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[. INTRODUCTION

Military systems have traditionally been designed to operate over a wide range
of environmental conditions; recently, the environment in the vicinity of a nuclear
explosion has been added. Several aspects of the radiation hardening problem are
relatively unique, such as the high cost and extreme engineering difficulties encountered
in subsystem or system level proof tests. Another specific characteristic of nuclear
environments is the multiplicity of kill mechanisms. Neutrons produce degradation in
device characteristics; photon pulses produce both current transients and catastrophic
failures; and the ionizing dose deposited by the total radiation environment produces
device surface degradation modes.

Many systems, such as communication satellites, must also operate in the space
radiation environment. Here, the total ionizing dose accumulated over long mission
times may be the dominant vulnerability to internal electronics. Most satellite
electronic systems are powered by solar cells which must be exposed to external
radiation with very limited shielding. This makes hardening of solar cells a very
important problem for space systems. This presentation will not fully discuss the
special problem of space environment, but will emphasize the hardening problems
associated with nuclear weapons.

A tractable engineering approach to system hardening necessarily involves a
substantial degree of overdesign. This has the net effect of reducing the large number
of potential failure modes to a mmuch smaller number of significant failure modes.
Furthermore, system level testing can be success oriented, and survival of the system
to radiation levels substantially in excess of the required level can be reinter reted in
terms of high survival confidence at the required level. This is analogous to the use
of overstress techniques in reliahilily engineering.

The degree of overdesign which is apprOpr iate d Pends on specification level
and system complexity. For example, at 1012 n/ecm2,* an overdesign factor of 20
is reasonable, and at 1013 n/cm3, an overdesign factor of 5 is reasonable; whereas,
at 5 X 1014 n/cmo it is difficult to obtain any overdesign factor for safety margin.
Generally speuking, the desired overdesign factor increases with system complexity.
Fortunately, systems requiring tolerance to very high radiation levels often contain
relatively few parts, and hardening design can be accomplished with relatively small
overdesign factors.

Radiation specification_levels can he qualitatively scoped by a careful suryey of
the unclassified literature. Scoping radiation levels in terms of neutrons/em?2, the
lower end of the range of interest is about 1011 n/em? where some of the most sen-
sitive semiconductor components begin to show radiation effects. The upper end of
the range is about 1015 n/em2 which is curr ently a practical limit for semiconductor
electronics.

*Neutron fluence in this report is ngcm (F > 10 Kev, 1 MEV Equivalent Damage (Si))
and is approximately cqual to n/em= (E > 10 Kev, TRIGA).
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Many systems are manned, and the dose required to kill a man is in the 300 to
500 Rad range. For these systems the radiation specification will be toward the lower
end of the range. Furthermore, mechanical, operational, and structural character-
istics of many systems dictate radiation specification at the lower end of the range.
This is readily deduced by comparing the range-overpressure and range-neutron
curves in Glasstone.l

One can certainly conceive of special applications, such as operation of
electronic instrumentation near the core of a reactor for extended time periods,
which would require radiation specifications near the upper limit of our range of
interest.

This discussion will concentrate on the lower end of the range of interest
which contains the majority of system requirements. This eliminates the require-
ment for special new hardened devices or circuits, and concentrates the discussion

* on proper application of current technology to fulfill hardened systems requirements.

The nuclear radiation environment consists of a pulse of photons, X-rays, and
vy rays, followed by a pulse of neutrons. System hardening must accommodate the
individual radiation effects, plus any synergistic effects. A set of compatible
radiation levels, not necessarily balanced, are defined in the radiation specification.
A simple statement of radiation levels defines a design goal; the addition of minimum
system failure probhahilities and associated confidence levels quantify the required
degree of hardening. A preliminary failure budget, Table 1, is then allocated, based
on a preliminary system evaluation, and functional specifications are derived for
subsystems. This logically continues to the dclineation of circuit and, finally, com-
ponent level radiation specifications.

The preliminary failure budget is best approached by reviewing the electronic

circuits and semiconductor devices against the specification requirements using the
data in a concise summary document such as the TREE Handbook.

Table 1. Typical Preliminary System Failure Budget for Nuclear Radiation

Maximum Failure
Specific Radiation Failure Mode Probability

Neutron Failure Probability 0.04
Photon Failure Probhahility (Dose Rate)

Noncatastrophic 0.02

Catastrophic 0.06
Total Dose Failure Prohability (Neutron + Photon) 0.08

Maximum System Failurc Probability 0.20




The main elements of a hardening device approach are:

1. Shielding at the system or black box level to limit radiation levels in
the electronic circuits.

2. Special circuit design techniques to minimize circuit functional response
characteristics to radiation effects.

3. Use of hardened semiconductor components.

Shielding can be effectively used to reduce X-ray flux, but because of severe
weight and size penalties, shielding is usually ruled out as a means of reducing vy or
neutron flux; ground installations are an exception and can be effectively shielded
against y and neutron flux.

Discussions of circuit design techniques and component hardening techniques
can be found in the TREE Handbook and will not be discussed further here. The
system aspects of component hardness will he treated in Sections II, III, and IV, and
the system aspects of circuit hardness will be discussed in Section V.

Electronic systems can be effectively hardened following this approach. It
will probably be necessary to revise the failure budget several times as anticipated
problems fail to materialize with expected severity and as unanticipated problems
become identified by analysis, testing at simulation facilities, or by system level
proof tests.

Hardened components are the solid foundation for a survivable system. Recent
advances in semiconductor device technology have produced high gain bandwidth,
dielectrically isolated, integrated circuits with thin-film passive components optimal
for use in radiation environments. Computer-aided design and analysis has been
made possible by the development of codes like SCEPTRE, CIRCUS, NET, PREDICT,
and TRAC, which utilize large signal radiation equivalent circuits for semiconductor
components. The disciplines of reliability engineering and quality control have
evolved new techniques for minimizing weak honds. think overlay patterns, and
other structural defects that might limit radiation performance.
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1. NEUTRON CONSIDERATIONS

Establishment of a failure hudget will determine some maximum failure
probability duc to ncutron effects that will serve as a basis for neutron hardening
design decisions. The most important failure mechanism due to neutrons is the
degradation of semiconductor device operating characteristics. The core of this
problem is B degradation.

Expansion of the expression for 1/8 has been accomplished 3,4 to explain this
failure mode, with the result that each of the radiation dependent terms is proportional
to base width or base width squared. At low current levels, recombination in the
emitter-base field region dominates; ° at high current levels, recombination in the
base, including its expansion into the collector junction, 6 dominates. Therefore,
control of base width is mandatory to control degradation in the neutron envwonmcnt
Usually, it is more convenient to directly control gain bandwidth product, ft, (ff « 1/W2),
and thereby indirectly control base width. L'nder high current level operation
conditions,

mag =

Selection of an ft value which ensures the largest overdesign factor consistent with
current state-of-the-art and market availability is now made for small signal devices.
This might be 200 MHz, for example, which ensures a maximum A1/g of 0.08 at 1014
n/em2, Problem dev1ces such as power transistors, are next. The highest nractical
value of f; should be obtained; although, this might be as low as 25 MHz. Ovcodesign
must now be enhanced by circuit design techniques that minimize the dependence of
circuit functional parameters on the gain of the power transistor.

Devices such as SCR's and unijunction transistors should not be used unless a
verified source of hardened devices has been established. \icrocircuits, including
PNP transistors, should be avoided if possible due to the difficulty of controlling basc
width in such structures.

Finally, critical circuits, as identified by worst-case analysis in the normal
environment, should be carefully reviewed from the neutron damage stand-point.
Obviously, these circuits will have the smallest performance margin in the neutron
environment.

At this point, identification of the most important neutron vulnerabilities can be
summarized. They will consist of circuits that were required to accommodate low
gain bandwidth product transistors and circuits that arc marginal in the normal
cnvironment. A rough estimate of system failure probability as a function of neutron
fluence can now he made by computor aided analvsis of these circuits (TRAC), and a
computer-aided analysis (SECURE) 13 can be made of the effects of radiation
degradation in these circuits on system performance. This failure probability will
hopefully be within the failure budget, and some reallocation of failure budget may he
possible and desirable. If this failure probability is unacceptable, the major con-
tributors will be obvious from the analysis, and a redesign program can be
cffectively planned to produce the required hardness,
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The entire system should now be exposed in a simulation facility (e.g., TRIGA
Reactor) and exposed in steps until failure occurs. A well-designed test program will
enable identification of most of the important failure modes by continuing the test past
first failure and subsequently determining degradation in the critical circuits by
electrical tests.

The analytical predictions and the experimental results will be different; there-
fore, any substantial or significant differences must be resolved by an engineering
program specifically designed to force congruence.



6 1. PHOTON CONSIDERATIONS

Current transients resulting from photons create noise pulses, change of state
in digital circuits, and other transient phenomena that do not involve catastrophic
failure of components but which can produce system failure. In addition, large mag-
nitude current pulses can produce catastrophic device failure. Both of these failure
modes must be assigned maximum allowed probabilitics in the preliminary failure
budget.

. Intrinsic hardening of devices is impractical for dealing with current transients
and, therefore, the system must be designed to tolerate the transient currents. A
transient current pulse in linear or analog circuitry is almost never limiting in an
overall system sense; most systems must be able to tolerate such pulses since they
can also arise from signal channel switching, power supply transients, lightning dis-
charges, and many other normal occurrences. Even for digital circuitry, such
current transients are usually just an annoyvance that can be corrected by activating
a reset button or closing a circuit breaker. In the few cases where such an inter-
ruption is intolerable, a circumvention subsystem can be used that senses the radiation
pulse, shuts the system down for a very brief period, and automatically restarts the
system electronics. The probability of proper functioning of reset or circumvention
circuitry can be statistically analyzed using appropriate circuit models and a system
analysis computer code. This source of system failure should be a very small part
of the error budget in a well designed system.

Catastrophic failure, burnout, can also result from photocurrents. One

‘ important failure mode arises when junction photocurrents short circuit a pow r
supply to ground, or a positive power supply to a negative power supply. This pit-
fall can usually be avoided by addition of appropriate current limiting resistors.
Another important failure mode is latchup in junction-isolated microcircuitry. This

| can be avoided by using DIIC's; it is less desirable but possible to use specially

hardened JIIC's.

A subtle failure mode occurs primarily in integrated circuits. The thin over-
lay pattern, usually aluminum or gold, which is used to interconnect the integrated
circuit elements, has a relatively low current-handling capacity. Further, defects
such as scratches or thin regions ahove oxide steps can seriously reduce surge
current capabilities. For short pulses of rad1at1on typical of LINAC's and FXR's,
the burnout depends primarily on the energy (~I Rt) dissipated in a portion of the
overlay pattern. Usually a well-designed overlay pattern will support the expected
photocurrent surges with substantial design margin. The problem then reduces to

L a very difficult quality control problem, making sure that the prohability of finding

a defect anywhere in the overlay patterns in any of the devices in the system is within
the assigned failure budget. This problem is much ecasicr to manage in DIIC's than
in JIIC's because the photocurrents arec much lower., The system engincer must
allocate a generous portion of the radiation failure budget to this failure mode and
demand a very thorough set of process and quality controls from the device
manufacturcr.

