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FOREWORD

This document comprises a survey of the causes and effects of a
radiation environment on various electronic components, and the

technigues that must be employed to harden these devices against
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radiation.

In applying radiation hardening techniques to electronic equip-
ment and components, the requirement for such hardening often
conflicts with both the equipment’s electrical performance and
physical requirements. Aﬁong these requiremen;s are frequency
response, device current ratings, switching speed efficiency,
weight and volume (size). Tﬁus tradeoffs must be made. Some

guildelines are included here for establishing tradeoffs for
specific designs.
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SUMMARY

The sudden upsurgs of interest in the effects of radiation upon semiconduc-
tor devices is due to: (a) rumors that the Department of Defense will soon
issue a directive requiring all militery avioaics equipment to contain red-

iation-hardened devices; and (b) these devices may have importance heyond
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their ability to withstand high-radiation influxes.

TR o

Device geometries that tolerate nuclear environrents may provide higher
switching speeds, lower psrasjtic capacitances, better temperature stability,
and higher average utilization than today's conveantional methods provide.
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Pover transistors are difficult io harden because of thelr construction —
Also, the large areas

R i B

large geometries, low doping, and high voltages.
cause increased transient gamma photocurrents to flow, and the low gain-

bandwidth products combined with thick base widths produce posf-neutron
bombardment beta degeneration. Finally, the higher V gg(gap) values-and

large packege size impede hardening too.

A
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Diserete and integrated linears cannot tolerate wide parameter changes
as well as logic devices do, Linearity must be maintained, and element
ratios and stage balances (as in a differential amplifier) must be closely

» , .
LB il o slilbb B a1

held.

Desirable component characteristics for hardening include small geometries:

4 the smaller the device's active volume, the less the effects of photocurrent

flow. High-level doping raises post-neutron resistivity. Low voltages

% accommodate higher doping levels. Gold doping strengthens saturation
g characteristics and lessens beta sensitivity to neutrons. High current
E - densities and high gain-bandwidth products improve the device's post-

peutron gain capability.

LOCKHEED MISSILES & SPACE COMPANY
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Other hardening measures include dielectric isolation, minimum internal base
resistance and tuse widths, and double-diffused epitaxial comstruction.

Silicon is prei«-.ed tc germanium because of its higher resistivity.

Testing elso presents some problems, depending upon hardness level require-
men:ts. For lab tesuing, high gamma dose rate: may be simulated by flash
X-ray equipment. Linear accel:@rators may be used for ceses requiring mod-
srate camma levels £nd steady-state neutron radiation. And for high neutron
»livery retes and high steat s-state neutron presence, pulsed reactors can

Leousedl,

The five ..« and distinct steps which are used to produce effective
re diation-resistant circuits and ~juipment are:

i.. Determine the radiation environment-its types intemnsity, spectrum,

time, .ete.

2. Define the circuits in terms of components, materials, placement
of parts, pottings and coatings.

3. Choose a method of circuit analysis, one in which accuracy is
intelligently traded off for simplicity and which ellows for
permanent deamage if intense radiation is expected.

L4, Apply the appropriate hardening techniques.

5. Verify performance analysis and quality for acceptance.
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INTRODUCTION

The extent of space radiation damuge tc electronic components and materials
is a function of the total environment including electrical biases, temper-
ature ambient atmosphere, load impedences, and other factors besides the
redietion. Prediction oi expected electronic equipment performence for a
specific space application wmu:. ve baged upon the expected total environment
for each electronic component of material at its planned location in the

equipment,

The space radiation effects observed for electronic components and materials
are due to absorption of energy from the radiation which causes either
ionization of the target atoms or displacement of these atoms. The ionization
effects are generaliy considered to be temporary or at most semipermanent, in
the sense that they disappear immedietely or within a relatively short time
after irradiation ceases., Permanent effects are associated with the atomic
dispiacements, which result in disordering of crystal lattices in the elec-
tronic materials and in the materials that constitute electronic components.

Most cemiconductor devices are orders of magnitude more sensitive to rad-
iation than are other electronics meterials and ~omponents such as resistors,
capacitors, coils and insuletors. For space radiation levels, the most
siynificant effects in semiconductors are caused by radiation induced lattice
defects acting as recombination centers and reducing the minority carrier
lifetime. Radiation induced ionization at or near semiconductor surfaces,
particularly in junction regions, may cause significant leakage currents

and result in part failure for some applications. .

LOCKHEED MISSILES & SPACE COMPANY

S e o 2 75— o=—c=

.
E
;
E
3
3
3
=
3

L 0 L S 1 o W i LS

Y S} O S oA U 2 b e S L




Mot

IMSC-A956468

TYPES OF RADIATION

The atomic particles which are basic ‘to radiation studies are the alphas (@)

partible, beta (B) particle, neutrons and protons. In addition there are

pertinent electromagnetic waves such as X-rays and gamma (6) rays. (See

Figure 1.)

Alpha particles are helium nuclei or ions, each carrying two positive

charges. Eack ion has a mass about four times that of a proton, which is
large when talking of parti;les. The size of a particle is so small in
relation to other distances that it can be considered a mass point with
zero extension. Such a mass point is called a "particle” in mechanics.
Alpha particles travel a few thousand miles per second and have energy as
high as 10 million electron volts. -Kowever, a single sheet of writing
paper will stop an alpha particle because of the partic;e's large size

and positive charge.

Beta particles are high-energy-(therefore, high-speed) electrons. Beta

particles have a negative charge and are about 100 times more penetrating
than alphe particles, They have widely varying speeds; some travel at
nearly the specd of light. They can pass through approximately a milli-
meter of aluminum because of their high speeds.

Gamma rays are high-energy photons, with a wavelength of .0.5% to 0.0054,
with energy range that overlaps thet of X-rays. They are in effect elec-
tromagnetic waves., Camma rays have no electrical charge and, therefore,

can penetrate the nucleus of an atom because the electric field ahout the

LOCKHEED MISSILES & SPACE COMPANY,
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atom exerts no iInfluence on the ray. Most pure radiocactive substances )

emit gemma rays accompanied by either alpha particles or beta particles,

R B i

but since substances are seldom pure, -ne usually finds all three type 1
of radiation present. ' '

3 Neutrons, like gamma rays, have no electrical charge. The mass of a neutron
é is slightly greater than that of a proton. As a frame of reference, a proton E
has & mass 1836 tiimes that of an electron. The diameter of an electron is no } %
more than 1'0'1h meters. Neutrons can penetrate several millimeters of lead_
for the same reascn a gamma ray csn, i.e., no electrical interaction with

electrons and nuclei in matter. However, neutrons, because of their mass,

—
no IS St g P

can do ccnsiderable damege to the nmu:leus of an atom, including the splitting:

of nuclei to cause fission and the fantastic release of energy, as in an atomic

explosion.

Fast neutrons are not as numerous es alpha and beta particles. They are

produced as a result of a complicated nucleer reaction, and there is no - l

o "
sl

other source.

e

-
M W s S Rt b

Radioactive material decays to a more stable form (or equilibrium condition)
by a process of losing mass from ité nicleus. This is a self-starting pro-

cess. A basic principle of atomic or nuclear physics is that no energy can

be released without a corresponding reduction in mass.

oiibedith A B ke ot AR D

It turns out that all radioactive mater;als have a large atomic number,
which means a larger number of positively charged protons in the nucleus. Lo}
The distinguishing characteristic of radioactive materials from other eie- : i
j ments of large atomic number is that particles in the nucleus obtain suffi-

cient energy (in addition to the rapelling force of .ike-charge protons) to

B o b

overcome the binding energy of the nucleus. This decay or disintegration
ultimately results in the emission of alpha and beta particles.

s
i i i s

Nuclear radiation in space stems from one of three environments: (a) natural
spdce radiation such as the Van Allen Radiation Belt, cosmic and gamma rays,
ete., (b) nuclear propulsion systens agd (c) nuclear explosion environment.

6
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Tre effects of the Nuclear Explosion Radiation Environment have in recent
years received much attention, especially since the Starfish high-altitude

nuclear explosion in 1952 led to some demage to spacecraft in orbit at that

time.

The radiation environment produced by a nuclear-weapon burst has as its
most distinguishing characteristic the fact that it is ‘a transient environment

as contrasted with the steady-state environment associated with either a

nuclear reactor or with the space environment. The term transient as used

here is to be understocd as covering pulse times produced by a nuclear

explosion or a nuclear explosion simulation facility and wi. 'l vary from

nanoseconds to & few milliseconds. It should also be noted that the word

transient refers to the time during which the environment lasts and not the
time during which its effects last, since the effects may be either permanent
or temporary. The transient nature of the environment leads to significant
differences in the response of materials and components to this environment

as opposed to the steady-state environments.

There are four types of nuclear radiation which influence military equipment
these are prompt, (transiert or pulses) initial, steady state and

design:
However, only the first two are of major concern. Residual radis-

residual.
tion from fallout is relatively low in intensity and usually will not damage

hardware. The steady state environments of space and nuclear propulsion
systems generally do not require much radiation hardening because of their

minimal effects on hardware.

Prompt radiation, generally gamma rays, is emitted from explosions as an
"intense microsecond burst, which decays fairly rapidly. A one megaton high
altitude explosion can produce & 1 microsecond gamma dose of 107 roentgens/

sec 100 miles away. In such an environment, electronic equipment may absorb

as much as 10§ to 1012 rads of prompt radiation.

B oaldameimmy MIGERIL-ER & CSPACE COMPANY
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Initial radiation consists of gemma rays*and reutrons delayed in transit in
f comparison to the almost instantaneously propogated prompt energy. 3

Neutron flux causes most of the permanent damage to electronic components

and materials. Gemma pulses and flux generally cause transient effects. g

These can be severe, especially at high altitudes.

Pulsed nuclear radiation produced by a nuclear detonation includes both
neutrons and gamma rays. The neutrons are usually considered in three
groups: (1) thermel (~0.025 ev), (2) epithermel, and (3) fast (100 kev

and greater), fast neutrcns being the primary cause of radiation damage in

0L e O e, o St

electronics. Gamma rays of interest with respect to electronics have
energies that range between 100 kev and 5 Mev. In addition to these pri-

mary radiations from nuclear detonation, energetic electrons are produced

S 0 o P e e 1,

=3 secondaries from the interaction of gemma rays with matter: they are also
frequently produced by pulsed-radiation simulation devices.

