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ABSTRACT

— — — — — — — f—

QD

4‘$;he basic effects produced in semiconductors by both ionizing and
displacement radiation are summarized and related to the parameter changes
which are observed in semiconductor devices. Ionization and displacement
effects produced by transient radiation in diodes, transistors, four-layer
devices and integrated circuits are described, and a brief summary is given
of the effects of radiation on miscellaneous components such as resistors,
capacitors and coaxial cables. Various techniques for radiation hardening
of semiconductor devices and circuits are reviewed, and methods for
predicting the effects of radiation are discussed brieflzggv

Les effets de base produits dans les semiconducteurs par les
radiations tant d'ionization que de déplacement sont résumés et reliés aux
modifications des paramétres qui sont observés dans les dispositifs 3
semiconducteurs. Les effets d'ionisation et de déplacement produits par
des radiations transitoires dans les diodes, les transistors, les dispositifs
& quatres couches et les circuits intégrés sont décrits, et on donne un bref
sommaire des effets des radiations sur des composants divers tels que les
résistances, les condensateurs et les cdbles coaxiaux. Quelques techniques
variées pour le renforcement des dispositifs et circuits & semiconducteurs
contre les radiations sont revues, et des méthodes pour la prédiction des
effets des radiations sont discutées briévement.
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1. INTRODUCTION

It is difficult to distinguish categorically between the effects due
to transient and to steady-state radiation in semiconductor devices since
both types of radiation can cause long-lived or permanent damage, and a
steady-state condition can often be reached, in effect, before the end of
a transient radiation pulse. Measurements of changes in device parameters
under either radiation condition can often give information applicable to
the other condition since the essential effects are the same for a given
radiation type, the differences usually being merely of degree or of
integration of effects over the time scales involved.

Transient y-radiation generally has an immediate effect on the charge
distribution in a semiconductor device and results in a prompt current or
voltage pulse whose decay is usually governed mainly by circuit time
constants. Thus the disturbance produced in a circuit may persist very
much longer than the radiation pulse itself. On the other hand neutrons are
considered to produce permanent damage effects of which, for the case of a
transistor, the resulting reduction in gain is the most important manifesta-
tion. However, some damage recovery occurs immediately, and the damage
effects which are apparent only seconds after the transient has passed are
often much less than those observed within microseconds or milliseconds of
the end of the pulse. Thus a transient radiation pulse, composed of Yy-rays
and neutrons, can have short- and long-term effects on semiconductor devices
and circuits, and these effects must be taken into consideration in the
design of circuits or systems which are expected to continue to operate
satisfactorily after exposure to such a transient,

Transient-radiation effects in semiconductor or other electronic
devices are mainly of interest in the context of exposure to radiation from
a nuclear explosion, where it is essential either that a device function
both during and after the intense transient, or that it function at least
soon after the transient has passed regardless of whether or not it has been
disabled during the transient. Of particular importance are digital
computer-type circuits which, while perhaps not expected to operate during
a transient, must be able to retain their stored information, and thus the
component binary circuits must be prevented from changing state under the
influence of the transient.

Steady-state radiation effects are important for devices which must
operate near reactors or in satellites in space where the radiation is
continuous and where the gradual deterioration of device performance must be
allowed for in the circuit design or kept to a minimum. Efforts to harden
semiconductor devices against radiation effects often can be more
conveniently evaluated initially using steady-state radiation, but the
methods and principles evolved will generally be applicable also to the
transient case.
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2. SUMMARY OF BASIC RADIATION EFFECTS IN SEMICONDUCTORS
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2.1 TIoni

> effects of radiation on semiconductor materials or devices can
lently subdivided according to the result of the interaction which
e in the crystalline material, either ionization of atoms in the
Lthout disturbance of the lattice order, or displacement of atoms

r normal |lattice positions (1). Thus radiation, on the basis of
t.it produces, can be termed ionizing radiation or displacement ;

zing Radiation
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case of a

[6nizingiradiation, such as y-rays or electrons, generates electron-
: throughHout the whole body of a semiconductor, about 4 x 1013
being p%oduced in silicon per rad. Provided that the energy

to the electron in such a process is large compared to the energy
rbidden energy gap, 1.11 eV for the case of silicon, an energy of
required for the creation of each electron-hole pair (2). 1In the

! transistor the subsequent collection of some of these pairs by the

emitter ahd colledtor junctions results in what is termed a primary photo-

current.

Since the electric fields at the two junctions are in such

directions as to prevent majority carriers from flowing across the junctions,
the majorjity carriers are confined to the regions in which they are

generated}
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large int
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component
transient
field-free
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length of

|  Those |electron-hole pairs which are generated in the depletion

f the junctions are immediately swept out of these regions by the
brnal fields, the electrons being directed into the n-type material
bles into the p-type. This current thus results in a prompt

of the primary photocurrent if the causative radiation is a

pulse. |Electron-hole pairs which are generated in the essentially

region |of the remaining bulk of the semiconductor diffuse under
nce of their respective concentration gradients, and some of those
minority carriers in a particular region, and within a diffusion
a junction, will reach that junction and be swept across. Those

minority 'tarriers|which are further away than a diffusion length from the
junction Jrecombine via defect centers, which have energy states within the

forbidden

gap (3), before they can reach the junction.and so do not contribute

to this dplayed component of the photocurrent (4). The net result of the two

processes
transisto
current i
which ele

where

is a build-up of majority-carrier charge in the base region of a
r. From the above description of the origin of the primary photo-
t follows that the effective volume surrounding a junction, from

fo!

y

KAl

Ltron-hole pairs can be collected, may be written as (5):
= J
Ve (L o+ Lp + WA )
Ln = diffusion length of electrons in the p-type
material
Lp = diffusion length of holes in the n-type material
W = width of carrier depletion region (junction)
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A = effective area of junction

To the extent that the photocurrents-are generated in a fixed volume dictated
by the geometry of the device and/or the diffusion length of the carriers

in the material, such photocurrents are essentially independent of junction
voltage. However, in cases where the depletion region about the junction is
comparable in volume to the diffusion region then the photocurrents are
dependent upon the junction voltages (6).

Ionizing radiation, through the generation of electron-hole pairs,
can also increase the conductivity of semiconductor material; this can
become significant if the induced excess-carrier concentration is comparable
to the existing majority-carrier concentration on which the conductivity
depends. The impedance of rectifying junctions is even more susceptible
to transient-radiation effects than is bulk conductivity because the
properties of such junctions (especially if reverse biased) are determined
not so much by the majority-carrier concentration as by the very much smaller
minority-carrier concentration which can be changed significantly at very
low dose rates (3).

2,2 Displacement Radiation

Displacement radiation, such as fast neutrons (> 10 keV), or high-
energy Y-rays and electrons, produces defects of various types in the semi-
conductor crystal structure so that the disorder in the lattice is increased
(7). Simple point defects are produced when the energy of the incident
radiation is sufficient to knock a silicon atom out of its normal position
in the crystal lattice into an interstitial position, leaving a vacancy in
its former position in the lattice. The displacement of a silicon atom from
its lattice site, resulting in the creation of such a vacancy-interstitial,
or Frenkel, pair, requires an energy expenditure of about 15 eV (2), which
implies that neutrons of about 200 eV or electrons of 250 keV are required
(8). The vacancy which is produced is generally thermally unstable at room
temperature and can move through the lattice, in much the same manner as
does a hole, until it is trapped and immobilized by an oxygen impurity, a
donor atom, or another vacancy, to form a stable defect. Such defects
introduce additional states into the forbidden energy gap of the semi-
conductor material and can act as:

i) recombination centers for electrons and holes, resulting in a
reduction in the minority-carrier lifetime.

ii) trapping centers which remove majority carriers from the
conduction process and thereby increase the resistivity of the
material.

i1i) additional scattering centers which decrease the mobility of
the carriers.
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tion of minority-carrier lifetime is the most important
ransistors are concerned, since it results in a reduction
r B), a lower high-frequency limit, and is reflected in
current (9). As a result of the resistivity increase
oduction of additional trapping centersboth n- and p-type
d more intrinsic behaviour, indicating that donor and

e both introduced simultaneously and resulting in a net
brs in n-type and of donors in p-type (10,11).

n a majority of the defects which are formed by 1-MeV
Y-rays are relatively simple point defects (12). More

nt defects can be produced by particles which have

to impart, in a single collison, significant energy to

ing atom so that it is capable of displacing and ionizing
oms in the lattice. Thus, in particular, neutrons tend
clusters which are the result of a cascade of displacements
e crystal lattice is concentrated in a small region.

ially effective in producing defect clusters since their
the atoms of the lattice are of the hard-sphere type

g) with a high energy transfer; even a 1-MeV neutron

t energy to create several hundred displacements within

R in diameter (12). For charged particles, which inter-
ulomb force, higher energies are required for cluster

~ 12 MeV for deuterons and 15-45 MeV for electrons (13).
rs cause similar degradation in transistor parameters

do the simple defects, but, since the defect density

an be much higher than the density of the normal dopant
al, the defects in the cluster may behave significantly

o simple defects. There is evidence that these disordered
ffective in reducing lifetime than some of the simpler
oduced at lower energies, and this could be related to
at the thermally stable divacancy (formed when two
toms are knocked out of their lattice positions) may be
nation center within the defect cluster (12).
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Another property of neutron-irradiated silicon,
the effect of defect clusters, is that the carrier-

sentially independent of impurity concentration in both
, with the result that the rate of degradation of life-

n bombardment is nearly the same for both types (16).

t to the effects of the point defects produced by

ere the minority-carrier capture cross-section of the

ers is about 400 times greater for n-type silicon than

0-keV electrons) (17). This difference is attributed

he energy levels responsible for neutron-induced

ar the center of the forbidden energy gap, whereas those
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which dominate recombination in electron-bombarded specimens are more
shallow states nearer the gap boundaries (16).

Lattice displacement damage, such as described above, can change
the electrical properties of semiconductors at extremely low densities of
damage sites and therefore at relatively low levels of integrated flux.

The electrical characteristic most sensitive to radiation damage is the
minority-carrier lifetime (8), and thus minority-carrier devices such as
bipolar transistors and associated monolithic integrated circuits are
amongst the most sensitive devices to displacement effects at normal
operating temperatures (18). Other bulk effects, due to displacement damage,
which have been observed in bipolar transistors are changes in:

i) junction depletion capacitance
ii) junction breakdown voltage
iii) saturation voltage
iv) punch-through voltage
v) base-spreading resistance
vi) collector body resistance
vii) junction leakage currents
viii) switching times

As well as displacement damage fast neutrons can indirectly produce
ionization by (n, p) and (n, «) reactions with the silicon and other atoms
in the semiconductor crystal. As the neutron energy increases significant
ionization effects are also produced since the displacement recoils receive
sufficient energy to become ionized, and 14-MeV neutrons are espec1ally
effective in this regard (5).

