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ABSTRACT

This document contains a series of summaries of the
current state-of-the-Art on transient gamma radiation ef-
fects on electronics. The state-of-the-art was compiled by
the Nucleonics Research Department of the Hughes Aircraft
Company for the PHOENIX Project Officer. It contains the

present thinking of this department on transient radiation

effects.
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I.

INTRODUCTION

The problem of nuclear radiation effects on military systems has be-

come one of great concern and importance, since the development and
tactical employment of nuclear weapons. Guided missiles systems are

of special interest because they rely on pre-programming or self-
guidance which cannot be corrected easily if the program or guidance

is perturbed by the radiation from a nuclear weapon. The nuclear wea-
pon environment could be produced by enemy penetration or by our missiles

used in tactical defense.

The energy release in a nuclear weapon detonation in the atmosphere ap-
pears in several forms. The largest portion of the energy appears as
thermal shock and blast energy. Only a fraction (of the order of one
precent) of the yield appears in the initial radiation., The initial
radiation is in the form of a pulse of gamma rays followed, after a
delay depending on the distance from the detonation, by neutron pulses--
one for 14 Mev fusion neutrons and one for lower energy fission neutrons.
Since the gamma ray pulse does not suffer velocity dispersion, it remains
sharp. At a range for which the integrated initial dose is 100r, the peak
gamma ray rate in the pulse can be as high as 108 r/sec. Thus, even at
non-lethal total dose levels, the peak gamma ray rate can be very high.
For altitudes above sea level, this dose rate can be determined outside

of the 5 Psi overpressure range.

It is important to recognize two radiation effects - permanent damage,

and transient disturbance. Transient disturbances are approximately the
same time duration as circuit time constants; permanent damage time con-
stants are long compared to the circuit time constants. The nuclear
radiation environment has been a matter of serious concern for engineering
design of reactors. The mechanical and electrical properties of materials

suffer degradation as a result of the large radiation dose to which such




Page 3

materials are subjected. Dose effects are observed for long reactor
exposures, mostly permanent damage effects which are usually irreversible.
Rate effects are observed when the effects are dependent upon the rate

at which the radiation is delivered. Transient effects, however, are
usually the result of electronic processes in the irradiated materials,
The magnitude of the effect is proportional to the radiation dose rate.
The effect dies away after cessation of radiation, with a decay rate

which depends on the rate with which electrons return to their original

states.

The transient effects on electronic materials can be divided into two
categories, charge injection and charge leakage:
l. Gases - Ionization and increases in conductivity.
2. Semiconductors - changes in conductivity, increase in minority
carrier concentration, production of electron-hole pairs,
3e Insulators - decreases in insulation resistance and breakdown
strength,
4. Emission of electrons from materials by photo and Compton
effects,

5. Fluorescence.

All of these classes of effects (except possibly the last one) are reflec-
ted in perturbation in the performance of electronic circuits due to
charge redistribution. Ionization of the gas surrounding a component pro-
vides a leakage path. The effects on semiconductors produce transients in
transistors. The emission of charge from components produces voltages
pulses. The change in insulation affects the performance of capacitors,

and other components dependent on dielectric materials.

The threat of transient radiation effects to the reliable performance of a
missile System arises from the fact that radiation pulses which contain
a negligible total dose can produce spurious signals in electronic systems.

The magnitude of the signals is proportional to the amplitude of the radia-
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tion pulse. The radiation produced signals may lead to degradation of
performance or to a catastrophic irreversible occurrance, such as arming
and exploding the warhead, which aborts the mission (by premature detona-
tions). The evaluation of the threat must be based on consideration of
the operational use and reliability of exposure of the system components
to nuclear radiation.. The volume of space in which a threat exists can

be large.

Pressure of the Blast Wave

The explosion of the nuclear weapon results in a blast wave. The increase
in pressure due to the blast wave is termed overpressure, The peak over-
pressure is the maximum pressure attained., This blast wave has associated
a dynamic pressure due to the motion of the air. The peak overpressure
and the dynamic pressure must be considered as an environment because
these act on the structural parts, The peak overpressure is capable of
collapsing a structure and the dynamic pressure is capable of moving the

structure along with it,

Nature of Gamma Pulse

Although the gamma rays are emitted from the weapon in a spectrum of ener-
gies, the gamma rays which are not absorbed in the surroundings or have
suffered. collisions with the atmospheric molecules, travel at the same
velocity. They, therefore, arrive at a given point at the same time. The
majority of the gamma rays arrive in a pulse with a time interval of less
than 10"6 sec, However, the neutrons have a velocity distribution and thus
arrive at a given point in a much larger interval of time than the increase

in the gamma ray rate.
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PART II

TRANSIENT GAMMA RADIATION EFFECTS
ON ELECTROWICS
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CHARGE REDISTRIBUTION

All basic mechanisms involved in material and component reactions to
nuclear radiation have only one effect on the electronic responses of cir-
cuits and systems. That effect is the redistribution of charge. The alter-
ation of charge may be due to ionization leakage, pair production, photo-
electric effect, Compton scattering, or lattice displacements. The mani-
festation of the physical changes may occur in various forms. Leakage bet-
ween circuit nodes of different potential may cause an internal or external
movement of charge., An effective generation of currents may occur because
of charge scattered into or out of components or materials. Fields may be
created and leakages may result from scattering and lattice displacements in
insulators. In specific instances, circuit charge may be altered because of a
variaticn in a forcing function which is dependent upon mechanical or optical
devices, e.g., an optical transistor system might change its output because

of lens coloring due to lattice displacements.