The types »f effects produced by pulsed nuclear radiation are (1) displacement,

(2) ionization, (3) chemical, and (4) secondary emission. Displacement is
caused by close ccllisions between incident nuclear particles and atoms

located in crystalline lattices, resulting in the displacement of the struck

i1 S, 1o s o

aton, and possibly others, from its usualy lattice site. The property in

FTT PRI

semiconductors most rapidly changed by the displacement effect is the minority-

oy,

carrier lifetime, which in transistors is manifested as a change in forward
current gain. Ionization effects, primarily increased ccnductivity, are the

Ll s, i e

manifestations of free electrons and ions produced by the interaction of

[ S
A

radiation with atomic electrons. Chemical effects refer to changes in

I

molecular composition, i.e., rearrangement of chemical bonds, that frequently

———

accompany the recombination processes following ionization. The secondary
emission of electrons can result in vhat is called an "internal electromagnetic g

" pulse" (EMP). . )

b A SR

LOCKHEED MISSILES & SPACE COMPANY

. = . . ~ _
S S e —etttaentgts ¥ <




e
Y - ww -,
W we s TRW e WE AT SV S

-
| RPN Rk 00 L
; e I A T -
et o g e S 4 PR TR e S = - Awsge T =
. Eaaas R S T P e
Prer s e S ks s trnea g Tt S50
s o & iy sl DR A B P
s et e s bty
e e L
e —————— e o~ e
= ‘ ) 7
=
= E
IMSC-A9564E6 E
: -
= :
3

TR R R

erest, in which the radiation is produced by & nuclear

T

For exposures of int

detonation, s0me simplifying assertions cen be made:

flskan iy i

conductor devices

nt effects are of concern only in semi

it

(1) Dicplaceme
1%

and e few other devices, 2z crystals, which

sueh as precision quart

depend ‘upcn a very high depree of crystal regularity for proper )

functioning.

3

gy

the exposures
ributable

s are of little concern because, &t

(2) Chemical effect
changes in electrical properties att

of interest, the
to chemical radi

e 0l

ation effects are too small to be of practical

significance.
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ELECTRONIC COMPONENT RADIATION

Most haigh-populaticn components are susceptible to permanent radiation damage.
These include transistors, diodes, bulk integrated and thin-film circuits,
capacitors and resistors. But their susceptibility varies with device and
construction. Metal-film and wire-wound resistors easily withstand a flux
of more than 10l n/cmg. So do certaih glass, mica and ceramic capacitors

end many insulating materials. Transformers, solenoids, relays and servus
can also be built to survive 10%8 n/cme.

Seniconductor devices are the problem components. They depend on their
structure, crystal lattice and impurity proportions for good operation. These
characteristics are easily altered by either an integrated gemma flux dose,

accumulated in a short burst or high intensity, or a lower-intensity neutron
flux dose over a longer period.

The rectifying properties of semiconductor diodes are permanently affected

when radiation decreases the backward-to-forward resistance ratio. Because

. & bipolar transistor usually consists of two diodes back to back, its rad-

istion-damage threshold is about 10 times lower than.that of a diode.

A fast-neutron flux of 101 n/cm2 Jermanently reduces the forward current gain
of quality 400 Mc silicon transistors to between 0.5-0.7 of their initial gain,
Similarly, silicon controlled rectifiers, having three junctions, appear to

be about 10 times more susceptible to radiation than transistors.

Majority-carrier devices such as tunnel diodes and field-effect transistors

appear to be generally more resistant to permanent damage than minority-

carrier components. However, tunnel-diode peak-to-valley ratios graduslly

deteriorste under radiation, and the mutual conductance of field-effect tran- ‘

gistors falls off..

.

10
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E Transient damege to electronic components i's a greater hazard than permanent

damagze. It is usually & rate effect, caused principally by gemma flux not

intense enough to damage permanently but capable of producing malfunctions.

K ATT

z The energy depusited in many electronic materials by transient radiation

2

produces electron-hole pairs, Compton and photoelectric scattering, internal
ani externel ionizaticn and atomic displarements and nuclear transmutations.

These effects, in turn, increase the conductivity of resistors and the leakage
of insulators: they also inject currents into activé and pessive ccmponentis.
Current injection into base regions is the main cause of damage to transistors.
The current injected in the base is multiplied by the transistor's bepa.

S AL BN it L A o

The characteristics of the curren£ and voltege pulses caused by charge re-
distribution at low radiation-absorption levels are largely controlled by
the time constants of the irradiated circuit. These levels can be as low

as 107 to 10° rads/sec.

Semiconductors

Trensient Effects. In nearly all electronic circuits, semiconductor devices
are the components most sensitive to nuclear radiation. They not only suffer
significant permanent changes before other components, but are responsible for
most of the temporary short-time current and voltage pulses that perturb the
system. Reductica of these effects in the devices is the most importent step
that can be taken by the circuit designer to increase the system's radiation

if;:
;E
5
g

tolerance,

Transient radiation may cause both transient and permanent effects. The
transient effects result from nonequilibrium free-charge conditions intro-

- duced through innization phenomena resulting primarily from the electro-
magnetic radiation component of the weapons burst. The permanent effacts
are attributed to physical-property changes of the irradiated materials
caused by energetic particles (neutrons and secordary electrons).

11
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It should be noted that the transient and permanent effects are defined by
the primary induced effect of the radiation. For example, the short-term
currents resulting from ionization may trigger a digital state change or

thermally damage a device. This phenomenon is treated &s a transient effect

because the permanent consequences result from circuit action or heating damage

rather than from a direct radiation-induced material-property change.

The transient effects observed in semiconductor devices exposed to nuclear
radiation are due to the creation of excess-charge carriers (ionization)

that cause current and voltage changes. These changes do not cause permanent
damage directly to the semiconductor material. However, their presence may
produce permanent changes because of current overloads to some components,
through loss of information stored in memory units, or by the creation of
premature signals. Furthermore, such transients cean cause saturation of

some circuits for times that are long compared to the ionizing-radiation-
pilse duration, thus causing system failure during a significant and possibly
eritical period.

Bipolar Transistors: When an operating transistor is exposed to transient

ionizing vradiation, a current pulse is observed in the extermal circuit.

This current pulse, which may te orders of magnitude larger than that of a
dicde with comparable dimensions, can reach & peak value at a time later than
the radiation peak, and can in scme cases continue for times of the order of

milliseconds.

This characteristic behavior of transistors is the result of the action of
the transistor amplifying properties on the primary radiation-induced photo-
currents. The electrical action of the transistor creates a secondary photo-
current that is typically greater than the primary photocurreant by the gain

of the transistor. Analysis of the radiation response of a transistor involves

the determination of the primary photocurrent, followed by a calculation of
the magnitude and duration of secondary photocurrents under the given circuit
conditions.

LOCKHEED MISSILES & SPACE COMPANY
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In transistors, the primary photocurrent is generated in five regions: in
the collector- and emitter-junction deplevion regions., in the base, and in
the emitter and collector bodies lying within a diffusion length of the
Junctions. Tn most cases, the generation of primary photocurrent in the
emitter body and within the junctions can be neglected since the emitter
body and the junction volumes are a relatively small part of the total

generating volume,

The secondary photocurrent is producad by the accumulation of excess ma-
Jority carriers in the base region &s & result of the flow of primary
photocurrents across the PN junctions of the device. This excess charge,
which is confined in the base by the built-in junction fields, is of such
polarity as to forward bias the emitter-base junction and hence cause
"normal” current to flow. The collector current thus produced is called
secondary photocurrent. This collector current continues to flow until the
excess charge stored in the base cun either recombine with minority carriers

or flow out through the external base leed.

The magnitude of the collector-current pulse will depend on the exposure

rate if the radiution pulse is long comrared to the.transistor base and
collector lifetimes, but will depend on the total exposure if the pulse is
shorter than those lifetimes, This is the result of base-region storage of
the charge transferred from the collector by the primary photocurrent. Since
many transistors have lifetimes as long as or longer than typical nuclear-
weapon pulses, the total exposure is qﬁine.often the most important factor.

Below saturation, the magnitude of the ﬁhotocurredt pulse becomes greater

as the collector-voltage level is increased. The magnitude and dGuration of

the secondary-photocurrent pulsge, lsp’ is profoundly affected by the external-
circuit impedences. Iarger values of cull~ntor impedance result in transistor
saturation at lower collector currents, and hence, limit 1sp in magnitude and
increase the length of the transient. Small resistive, base-emitter impedances
reduce the amplitude and duration of the collector-current pulse.

13
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Although small capacitive base-emitter impedances also reduce the amplitude

of isp. they integrate the base current and produce long-term tails on the

secondary photocurrent pulses.

The electrical parameter best correlated to primary ohotocurrent and radiation-
storage time is storage time measured unaer high-current conditions. Tren-
sistors resistant to transient radiation effects can therefore be selected
through special storage-time measurements. However, thesc values are not

always readily available on data sheets, so other electrical parameters must
sometimes be used.

, 4

Since registered transistor types are only required to meet certain electrical
specifications, transistors of any one type may vary by orders of magnitude
with respect to response to radiation. This situation occurs because each
manufacturer may choose different types of constructions and processes for
manufacturing devices that wiil meet the required electrical sﬁecifications.
Steps to consider in selecting radiation-resistant devices are.

(1) Give perference to silicon devices, since they appear to yield
smaller photocurrents than comparable germanium devices (because

of a smaller generation rate and smaller diffusion constants).

(2) Using published electrical specifications, select devices with
high cutoff frequenéies indicating narrow base width.

(3) Select devices that have low storage times. Do not depend upon
published specifications. Rely instezd upon actual high-current-
storage-time measurements.

(4) Select transistors with low base-spreading resistance (symbolized

by various authors as. R, RBB’ rp or rbb) ifor use in hardened
circuits utilizing & low base-to-emitter impedance.

1
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(5) Select transistors with small geometric parameters, especially

Junction area. consistent with circuit needs.

(6) Give preference to gold-doped devices (gold doping reduces stored

charge).

Selection of devices as outlined here does not guarantee that the device will
be sufficiently radiation resistant. Where rossible, the devices selected
should be tested under antlicipated radiation conditions. Once devices have
been selected by the above criteria, the circuit designer can further min-
imize transient radiation effects in circuits by fellowing certain design

principles and techniques.

Field Effect Transistors: The term field-effect transistor (FET) pertains to
a family of unipolar devices which have pentode-like characteristies. The

three major categories within this family are the junction FET, the metal-oxide

insulated-gate FET (MOSFET), and the thin-insulated-gaté FET (TFT). The
geometry and construction features of fypical field-effect transictors are
shown in Figure 2. The basic structure of the FET devices involves a source,
a gate, and a drain in rough functional correspondence to the familiar

cathode, grid, and plste of vacuum-tube technology.

The mechanisms by which radiation generates photocurrents in a FET are not
substantially different from those in bipolar transistors and diodes. The
important radiation parameters in an FET are the transient gate and drain to
source currents. Possible sources of transient curreﬁts in FETs can be

grouped into the following cetegories:

Leakage currents across FN jurctions which behave like PN

Lt )
)
L

Junction photocurrent discussed previously.

. (2) Direct modulation of the channel conductivity and mobility;
usually applicable at high ( > 108 R/s) exposure rates.

15
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(3) Leakage currents through the gate oxide layer; applicable to
the metal oxide and thin-film FETs.

(4) Secondary emission and atmosphere ionization currents.

The transient response of specific FEYS will now be discussed in turn.

dunction FET: The most important sources of transient currents in a junction
FET are the depletion layer aud the active volume associated with a PN
junction. Like PN junction photocurrents in diodes and bipolar transistors,
the gate and drain photocurrents are proportional to the exposure rate up
to saturation. The transient drain current is found to be relatively
independent of drain-to-source and gain-to-source voltege and is slightly
higher when the gate is open than when it is shorted to the source. The
gate currents have approximately .he seme time dependence, The build-up
and decay of the photocurrent pulse depends on the lifetime and the rate of
drift of charges in the channel. The lifetime in the type silicon used in
field-effect transistors can be assumed to be around 1 microsecond.

