are probably due to

ionization ond should not be a problem for the low intensity TOPS environment.
15.38 Parameter Degrodoﬁon— Factors

Ccpacufance measuremenfs on mica ccpaclton moy show permanent changes
of & percent when exposed to 10 n/cm (fast) end 10 rads(C) gamma. Dissipa-
tion factors may increase by as much as 6 percent at neutron fluences of 1016 n/cmz,
and 108 rads(C) gamma. The insulation resistance may décreose to the order of
108 to 109 ohms during radiation as opposed to 1010 to lb” ohms before irradiation.
These resistance changes recover upon termination of the radiation. Further, since
they ore pmbabl;{ionizoﬁon induced, they should be a function of the ionization

<

dose rate or intensity.
15.48 Rodiation Hordening

No specific hardening techniques ware located.

15.58 Radiction 'Testing
‘ i

No radiation testing is recammended for mico capacitors for the TOPS mission.

15.68 Radiotion Screening

No screening techniques were located.
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15C  CERAMIC CAPACITORS
15. 1C Permanent Parameter Degradation

Ceromic capacitors generally show decreases in capacitance and increases
in dissipation factors due to neutron and gamma irradiation. From the literature, it

is not clear just how much of the observed effects are due to remperature and aging.

Proton radiation should produce similar effects-to those of combined neutron

and gamma environments.
15. 2C Tempon‘:ry Effects

The capacitance, dissipation factor, and insulation resistance of ceramic
capacitors are all susceptible to temporary changes. These changes are thought to

be due to ionization.
15.3C Paramerer Degradation Factors

The capacitance of general purpose ceramic copacitors has been observed to
change as much as 20 percent, but o more typical change is 10 to 15 percent. Such
changes occur, however, at much higher fluences than those expected for the TOPS

mission.

Limited information on the dissipation factor of ceramic capacitors indicates

that it may increase by as muth as a factor of five.

The insulation resistance decreases as much as rwo orders cf magnitude during

irradiation, but recovers ofter irradiation. For the low intensity TOPS environment

this should not be a problem.
15. 4C Radiation Hardening
No hardening tec':hniques were reported,
15. SC Radiation Tesringj . 5

No radiation testing of ceramic capocitors is recommended for the TOPS

mission.
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15.6C Radiation Screening

No screening techniques were noted in the literature. |

15.0 MYLAR CAPACITORS
15. 1D Permanent Paromet;sr Degradation

General ly, mylar capacitors show damage ot neutron fluences one order of
magnitude lowar than the types having inorganic insulation such as glass + ceramic.
The devices show damage due to several possible mechamsms. For example, in
oil impregnated devices (hugh voltage) the hydrocarbons tend to breakdown ond re-
lease gases which distort the capacitor element and in some cases to rupture the

encapsulant.

-

It has also been observed that the application of voltage and high tempera-

ture during irradiation enhances the damage. -

No daté:;wene located for proton effects, but the dumage mechanisms probably
are similar to those for a reactor environment, i.e., combdined neutrons and ionizing

gamma radiation. )
15. 20 Temporary Parameter Drift

The insulation resistonce of mylor capacitors show decreases during irradiation

due to ionization effects. : The decreases recover when the radiation is terminated.
15. 3D Parameter Degradation Factors

Maximum changes that have been recorded in dry mylar dnelcc?nc capacitors
are decreases of 10 perceqf at 10 n/cm (E >0 H MeV) plus 1.3 x 10 rads(C) and
an increase of 3.4 percent at 3.6 x IO n/cm E> 0,1 MeV and 4.0 x ]06 rads(C).
The leakage current at these fluences showed average increases during madnahon of

from 20 percent to 100 percent. -

For metallized mylar units, catostrophic failures due to shorting were re-~
ported at fluences of the order of 1 x 1013 n/cmziplus 1x 107 rads(C) when the

devices were irrediated in a combined environment of lOOOC, vacuum and under
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electrical load. The failure rate was shown to be enhanced by both the electrical
looding and the elevated temperature. Table 15.2 shows the failure rates for these

devices. Fiéure 15. 2 shows the relicbtlity index for mylar units.

15.4D Radiation Hardening
No specific hardening technigues have been located in the literature.

15. 5D Radigtion Testing

If metaliyzed mylar dielectric devices are t6 be used at elevated temperatures,
it might be advisable (in the light of the tests on metallized Units) to perform radia-
tion tests on a large sample of the device to be used to fluences of the order of

14

10 n/c:m2 at the cmbienf and electrical conditions to which the devices will be

subjected during the mission. “

15.6D Radiation Screening
No specific screening techniques were located in the litercture.

¢

15.E  METALLIZED PAPER CAPACITORS
15.1E Permanent Poronizeter Degradation

Paper dielectric capacitors show permanent degradation in capacitance at
neutron fluences approximataely three orders of magnitude lower than do glass and

ceromic devices.

‘

Perhaps the most significant mechanism is the distortion of the capacitive
elements due to dimensional changes and due to the evelution of gas in the case oil
or hydrocarbon impregnated devices. Also, changes in the dieleciric constant of

the dielectric may be a contributing factor.