Charge redistribution can affect the amplitude, phase, frequency and mode
of circuit operatiocn. These circuit characteristics can be described in terms
of radiation respouses by defining the magnitude, time, and character of the
charge redistribution and recovery. Two types of charge alteration are signifi-
cant--transient and permanent. Transient effects are those which occur during
or within circuit time constants after the initial radiation disturbance. Those
effects which occur and recover during the radiation pulse and which exhibit a
characteristic shape similar to that of the radiation pulse are transieat rate
effects. Those effects which occur and recover within circuit time constants
or system operating times are transient relaxation effects and generally are
a function of integrated dose delivered in a very short time. Those effects
which are very long with respect to time of interest are permanent or semi-
permanent dose effects. Secondary permanent effects, such as mechanical failure
due to thermal expansion as a result of transient radiation,may occur at high

dose rates; however, these effects need not be considered except as a limiting

cage.
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Circuit responses are due to the interaction of the radiation environ-
ment with the materials and components which determine the circuit transfer
function. Transient effects involve changes of circuit transfer functions
only for a short period of time during charge redistribution. After the
magnitude of charge redistribution reaches a maximum, circuits recover in
a manner determined practically by their pre-radiation transfer functions.
Permanent effects involve long term changes of transfer functions, which can
be considered as new definitions of circuit and system responses. If the
magnitude, time , and character of charge redistribution are defined and the
permanent changes in circuit transfer functions are known, then complete

radiation responses can be predicted.




Page 9

PART II1

GENERAL COMPONENT EFFECTS UNDER TRANSIENT
GAMMA RADIATION
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SISTORS

The effective resistance of 10 K ohm resistors decrease by 2% or less
under radiation. Resistors less than 10 K ohms show little or no effect.
1 megohm resistors decrease in value to 50%. Very high resistant values may
decrease as much as 1004, low impedance circuits are less affected than high
impedance circuits. The percent change in resistance is a function of gamma

dose rate., Potted or encapsulated resistors are more radiation resistant.
CAPACITORS

The capacitor types most resistant to radiation are mica, glass, and cer-
amic,

The insulation resistance of most capacitors can be expected to decrease
by several orders of magnitudes in the presence of radiation due to gamma-

induced ionization. The internal leakage resistance is also a function of

gamma dose rate.

TRANSISTORS

Radiation induced transient responses in transistors are known to be
dependent on the base geometry and type of surface of the device. In general,
transistors with narrow base widths, (i.e. high cutoff frequencies) are less
sensitive to transient radiation effects than similar devices with wider base
widths, (i.e., lower cutoff frequencies). It has also been found that planar
and mesa construction techniques are more resistant to radiation effects than
their alloy counterparts. Thus, an example of the most satisfactory type of
transistor from the radiation resistance standpoint is considered to be a high

frequency silicon planar, such as a 2N709 or 2N917.

Germanium transistors, under a radiation burst, their reverse leakage

current ICBO’ increased to values ranging up to 3300 pamps.

Fo.- silicon pnp transistors under a burst, the ICBO values increased up

to 180 pamps. For silicon npn transistors, the ICBO

values as high as 800 uwamps. The silicon pnp transistors were less affected

value increased up to

than the silicon npn type.
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DIODES

In general it can be said that the diodes are less affected than the
transistors. The transient leakage currents in diodes are roughly propor-
tional to the depletion layer volume., Reverse bias diodes are extremely
sensitive to transient radiation effects. Forward bias diodes show little
or no effect to the same environment. The magnitude of the induced transient
are proportional to the product of the junction area and the diffusion length
of the device., Hence, power diodes are more.likely to induce circuit malfunc-
tions that the higher speed switching diodes. There is no indication that

the tunnel diodes show a transient change.

ELECTRON TUBES

Magnetrons and light sensitive tubes exhibit the least resistance to radia-
tion. Regulator tubes in a non-conducting state were triggered into conduction
by a radiation burst. If the tube did not conduct, the leakage current in-
creased by 150%. Thyratrons can be triggered by a transient radiation pulse.

Receiving tubes are less sensitive to radiation than semiconductor devices.
CABLE

Gamma radiation produces a current proportional to radiation dose rate;
the central wire going negative with respect to the shield. In RG-58 cable,
the gamma response was found to be about 4 x 10-14 coulombs/rad-cm. The gamma
sensitivity was found to remain essentially independent of previous exposure

to gammna rays Or neutrons.

The signal due to gamma fluxes is negative and nearly proportional to the
intensity. There is no large saturation effect and no change in sensitivity

due to previous exposure,

OSCILLATOR

Oscillators operating in the frequency range of 40 - 70 KC exhibited fre-
quency shifts between 4 to 20%. A blocking oscillator increased output ampli-

tude 70% to 90%.
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IR DETECTORS

Infrared detectors exposed to nuclear radiation show an effective shunt
conductance and injected current effect due to the radiation. The electri-
cal response cof infrared detectors with time constants short, compared to
the time constant of the radiation pulse, can be largely cancelled with the
addition of an equivalent '"voltage plane' near the detector. Detectors
having a characteristic time constant sufficiently longer than the time dura-
tion of the radiation pulse will show a recovery time determined by the
inherent time constant of the detector. Analysis of this recovery curve indi-
cated that the infrared sensing mechanism of the detector is severely affected
by a radiation dose of approximately 106 r/sec. The effect of nuclear radia-
tion induced signals from IR detectors on IR systems depends upon the applica-

tion of the system and the system circuits.

MICROELECTRONIC CIRCUITRY

Thin film circuit elements respond to irradiation with a linear relation-
ship to the voltage across the element, while bulk semiconductor circuits ex-
hibit non-linear relationships when subjected to nuclear radiation.

For a given application a thin film circuit will be less sensitive to
radiation than the bulk semiconductor circuit by at least one order of magni-

tude.