- Metal-Oxide FET: 1In contrast to the junction FET, which operates in the
depletion mode only, MOS devices operate in both the depletion and enhance-
ment mode. In the enhancement type P-chennel device, a negative increment
in gate voltage will induce compensating positive charges in a region at the
surface of the conductive channel between source and drain. A positive
increment will tend to shut the device off. A "depletion" transistor is
quiescently "on" or conductive at zero gate bias. An "enhancement" tran-

sistor is quiescently "off" or nonconductive at zero gate bias.

In a transient-radiation environment, the MOS transistor exhibits two
primary currents of interest, a gate ionization current, ipg, and a drain-
to-substrate photocurregt, 1Pd. The gate current is a nonlinear function
of gate voltage, being larger ror positive bias., This behavior indicates
that the primary mechanism respéusiole for the generation of gate current
ig leakage throﬁgh the ionized gas surrounding the device to the case.

v
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The response of the gate can be significantly reduced by replacing the
encapsulated nitrogen (the gas normally used to fill TO-5 cans) with
paraffin, or by evacuating the TO-5 ¢an. By using a flat peck which con-
tains a .small volume of encapsulated gas instead of & TO-5 can, the gate
leakage can be reduced by a factor of 10.

Diodes: Tunnel diodes are at least an order of magnitude more radiation’
registant than.diodes in general, since they are characterized by small
geometry, heavily doped PN regions, and narrcv junctions. The short-circuié
photocurrent can be estimated from equations applicable to diodes. Since

the lifetime of minority carriers in tunnel diodes is very short, the response
of a tunnel diode to a pulse of radiation is expected to follow the rad-
iation pulse. Normally, the width of the depletion region for tunnel dicdes

is so narrow that the photocurrent will consist primarily of the diffusion
‘component. '

Silicon Controlled Rectifiers: A silicon-controlled rectifier (SCR) is a
solid-state semiconductor device coﬁposed of four layers of aslternate-im-
purity semiconductor material containing three PN junctions. The SCR is an
active switching element with characteristics similar to those of a gas
thyrathron, i.e., it will remain in s nonconducting or "off" state until
turned on or "fired" by a low-level control signal on the gate. It will
then remain "on" without the need for a sustaining control signal. The

SCR is turned "off" by reducing its anode current to below the "dropout"
level.

When a high-energy, short-duration, radiation pulse impinges upon an SCR
circuit, the following effects occur:

(1) Ionization produced in the SCR results in the creation cf hole-
electron pairs.

(2) Ionization of the surrounding gas may, at the higher radiation
levels, cause external leakage from one electrode to another.

' 18

_LOCKHEED MISSILES.

| SIS R U p

b bed

R L, s

b A AL

=

s N s

1) Y



G B e ol T

T

EL At

R

et

Tt

A o T
] s SR

kL

[

T 3

; S "
LA LA LR A B b 4 b

) S T

DM 7, o o T B B

T e e

IMSC-A956468

(3) Scattering o charge from the component or package by photo-
electric or Compton processes causes extraneous currents to flow
in the externsl circuitry in a manner equivalent to that of a
current generator connected from scme point in the component to

ground.

These radiation-induced cuirents, like those observed-in diodes and tran-
sistors, are a direct function of the junction areas, diffusion lengths, etec.
and thus are difficult to predict, since values for these parameters are
usuelly not available. Since these currents, above a certain threshold, cen
induce changes in the state of an SCR, it is imperative that some method be
developed to predict the magnitude of these rediation-induced currents, or
more specifically the radiation threchold above which switching occurs.

It has been found that the transient-radiation switching thresholds (critical
radiation-exposure rate) for SCRs are functions of the radiation-pulse width.
For pulse widths greater than a critical value, the exposure rate required to
trigger an SCR becomes constant. This critical value is a function of the
device minority-carrier lifetime and device "turn on" delay time. For pulse
widths less than the critical value, the exposure rate regquired to trigge. an
SCR increases rapidly as the pulse width approaches zero.

Experiments show that the radiation sensitivity of an SCR circuit cen be
decreased somewhat by applying the followirg "rules-of-thumb":

(1) ®mploy a negative gate bias.
(2) Use the lowest practical value of gate resistor.

(3) Place the load in the cathode rather than the anode circuitry, if
possible.

(4) Provide the loies§ proctical anode supply voltage (B+) [ (B+) « Vep
vhere Vpg is the SCR forward breakover voltage ].
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Permanent Effects. Permanent effrncts as opposed to transient effects will be
classified as those changes in device characteristics which persist for long
periods of time as compared to the minority carrier lifetime or the circuit

Typically the permanent change will last more than several hours

response.
at room temperature, wnd frequentiy will last so long that no significant

recovery will be noticed. For the sake.of continuity, however, transient

annealing of the hulk demage in transistors, an important effect which is

an exception to the above definition, will be discussed in this section.

Most permanent effects in semigpnductor devices subjected to a nuclear-
radiation pulse result from demage to the semiconductor material by energetic
neutrons ( > 10 keV). However, the effects of gemma rsdiation must not be

under-estimated. In certain devices such as MOS field-effect transistors the

effects of ionizing radiation can be the principal causes of failure,

Permanent effects can be grouped into two categories - bulk and surface
Bulk effects are changes in the device characteristics which can

effects.
Surface effects are changes that

.result from demage to the bulk material.
are generslly due to radiation-induced ioniiation near the surface of the
device. Bulk damage effects due to neutron radiation can usually be pre-
dicted within a fector of 2 while surface effects are generally unpredictable.

Bulk Effects: Bulk effects are due to gamma-ray and neutron induced lattice
displacements in the bulk of the material. Fast neutrons lose energy pri-
marily by elastic collisions with the semiconductor atoms and cause large
disordered clusters to be formed within the material. Gemma radiation in
contrast loses energy by creating Comptdn electrons which may cause lattice
displacements. Since electrons have such a smali mass, they primarily cause
Frenkel defects (vacancy-interstitial pairs) rather than cluster of defects.
 lattice damage due to gamma radiation is usually of secondary importance un-

less a large gamma dose (>10° rads) is absorbed by the material.
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Lattice damage acts to degrade the electrical characteristics of semiconductor
devices by increasing the number of trapping, scattering, and recombination

centers.

When crystals are irradiated by high-energy purticles, defects result. The
principal effect is to displace atoms in the crystal lattice from a regular

position in an interstitial pesition, creating interstitial atoms, vacancies

and dislocations.

Electron radiation primarily produces surface damage, while neutron bombard-
ment has the ability to damage the bulk material. Electron radiation effects
are annealed out at temperatures as low as 150°C. Neutron radiation, on the
other hand, usually requires longer baking at a temperature of 200°-300°C to

remove damage.

The dislocaticn damage in the bulk or at the surface has the effect of
introducing into the crystal intermediate energy-level sites. These sites

act as recombination or trap centers.

Radiation Sources: A prime requirement of radiation-tolerant devices is
that they remain functional after neutron bombardment. The only real reason
for discussing electron bombardment is that neutron sources are not as readily

available as electron sources. Therefore, suppliers of radiation-tolerant
devices use electron bombardment as an indicator of the resistance to neutron

bombardment.

Neutron bombardment is about 1.5 order of megnitude more damaging than electron
bombardment. An empirically derived equivalent is:

1.0 x 10]'6 nvt 5% 1016 evt

(Neutron) (Electron)
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As was stated earlier, there is only one source of fast neutrons - a nuclear
reaction. This reaction is as follows: Slow neutrons are found almost every-
vhere in the atmosphere. If a slow neutron strikes the atom of Ué35, the
nucleus will split, giving off two fission fragments (such as radioactive
krypton and xenocn) plus fast neutrons. The fast neutrons are the particles
used to perform neutron bombardment. This process of controlled fission is
carried out in & nuclear reactor, and the specimen being irradiated is placed
g0 that it will be bombarded by the fast neutrons.

There are several sources of electrons. The hot filament is the most common.
Here the elevated temperature of the metal supplies enough thermel energy to
allow electrons to escape from the conduction band where they can move under
the influence of an applied field. This process of electron generation is
called thermionic emission. Generally, electrons must be accelerated to

have any damaging effect,

Radiation Dosage: There are many measurement units for radiation dosage.
Units used on present data sheets seem to be limited to nvt, evt and Mev
units. In simplified terms, nvt is the number of neutrons per unit area,

" with some average velocity, for some time period. The term evt is the number

of electrons per unit area with some average velocity, for some time period.
Mev is 106 electron-volts, a unit of energy. The term flux is usually given
in terms of nv or ev units, estimating the number of particles impinging per

unit area with some average velocity.

Neutrons/cma or ncm2 (nvt) is the gene}al unit of integrated neutron flux
density - the total number of neutrons traverasing an area in a given time.

Electrons/em2 or ecn® (evt) is the general unit of integrated electron flux
density.

Nbutrons/cma/sec'is the general neutron dose rate.
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.

Roentgens is the unit of exposure dose of gammas or X-rays.
Roentgens/sec or R/sec is the basic exposure dose rate of gammas or X-rays.

Rads and rads/sec are the units of absorbéd dose and absorbed dose rate of

any material. One rad liberates 100 ergs per gram of absorbing material.

Data in neutfons/cme or any of the other units cannot be precise unless the
source of radiation, energy spectrum and cther facts are known.

. P
The following analogy is an attempt to give some practiéal meaning to" these
terms. You park your car in a busy parking lot for 8 hours. During this
period of time it is hit in the bumpers by 100 other cars, each going 1 mph.
At the end of eight hours you retrieve your car and there is no visible
demage. The next day you run out of gas on the freeway and abandon your car.

M P

For 7 hours, 59 minutes everyﬁody manages to avoid hitting your car. 'At the
7 last minute, however, a hot rod going 100 mph hits your car in the back
; - bumper., A summary of the damage is academic, but the point is this: the nvt

products for both days are equal - number of impinging particles times
average velocity times time. An additional descriptor, average particle energy,
is needed to satisfactorily define the situation.

Similarly, most radiation dosages that can damage semiconductors are given
in terms of both nvt and Mev. In order to do any damage to the specimen
being irradiated, individual particles must be energetic enough to displace
atoms or otherwise disrupt the‘crystal-structure. A large number of low-
energy neutrons or electrons may do no damage at all. The nvt term defines
total energy, while the Mev term defines the energy of each particle being

ue>d to bombard the semiconductor.
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Effect of Radiation on Semiconductor Device Parameters:

Electron and neutron
bombardment cause changes in device parameters that strongly resemble changes

effected by gold diffusion. The discussion that follows on parameter change

after radiation is easier to explain in terms of gold diffusion which closely
resembles radiation effects.