Lo

4

The reduction in minority-carrier lifetime as & result of radiation-

induced displacement damage can be measured in many ways, either directly

on bulk samples or indirectly by measurements of changes in various semi-
conductor device characteristics such as current gain, diode forward

voltage or leakage currents. Under the assumption that the lattice damage

is proportional to the integrated flux and thus also to the density of the
resulting recombination centers, and since the lifetime is inversely
proportional to the density of recombination centers, the dependence of
lifetime T on fluence or integrated flux ¢ (partlcles/cm ) can be written:

-% =~%o + KT_® (also sometimes written %-, wiph inverse units (2)
for K_) T
or K_
where To = initial minority-carrier lifetime, seconds.
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gy-dependent lifetime damage constant, cmz/particles-sec.

tion in carrier lifetime is a manifestation of the fact
tion centers impede the diffusion of the minority carriers,
t of radiation damage can also be expressed in terms of a
yietery 1) damage constant KL where the damage is measured as an
in 1/L4: .

ial minority-cérrier diffusion length.

sentation is convenient for the characterization of
11s since Ky, has a more direct relationship to the
e failure (19).

nd L are related as:

ity-carrier diffusion constant,'it follows that

ular importance to semiconductor device characteristics
of the common-emitter forward current gain, hfe or B, on

in terms of the diffusion length)

. . 2D
e base width, and the factor
nsit time t of minority'carriers in the base region of a
case of a uniform base; for a linear graded base the

The transit time t, which is generally unaffected by

ge, can also be related to the curreht gain-bandwidth
L (defined as that frequency at which the common-emitter current
nes unity, also called the alpha cut-off frequency) through the

the dependence of lifetime on fluence given by equation (g) above, .
R can be expressed as:
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neglecting emitter efficiency and surface effects. Alternatively, the
measurement of such a parameter change may be used, under certain conditions,
to provide a measure of the neutron exposure (22). Sometimes an empirical
damage factor K is used instead of K; to indicate that recombination in the
base region is not the only damage mechanism contributing to the degradation
of B (recombination in the emitter-junction transition layer can also be
important (23)). KT(or K) is a most sensitive measure of the amount of
displacement damage, but since T depends on the resistivity of the semi-
conductor material, the injection level of minority carriers, temperature,
and the integrated radiation level, a unique value for K_ can be expected
only if the resistivity, impurity content, and injection level of the semi-
conductor is specified, as well as the energy spectrum of the incident
radiation (8).

3. TRANSIENT-RADIATION EFFECTS IN SEMICONDUCTOR DEVICES

An examination of the transient effects of radiation in various
semiconductor devices such as diodes, bipolar transistors, field-effect tran-
sistors, and integrated circuits (in increasing order of complexity) will
naturally reveal many similarities in behaviour since all such devices are
fabricated from variously doped versions of the same material, silicon (the
study will be restricted mainly to silicon devices), and most possess the
common feature of the presence of one or more p-n junctions necessary for
their operation. Thus, for example, damage mechanisms which produce effects
which are easily observable in transistors by virtue of the very sensitive
dependence of gain on radiation-induced damage can also be assumed, or
shown by other techniques, to occur in diodes. Even though manifestations
of the damage might not be so obvious in this case, there could be
implications involved which are pertinent to hardening or to selection of
appropriate diode devices suitable for a radiation environment. Much work
has also been done on radiation damage to, and ionization effects in, bulk
semiconductor material using techniques such as the Hall Effect, photo-
conductivity, infrared spectroscopy, electron spin resonance, etc. (24),
and the results often have direct application to device technology and the
understanding of the effects of radiation, either transient or steady state.

Thus while radiation effects in the various different types of semi-
conductor devices will have a fundamental similarity, as pointed out above,
differences might be expected with increasing complexity in device function
and method of fabrication. For this reason the following discussion of
transient-radiation effects in semiconductor devices has been sub-divided
according to basic device type, so that as the complexity of the device
increases the radiation effects can be related, in part, to simpler
structures discussed earlier. However, some effects which are inferred to
occur in simpler devices may be more appropriately discussed in the context
of more complex device behaviour since, because of its importance or ease of
measurement, a particular effect may have been more extensively investigated
in the complex device, and the understanding and theoretical analysis may
have been emphasized from this viewpoint. Reference will also be made to

UNCLASSIFIED



8 UNCLASSIFIED

effects oliserved under steady-state radiation conditions or in bulk semi-
conductorimateriall if appropriate in relation to the case of transient
radiation, Immediate implications of various transient or steady-state
effects tg device hardening will be pointed out as they arise, but more
general methods of| hardening will be discussed in a separate section.

3.1 Diodés

3.1.1 Torlization Effects in Diodes

For a reverse-biased p-n junction diode even a rather weak pulse of
ionlzlng tadiation will cause a considerable immediate increase in the
reverse leakage current due to the generation of electron-hole pairs through-
out the quy of the diode and the subsequent drift and diffusion of these
carriers (225). This radiation-induced photocurrent is due to two processes
(as briefly summarfized earlier):

i) Carrjers of either type which are created in the depletion

’ region are quickly swept out of this region by the internal
electric field to produce a current pulse of about the same
shape as the radiation pulse. This is the prompt or drift

component. .

Minority carriers generated -in the bulk regions away from the
junction diffuse to the depletion region and are swept across
to Produce a current pulse which will usually persist long
after the radiation pulse has ceased. This is the delayed or
diffusion component. The amplitude and rate of decay of this
comanent both increase with reverse voltage on the diode.

ﬁfor a fo¥ward ~-biased diode the generation of carriers in the bulk
region decreases t?e carrier gradient at the junction and produces a transient
decrease ih the forward conduction current (4).

-Funnel dlodes exhibit a relatively small photo-response to
ionizing radiation because of their small junction dimensions and high doping
levels, tqe latter|characteristic having the effect of adding recombination
centers in the depletion region which aid in the removal of the radiation-
generated.electron +hole pairs. Resistance to radiation-induced switching
is importa aht for t&nnel diodes, and it has been found that high current
(2 and 5 mh) sillc n devices are about an order of magnitude more tolerant
to pulses of ionlz{ng radiation than are lower current types. For instance,
silicon 4.3-mA tuniel diodes, biased at 74% of peak current and exposed to

20-ns pulsLs of 2-MeV electrons, did not switch at exposure rates of 1.1 x
109 R/s (4iR) (26).

}n the cdse of PIN diodes the transit time in the intrinsic region
is relativily short compared to the carrier lifetime usually found in
uncompensated high-resistivity material, and thus recombination in this
region doe> not play a major role. For an intense radiation pulse, however,
the drift of generated carriers in the intrinsic region causes a change in

UNCLASSIFIED
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the internal field distribution. This impedes the drift of the carriers

and has the effect of producing a substantial and slowly decaying tail on

the photocurrent waveform which persists long after the ionizing pulse has
terminated, and whose amplitude, relative to the peak response in the first
few nanoseconds after the pulse, increases with increasing dose rate. The
collection efficiency, as outlined above,is expected to be significantly
reduced at relatively low radiation levels, Vv 6 rad(Si), or at energy
deposition rates of N 109 rad(Si)/s, where the device will have limitations
as a radiation detector under conditions requiring nanosecond resolution (27).

The transient-ionizing-radiation response of diodes operating in
avalanche breakdown is especially important because of the widespread use of
such devices as oscillators or as voltage-regulating elements. For a
typical Zener diode which is biased near but below breakdown, the transient
photocurrent response increases with bias voltage because of the avalanche
multiplication of the primary photocurrent by the high fields at the junction.
More heavily doped diodes, which are especially tolerant of neutron-induced
degradation (see Sec. 3.1.2 below), should also exhibit a smaller photo-
current because of the smaller width of the depletion region and the reduced
minority-carrier lifetime which are characteristic of such devices; however,
because of the avalanche multiplication of photocurrent described above,
the expected reduction in photocurrent may not be observed if such diodes
must be operated at voltages near breakdown. For the case of diodes which
are biased above their avalanche-breakdown voltage, the transient photo-
response falls as the (reverse) bias current is increased, a result of the
fact that the impedance of the diode junction also decreases. Thus, for
minimum transient disturbance, a Zener diode should be operated at a high
current and with a low resistance presented to its terminals and, for equal
bias currents, a lower breakdown-voltage diode exhibits a smaller transient
than does a higher voltage type (28).

3.1.2 Displacement Effects in Diodes

Diodes are also sensitive to displacement radiation and show
effects attributable to radiation-induced damage, as described above. The
dominant effect is usually an increase in the forward voltage drop caused
by an increase in the effective series resistance of the diode due to
removal of majority carriers from the conduction process in the base material.
The degradation of minority-carrier lifetime, on the other hand, causes the
diode saturation current to increase and thus tends to decrease the diode
forward voltage (20). Devices with high base conductivity should be
relatively tolerant to radiation since a high conductivity implies a large
impurity concentration in the base material which tends to decrease the
relative effect of any defects which are introduced (29). High doping levels
are also responsible for the radiation resistance of germanium tunnel diodes,
especially n-on-p types (p-base), to integrated neutron fluxes of 1.5 x 1016
n/cm?2 (31). In general, tunnel diodes, being majority-carrier devices, are
less sensitive to radiation than are most semiconductor devices.

UNCLASSIFIED
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ease in minority-carrier lifetime which is produced by
tion actually tends to improve the performance of '
Thus, since the switching and storage times depend ]
nority-carrier lifetime, the speed of operation of such :
| (31). .Similarly diodes, such as the 1N696 and 1N697,

ped bases, and hence'a short minority-carrier lifetime .in
, do not exhibit appreciable degradation of -their forward
stics up to 1014 n/cm? (29). ; : '

trical characteristics of PIN diodes are highly dependent
the excess charge carriers, in the intrinsic region and
sensitive to any change in this lifetime caused by
property which makes such diodes suitable as dosimeters
th judicious design, it is possible to achieve greater

e from a PIN-type junction than from an equivalent p-n

_carrier depletion-layer devices such as varactor diodes
ATT or TRAPATT) diodes are generally considered to be

tive to radiation.damage because they do not depend on the
ifetime. However, in the junction depletion regions of
ping -effects, .and the associated time constants, can
diation vulnerability through a transient time-dependence
ayer width which is produced. Following a neutron pulse,

t in an equilibrium charge state exist with a

rder of magnitude larger than for the equilibrium case,

bse their excess charge very slowly. However, injection

rs speeds up this recovery substantially (34). The RF

e diodes degrades because of the recombination in the

h of carriers in transit, and hence .a device with a ,
rge region will be more radiation (neutron) resistant.
oxhibit an increase in breakdown voltage due to carrier :
es of the space-charge region, and a device with heavy

pt doping profile will be more resistant to such carrier

L diffuse-junction deévice (35).
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no secondary photocurrent produced unless the primary photocurrent is large
enough to generate a sufficient voltage drop across the base resistance

to forward-bias the base-emitter junction (2). A more detailed examination
of the process indicates that a prompt dose of 0.5 rad can be expected to
produce a collector photocurrent many times larger than the quiescent
current, and substantial electric fields may be produced in the bulk
collector region, especially if this is of high resistivity. These fields
ald the drift of the minority carriers to the junction where they contribute
to the primary photocurrent and thus to the majority current in the base,
resulting in a further increase in collector current. Thus the coupling
between the primary and secondary photocurrents is regenerative and results
in an unstable build-up of collector current. This build-up 1s ultimately
quenched by recombination or depletion in the base region of the excess
minority carriers from the collector (majority carriers in the base) because
of the massive concurrent injection of opposite carriers from the emitter
(2,27). At a high dose, 5 rads, the photocurrents are very large and a
device can be driven into saturation. In this case the ionization may also
produce sufficient carriers to increase the conductivity of the collector
region, with the result that the saturation secondary-photocurrent collector
waveform may show an initial peak due to this conductivity modulation of

the collector.

The photocurrents produced by transient-ionization effects in
transistors must be analyzed differently depending on the relation of the
radiation pulse width to the minority-carrier lifetime and on whether or
not the transistor is driven into saturation (2,37,38,39):

i) Pulse width long compared to the minority-carrier lifetime.