SILICON CONTROLLED RECTIFIERS (SCR's)

A negative gate bias makes an SCR less sensitive to switching due to a
radiation environment. Placing the load in the anode circuit, rather than the
cathode circuit, slightly decreases the radiation induced switching sensitivity.

The value of the load resistor has little, if any, effect on the switching
sensitivity. Tne switching sensitivity is dependent upon the dose rate and

also the radiation pulse width.
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PART IV

TRANSIENT RADLATION EFFECTS ON ELECTRONIC
PASSIVE PARTS
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II.

111,

INTRODUCTION

This is a discussion of transient radiation effects on electronic
passive parts. The purpose is to inform circuit and system designers
of problems resulting from transient nuclear radiation and methods of
incorporating this information into their design procedures.,

The areas under discussion are resistors, capacitors, and cocaxial

cables.

GENERAL DISCUSSION

Transient effects are almost entirely due to gamma component of
nuclear radiation. Basic considerations lead to conclusions that external
air leakage is the major effect in most passive parts., Interal effects
(leakage, polarization) can probably be related to internal capacitance,
and since internal capacitance is small on.most passive parts, internal
effects are small and difficult to measure.

The importance of internal and.external leakages and polarization
effects will be given in each area. Equivalent circuits and empirical

relationships are presented from results presently available.

RESISTORS
Transient radiation effects in resistors will be treated in two ways:
(1) response of resistors in general, and (2) the effects upon resistor
materials.
a. Radiation Effect on Resistors
External air leakage is the major effect for all resistors.
Empirical relationships have been developed to predict leakage valves
and how circuits can be effected.

1

The equivalent circuit of a resistor before and during irradia-
tion is shown in Figure 1, where R is the nominal resistance of the
resistor, and RS is the radiation induced shunt leakage due to ioniza-
tion of the surrounding material and air. The current generator I
represents the injected current induced by the radiation pulse through

secondary emission.




Page 15

R
R I. Rs
J
Before During
Irradiation Irradiation

FIGURE 1. EQUIVALENT CIRCUIT FOR A RESISTOR BEFORE AND DURING IRRADIATION

For unpotted resistors,

+ 2 12
Rs = 2 - i)lo ohms. (Equation 1)(1)
For paraffin dipped resistors,
+ 12
By o = 37 10 Gams (Equation 2) V)

where y = gamma dose rate in R/sec.

The effective resistant, Reff’ is reduced during the pulse of radiationm,

and given as,

RR
s

= - e 1 Id . -
Reff X+ Rs onhms. {(Equation 3

)(1)

: . q q 7.
The radiation induced shunt leakage resistance (in air) at 10 r/sec is

approximately 300 K ohms. The effective resistance, , 1s 1 X ohins when

R ..
eff
using a nominal resistance of 1 K ohms. For a one megohm resistor, the ef-

fective resistance is 91 K ohms.

Thus, low impedance circuits are less effected than high impedance circuits.
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b. Radiation Effects on Resistor Material

In the F111B system the pilot is most sensitive to total dose
radiation effects. Since the total dose must be small for his
safety, resistor materials will not suffer any permanent changes.

Dose effects are mentioned because transient radiation may lead
to permanent damage under very high dose rate conditions. The fol-
lowing discussion applies only to unmanned aircraft and vehicles.
1. Compounds embodying organic materials in their structure should
be avoided.(z)
2. When selecting metal and carbon-film resistors for use in radia-

tion environment, only molded and hermetic seal types should be
used.(3)
3. Inorganic materials are more stable and resistant to radiation
damage than are organic materials.(3)
4. Ceramics exhibit better insulation qualities during irradiation
than organic polymers.(3)
5. Glasses containing boron are most sensitive to structural damage

3)

under irradiation.

These effects and suggestions are for some of the more common
resistor materials, and is by no means a complete list. Manufacturing
processes of these materials will also effect radiation responses.
Some resistors are of the solid core type and others are partially
filled with air or gas. Those resistors employing air or gas gener-
ally have larger responses than those with a solid core.

When humans are involved, the above suggestions need not be
followed.

In conclusion, the precent change in resistance during transient
radiation can be calculated from Equation 3. Such things as resistor
material, manufacturing processes, and temperature are also known to

effect responses to some degree.
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IV, CAPACITORS

Capacitors belong to a class of components which is recognized as be-

ing among those most effected by nuclear radiation.

Internal and external leakages, as well as capacitance changes, are

areas of concern.

a.

External Leakace

External air leakages occur between the capacitor leads, as occurs
for resistors.

Internal Leakage

Empirical relationships have been developed for calculating leak-
age conductivities during a radiation pulse.

(1)

The equivalent circuit of a capacitor before and during irradia-
tion is given in Figure 2, where C is nominal valuz of the capacitor
and R is a pure leakage resistance. Rs is the radiation induced shunt
resistance and Cs is the shunt capacitance (or change of capacitances,
AC). Ij represents the injected current induced by the radiation

pulse through secondary emission.

—
R C Rs Cs
ng e N A A
— e ——r— J
Before During
Irradiation Irradication

2. LQUIVALENT CIRCUIT FCR & CAPACYTUR BEFCRE AND DURING IRRADIATION
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For a parallel plate geometry of plate area A, and separation, 4,

(4,7)
G=o¢o -%— and C = ¢ —é—, ’

leakage conductivity

we have

%

where C
€ = dielectric permittivity
G = internal leakage conductance

C = capacitance

Thus, G and C are related by (1,4
C <.:eo
G= o EE: mhos or Rs = s (Equation 4)

€, = 8.85x 10-14 farad/cm
Leakage conductivity can be calculated from the following formula:

o= K ?Amhos/cm(l’s’s) (Equation 5)

where l(.c = proportionality factory

Y = gamma dose rate (r/sec)

A = constant for material (range between 0.5 and 1.0)
When the internal leakage conductance has been determined experimentally,
leakage conductivity can be calculated from Equation 4. On the other hand,
internal leakage conductance can be calculated by just using Equation 5.