Both gold atoms and radiated particles introduce intermediate energy level

sites. A full understanding of this principle requires a diagram of an

energy band and an atom showing electron shells. (See Figure 3.). The

energy band diagrem is intended to depict intrinsic silicon at 259C with
some electrons already liberated to the conduction band. The region between
the valence and conduction bands is known as the forbidden energy gap, which
represents the energy in electron-volts necessary to liberate an electron

from the valence band of an atom into the conduction band where it is free
for conduction.

The energy gap for intrinsic silicon at room temperature is 1.1 electron-
volte., Actually, for the true case of a silicon crystal with impurity

. atoms present and external bias, the energy band looks quite . .iferent.

However, to develop the basic explanation, the simple energy diagram is
sufficient.

The energy band also shows the presence of gold atoms between the valence
and conduction band, hence, the term "intermediate energy level." Table 1
summarizes the parameter changes after radiation.

The effective resistivity of the silicon material is increased in n-type

material (for example) because there is a reduction in the number of electrons

from the donmor atoms. This is also because of gold atoms, at their inter-

mediate energy level, act as recombination or trap centers and will attract
and trap electrans as they move between the valence and conduction band.
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Figure 3: Atomic Model of Silicon Atom and its
Related Energy-Band Diegram

Teble 1

RADIATION-CAUSED PARAMETER CHANGES

Parameter

Effect

Component

Resistivity

Breakdown Voltage
(V)

For.ard Conductance
(15)

Capacitance (Cgp)

Reverse Current (IR)

Reverse Recovery
Time (TRR)

Increased

Increased

Decreased

Decreased
Increased

Decreased

Diodes

Collector-Enitter
Saturation Voltage

(Vo SAT)
Transistor Gain
(Beta)

Transistor
Switching Speed

Collector-Base
Current (ICBO)

Increased

Decreased

Increased

Increased

Transistors
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The forward conduction (IF) of diodes is decreased because of the increase

in resistivity. More voltage is required to force a given current.

The breakdown voltage (Bv) or avalanche voltage is the voltage required to
cause "ionization by collision", i.e., the electric field (applied voltage)
suppliee energy required to strip an electron from the valence shell of the
atom. The released electron hits other electrons, knocking them out of -
their shells, and so on, to start a self-sustaining chain reaction leading

to an almost infinite current.

Where gold is present, as explained before, there are fewer electrons. Also,.
many electrons lose energy es they move close to trap centers., This further
limits the number of electrons getting to the conduction band.

‘The net result is that a stronger field (applied voltage) is required to
start ionization by collision - hence higher breakdown voltage.

The basic explanation of why capaciiance decreases with gold diffusion is
analogous to an increase in the distance between the two plates of a capacitor.
A more detailed explanation requireé a discussion of spacecharge or depletion

regions.

¥hen a reverse bias is applied to & pn junction, the depletion region is
widened on both sides of the junction as the voltage is increased. The
depletion region is an area that is swéft free for both minority and
mejority current carriers. (See Figure 4.). The widening is greater
in the high-resistivity side because the number of carriers swept from
each side of the junction must be equal. And lower resistivity means a

higher concentration of carriers.
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Figure 4: Model of pn Junction Showing
Depletion Region

Previous discussion developed the fact that gold diffusion increases the
effective resistivity. Tﬁerefore, for a given voltage, whether externsally
applied or the built-in voltage at zero applied volts, the depletion region
will be wider after gold diffusion or radiation. The distance of widening
of the region corresponds to 4 in the expression

capacitance at zero bias
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Junction area
plate separation or depletion regicn width
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i

As d increases, capacitance decreases, which is éxactly vhat happens after
either gold diffusion or radiation.
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Diode reverse-recovery time (Trr) is dec;'eased by the presence of many more
recombination-trap centers. (See Figure 5. ). The conditions for a typical
diode Tyy measurement are referred to as 10-10-1, which means that the diode )
is initially forward-biased at 10 ma, Then the bias is suddenly reversed

Sustanst

with a pulse that drives the reverse curient to 10 ma. The time it takes for

the reverse-biased junction to recover to 1.0 ma is T.., 10-10-1.
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Figure 5: Measurement of Diode Reverse Recover)" Time
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In order to fully understand the Trr change, it is necessary to consider
conduction mechanisms. Wnen the junction is forward-biased, majority
carriers flow across the junction, i.e., holes from the p+ region into the
n region and electrons from the n region into the p+ region. Because of
the relatively high concentration of holes (p+) versus electrons (n),
significantly more holes flow to the n region than electrons to the p+
region. (Note that when holes muke the tramsition to the n side of the _
Junction, they'become minority carriers.) When the junction is suddenly
reverse~biased, it is primarily the previously injected holes that must now,
as minority carriers, race back across the junction or recombine. Since
gold diffusion adds a significant number of recombination or trap centers,
many of these minority carriers (both hole and electron) are attracted by
the trap centers and recombined at a. faster rate than if they had to cross
the junction. The net result is that IR recovers to 1 ma faster than if
there were no gold present.

Transistor switching time is decreased for a similar, reason.

An explanation of why reverse current increases after gold diffusion or
rediation is complicated and difficult to explain bfiefly. However, the
following explanation is offered. (See Figures 6 and 7.).

The recombination rate is éignificantly increased due to the presence of
gold. For every hole-electron pair recombination, there is a corresponding
pair generation, i.e., an electron is elevated to the conduction band.

True reverse current (in the absence of large surface currents) is a com~
bination of drift or field current and recombination current. Drift current
consists of already available current carriers flowing across the Jjunction
under the influence of an avpplied field. Recombination current refers to the
additional current available due to the recombination-generation process.
Since the recombination-generation rate is increased by the presence of gold,
the reverse current is increased. Inpy-is increesed for a similar reason in

transistors.
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Transistor current gain decreases with gold diffusion or radiation. The

reason also is associated with the increased density of recombination centers.

The basic physics of transistor gains is explained by the following principle:
When a transistor is being used as an amplifier, the base-emitter junction is
forward-biased (therefbre, majority~carrier current flow) and the collector-

base junction is reverse-biased (minority-carrier current flow).

Because the emitter is always more heavily doped than the base or collector,
there is an excess number of electrons injected by the emitter into the base
region. As soon as the electrons enter the p-type base region (assuming an
npn transistor), they become minority carriers. They are, in turn,” influenced
to flow across the collector-base junction into the collector region ‘inasmuch
as that junction is reverse-biased (minority-carrier current flow).

The number of electrons from the emitter that reach the collector region is
summarized by the term "emitter injection efficiency" and/or "transport
efficiency." This efficiency figure is basically & function of the exceés
concentration of electrons in the emitter versus the holes in the base and
how narrow the base region is. 'The thinner the base, the more chance there
is for an Injected electron to avoid recombination traps and reech the
collector. The secord item is concerned with the number of electrons that
will recombine in the base.region, therefore, never reach the collector
region.

Gold diffusion and radiation damage add significant numbers of recombination
centers and, therefore, increase the recombination rate in the base region.

VCE(sat) is the parameter that measures the total se;ies resistance of the
transistor. Any increased contact resistance or effective increase in bulk
resistivity will increase Vog(sat). Inasmuch as gold diffusion or radiation
increases the resistivity of the material, VCE(sat) is increased.

3l

LOCKHEED MISSILES & SPACE COMPANY

A ) e LT Mo i it B ki B e :

L RN A S

I




KNSC-A956L68

It should be restated at this point all of the preceding explanation was in [
terms of intermediate energy sites creating recombination centers. The model

vas one where gold atoms created intermediate energy sites. Radiation- [
caused vacancies and dislocations have a similar effect, so the explanation '
is valid for both situations.

An effect that may result from exposure of transistors to ionizing radiation

is believed to result from the interaction of gas, surface contaminants,

; ionizing radiation, and electric fields at the junction surfaces. As one would

YT ROY T PN

expect, the magnitude of this effect varies widely among units of the same

type made by the same manufacturer. Larger differences can be expected

between transistor types and from manufactuvrer to manufacturer. In general, }

test data indicate that transistors in evacuated cases and planar transistors

for low-current applications, there frequently occurs the previously discussed

-
s

surface-linked-gain degradation, which sometimes starts at a radiation level i
50 times lower than that at which bulk damage becomes effective. Unfortunately,
this damage is difficult to predict and depends upon the surface processing

TR T L

] used by the transistor manufacturer. It should also be noted that the
: extent of space radiation effects on transistors depend upon the transistor
g __bias levels.

PRp———

Radiation effects on transistors tested at Lockheed *issiles & Space Company

were determined from changes of the following parameters: leakage currents

E (Icao, collector to base with emitter open, and Igpp, emitter to base with

3 collector open), saturation voltage (Vcg(sat)) snd gain (hpg). The data
obtained from these tests for twenty transistors of one type is not identical.
This independent behavior is very commoﬁ in radiation effects measurements,

Radiation Resistance is dependent on transistor material and configuration.

; . The following guidelines (based on transistor radiation tests) may be used
for transistors which may be subjected to radiation.
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Germanium devices are more resistant to radiation than are silicon

devices.

Compound semiconductor, such as gallium arsenidz, are more radiaticn

resistant than elementsl types, such as silicon or germanium.
Germanium NPN types are more resistant to radiation than PNP types.

Units encapsulated with a dry inert gas are superior to those
incorporeting silicon grease as the encapéulant.

Transistors with a high initial Beta will retain a higher beta
following radiation than transistors with a low initial Beta. How-
ever units with higher beta will suffer a larger percentage degrada-
tion then will units with a lover initial beta.

The effect of induced photo current in transistors from radiation
can be minimized by.making the associated circuitry of low
impedance.

When subjected to radiation the following transistor paremeters
vary as shown below.

a. Current gain (Beta) decreases
b. VCE(sat) increases
e. Iop (1eakage -current) increases

d. Igpp (lemkage current) increases with increasing radistion doses.

The curves in Figures 8, 9, 10, and 11 depict the manner in which various
transistor parameters vary with exposure to increasing nuclear radiation

33
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Desisn of Radiation-Tolerant Transistor. .Feirchild's radiation-tolerance
transistor (FT-0040) is an npn, exitaxial, high ft, small geometry design.
The important feature of the design is the extremely thin base (only 0.2

micron). This minimizes the effect of increased recombination in the base

repion. If the base reccmbination rate were too high, it would be impossible

to have transistor current gain after radiation.

High concentrations of impurities in all regions minimize changes in electri-
cal charactc}istics caused by radiation. Design Guidelines for both tran-
sistors and diodes are presented below.

Certain semiconductor device parameters should be kept as small as péésible.
Power rating, PB, as a reflection of cross-section, should be minimized and
heo should not be overrated. Applied voltages should be kept small to reduce
collector depletion width. Bias levels should be kept small, if possible.

Base-emitter circuit impedance should be kept low, and collector-emitter
impedance should be kept high.

The highest possible alpha cutoff is desirable because it is associated

with the smallest base minority-carrier lifetime. Shorter lifetime increases
the recombination rate of excess stored charge, and so reduces both the peak
value and duration of the output pulse.