T

No data were found for proton effects, but the proton damoge mechanisms

should be similar to those for neutron plus gomme e?mgironmehts.
15.2E Temporary Parameter Degradation

fonization causes o decrease in insulation resistonce which recovers upon

termination of the radiation.
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Table 15.2 Foilure Rate For 683G 10592W2 Capaciter at 50, 60, and

90 Percent Confidence Levels. (Ref. 15.73)

Failure Rate at Indicated Confidence Level,
percent/1000 hr.
Percent
Recorded as
Test Group* | 50 Percent 60 Percent 90 Percent Failed
l 1,237 1.43 " 2,44 10
i 0.30 .39 0.9 0
i} 36.70 38.85 48,38 95
v 18.76 20,02 25,53 . 75
\' 0.30 - 0.39 0.98 0
Vi 0.30 0.39 0. 98 0
Vi 0.30_ 0.39 _0.98 0
All test groups 2.83 2.95 "'3.48 25.7

* Group Test Conditions

(M
(2)

(3)

(4)

(5

A temperature of 100 C and normal atmospheric pressure (Test Group 1),

A temperature of 100 C and a vacuum of approximately 10-5 mm Hg
(Test Group 1i). -

A fempéroture of 100 C, a vacuum tne same as (2), and exposed to
radiation for o period of 10,000 hours. The néutron fluence and total
gamma exposure were approxima tely 1013 (E >0.1 MeV) ond
109 ergs g (C) (Test Group 111).

A temperature of 100 C, under vacuum, and the sume total radiation expo-
sure as in (3) but ot a flux that would prawde this exposure in 100 hours.
The capacitors were then left on operational load for the balance of the
10, 000-hour period with no further irradiation (Test Group V).

A temperature of 50 C, under vacuum, and exposed to radiation under the

same conditions as in (3) (Test Group V).

The additional tast groups (VI and Vi) of 20 capacitors were subjected to the

same conditions as (1) and (3) above, but witheut the application of a d-c voltage.
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15.3E Parameter Degrodation Factors

The reported changes for metallized paper copacitors range between 8 per~
cent increases and decreases greater than 20 percent. :Generolly, the dissipation
factor shows increases of less than 1 percent with radiation. These typical changes
hove been observed in experiments in which the rodiation levels ranged to

4 x 10]7 n/cmz. (fast) + 3.0 x 108 rads(C).

One study of metallized paper capacitors provided some insight into the
reliability of the devices. Table 15.3 and Figure 15.3 shows the failure rates and
reliability index for capacitors irrodiated under various conditi:ons of electricc!
loading, fempércfure, and otmospheric pressures. The results of this study indicate

2

that for radiation levels of, 10'3 n/em® and 107 rods(é), the radiation is an insigni-

ficant factor compared to the effects of temperature end vacuum,

15. 4E Rodiation Hardening

No specific techniques for hardening paper capacitors were located; however,
it was observed that units impregnatec with oils are more sensitive than the non-

impregnated urits due to gas evolution as the hydrocarbons break down.

15.5€ Rodiation Testing

From the test reported in the literoture, it appears that no radiation testing

of metallized paper capucifoﬁ is necessary for TOPS _Xe.nvironmeht.
15.6E Radiation Screeni_ﬁg

No screening techniques were reported,
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Table 15.3 Failure Rate for 118P1059252 Capacitor at 50, 60, and 90
Percent Confidence Levels. (Ref. 15.73)

Failure Rate ot Indicated Confidence Level,

‘percent/1000 hr.

Percent

v Recorded as

Test Group™ 50 Percent 60 Percent ~ 90 Percent Failed
| 0.30 0.39 - 0.98 0
i 0.30 0.39 - 0,98, 0
il 0.30 0.39 0.98 0
v 0.29 0.3¢? 0.97 0
\Y 0.30 0.39 0.98 0
All test groups 0.06 0.08 0.20 ‘ 0

* Group Test Conditions

(1) A temperature of 100 C and normal atmospheric pressure (Test Group I).

(2) A terﬁperoture of 100 C and a vacuum of approximately 10-5 mm Hg
(Test Group {1).

(3) A temperature of 100 C, a vacuum the samé as (2), and exposed to radia-

tion for a period of 10,000 hours. The neutron fluence and total gamma

expaosure were u‘pproximotely 10

13

(C) (Test Group i),

.
!

n cm-2 (E>0.1 MeV) ond '109 ergs g-l

(4) A temperature .:of 100 C, under vacuum, and the same total radiation

exposure as in (3) but at a flux that would provide this exposure in 100

hours. The capacitors were then left on operational load for the balance
of the 10, OOO-bour period with no further irradiation (Test Group V).

- (5) A temperature of 50 C, under vacuum, ond gxposed to radiation under the

same conditions os in (3) (Test Group V). -

The additional test g}ou';!s (V1 and VII) of 20 capacitors were subjected to the

same conditions as (1) and (3) above, but without the application of a d-c voltage.
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15.5F TANTALUM CAPACITORS
15.1F Permanent Porameter Degradation

The capacitance and dissipation factor of fontalum capocitors experience
permanent changes under irradiotion. In addition, they sometimes show structural

damage due to dimensional changes particularly in units employing teflon seals.

15.2F Temporary Paromel:er Changes

b

The capacitance, dissipation factor, and the leakage current in tantalum
capacitors oll show temporary changes due to irradiation, The temporary effects

usually are ottributed to ionization and recover upon termination of the radiation.
15.3F Parameter Degradation Factors

The capacitance of tantalum capaciiors has been okserved to vary between
maximum of -25 percent and +20 percent while more typicol changes are £ 10 per-
cent. The changes have been observed in some cases to racover ond in some cases

not o recover of even o increcse upon rodiotion being terminated.