3-1
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IV. TOTAL DOSE EFFECTS

Both neutrons and photons contribute to total dose in the weapon environment.
Surface properties of semiconductor devices are substantially changed by ionizing
dose. Silicon devices with good oxide passivation on the surface suffer an increase
in positive charge density near the oxide silicon interface, resulting in a change in
surface potential, surface conductance, and surface rccombination velocity. 8 These
changes are relatively large; however, they tend to saturate with increasing dose.
Furthermore, the operating parameters of most transistors and microcircuits are
relatively independent of changes in surface properties. The net result of these con-
siderations is that most modern diodes, transistors, and microcircuits can he used
up to total dose levels of 106 Rads (Si) with tolerable changes in operating parameters.

The surface of the oxide can also accumulate charged ions (Telstar effect). 2
In a well-passivated device, this will have a negligible effect on device operation, but
this accumulation can cause catastrophic changes such as formation of surface
channels in unpassivated devices or in passivated devices with defective passivation.

Surface field effect transistors, e.g., MOSFLET's, suffer large changes in
turn-on voltage due to total dose effects and have thresholds as low as 5,000 Rads
(Si)1 . They should, therefore, be avoided in radiation hardened sysitems. Research
is currently in progress at several lahoratories to develop a hardened surface field
effect transistor; and this represents one of the most fruitful contributions device
development engineers could currently make to the system hardness problem.,

Some degree of control over this failure mechanism can be achieved by imposing
stringent control specification limits on junction leakage currents, since defective
passivation in most cases also leads to increased saturation currents. This failure
mode is generic to some device {ypes, 11 50 that a literature check of experimental
data is useful for eliminating some failure-prone device types.

Again, the system engineer must be generous in allocating a substantial portion

of the failure hudget to surface dose effects, and demand a high degree of process
and quality control from the device manufacturer.
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V. CIRCUIT ANALYSIS CONSIDERATIONS

Analysis and design of electronics in the radiation environment requires the
ability to quantitatively describe the clectrical effects of radiation on semi-conductor
devices. There are a number of models available, but the Ebers and Moll Model is
probably the simplest large signal model that can be readily modified to include
radiation effects. The first step is to characterize all of the devices which are used
in the system and make a prediction, nominal and worst case, of the device response
in the neutron and photon environment. Then the devices must be measured in
radiation simulation facilities. The predicted and measured responses should then
be compared and any significant differences resolved; most probably, congruence will
be effected by second-order corrections to the basic device model, A typical example 1
of comparison of measured and predicted response for a general-purpose amplifier
microcircuit is shown in Figure 1. Prediction and experimentation must cover all of

" the current and voltage regions that the devices encounter in the system. This is more

difficult for transistors than microcircuits, because microcircuits are usually used at
the same specific voltages and currents throughout the system; whereas, transistors
are used at various operating biases. In no case should circuit analysis be attempted
until satisfactory device models are defined.

Next analysis of circuits can be accomplished, and it is probably cost effective
in most cases to use coniputer codes. Onec should not overlook the possibility of
using simplified hand analysis where it is appropriate and sufficient. Again, nominal
and worst-case predictions should be made, some comparison experiments should be
conducted and congruence should be effected between predicted and measured results;
a typical example of analysis and prediction is shown for a regulated power s pply in
Figure 2. After suitable circuit models have evolved, subsystem or system analysis
can be started using a computer program such as SECURE 13. To avoid computer
overloading, SECURE allows the analyst to represent the relatively insensitive eir-
cuits by functional blocks and to represent the radiation sensitive circuits by detailed
equivalent circuits as was done at the circuit level. TResults of the circuit runs allow
the analyst to decide which circuits show sufficient sensitivity to require detailed
modeling.

The results of the SECURE runs allow system operating parameters to be pre-
dicted as a function of radiation exposure. Proof tests on the system at radiation
simulation facilities can now be made and compared with the SECURE prediction.
Agreement between predicted and measured results will provide confidence in the
hardened design, and will result in much reduced requirement for statistical testing
to reach a specified confidence level.

Figure 3 is a flow chart for computer-aided analysis showing the buildup in
complexity from parts to system level, including the important cogruence steps to
assure one-to-one correspondence hetween analysis and test results.

(4]
1
[y

.- o T T A RO SR ———



[
3%
(7]
&=
o) 2.0 b
tl
[}
<G
(>
-1 [77]
o &
o)
B>
-
E 3
2 >
© q
;‘03' 1.0 |-
= /7
P
o)
=
=
o
O
1
1X10
Figure 1.

DEVICT ANALYSIS

LIMITED
WORST-CASE
PREDICTION
J
yd -
PREDICTED
v _--
yd -
-
,/
-

MEASURED

e LIMITED BEST
CASE PREDICTION

2
N/CM

Example of Congruence Between Predicted and Measured Common-Mode

Output Voltage Offset for a General-Purpose Amplifier Microcircuit

- B




o A ot 8. s +n e

o A Sttt b i . AT An

+20 V—

REGULATED
POWER
SUPPLY

v K

«

® SCAN USED FOR NEUTRON
DEGRADATION

® TRAC USED FOR IONIZATION
(TRANSIENT) EFFECT

+10 V (£2%)

+10.2
+10V
+9.8

+10

(SCAN)

+2%

NOM

(TRAC)

e ===~ — — [NCIDENCE OF Y (t) PULSE

Figure 2. Application of SCAN/TRAC to a Voltage Regulator



COMPLETE
RADIATION
TEST PARTS
PARTS CHARACTERIZATION
CONGRUENCE
EBERS  MOLL MODEL
RADIATION
* PREDIC TION I
| SECOND -ORDER ¢ — — — — J
e — — — — CORRECTIONS TO
MODEL - TEST REFINEMENT G —— —— —— |
’ |
]
SELECTED !
RADIATION CIRCUIT
TLSTS ; 1S
CIRCUIT CHARACTERIZATION SUBSYSTEM
(SCAN) (TRAC) CONGRUENCE
RADIATION
PRIDIC TION
SYSTEM
RADIATION TESTS
SYSTEM CHHARACTERIZATION
SYSTEM
(SECURE) CONGRUENCE =P
SYSTEM
A PREDIC TION |
| !
l |
e — —— —— MODE. EVISION 4~ — — — —J

Figure 3.

Computer-Aided Design and Analysis



VI. BUILDUP SCREENING

Electronic parts in the finished system must have a failure prohability in the
range 10-8< Pf<10-9, depending on system complexity and requirements. What failure
probability should be demanded from the picce part manufacturer? If the system is
blindly assembled without any testing or screening or rework cycle by the system
manufacturer, the device manufacturer must bear the entire burden and supply parts
in the 1072 to 1078 failure probability range. However, if the systemn manufacturer
inserts a practical number of tests, screens, and rework cycles, discrepant devices
will be weeded out as the system progresses through various stages of assembly. A
hypothetical case shows this process through various stages of assembly in Table 2.

It is possible to demand a failure probability in the 1073 to 1074 range from the

. device manufacturer and to improve this by ahout two orders of magnitude using

suitable in~process testing and screening during system assembly. This leads to a
system failure probability between 1072 and 1078, This division of failure probability
responsibility between device and system manufacturers leads to a practical and cost
effective system design. Device manufacturers can and are realizing failure pro-
babilities in the 10-3 and 10~ range, -and system manufacturers can and are upgrading
this to the 10-5 to 10-8 range by suitable manufacturing processes. Table 3 documents
this partition of failure responsibilities.

Table 2. Buildup Screening — Typical System

All Failures | Catas..ophics

Manufacturing Level (Percent) (Percent)
Board Mounting Complete Electrical 1.0 0.1
System Electrical Confidence . 0.1 0.01
Vibration 5 Gs 3 Axes 0.05 0.002

5~ 3000 cps
Complete Functional Test
Burn In 0.001 --

Temp Cycle 0.02 0.001
(-40 to 150 F)

Electrical Stress
Voltage Steps
Current Steps 0.002 -
Power Steps

Field Retums on per annum basis 0.01 0.004
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Table 3. Partition of Failure Responsibility

Range Target
Device Manufacturer 1072 - 1073 1074
System Manufacturer 1072 - 1073 1074
Resulting System Failure Probability 1074 - 1078 1078
Requires absolute elimination of device "cancer' hy process controls.

The hard and fast requirement for making the buildup screening work is that
the devices must not contain any "cancer." This is best illustrated by recalling the
gold-aluminum intermetallics problem (purple plague) that semiconductor manufacturers
struggled with and finally conquered. Any condition, such as an incomplete chemical
reaction, formation of intermetallic components, impurities sealed in the can, etc.,
could lead to progressive device deterioration.

On well-controlled, high-reliability lines, several device manufacturers have
proven themselves capable of producing high quality devices free of any "'cancer"
condition. Strict and continuing process control hy the device manufacturer is
required, of course, to obtain these high quality devices.

These concepts were estahlished by engineers solving the problem of fabricat-
ing high reliability systems containing tens of thousands of parts. These same con-
cepts can be very profitably applied to the design of hardened systems. The c-rryover
is quite direct, since radiation introduces stresses similar to those introduce . by the
various environments the reliahility engineer has previously mastered. Further, it
is the discrepant device that produces the problem in the radiation environment just
as in other stress environments. Specifically, a scratched overlay pattern on an IC
will be quite likely to fail due to electrical stress produced by starting the system
or by an overvoltage transient in the power supply, and it is also quite likely to fail
due to the current overstress produced by a radiation pulse.

The catastrophic failure modes, such as 12Rt burnout, can be controlled by
electrical stress tests used by the device manufacturer, and the resulting failure
probability reduced manyfold by further electrical stress tests at various levels of
system assembly. The surface degradation mode due to ionizing dose can be con-
trolled by temperature and burn-in screens hy the device manufacturer, and the
resultant failure probability reduced by suitable bum-in and temperature stress at
various levels of system assembly.



VII. STATISTICAL CONSIDERATIONS

Table 1 shows a typical system failure hudgetl for the radiation environment
designed to reduce system failure probabilities below 20 percent.

For neutron degradation, sufficient statistical data is available in the literature
to make overstress testing feasible. Devices can be tested to failure in incremental
steps and a plot of percent failure versus ncutron fluence constructed. This can then
be extrapolated down in fluence, based on a normal distribution to the specified fluence
level. On this basis, one or two device types, and one of two critical circuits will
determine the system failure probability due to neutron displacement effects.