In this case virtually all the minority carriers that exist
within a diffusion length of the base contribute to the photo-
current, which approximates the value which would be obtained
under steady-state radiation conditioms.

i1i) Pulse width short compared to the minority-carrier lifetime
in the collector.

a) If the number of carriers generated is large then the
transistor can be driven into saturation (collector

forward-biased) and will be held there, after the radiation

pulse has terminated, by the minority charge stored in the
collector-base diode. This charge is usually considered
to be stored in the base region for alloy transistors, but
for mesa and planar types the storage is mainly in the
bulk material of the rather high resistivity collector.
Thus, in the latter case, the transistor will remain in
saturation until the excess minority-carrier concentration
in the collector is reduced to a value below that required
to maintain saturation, this time depending on the effect-
ive minority~carrier lifetime. Measured radiation storage
times, for both epitaxial and non-epitaxial transistors,
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The methld of fabrication and the doping levels of a transistor
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are found to correlate well with electrical storage times. i

) When| the transistor is not driven into saturation the
calculation of the resulting photocurrents. is very complex
and -computer solutions are generally required. Because the
pulse is short compared to the minority-carrier lifetime a
significant number of these carriers do not have time to o
diffuse to the junction and to contribute to the current before
the generation of carriers ceases and the photocurrents start
to décay. Difficulty arises in describing the currents as
functions of time since the radiation, primary photocurrents,
voltéges, junction capacitances etc. are all changing during

the pulse. -

have an im%ortant earing on the relative contributions of the various

regions to

the primary photocurrent. For instance, early alloy transistors

were charatcterized by relatively wide low-doped base regions, whereas more
modern transistors|are produced with wide low-doped.collector regions and

thin bases:

(2), with the result that most of the primary, photocurrent in =

alloy-juncltion transistors originates in the base and associated depletion
regions, while for |non-epitaxial planar and mesa types the major part of the
photocurreht originates in the collector (39).. Also, for alloy. transistors,
the minori;y—carriar lifetimes in both the collector and emitter are very
short and ‘ience a negligible number of carriers diffuse into the base (4).
For most o'ther transistors the contribution of the emitter-base junction
primary photocurrent can usually be neglected in comparison to that of the

collector-hase junction because the latter junction is generally larger than

the emitte% junctic
time, of milnority
for most planar and
apparent that the p
minority-carrier 1i

n. In addition the diffusion length, and hence the life-
arriers is shorter in the emitter than in the collector
mesa transistors (40). From the above discussion it is
rimary photocurrent has a strong dependence on the

fetime near the junctions, and advantage can be taken of

this in th% selectl
Thus gold doping of

on or manufacture of radiation-resistant transistors.
. either the emitter or collector regions can reduce life-

time by utho two orders of magnitude and photocurrents by one order (41,42).

it is generally assumed that the primary photocurrent which is

produced b& a transient pulse of radiation scales linearly with dose or dose
rate. Howéver, many silicon devices exhibit an anomolous photocurrent at

relativelyl
of the dev:
transverse

modest dose rates (109 rad/s). In such cases, due to the geometry
'ces, the photocurrent in the active base region flows in a
direction and produces a transverse voltage drop along the base-

emitter jurnction wh

ich can cause breakdown at the periphery of this junction.

The base aﬂd emittér are then connected by a low-impedance path and the
device assumes a col on-emitter configuration wherein the primary photo-

current isﬁamplifie
narrow bas% width a
suspect. 1If such d
base-to-collector i
determinatilon of th

d by the device gain. Any non-epitaxial device with a

nd a relatively large collector breakdown voltage is
evices are operated in a circuit which can exhibit a small
mpedance, then this effect must be considered in the

e transient response. Of particular significance is the
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fact that hardened circuits which employ compensation devices in the base
circuit are frequently sensitive to this effect since, during irradiatiom,
the compensation element can provide the necessary low-impedance path (43).

A serious problem, especially for power transistors, is the
destructive breakdown of a transistor due to excessive heating at a localized
spot in its interior. This phenomenom is termed second breakdown, and
usually results in a collector-emitter short which may or may not destroy
the transistor (2,44,45). Since second breakdown is thermal in origin, a
finite time is required to raise the temperature of the small region in the
‘transistor where breakdown takes place, resulting in a characteristic time
lag between cause and effect. The thermal mechanism is regenerative and .
can be initiated by a concentration of current in a restricted region of the
base. A pulse of ionizing radiation can induce the necessary additional
current which may then be concentrated in a restricted region by current
crowding or an irregularity in the transistor. Second breakdown has been
induced in the type 2N914 transistor by a 200-ns-wide electron pulse from a
10-MeV linac, and, with serious implications for hardening attempts, it was
found that at 1 or 2 x 1010 rad(Si)/s the threshold voltage for breakdown
was below the rated (BVCEO) breakdown voltage of the transistor.

Ionizing radiation can also induce surface effects in planar
bipolar transistors which manifest themselves in essentially permanent
damage such as increased leakage current and decrease in gain. The reduction
in gain is caused by the introduction of extra base-current components which
appear to shunt the base-emitter junction (46), and each component can be
related to a particular degradation mechanism at the surface. The fact that
the changes are caused by surface rather than bulk damage effects is clearly
indicated by the small total ionizing dose required for onset of the damage
under various conditions (47). The behaviour of the collector leakage
current I provides a particularly sensitive indication of surface
stability and is a useful parameter for the investigation of such surface
effects.

In the case of oxide-passivated silicon planar transistors surface
damage occurs because gamma radiation introduces fast interface states
(states which can exchange charge rapidly with the bulk silicon) at the
intersection of the emitter-base space-charge region with the SiO
passivating layer. These states, which represent permanent damage, act as
recombination centers for minority carriers and increase the surface re-
combination velocity, resulting in an increase in the surface recombination
base current and degradation of the surface minority-carrier lifetime and of
current gain, and affecting the reverse leakage current I BO (46,48). It
has been found that the type of packaging (metal can or pEastic envelope)
of the transistor has a strong influence on the degradation in current gain
if the p-n junctions are reverse biased during irradiation (49). In addition
this surface damage factor is smaller for transistors irradiated with no
collector-base reverse bias than for those irradiated with bias, and the
apparent degradation in gain observed after the irradiation depends strongly
on the magnitude of the collector current subsequently employed (50).
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stance of planar transistors to ionizing radiation can be
er of ways.

Thus irradiation of the oxide layer and
f a transistor with a high dose (1010 rad) of ionizing
V electrons), under conditions where the damage anneals
an result in an order of magnitude reduction in the
rent gain observed for a subsequent radiation exposure
hod employs SiON passivation of the surface instead of

SiO2 , and, in this|case there appears to be no generation of new interface
states at |doses up| to several megarads. However, the bias-temperature
stability jof the SiON structures is not as good as for pure SiOj under |
conditions; of negative bias, but could be acceptable for devices whose l
primary function 15 to be radiation hard near room temperature (41).

Another related permanent effect produced.in planar bipolar
transistor% is the|introduction of a positive space-charge within the Si0y
passivatiqg,layer. This can result in surface channel fqrmation'if the
space chaﬂée is of |sufficient magnitude to cause inversion of the silicon
under the ?nterface, and this form of degradation is usually dominant at
the collector-base junction;bechuse, for the particular example of an NPN "
transistor, the surface of the p-type base is less heavily doped in this
region thah in the|vicinity of the emitter-base junction. When the p-type

It
base of such an NPN transistor is inverted near the p-n junction a channel
is formed that appears as an extension of the n-side of the junction over
the surfacF of the{p-side directly under the oxide layer. Thus the junction
area is increased, |resulting in an increase in junction_capacitance, and a
surface ch%nnel component of base current is introduced (the magnitude
depending ko a large degree on the quality of the semiconductor surface at .
the interf?ce) whiéh.contributes to degradation of current gain-and to )
increased reverse %eakage current (46,48). At large doses the channel tends
to recede ?ue to decrease of the positive space-charge caused by radiation-
induced ph%toemiss%on of electrons from the silicon across the interface
into the o%ide. SiON, instead of Si0,, passivation results in an almost
complete aEsence of space-charge build-up (41), but the stability problems
referred ti previodsly constitute a drawback.

[he surface effects which have just been described are not always
levidence., Thus it has been observed (51) that some PNP .
transistor;s can be |damaged more if passive during irradiation than if under
bias, wherias for some NPN transistors the reverse is true. In the former

case the effect is |attributed to radiation-induced surface states, whereas .
in the latler positive charge accumulation in the oxide layer appears to '
exert the major influence. v : ' :

equally in'

The two surface-effect base current components discussed above

affect thellcurrent |gain principally at low currents. At high injection levels,

where emitfer crowding can occur, a third effect, base surface recombination, .
also contr;butes to degradation of current gain (46).

Field-effiect transistorS(és exemplified b& IGFET, insulated-gate;
MISFET, metal-insullator-semiconductor; MOSFET, metal-oxide-semiconductor)
were originally expected to be less susceptible than junction transistors

W
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to transient-radiation effects because they are majority-carrier devices, and ,
do not depend directly on the properties of a p-n junction for their
operation. However, due to the physical structure, resulting from the fact
that the device is grown on a silicon substrate, p-n junctions do exist
between various parts of the device and the substrate. Thus photocurrents

can be induced across the source-substrate and drain-substrate isolation
junctions by a pulse of ionizing radiation. In general the minority-carrier-
lifetimes and the areas associated with these junctions are both small, and

- the resulting photocurrents are comparable to those observed in high-speed

switching diodes (52), the predominant transient-induced response occurring -
in the drain circuit (53). Significant improvements can be effected if the-
device is fabricated on a sapphire instead of on a silicon substrate to
produce, for instance, a thin-film MOSFET (or SOS, 5111con—on-sapphire,
device); in this case the channel, in the form of a thin film of epitaxial.
silicon, is deposited directly on the sapphire and the resulting device
contains no p-n junctions. The main effect of an ionizing-radiation pulse
on such a device is a transient increase in channel current due to the
photocurrent generated in the channel, although charge scattering and.
electron emission from the gate electrode and gate leads contribute to the =
total radiation-induced current (54).

Junction field-effect transistors (JFET) on the other hand, are
relatlvely insensitive to the permanent effects of ionizing radlatlon (55).
There is no change in the characteristics for doses up to 102 rads other
than a relatively minor increase in the gate leakage (reverse) current.

This excess current is caused by an increase in the density of fast surface - .
states, which lead to excess surface generation currents. The major transient-
radiation effects on JFETs are an increase in the channel conductivity, due

to radiation-induced excess carriers, and the production of diode (such as
drain to gate) photocurrents and secondary photocurrents (56). A JFET
generates less output photocurrent and less secondary photocurrent per unit
area than does a bipolar transistor but, for the same operating current, the
JFET requires a larger area, and thus for a given device application the
transient response of the two is roughly the same (57). Heavy channel

doping of a JFET tends to reduce the transient currents provided that the
operating voltage of the device and the radiation rate are below the values
where the photocurrent starts to rise rapidly with voltage. Additional

gold doping of the device, to reduce or "kill" minority-carrier lifetime,

can significantly reduce the transient photocurrents at all voltages. A
detailed model of the transient effects on JFETs is not yet available.

MOSFETs are usually fabricated with an oxide insulating layer
(the gate or channel oxide) over the surface of the device, and ionizing
radiation also causes a positive space-charge build-up in this layer in a
manner similar to that described previously for bipolar transistors. This
build-up of charge, which is relatively permanent at or below room
temperature, causes MOSFETs to be especially sensitive to ionizing radiation.