The dissipotion facter has been observed to 3nc:raase to values ranging from
< 0.05 to 0. 10. ‘

The above changes occurred in experiments in 'which neutron fluences ranged
from 0.3 x 1012 n/cm? (fast) to 6 x 1017 n/em? (Fast) plus gammc doses ranging from
8.7 x 105 rads(C) to 4. 4 x 108 reds(C).

The leckage current of tantalum capacitors have increased os much as two
orders of magnitude due fo ionization; however, for the low intersity TOPS environ-

ment, this shou|'d not be a problem.

The reliability of tantalum copacitors hos been checked in severof tests.
Figure 15. 4 shows the rehoblhty index and Tables 15, 4 ond 15. 5 shows failure rates

observed.
15.4F Radiation Hardening

No specific hardening techniques were observed in the literoture; however,
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Table 15._4 Failure Rate For 5K106AA6 Capaciter ot 50, 60, and 90 .
Percent Confidence Levels. (Ref, 15.73)

. Failure Rate at Indicated Confidence Level,
percent/1000 hr.
- Percent
. Recorded as

Test Group™ 50 Percent 60 Percent 90 Percent Failed
{ 0.30 . 0.39 0.98 0
H 0.30 0.3% - 0,98 0
il 0.39 0.39 0. 98 0
v 0.29 Q.39 0.97 0
\Y 0.30 0. 39 0.98 0
Vi 0.30 - 0.39 0.98 0
All test groups 0.05 0.06 0.16 0

* Group Test Conditions

(1) A temperarure of 100 C and normal atmospheric pressure (Test Group 1).

{2) A temperature of 100 C and a vacuum of approximately 10-5 mm Mg
(Test Group H). s ’

(3) A temperature of 100 C, & vacuum the some as (2}, and exposed to
radiation for a period of 10,000 hours. The neutron fluence and total
gomma exposure were epproximately 1013 n cmn2 (E>0.1 MeV) and
109 ergs g-l (C) (Test Group H1). |

(4) A temperature of 100 C, under vacuum, and the some ;ota! radiation ex-
posure as in (3) but ot ¢ flux that would provide this exposure in 100 hours.
The copocitors were then left on operational load for the balance of the
10, 000-hour period with no further irradiation (Test Group IV),

(5) A temperature of 50 C, under vacuum, ond e)_(bosed o '!;udiotio‘n under the

same conditions as in (3) (Test Group V).

The additional test groups (VI and Vil) of 20 capacitors were subjected to the
same conditions as (1) and (3) above, but without the application of a d-¢ voltage.

t

189




D2-126203-3

Table 15.5 Failure Rate for HP56C50D1 Capacitor ot 50, 60, ond 90
Percent Confidence Levels. (Ref. 15,.73)

Failure Rate ot Indicated Confidence Level,
percent/1000 hr.
Percent
Recorded as

Test Group * 50 Percent 60 Percent 90 Percent Failed
| 11.82 12, 56 15,80 85
il 7.31 7.81 10,05 30
1] 0.30 0.39 0.98 0
v 0.75 0.89 1.74 5
\ 0.75 0. 90 1.72 5
All test groups 3.25 3.39 4,02 25

* Group Test Conditions

(N
(2)

@)

(4)

()

A temperature of 100 C and normal atmaspheric pressure (Test Group 1).

A temperature of 100 C ond 6 vecuum of approximately 10-5 mm Hg

(Test Group ).

A temperature of 100 C, o vacuum the some os (2), and exposed to

rodiation for a period of 10, 000 hours. The neutron fluence and total

gamma exposure were approximately 1013 n cm"2 (E > 0.1 MeV) and
10° ergs g-'l (C) (Test Group l1l).

A temperature of 100 C, under vacuum, and the same total radiation

exposure as in (3) but at a flux that would provide this exposure in

100 hours. The capacitors were then left an operational load for the
balance of the 10, 000~hour period with no further irrodiation (Test

Group V).

A temperature of 50 C, under vacuum, and exposed to radiation under

the same conditions as in (3) (Tesr Group V).

The additional test groups (VI ond Vi) of 20 capacitors were subjected to the

same conditions as (1) and (3) above, but without the application of a d=c voltage.
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it was observed thot units having teflon seals are more susceptible to mechanical

domage due to radiation,
15.5F Rodiation Testing

No specific radiation testing of tantalum copacitors is recommended for the
TOPS mission,

15.F Radiction Screening
No radiotion screening techniques were located in the literature.
15.70 References

15.71 Honk, C.L. and Hammon, D. J.; "Report on The Effect of Radiation on
Capacitors, REIC Report No. 44, June, 1969.

15.72 Piyor, S.G., Iil, "Reliability Testing of Copacitors in Combined Environ-
ments", Lockheed Aircraft Corporation, Nuclear Products, Georgia Division,
Marietta, Georgio, NR-1146, Dec. 1960, AF33({600)-38947, Awilcble:
DDC, AD249049,

15.73 Hanks, C.L., ond Homman, D. J., "A Study of the Reliability of Electronic
Components in a Nuclear-Radiation Environment, Vol. | - Results Obtained
on JPL Test No. 617, Phase Il to Jet Propulsion Laboratory, " Battelle
Memorial Institute, Columbus Laboratories, Columbus, Ohio (June 1, 1966),
Final Report, 800 pp.
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d 16.0 RESISTORS

A

Due to their relative hardness, resistors have. received little attention in
recent years. The data thot exist have been summanzed by other workers quite
thoroughly (16.71). Since permanent effects in resnsfors are dependenf on materials
ond mechanical construction details, no prediction models have been formulated;
therefare, this report will discuss the effects of rodiation that gre particularly per-
tinent to the TOPS environment. Very littie proton data were found for resistors;
therefore, domage threshold estimates are made for protons.