If a drift field is present in the base region of a transistor, the device
should also be of a type having a low base lifetime, which is usually the
case with diffused-base transistors. )

The contribution of the collector region to primary current, Ipp, can be
reduced by choosing a device having a low collector lifetime, which is

* equivalent to a short diffusion length. On this basis, alloy triple-diffused
or epitaxial layer is less than a diffusion length.

36
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In the transient radiation environment, pn-junction field-effect devices

do not perform &s well as the best high-frequency bipolar transistors. Howe-
ever, tests on thin-film insulated-gate field-effect transistors show them
to be unarfected 'y transient dose rates of 108 roeﬁtgens/sec. They are
expected to be superior to other transistors in dose-type environments as
well.

Radiation Resistant Transistors: The electrical parameter best correlated
to gain degradation is the gain bandwith product, frp. Since transistors

are only required to meet certain electrical specifications, transistors
of one type will vary with respect to degradation as a result of radiation.
This situation occurs since different types of construction and processes
may be used by each manufacturer that will meet the required electrical
specificetions. Steps to consider in selecting radiation-resistant devices

and appropriate operating ccnditioné are

(1) Give preference to silicon passivated devices, since they appear
to be less sensitive to ionizing radiation surface effects.

(2) Using published inforﬁation, select devices with high cut-off

frequencies.
(3) Select transistors with small breakdown voltages.

(k) GCive preference to epitaxial construction if available for the
particular application.

(5) Operate devices at high temperature end high injection consistent
with ecircuit needs to take maximum advantage of annealing.

(6) Provide ample base drive for transistors designed to operate in
saturation.

3
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Field-Effect Transistors: The general effects of nuclear radiation on field-

effect transistors can be summarized as follows:

(1) Changes are noted in the threshold voltage, Vp, due to the formation
of surface charge and/or surface channels at or near the Si-S5i0p
interface. These changes in threshold voltage affect most of the

field-effect-transistor parameters.

(2) Increases in leakage current are observed due to carrier generation
in the depletion region and surface contaminants near the junction

edge.

(3) Changes in channel resistivity and carrier mobility are observed
due to the change in the effective impurity concentration.

Damage in MOS field-effect transistors is due primarily to ionizing radiation.
For this reason damage is reported in terms of dose or exposure rather than

fluence.

Switchinz and General-Purpose Diodes. As described earlier, the primary bulk

effect of space radiation on semiconductor devices is the degradation of the
minority-carrier lifetime caused by the creation of lattice defects that act
as recombination centers. Because solid-stete-diode current varies as the
inverse of the square root of the minority-carrier lifetime and exponentially
with the base voltage, maintenance of a constant forward current generally
means that the diode forward voltage will incresse with increasing radiation
levels. The changes in forward characteristics will usually occur at lower
levels for Jjunctions with higher base-material resistivities. In devices
that are conductivity modulated, the degradation of minority-carrier lifetime
ultimately causes the collapse of the conductivity-modulation mechanism,
resulting in an increase in dynamic forward resistance.

38
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The reverse characteristics of semiconductor diodes aluo show important
permanent changes due to radiation. The reverse leakage current, which
usually increases with radiation, can be approximated by three separate
components, i.e., the reverse saturation current, the carrier-generation.
current, and the surface-leakage current. The reverse saturation current
will increase as the inverse of the square root of the minority-carrier
lifetime, while the carrier-generation is inversely proportional to minority-
carrier lifetime. The third component, the surface leakage, depends on the
surface condition, the presence of surface charge, and the surface recom-
bination. This component is “‘generally incalculsble. In many silicon
diodes, this surface component of current will dominate over the other

two components of current combined. However, the surface-leakage currents
in diodes with passivated surfaces are generally reduced to such a magnitude
that the bulk currents predominate. For silicon, the carrier-generation
current is larger that the diffusion (saturation) current, while the ger-
manium, the diffusion currenﬁ.will be the larger of the two components.

The breakdown voltage under reverse-biased conditions also shows an increase
with increasing radiation levels. An abrupt p-n Junction with high break-
down voltage will be more sernsitive to radiation then one with a low break-

down voltage.

Capacitance, although frequently assumed to cheange with conductivity of the
semiconductor material, does not necessarily change with radiation. The
diffusion cepacity, & portion of the totel capacity, is dependent on minoritye
carrier lifetime and will chaﬂge with radiation. However, no conclusive
experiments have indicated a trend in space-charge capacity.

Switching time and storage time are directly dependent on minority-carrier
lifetime, These parameters will decrease with radiation.
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Since the radiation~induced degradation of minority-carrier lifetime is the
primary cause of bulk damege to diodes, as it is with trensistors, it is
logical to expect transistors and diedes to be damaged by comperable radiation
levels.

However, this consideration is misleading, since the significance of changes
in forward voltace, reverse leakage, switching and storage time, and so on,

in diodes is usually not comparable to that of gain changes in transistors.

may still be quite suitable for use in its application, and indeed may still
be within the limits of the manufacturer's specification, whereas a tran-

sistor whose gain hes decreased by 100 percent would be a catastrophic failure.

In other words, a diode whose forward voltage has increased by 100 percent ° }
On the basis of reactor-irradiation data {mixed neutron and gamms flux), and ‘

considering the utilizetion of the device in circuitry, it is generally
believed that semiconductor diodes are about £ orders of magnitude ess
sensitive to radiation than are transistors. . )

It is important to ncte that for diodes as well as transistors, the effects

ARG S g

of radiation may vary somewhat with electrical-bias conditions. Where the
space application depends upon use of diodes in low-current circuitry (e.g.,

micropower circuitry), the significance of space-radiaticn effects may be
greater than would be the case in higher current applications.

= s

éi For switching diodes, space radiation exposure may be beneficial from the view-
;l point that the switching speed will increase as ﬁhe minority-carrier lifetime
! decreases. Electron irradiation is éometimes employed as a processing step

to increase diode switching speed. Diode switching times of 10 pusec have

é been routinely reduced to 10 nsec by electron irradietion.
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Zener and Voltage-Reference Diodes: As discussed previcusly, increases in

forward voltage and breakdown voltage may be expected as a result of diode
irradiation. Since the desired performance of Zener and voltage-reference
diodes is the maintenance of a constant breakdown voltage or forward voltage,
the possibility of & significant change in these parameters caused by

radiation is of concern.

A number cf voltage-reference and Zener diodes have'been irradiated in a

o0 gamma-ray source to an exposure of about 1 x 109 ergs g1 (C). From

two to five samples of each of nine diode types were tested. The percentage
change in the average diode voltage caused by irradiation was less than 1
percent for all diode types. However, individual specimens of a high-voltage
Zener diode were observed to change by as much as 3.6 percent with both
increases and decreases in voltage oceurring., This variability in radiation
effect may cause problems in critical applications utilizing high-voltage
diodes.

Tunnel (Esaki) Dicdes: Studies of the effects of nuclear radiation on

tunnel-diode performance have indicated that they can with. .and & much higher

neutron level than can most of the other semiconductor devices.

Semiconductor Diodes. The following guidelines may be used for diodes which

may be subjected to radiation. These guidelines are based on tests conducted
at_lockheed Missiles and Space Company where the forward voltage drop (Vgp)
and reverse current (IR) were measured on diodes during radiation tests.

l. Germanium diodes and rectifiers are less radiation sensitive than

are comparable silicon devices,
2. Diffused junction devices are less sensitive than are alloyed devices.

3. There are major radiation damage differences in similar diodes made
by different manufacturing techniques.

i, Germanium diodes should be protected from self-destruction resulting
" from excessive power dissipation from radiation degraded reverse

characteristies.
1y}
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5. In germanium diodes, point contact and p-n junction, forward
current decreases and reverse current increases with increasing

radiation dose.

6. In silicon p-n junction diodes, the forward current and reverse-

current increases with increasing radiation dosage.

7. Esaki (tunnel) diodes of gallium arsenide, germanium and silicon
have been found to remain constant in peak current, whereas the
valley current increases with increasing radiation dose.

The curves in Figures 12, 13, and 14 depict the mammer in which various
diode parameters vary with exposure to increasing nuclear radiation doses.

Resistivity and Radiation Tolerance. Diodes made from low-resistivity

material exhibit less parameter change when irradiated than do diodes made
from high-resistivity material. And, of course, the heavier the doping,

the lower the resistivity. Impurity doping, gold diffusion and irradiation
all tend to have the same effect on minority-carrier lifetime. Therefore,

a diode that is heavily doped or gold diffused will start'out with character-
istics similar to an irradiasted diode. The effects of radiation will thus
be masked. ‘

Pin designs with their highly resistive intrinsic regions show the most
noticeable effect after radiation. They generally should be avoided in
radiation environments unless their use is dictated by other key parameter
requirements. '

The heavy gold diffusion philosophy is reflectéd in the design of Fairchild
PICO second switching diodes. (Epitaxial wafer material with high impurity
concentration also is a factor in the radiation tolerance of these diodes. )
The PICO second FDR-T00 shows no change in parameters after an integrated
dose of 1017 nvt. Both the PICO second FDR-TOO and NANO second FDR-600
diodes are suitable for use in radiation-resistant designs.
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Silicon-Controlled Devices, There are three basic types of silicon pnpn
devices: the silicon-controlled rectifier SCR; the silicon-controlled
switch, SCS, and the Schockley diode. All of these devices may be con-
sidered to consist of overlapping npn and pnp transistors, the primary -
difference being the external accessibility of the various layers; that is,
the Schockley four layer diode provides external access to only the outer p-

and n-layers, the SCR has leads to all but the central n-region, and the SCS
has leads to all four regions. The "two transistbrs" of the pnpn structure
operate in a positive-feedback configd}ation, and the current-transfer ratios
of the two sections add togéther for the composite device. Radiation-
induced defects reduce the transfer ratios for both "transistors” so that
the required gate current, holding current, and breakover voltage should
Increase with radiation at fluences comparable to the bulk-damage fluence
levels in silicon transistors. When the transfer ratios ( 8 ) becomes so
low that the product of these ratios for the two sections is less than 1

( Bnpn) + ( Bpnp) < 1, the pnpn switches off, and as long as this condition
persists no amount of gate current applied to the SCR or SCS, or no increase ‘
in voltage applied to the Schockley diode can cause the device to conduct.
Thus, it is expected that the pnpn device will be at least as sensitive to

radiation as are silicon transistors.

Theoretical considerations of the mechanisms of pnpn device operation also
indicate that excessive laakage currents will cause premature triggering of
the devices. Hence, ionization currents and/or increases in surface- and
bulk-leakage currents induced by radiation may cause the device to conduct
continuously. This effect will depend upon the bias level applied in’'the
application as well as the radiation flux. .

Experience with silicon-controlled rectifiers in nuclear-radiation environments

confirm the above theoretical predictioms.
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It should be noted that, since PNPN devices are used in medium to high
pover applications, they cannot be compared to high-frequency transistors
in radiation resistance. Typically, failure thresholds for PNPN devices
range between 1012 and 5 x lolh(E:>0.01 MeV). Narrow base PNPN devices
appear to be superior to bipolar transistors as high power switches in a
radiation environment. The conclusions are that these devices are capable
of switching more than a kilowatt of power (prodqct of maximum blocking
voltage and maximum "on" current) at fluences on the order of 1015 n/em?

vhich is an order of magnitude superior to bresenf bipolar transistors.