Transient conductivity factors for various dielectrics are listed

in Table 1.(1)
TABLE 1. TRANSIENT CONDUCTIVITY FACTORS FOR DIELECTRICS

Dielectric Material _€_ KC A
Mylar 3 4.2 x 107 0.9
Vitamin Q - impregnated paper 11 5.2 x 10-15 0.7
Tantalum Oxide 25 1.2 x 10“17 1.0
Aluminum Oxide 7 2.95 x 1072 1.0
Glass 6.5 1.0 x 10" (est) 1.0 (est)

Oil-impregnated paper ~7.0 ~7.4 x 10-17 ~1.0
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It is seen that internal leakage conductance becomes insignificant

for small value capacitors when gamma dose rate, Y, is less than 106

R/sec.

The effective resistance, Reff’ during a pulse of radiation, is given
as RRs

Reff = R+ R ohms (Equation 6)

s

Typical calculations for leakage conductivity and internal leakage
conductance are given. From Table 1, . ¢ = 3, Kc = 4,2 x 10-17, and
A = 0,9 for Mylar dielectric material. For a gamma dose rate of 107
= 317 mhos/farad.

r/sec, eco

Similar caiculations for tantalum oxide capacitor reveals E%‘ = 54.4
mhos /farad. The value of internal leakage resistance for mylar 8apaci-
tors is approximately six times that of tantalum oxide capacitors.

Tantalum and aluminum oxide capacitors are least sensitive to in-
ternal leakages from transient radiation. Oil-impregnated paper capaci-
tors appear to be most sensitive to internal leakages.

Thus, transient radiation effects on capacitors will depend on (1)
capacitance value; (2) dielectric material; (3) gamma dose rate in R/sec.

c. Capacitance Changes

The value of Cs or AC’ is assumed to be insignificant since changes
of 1% or greater have not been observed. If capacitance changes do occur,

it is8 believed to be less than 1%.

COAXIAL CABLES

The major radiation effects in coaxial cables are due to air ionization
around the exposed lead of the cable, Internal leakage within the cable di-
electric becomes insignificant when compared to the external leakage.

Due to scattering of electrons out of the coaxial cable, psoitive pulse
currents are observed at zero voltage. Cable leakage causes negative pulse
currents at large positive voltages. These effects, however, are cancelled

"(I‘, 6)

out at a certain voltage, referred to "crossover voltage, which lies

in the vicinity of +10 volts for solid dielectric cables.
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These leakage currents can be minimized to one microampere or less
by raising the potential of the outer conductor (shield) to that of the
inner conductor so that the potential difference is equal to the cross-
over voltage.

The applicator of this "crossover" voltage technique is mentioned
because it has been used to minimize the interferring effects from
coaxial cables.

ELIMINATION OF EXTERNAL LEAKAGE

Although little can be done to reduce internal leakages, external
leakage can be reduced or eliminated quite successfully.

External leakages are due to ionization of the surrounding material
and air. Electrostatic shielding and potting are two methods now used
to minimize these leakages.

Electrostatic shielding eliminates the electrostatic field lines,
while potting compounds eliminate the air from around the component.
Care must be taken when using potting compounds because secondary emission

from bulk potting materials may become another significant problem.
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TRANSISTORS

INTRODUCTION

Electronic components constructed from semiconducting materials
are known to be exceptionally sensitive to ionization effects caused by
high energy electromagnetic radiation. For example, the resulting
transient changes in the electrical parameters of the transistor in
such an environment may cause temporary circuit failures. For this
reason, extensive study programs have been pursued to determine the
nature of these effects and which types of devices are least suscept-

able to these transient radiation effects.

The present state-of-the-art is far from the capability of pro-
viding components which are impervious to transient radiation effects,
however, certain generalizations can be made as to a selection of de-
vice types and geometrys which are relatively radiation resistant.
These results are presented together with a summary of the existing
information concerning the magnitude of radiation induced responses

measured on commercially available transistors.

The significance of transistor geometry, fabrication technique,
initial gain, and surface treatment as they effect the transient
radiation response are discussed in preceeding sections. In addition,
examples of typical variations of the electrical parameters during a
burst of gamma radiation and a brief description of transient phenomena

of longer duration than the radiation burst are given.

Certain assumptions have been made in the acquisition of this data,
which should be pointed out. The response magnitudes given in this re-
port were measured at a gamma dose rate of;~107 r/sec. The data was
taken at the Hughes Research Linac, The General Atomic's Linac and The
Sandia Pulsed Reactor Facility (SPRF). Although the gamma dose rates
at each of these facilities is 1-2 x 107 r/sec, the first two provide

.1 - 10 s pulses of essentially pure Bremsstrahlung (gamma) radiation,
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while the latter gives a combined gamma and neutron environment of
~ 50 Usec pulse duration.

GEOMETRY

(4,5)

Geometrical considerations of the base width, junction area
(4,5)

and depletion layer volume are most significant when attempting

to minimize the transient radiation effects. The junction area and de-
pletion layer voiume parameters are seldom specified by manufacturers,
consequently, they are of little practical use when selecting components

which are more impervious to transient radiation effects.

However, the base width of the transistor is inversely proportional
to the cutoff frequency. Since approximate cutoff frequencies are nor-
mally given in transistor specifications, they provide a useful guide to
minimizing the expected transient responses. As shown in Figure 1, the
normalized transient gain, during a 2 x 107 r/sec burst of gamma radia-
tion (AIC/AIB/hFEO), in the common emitter configuration is a strong
function of the beta cutoff frequency. Similar plots for a variety of
device types has lead to the conclusion that smaller base widths, (i.e.,
higher cutoff frequency devices), are less susceptible to tramsient radia-
tion effects than their wider base widths, (i.e., lower cutoff frequency)

counterpartse.