The noncatastrophic photocurrent problems can be assessed by testing the
several reset or circumvention circuits in a simulation facility. The total number of
tests must be consistent with the failure hudget and confidence requirements placed on
the system.

The catastrophic photocurrent problems and the total dose problems require
brute force testing programs in simulation facilitics. Practically speaking, over-
stress testing can be used to increase confidence, but present state of the art does
not support quantitative extrapolations.

It is imperative that the system engineer accumulate and document all radiation
test data taken on the system, including part characterization data, part sampling
data, circuit level data, subsystem level data, and system proof test data. All go
no-go type data should be accumulated and documented. An experienced stat’ stician
can utilize all of these data sources to increcase confidence in the ability of the system
to meet radiation specifications.

Worst-case analysis involves setting device or circuit parameters at a worst-
case level and determining the effect on some higher level system or subsystem
function. What is worst case? Is it one chance in ten ? Or one chance in a hundred?
Or perhaps one chance in a thousand? This depends on the complexity level. When
describing the system in terms of perhaps three to ten subsystems, worst case is
something like one chance in ten, and one should work at roughly 1o levels. The
system, however, contains several hundred circuits, a fraction of which (maybe one-
third) have important radiation responses. Now worst case should be like one chance
in a hundred, and one should work at roughly a 2¢ level. There are usually several
thousand devices and, therefore, one should work at roughly the 3¢ level for worst-
case device analysis. The important point is to be sure that the worst-case definition
used for the analysis bears a reasonable mathematical relationship to the required
system failure probability. This is illustrated in Table 4.
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Table 4. Determination of Statistical Significance Levels for
Functional Specifications and Analyses From System
Specifications Analysis Levels

Statistical Significance Levels

System Level Statistics ~1lg ~849
Subsystem

Statistics ~20 ~98%
Critical Circuit

Component Level Statistics . ~3c ~99.9%

Circuit analysis codes are available that enable the system engineer to
determine functional specifications for subsystems, circuits, and components from
an overall system specification. leavy emphasis on process and quality control is
required of the device manufacturer, because radiation excites some failure modes
that are not important in other environments and other failure modes that are not
easily correlated with electrical measurements,




VI, CONCLUSION

Electronic systems can he effectively hardened against nuclear radiation
environments. A combination of shielding, special circuit design techniques, and
use of hardened components is required. The difficulty and cost involved in proof
testing is reduced by using a substantial degree of overdesign, allowing the proof
tests to be success oriented. Overstiress techniques can be used to estimate system
failure probability; this is very cffective for neutron degradation failure modes and
very uscful, although not completely reliable, for surface dose and photocurrent
catastrophic failure modes.

8-1




6.

10,

11.

12,

13.

REFERENCES

Glasstone, S., "The Effects of Nuclcar Weapons, " U.S. Government Printing
Office, 1964.

TREE IHandbook, Battelle Memorial Institute, Columbus, Ohio 1968. (DASA
Approval Need-To-Know required.)

Messenger, G., and Spratt, J., "The Effects of Neutron Irradiation on Germanium
and Silicon,'" Proc. IRE, June 1958, pp 1036-1044.

Larin, F., Radiation Effects in Semiconductor Devices, John Wiley. 1968.

Goben, C. A., "A Study of the Neutron Induced Base Current Component in
Silicon Transistors,'" IEEE Transactions on Nuclear Science, October 1965,
pp 134-146.

Gwyn, C. W,, et al, "The Analysis of Radiation Effcets in Semiconductor Tunction
Devices, " IEEE Transactions on Nuclcar Science, December 1967, pp 153-169.

Messenger, G. C., and Stecle, E. L., "Statistical Modeling of Semiconductor
Device for the TREE Environment," IEEE Trans, NS-15, No. 1, pp 133-139.

Snow, E. H., et al, "Effects of Ionizing Radiation on Oxidized Silicon Surfaces
and Planer Devices,'" Proc. IEEE, Vol. 55, No.7, July 1967, pp 1118-1185,

Peck, D.S., et al, "Surface Effects of Radiation on Transistors," Bell System

Tech. J., Vol. 42, January 1963, pp 95-129.

Bary, A.L., and Page, D.TF., "Radiation Hardening of MOS Transistors for
Low lonizing Dose Levels,'" IEEE Trans., Vol. N5-13, December 1966,
pp. 255~261.

Spratt, J.P., et al, "The Impact of Technology on Radiation - Hardened
Integrated Circuits,' IEEE 1969, International Solid State Circuits Conference,
Philadelphia, Penn.

Private Communication from Ron Reeder and R. R. Miltenberger, Autonetics
Anaheim.

SECURE is a special computer code developed by Autonetics for systems analysis
in the radiation environment, and is not currently generally available. Iowever,
systems analysis codes similar to SECURE are expected to become available in
the near future.




/NEUTRON DAMAGE CONSTANT FOR BIPOLAR TRANSISTORS

1 July 1969

C. R. Viswanathan

Department of Electrical Sciences and Engineering
School of Engincering and Applicd Science
University of California

Los Angeles

G. C. Messenger,
D. H. Alexander., J. E. Cooper,

E. C. Heaton, and R. N. Lane

Autonetics, Minuteman Division

Anaheim, Califorx'lia

O '\ Autonetics
>V North American Rockwell

3370 Miraloma Avenue, Anaheim, Califormia 92803



9 NEUTRON DAMAGE CONSTANT FOR BIPOLAR TRANSISTORS

C. R. Viswanathan, Department of Electrical Sciences and Engineering,
School of Engineering and Applied Science,
University of California, Los Angeles

and

G. C. Messenger, D. H. Alexander, J. E. Cooper, E. C. Heaton, and R. N. Land
Autonetics (Minuteman Division), Anaheim, California

ABSTRACT

An exact expression for the neutron damage constant, K, has been derived in
terms of the rate of degradation of current gain with neutron fluence in bipolar
transistors. It is shown that this expression reduces to the simple form,

al
K = 0.16/<fT §%> ,

for the entire range of damage where the damaged transistor is still a useful device.
The effect of neutron irradiation on minority carrier distribution and also on transit
time in the base of a bipolar transistor is discussed. It is shown that the gain-
bandwidth product remains constant under neutron irradiation unless the transistor

is damaged beyond its useful limit. An empirical function for the depender ‘e of damage
constant on emitter current is obtained from experimental results.

INTRODUCTION

Neutron radiation causes reduction in the minority carrier lifetime by creating
defects in the crystal lattice. In a bipolar transistor, minority carrier flow across
the base region is the dominant "gain determining' mechanism. Consequently, the
current gain of a bipolar transistor is reduced under neutron irradiation due to displace-
ment damage in the base region. The degradation of lifetime under neutron
irradiation of fluence, ¢, is given by

[

where K is the damage constant, 7; is the initial (preirradiated) value of lifetime, and
T is the post-irradiated value of lifetime. This expression giving a linear relationship
between reciprocal lifetime and neutron fluence has been verified to be valid over a
wide range of ncutron fluences: therefore, the damage constant, K, is a useful
paramctcer to predict the reduction in current gain for any ncutron fluence. In this
paper, we rcport a general solution to the continuity equation in the base of a bipolar
transistor, and from this dcrive an expression for common emitter current gain in
terms of the ratio (k = L, /w) of the minority carricer diffusion length to the width of
the basc and the drift fic\d paramcter, n, Using the relationship between diffusion
e length and lifetime of minority carriers, an expression for damage constant, K, is



derived in terms of the preirradiated gain bandwidth product, fp, the slope of reciprocal
current gain, P, with respect to neutron fluence, ¢, and n._ This expression is shown
to be reducible to a simpler form similar to an earlier onel) over the range of neutron
fluence at which the transistor is still a useful device.

The effect of neutron radiation on the distribution of minority carriers in the
base region, as well as on the base transit time, is discussed in this paper. Prelimi-
nary results of the effect of neutron radiation on gain bandwidth product are also
discussed. Finally, the functional dependence of measured damage constant on emitter
current is given and is shown to agree with experimental values.

NEUTRON DAMAGE CONSTANT, K

The continuity equation for the base region of a transistor is given by

2
oAp _ 9 AP _ 7 3AP _ AP
ot - Ph ol W Dy “ox T 2)

where we have assumed a one-dimensional p-n-p transistor with a drift field
parameter, 1, and

where
Dh = diffusion constant for the holes in the base
= width of the base
T T lifetime of holes in the base
AP = excess hole density in the base.

The steady state solution to Equation (2) gives the equilibrium hole distribution in the
base region and is equal to

= e
AP
(0] 1-e ¥ v
1
-= X
+ 1 (2w 2 ) 3)
1- e_w"/_



where Ap, = excecss hole density at the boundary of emitter-base junction,
i.e., atx=0

= \ 'ﬁ + 4 = ‘\ ’_ﬁ + 4
w2 Dh Th w2 Lh2

and L, =diffusion length of holes in the base. From this we can calculate the
conductance matrix elements o7 and og;, and they are

e2A

eA 1/ w )_ﬂ_
11 = kT PhoP (2 c°th<2'\/ +2w)

q
{

and

2

%A 1 (/2 w )
%1 = kT Ph4Po3 (e v csch <2\/ )

where A is the area of cross section of the base region.

{

The base transport factor, b, is given by

b = c’21/"11

The current gain, B, in the common emitter mode, neglecting all other
mechanisms except the base transport process, is then

1.1, _ Sy
B b 91
Therefore,

-é—=;%-— e'-n/2 sinh (%\/—) +e 2 cosh (ﬂz'\/—) -1.

If we define k as the ratio of diffusion length, Lj, to base width we can rewrite
Equation (7) as

2 2
1 N -2 o1 -n/2 \ [n2 1
B = 3 e sinh vy + ) +e cosh 4 +k2 -1,

o1
4 k2

———— o~

4)

)

(6)

D

(8)

o e

P



The expression for f in Equation (7) shows the functional dependence of B on T, since

= Jﬁ_ + 4
V w2 Dh "h

The degradation of 7, under neutron irradiation is given by Equation (1) as discussed
earlier. Under the assumption that Dy, is essentially unchanged under neutron irradia-
tion, the change in P under neutron irradiation is brought about only by the degradation
in lifetime.