Silicon controlled rectifier; and pnpn switches are highly sensitive to
radiation, but can be used if voltage is not applied during transients,

as is true of other semiconductor devices. SCR's and pnpn switches can be
operated in their rormal ON position even though permanently damaged, if ‘
proper component-placement and synthesis techniques are used.

Integrated Circuits. Integrated circuits include many circuit types differing

in construction materials and methods. The three construction types are the
monolithic semiconductor, the thin-film, and the hybrid integrated circuit.
The scope of this section will be limited to monolithic and thin-film cir-
cuits. The discussion of the monolithic circuits junction-isolated and
dielectrically isolated circuits containing bipolar transistors and MOS
circuits containing field effect traqsistors.

-,
~

On a qualitative basis, the primary electrical effects introduced in inte-
grated circuits by transient radiation asre not unlike the effects that have
been observed in conventional solid-state circuitry. The magnitude, dﬁration,
and electrical consequences of these effects, ﬁowever, do not follow directly
from conventional-circuit experience.

It has been observed that the effects of radiation on an integrated circuit
are more closely related to its geometrical and physical characteristics than
to its electrical function or circuit configuration. The proximity of ci-zuit
elements within the device, and in some cases its iategral structure, make
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possible several modes of secondary interaction. This is especially important
in the case of monolithic semicsiductor integrated circuits using PN-junction
isolation, Minority-charge carriers created by ionization are fresly trans-
ported across the junctions and may induce further seccndary effects similar
to those discussed for the transistor.

Traensient radiation may cause both transient and ﬁermanent effects. The

b S A AR

transient effects result from nonequilibrium free-charge conditions intro-

duced through ionization phenomena, resulting primerily from the electro-
magnetic radiation. The effects of neutron ionization also have been
observed. The permanent effects are attributed to physical-property changes
of the irrediated materials csused by energetic particles (neutrons and
electrons). It should be noted that the transient and permanent effects are
defined by the primary-induced effect of the radiation. For example, the
short-term currents resulting from ionization may trigger a digital state
change or thermally damage a device. This phenomenoq is treated as & tran-
sient effect because the permanéht consequences result from circuit action
or heating damage rather than from a direct radiation-induced material-
property change. '

Transient Effects: Any integrated circuit represents a complex materiasl
system with heterogeneous elements in close proximity. The transieﬁt
effects of radiation in integreted circuits have been found to depend
critically on the specific structural characteristics. Since the structural
characteristics of both semiconductor and thin-film integrated circuits

are highly varisble, devices with similar electrical characteristics may
have significant differences in radiation resﬁonse. It is thus not

accurate to group the radiation response of integrated eircuit according
to the nominal electrical design, logic or ampiifying function, or
other electrical characteristies.
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The transient etffects observed in integrated circuits are due to the

creation of excess-charge carriers that cause photocurrents and voltage
changes., As was developed for transistors, the motion of excess-carriers

is governed by the response of carriers to electric fields and concentration l

AT AR Sttt i o b

gradients. The charge carriers will cause currents to occur until they are

swept out by external fields and electron-hole recombination.

The analysis of radiation response is most profitably approached through

e ul o Fl il I et 2

consideration of effects that may occur in and between elements of the 1
integrated circuit. Viewed+from this standpoint, the transient effects of
radiation in integrated electronic devices result from the combined action

S B o

i

of several possible phenomena. These phenomena, discussed in Section E
of the handbook, include ionization currents in gaseous- and solid-phase
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materials, replacement currents, and any resultant circuit action. The
actual work revolves around the selection of the predominant -phenomena
for a particular device typé and the determination of resultant effects
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according to the device's physical and geometrical characteristics. .

The three types >f monolithic semiconductor integrated circuits discussed

in this section are junction-isolated, dielectrically isolated, and MOS
integrated circuits. In the junctiovn-isolated type, circuit components

are defined within a doped single crystalline substrate by regions of
alternate doping, and are electrically isolated by reverse~-biased PN junction
bSundaries. The doped regions are formed by the geometrically controlled
diffusion of eppropriate impurities into the substrate. One or more
uniformly doped epitaxial 1 +yers may be grown upon the substrate prior to
diffusion (planar epitaxial). The active elements are bipolar transistors.
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The dielectrically isolated integrated-circuit type is distinguished by
the use of a dielectric (silicon dioxide or ceramic) instead of a PN-

Junction isclation between critical components in the circuits. A single

component or a small number of components are formed within individual oxide-
covered single-crystalline islands that are imbedded in a polycrystalline

substrate. Bipolar transistors are slso the active elements for these

devices,

The MOS integrated circuit employs aggregates of unipolar (field-effect)

transistors of the metal-oxide-silicon construction. Since this type of

transistor may be used as & bias-dependent resistor, domplete designs are

usually constructed without use of other circuit elements.

Quite generally, the transient effects in any integrated electronic device
are a consequence of a sequence of events that may be described ag follows:

(1) The radiation interescts with the circuit méterial and surrounding
encapsule:t to introduce charge carriers and establish a none-
quilibrium charge distribution. )

(2) Acting under noneguilibrium electric fields and concentration
gradients, mobile carriers flow in the direction that restores
equilibrium and thereby produce prirery electrical currents.
These electrical currsnte may be cemiconductor-junction photo-
currents, rsplacsment currents, dielectric-leskage currents,

gas-ionizatior currents, ete.
The nonequilibrium charge distribution and the primary electrical
currents vay interect with the electrical circuit to produce

aeccondary effects, e.g., secondary rhotocurrents. Under certain

¢ircumstences the secondary effects may be sufficiently regenerat-
ive as to be self-sustsining, and & new gtable~circuit state will
result, In addition, localized electrical stresses may introduce

permenent damage.
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(4) The cumulative effects of the radiation-induced currents and
circuit action on these currents are voltage and impedance changes

of variable duration at the integrated-circuit terminals.

In junction-isolated circuits, the predominant primary effect is PN-junction

photocurrents resulting from ionization in the semiconductor material.
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Important secondary effects to be considered are secondary photocurrents "

prohuced by transistor action in any three adjacent doped regions, large ;

L

substrate currents, and "latch-up'. ]

e L0 0 L s S

In dielectirically isolated circuits, the seme effects should be considered,

except that the current-flow paths are more restricted,

PO LAND I

In MOS integrated circuits, important primery effects are drain-substrate
PN-junction photocurrents, replacement currents resulting from charge

oot PhT b L AT

1 scattered from device lead wires and the case, and ionization currents
3 through the surrounding encapsulant. The predominant secondary effect
is & secondary drain current resulting from the combined gate current.

A BT s L K St

. Tests for transient effects in microelectronic components have shown that
bulk integrated circuits are more resistant to radiation than conventional
transistor circuits. Developmental low-frequency thiek-f.lm integrated
circuits eppear to be an order-of-megnitude better than bulk monolithic

I 2l o

circuits. This situation was expected by radiation specialists, aware A
that semiconductor susceptibility to transient radiation decreases with
base width and with increasing gain-band-width product.

LT
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The thin-film tests also support evidence that the isolation substrate of
semiconductor devices plays an important role in determining susceptibility

Puluwtt i) L 0 L o

to transient radiation. g
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In tests of several types ot monolithic circuits, conducted for the Navy at
Hughes Aircraft Co., the most resistant circuit was a digital gate having
only one high-frequency transistor and at least one input diode always in a

forward-biased condition when the gate was off.

Forward-biased diodes are not seriously affected by transient radiation.
But transient gamma dose rates as low a@s 106 roentgens/sec clearly affect

meny monolithic silicon circuits. ) .

In another test at Hughes, a’planar epitaxial microlcgic gate showed five
times more resistance to a gamma dose than the same gate in a simple plensar

version.

Hughes has made a variety of integrated-circuit transistors and complete

integrated circuits., All of the circuits were tested in the .OFF position

because of previous evidencé that transistors and diodes are relatively

resistant to transient pulses when on, unless they are operating in the

low-current region of their range. However, the digital gate mentioned

above as most resistant performed best in an ON position. Hughes
investigators explain this by analyzing the electrical equivalent of the

gate which was a Signetics SELOZK.

The gate's input diodes are actually transistors having & common collector
region and one coupling diode that serves as the emitter bsse junction of
a transistor. The collectors of the transistevs have substrate isolation
diodes that are biased to grdund. Because these isolation diodes are.
connected to the anodes of the input diodes they can conduct a large reverse
current during trensient radiation pulses. These pulses divert current

from the base of an ON transistor and tand to turn it OFF.
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Although meny of the variables that determine radiation resistance in semi-

conductor integrated circuits are not well defined, a number of guidelines
indicated below are generally eccepted. Alchough the guidelines refer to

process technology. they are useful as criteria for selection of devices.

ot g s G i 0 i S S Rt 34
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(1) A1l Types l- %
e Aluminum interconnection preferred to gold interconnection %

- 1

e Minimize element geometries } :

¢ Use encapsulant with high ionization energy.

(2) Junction-Isolated and Dielectricelly Isolated

e Minimize impedance at bases cf transistors

e Minimize lifetime in base and collector regions (highest
transistor cutoff frequency with gold doping)

s ® Opiimize compensation of induced currents.

(3) Junction-Isolated

H

.
H
2
z
E
2
k3
3

:

'§ e Minimize chip area and the area of transistor isolation junctions

4 e Make the collector width as small as possible. Use buried-layer
£ epitaxial construction to prevent transistor action through sub~ :
o strate and to minimize collector ohmic drops ! :

e Make terminal connections to substrate at several points to :
minimize substrate ohmic drops.

1
(4) Mos
- ¢ Do not amploy diodes at gate inputs.' g

H

& : ] :

3 In addition to the above general guidelines, other hardening criteria may be :

' . i

= developed for specific integrated circuits and integrated-circuit types. For :
] example, the following four improvements have been found to greatly decrease i

the susceptibility of Junction-isolated DTL gate circuits. -

»
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(1) Use ctrcuits that connect the cathode of the resistor-isolation

diode to the most positive voltage in the circuit. This procedure

will, however, increase power supply surge currents.

AF Pt L R

(2) Use DIL cirecuits that have output-load (pull-up) resistors.

(3) Use the emitter-base diodes of a multiple-emitter transistor to
reduce the isclation-diode area associated with the input diodes.

(4) Use the highest possible supply voltege consistent with powver

requirements.

Lt

In many cases, a common-sense consideration of the physical mechanisms of
the transient effects and the particular integreted-circuit construction

can point to obvious shortcomings and generate specific hardening improvements.

Permanent Effects: The proximity and intercoupling of elements do not assume

importance with respect to the permanent effects of displacement radiation.
Monolithic semiconductor integrated circuits may be treated as conventional
circuits of small dimensions with silicon elements, The primsry determining
4 ~ factor of the tolerance of the circuits to radietione-induced permenent
effects is the degradation of the active elements with accumulated neutron

fluence. ’ .