CONSTRUCTION TECHNIQUES

A limited amount of data is available concerning which fabrication
techniques and surface treatments are most vulnerable to transient radia-

1
tion effects. From recent studies( »2)

, it is apparent that devices con-
structed by diffusion techniques such as the Germanium Mesa 2N1142 or the
Silicon Planar 2N709 are less susceptible than devices constructed by
alloying techniques such as the Germanium Alloy 2N331 or the 2N651. This
is understandable because the alloying processes produce larger junction
areas and correspondingly larger depletion layer volumes. Additional sup-
port for this reasoning can be obtained from similar results on permanent

3)

damage studies. This is understandable from a materials point of view,

since Silicon has a larger forbidden energy gap.

e
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Surface treatments also play a significant role in the relative
radiation resistance of a transistor. Passivated transistor surfaces,
such as are found in the Silicon Planar 2N709 or 2N917, are far superior
to those found in many other device types. Leakage currents, which are
considered to be predominately surface effects, have been found to be
one to two orders of magnitude lower in Silicon Planar transistors in a
radiation environment than their Germanium Alloy or Mesa counterparts.
The amount of information on this subject is limited and accurate com-
parisons are difficult to make due to the difficulty in controlling other
transistcr parameters, while comparing surfaces; however, quantitative

data will be presented in the next section to substantiate these conclusions.

EXPERIMENTAL OBSERVATIONS

Transient radiation effects studies on transistors were performed
at a weapon simulator (Sandia Pulsed Reactor Facility) in Albuquerque,
New Mexico. This facility provides a 50 ps fission spectrum of gamma radia-
tion with a peak gamma dose rate of 2 x 107 r/sec. In addition, research
Linacs were utilized to supply similar gamma dose rates with durations of
«1 to 10 Ws. The Linac machines do not yield the combined gamma and neu-
tron environment of SPRF, however, due to the short length of their radia-
tion pulse, they enable the experimentors to observe minority carrier re-
combinations and space charge decay time history obscured by the slower
reactor radiation sources. Experiments at both types of radiation facilities

will be discussed in this section.

Transient changes in the properties of the transistor are observed by
monitoring the typically useful circuit parameters of the tramsistor, such
as hFE’ ICEO’ ICBO’ and vSAT' These test circuits are carefully construc-
ted with fast time constants and proper electromagnetic shielding to insure
that the observed voltage signals are representative of the physical phenomena
taking place within the irradiated device. Figures 2-4 are examples of

these effects occurring in a 2N331 at the Sandia Pulsed Reactor Facility.
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The gamma dose rate is shown in Figure 2 for a typical SPRF burst
of approximately 2 x 107 r/sec. In most cases the transient changes
in the electrical parameters of irradiated transistors closely follow

this dose rate curve.

Figure 3 illustrates the radiation induced effects in the 2N331
operating in a common emitter configuration under d.c. bias conditions
with a 100Q collector load. It should be noted that the 3 ma base pulse
is inverted and amplified to 75 ma in the collector. The current over=
shoot from the steady state operating currents is associated with the
permanent damage effects of the prompt neutrons, resulting from the

fission process.

The collector voltage was monitored for the 2N331 transistor when
saturated (1K collector load resistance). Variations in the collector
voltage, (the saturation voltage V
4,

ga)? Were observed as shown in Figure

Leakage currents increase rapidly during the burst of gamma radiation.
As shown in Figure 5, the magnitude of ICEO (the open base collector to
emitter leakage current), is approximately equal to the change in the col-
lector current in Figure 3. Changes in ICBO’ (collector to base leakage

currents), are roughly a factor of hFE smaller than ICEO'

The initial d.c. current gain is also a determining factor in the
magnitude of the transient response. The ratio of the change in collec-
tor current to base current has been demonstrated to be a function of the

1

initial gain® °. 1In addition the dependence of AL

(2)

ceEo °" hFE during Linac

irradiations (see Figure 8) has been observed.
It should be pointed out that transistors operating at relatively

low collector voltages Vc, where AIcRL>vc’ will saturate during the radia-

tion burst. For this reason, operating voltages selected for radiation

testing are normally 4-6 volts.
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FIGURE 3:

FIGURE 4:
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SPRF Gamma Dose Rate versus time (Peak value §=2 b4 107 r/sec)
Horizontal Sweep Speed 50 us/cm.

Typical h__ of 2N331 response during SPRF Radiation Burst
UPPER TRACE: Collector Current 2 ma/cm

LOWFR TRACE: Base Current 50 ma/cm.

Horizontal Sweep Speed - 50 ps/cm.

Typical Voar of 2N331 5esponse during SPRF Burst
Collector 901tage .02 "/cm with 1K load Resistance.
Horizontal Sweep Speed 50 us/cm,

Typical I

CEO
Collector Eurrent 50 ma/cm with 100Q Load Resistance.
Horizontal Sweep Speed 50 us/cm.

of 2N331 Response during SPRF Burst
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V.

The existing data on radiation induced transient responses collected
by the Nucleonics Research Department is presented in Table I. Data
presented on the 2N331, 2N651, 2N695, 2N1142, 2N706 and 2N709, were ac-
quired during the U. S. Army Signal Corps Figure of Merit Contract,

DA 36-039-SC90703. This information represents a statistical average

of numerous irradiations under the same test conditions. The balance

of information appearing in Table I was acquired in conjunction with

the Naval Bureau of Weapons Contract NOrd 19161. Due to the large num-
ber of device types tested, only Al

CEO

tions. Estimates of the variations in AIC, AIB, AICBO

the basis that the changes in AICEO and the rough relationships established

was monitored during the irradia-

were calculated on

in the Figure of Merit Studies. These calculations were performed utilizing
the initial values of hFE and fB of the transistors under test. It should
be emphasized that the validity of the calculations are limited and are
intended to indicate only the relative radiation resistance of the devices

under test.