16. 1 Permanent Parameter Degradarion

Carbon Composition Resistors

Carbon composition resistors are the most radiation sensitive of the four
common types discussed in this report. They have heen observed to be sensitive o
fast neutrons and, to ¢ lesser degree, to gamma rays. Very Imle data were found
for proton effects on resistors, but on estimate con be mode bosed on the assumption
that protons produce displécement damage. This estimate ignores the ionizing effects
of protons which, based ;n _gomma radiation (principalnfy ionization) resuits, is
probably not too serious. Thss is subsfonhated by the fact that carbon composition
resistors have been exposed t6 2 x 10 % (22 MeV) p/cm without significant per-
manent damage. (16.72) .

The resistance of carbon composition resistors usuelly decreases under
meutron and gommo raciation. It has been postulated that the decrease is probebly
a result of carbonization of the epoxide-resin binder, ;'vhich increases the conduc-
tivity of the resistor. In general, for carbon composmon resistors, the higher the
resistance value, the Iorger the parcentage resistance change due to radiation. In
addition, rate effects have been observed for high resistance values. The rate effect

is not very significant for a low level environment such as TOPS.

Carbon Film Resistors

Generally, deposited-carbon-film resistors show betfer results than carbon
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composition resistors. However, there ore severa) techniques usec‘i in manufocturing
deposited-carbon-film resisforg and these techniques have some influence on radia-
tion degradation of the devices. Qut of the different mdﬁufccturing techniques,
there are essentially two basic types; the coated film resistor and the moisture~
resistant resistor.” Coated film resistors usuolly have an ocryl:c costing to protect
the film. The molsfure-resustam units are either hermem:olly sealed in an imper-
vious ceramic sleeve via sulver-alloy solder or are molded using an epoxide-resin
encapsulafion, The conduchve element is o pyrolyh..ally depoasited carbon film on

substrates such as steatite, olumma, or olkali-free glou.

EA

it should be further pointed out that carbon ﬁ!m resistors without encapsu-
iohon are no better than corbon composition resistors. Exposures of 2x 10]3

(22 MeV) p/cm2 produce ns ‘permanent effects in corbon film resistors. (16.72)

Metal Film Resistors : o

In cang‘tructicn metal-film type resistors are similar to carbon=film resistors
except that the resistive eiemenf is compased of a metal alloy or metal oxide. The
body enclosure is usually an acrylic or Vitreous mufenal Sometimes the devices

l

are enclosed in an epoxcde resin.

The rodiation resistance appsars to be quite good, especially for units
heving low nominal values of resistance. Low resistance devices‘come close to
wire-wound resistors in hardness. Unfortunorely, oll fypes of metal -film resistors
do not show good radiation resistance and in some cases catastrophic failures have
been observed. As with the case of carbon-film resistors, the epoxide-resin en-
capsuloted devices are preferable. For resistive elemenfs, eiementol tin has been
observed to be less mduahon sensitive than oxides and olloys. The above discussion

is based on neutron and gomma data. No data wos found for proton effects:

Wire-wound Resmon _ ,

W‘re-wound resistors are the least radiation sensmve type of resistor.
Alrhough there is some varigtion in the response of umfs from different manufacturers,
it is not felt the wire-wound resistors should pmsenf any problem in TOPS eaviron-

ment,
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16.2 Temporary Parameter Degradation

There is no evidence of drift other than the permanent degradation discussed
earlier for carbon composition, carbon film, and metal film resistors at the dose rates

expacted on the TOPS mission.

Wirewound resistors sometimes show o small change { 0. 1 percent) in resis-
tance immediately upon insertion in a rediation environment, but they eventually

settle bock to their original values.

16.3 Parameter Degradetion Facters

From the data prasented in the preceding section, semiquontitative estimates
can be made of the amount of degradation of carben composition resistors in o nuclear
environment. For the TOPS mission, the threshold fluence for damage oppears to be
above the neutron fluence expected; however, for protons, the fluence expected
could produce as much as 4 percent changs. The overage changes that have been

observed are presented in Figure 16. 1.

Due to the many construction types available in metal film resistors, it is
not possible to make accurate degradation predictions. However, from the doto
avoilable, the average parameter changes have been estimated ond are presented
in Figure 16. 2 and 16.3. For the TOPS environment , it appears that carbon film

resistors would chenge no more than 1 percenr.

Figure 16.4 shows estimated changes for metal film resistors in o nuclear
environment, An equlvelent proton environment has been estimated. 1t should be

noted that there is no experimental data for proton effects.

From the Figure, it can be further noted that of fluences of neutrons and
protons well above those expected for the TOPS mission the change in resistance is
less than one-half percent. Early studies indicote that for high-value resistors

(> 1 megohm) the change was grecter and diollyl phtholate plastic units are hardest.
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Wirewound resistors should be adequate for the TOPS mission with a degra-
dation facter (or tolerance) of 0. 1 percent opplied.” Figure 16. 5 shows the aver-

cge observed changes.
16. 4 Radiation Hardening

No ho}rdening procedures have been proposed for carbon composition resis-

tors.