Therefore,
S I R
B_ _P T (9)
3¢ 1 ap
9r

From Equation (1), we know that

Q
|-
i

Q
©
?’4]»—*

109

We can evaluate 3(1/8)/6¢ from Equation (7), and substituting this expression as well
as Equation (10) in Equation (9), we obtain

2

1
1 sinhy [A— + %
B %1 | | P
3¢ Dy K 42 2 3/2
.n_+_._12_ .
R
2
cosh Lji_+_12__
, 2
€’ [
4 2
k
2 -1
sinh %- +—12—
1 k
+ 7 . 11)
n/2
2e \/—2
a1
£z |




The term w2/Dh is related to the preirradiated gain bandwidth product {1 as

1w e +n-1
“r Dy n2
where
wT = 27 fT.
Therefore,
1
a._
g 1 1 0.16
as = v GM) =7 GMN), (12)
¢ 27 fT K fTK
where
-
2
]
9 sinh \ /[~ +"1§
Gm) = —2 - k
@ M+n-1) 4e V2 20 3/2
2 T2
i k
2
cosh -7?—4— + %
n k ¢
+
N
4 2
k
5 -
sinh a L
1 4 k2
+ . 13)
n (
2e/? [t 1
4 k2 |

(91




The function, G(n), is dependent on n and k, wheren =1ln Npg/Npp and where Npg
and Nppg are the donor concentrations in the base region near the emitter and colector
junctions, respectively.

In Figures 1A and 1B, we have plotted G(n) as a function of n for both positive
and negative values of n and for various values of the parameter, k. If G(n) does not
change with k, over a certain range of k's, then over that range

1
85/3¢>

will be a constant, i.e., 1/B will increase linearly with ¢, as can be seen from
Equation (12). From Figure 1A, it can be seen that at high value of N, G(n) is
essentially close to unity for value of k 21. However in homogeneous transistors,
(M= 0), G(n) varies appreciably with k for values of k less than 2, Over the range
of neutron fluence where the experimentally-measured value of 1/ varies linearly
with ¢, we can therefore take G(n) essentially as constant and equal to unity. Then,
from this linear slope

1
93 )
B /3¢
we can determine the damage constant, K, as equal to

_0.16
K = 1

14)
. B
T 9¢

We have plotted in Figure 2 the value of 8 from Equation (8) as a function of k
with n as the parameter. From this figure it can be seen that in drift transistors with
N =8, B goes to a value less than 2 for values of k less than 0.5 while in homogeneous
transistors  becomes less than 2 for values of k less'than 1. Since, in any circuit
operation, the circuit will almost certainly fail for values of p as low as 2, we can
therefore assume that if a transistor is so badly damaged that k = 0.5, there is
complete failure. The range of neutron fluence, over which k never deteriorates to

less than 0.5, is seen from Figure 1A to be the range over which G(n) is essentially
unity,

If we consider the function, G(n), it is seen that for values of k 21, G(n) is
essentially constant withn. However, in a badly damaged transistor, G(n) varies
with n and for example for the case, k =0.5, G(n) reaches a maximum value of
1.9atn = -3. In Figures 1A and 1B, the corresponding 3 values are marked in
different regions of the curve for ease of reference.

In Figure 3, we give the experimentally-measured value of 1/p, plotted as a
function of ¢, for a typical transistor. It can be seen that this plot is essentially
linear with a slope of d% /9 equal to 1.83 x 10715 per n/em?. From the linearity,
it can be deduced that i‘n this region of neutron fluence, G(n) is essentially unity. We
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can verify this as follows. TFor this transistor, n was measured by the methods
decribed later to be =8 ie (NDE/NDB= 3000). From Iigurc 3, we find the

lowest measured Bto be 5, and using Tigure 2, we find this corresponds to k = 2.5.

In Figure 1A, G(n) for k = 2.5 and Np/Npp = 3000, is very close to unity. Therefore,
the use of Equation (14) is justified in this casc. Intrinsic fT was measured for this
transistor to be =85 Mc/s. Using this value in Equation (14), we obtain the damage
constant,

6 n-sec

2
cm

K =1.,03x10

BASE-TRANSIT TIME, s

The base transit time, T, which is defined as the average time taken by a
minority carrier to traverse the base region, is given by the following integral:

w w
TB = / 3_){ = __p‘e?A dx (15)
‘h h
x=0 =0

where A is the area of cross section of the base region. Equation (15) can be
transformed into

w
- L dx .
B D f 1 dap n , (16)
0

by writting Ij, explicitly as the sum of diffusion and drift components . Substituting for
Ap from Equation (3) in equation (16) and integrating, we obtain

2
R Y PN T
B Dh 4 k2 2
N
2 .11.‘.22__,__1._ -e 4 k2 l_.rﬁ.+_1-
Lh 2 4 k2 2 4 k2
+ — 1n ’ (17)
h 2
n_ .1
I * k J
where
L
kK = B
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-

It can be seen that when we consider the limit, k > 1 (i.e., Ly > w), Equation (17)
reduces to the familiar form,

w n-+e

B, D Z

which is the base transit time when there is no recombination in the base region (the
subscript, ©, in T is used to denote that Ly > w). Dividing Equation (17) by B, ,
we obtain

B _ 2 n? n’ 1 1
v~ - . -m 4 TTg T2
Bo

n-l+e k
-

- n_ +L 2

2., “_2+i —e 'Y %-\/1 +“1.2—

2 4 k2 k

+1n . (18)

n? , 1
4 k2 ]

Since neutron irradiation reduces the value of k, the change in ™8 under neutro’
irradiation is brought about by its dependence on k as given in Equation (18). In
Figure (4), T/ B, is plotted as a function of k for 1 = 8 (forward mode in a drift
transistor), M =0 (homogeneous transistor), and for n = -8 (inverse mode in a drift
transistor). It can be seen that in a drift transistor, little change takes place in Tg
until k is reduced to less than 0.5 (useful operating limit from the point of view of
gain) in the forward mode. However, in a homogeneous transistor and to a larger
extent in a drift transistor in the inverse mode, the base transit time is reduced
appreciably even when k is as large as 5.

MINORITY CARRIER DISTRIBUTION

The expression for excess minority carrier density in Equation (3) can be

rewritten as
n,1 P, 1 \x
2 2 4 2 w

k

!

Ap

Apo 5
., L
4 k2

l-e
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Values of Ap/ApO are plotted as a function of x/w for k =10, 1, and 0.1 for a drift
transistor with n= 8 in Figure 5A and for a homogeneous transistor in Figure 5B. It
can be seen that unless k is reduced to less than 1, the minority carrier distribution
is essentially the same as the unirradiated case. This agrees with our earlier
discussion on P degradation with k.

DETERMINATION OF n
Our discussion so far has shown that the value of nis required to predict the
degradation of transistor performance under neutron irradiation. We describe below

three methods by which n was determined for a particular transistor and it was found
that all three methods yield n values close to each other within 10 percent.

13
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In the first method, diffusion profiles of impurity distribution were obtained
from the device manufacturer and approximating this distribution by an exponential as
discussed by Lindmayer and wrigley(2), n was determined to be 8.5.

If the fringe field effects in the base region arising due to differences in emitter
and collector junction areas are neglected, then the ratio, fTN/fTI, is given by

f
TN _en-fl-l
f - ]

T eV 4n -1

(20)

where fTy and 7] are the gain bandwidth product in the normal and inverse modes,
respectively. This expression is plotted in Figure 6 as a function of . If fTN/fTI is
known, » can be determined from this plot. For the transistor referred to in the
previous paragraph, fTN and f1; were measured and an average value of n was
obtained as 8.4.

It is also possible to obtain gain bandwidth product from small signal transient
measurements. The time constant for the small signal transient response is B, ™g,
where T is base transit time and {, is the d.c. beta. Therefore, the ratio TBI/TBN
can be obtained by performing small signal transient measurements in the forward
and inverse mode, and since

T /T =f. /&,
B By Ty T

Figure (6) can be used to obtainn from the ratio, Tg;/Tgy-. For the reference
transistor an average value of 8.1 for 1 was obtained.

Thus, we see that the average values obtained for n by all three methods are
close to each other. It must be mentioned that individual values varied by larger
amounts and the maximum deviation, i.e., the difference between the highest and
lowest value, occurred in the transient method and this was of the order of 10 percent.

fT VARIATION WITH NEUTRON IRRADIATION
If we assume in Equation (2) that the injected excess carrier density consists of a

DC component and a superimposed small signal AC component at an angular velocity
of w, we can write the high frequency p as

é = ;PW —}72— sinh (ow) + ——%—/—2— cosh (w) -1, (21)
e e
where
2
n 1 .
Ow = \/T+'k—2 (l +l(_.)T'h)
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From Equation (21), complex p can be evaluated. A digital computer was used to
calculate B and in Figure 7A, Iﬁ |/ o was plotted as a function of M = w T, for k =5,
k =1 and k = 0.3 for a homogencous transistor where B, is the DC Beta. It is seen
that the 6 db-per-octave approximation is valid for k > 1. In Figure 7B, we plotted
|81/B as a function of M =w T for k =1 and k = 0.5 and k = 0.1 for a drift
transistor with 1= 8. It can be scen in this case that for k > 0.5, the 6 db-per-octave
approximation is valid for the fall off in |B].

We notice in Figures 7A and 7B that in the region where we have 6 db/octave
fall off,

MiBl _ ;.

Po
However,
M
wp 7 Tpl
h
B
- Mgl T_°. = _&, (22)
Ro h Th
where Wp =27 x gain band\:vidth product
But
1 _1 ,9¢ -9
— s —— + = (23)
Th T K K .
. _ 1
Sowp =By ¢ - (24)
In the region where
G
—8—¢; = constant,
(30¢ = constant.

Therefore, w should essentially remain constant in the usable range of the
transistor. When a transistor is very badly damaged, the gain bandwidth product
will change. In fact, from Figures 7A and 7B, we can sece it is not meaningful to talk
of w since we do not obtain a 6 db/octave roll-off in a badly damaged transistor.
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Experimentally-measured values of wt for various transistors in the normal
mode for neutron fluences up to 1014 n/cm2 do not show any significant variation from
the preirradiated value.