OTHER TRANSIENT EFFECTS

Transient radiation effects of longer duration than the ionizing
radiation pulse have been observed. If a transistor in the open base
configuration is exposed to a pulse of gamma radiation, whose duration is
short compared to the minority carrier lifetime of the base material, the
decay of the primary photo current due to recombination of minority carriers

may be observed (See Figure 6).

Under certain conditions, the AI transient pulse may increase after

CEO
the radiation pulse. This is the '"secondary photo current effect" attri-
buted to the delayed discharge of excess majority carriers in the base
(6 This effect is

shown in Figure 7. Although an explanation of this effect has been made

producing a bias across the emitter-base junction,

on the basis of bulk material phenomena, it is known that the magnitude

of these effects are dependant on the surface conditions of the transistor.
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FIGURE 6: Example of Minority Carrier Lifetime Decay During Linac
Irradiation of SXF-4
UPPER TRACE: Radiation Dose Rate at Hughes Research Linac
LOWER TRACE: Collector Current 10 ma/cm, Horizontal Sweep
Speed 2..8/cm,

FIGURE 7: Secondary Pnotocurrent Effect in the I EO Configuration
UPPER TRACE: Radiation Dose Rate at ﬁughes Research Linac
LOWER TRACE: Collector Current 2 ma/cm, Horizontal Sweep
Speed 2 us/cm.
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FIGURE 8: PEAK AMPLITUDE VERSUS B, SOLID DIELECTRIC
FILLED TRANSISTOR CASES
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vIi.

In Figure 9, the magnitude of those peak transient currents is plotted
against radiation pulse width for two devices of similar electrical
characteristics. The first device was taken from an assembly line after
its surface had been treated to minimize surface effects. The other de-
vice was removed before its surface had been treated. Figure 9 illus-

trated the need for a well passivated surface to minimize transient

radiation effects.
SUMMARY

The present state-of-the-art of transient radiation effects test-
ing on transistors indicates that a proper selection of device types
by the design engineer may significantly contribute to minimizing the
magnitude of these effects. Although the effects will be evident in all
known types of tramsistors, the following criterion may be useful in de-

vice selection:

1. Higher frequency units, (i.e., narrower base width transis-
tors) are less sensitive to pulsed radiatiom.

2. Smaller Junction areas and depletion layer volumes are more
desirable as they will minimize effects.

3. Transistors utilizing diffusion techniques are more impervious
to ionization effects than their alloy counterparts.

4, Silicon transistors are generally less susceptible than Germanium
transistors.

5. Device types with highly passivated surfaces such as a planar

transistor are more radiation resistant.

Experimental testing of a limited variety of device categories is
summarized in Table I to indicate the relative order of magnitude of the
transient responses. In general, these ionization effects are proportional

to the gamma dose rate during the exposure.

Of course, the ultimate criterion of radiation resistancz is whether
or not a given gamma dose rate will cause mal-performance of a circuit.

Virtually all circuit components will contribute to the transient response
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of the total circuit, however, previous experience indicates that semi-
conductor devices are the major contributors of circuit mal-functions.
Analytical techniques have been developed for prediction circuit responses,
providing the effects on individual circuit components are known. How-
ever, the most reliable method of certifying radiation resistance at a

given gamma dose rate is an experimental program which tests both com-

ponents and circuits.
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DIODES

INTRODUCTION

The photosensitive nature of reversed biased semiconductor diodes
has been investigated for a considerable length of time. Their sus-
ceptibility to ionizing radiation has made them suitable in many cases
for applications as nuclear radiation detectors. It is for this reason,
if no other, that semiconductor diodes are suspected to be a major con-

tributor to circuit malfunctions in a pulsed radiation environment.

In this section; the general behavior of semiconductor diodes in a
transient radiation field will be discussed together with an outline of
the transient effect mechanism taking place within the device. Examples
of typical transient radiation responses are given and a guideline is pre-
sented to aid in the selection of semiconductor diodes which are most

radiation resistant.

SPATIAL DISTRIBUTION OF SENSITIVITY

Numerous observations have indicated the pulsed nuclear irradiations
of forward biased diode junctions have little or no effect on the electri-
cal characteristics of the device.(1’2’3) Similar experiments conducted
on reverse biased diodes show a sizeable decrease in junction resistance.
Transient changes in the reverse biased leakage in the range of 10 Ma -
10 ma have been recorded for commercially available components. The magni-

tude of the changes depend largely upon the geometry of the diode junction.

The photoconductive and photovoltaic properties of p-n semiconductor
junctions are understood in terms of the redistribution of electron-hole
pairs produced by the ionizing radiation. It has been demonstrated that
the observed transient photocurrents are the product of ionized carriers

which lie within diffusion length of the rectifying junction. In a photo-

4 ,
cell experiment, Shive ) focused a narrow slit of light in the proximity of

the semiconductor diode junction and found that the diode leakage current
was a function of the distance of the light spot to the junction barrier.
(See Figure 1)
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In further experiments at the Sandia Pulsed Reactor Facility, Easley
and Blair(s) irradiated the entire diode to a gamma dose rate of
2 x 107 r/sec for approximately 50 Hs. They demonstrated that the ob-
served transient currents were proportional to the product of the junc-
tion area and the diffusion length. In Figure 2, the peak leakage cur-
rent normalized to the gamma dose rate is plotted against the effective
generation volume of the test diode for a variety of geometries. The
parameter £ is a factor to compensate for the modulation of the diffusion
length due to the associated neutron dose of the SPRF reactor. Deviations
of the experimental points from the predicted values, (as indicated by the

dotted line), are attributed to leakage effects on the surface of the device.