1 The radiation resistance of the circuits is determined by the stability of
2 Epe gain of the transistor elements with respect to reutron fluence and the
3 tolerance of the circuit design with respect to gain degradation. Although
» no class of integrated circuits has iben.shown to be inherently superior

to another, those circuits employing faster transistors usually can with-
stand a greater neutron fluence, Epitaxial transistors usually, but not
exclusively, represent the faster transistor types,
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The effects of radiation-induced component changes on integrated-circuit
parameters will, of course, depend on the specific configuration involved.
However, with respect to digital circuitry, the following parameter changes
may be delineated because of their dependence on features common to the

circuits:

T R o T P T

e Saturation Voltage - The saturation voltage of transistors increases

with neutron fluence, even though sufficient base drive is supplied

to maintain the transistor in saturation. -These changes in saturation
resistance are usually negligible at threshold fluences applicable
for maximum fan-out. 4 However, at low fan-outs (1 and 2), the devices

ittt

may fail at fluences lower than ti'e threshold fluence due to"changes

in saturation resistance,

TR R Jo ey

e Input Threshold Vecltage - This parameter will normally increase with
exposure because of increases in the transistor forward base-emitter

voltage and decreaseé in transistor gain.

¢ Switching Time - The output transistor determines' the switching
characteristics of the eircuit. The switching time is composed

: of the delay time, the rise time, the storage time, and the fall

% i time. The delay time and the fall time are relatively independent

3 of radiation exposure. The rise time increases with radiation and
the storage time decreases with radiation exposure. At the

~ threshold fluence, decreases in the storage time are usually greater
than increases in rise time. Thus a net decrease in switching time

is commonly observed.

5

;, P o OCKHEED MISSILES & SPACE COMPANY

e
w T

l"‘
. . o
LI R 5 5

il g g 0 sl e

e e e

SRR T) - TS R ot
LB lLEIE, g a0 on S ot T il v B 8t RPN



LU O

IMSC-A956448

Hybrid Integrated Circuits: Conventional hybrid eircuit and monolithie

circuit construction techniques are frequently marginal in certain aspects
of wire bonding, die attach, etec. Tests have shown that 2 cal/cme, in some

instences, caused transistor lead bonds to break. Subsequent Febetron

e (e B g S e R R 8 Rl s i i i A

experiments with semiconductor components, including integrated circuits in

a variety of packages, have confirmed that a small but significant proportion
will fail upon irraediation. The most common failure mode is an open circuit
due to broken wire bonds. Both thermocompression end ultrasonic wire bonds
are susceptible to failure. Sometimes the failure occurs at the transistor ’
post or integrated circuit lead frame and sometimes it happens at a point
where a wire is bonded to the metallized pad on a silicon'chip. The failure
will be characterized by a break in the wire in some cases while in other
instances the bond simply lifts off the surface to which the wire had been
affixed. The stresses imposed by the dose deposition cause a rupture to
occur wherever a weakness exists in the bonds.

Similarly, faulty die attach technigues can cause semiconductor components
to suffer die fracture or die lift-off when parts are irradiated in a
Febetron machine. Ususally the trouble can be traced to a void under the
silicon die. All the conventional die attach methods are highly dependent
upon the skill of the operator so human fallibility guarantees the incidence
of some weak parts.

Still another potentially weak point in conventionally packaged microelectronic
parts is the hermetic seal. Flat packs, in particular, seem susceptible to

problems of this kind. The added fact of hign packaging costs makes attract-
ive the idea of eliminating hermetic packages for microelectronic components.,
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The use of PResistor-Transistor logic fabricated with junction FETs or
radiation resistant bipolar transistors should result in the hardest

digital system presently available insofar as the effects of radiation
There remains the

Ty

i on the semiconductor material itself is concerned.
problem of overcoming the mechanical weaknesses so prevalent in currently
produced microelectronics that can be the source of failure under the
stresses imposed by h;gh dose deposition rates in a nuclear environment.

- Tests and analyses of radiation resicstant hybrid circuits at Lockheed
3 Missiles & Space Company have resulted in the following conclusions:

e Digital logic elements formed with Resistor-Transistor-logic (RTL)
should be more radiation resistant than those made with other

3 common logic schemes.

] . :
i e NOR logic elements can be made in RTL hybrid circuit form with a

minimum number of active components. These components can be

specially selected for their radiation resistant characteristics.

o RTL hybrids can be built with discrete field effect transistors
that are inherently more rsdiastion resistant than hipolar or MOS

transistors.

3 * e Wire bonds, die attach, and hermetic packages can be eliminated
from hybrid circuits by using beam lead transistors and ultra-

sonic bonding,

: e This type of hybrid assembly should be amenable to automation with

consequent cost savings.

¢ These hybrid circuit concepts are not restricted to any particular
meteallization scheme for subatrates and transistor dice. The
circuits might most easily be made with thick f£ilm resistors and

e # T 1 0 37
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rold metallization on the substrétes and gold beam leads on the
transistor dice, Perhaps even more attractive, conceptually,
would be & low Z constructicn based on aluminum beam leads for the
transistor dice and aluminum metallization and thin film resistors

on the substrates.

Radiation Hardening Techniques for Integrated Circuits: Producers of

hardened military equipment use one or more digital and analog methods

to analyze their circuits for radiation resistance. (See Fig. 15.). These

are:

P
The basic method, which is to make calculations besed on physical
phenomena in insulators, conductors and semiconductors to predict
how components and circuits will behave. In this method the effects
of Compton, photo and pair-production electrons are usually cal-
culated in terms of their secondary currents, polarization effects
and conductivity in the materials and structures involved.

The component approach, which allows a large class of circuits to
be analyzed on the basis cf how their component types react in
radiation environments.

The circuit analog method, in which circuit behavior is predicted
by using circuit engineering informetion in conjunction with data
on charge-redistribution effects on components.

The direct circuit method, in which the enalysis is made by extend-

‘ing the charge redistribution philosophy to include actual leakage

resistance and charge generators in the representation of real-time
circuits. The physicel circuit is represented by matrix switching
of conductances and by generation of frequency-compensated input
curre;t pulses.

The subsysteﬁ method, which is an advanced technique involving
simplified transfer functions or individual circuits. The functions
are recalculated for different initial conditions until a specific
performance in the expected environment becomes clear.
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Note: Unit showed most rediation resistance in its OFF rather
than ON state in tests.

Fig. 15 Signetics SE102K Digital Integrated Gate (Functional
Circuit, Left; Actual Circuit, Right)
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Several orszanizations, including Hughes Aircraft Co., Fullerton, Celif.,
International Business Machines Corp., Owego, N.Y., and Boeing Aircraft
Co., Seattle, Wash., have developed sophisticeted versions of these analyti-
cal methods. Hughes uses analog methods; the most advanced techniques used

at IBM and Boeing eare digital.

T T T T e e A S
AR Bl g

Passive Components

il e

% Passive components such as resistors, capacitors, coils, and insulators
é are orders of magnitude less sensitive to rediation than are most semi-

conductor components. Because of the concentration of effort in the semi-
conductor-component radiation-effects area, relatively few experimental

3 studies have been conducted for passive components in proton, electron,

g or neutron environments. However, the data available generally confirm

E the lower radiation sensitivity of passive components relative to that

; of semiconductor components. .The available date concerning the response

; of passive electronic components to proton, electron, and neutron radiation

3 are summarized in the following peragraphs:

Resistors. Radiation effects on resistors are generally small in comparison
with those for semiconductor deviies and capacitors. The effeéts on other .
devices over-shadow the effects on resistors to the extent that resistor

‘ effects are often justifiably neglected. The primary transient effect on

= registors, especially those . greater than approximately l-megohm resistance,
f is that of a shunt leakage due to ionization. Resistors with air cores show '
larger effects than those of solid construction. Altering the environment

of the resistor by such means as potting in paraffin or silicone rubber

3 greatly improves resistor performance under irradiation. Although the

effects are generally manifested as an appareant reduction in resistance,
wirewound types have shown increases in resistance.
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The transient effects are generally attriputed to gamma rays that interact
with materials to produce electrons, primarily by the Compton process; how-
ever, energetic neutrons can also produée significant ionization. The
permanent effects are generally caused by the displacement of atoms by
neutrons, causing a change in the resistivity of the material. Transient
effects include (1) a change in the efféctive resistance due to radiation-
induced leakage in the insulating material and the surrounding medium,

{2) induced current that is the result of the difference between the emission
and absorpt{on of secondary electrons by the resistor materials, and (3)
change in the conductivity in the bulk material of the resistor. There is
no substantial evidence, hovever, that the third listed effect is a first-
order transient effect, )

Carbon-composition and carbon-film resistors are recognized as the most

sensitive to nuclear radiation of the various resistor types. This sensitivity

to radiation damage has been éttributed to degradation cf organic materials
used in the construction of these resistor types. Because of the weaknesses
observed in nuclear irradiation of carbon-composition and carbon-film
resistors, studies have been conducted to determine the effects of proion
rradiation, Allen-Bradley carbon-composition resistors with nominal
resistance values of 470 and 100,000 ohms were irradiated with 22-Mev
protons to fluences ranging from 1.15 to 2.31 x lO13 bl cm'a. The results
showed that nd resistance changes of a permanent naeture had oceurred. Carton-
fi}m resistors menuiactured by Texas Instruments, Inec., and having the same
nominal resistance values were irradiated in the same experiment. The results
again indicated that the irradiation did not cause permesnent damage. No
measurements were made during irradiation, so that information concerning

possible temporary effects is not available,
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Radiation studies at Lockheed Missiles & Space Co. and the Battelle
Memorial Institute have been conducted on a variety of resistor configu-

rations, including carbon composition, carbon film, metal oxide film, :
pure metal film, and wirewound. Primarily, the effects of time integrated,

fast neutron flux dosages have been investigated. The results of these

tests have not cnly indicated the effects on tﬂe resistor element, itself,

but also upon the materials used for encapsulaticn, substrates, binders

and lead meterials. A summary of the significant points is presented below.

1. Wirewound resistors are the least affected types, followed
in order by metal films, carbon films, and carbom composition

8 resistors.

2. Epoxy resins, used as binders in carbon composition resistors

bec0me_brittle and carbonize, decreasing the resistance of the
unit.

3. Glasses containing boron ard used for hermetically sealed incap-

sulations and film substrates ave highly undesirable.

4. Wirewound AGS resistors are not suitable for use in radiation
environments, the end seals of these resistors are made from Teflon

vhich degrades and turns to powder for very low dosages of radiation.

5. Thinly coated film resistors change as much as 300 percent during

v AL o, oo

irradiation and exhibit no recovery after removal from the radiation
~ environment. '

Bt

Iy

Bl

6. -Contrary to the excellent performance of pure mastel film resistors,
metallic oxide units, such as tin oxide film resistors, can be 5

expected to change value as much as 50 percent under irradiation.

PRSI L

T. Wirewound resistors exhibit little or no noticeable degradation
under steady state nuclear radiation.

E|

8. Molded and ceramic encapsulations are highly resistant to degradation
under irradiation.

b el G
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For the grestest stability with respeect to radiation danage, molded and

ceranic encased metal film and wirewound resistors should be used.