CURRENT DEPENDENCE OF DAMAGE CONSTANT

The measured damage constant, K, is strongly dependent upon the emitter
current density flowing in the transistor during measurement. This dependence arises
since the lifetime of a minority carrier depends upon the injection level. The lifetime
deterioration under neutron irradiation arises because of the increase in recombination
centers due to displacement damage. Shockley and Read(®) derived an expression for
the lifetime in the presence of one recombination center. However, it is known(4)
that several recombination centers are produced typically under neutron irradiation.
Messenger(2) proposed a two-level model in which all the recombination centers in the
upper half of the band gap are lumped into one recombination level and all the centers
in the lower half are lumped into a second level. Assuming the two levels to be acting
independently, the reciprocal lifetime due to both centers can be added to yield a
reciprocal of damage constant, K, as

1 _ no+po+Ap
K (po+p1+Ap) (no+n1+Ap)
+
r, R1 r R1
1 1

n +p + Ap
t T P, TAD @ Fn,TAD (25)
0o p2 p + 0 2 p
rc R2 rv R2
2 2 *

where R; and Rg are the recombination centers produced per unit neutron fluence at
levels 1 and 2, respectively, r, and ry with appropriate subscripts are the recombina-
tion rate constants, Ap is the excess carrier density, n, and p, are the carrier densities
in thermal equilibrium and n; and p; and n9 and pg are the concentrations of electrons
and holes if the Fermi level were to be at levels 1 and 2 respectively. The expression
for K can be rearranged as

2
B C1 2p +02 AP +C3

Ap +C6

1
x = 5 (26)
Cyop +Cq

These coefficients, C; through Cg, are related to the various parameters of
Equation (25). Ior example,

1 1 1 1
C = + + +
1 l‘v2R2 rClRl rCZR?..
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e The expressions for the constants. - z==:22= C;. can be simplificd appreciably if
the facts that the basc region is exirzz_: z=2:=2t level 1 is above the intrinsic Fermi
level, and level 2 is below the iniz.zz.: Tzr—_ lzvel are considered. IFrom
Equation (26), we see that 1/K is =z Zz=z=.:z =i ze injected carricr density, Ap. Under
low level injection,

i
| I W
h

A = ——
: Po eA D
! h
!
1 for a homogeneous transistor, wherz =z. = excess carrier density at x =0 (at the
i boundary of emitter junction) at 15+ .= zzzisn. For brevity, let us write Apy =6 Ihs

where § =w/eA Dy,. Under high ine:z.2z. the excess carrier density at x =0 is no
longer equal to ¢ I, but an empiricz. rzlation of the following form is approximately

valid;

[

D>
)

o
1+0 NDE
- 27
APg, = AP, 2P 27
1+26 N
DE
where
6 = constant approximately equal to 0.3 for homogeneous trans stor
Ny = donor density in the base region, and
ApEO = excess carrier density at x = 0 for, any level of injection.

Equation (27) can be written in terms of Ij, as

2. 2

f 5 Ih 0
___._.+61
NDE h
APpo =7 251 6 (28)
’ h
N +1
DE

Although Equation (28) gives the relationship between the excess carrier density at
x = 0 and the cmitter current, it is rcasonable to assume that the excess carrier
density to be used in Equation (26) can he approximated by a similar functional
relationship as

i 1 E 2°E ’ «
{ Ap = , (2")
9 M, Jp + 1
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where Jf, is the emitter current density in amps/cm2. Substituting Equation (29) in
Equation (26), multiplying both numerator and denominator by (‘M3JE+1)2 and
rearranging terms, we obtain

AJ 4 + BJ 3 +CJ 2 +DJ., +H
E E E E 1
K = 7 3 D) . (30)
JE + EJE + FJE + GJE + H2

The constants in Equation (30) can be obtained by fitting the experimentally-obtained
plot of K vs Jp. For this purpose, the curve given in Larin(6) for the measured
composite damage constant, 1/K, for 20 n-p-n transistors as a function of emitter
current density was taken and plotted in Figure 8. The ratio of the constants, Hj/Hpg,
was obtained by plotting K vs J on a linear graph and extrapolating the linear value
for Jg =0 to obtain Hyj/Hg = 0.15. Then Hy was set equal to 1 and H; =0.15. Seven
points were chosen on the measured curve and seven simultaneous equations were set
up. The seven constants, A through G, were then obtained by solving these simul-
taneous equations. The values of the constants are:

A =1.68
B = 332
C = 2850
D = 420
E = 313
F = 6280
G = 3410 )

Using these constants, values of K were calculated for other points on the curve
and it was found that the error was less than 3 percent. It may be questioned why the
coefficient of JE4 was set equal to unity while H2 also was set equal to unity in the
denominator in Equation (30). The correct procedure would have been to introduce
one more constant but it should be noticed in the range of Jg plotted in Figure 8, K is
not very sensitive to Hj/Ho and as such to reduce labor, Hg was taken as unity. As a
matter of fact, Hy and Ho each can be even set equal to zero and the resulting
expression for K will be a cubic in Ig divided by a cubic in Ig, as given below

3 2
E +BJE +CJE+D
3

2
JE +EJE +FJE+G

This expression also gives a good agreement with the experimental curve.
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CONCLUSION

In the above discussions, an exact expression has been derived for the damage
constant and it is approximated by a simpler expression over the range of neutron
fluence where the transistor is still a useful device. Effect of neutron irradiation on
base transit time, minority carrier distribution, and gain-bandwidth product are
discussed.

The base transit time in a drift transistor is shown to be the same as the
pre~irradiated value, over the range of neutron fluence where the transistor is still
a useful device. However, in homogeneous transistors and in the inverse mode
operation of drift transistors, the base transit time is reduced even over the useful
range of the device. The gain bandwidth product is shown to be essentially constant
unless the device is damaged beyond its useful range. Finally, the emitter current
dependence of the damage constant is obtained by fitting an empirical relationship to
an experimental curve.
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RADIATION EFFECTS ON SEMICONDUCTOR DEVICES

INTRODUCTION

Numerous transistor applications involve actual or potential exposure to a fast
neutron environment. The use of transistors in reactor control circuits - especially
in the space program - involves continuous exposure to a low flux rate of fast neutrons;
over an extended mission, the neutron fluence will degrade transistor performance.
Modern military systems designers must consider the neutron pulse from a nuclear
weapon, and specifications defining transistor vulnerability to neutron fluence must
also be considered. Solar cell applications in space systems also involve exposure to
damaging electron and proton radiation. Furthermore, if the vehicle skin is very thin,
transistors within the system are also exposed to proton and electron radiation.

Lifetime degradation is the dominant failure mechanism found in almost every
design problem. It causes a decrease in power output in solar cells; in transistors,
it decreases the common emitter current gain, Other effects, such as decreased
storage time or output impedance, can usually be expressed in terms of decreased
current gain or related directly to lifetime degradation.

There are several secondary radiation effects which may cause device changes.
These include increases in surface charge density resulting from ionizing radiation,
changes in majority carrier density, and decreases in carrier mobility. Radiation
cffects on semiconductor devices are best explained by obtaining general admittance
matrix equations containing all of the basic semiconductor properties which undergo
changes in the radiation environment. The functional dependence of the semi-conductor
properties on radiation is then added, resulting in a radiation-dependant matrix equa-~
tion. The admittance matrix is derived under ordinary operating conditi’ .s. When
required, however, modifications may be introduced to compensate for extraordinary
conditions such as very high or very low operating current levels.

It is necessary to obtain the functional dependence of basic semiconductor
properties on radiation fluence. Necutron effects are very different from both proton
and clectron effects due to the uncharged nature of the neutron compared to the charged
nature of protons and electrons. Neutrons undergo hard sphere scattering, whereas
charged particles undergo Rutherford scattering. Electron and proton effects also
differ greatly due to the difference in mass. Radiation effects are also dependent upon
the energy of the incident radiation.

Fast neutrons create cluster defects in semiconductor material. The defects
thus produced in transistor bases act as recombination centers, by reducing minority
carrier lifetime (in the base region), and, consequently, by reducing transistor current
gain. The cluster defect is a small volume of semiconductor material containing
several hundred atoms which have been displaced from their proper lattice sites as a
result of the collision process. IFollowing the collision process, the cluster rapidly
assumes a quasi-equilibrium state. Short term annealing is associated with this pro-
cess, which lasts less than a sccond, However, further annealing of transistors may
be effected by storing them at clevated temperatures.



nergy of the incident neutrons, linearly at low incident neutron energies, then shows

saturating characteristic at incident ncutron energies above 1 MeV. The environ-
ment usually encountered is a moderated fission spectrum. For purposes of standardi-
zation, the data in this lecture have been normalized to a reactor spectrum of average
energy of 1.6 MeV; only neutrons with energy greater than 10 keV are counted.

eﬁ The amount of damage produced above the damage threshold increases with the
a

The effectiveness of recombination cénters associated with cluster defects
depends upon the position of the Fermi level. This behavior may be quantitatively
described by using Hall-Schockley Read statistics, resulting in dependence of transistor
current gain degradation on base resistivity, injection level, and temperature.

BASIC SEMICONDUCTOR EFFECTS

The dependence of basic semiconductor properties upon radiation fluence is a
necessary building block for understanding device behavior in radiation environments.
The most important property is minority carrier lifetime, followed by majority carrier
density, majority carrier mobility, and threce interrelated surface properties;

(a) surface charge density, (b) surface potential and, (c) surface recombination velocity.

'I;Iin;a basic factor for relating minority carrier lifetime, T, to radiation fluence,
@, is:
1 1 o
= Tt T (1)
i K(Po’ En)

Where K is the lifetime damage constant which has the properties of a radiation
lifetime, * K is a function of the energy and type of radiation, the base resistance and
injection level of the semiconductor, and, to some extent, the impurities in the semi-
conductor. This relationship has been found to apply accurately from 109n/cm?2 to
1016n/cm?2,

"Majority carrier density is related to radiation fluence as follows(?);

dn
= o 2
n n, + @ T (2)
Values for dn/d® depend upon base resistance and type and energy of incident
radiation.

For silicon, both n- and p-types tend toward intrinsic resistivity with increasing
fluence; germanium tends toward low-resistivity p-type.

Carrier mobility decreases with the introduction of defects in that they act as
scattering centers. Cluster defects remove a volume of semiconductors, which contain
the cores of the cluster and the surrounding field region from the conduction path, 5
thereby causing an effective decrease in mobility. Mobility can be characterized by("):

p=p, -ddp/dé (3)

‘&me experimenters use 1/ = l/Ti + o and speak of o as a damage constant.
2




All forms of radiation contribute to ionization processes. One effect of fonization
is an increase in surface charge density(3), This is a non-linear effect which saturates
at values of fluence substantially lower than those which cause bulk effects. The result-
ing change in surface potential causes either an increase or decrease in surface
recombination velocity(4).

CHARACTERIZATION OF TRANSISTORS IN A NEUTRON ENVIRONMENT

Transistor operation is described in terms of an admittance matrix, including all
semiconductor properties subject to change in the neutron environment in admittance
matrix elements. A number of basic semiconductor properties such as carrier densi-
ties, carrier mobilities, and carrier lifetime are changed by neutron irradiation. How-
ever, minority carrier lifetime degradation in the base region is the dominant mechani-
ism, and this degradation is principally determined by cluster defects in the bulk base
material; changes 1n surface recombination velocity are relatively unimportant.

Another factor which sometimes becomes noticeable in very high frequency transistors
is a decrease in emitter efficiency due to minority carrier degradation in the emitter
region.

The small signal, low frequency admittance matrix will be accurately developed
for the intrinsic transistor{d). Various extensions, including very low and very high
injection levels, will then be developed. Precautions nccessary in using current gain
cut-off frequency to determine the ratio of diffusion constant to the square of the base
width will also be discussed.