For this reason, this effect has been studied extensively in relation to MOS

structures and can be accounted for by the different behaviour of electrons
and holes subsequent to their generation in the oxide by the incident
radiation. Since the mobility of the holes is very much less than that of
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the eléctirons, ‘the . holes are trapped or recombine with ‘electrons before they
can leavellthe oxide, whereas the electrons.can easily drift toward the [
positive é¢lectrode and be swept away. Due to a ‘significant potential barrier
at the Si%SiOz intierface the silicon .is unable to supply electrons to -the ‘
oxide to Aompensate'for.those swept away, and a positive space-charge build- "
up occurslnear the| interface '(58), although :some short-term annealing of the
radiation<induced Epace charge does occur (59). Since the build-up of :
charge islattributed to the trapping of holes in the insulator, it can be !
expected tlo be sensitive to the defect structure of the oxide which, in

turn, is 4 function of the conditions under which the oxide is fabricated. .
Thus MOS devices which are coated with thermally (steam) grown oxides can.be -
made considerably less sensitive to radiation than those in which the usual
dry—oxygeﬁ growth process is used, although the latter types can be made

more radiétion resistant by the addition of ‘a coating of phosphosilicate
_glass (60)). The effect of even moderate doses of ionizing radiation on MOS
devices is] a change in threshold voltage Vp (gate voltage required for
conduction) and a lateral shift of the capacitance-voltage (C-Vg)
characteristic, orjof the Iy -V forward transfer characteristic, along

N [ .

the voltage axis in the negative direction, attributed to the effects of

the oxide"%harge, Vhile a similar shift of the characteristic coupled with

a change in shape is attributed to the additional effects of the introduction
of new biég-dependént interface states. - It has been found that the better
the'pre—iﬂ¥adiatioﬁ'C—VG characteristic of the device (i.e. the nearer to
ideal) the| less sehsitive-is the device to radiation, an ideal characteristici
indicatind a high degree of order at the interface and a low initial value '
of oxide charge (60).. Other MOS transistor parameters show very little
change at Fose levels as high as 2 x 107 rad(Si) (61). ! N

0

% number. |of. attempts have been made to improve the radiation hard- :
ness of MOSFETs by |modifying the SiOj insulating layer or using different '
dielectricl|materials. Thus a considerable degree of control over the damage
due to ionfizing radiation can be obtained by doping the gate oxide with i
chromium. || In this |case smaller gate threshold shifts are produced when the y
device is lirradiated with zero or negative gate bias and the increase in
interface Btates ig smaller, with no adverse effects on device stability or .
eleCtricalgcharacteristics (62). Implantation of nitrogen ions into the
$i02 layer|can also reduce the build-up of space charge by radiation but
has littlelleffect on the number of interface’states created (63). Replace-
ment of theé silicon-oxide insulation with silicon nitride, SigNg4 (MNS device)y
results infla greatﬂy reduced shift in gate turn-on voltage because of
reduced spiace-charge build-up, and source-drain leakage currents in the off-
state are graccically eliminated (64); high temperature heat treatment can
reduce the‘thermal instability of the device and at the same time further
increase the radiatiion resistance (65)." Surface-films of Si0j covered with
silicon ni&fide (MNOS devices) are also effective in reducing the radiation-
induced spﬁce charge (66), and it has been siuggeésted that, in addition, for = -~ F
this type”éf film, [chromium:doping of the oxide would also reduce the build-
up of igte@face'states (67). Silicon oxynitride films, with composition
near SiZONé, have allso been used instead of Si0;, and these are nearly 3
insensitivé to space-charge build-up for doses up 'to v 10 megarads for dose
rates of'éﬁ least 1010 rad/s. 1In this case the development proceeded on the
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premise that a dielectric film in the form of a solid solutlon produced’ by
combining two materials, one of which preferentially traps electrons and the
other holes, would show a composition range in which the radiation-induced
space-charge build-up is minimized (68). Devices in which plasma-grown Al;04
is used as the channel insulator show an increase of more than an order of
magnitude in radiation hardness over units with $i02 channel oxide. This
increased hardness is similarly attributed, in part, to the presence of
negative trapping centers to balance the charge trapped in positive trapping
centers, resulting in a small net trapped charge (69).

On the basis of the development of new techniques for forming gate
insulators there is optimism that future generations of MOS devices may have
a lower radiation sensitivity which will be better characterized and controlled
than at present (61).

3.2.2 Displacement Effects in Transistors

The most important effect of displacement radiation (neutrons) on a
transistor is the reduction of the minority-carrier lifetime in the base
region through the introduction of additional recombination centers and the
consequent reduction in the forward current gain, as expressed by equations
(2) and (8) given earlier (Sec. 2.2). Thus, qualitatively, it can be expected
that a device having a thin base, such as a VHF transistor (hence small
transit time, equation (8)), high cut-off frequency (inversely proportional
to transit time, equation (8)), small junction area (hence small intercepted
fluence %), and low initial minority-carrier lifetime in the base (equation
(2)) such as would be the case for a gold-doped device, will be more resis-
tant to neutron displacement damage (18).

A more detailed examination of the reduction of transistor current
gain by fast-neutron bombardment indicates that two simultaneous displacement-
damage mechanisms are operative (70, 71, 72). At moderate and high current
injection (i.e. emitter current) levels neutron-induced recombination current
in the neutral bulk-base region usually dominates the degradation of current
gain, whereas at low and intermediate injection levels the neutron-induced
recombination current in the emitter-base space-charge region contributes to
the degradation of gain through reduction of the emitter efficiency. These
differences are attributed to the fact that the neutron-induced defect
clusters behave differently in the high-field emitter-base space-charge region
than in the low-field neutral bulk-base region (73). The contribution of
space-charge region recombination is probably dominant in modern narrow-base
transistors even at high injection levels (74). In order to minimize this
recombination component the transistor design should employ the highest
possible base doping near the emitter consistent with maintaining emitter
injection efficiency, leading to a device with a narrow base and steep base-
impurity and emitter-junction profiles (75). The resulting abrupt-emitter
structures show a substantial increase in neutron tolerance and are harder by
a factor of 10 than the best commercial devices available and have a current
gain greater than 10 after an exposure of 1016 n/cm? (E > 10 keV) (76).
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. I‘The temperature dependence of the recombination currents discussed
above is%such that the damage threshold of silicon ‘transistors in a fast- y
neutron environment.can be. substantlally increased if they are operated at a
high ambﬂent temperature (8, -23). This dependence on temperature can again -
be related to thé|characteristics of the neutron-induced defect clusters
which, as}indicated earlier, tend to anneal out at high temperatures, but

are also ensitive-to the. temperature at the time' of their formation. In
addition,|the defect clusters are sensitive to the presence of injected
carriers Both during their formation and afterwards, and this property has
implicatian for the design of radiation-tolerant circuits. Thus about 25%
more gainlidegradation can occur in transistors which are passive (terminals
open) or'ﬁave both junctions reverse biased during exposure to a single pulse
‘of about 7 x 1013 n/cm2 than in those which are carrying typical operating
currents.| After ilrradiation, continuation of carrier injection causes the
damage manifestatilon to anneal to some relatively stable plateau in 10
seconds o1 less, wPereas for the passively-irradiated cases annealing effects
can contifiue for months (23). This injection dependence of gain degradation
can be mote specifiically related to the effect of the junction electric field
on the-iniroduction'of damage into the space-charge region. Thus, for
devices irradiated under steady-state conditions to a total fluence of

1.1 x 1018 n/cm2, the rate of introduction of damage into the emitter-base
space-charge region was found to be an increasing function of the junction
electric—@ield strength during irradiation; in addition the introduction rate
acceleratéd for the case of low fluences and high electric fields. In
general, flor a given junction field the rate of introduction of damage
decreasedfwith'increasing neutron fluence. These field-strength and fluence
dependencﬂes indicate that'the use of transistors and circuit designs which
permit ope%atlon at lower junction field strengths (i.e. forward-bias
conditions! during|exposure to neutron irradiation would be advantageous (73),
in accord 'with earlier observations (23).

, 'Thé abové discussion has indicated that neutron-induced damage, as
revealed bz the degradation of common-emitter current gain measured at some
time afterlla transient pulse or after the end of an exposure to steady-state
radiatlon,‘depends on temperature and on the injection of minority carriers
both durlny and after the radiation exposure, and that under certain conditions
the damageﬂqulckly anneals (usually within seconds) to a less severe level
where it rvmalns more or less stable. The rapid annealing phase is attributed
to reordeang procésses occurring in the defect clusters which are produced
by the radﬁatlon and it:is assumed that the annealing rate is governed by a
‘second-ordér ‘recomblination of mobile and immobile defects within the cluster
and that this initilally rapid reaction gradually slows down as the mobile
defects diffuse out| of the cluster (77, 78). The short-term annealing rate
in p—t&pe éilicon is espec1ally sen51t1ve to the minority-carrier injection
level, wheteas in n-type the injection dependence is very. small and in the
opposite sense, i.e. an -increase in the injection level reduces the annealing
rate (79, »0). This contrasting behav1our is attributed, in part, to the
existence cf defects in unstable positive-charge states within the defect
clusters which depend on the available electron concentration for their
neutralizaﬁion (81), Because this short-term annealing effect is so much
more pronodmced in p-type silicon than in n-type, semiconductor devices with
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p-type active regions, such as NPN transistors and n-on-p (p-base) solar
cells, show a very strong injection dependence of room-temperature rapid
annealing (82), although at reasonably high injection levels the annealing
is approximately equal in both p- and n-type devices (79).

This initial rapid annealing effect, which is generally termed
transient annealing, has significant implications for circuit design and can
limit the radiation tolerance which can be achieved in certain classes of
electronic circuits and systems (83). Thus circuits which are required to
function within seconds after a neutron exposure must not only be designed
to operate with the relatively stable but reduced gain then existing, but
must also be able to tolerate, without adverse effects on subsequent perfor-
mance, the very much reduced gain which obtains during the brief transient
annealing phase, For this reason the variation of gain during transient
annealing, under different conditions of temperature and injection level,
must be known or measured for many types of transistors before adequate
prediction of circuit vulnerability can be attempted. For the convenience
of circuit designers such data is usually presented in the form of an
Annealing Factor which can be defined as:

radiation-induced defect density at time t

AF(t) = density of stable defects which do not anneal

This is equivalent to the ratio of the effective neutron fluence ¢(t) which
is required to produce the damage observed at time t to the actual fluence
¢, Thus the Annealing Factor is a correction factor that must be applied to
the calculated or measured damage effects which persist long after the
radiation pulse has terminated in order to obtain the damage effect for times
immediately after the pulse (2). Typical measurements on a Fairchild 2N914
NPN transistor with a collector current of 200 pA indicate, at 348°K, an AF
of about 2 at 100 usec after an exposure to a 50-usec burst of 1.8 x 10
n/cm2, while at 213°K the AF is about 5 at the same time after the pulse (83).
Other measurements, using n-on-p solar cells exposed to 7-usec pulses of
fission neutrons with a fluence of 2 x 1010 n/cm2, have been reported in
which an AF as high as 50 has been observed as: late as 90 usec after the
neutron pulse under conditions of extremely low injection (80).

As pointed out.above, the strong dependence on injection level is
the most striking feature of the transient annealing behaviour of NPN
transistors. The effect of current injection is so strong in fact that
annealing virtually ceases when the current flow through the device is inter-
rupted and only proceeds when the current is reapplied (82, 83, 84). This
feature of the annealing process raises serious questions about the magnitudes
of annealing'factors which may occur in devices which, as a protective measure
to avoid serious photocurrent problems due to ionizing radiation or because
of the particular information content (i.e. O or 1) of a logic circuit, may
be non-conducting prior.to and during a nuclear burst and then are switched
to a conducting state sometime afterwards (85). Thus such so-called circum-
vention techniques, while perhaps effective in avoiding problems due to
ionizing radiation, can contribute to a delay in the return to expected
satisfactory operating levels of circuits exposed to displacement radiation.
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as changes in gain, transistors suffer a degradation in

their saturation characteristics after neutron irradiation, especially at

high curr%nt levels
high-resistivity (i

. This effect is most important for those devices with z
.e. lightly-doped) collector regions, such as power '

transistors, in which the collector is lightly doped in order to obtain high

breakdown%voltage
. |

transistoris usually

behaviour [of modern

characteristics (2). Earlier it was pointed out that modern

(3]

have wide low-doped collector regions, and thus the
devices at high currents and in saturation is more

dependent fon the characteristics of the collector than of the base region.
Mesa and planar trhnsistors can have relatively large collector body resis-

tances and|, at high

currents, can be in saturation because of the voltage

) 1 R .
drop across the bulk ¢ollector resistance even when the collector-base
terminals jare apparently reverse biased.