Aside from the comments in the permonent paramerer saction regarding con-
struction type selection, there are no specific hardening techniques suggested in the

literature for carbon film resistors.

Further, no hardening techniques have been found in the iiterature for

meta! film or wirewound resistors.

n
I
1

16. 3 Radiation Tesfir;g

No specific testing of resistors is recommended for the TOPS program.

6,6 Radiction Screening

No screening techniques for identifying radiation sensitive resistors were

found in the literature.

16.7 Rafere‘nces

. l N
16,71  Spradlin, B. C., "Nuclear Radiation ?ffecfs on Resistive Elements", REIC
Memorandum 31, ASTIC 041142, July 15, 1966.

16.72  Hulten, W, C., Honaker, W. C., and Patterson, J. L., "Radiation Effects
of 22 and 240 MeV Protons on Several Tronsistors and Solar Cells”, NASA
TN D-718, April 1961.
&
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17.0 Relays, Switches, ond Fuses

No recent work has been locared on relays, switches, and fuses. The work
that has been done has been reviewed by other workers (17. 21) and reveals that for

missions such as TOPS there probably is no real radiation problem with these devices.

Most of the reported effects arise from insulation breakdown or degradation.

Figure 17. 1 shows the approximcte tolerances of popuiar insulation materials.

Theteher (17. 21) has reviewed the literature on relays ond switches ond his

report is included here with only the radiation units converted for consistency.

Hardening of switches and relays is accomplished by choosing hard materiais
for construction; however, for a mission such as TOPS it appears that (with the
possible exception of teflon) the threshalds for damage of most insulation materials
is well above the expected mission radiction levels.

“Nucleor radiation effects relays and switches primorily by damoge to the
organic insulating and construction materials. Datc exomined for some relays (17. 22)
indicate thar they operate satisfactorily in o nuclear-radiation field up to integrated
neutron fluxes of 6.5 x 1014 n/cmz, witn energies greater than 2.9 MeV or 5.7 x 10]5
m/cm2 {epiccdmium) or integrated gamma-ray exposures of 109 rads (17. 23). Some
micro-switches suffer damage to the plastic cases and actuators (17. 24) at gamma-
ray exposures as low as 4 to 6 x ’106 rads or integrated neutron fluxes at 1015 n/cm2
(> 0.7 MeV). Typical behavior of relays and switches in the nuclear environment is

shown in Table 17,1, "

"Other experiments (17. 25) have indicated that ionizing radiation does not
offect the potential of the air gop, but does affect the potential required to quench
any arc struek. Solutions to this problem would be to operate the relay in an evacu-
ated container, or to operate the relay in a container filled with an arc-quenching

gcs, such as sulfur hexa-fluoride. "

The major factor in the rediation resistance of relays ond switches is insulating
materials. Teflon is ar: especially undersirabie material for such applications. The

only screening techniqise suggested is on tre basis of materiols used. Designers
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Table 17. 1 Radiation Effects on Relays and Switches

Rodiction £x oosum

Reloy or Switch Type ﬂ/cm2 Rods Eifocn Raforenco
Sensitive-typa, 15C0-chm, 85 mw, 5.7x IO,'s Ix 107 Four samples were fosted and {17. 28)
coil relay {epicadmium) showed negligibie degradation.
No indication of gny imulation
feilure. One somple showed an
tncrecse in contact resittence from
0.015 to 0 5 ohm. Postimadiation
exgmingtion showed this unst fo
have slightly bleckened contoct
poinn, but no evidence of pitting
¢ buming. Dropeout resisicnce
showad no chonge from pre- to post~
imodigtion and less thon S per cent
chonge in-pile. Pull=in voltege and
cuvont changed & 2 per cent in-pile
and t & percent pre~ to postirmadiation,
$RJ-2000G (hermatically swoled) 650107 5.3010°  Some showed decroaes in contact ro- (17. 27)
cbove 2.9 Mav sistonce a3 much a3 38 pov cant from pre~
SR~2000G (dust cover) 7.6x lo'2 I x )0’ ta pastirmediation measurecnants. This
chove 2.9 Mev was not Mought to be o rodiation effect
SP-11D (uncovered) 4.5x 1082 $.2x wa but rather a mechenical removal, during
cbove 2.9 Mev operotion, of an oxide loyar built up
275-C (hermatically seated) 48.10'7 54100  during stomge. Changes in coil resis-
above 2.9 Mev tance and ogsrating times wem noted
” 8  aslargs a3 10~15 per cent. However,
MH-18D (hermetically sealed) 4.4x 10 4.9x 10 these changes ware determined to be
) cbave 2.9 Mev primarily temperature effects witn the
A-29634 (uncovered) 2.4x102  4.4x10°  rodiotion cantmibution less thon 2 per
cbove 2.7 Mav cont. Ralease times showod iaitial

decrease of 5-10 per cent, than sready
eparation in-pife with random per-
monent effec. Pull=in cument shawed
no frend.
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Table 17.1 (Continued)

Reloy or Switch Type
SMSDS (hermatically sealed)

22RJC-200G (hermetically seaied)
74-3 (uncovered)