Capacitors. Nuclear radiation affects, to some exteat, most of the elen-
tronic properties of capaciteors. Changes in the capacitence value, dissi-
paticn factor, and leakage resistance have been observed during steady-
state reactor experimentation. These effects are generally not considered
severe for fast-neitron fluences less than 1017 n/cm?, and for most capaci-
tors this limit is about 1017 n/cma.

During a high-intensity pulse of nuclear'radiation, the most pronounced
effect in a capacitor is a transient change in the conductivity of the
dielectric material. The properties of these transient changes in the
dielectric conductivity are the subject of this section.

Experimentation has been performed to determine the relative effectiveness
of neutrons ani gamma radiation in producing this transient radiation effect
on the conductivity. The ;esults indicate that gamma radiation is more
effective than neutrons; howaver, neutrons can produce signifizant trunsiens

effects in some capscitors.

Effects of pulsed radiation on the capacitance value have been shown to be
less than 0.1 percent for frequencies of the applied signal up to about

200 kHz. Dissipation-factor measurements made prior to and after irradiation

indicate no clear trend in the effect in this parameter, although changes
in the range of +20 percent were observed. It is clear, however, that the
major effect 1s the decrease in the effective leakage resistance of the
capacitor, i.e., enhanced conductivity..
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Mild to m>derate damage to capacitors cen be expected to result from

nuclear-radiation fluences between 1013 and 1016 n cm‘z, with moderate to

severe damage occurring in the renge of fluence from 1015 to 1018 n em™2.

Electrolytic capacitors will be damaged st fluences of asbout 1613 n cm'e,
while capacitors with inorge:ic dielectric materials such as glass, ceramic,

and mica are considered to be radiation resistant up to 1018 n em-2,

RS LIl Lt i
;
" L R R p— R

Btiarae

Ceramic and tantalum capacitors exposed to 22-Mevs-proton fluences ranging
trom 1.16 » 1013 to 2.31 x 1013 P cm’e were unaffected by the radiation.

4
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DESIGNIN7T RADIATION-HARDENED EQUIPMENT

Toe general design goal in hardening circuits and equipment is to minimize
or optimize charge redistribution. How this is done depends on the typz of
circuitry. 1In linear circuits, the optimizing may affect system philosophy.
It. may be desirable to have a large but brief transient, rather than a

small but long one, or vice versa,

to be saturated by transients and to behave like a switching circuit, having
on, off and recovery times controlled by active and passive devices and
their charge distribution.

Good design_can control this through intelligent selection of time constants,
cutoff clipping and saturat.on clemping. But these techniques are sometimes

difficult to apply because they usually involve low impedances.

In the collector eircuits of common-emitter amplifiers, for instance, the
low imp=dances reduce gain and increase saturation currents. The collector
load may have to be clampesd to zome value below saturation and clipped to

some point above cutoff.

If collectors are clipped and clamped just outside normal signal excursion
ijits toth the magnitude end the time of response will be minimized. But
to do this, a current-limiting resistor may have to be put into the emitter.
circuit, even though this may produce degeneration. The value of the
limiting resistor should be low, as determined by the collector voltage
limit and a safe transistor current. '

Time constants of circuits intended for radiation environments should be
fast to aid recovery. If low-frequency response is desired, Zener diodes
sometmnes can be used instead of couplihg capacitors. However radiation
tends to rcund out the knee of their usuglly sharp-breaking regulation

curve. These diodes should feed into low-impedance bleeders in the base

: 6l

circuit.

The most comnon redistribution situation in linear circuits is for a circuit

.\
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Radiation can degrade linear circuits without saturating them into becoming

digital, throush this is less common. When a circuit continues to operate

linearly in radiation, each stage can act as a noise generator for the

succeeding stage. Therefore, the circuit must be designed for noise immuni-
ztion. Unfortunately, the nose spectrum will be within the operating range
of the circuit because this spectrum is controlled by the circuit time con-

stants. The only real relief comes from minimizing the amplitude of the
noise signsl. This cau be done by reducing front-end gain and increasing

final-stage gain. Or it can be done by selective filtering and feedback to

reduce major ireguency components of the noise response while maintaining

L I e B

circuit bandwidth.

Guidelines

Component Selection. Transistors should be picked for.their relative insen-
sitivity to raedistion. This usually means that units should have small
photocurrents. Silicon is still generally preferred to germanium. Alloy
construction is more desirable than grown or diffused techniques, ani narrow ,
bases are preferable to wide ones. High-frequency silicon transistors are
worth considering for first stages because high power dissipation is usually
not required there. Epitaxial, field-effect and thin-film active and passive,
devices also should be considered. Radiation-sensitive devices selected to
compensate for the response of other sensitive components should be chosen
carefully because manufacturing batches differ in response, and quality-
cShtrol groups do not always test fo; radistion sensitivity.

Bias Design. Many studies show that transient output current is an increasing
function of bias current and is almost independent of collector-to-emitier

voliage. Therefore, first stages should be operated at levels as low as
possible when they work below the peek hfe vs I, characteristic, even if this
means some loss of gain.
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Impedance Design., High-impedance circuits are sensitive to transient radiation
because of shunt leakage and current-injection effects. An input impedance of

1 Mer at transient gamma dose rates up to 106 roentyens/sec is considered the

maximum that can be achieved during a radiation pulse. Dose rates greater than

i | o Ot
L b R Y0 bt e it gt 3 ¢ g G
g A e L W R

10° roentgens/sec prodice even smaller transient impedance magnitudes. Circuits ‘}

having an input or load impedance of 100 K ohms or more will therefore be ser-

s

jously affected by dose rates at least as large as lO6 roentgens/sec, regard- \

less of the active component used.

Transient output current from transistors is largest when the transistor oper-

-+
ates into a low load impedance from a large input impedance. So radiation-

L AR o e N S

hardening specialists suggest the use of the largest possible load resistors
: consistent with the power supply available, even though low-impedance loads
% ; provide higher saturation currents. In total change in charge, i At, At is
: a function of drive or of the extent to which the transistor is driven into
saturation. For a given radiation rate or dose in a short timé, total change
in charge may be larger for larger load impedances. Therefore, it is usually
necessary that the load be selected on the basis of desired gain, except ] ‘
" where peak current or integrated charge obviously should be minimized.

However, the load normally can be optimized for power or voltage gain. Time ¥
and magnitude of response to radiation are also functions of transistor base
impedance, which can be minimized by design control of the base circuit im-
pedance. Ioad impedance cen also be reduced by clipping and clamping to limit
load excursion, as described previously. This drops the collector load to a
very low value after an excursion threshold is reached. The total load is
then contained in the degenerative emitter circuit. .

Other Hardening Techniques

_Radiation-induced signals can be minimized by using a differential amplifier
that has been balanced. Another technique is to take advantage of phase re-
versal associated with common emitter stages to achieve significant amounts of
cancellation through preamplifier first stages. .

66 ' A

LOCKHEED MISSILES & SPACE COMPANY 4




IM3C-A956L468

In digital circuits, where threshold-exceeding current can cause failure,
raliation-performance can usually be calculated if component performance is
known. The basic problem is to choose transistors with small primary photo-
currents to assure safety marigin. Transistors that are minimially susceptible
t> saturation, or which recover rapidly from saturation, are desirable be-
cause switching circuits easily saturated at mode  ite repetition rates can

be rade inoperative for long periods.

Entire circuits should be potted in compounds that will not conduct when
irradiated. This will prevent leakage paths caused by air ionization. Be-
ceuse most circuits are potted, care should be taken that no air pockets are

left on or near the surfaces of components.

Photocurren®. pulses produced in high-frequency transistors have a typical

rise time of a few microseconds and fall times only slightly longer. Many
low-frequency circuits can be designed to filter out such transients, rather
than amplify them. Circuits can -also be designed to respond only to relatively
larger pulses with greater rise and'fall times.

If many logic circuits are driven iﬁto saturation simvltaneously, high-current
drain may exceed the power supply available and individual transistors and

diodes may be turned out.

Later stages of an amplifier or digital.circuit may be saturated by large
transients in earlier stages and may stay in saturation longer then the
duration of the radiation pulse. Typical saturation'times for 1-¢ sec
pilses, representing a total exposure of 10 roentgens, range from 3 to 15

i sec. Saturation lasting milliseconds have been observed in some circuits.

It is often better for the load on the final stage of an amplifier to be small,

8o that transient voltages across it are small, although conflicting require-
ments may call for a high load impedance in the first stage.
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RELIABILITY
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In Table 2 a comparison is made between radiation requirements and reliability.

Paremeter

Table 2

RADIATION HARDENING VERSUS RELIABILITY

Radiation Reguirement

Reliability Regquirement

Masking

Yoltaze

Current

Frequency

Base
Width

High doping levels limit the effect
of irradiation on material resisti-
vity. Selection of the lowest use-
able voltage rating allows the use
of low resistivity, highly doped
materials.

Maximum current density is recom-
mended in the radiation environment.

The maximum fy available in a device
has been found to correlate well
with the device hardness level.
Gain-bandwidth ~oducts greater than
1 GHz are rec’ = nded.

Use of the smallest possible geo-
metries is rejuired to minimize
device response to both neutron
and transient gamma environments.
Both area and volume should be
minimized.

Minimun base width reduces the area
in the base which contributes to
the forward biasing exhibited in
the base emitter junction during
transient radiation., Als>, the.

narrow base region will aid post
neutron beta, since there is less
chance for electron recombination
before attaining the collector
region.

Derating factors above operating
voltages are recommended for all
components in a high reliasbility
system, Operating a device at
too low a voltage level may cause
marginal propagation times.

Minimum current, properly derated,
is recommended for high relia-
bility systems.

For power devices, a high fi unit
is more likely to be unrelisable
because it is more vulnerable to
secondary breakdown.

The smaller the volume and area

of the device's construction, the
greater the chance of a position-
ing or diffusion degpth error. Thus
reliability and yield may be re-
duced.

Base widths on the order of 0.3
microns have been constructed.

The danger of punch-through in a
base of this magnitude is increased.
In addition, the use of thin bsse
regions in power devices increases
the threat of secondary breakdown
by limiting current fanout.
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taremeter

Table 2 (continued)

Radiation Requirement

IMSC-A956h6§

Reliability Reguirement

Int.ernal
o4afe
recistance

Bonding

Materials

At come level of transient samma
radiaticn, the transient current
rthru the intemnal base resistance
will develop sufficient voltaze to
forward bias the base-emitter junc-
tion and turn the device on. ILow
values of resistance will thus in-
crease the radiation railure thresh-

old. 4

Use of aluminum bonding is
reccommended. .

Changes in packaging, packaging
materials, and bonding may be
required.
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The base doping, which determines
the internal base resistance, also

affects the doping level of the
emitter and collector. In some
cases, the lowest value of hase
resistance may not allow optimum
‘doping for cellector and emitter

regions.

Full strength of aluminum bonds
may be somewhat less than that

of other technigues presently
used. In addition, tall bonding
is not useable. Whether these
effects are significant to device
reliability remains to be deter-
mined.

Existing materials have established .
reliability records.
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