At low frequencies the intrinsic transistor is described by:

I. = a Y.~ a

E 11 "E~ %12 C
4)
Ig =29y ¥Yp * 3y, ¥o
where ’
%
Vg ¢
. e kT -1
YE, C

IE c are emitter and collector currents, V are emitter and collector voltages, and
thé a's are admittance matrix parameters. Erﬁe matrix parameters are shown in

Table 1.
In Table 1,
2 2 N
T = 1/2 \/(%) + (f—) k = N—D—E-,
p DC
n=1nk, L = D T,




~

W is transistor base width, Npp 'is donor density in the base near the emitter, NpC
is donor density in the base near the collector, Lp is hole diffusion length in the
base, Dp is hole diffusion constant in the base, and 7is lifetime in the base.

a
Current gain a = -;f—i = 1—% Using the expressions in Table 1, an expression for
1/p can be obtained,
2 2 2 2
l[1(1+n+W)+n( n W)]
= e s\l v+ —5) -1 (5)
g vk 8 2Lp2 2\/1_{ 24 6Lp2

This expression applies for homogeneous base transistors (k = 1, n = 0) and graded
base transistors (k =10, n = 2, 3).

For a transistor whose base lifetime has been substantially degraded by
displacement damage, T = K/®, where K is lifetime damage constant and ¢ is
radiation fluence. Now,

ﬂ-l - pi-l _ W2 1 g 6
3 = \2p Kk " 6vk (6)

Usually, W2/2Dg is calculated using a measured value of current gain cut-off
frequency, f;. An expression{7) applicable to both homogeneous and graded base
transistors is:

w2 _ 2

Therefore, for both homogeneous and graded base transistors, lifetime damage
constant is given by:

4

Z(T}Q GJK)[ (-’21)?} : 0.2 F(n)&
( - Bi ) fa(ﬁ-l-pi_l)

K = (8)

The function, F(n), is unity for homogeneous base transistors, as expected.
The variation of F(n) with K is shown in Figure 1. Notice that F(n) is approximately
unity for values of k up to 10 and has only dropped to 0.72 for k = 100.




Table 1.

Functions of the Conductance Matrix Elements Applicable to

Both Homogeneous Base and Graded Base Transistors

Matrix
Element
Function Exact Form Approximate Form
a 2 2
11 O'COthU'W'*'_n— 1 +_\V_. +_n_+..n__.
qp
Dpa PR -
a12 ocscho W 1 ( w2 n2)
oW - kY t 21
ADpq P vk wik 6Ly2 24
_2a1 vk o cschow vk (1 + w2 + '334)
5 2
Aqu Pn w 6Lp2
2
w2 n n
a 1+ - —_—
22 7 n 2Lp2 2 8
Aqu Pn gcothoW - E{V W
1.1 A B | | S S T T T L
1.0
0.9F
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Figure 1.

F(n) s a Function of k
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The dependence of transistor parameters upon radiation flux has been
quantitatively expressed in terms of a damage constant, K, by replacing base lifetime
by K/¢ in the parameters of the admittance matrix. The dependence of K upon neutron
energy spectrum, base resistivity, injection level, and temperature will be developed.
First, however, several extensions of the admittance matrix should be discussed.

SURFACE RECOMBINATION VELOCITY

It is possible for a small percentage of minority carriers, injected into the base,
to return to the surface around the emitter periphery. This surface recombination
current i8 proportional to surface recombination velocity and provides a contribution
to 1/p approximated by the following expression:

_ SWAs .
1/8s = 35,4 (1 7 1) ®)

In the radiation environment, small but measurable changes may take place in
surface recombination velocity at lower values of flux than those required to cause
the onset of current gain reduction due to bulk processes. Such changes have been
observed in both directions and cause hoth anomalous increases and decreases of
current gain preceding the normal degradation in current gain(7). Most transistors
do not exhibit this effect. Even in susceptible transistors, the effect is usually
small in the neutron environment. The resulting effect is much more important in the
space environment . where the radiation environment is protons and electrons. This
effect is caused by an increase in surface change density resulting from ionizing
radiation and is not a displacement effect.

RECOMBINATION IN THE BASE EMITTER FIELD REGION

At very low values of emitter current, recombination centers in the base
emitter field region are very effective, resulting in a contribution to 1/3; however,
this correction l/ﬂRF, is inversely proportional to the square root of emitter
current and, therefore, decreases rapidly in importance as the emitter bias current
is increased. The level of emitter current at which this effect ceases to be of impor-
tance varies greatly from transistor to transistor. It is an effect exclusively
associated with silicon and is nearly always present in the microampere range while
almost never present in the milliampere range. 7lhere is relatively little known about
the effect of radiation on this recombination process.

EMITTER EFFICIENCY

For some transistor structures, the majority carrier current in the base
depends upon minority carrier lifetime in the emitter. A reduction of emitter region
minority carrier lifetime will cause increased majority carrier current flow across
the base emitter junction which is equivalent to a reduction in emitter efficiency. This
effect is probably limited to very high frequency germanium transistors in which it
causes some additional current gain degradation().

N e g W d e 5



HIGH INJECTION LEVELS

At very high values of emitter current, base conductivity increases in order
to maintain charge neutrality. This condition causes a proportional reduction in
emitter efficicncy. In graded base transistors, conductivity modulation reduces the
effectiveness of the built-in field.

Further, a transverse field, due to the base current, usually appears in the
base region, and is accompanied by non-uniform current density through the emitter.
A general modification to include these effects in the admittance matrix has not been
accomplished, although several good approximations have been made. It will be shown
later that high-injection levels minimize radiation-induced current gain degradation;
however, this effect saturates with increasing injection level, and most of the benefit
is obtained if the transistor is operated at injection ratios from one to three.

CURRENT GAIN CUT-OFF FREQUENCY

In Equation 4, W2/2Dy, of the intrinsic transistor was expressed as a function
of the current gain cut-off frequency of the intrinsic transistor. In a practical
measurement technique, the cut-off frequency of the transistor, including input and
output time constant, is measured. Furthermore, it is common practice to measure
the current gain bandwidth product, f;. Therefore, the required process is one which
measures the intrinsic {; by correcting for the effect of the input and output time
constants, Next, with the intrinsic ft known, a relationship is necessary to obtain
the intrinsic f3. Gain bandwidth product is first measured as a function of emitter
bias current(G), then the plot of 1/{y vs 1/If is constructed, resulting in a straight
line; the extrapolation to infinite current yields the intrinsic value of 1/f, as shown
in Figure 2,

The relationship between ft and fg is rather complex, but it is a slowly varying
function of the field in the base region.

ft = agKyfa (10)

Kg varies from 0.6 for steeply graded transistors to 0. 87 for homogeneous
base transistors and up to 0. 95 for some transistors containing a retarding field.

DISPLACEMENT DAMAGE PROCLSS

The defect structure in a lattice disordered by high energy radiation may be
very complex(9), The initiating collision between the incident radiation and the
lattice atom results in Frenkel defects. Subsequently, diffusion of interstitials and
vacancies occurs to form defects which are stable at room temperature. The
resulting defect scheme will depend upon many factors, including (a) the type of
incident radiation and its energy spectrum, (b) the characteristics of the semicon-
ductor lattice, including dopants, dislocations, and trace impurities, and (c) the
temperature at which the irradiation takes place.
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Figure 2. A Plot of 1/ft vs the Inverse of the Emitter Current
Results in a Straight Line at Low Currents (Extrapolation to Infinite Current
Yields Reciprocal of Intrinsic Current Gain Bandwidth Product)

Electrons and protons undergo Rutherford scattering in semiconductors.
This process is characterized by a relatively small average energy imparted to
the atoms in the lattice. Thus, the first stage of the damage process is a uniform
distribution of simple Frenkel defects. Subsequent vacancy diffusion results in
formation of recombination centers which has been well documented in silicon by
electron paramagnetic resonance studies(10) and had been extended to germanium,
partly by analogy, and partly by other experiments(10), When the vacancy interacts
with an oxgyen impurity atom in silicon, the A center is formed. It lies 0. 18 eV helow
the conduction band and is a very effective recombination center. The vacancy muay
also interact with a donor atom, such as arsenic or phosphorous, thus producing the
E center, This interaction has been observed 0.40 ¢V below the conduction band
in oxygen-free silicon, and is also an effective recombination center. Vacancies
may pair up, forming divacancies,which produces a recombination level 0, 30 eV
above the valence band.

Neutrons undergo hard sphere scattering in semiconductors resulting
inarelatively large value of average energy imparted to the primary atom,
Ep = Epmax/2. This atom then collides with neighboring atoms in a cascade process
until all of the atoms involved are reduced to energies below the displacement
threshold. The mean free path of the high energy lattice atoms is small so that all
of this energy is released in a small volume of the cirystal lattice. Since several
hundred atoms are usually involved, a damage cluster is created. The cluster
contains a large number of vacancies in its core and is initially surrounded by a
large number of interstitials. Some annealing of the initial damage occurs almost
immediately at room temperature and the cluster assumes a stable form. Some of
the vacancies diffuse away from the cluster and form point defects of the variety
produced by electrons and protons.

Experimental evidence indicates that the clusters act as recambination centers
and dominate the recombination process at room temperature. Annealing at higher
temperatures increases the importance of the point defects peripheral to the cluster
at the expense of the cluster,
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The cluster containg many levels in the forbidden band, some of which should
act as effective recombination centers. The effect of the cluster, acting as a recom-~
bination center, can be approximated by two ""average' recombination levels, one in
the upper and the other in the lower half of the band.

In addition to introducing recombination centers, neutron radiation also
introduces trapping centers. These centers remove majority carriers so that the
resistivity of both n- and p-type silicon increases toward intrinsic, with increasing
neutron fluence. The effect on resistance is quite different in germanium; both n-
and p-type germanium tends toward low-resistivity p-type as neutron fluence increases.

DEPENDENCE ON INCIDENT NEUTRON ENERGY

At very low incident neutron energies, the energy transferred to a lattice atom
is insufficient to cause displacement. Above ~200 eV, ~30 eV can be imparted to
the silicon atom and a displacement will result. As the incident neutron energy
increases from about 200 eV to 1 MeV, the amount of displacement damage increases
linearly. For incident neutron energies above 1 MeV, the initial displaced atom has
so much energy that a rapidly increasing amount is dissipated in producing ionization
rather than atomic displacements. The amount of displacement damage, reflected
by recombination measurements, increases by a factor of ~3 as incident neutron
energy from ~1 MeV to 14 MeV.

Figure 3 shows the energy going into atomic processes, which results in
lifetime degradation as a function of incident neutron energy for silicon. The
irregular curve accurately reflects various neutron resonances; the smoothed curve
follows the relationship.