Microswilch

Westinghowse, Type UND12587-002
reloys

Price, Type 3008622 reloys
Ladex rotary swirches

Centmolab high-wcitoge
switch~spaciol

Ledex zeromic woler
twitch ~standord
low volrage

Srondord ceromic wafer
swirches-Ledex

Controlob high=voltage switch

Porter-Beymfield reloy

Rogiotion Eaposure

P

4.9 10'2
obove 2.9 Mav
6.7 1082
above 2.9 Mev
s.1x10'2
obove & 9 Mev
i W's
cbove 0.7 Mev
2 101
(epicodmium}

2 x 1076

4.2 lO's
obove 0.5 Muv

1.3 » 1013

6.24 101

Lixt0'

S 10"

s 1x 10"
€£>.5 Mav

Raxess
9x 10

3

7 9x10°

76310

5. 10°

5:’07
5:307

8

Eftects

25 per cant change n plastic cose

ond ectuator.

Tweive tesred, Afl units exceeded

spacification limity,

Tweive tosted, Ail units exceeded

specificotion lims.

Four switches testod. Al switcnes

were ermotic.

At 13 axposure the rorchet mecho-
nism jammed, and the consequent

overneating desiroyed the coil.

Scieno:d ocrion become intermitrent.
However, switch rolotion could be
continued by manuatly pulsing the
voltoge. Solemoid coil resistonce,
coil insvichion resttance, and switch
conract resistonce voried slightly.

ned
ohms

insuiahion renistonce re
foirly constent ar 6 x 1

Laference

(17 28)

(12.29,
17.30)

(17. 29,
17.30)

(12.31,
17.32)

(12.33)

(12.33)

{17.33)

when reactor wos at @ power level of

1 Mw.,

Some contocets foiled affter an expo-
ncm™4,

sure of gpour 0.5 « 10

Performed fair; pitting cf contects

Gousd resistonca 1o incregsa fo
about 1 ohm,

{172.33)

{12.34)
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Table 17.1 {(Continued) '":

Relay or Swirch Type
Potrer-Brumfield relay

fron Fireman

MH Type X-2751%
micraswireh

MK

V3-245

15X1

115M3

4

GLA 30302
Bendix L-15514-65

1

Microswirch
1HTI, high temperature
GE, FB100YY, ZL178
magnet wire
GE, £8100Y2, TFE,
Toflon magnet drive
GE FBI00YJ, ML,
enamel magnet wire .
Porrer-Brumfield,
LMSC 1600639-1,
P8SCI10A, DPDT :

o~

T
L

Radistion expasure

n/emz Rads
L2x 10" -
£>.5 Mav
L2x 10% -
E>.5 Mev
~3.8x10"% o
1.2x 10'° -
}
L3k 10" 3918
{E>2.9 Mav)
Nons 9.3x10°
6x10"  _ sgx10®

E Effacns

Performad good, no increase in (17.34)
contoct resistence; about l-voit.

change in pull-in.and drep-out

voitoge.

Performed exceliant regaraing pull- (17, 34)
in ond drop-out curment stability.

Operered mtisfactorily throughour  (17.35)
toat,

Refarenca

An ovar-all and thorough inspoction  (17.36)
of the imadiated switches .undicoted

the V3 wories and M series units

were only affected by c33e embritiie-

menl, end the electrical functioning

of the switches was not ol rered.

Othaer fwitches shewed o variety of

* weakngssas such e seal foilures and

boo"av;d_:r_mhmm.

Lopkaéglcurmn remained constont (17, 37}

during fest, Afrer axposure the GLA

swteh thowad deop ka leckego current

end'the_ other switch showed o lorga

incroase. ¢

Opeorated swotufactarily. {17. 38)
T -

Coii resistancoe showad no moro then  (17.39)
2 per cent change behwoan pre- and
past-tost measurements for all twelve
reloys- insulaticn resisionce decrocsed
with incracsing temperature end flux.
Aot -test measuremants showed full re-
covery. The General Electric units
appear to mect specificotions. The
Potter-Brumfieid (PB) reloys exceoded
the wpecifications ot 2 amp (but not ot
100 o). i was specified that the
meximum contact ratistonce allowable
wos S0 mitliohms.

203

> ~
¢ - oo




Table 17.1 (Continued)

Radiation exposum

Refoy or Swirch Type n/cmz

. 1$
Kinatics Corp. o 5.8x 10

M352-1, Ser 0045,

SPOT 3
Lesch Corp. 400 eps, | ' 8xi0

9410, LMSC 10504031, Serie! i3 “
Autronics Corp. 400 cps, 6.8x 10

Type i, 1300, LMSC

146 1396.
15

Tranico Products, Inc. 8x 10

§PDT, RF switch,

13730-30
Micraswirch 1SM) . e
Micrarwitch 1SE1-3 : -
M}cmwi':h V3-l : . .
Micrasw.tch V3-1301 -
Microswiten 8Z-2R -
Microswirch BA-2R -
Micreswitch TEN1-4, -—
Microswirch 2EP2-8 -
Micraswiteh 1LSY -
Microswiteh 1HS1 ’ .

Rodh

8.8« 10°

3.6 x 104

1.3 4 107

Lixi1e®

. ix ’08

.1 Ii‘aa
1.05 x 10°
1 1x 108
1 1x10°

1.31‘!03
i !uloa

105« 10°

IR

Efecrs Raference

Opeu;led sstufactorily rhroughout (17.39)
the ress. '
Operated wtisiactoniy 1o of leost (17.39)
this exposure.
Operction becamae’quest.oneiie of {17.39)
4% 1014 a e when the drop~out
veltage ‘ncreased from 65 ro 93 voits.
The wnir roiled to tronsfer ar tno
meamuremant taken ct 3 » 1013 neem™Z,
Insertion foss showed negligible (17.39)
changes during and after rest.