Fhe effec¢
resistance| to incre
bination Jprrent in
in the bash region

as this current flaws laterally outwards to the base contact.

voltage dr%p which
injected carriers t
which the tollector
neutron flilence car
the resistivity. 1
because thé diffusﬂ
the carrieis is red
and conductiivity mo
normally adts to ke
maintainedjjthrougho
in collectdr resist
terminals,‘the crit
the activejito the s
currents wiith incre

ts produced by neutron radiation cause the collector

ase for a number of reasons (86). Thus increased recom-
the base, due to the decreased minority-carrier lifetime
caused by displacement damage, results in current crowding

This causes a

debiases the central part of the emitter and confines the

o the emitter periphery so that the effective area through
current flows is decreased. For a sufficiently high

rier removal also occurs in the collector and so increases !

n addition, the effective length of the collector increases

on length (related to the minority-carrier lifetime) of

uced to less than the. physical length of the collector,

dulation of ‘the region of collector current flow, which

ep the resistance low in the saturation state, cannot be

ut the whole of the region. ‘As a result of this increase

ance, for a fixed voltage between the collector-base

ical collector current for which the transistor goes from

aturated mode occurs at progressively lower collector

Esing fluence. Also because of the increase in collector

E

(L

resistancekthe saturation 'voltage, as measured at the external terminals of

a device, increases
non-epitaxilal trans
as the 2N1613, but
Because ofithe gain
increase inj base cu
saturation!] Thus a
a base current of o

after irradiation. This increase can be quite large for:
istors with relatively low doping in the base region, such
is generally much smaller for low-voltage epitaxial types.
degradation caused by displacement damage in the base an
rrent is- required in order to drive a transistor into

2N1613 with a collector current of 100 mA, which required
nly 1.5 mA for saturation before irradiation, required. 24

mA after exposure to 1.3 x' 1014 n/cm2 (2).

For an expitaxial transistor,

such ‘as thel 2N918 (57), the gain at high current levels is a strong function
of the collector voitage because of radiation-induced carrier removal in the
collector epitaxial|region which causes an increase in collector resistance,
as described previously. Under these conditions the normal carrier concentra-

tion in the

collector is smaller than the density of carriers flowing through

it from thejbase, aid as a result the base region effectively widens and
extends intp the lightly-doped collector region and, since the base transit

time thereby increases, the gain decreases.
is requireq
in the exteirded base.

Thus excessively high base drive
to maintain saturation because of the increased recombination
This situation can be improved if, as well as a thin
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base, the transistor has a more highly doped and narrower collector epitaxial
layer, The latter condition, however, implies that such a device will have a
low collector-base breakdown voltage, and is a trade-off which is required
more generally in the design of radiation-tolerant devices. From a manufac-
turing point of view it is fortunately easier to make thin-base transistors
using relatively heavily doped material than lightly-doped material. This
base-widening (or Kirk) effect can also occur in non-irradiated transistors
of various types and is responsible for a decrease in the alpha cut-off
frequency fr which is observed at high current levels. The radiation-induced
carrier-removal effect in the collector causes base widening to occur at
lower current levels than is the case for non~irradiated devices.

MOSFETs,. being majority-carrier devices, are not particularly
sensitive to the displacement effects produced by fast neutrons. However
fast neutrons also produce significant ionization which causes a positive
charge build-up in the oxide, as described earlier in connection with ioniza-
tion effects, and this constitutes the major cause of damage to MOSFETs in a
typical nuclear-explosion environment (58).

JFETs, also majority-carrier devices, did not originally exhibit an
expected resistance to permanent neutron damage, and this was attributed to
the fact that the early devices were low-doped alloy types. Planar technology
has now allowed the manufacture of these devices with heavily-doped channels
which show superior resistance to neutron damage (56), being usually regarded
as radiation hard up to 1013 n/em? and inherently more radiation tolerant
than bipolar transistors (88). As a result, considerable recent interest has
been evoked in the use of JFETs in radiation-hardened systems. However, as
has been noted in other cases, the gain in radiation hardness attained through
increase, of the .channel-region carrier concentration results in a reduction
of the breakdown voltage, but modification of the usual epitaxial structure
to incorporate multiple epitaxial layers can increase the breakdown voltage
to a value higher than that characterized by the channel doping (89).

The most important degradation mechanism of JFETs by fast neutrons
is carrier removal in the channel region which causes changes in such parameters
as drain current and transconductance through decrease of the conductivity
of the undepleted silicon and reduction of the net doping density in the gate
depletion region. Since the carrier-removal rate for holes is greater than
for electrons an n-channel device exhibits less severe degradation than does
a more highly doped p-channel device and hence is to be preferred for use in
a radiation environment (89). Other damage effects which are observed include
an *increase in DC reverse-bias leakage current between the gate and source,
and an increase in noise (90). A factor of three increase in noise can be
produced by a mere 1012 n/cm (14 MeV), and this could possibly limit the
usefulness of JFETs in some applications. This effect is attributed to neutron
damage centers in the depletion region between the gate and channel which
fluctuate in charge and thus modulate the channel or drain current.
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3.3 Four:;Layer Devices

3.3.1 Ionization [Effects in Four-Layer Devices

JA four-llayer PNPN device, such as a silicon controlled rectifier
(SCR), is|lan interesting extension of the usual transistor structure and is

often congidered to be the simplest example of an integrated circuit.

It can

be looked!upon as a transistor with an additional "latching" junction, or as

a combinatiion of a

PNP and an NPN transistor in a positive~feedback configura-

. ! . . .
tion. Beclause such a structure is representative of the four-layer paths

which can [exist be

circuit and which can be made active under certain conditions by ionizing

radiation,} an exam

ween the individual circuit elements of an actual ‘integrated

nation of the transient effects of radiation on an SCR can

contribute| to anal§sis and understanding of radiation-induced effects in more'

N,
complex deyvices. 1
similar deVices sud
diodes (31).

[he same general effects can be expected to occur in other
th as silicon controlled switches (SCS) and Schockley

An SCR can be triggered from the high—impedanée OFF state to the

low-impedance ON state by injection of majority carriers into either one of

the two bafie regions.

Sufficient majority carriers, both those produced in

the base régions'and those which diffuse in as primary photocurrent, can be
supplied bﬂ an ionilzing radiation dose of about 1 rad (91). The switching
time depends on thel total dose, increasing as the dose decreases, and thus
there is awthreshold or critical radiation dose required to turn on the device
which is réached when the turn-on time becomes comparable to the lifetimes

in the basé regions| and the regenerative charge build-up process in these
regions carnot be sustained. Thus for ionizing-radiation pulses which are
short compéred to the carrier transit time in the anode-base region the dose
rate is not} important, whereas for pulse widths greater than the transit time
the constant generation of carriers increases the effective forward bias of
the anode-base junction and enhances the internal regenerative process. Thus

a decreaseiof carrier lifetime in either of the anode-base or cathode-base

regions increases t

by reduciné both thé

below the values re

1e critical dose required to cause the device to turn on
anode-base junction forward bias and injection level
quired to allow the regenerative charge build-up to occur.

Similarly, lan increase in impurity density in the base regions also causes

the sensitiyvity of

the device to ionizing radiation to decrease by reducing

the effective forward bias of the junctions through an increase of the built-

in junction|fields.
be accomplished by
are withdrayn from

3.3.2 Dispfacement

Effective radiation hardening of such a device can also
a circuit design in which the radiation-generated charges
the base regions before they have time to build up (92).

Effects in Four-Layer Devices

4
Wilde-base

four-layer PNPN devices are very sensitive to the permanent-

| . . . .
damage effedts of fast neutrons because the gain and saturation requirements

of normal operation

»| and the very large base widths, demand a long minority-

carrier lif%time (typically 100-250 ns) and they degrade rapidly in a nuclear
environment., The radiation-induced defects reduce the current gains of the

!
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two transistors of which an SCR can be considered to be constituted, with a
consequent increase in the gate current, holding current and breakover
voltage required to switch the device on or make it conduct. For a
sufficiently large fluence the product of the gains of the two transistors
becomes less than unity, and no amount of gate current applied to an SCR
will make it conduct (31).

On the other hand narrow-base PNPN structures are more resistant
to neutron- damage than are bipolar transistors with comparable base widths
(93). This superiority is a result of the collinear flow of majority and
minority carriers in the bases of a PNPN device, in contrast to the case of
bipolar transistors where majority-carrier flow in the base is perpendicular
to the main minority-carrier flow and current crowding can occur. Also, in
the PNPN device, the collinear flow of carriers gives rise to field-aided
transport in both base regions, and thus the minority carriers are caused
to move across the bases more rapidly than in the case of diffusion-
controlled bipolar devices. For this reason a PNPN device can tolerate a
far shorter lifetime than can a transistor of comparable base width. 1In
addition, at the same level of neutron radiation, much higher power-handling
capabilities can be achieved in the PNPN structure than in a bipolar
transistor. The most severely degraded parameter in a neutron environment
is the forward ON voltage, and this can limit the usefulness of a 13
conventional wide-base triple-diffused PNPN device to fluences below 10
n/cm®, whereas a narrow-base type can tolerate nearly 1015 n/cm2.
Modifications to produce a device_with a P*NIPN* structure should result in
a tolerance approaching 1016 n/cm?.

As was pointed out above, narrow-base PNPN devices are not grossly
affected by significant reductions in the lifetime of the minority carriers
such as would be produced by the increased recombination rate caused by
neutron-induced displacement damage and, after such damage, they should also
be relatively insensitive to undesired turn-on by a transient-ionization
pulse. Thus it has been estimated (93) that an ionizing dose rate of more
than 109 rad/s would be required to turn on such a device in which an initial
minority-carrier lifetime of 50 ns had been degraded, through neutron damage,
to 0.3 ns.

3.4 Integrated Circuits

The individual diodes and transistors of which an integrated circuit
(IC) is made up generally exhibit a response to transient radiation similar
to that discussed previously for discrete types. Thus the degradation
produced in IC transistors by fast neutrons is most apparent in the
resulting reduction in gain, and ionizing radiation produces photocurrents
and other effects through the same processes as occur for discrete
transistors. i

Due to the method of .construction of ICs, however, wherein the
circuit elements are grown on a silicon substrate in a manner similar to
that described earlier for field-effect transistors, the dominant portion
of the photoresponse of such circuits can be attributed to the large-area
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reverse—bfased subétrate junctions underlying the circuit components (94).
Thus the effects p%oduced by ionizing radiation in monolithic p-n junction-
isolated circuits is about an order of magnitude larger than in discrete-
element cﬂrcuits. This results from the fact that the substrate junction,
in combinaﬁion with the microcircuit p-n junctions close above it, gives
rise to pafasitic diode and transistor elements, and the primary and
secondary %hotocurxenfs in these parasitic elements tend to dominate the
overall reﬁponse. The radiation hardness of such junction-isolated ICs

can be impioved if |the devices are gold doped in order to reduce the
minority—cyrrier lilfetime or diffusion length. ~ Improvement results because
the substrite photocurrents are reduced by a much greater amount than other
photocurreﬂts since the lifetime of the substrate (which initially is
relatively'long) is! reduced much more by the gold-diffusion process than is
the collectlor lifetime of a circuit transistor (6). As for the case of
field-effedt transistors, the use of dielectric-isolation techniques
practicall§ eliminates the substrate photoresponse through elimination of
the substrate junctions which are responsible; silicon-dioxide isolation is

especially feffective in this regard and results in almost as good isolation
as that between diskrete devices (94,95).

try

#)

The transLent response of a junction-isolated monolithic transistor
is primaril& due tolthe primary photocurrent in the collector-substrate
junction of| the transistor (96). The use of dielectric isolation reduces .
such transfént-radiétion effects by about an order of magnitude, which is
consistent Wwith the\fact that the area of the collector-substrate junction
is about anjorder of magnitude larger than the collector-base and resistor
junctions which remdin in the dielectrically-isolated circuits. However
the removallof the dubstrate junction does not necessarily harden the
circuit. If is found that the presence of the substrate junction often
causes an iwcrease ﬂn hardness because there is an interaction, in, the form
of a competiltion foq excess minority carriers, between the collector-
substratevjﬁnction and the collector-base junction of a monolithic transistor
which can dramaticallly reduce the normal transistor photocurrent (95,97).
The mechanigm for such competition is suggested to be the free-carrier
drift in th% electric field generated by the current flow through the bulk
resistance ¢f the colllector region (98). The net effect is the substitution
of a substr%te primary photocurrent for the secondary photocurrent which

. would normalily be generated in the tramsistor.
1

The primary photocurrent which is produced in the collector-
substrate jghctions bf some IC transistors has been found to depend on
temperature {more thah does the current produced in the collector-base
junctions, %Pd has b%en shown to be responsible for a significant variation
in device failure threshold with temperature (99). Thus, while the primary
photocurrenﬂ of the ¢ollector-base junction is relatively independent of
temperature,’that of {the collector-substrate junction may decrease by a
factor of from three|to five as the temperature increases from -50°C to
+1250C. Thils decrease in current is difficult to explain theoretically
since it is éxactlyAcpposite to the increase predicted on the basis of the >
fact that mipority-carrier lifetime increases with temperature. Thus micro-
circuit fail?re can be expected to occur first at the low-temperature
extreme (20,?9) both |because of the increase in substrate photocurrent

A ]
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described above. and because of the normal decrease in transistor gain which
occurs with decreasing temperature.