-A/E
¢ =aE,(l-e / ny

1.02/MeV
3.1/MeV (11)

A

and is more suitable for analytical work with various neutron spectra. Here, En

is incident neutron energy and o = K1 is the reciprocal of lifetime damage constant,
The damage constant, K, can be determined for any spectrum in the normal range
of interest, 0 <En <15 MeV, by an integration process,

fo.
o (E)N(E)E
k-1 = ¢ = J0.01 Mev (12)

[+ o]
[o. 01 Mey N (E)ME

Damage constant is normally reported for a standard reactor spectrum of average
energy, ~1.6 MeV, counting all neutrons with energy greater than 10 keV (fast
neutrons). Equation (9) mav be used to accurately assess the relative damage of
different neutron spectra on silicon. Experimental results for germanium. based on
carrier removal, suggest that displacement damage increases linearly with neutron
energy up to~0.5 MeV, and then begins to saturate. For germanium, 14-MeV
neutrons are ~1.5 times more effective than 1-MeV neutrons(9),
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Figure 3. Energy Going into Atomic Processes and Normalized Reciprocal
Lifetime Damage Constant as a Function of Incident Neutron Energy

Protons are charged particles having approximately the same mass as neutrons.
They undergo Rutherford scattering in the silicon lattice, resulting in a relatively
small average energy imparted to the target atom. Ep = Ed In Epmax/Ed. The
resulting defects are substantially all point defects, although on rare occasions,
some cluster-type defects may be found. The lower energy ranges (<1 MeV) are
screened out by the device package; the higher energy ranges become relatively
unimportant due to the I/E dependence of the differential cross section. Furthermore,
in the space environment, the number of protons/MeV decreases rapidly with
increasing energy. This combination of factors makes the one-to-ten-MeV range of
maximum practical importance for semiconductor devices.

Electrons are extremely light, charged particles and must attain relativistic
velocities in order to produce displacement damage. Consequently, the differential
cross section becomes relatively constant at high energies. Again, package shield-
ing, combined with the decreasing number of electrons/MeV at high energies encoun-
tered in the space environment, combine to focus attention in the 5-MeV range.

Gamma radiation produces displacements indirectly, usually by generating
Compton electrons; therefore, gamma radiation effects may be treated by utilizing
the discussion presented for electrons and combining this with the statistics
relevant to the Compton scattering process.

Table 2 allows a displacement damage equivalence comparison between various

commonly encountered radiations, usually on the basis of change in reciprocal
grounded emitter current gain(l2),

10



Table 2. Particle-Type Displacement Equivalences, A(hFE'l)

Particle Type Alpha Gamma
: and Particle Proton Neutron Electron Rag
Energy (5 MeV) (1 MeV) | (Reactor Spectrum)| (1 MeV) (Cob0)
Alpha Particle - 2 * 3 5
(5 MeV) 1 3.5 1.4x10 7x 10 1.5x10
Proton -1 1 - 3 4
(1 MeV) 2.9x10 1 4x10 2x10 4.3x10
Neutron 7.1x1073|2.5x 1072 1 *5x10' | 1.1x10°
(Reactor)
Electron * 4| . -4 " -2 " 1
(1 MeV) 1.4x10 5x10 2.0x10 1 2.2x10
Camma Ray | ¢ 7x107%/2.3x107° 9.1x107  |*4.5x107 1
(Co®%)

*Transistor caps of 0.17 gm em ™2

DEPENDENCE OF DAMAGE CONSTANT ON RESISTIVITY AND INJEC™ION LEVEL

Recombination processes in semiconductor increase linearly with neutron fluence
over a very wide range in semiconductors; therefore, the following basic relationship

is generally applicable to transistors.

1. ¢
Ti+K

1
-

(13)

For a substantially-damaged sample, T = K/®. The lifetime damage constant, K,
has the properties of semiconductor lifetime. When the density of recombination

centers is small compared to majority carrier concentration, the following

Hall-Schockley-Read statistics apply:

+n
o]

lifetime, T4, the low level clectron lifetime, and n1 and P1, the

5n)
n_+ Po +6n

The properties of the recombination center are implicit in Tp?, the low level hole
elec

1+6nn) (PNPI*
tT

n

o\ o

n
A P
o\ 0 (o]

(14)

tron and hole

density resulting when the Fermi level coincideswith the energy level of the recombi-
nation center. The elfectof semiconductor resistivity is implicit to ngand Py, the
equilibrium electron and hole concentration. The effects of injection level are included

b = , the injected carrier density.
Y &y (= 8p) ) y

11



SILICON

The variation of low-level lifetime damage constant with resistivity for both
p- and n-type silicon has been carefully measured. There is no dependence upon
doping material or oxygen concentration supporting the belief that defect clusters
dominate the recombination process. For p-type material, a good fit to the low-level
data is obtained by using a level 0. 19 eV below the conductance band with
= . = -6
Tno/ Tpo 45 and cho 1.8 x 10-6,

Here, RC__ is the product of the introduction rate and capture rate of the 0,19 eV
level. TlH:oexplanation of these data in terms of one level is at variance with damage

constant vs injection level taken on transistors. The low-level data for n-type silicon
cannot be adequately explained by a single level,

If one assumes that two levels are operating simultaneously in an independent

. fashion, so that reciprocal lifetimes are additive, one obtains

1_ 1
K 1 (n0+n1+6n) N 1 (p0+p1+6n) (15)
CPlRl Ny * Po * &y Canl (g, * Py * &y
+ 1
1 (no+n2+6n) N 1 po+p2+6n
CP2R2 Dy * Py o an 2 %™ BT oy

All of the experimental data can now be fit (within a factor of about two)using the
following constants: ’

n, = 2.0x 1014 cm3, Rlcp =0,37x 10”6 (nvt-sec)-l,

1

13 -3

R,C, =0.40x 107° (nvt-sec)_l, P,=1.3x10 " cm °,

1 2

R,C, =0.76 x 1078 (nvt-sec)'l, R cp =0.68 x 107°

2 2Py
(nvt—sec)-1

This implies a level of 0.31 eV below the conductance band and a level 0.35 eV above
the valence band,

12
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The complicated nature of the equation precludes easy visualization of tho
functional dependences. Therefore, a computer run was made varying the pariamofogpy
over the range of interest for transistors and the results then put in graphical tog,,
Appendix 1, Figure 4, (1-4), shows the variation of K with resistivity and injection
level for both p- and n-type silicon. Figure 4 shows the variation of K with tempegny .
ture for several values of resistivity, Several experimental observations are reudity
understood from this model. P-type silicon has been found to be more radiation
resistant than n-type silicon. The low resistivity, low injection level form of
Equation 12 shows

K _ . .
P~ C R,+C_R (16)
n, 1 n, 2
(Low resistivily
1 low injection l¢va]
Kn = approximation),
Cp Rl + Cn R2
1 2

Thus, the electron capture cross sections determine the damage constant in p-Lypa
material and the hole capture cross sections in n-type material. Although the diite,<
ence between n- and p-type material becomes smaller as injection level increasicy,
most experimenters have found some differences in favor of p-type material, cven yy
high injection levels. Experimenters determining damage constant from measure¢
ments on bulk material have consistently reported much lower values than expertnoy.
ters working with transistors. Bulk measurements have been made at very low
injection ratios whereas transistor measurements have been made at injection

ratios =1, Figure 1-4 shows that damage constant measurements mac at an
injection ratio of one should be about five times greater than those maac at an
injection ratio approaching a zero.

GERMANIUM

Most experimenters agree that the recombination center about 0.18 eV belaw
the conduction band dominates recombination processes in neutron-irradiated
germanium. Thus, the low level damage constant relationships become

1 n,
K = 1+— ('
C Ro n, _
Po
K = 1 n n
P g R (pr *=—2)

po 1 o] Po
Experimental data (13) verifying this general behaviour have been reported and a1n
shown in Figure 5. For transistors having an injection ratio of = 1, assuming

15
n1~4x10 ,

K =33x10% (1+2.3p), and K = 3.3 x10% (1 +1.1p).
n

13
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It has also been shown that a mid-band level is important at very low injection
levels on the hasis of injection level measurements on n-type material(14), Equa-
tion 17, therefore, will not extend to variations with injection level. A model
encompassing all of the data can be formulated on a two-level basis. The appropriate
constants are:

n. =5.0x 1014, P =5.0x 1013

1 2

C R, = 4 x10°8 ¢ R - 35x1078
pl 1 ) ' Tnll

C .R -92x10°8 ¢ .r -0.92x10°8
p2 2 ' Yp2 2 :

These constants may be substituted directly into Equation 15 and the variation of K
with resistivity, injection level, and temperature then results.

It is instructive to review some experimental data to appreciate the practical
implication of the previous discussions. The Motorola MC 201 Gate has been
thoroughly evaluated in a fast neutron environment. Grounded emitter current gain
degradation is the dominant cifect; characterized by a damage constant of approximately

1.4x 10% n sec/cm and a grounded emitter current gain cut-off frequency of

15
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approximately 7 megahertz. Appendix 2, Figure 4, (2-4) shows the equivalent circuit,
Figure 2-5 the reduction in current gain, Figure 2-6 the resulting reduction in fan out
capability, Figure 2-7 the transfer function, Figure 2-8 the threshold and saturation
voltages, and Figure 2-9 the leakage currents.

The SE 124 Flip Flop, Appendix 2, Figure 10 (2-10) has also been studied in the
past neutron environment. Figure 2-11 shows the saturation voltage, off voltage, and

minimum voltage required to switch.

THe MC 1525 is a differential amplifier characteristic of linear circuits.
Appendix 2, Figure 12 (2-12) shows the schematic, Figure 2-13 the transfer function,
and Figure 2-14 the current gain degradation.

Gregory15 has measured solar cells in the past neutron environment. Figure 6
shows his results and calculated values using Equation 15.

&
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Introduction and Summary

The modeling of semiconductor devices for use with
circuit analysis computer codes 1s a very important
endeavor. The accuracy of the model ultimatelv will
determine the accuracy of the analys:is and 1ts relation
to actual circuit operation. The transistor model used
in the Autonetics Transtent Radiation Analysis by Com-
puter (TRAC) code 1s discussed. Particular emphasis
is placed on the simulation of radiation-induced photo-
current tn the p-n junctions. The photocurrent genera-
tor is first derived for a single junction. The result is
then extended to the transistor model by appropriately
combining two junctions which interact The interac-
tion 1s accomphished by including a current transport
factor at each junction, as in the Ebers and Moll b
formulation, The photocurrents are then examined in
terms of defining equations which lead to the criterton
for measuring the photocurrent parameters which, 1n
turn, are related to the conventionally defined primary
photocurrents 1n the devices.