£ T

The case material was becoming (17. 40}
pritvie. i
Thero wos on increase in operoting {17, 40)
and rel force and pretmavel ot

1.3 x 10" e (O By end of
rest this wos further magnified due to

seal boo? nardeming.

The cover'mntericl was becoming britile.

The cose matatio! was suspected of (17 40)
becaming brittle.

Cate matenal became brrrrle. (17.40)
Case mareria1 become brittie. (172. 40)

Pausibly some deterioration of the (17, 40)
Teflon wal nng.

a1 x10% mch there waso (17.40)
slight decregse in.opemting ond

rolecse force ana differential trovel.

Al e1d of test the seul hecame dnittle

md\ oroken on first operation.

No eftect on switch, but rubber (17 40)
wals mad hardened.
No effect. ‘ (17.40)
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should select devices on the basis of the most resistant materials (see Figure 17.1).

A generoi idea of the effects to be expacted can be obtained from Table 17. 1.

17. 20

17. 21

17. 22

17.23

17,24

17.25

17. 26

17.27

17. 28
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18.0 GLOSSARY OF TERMS;
ATOM - Smallest pc;rﬁcle of an element which is capable of enteri;mg into @
chem:cal ‘reaction.

BETA PARTICLE - A negatively or positively chcrged electron with an energy
range of approxnmotely 1 mev.

CARRIER REMOVAL A rodiation effect in semncomucfors whereby a defect
is infroduced into the material which may act as a donor ‘er aceeptor. In
the event that the defects act os donors in o matarial doped with acceptors,
then the 'net external effect is the removal of o carrier from the semiconcuc=
tor. :

CHARGED PARTICLE - Any nuclear perticle (elecfron, proton, etc.) having
an elecfncal charge associated with it.

COLLlSlO\i Encounter between two subatomac particles (including photons)
which changes the existing momentum and energy conditions. The products
of the collision need not be the same os the initial systems

COMBINED ENVIRONMENT - A rodiation Fleld or env-mnment consisting
of two or more types of radiation.

COMPTON EFFECT - The interaction of a photon with'an electron where
some of the energy of the photon goes to the recoil electron and the rest
remains with the photon (non degraded in energy) which may moke still more
collisions.

COSMIC RAY - High-energy particles or electromagnetic radiation origina-
ting in interstellar space.

CROSS SECTION = The probability that a certom reaction between a
nucleus and an mc;dent particle or photon will .oceur. It is expressed as
the effective area that the nucleus presents for fhe reaction. Usually ex-
pressed in barrs,

CUMULATIVE DOSE (Radiation) - The total dose resulting from repeated
exposures to radiation of the some region, or the whole body.

DAMAGE THRESHOLD - The fluence or dose ot ‘which defectable degra-
dation of @ component parameter or parameters occurs.

DISPLACEMENT DAMAGE Degradation induced in @ matenol by the dis-
placement of atoms_from their initial locahou by collisions with bombarding
nuclear radiation, ™

DISPLACEMENT SPIKE -~ When a fast moving otom collides with another
atom, displacing it from its normal position, the end of the trail of the dis-
ploced otom is believed to be in a region containing 1 to 10 K atoms in
which local melting and turbulent flow have occurred in an extremely short
period of time. Effect is important where heavy metals and semiconductors

" ore subjected to displacement forces.
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GLOSSARY OF TERMS (Continued)

DOSE - According to current usage, the radiotion delivered to a specified
area or volume or to the whole body. Units for dose are roentgens for X or
Gomma ray, reps or equivalent roentgens for beta rays. No stotement of
dose is complete without specifying location. It is usually specified as the
amount of energy absorbed by tissue at the site of interest per unit mass.

DOSE RATE - Radiation dose delivered per unit time.
EPITHERMAL NEUTRON - Nauiron havirg energy between 0.1 and 100 eV,

ELECTRON - A charged porticle with unit mass and unit chorge which is o
constituent of every neutral ctom. Hos a rest moss of 9. 107 x 1028 grams.
These particles are less massive then protons or alpha particles, therefore
have greater penetration powers.

ELECTRON VOLT - The kinetic energy of an electron bosed on its mass ond
the velocity oftained through an acceleration produced by a potential
difference of one volt {abbreviated ev, 1 ev= 1,6 x 10~ 2 orgs of energy).

ENERGY LEVELS ~ Groups of energy bands ar levels in which the electron
and nucleus of a solid material exist.

ENERGY SPECTRUM - Number of particles per unit energy over range of
energy represented in a nuclear radiation field,

ENVIRONMENTAL COMPONENT - Any specific type of radiation con-
tributing to a radiation environment consisting of mixed rodiation types.

EV - Electron volt

EXCITATION - Process by which an atom or molecule gains energy to raise
its ground state to an exciied state without particles being ejected. Process
often produces secondary radiation.

FAST NEUTRON =~ A neutron with an energy level of 10 kev or more.

FISSION =~ The splitting of a nucleus into at least two fragments accom-
panied by emission of a number of neutrons and the release of energy.