The general features of the response of actual junction-isolated
monolithic ICs to the effects of transient radiation can be explained on the
basis of the photocurrents produced by ionizing radiation and the reduction
in gain of the component transistors which is produced by displacement
radiation (96), as indicated previously. Thus the primary photocurrent
from the collector-substrate junction will flow in the same direction in the
collector load resistance of a transistor in a gate or logic circuit as does
the normal collector current and is therefore more important when the
transistor is OFF than when it is ON. When the transistor is OFF the photo-
current makes it appear as if the transistor is trying to turn on during
irradiation, whereas when it is ON the maximum collector current is already
flowing and the photocurrent only adds to this current. Also, in the OFF
state the transistor is insensitive to effects in the base circuit since
the base-substrate photocurrent is of the same polarity as is that in the
collector and thus of the wrong polarity to turn the transistor on. As a
result of this insensitivity to effects in the base circuit the transient-
radiation response is generally insensitive to fan-in from preceeding
circuits. Ionizing-radiation effects on tramsistors in the ON state are
significant only when they act to decrease the collector current, that is,
to turn the transistor off. Such effects are not always apparent but when
they do occur they usually can be traced to a large-area base-substrate
junction photocurrent. Effective elimination of this type of transient
response can be accomplished, within limits, by increasing the supply
voltage to move the operating point further into saturation.

The reduction in transistor gain which results from the permanent
damage produced by displacement radiation manifests itself, as for discrete
transistors, as an increase in the saturation voltage of the transistor and
can eventually result in the transistor coming out of saturation. Thus, in
the case of a two-element flip-flop, the maximum current in the ON side
decreases with neutron fluence because of the gain degradation, with the
result that the flip-flop may degenerate into two inverters so degraded that
the ON output of one can no longer maintain the OFF state of the other (100).
The threshold for such failures is also dependent on the fan-in or fan-out
of the particular stage or of the stages connected to it. On the basis of
the above considerations and of actual measurements it is possible to form-
ulate practical rules for the design of radiation-resistant monolithic logic
circuits and to assess the relative hardness of the various logic families
such as DTL, RTL, RCTL etc. (96,101).

It has been pointed out that junction-isolated ICs contain reverse-
biased junctions underlying the circuit components, and thus a typical IC
transistor can be considered to be part of a four-layer PNPN structure
similar to that which is found in SCR devices and which is responsible for
their particular characteristics as described previously (Sec. 3.3.1). The
substrate junctions of an IC can become forward bilased during an ionizing-
radiation pulse because of the photocurrent produced, and the whole device
can be driven into saturation through the positive-feedback action which is
inherent in an active four-level structure, with the result that the IC is
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izing pulse has passed. Such a phenomenon is referred to

>d latch-up, and is characterized by a change in operating
it which is accompanied by a large increase in power-
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h may burn out the device; the original circuit condition
Four-

a resistor-substrate junction and transistor sustaining-
97,102). A common feature of all these mechanisms is
teristics associated with them are double-valued, and for
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the most important of which is the shift in the
: The extent of this shift
ced by the magnitude of the bias voltage on the gate

>

uring irradiation, being practically negligible when no bias is

operty is of particular importance for MOS logic devices.
- such logic devices are more complex than those of

ces because the charge trapping in the gate oxide is strongly -
by the gate-oxide field, and this field is constantly changing

through the device (103). For this reason the

iode which is produced by a pulse of ionizing radiation
rected to '
10S logic
3d to a O
‘attribu
attribu
a chang
hange off

be very dependent on. the actual states of the
circuits at the time of the pulse. Thus, for NAND
.l-usec pulse of ionizing radiation, turn-on of the OFF
ted to substrate photocurrents, and turn-off of the ON
ted to gy amplification of the gate-voltage changes,

e in the drain current (104). For other types of logic

state may depend on the clock condition at the time of
In all cases the induced substrate photocurrents
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returned to zero within a few 100 ns, no latch-up phenomena being observed
in this instance.

Complementary-symmetry (CMOS) ICs, which incorporate a number
of p- and n-channel transistors on a single silicon chip, have an inherently
low response to the transient effects of radiation because of the built-in
diode compensation of the complementary-pair configuration. Thus, for a sub-
microsecond pulse of ionizing radiation with a peak dose rate approaching
8 x 108 rad(Si)/s, the transient change in output voltage of a CMOS inverter
is small and can be attributed simply to the net junction photocurrent
flowing at the output node (53). At higher dose rates , however,a transient
malfunction occurs which is due to a non-destructive mechanism involving a
four-layer path through the device. This can lead to a permanent (but non-
destructive) latch-up condition if the gate-circuit impedance is atypically
"low; for usual input impedancesthis latch-up condition can be avoided at
least up to 5 x 10 rad(si)/s. :

Resistors in monolithic ICs-are generally formed by diffusion of
an isolation region (or tub) into the main semiconductor-wafer substrate
followed by a second diffusion of opposite type into a masked area of the
tub to produce a region of lightly-doped semiconductor material which is
the resistor itself. Because of its light doping the resistor can be readily
conductivity modulated by the electron-hole pairs generated by ionizing
radiation, and thus large changes in resistance can occur at relatively
low dose rates (95). The combination of the junctions associated with the
substrate, the tub and the resistor constitutes a parasitic transistor which
connects the resistor with the substrate, although the effects associated
with this transistor must be considered distributive in nature due to the
voltage drops along the resistor (105). For the case of a dielectrically-
isolated diffused resistor such a parasitic transistor is absent, but there
still remains a reverse-biased junction, or parasitic diode, between the
resistor and the tub which can inject photocurrent into the resistor material.
Effects such as described above can be virtually eliminated by the use of
thin-film resistors (Ta/Ta05), but, in general, only marginal improvement
in hardness of the microcircuit as a whole results because the circuit
response is usually determined by the collector photocurrent of one of the
‘transistors of the circuit itself (6).

4. RADIATION EFFECTS ON MISCELLANEOUS COMPONENTS

Various components such as resistors, capacitors, vacuum tubes

etc. can also be affected by transient radiation, but since most are passive
devices or do not contain p-n junctions the effects produced are generally
not critical to circuit operation. This relative insensitivity to nuclear
radiation is reflected in the paucity of published papers related to such
components. However, for completeness, brief mention will be made of some of
the more important radiation effects or of component types preferred for use
in a general radiation environment.
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Jacuum tubes are generally considered to be very radiation hard.

and sub-miniature xenon-filled tetrodes, such as the
tend to fire spuriously when exposed to transient pulses
ion (106).
e of the time required for gas multiplication and the.

e is a characteristic firing delay of some tens of usec.
onizing processes in the gas the total dose accumulated
criterion upon which to base a firing prediction, but
which .the dose accumulates .determines when. the critical
eached. Typlcally, a few thousand rads, delivered at a
£ 2 x 107
late volitage of the tube is an important factor in determining
ing occurs, and a low value is desirable if spurious effects

radiation has been found to affect the behaviour and out-
cillators (operating in the 5-MHz range) in which the

ng elements are quartz crystals (107)
| requency shifts of 2 parts in 1011
transient changes in Q sufficient to cause oscillations to cease for the
on exposed to 3700 rads delivered in 4.5 usec.
r hand, shows only 1% of the frequency shift of natural
quartz, and} the change in Q is so small that no change in the oscillator
Fe observed.

Lh over 5000 rads of ionizing radiation can be expected

‘ x 1015 e/cm2 (1 5 MeV)

The major
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al-oxide film types with a glass core have been found to

transient-ionizing-radiation effect in capacitors is a
transient 1ncrease in the electrical conductivity of the dielectric through
f free electrons by the creation of electron-ion pairs (110,112,

" This effect.is caused by ionization of the gas

rad/s, are sufficient to cause firing. The

Natural quartz
per rad, and also large

Synthetic

Thus synthetic quartz offers a great increase in
over natural quartz and is to be preferred for

less than 900 ohms, wire-wound types on ceramic cores
coating are to be preferred, whereas for high-resistance

with excellent radiatién stability is the thin-film
whose resistance has been found to change less than 17

ks

erate relatively isolated ion pairs, whereas other types
generate dense paths of ionized electrons, with the
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result that the transient response of a material of low dielectric constant
is less for a densely-ionizing particle than for a lightly-ionizing one,
whereas there is little difference in response for the case of a material
of high dielectric constant. In general, neutrons are less effective per
unit dose rate than are gamma rays in producing induced conductivity.

The recombination time of the free charge carriers which are
created in the dielectric is usually very short (10-11 - 10-12 sec), and
thus the additional current which is produced as these carriers drift under
the influence of the applied electric field across the capacitor generally
ceases as soon as the transient ends. However some of the carriers are
trapped by impurities or imperfections in the dielectric and are only
slowly released by thermal excitation, with the result that appreciable
conduction can remain in the dielectric long after the transient has passed.
Thus the radiation~induced photoconductivity consists of prompt and delayed
components. This leakage is often insignificant but can have an appreciable
effect in circuits where long time constants exist which can act to integrate
the two components. In circuits containing short time constants the effect
of the delayed component is usually negligible, and thus the use of small
capacitors is generally advisable. The choice of a dielectric with the best
prompt and delayed characteristics depends on the circuit application and
also on the expected dose rate.

The radiation equivalent circuit of a capacitor is very simple and
consists only of a radiation-induced shunt resistance Rg in parallel with
the usual capacitor leakage resistance Rg which is considered to shunt an
ideal capacitor C, and Rg varies inversely as the radiation-induced photo-
conductivity.

4.5 Coaxial Cables

Radiation effects observed in coaxial cables are related to those
found in capacitors since the dominant radiation interactions occur in the
dielectric in both cases. As well as an increased conductivity in the
dielectric due to the creation of ion pairs, a space-charge distribution
can be produced in the cable dielectric and excess charge can accumulate
in the metal parts because of electron ejection and injection caused by back-
scattering and secondary-emission processes (114,115). The space-charge
distribution can produce local fields of the order of 150 V/cm in the
dielectric, and any externally applied voltage across the cable tends to
bias the dielectric so that charge redistribution cannot occur until the
local field builds up. The space charge redistributes itself because of the
increased conductivity of the dielectric and diffuses to the center conductor
and to the shield where the charge flow can be measured. A small terminating
resistor (v 100 ohms) enhances the charge redistribution or changes the
balance of charge due to conduction through the resistor, whereas larger
resistors (>.10 k-ohms)do not have any appreciable effect.