Calculations by Brown(G), suggest that the bulk leakage current has

two components. The first current arises from the production and diffusion
of electron-hole pairs within a diffusion length of the diode junction.

The time constant of this current is proportional to the minority carrier

3 to 10-7 seconds. An addi-

tional current is produced by electron-hole pairs generated within the

lifetime which is normally of the order of 10°

space charge depletion region. Although the magnitude of the current is
expected to be less than that of the diffusion current since Wge (the width
of the space charge region), is less than L, (the diffusion length of the
minority carriers), this current is characterized by considerably shorter

rise times of the order of 10-9 to 10-10 seconds. This implies that for a

burst of ionizing radiation of extremely short durations, i.e., 10 = to
10-9 seconds, the two components should be separable. This hypothesis has
achieved wide acceptance although experimental verification has not been

reported.

Hence, the present physical model to account for the observed reversed
biased leakage currents in a semiconductor diode suggest three current
components. They are diffusion currents, spare charge depletion layer

currents and surface leakage currents.
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EQUIVALENT CIRCUIT REPRESENTATIONS

For the purpose of electrical circuit design the irradiated diode
may be represented as shown in Figure 3. The diode is reversed biased with
a voltage Vo and is represented by a parallel junction resistance and
capacitance, Rj and Cj( ). During irradiation, a current generator VG
and RG is utilized to represent bulk photocurrents and a leakage resistance

RL represents surface leakages phenomena,

Values of R, and C, are functions of the individual diode characteris-
tics available in device specification sheets and values of VG’ R.G and R.L
are dependent on radiation dose rates, surface treatments and geometry of

the diode under consideration.

MATERIALS AND DEVICE TYPES

Due to the larger forbidden energy gap in Silicon, (Ec = Ev = 1l/ev),
than in Germanium, (Ec - Ev = .65 ev), it is expected that Silicon diodes

are more impervious to transient radiation effects, for similar device

geometries.

In addition, high speed switching diodes perform considerably better

. X . . 2
in an ionizing environment than the larger junction power dlodes( )

Zener diodes exhibit very small responses to trangsient gamma irradiations.

Tunnel diodes appear to be relatively insensitive to transient radia-
tion effects. Their performance is so high that they are utilized in test

circuitry which operates in pulsed nuclear radiation environments.

The radiation resistance of tunnel diodes is attributed to three dis-
tinctive features of this type of device. These features are; (a) the
tunneling of majority carriers as a means of current flow, {(transient cur-
rents in other types of diodes are attributed to minority carrier flow),

(b) narrow junction depletion region, (which minimizes any existing minority
carrier flow), and (c) low device impedances which minimize the effect of

any existing surface leakage effects.(l)
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Figure 3. Equivalent Circuit for Reversed Baised Diode
During Transient Irradiation.
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-6 Volts

To Osecilloscepe

Horizoutal Sweep - 20 i.s/cm
Vertical Sensitivity - 20 ma/cm

FIGURE 4: TYPICAL RESPONSE OF 1N92 TO SPRF RADIATION BURST
PEAK RADIATION DOSE RATE vy = ~ 2 . 10’ r/sec
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EXPERIMENTAL OBSERVATIONS

Transient responses in reversed biased diodes are proportional to
the gamma dose rate incident upon the device. Figure 4 shows the re-
sponse of a 1N92 diode to the 50 us pulse of gamma radiation from the
Sandia Pulsed Reactor Facility (SPRF). The reliability with which the
variations in leakage current represent the gamma dose rate has lead to

their adoption as nuclear radiation detectors.

SUMMARY
The lack of statistical data on a large variety of specific diode

type prohibits the enumeration of their expected sensitivities to a pulsed

ionizing radiation. However, as the result of investigations that have
been made hithertofore, the following generalizations may be made about
the relative susceptibility of commercially available semiconductor diodes:

1. Reverse bias diodes are extremely sensitive to transient rahiation
effects. Forward bias diodes show little or no effect to the same
environment.

2. The magnitude of the induced transients are proportional to the pro-
duct of the junction area and the diffusion length of the device.
Hence, power diodes are more likely to induce circuit malfunctions
than the higher speed switching diodes.

3. Surface leakage effects are also present during the radiation burst,
Tnese effects are minimized in lower impedance devices.

4, The radiation induced transient changes in a diode may be represented
as a current generator and leakage resistance across the terminals of
the diode.

3. Zener diodes indicate small changes in the back biased resistance and
tunnel diodes are virtually impervious to transient radiation environ-
ments of practical interest.

6. For devices of similar electrical characteristics and geometry, Sili-

con diodes are to be preferred over Germanium diodes.
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Semiconducting diodes are perhaps the most radiation sensitive of
all commonly used circuit components. Numerous circuit malfunctions in
transient radiation environments have been traced to large leakage cur-
rents produced by these devices. A realistic appraisal of the radiation
resistant qualities of a system or subsystem can best be estimated by
considering the circuit context in which these devices are placed. A
satisfactory quantitative estimate of the magnitude of these effects,
of course, can be made only through test irradiations of the individual

components and circuits in which they are placed.
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TRANSIENT GAMMA RADIATION EFFECTS
ON MICROELECTRONIC CIRCUITRY

INTRODUCTION

The future potential of microelectronic circuitry appears limitless with
the present rate of increase in reliability and improved fabrication tech-
niques. The incorporation of microelectronics not only greatly eases the
problems of packaging, but also simplifies the processes of troubleshooting
and maintenance. The effects of transient radiation on microelectronics is,
at present, not well known mainly because of the short period of time on the
commercial market. Tests performed by the Nucleonics Research Department,
however, have fortunately enabled the formulation of sufficient preliminary
data to be of use to designers planning to incorporate the use of microelec-

tronic circuits.