FLUENCE = Number of particles incident on o one square centimeter surface
or areq, i.e., parﬁcles/cm2.

GAMMA RAY - A quantum of short wavelength electromagnetic radiation
emitted by @ nucleus in its transition from o lower energy state. The range
of wavelengths is from about 1078 to 10~11 em. Gomma rays have zero
rest mass and zero charge but energies in the range of approximately 1 mev.
The intensity of 1 mev of gamme is halved in 4 inches of water.
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GLOSSARY OF TERMS (Contmued)
HARDNESS - Radnahon Resisrance ]

INTERFACE STATES - Allowable energy levels af the interface or junction
of sullcon materiol and silicon dioxides passivation layer.

INTEGRATED FLUX Cumulative number of porhcles per square centimeter
over an interval of time. ‘

INTERSTITIAL ATOMS - Atoms which are dlsploced from their equilibrium
positions ina necrby vacancy.

IONIZATION DAMAGE Damage caused by interaction of incident radia-
tion with orbital electrons.

IONIZATION EFFECT - An effect resulting from mctencll being ionized by
incident radiation, ionization damoge.

IONIZING RADIATION - Radiation that interacts primarily with orbital
electrors of material it is incident upon.

MEV = One mi‘”ion electron volifs

NEUTRON -~ An atomic particle with zero charge and o mass approximarely
that of o hydrogen atom. Naurrons are highly penetrating and when passing .
through matter are attenuated exponentially while colliding with nuclei.

(Do not collide’ with electrons). in o free state, neutrons decay into a proton
and an electron.

NUCLEAR RADIATION - Neutrons, alpha, bets, and gamma rays from
primary or secondary power plants, nuclear weapors, natural space radia-
tion. | Only neutrons and gamma rays penetrate shielding. Neutron energies
roange to 20 mev._(about 35 percent at 0.8 mev). Gamma ray energies range
from about 300 kev to at least 8.0 mev (avercge cbout 1.5 mev)

NUCLEUS - The' posmvely charged core of cm atom which aceounts for.
procncolly all of the atom's mass. l

NVT - .Total number of neutrons possing through o unit area during period
of time under consnderohon 7

PARTICLE RADIATION Radtot:on conslstmg of energetic perticles such as
electrons, protors, neutrors, and aipha particles,

PERMANENT DAMAGE Occurs when dlsplacemem and/or rearrangement
of atoms or g-oups of atoms tokes, place in a matericl. Degree of permanent
damage depends on total or integrated dose recelved type of radmhon,
and temperature. .

PROTON - An elementary nuclear particle with o positive electric charge
equal numerically to the charge of an electron but whose mass is equol to
approximately 1847 times the mass of an electron.
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GLOSSARY OF TERMS (Continued)
R - Abbreviation for roentgen

RAD - A unit of absorbed dose. One rad is equal to 100 ergs of absorbed
energy per gram of absorbing material. This unit cannot be used to describe
o radiation field.

ROENTGEN ~ Quantity of X or gamma rays which will produce as a result
of ionization electostatic unit of electricity {either sign) in 1 ¢c of dry air
ot 0°C ond standard atmospheric pressure. One roentgen = absorption of
83. 8 ergs of energy per gram of air.

SCATTERED ELECTRON - Electron thot hos been freed from its atomic orbit
due to collisions with bombarding radiation.

SLOW NEUTRON - See thermal neutron.

SOLAR FLARES - Chromospheric eruptions oceurring in the vicinity of sun-
spot groups. These eruptions are observable in certain lines in the visible
ond for ultraviolet ranges. Consist of intense streams of X roys, ultraviolet
rays, protons and electrons ejected from the sun at irregular intervals by
electromagnetic storms ossociated with sun spots. Most of these streams ore
obsorbed by the ecrth's otmosphere.,

SOLAR WINDS - Streoms of protons that have been ejected by the sun ond
are traveling through space.

STOPPING POWER - Total energy lost by incident particle per unit distance.

TEMPORARY DEGRADATION - Radiation induced damage or degradation
which recovers at room temperatures upon termination of the radiation,
usuolly in times of a few hours or less.

THERMAL NEUTRON -~ A neutron which is in thermol equilibrium with its
surroundings. Energy level is less than 1 ev. Thermal neutrons cause
capture gamma radiction (excitation energy emitted on caprure).

THRESHOLD DOSE - The minimum dose fluence that will produce o detect-
able degree of any given effect.

TRANSIENT EFFECTS - A phenomeno which eccurs when radiction causes
electronic excitation without atomic displacement in o material. Usually
results from ionizing radiation and is o function of the dose rate.

TRANSMUTATION - The process in which one species of atom is transformed
into another by a nucleor radiation.

THRESHOLD OF DAMAGE - Dosage level at which any cdditional radiafion
will change the basic characteristics of the material under irradiation.
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GLOSSARY OF TERMS {Continued)

. 57 VACANCIES - Vacant lattice sites created by collision of energy perticles
with atoms in a solid lottice.

58. X RAY - A form of penetrating electromognetic radiation (zero charge,
. zero mass) having wave lengths shorrer thon those of visible light {approxi-
X mately 1078 cm). Usually produced by bombarding a metallic target with
a particle in a high vacuum. In nuclear reaction, it is customary fo refer
to photons originating in the nucleus os gamma, roys and those in the extro
- nuclear part of the otom as X rays. Often called roemgen rays.
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