It should be noted that neutrons can cause appreciable production

of ion pairs in the hydrogenous dielectrics such as polyethylene which are
commonly used in cables, and the induced conductivity can amount to 10 to
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5. HARDENING TECHNIQUES
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not be disabled by

of semiconductor circuits and systems so that they will
transient-radiation effects can be accomplished in a

number of ways. Thus the semiconductor device itself can be designed and

fabricated in such
minimized o
.can be carrjied out
hardened coﬁponen;
employed tojensure
of dgvice piarameters

4 manner that the effects of radiation on it will be

kept within tolerable iimits, and radiation screening techniques

during the manufacturing process, thereby resulting in a
At the circuit level, compensation techniques can be
minimum upset to the circuit, and the expected degradation
s can be allowed for in the circuit design. In addition,

advamtage cﬂn be taken of particular device properties under certain

circumstanc<s.

due to neuttons is

As pointed out pre01ously, the most important failure mechanism

degradation of device gain, and. thus control of device

base width jn the manufacturing process is mandatory; structures in which
such controll is diffiicult, such as microcircuits and PNP transistors, should

be avoided if possibile (118).

So far as ionizing radiation is concerned,

intrinsic hﬁrdening of devices is impractical for dealing with transient

photocurrenﬁs, and

therefore the circuit or system must be designed to

tolerate the transient currents, or means must be provided for effective

circumvent 1on .
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4.1 Hardening of Devices at the Fabrication or Manufacturing Stage

It has been pointed out previously that the use of dielectric
isolation reduces the photocurrents due to ionizing radiation for both FETs
and ICs, and that the conductivity modulation produced in diffused resistors
can be avoided by the use of thin-film resistors. The minority-carrier
lifetime in various regions of a transistor can also significantly affect
the radiation resistance of the device, and gold doping, which reduces
lifetime, is particularly effective in contributing to device hardness. It
might be expected that the impurity doping profile in the base or collector
regions would also have some influence on radiation response, and in some
cases this has been found to be so, but generally lifetime is the most
significant parameter. This conclusion is supported by the observation
that two transistors with similar low collector lifetimes (due to gold
doping), but with different collector doping profiles, exhibited similar
phd;ocurrents (95), whereas another transistor with the same profile but not
golp doped showed a higher radiation response,

The primary photocurrent response of IC transistors is controlled
by the minority-carrier collection volume which is a function of the area
of the base window and of the lifetime of the minority carriers in the
collector. Therefore the minimum primary photocurrent sensitivity of IC
transistors is determined to a large extent by the geometry and lifetime
limitations of the IC process itself (119), but a shallow base diffusion
can contribute to further reduction of photocurrent.

While it is generally desirable that the radiation-induced
degradation of device parameters should be minimized, even a severe degrad-
ation of gain can be tolerated provided that the post-irradiation value can
be predicted and thereby compensated for. It was pointed out previously
that neutron-induced damage tends to anneal out at high temperature, and
this phenomenon provides a basis for establishing neutron damage assurance
even under severe radiation environments (18,120). It is found that, by
sufficiently raising the annealing temperature for many ICs and discrete
transistors, a complete restoration of values of pre-irradiated parameters
is possible. For instance the pre-irradiated hFE value of a 709 IC amplifier
is fully recovered at 325°C. Furthermore, subsequent neutron exposures of
previously irradiated and annealed components illustrates a remarkable
degree of repeatability of both damage .and annealing characteristics. The
application of such irradiation-annealing cycles is economical and reliable
in the wafer stage of manufacture, and also feasible for packaged off-the-
shelf semiconductor components. The method is claimed to be superior to
various prediction techniques using electrical parameters, whereby limits
are placed on pre-irradiated values of current gain (B or hgg) and gain-
bandwidth product (fr) to ensure that the current gain will not degrade
below a minimum value for a given neutron fluence. Another advantage of
the method is the capability of rejection of mavericks (devices of
unexplained behaviour) at the wafer stage. Some radiation-hard devices
which have been processed in the above manner are now available commercially.
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Hardnessjassurance at the manufacturing stage can also be
accomplished by the use of a statistical model to provide correlation of
device ra@ﬁation performance with selective non-destructive electrical

screening ineasurements (86). The model can be generated by using experimental

data from [an appropriate sample of parts and is applied to all subsequent
parts fromjthe production line family, thereby providing 1007 device
screening Without ﬁesorting to additional radiation testing. While a single
screening factor s‘ch as base width, f;, or base transit time (the latter
being the %ey prediction parameter) can be used to assure transistor gain
response in the normal active region, the prediction of power transistor
gain and saﬁuratioﬁ voltage at high currents in a neutron environment
precludes guch a simple approach since both base- and collector-region
characteri§tics must be considered. For this case selected electrical
screening rieasurements, such as gain at several conditions of current and
voltage, atid capaciltance at emitter and collector junctioms, together with
data from émitter-collector delay-time characteristics if increased accuracy
is desiredll are applied to a set of empirically-derived multiple-regression
equations.{ Subsequent radiation tests showed that gain and saturation
voltage periformance| could be predicted to within 207 with regression equations
derived frém a previous representative test sample from the same production
line. Othér work (121) in the application of multiple linear-regression
techniques [indicates that, while only pre-radiation electrical measurements
are needed jto predict neutron response, the accurate prediction of response
to y-radiatlion requires that electrical measurements be made after the
irradiation phase of an irradiation-anneal cycle.

Another method of providing an effective hardness assurance
screen cankbe<derivad from a correlation between the current dependence of
the neutron damage factor (Sec. 2.2) for transistor B degradation and the
carrier transit timé across both the emitter-base junction and the base
region (74)}.  An elbctrical measurement of a parameter t', related to this
transit time and with the same current dependence as the change in inverse
B, can be used to generate a current-independent damage factor or constant
for each trhnsistor type of interest. The product of this derived damage
constant wilth t' may then be used as a figure of merit for hardness
assurance.

Since many visible IC defects, particularly those associated with
metallizati%n intercdonnects (voids, scratches etc.) are believed to be
directly related to |the ability to survive in certain nuclear environments,
especially where large.photocurrents may be generated, improved visual
inspection bf ICs is particularly important to radiation-hardened systems.
In order tollreduce the subjectivity of visual inspection, optical spatial-
filtering ‘téchniques can be applied to produce an IC defect image (122).
The filter Used is A negative image transparency of the Fourier transform of
a defect—frée circuiit; the filter blocks that portion of the Fourier
transform ofi a test |IC which matches the reference IC, and only circuit
differencesi including physical defects, are re-imaged. The results are
generally eécellent for metallization defects on optically smooth circuits
but are poorer for low contrast defects where there is a high degree of
surface roughness. Evaluation of the technique is being carried out for

—
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possible routine production-line use.

5.2 Hardening of Devices by Compensation Techniques

It is impossible to avoid completely the degradation of gain which
is produced in semiconductor devices by fast neutrons, and thus precautions
must be taken to ensure that the gain which remains after such an exposure
is adequate for continued satisfactory operation of the circuit. Typical
techniques which have been used in the desién of power circuits for use in
neutron environments of up to 3 x 1014 n/cm? include the compound connection
of transistors and the operation of saturated transistors at low forced
gains (123,124). The compound connection gives a gain equal to the product
plus the sum of the gains of the two component transistors of the circuit,
and generally provides adequate assurance that sufficient common-emitter
current gain will be maintained after neutron exposure. The operation of a
saturated transistor at low forced gain means that such a transistor is
initially operated more deeply into saturation than is called for under
normal circumstances, and the expectation is that the reduced gain which
obtains after neutron exposure will still be sufficient to maintain the
saturation condition.

The techniques of designing against the transient effects of
ionizing radiation are similar to those which have been found to be effective
against noise enviromments; these include filtering, cancellation, common-
mode rejection, spike-clipping, current and voltage limitation, etc. (125).
The incorporation of magnetic circuitry (pulse transformers) into a circuit
design minimizes the effects of fast y-pulses by ensuring proper photocurrent
and voltage time phasing so that the power dissipation in associated semi-
conductor switching transistors remains minimized (123). Additional
tolerance to ionizing radiation can be achieved by the use of low circuit
resistances, where possible, to minimize the effects of injected currents
while still providing paths of sufficiently high impedance (i.e. to act as
current limiters) to avoid catastrophic damage (124).

A simple and effective method of hardening transistor circuits is
the compensation of transistor or diode primary photocurrents by means of
other photosensitive elements such as diodes or diode-connected transistors.
A typical arrangement is illustrated in the accompanying figure, where the
effects of the primary photocurrent i at the base of transistor Ql are
compensated by a similar photocurrent ggoduced in the back-biased diode
D1 (36). See figure on page 34. Thus ideally, the proper bias is
maintained on the transistor so that it does not turn on, and secondary
photocurrent i is thereby avoided. Appropriate selection of diode D1, and
choice of the magnitude of its reverse bias, permits reduction of transistor
primary photocurrent by a factor of ten. At higher dose rates, however,
compensating diodes of this type generally do not significantly change the
radiation response because the diode primary photocurrent alone cannot match
the secondary photocurrent produced in the transistor at the higher injection
levels (95). Diode D2 in the figure supplies to the collector of Ql the
primary photocurrent which i P draws away, and thus tends to maintain the
collector potential undisturged. However the addition of D2 is usually not
worthwhile unless igp has been reduced by a factor of the order of the
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current gain of the transistor, which is difficult to achieve.

Many other techniques are available for compensation or reduction
of the effécts of ibnizing radiation, but circuit design can also be an
important fiactor. [Thus the biasing resistors in the base circuit determine
how much Iéo (collettor-base leakage current) or radiation-induced photo-
current carl flow before a transistor becomes forward biased. If a large
amount of fuch currknt is permitted, by the use of small resistors, the OFF
state of adigital Ewitching circuit will tend to be stabilized, but the
performancé! in the ON state will be limited by reduction of the drive
capability.)! Silicon transistors generally have a very small thermal I.q
and can accommodate|large resistors in the base circuit even if thermal
compensatidn over a|large temperature range is required. However such a
design would make the circuit vulnerable to transient radiation since a
relatively Lmall'amgunt of photocurrent could then cause the transistor to
become forward biased (37).

5.3 Special Hardening -Techniques
Some semiconductor devices, depending on temperature, operating
voltage, or previous radiation history, exhibit a degree of tolerance to
radiation which may|provide the basis for a hardened circuit.

! |
Fbr the case of MOSFETs it has been found (126) that moderate
amounts of %onizing radiation at large positive gate voltages, followed by
partial anngaling, reduces the subsequent sensitivity of the device to low .
doses of ralliation at lower gate voltages. Typical improvements in
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hardness of two orders of magnitude are possible if the expected dose does
not exceed a few x 10k rads., At higher doses the hardening is not
permanent because of a slow change in the oxide space charge.

It has also been found that a factor of ten improvement in the
radiation resistance of circuits incorporating MOSFETs can be obtained by
using optimum device types (n-channel MOSFET) at gate voltages (Vv 0 volts)
which minimize the radiation-induced threshold voltage shift (127).
Experimentally it is observed that as a MOSFET is irradiated the drain
current initially increases, due to an increase in the positive space-charge
in the oxide, reaches a maximum, and then starts to decrease exponentially;
the drain current then remains near the final irradiation value when
irradiation ceases. The above behaviour thus suggests a useful hardening
technique: irradiation of the device, with V; = 0, until the maximum drain
current is reached, at which time the device may be put into normal operation
(again with Vo = 0) and be expected to be relatively insensitive to the
effects of additional ionizing radiation, about 107 R being required before
the drain current would change by a factor of two.