GENERAL DISCUSSION

The field of microelectronics is divided into two groups distinguished by
the method of fabrication. A brief and general discussion is felt necessary

to assure the general understanding of nomenclature used.

A. Bulk Semiconductor Circuitry

The general sequence of fabricating bulk semiconductor circuits starts
with a semiconductor substrate usually of P-type material. Through alternating
processes of passivation, diffusion, and photo-etching, a complete circuit
can be fabricated which contains transistors, resistors, capacitors and
diodes all formed of semiconductor materials, Figure 1(a) describes the
crogss-section of a bulk semiconductor circuit with the equivalent circuit
shown in 1(b).

As can be seen in Figure 1(b), the semiconductor substrate acts as
an isolation diode between each component and ground, therefore, this ef-
fective diode must be reverse biased for proper operation of the circuit.
Past experience from radiation effects tests predicts that the reverse
biased isolation diode will cause these circuits to be more radiation
sensitive than if ihe substrate were made of low conductivity insulating

material.




Page 53

Transistor Diode Resistor Capacitor

/s /

NV MR i
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277771 Aluminum (IIIIT1711l} N-Type Isolation Material

{=———=] P-Type Semiconductor Material

(a)
Crossection of Typical Bulk Semiconductor Circuit

———

(b)
Equivalent Circuit Including Substrate Isolation Diode

FIGURE 1: BULK SEMICONDUCTOR CIRCUIT
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B. Thin Film Hybrid Circuits

The thin film circuits start with a substrate made of glass and
through alternating processes of diffusion, etching, and oxidation,
passive components are formed. As yet, active components are not being
formed by the thin film process, “so transistor and diode clips.are at-
tached to the thin film circuit by standard methods. Figure 2(a) shows
a thin film circuit with the equivalent circuit in Figure 2(b).

This method of fabrication does not result in an isolation diode be-
tween components and ground, so it is expected this circuit will be less

sensitive to radiation than the bulk semiconductor circuit.

COMPARISON OF RADIATION EFFECTS

Passive and active components resultant of the two methods of fabrica-
tion will respond differently during a radiation pulse and the relative re-

sponses will be discussed.

A. Resistors

1. Bulk Semiconductor resistor is shown in Figure 3(a) where R is the
nominal resistance of the resistor and Rl is the radiation induced
shunt leakage due to ionization of the surrounding material and air.
The current generator I represents the injected current induced by
the radiation pulse. Diode D1 is formed between the P-type resistor
material and the N-type isolation material and Diode D2 is formed by
the N-type isolation material and P-type substrate material. Figure
3(b) indicates the resistor response during irradiation when monitored
in the circuit of Figure 3(a). The response is a negative current
pulse with a magnitude which is a non-linear function of the voltage
across the resistor. This response has been characteristic of all
tests to date on bulk semiconductor resistors.

2. Thin Film Resistors

The equivalent circuit for thin film resistors is shown in Figure 4(a)
where R, Rl and I represent the same as in Figure 3(a). The main dif-
ference in this resistor is the absence of the diodes as compared to the
bulk semiconductor resistor. Figure 4(b) shows the response of this

resistor during irradiation, when monitored in the test circuit of
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Q
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(b)
Equivalent Circuit

FIGURE 2: THIN FILM HYBRID CIRCUIT
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Ry F~————-———- 3

T R

Equivalent Circuit

(a)

Test Circuit and Equivalent of Bulk Semiconductor Resistor

Volts across Resistor

0 1 2 3 4 5 6 7 8 9 10
9 et + ¥ e} p——t t
-100 +
=200 o
=300 1
=400 -+
R = 3,7K
=500 - 2.9 x 107 r/sec
'600 =1 R = 6.5 K
2.9 x 107 r/sec
=700 A
-800 - R = 2.2K
4,4 x 107 r/sec
-900 +

(b)

Radiation Response of Bulk Semiconductor Resgistor

FIGURE 3: BULK SEMICONDUCTOR RESISTOR
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Figure 4(a). The response is a negative current pulse whose ampli-
tude is a linear function of the voltage across the resistor. The
intersection of the response curve with the ordinate indicates the
value of the injected current I. All tests to date on thin film
resistors indicate the same response with the ordinate crossing

apparently a functicn of the resistor potting material.

B. CAPACITORS

1.

Bulk Semiconductor Capacitors

Until recently, bulk semiconductor capacitors have been unavailable

for testing, therefore, no data is available. However, from experience
with the bulk resistor, it is expected the capacitor will respond to
irradiation with a non-linear relationship to the voltage across the
capacitor., Data should be available soon,

Thin Film Capacitors

The equivalent circuit for thin f£ilm capacitors is shown in Figure
5(a), where Rl and I represent the same as in Figure 3(a). The
capacitance C is the nominal value of the capacitor. The response

of this component during irradiation is shown in Figure 5(b), and is
characterized by a negative current pulse, whose amplitude is a func-
tion of the voltage across the capacitor. The ordinate intersection
once again is a function of the potting material. The circuit used

for the test is indicated in Figure 5(a).

C. DIODES

1.

Bulk Semiconductor Biodes

The equivalent circuit for bulk semiconductor diodes is shown in
Figure 6(a) and response to irradiation is shown in Figure 6(b). The
responses have been separated to that due to the isolation diode and
that due to the diode itself. The total response combining the two
diode effects is expected to be nearly the sum of the two separate

responses.
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