The effects of specific dopant impurities in a transistor, in
conjunction with operation at a particular low temperature, indicate a
possible new approach to attaining radiation hardness in semiconductor
devices (128). For most silicon bipolar transistors hpp drops rapidly with
decreasing temperature and approaches zero at about 1000K. However, for NPN
silicon transistors having gallium doping in the base region, hgpp falls with
temperature in the usual manner until about 1359K when it starts to rise and
reaches a peak, dependent on collector current, at about 769K. Near the
region of this peak the gain actually decreases with increasing current,
which is opposite to its behaviour at high temperatures. For very low
collector currents the peak-region gain at low temperatures can actually
exceed the room-temperature gain. This temperature dependence of hgp is
produced by a change in emitter efficiency due to differential rates of
impurity de-ionization, or carrier freeze-out, in the base and emitter
regions. The characteristics described above are of importance because it
is found that the tolerance of such a device to fast-neutron irradiation is
significantly greater at the temperature at which the gain peak occurs than
at room temperature. Thus 1014 n/cm2 reduces the room-temperature gain to
9% of its original value, whereas at the temperature associated with the
peak the gain is reduced to only 447 of its original value. The damage
constant, obtained from the slope of a plot of l/hFE versus neutron fluence,
is five times largerat 300°K than at 769K. From another viewpoint, the room-
temperature gain is reduced by one half for a neutron fluence of 1.4 x 1013
n/cm2, whereas at the temperature of the peak a fluence of 1 x 1014 n/cm? is
required. This increased radiation tolerance near the peak results from a
reduction in the recombination in the emitter-base space-charge region at
low temperature. Thus it may be possible to determine an optimum doping
profile in conjunction with dopants having particular ionization energy
levels which will enhance the gain and/or radiation tolerance at a
particular temperature.
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The specific operating conditions of a circuit have also been
found to have a bearing on the resulting radiation hardness. Usually the
techniquelFor predicting the performance of high-frequency (fr > 100 MHz)
transistors in a fast-neutron environment is to assume that the device
behaves as| it does|in a DC or low-frequency mode. -However the operating
characterilstics of |nearly all such devices change at high frequencies

. .and thus ilt should|be expected that the high-frequency performance in a
“neutron environment should also change (129). An investigation of the
effects of]| fast-neutron bombardment on a typical NPN transistor (2N914)
of a commoh-emitter amplifier operating at high frequencies has indicated

-. that the forward gain s-parameter (which can be related to hgp) increases
as a function of fluence for increasing frequencies near or above fp, and
that therejlis a frequency where this parameter is relatively unchanged with
neutron flience. Thus, in this instance, there is evidence that a suitable
choice of operating frequency could contribute to the hardness of a circuit
in a neutrgon envirgnment. ‘

¥t was innted out earlier (Sec. 1) that an important consideration

for digital computJr—type circuits was that they should not lose their stored

o)
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informatio%
approaches]|
which shows
media. In
are allowed
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while under the influence of transient-radiation effects.

Many

have bee
. particu
typical
to satu
radiati

to impart H

ardness:

fact that an amount

n developed to provide such transient immunity and one

lar simplicity and promise is the use of temporary storage
circuits designed according to this principle transistors
rate under the influence of the photocurrents produced

on, but the temporary storage feature effectively acts

One method takes advantage of the
of transient.radiation which is sufficient to impair

to the circuit (130).

the actionHof a semiconductor junction has comparatively.little effect on
a capacitort Thus transistor flip-flops can be capacitatively loaded in

that the

such a way

though the jtransistors themselves are disabled.

capacitors maintain a memory of the flip-flop state even
The capacitors then drive

the transthors to their pre-irradiated states after the transient effects
have subsidgd.and-tﬁe transistors have recovered their operational capability.
Another method make% use of magnetic devices, such as square-loop cores, for

hardened sf@rage.
exposed to %qual and
currents. tence, nad
photocurrenks in eve
sufficient %mpere—tu
these hardeﬂing‘tech

(8i)/s.

The cores are connected in such a manner that they are

opposite mmf drives as a result of transistor photo-
matter what state a core is in, the transient y-induced
ry transistor connected to its windings will not produce
rns to disturb its state. Circuits which incorporate
niques have operated satisfactorily up to 8 x 1010 rad

6. PREDICT#ON. OF RADIATION EFFECTS ON ELECTRONICS

ThHe predicition of radiation effects on electronic circuits requires,

amongst othelr things), knowledge of the parametef and carrier-density changes

to be expectied in a
the effect ¢f these
ionizing radiation,

semiconductor device for given levels of radiation, and
changes on device or circuit operation. Thus, for
the photocurrents can often be predicted simply on the
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basis of the known radiation-induced generation rate of electron-hole pairs
in silicon, and of an estimate of the effective volume from which these pairs
may be collected. The degradation of device gain produced by various
fluences of fast neutrons may be estimated from the effects produced in
devices of a similar type, or may be determined for the actual device

through irradiation-anneal cycles as described previously. Such calculated
or experimentally determined radiation-induced effects can then be super-
posed on a linear model of the particular device and related to the

behaviour of the circuit as a whole. Sophisticated methods of prediction,
particularly applicable to transient effects, have been developed which

" make use of transistor models and equivalent circuits arnd which require
" computer solution of the field equations which determine carrier distributions

and diffusion. A number of specialized computer programs have been developed
for this purpose (131). Some prediction difficulties arise because radiation
excites some failure modes that are not important in other enviromments, and
also other failure modes that are not easily correlated with electrical
measurements (118).

Typical work on the development of computer programs (27,132)
illustrates the general principles whereby the electrical characteristics
of a device, and the perturbations produced by ionizing radiation, can be
predicted by solving the basic charge-transport equations in the device,
subject to the boundary conditions at external electrical contacts. The
distribution and motion of carriers are then obtained by solving the
continuity equations for both electrons and holes, in conjunction with
Poisson's equation., The mobility and lifetime of the carriers, and the
radiation-induced carrier generation, are described by non-linear functions
of the carrier density and current. Other computer-oriented prediction
techniques make use of various equivalent circuits in order to characterize
a diode or transistor in all regions of operation. Such equivalent circuits
may be based on a charge-control model (133) or on the more common Ebers-
Moll characterization; the two models are essentially equivalent but the
latter is generally more easily interpretable from a circuit application
standpoint (134).

The application of computer prediction techniques to the analysis
of circuit behaviour in a transient-radiation environment is a large and
very specialized field. A number of such transient analysis programs have
been developed over the years and many are generally available under certain
conditions (131). A partial list of such programs follows, together with a
brief description where available:

RECAP Linear direct-current nodal equations are written by the computer
from the circuit topology. Each transistor is represented by a
value of B, a radiation-induced leakage current (introduced as a
current generator between collector and base terminals), and the
non-linear input characteristics, Ip versus VBE’ as obtained on a
curve tracer (135).
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ECAP

lbery efch1ent program for 11near, frequency—dependent circuit
‘analysis. - Recognizes only '"classical" circuit elements and
’networks thus the magnitude and value of current from the current .
fgenerators which are added to the circuit model to take account

f of radiation-induced photocurrent must be calculated from ancillary
I—C I networks derived from the lumped-model representation of
iclassicai circuit elements (136).

L2

SCAN iPerforms |a DC worst case and statistical analysis of electronic
%ircuits using both linear and non-linear circuit elements.
(fonsists |of a set of general-purpose computer programs which
permit arn automated capability of analyzing DC, AC and transient
behav1our of circuits using linear or piece-wise linear modeling
1echn1ques. Uses a combination of FORTRAN and special-purpose
programmiing. Modified to SCAN II or revised SCAN (119,134).

TRAC This is a modification of the SCAN Transient program and is

designed for ease of entering, no programming experience being

Fequlred The program allows the analyst to decide which circuits

ghow sufficient sensitivity to require detailed modeling. Large-

c1gnal radiation equivalent circuits are used for semiconductor

components. Primary photocurrent is modelled by means of a

parallel current-generator, which makes the implementation of the

dctual model in a computer program simpler to employ than does a @

f rmulatlen which simply adds a term onto the reverse saturation

current .0of the appropriate Junctlon. This conventional model

s imulates|the photocurrent response as though it were generated

entlrely n the diffusion region. A more accurate revised model

also incliides the depletion-region portion of the response, and

dependence on junction bias, and provides two levels of

aﬁprox1mation for the photocurrent response (134, l37 138).

SECURE I&tended 0T subsystem/system analysis. Has the capability of
'h?ndllng linear and non-linear functional blocks, logical equations,

and complete circuit descriptions. Uses large-signal radiation
eﬁulvalent circuits for semiconductor components. An important
c?pablllt of this code is the inclusion of individual circuit
analysis tio produce the necessary information regarding circuit
performance and hardness. Thus, to avoid computer overloading,
the relatively insenstive circuits can be represented by functional
'b]ocks and the radiation sensitive circuits can be represented by
detalled equivalent circuits. These circuits can then be directly

sqbstltuted without additional coding, into a system simulation
(118,139).

SCEPTRE - Emjploys a non-linear circuit model, and.uses large-signal radiation
equivalent| circuits for semiconductor components. A very flexible

p%ggram, useful for radiation-effects component modeling as well

ast circuit|vulnerability analysis. Is capable of modifying

electronic|device models to incorporate new radiation-effects “

information and to include models for new devices (118,131,136).

|
|
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I

Includes built-in models for transistors, diodes, tunnel diodes,
and four-layer devices; photocurrent sources are included for each
semiconductor junction (131).

The radiation-effects version of the NET-I Circuit Analysis
program (131).
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8. APPENDIX

The following publications, which have not been referenced in the
text, are compendia of information on transient-radiation effects and hardening
techniques.

(i) TREE (Transient-Radiation Effects on Electronics) Handbook
Editors: J.J. Kalinowski and R.K. Thatcher, Battelle Memorial Institute,
DASA 1420
Edition Number 2, Revision Number 2, September 1969.
A "limited-distribution" document.

Intended to provide information useful in designing and evaluating
electronic equipment that is expected to be exposed to the radiation environment
produced by a nuclear-weapon burst. The information content can be categorized
as follows: : , ]

a) Supporting information (explanation of terms, interaction of
radiation with matter).
b) Envirommental information (nuclear-weapon-burst and simulated

environments) .

¢) Information on the effects of radiation on electronic materials and
devices.

d) Circuit considerations (hardening and analysis of circuits, computer
programs) . o

e) System considerations (general approach for developing systems that
will function in a transient-radiation environment).

A Classified Supplement (DASA 1420-1) of this Handbook contains
additional information on the interaction of transient radiation with electronic
materials, and also additional hardening suggestions, both explicit and implicit.

This version of the TREE Handbook has now been superseded by (ii),
below.

(ii) TREE (Transient-Radiation Effectson Electronics) Handbook (U)
Volume I
Editor: R.K. Thatcher, Battelle Columbus Laboratories
DNA 1420H-1
Edition Number 3, December 1971.
Classified '"Confidential.

Abstract (U)

"It is the purpose of this document to present information which will
be useful to the design engineer when designing electronic systems for survival
in a nuclear-burst environment. The information presented covers only those
areas directly related to electronic parts, circuits, and systems. The nuclear-
burst environment covered is both transient and steady state and includes all
radiation effects except external EMP. Areas which are covered in detail are
the simulated versus burst environment, interaction of transient radiation with
matter, discrete semi-conductor devices, integrated circuits, capacitors,
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resistors,] miscellaneous electronic¢ materials and devices, circuit hardening,

and network-analysis techniques.

Handbook,
interaction of transient radiation with matter, system hardening, and internal

;EMP.

(111) TREE

Areas whic

Co-E

DASAl 2028

Fdl tors:

Supplementing this document is "TREE
1Volume II", which discusses the nuclear-weapon-burst environment,

a;

Preferred Procedures (Selected Electronic Parts)

R.K. Thatcher and D.J. Hamman, Battelle Memorial Institute,

Edlq}on Number 1, May 1968.
A ”Limited—distribution" document.

Provides | recommended procedures which experience has shown are
efficient |for determining transient-radiation effects on electronic parts.

are covered in detail are experimental design, experimental

documentatﬁon dosimetry and environmental correlation, and preferred

measurement procedy

(iv)

basis, ind

TREE‘Simulatl
AutHbr: R.W
Contlributing
DASA| 2432

Edition 1, Se
Disqribution

on Facilities
Klingensmith
Editor: -R.K. Thatcher

ptember 1970.
unlimited.

-

ires for diodes, transistors, and capacitors.

iy

A reference document which fully characterizes, on a technical
ividual TREE simulation facilities in the U.S.A.

T
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