A statistical analysis for treating the change 1n cur-
rent gain factor with neutrons 1s also presented. Hist-
ograms of actual device measurements are shown to
permit the determination of the damage constants. The
resulting damage constant for silicon devices 1s given
for neutron radiation, The primary photocurrent gen-
erator model 15 also evaluated 1n terms of statistical
measurements on silicon devices,

Photocurrent Generation i1n a Single Junction

Radiation 1ncident upon a semiconductor material
generates photocurrent tn p-n junctions present The
resulting current across a p-n junction in the presence
of radiation can be derived from the basic continuty
equation, Consider a p-n junction located at x =0 ina
semiconductor where holes are the prime 1njected
charge carriers contributing to the current The equa-
tion describing the 1njected hole density, (p), 1s

2 P-p)
ap _ -] n
ET-Da_x%-—T—*G (1)

where (7) is the hole lifetime, (D) the diffusion constant,
and (pp) the equilibrium hole density concentration with

1-1

no injecting bias, Radiatton incident upon the semicon-
ductor now generates hole-electron pairs 1t a rate, (G),
per unit volume. We will now evaluate the resulting
hole density under equilibiium conditions,

Thus, assume {gp/3t 0} and defiming the diffusion
length as (L),

L?=pr 2

we see the above equation hecomes.

2
29
L ;’:‘;-(p-pnwcr-o &)

Assuming that the boundarv conditions of a semi-
infinite sample are p = py at x = 0 and that p(x) remains
finite as we go to large distances away from the junc-
tion, we obtain the solution for hole density versus
position, (x), away from the junction as the following.

-x/L

P(x) =p, *{p,-p, -~ Grle =Gr )

The resulting current due to holes diffusing across an
area, (A), 18 given by

- pa 2P

x/L

i

+828 o -p -Gne (%)

and at the junction, (x = 0), the resulting current 1s
-abA o, -
I==4=(, P, Gr) (6)

Recall thit the injected hole density at the junction,

(p ), 1s rclated exponentially to the applied bias volt-
o}

age (V), then

-p ch/kT -
o "n n

eV/MO

P (7

where 8 kT/qand M 1 for a perfectly well behaved



ju n. Then, the current/voitage relation of a junc-
t@er radiation conditions is given by:

i =9%'*. lpn(e"/M6 -1) - Gr

=9DA  (V/MO ) - qeaL ®
=1 -1
h-1
where:
_ qbA v/M@ B v/mé _
1= .‘LL_ p, (e -1) = Ig(e -1) = Ig¥
I_=qGAL = qGAJDT 9)

P

Thus, it develops that the presence of the radiation-
generated carriers adds a component of current, (I,),
in addition to the normal diode current, (I.,). Further-
more, it is in the same direction as the diode reverse
saturation current and, in essence, adds to it. The
photocurrent is8 expressed in terms of the generation
rate, (G), and the "effective volume'' occupied by the
injected carriers. .

The equivalent circuit model of this p-n junction can
then be given as shown in Figure 1.

Transistor Mode! Including Photocurrent Generator

The model of the transistor behavior in a radiation
environment is now formulated by combining two single
junction models, plus interaction terms. The transis-
tor model is shown schematically in Figure 2 in which
two additional current generator terms are added to
account for the additional current term at one junction
due to the presence of the adjacent junction. The addi-
tional currents are expressed in terms of the current
tra gort factors, ay and ay. The Ebers and
Moll ) formulation of the current/voltage relations for
a transistor follows immediately from this model with
the additional feature of current terms arising from
radiation effects. Thus, the total emitter current, (Ig)
and collector current, (Ic), can be written:

Te=tep "% Tep ~Le
*Ies ¥eB o1 Ics Yo~ ok (102)
e " Tep 28 Tep Yo
“Tes Yep "N 'es YER " Inc (10b)
where we have defined:
I =1 fexp(v../M 8)-1] = 0,
ED " 'Es [ P(Vgp/Mg l -ayga ) EB
(11a)
- - [{—€O_ .,
Iep = Ics [e"p‘vcn/ Mco) - ‘] “\T-ayo;) “cB
(11b)

with
Vgp = €XP [(VEB/.M 0) - 1]
vcB = &P [(VCB/MCe) - ‘] .

and VEp and VCp being the emitter and collector bias
voltages, respectively;I g and Igp are the conven-

tional junction saturation currents of the transistor.

The radiation current generators are modeled in
this form in the Autonetics TRAC code. It should be
noted that the radiation current generators described
here, (Ipg and Ipc), are not the primary photocurrents
as usually defined. The relation between these THAC
radiation current generators and the primary photo-
currents will be established later.

Using this transistor model, the radiation current
generator for the emitter, (IpE), or collector, (IpC),
can be measured by s etting zero bias on both emitter
and collector and recording the value of the pertinent
current when the trangistor is irradiated. Thus,
under this condition: ’

Ves = Vep =

veB - YcB =0

g =g

Ie =-Ipc (12)

More realistically, the junctions would be reverse
biased in order to eliminate effects due to internal
resistances, but since

I I

<« I and I pC

pE cs <

*
the variation from a valid measure of the radiation
current generator will be ingignificant,

ES

Primary Photocurrent for Transistor

The traditional definition of primary photocurrent
in a transistor junctionwdue to radiation 18 to reverse
bias the pertinent junction and leave the other junction
floating, that is, carrying zero current. Thus, the
primary collector photocurrent, (Ippc), is defined as
the collector current obtained when VcB <« 0 and
IE = 0 in Equation (10):

Ig=0=1lgg % oy Ig- L
e *Tope = “Tes -y Tes Yep - Loc (13)

Eliminating Igg Ypp leads to the following where we
also recognize that ’pC > leg

I
ppc

I

pE 1

oC (19

:aN

Similarly, the primary emitter photocurrent,
is defined as the observed emitter current 1n

Uppe):
a



radiation enviroumeant when the emitter is reverse
biased and the collector is floating; then VER << 0 and

Ic = 0. From Eguation (10) we then write:
I=-1_ - . .
E” “ppe " uy - oy Tcs ¥ep - e
I.=0=1_ y .
c cs Yon *ay Igg - I (15)

Eliminating (1 W1y} then leads to the following where

we again recogmiso that IpE>>IES:

I —all

'
ppe pe ' LE
By C_Omb‘"“\): Vyuations (14) and (16) we may write

the radiation curvont penerators of the transistor

model of‘l-‘.nguru *in terms of the primary photocur-
rents. This vetationnhip ia:

1 l—lﬂL’L *1 Yppe]

pE 1 - "N"l (17a)
N RN
pC 0 g (17b)
NI
Using the prinayy photocurrent expressions as
current generatorn we may reformulate the Ebers-
Moll model descritunl in Equation (10) by substituting
Equation (17) with the following result:
(| S 1 -1
I = EO "rn lyped  Uco ¥eB ™ Tppe)
TaN T I I - ay ap
(18a)
oo %en U ) 1 -1
0 Yen ( Y )
1. = R ppc EO "EB ppe
c —_I_—"N oo - N TT - agae
(18b)

The cqnclu§i(!|\ ts b irawn is that care must be exer-
cised in using radiation current generators in the
mathematical modein when computer analyses are

pe'r[ormcd. The uodeling takes a different form when
primary pholocuriemn are used than when a straight
parallel current pencrator is introduced, as in Fig-
ure 2, "l‘hc furmul‘.u.m, using the primary photocur-
rents, in effect, wipiyv ndds a term onto the reverse
saturation curveatl of (he appropriate junction. How-
ever, the parailel toyvmulation expressed mathemat-
ically by Equations (10y and shown in Figure 2 makes
the implementition o the actunl model in a computer
program simpler o vmploy.

The following wiatevinl describes changes in the
current gnn Lutorn, (ay, ap), due to neutron irradia-

tnoq. l'!lch‘v tactuey vuter the modeling equations as
defined in Equation 1oy, however, the more useful
curreat giin fbactonv s 1y o the common emitter current

galn factor, (4, 4ip, and are related to the common
base fuctors at tollowa.

o
N
By 1~ (19a)

(19b)

(16)
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The neutron effects are described in terms of the
B factors.

Neutron Damsage Constant Statistics

The most important neutron effect is the decrease
of current gain with fluence, This is inciuded in the
Ebers and Moll model by making both the forward
current gain, oy, and the inverse current gain, 9y,
functions of fluence. Current gain is a function of
operating conditions so that the most accurate statis-
tical description is obtained by specifying the operating
conditions and measuring the damage constant, Kp, for
a statistically-significant sample of a particular
device type. This leads to a Kpy distribution function
closely reflecting the fo distribution function of the
sample, The factor, K, for a typical group of 15
2N1613 devices under bias conditions of Vo =5 volts
and Ig = 30 ma had an average value of 0.91 x
lO?;;sec/cmz. The appropriate device equation
is:

1 _ 0.28F(@n) _
AB'ﬁ(‘f:““n"

(20)

Here, & is the neutron fluence greater than 10 Kev, K
ig the lifetime damage constant, fo is the intrinsic
current gain cutoff frequency, and F(n) is a function of
the electric field in a graded base device; it is
assumed equal to one for the devices studied here,
Note that {4 depends on collector bias voltage and
emitter current; K is a function of the silicon resistiv-
ity, the neutron energy, and the emitter current,

Kp is the B damage constant for a specific device
type.

A large system will typically contain many different
device types and a significant testing economy can be
realized if Equation (20) can be used to define a univer-
sal damage constant so that test data from each device
'type can be statistically combined for analytical and
control purposes. This has been done with consider~
able success, although it is obvious from the distribu-
tions to be presented that the spread in damage con-
stant is congiderably greater than that which is obtain-
able for a single device. Neutron energy has been
normalized to a reactor spectrum which produces
1 Mev equivalent Si damage. The variation with
resistivity has been neglected since the tcotality of base
resistivities encountered is below 5 Q em; Curtis (5)
has shown that lifetime damage constant is independ-
ent of resistivity in thi> region. Vc has been set at
6.0 volts, This is typical of usage, i.e., high enough
to prevent substantial collector region recombination
and low enough to prevent collector multiplication.

I has been set at approximately the current level
where 3, as a function of I, maximizes; this ogcurs
at a current density of approximately 100 A/cm* for
most devices. K is then measured as a function of

Ig from approximately 10 A/cm2 to 100 A/cm2, K,
is obtained by extrapolation from K - K + A/l;. K
is approximately 20 percent larger than K measured
at the value of I where f3 peaks.

@

Data were supplied from several cooperating labo-
ratories to provide a larger data base and to assure
that the distribution reflected dosimetry differences,

etc., representative of several good laboratories,



supplied by the Air Force Weapons Laboratory

L) used the intrinsic value of fy, appropriate °

ections for the input time constant having been
made. The data from Northrop, TRW, and Autonetics
utilized uncorrected fg measurements. TIhe use of
uncorrected §o data i8 expected to resuit in skewing
the distribution on the high K side of the distribution.
Thia I8 acceptable for control purposes and generally
the cost of measuring fq intrinsic for values less than
300 Mc i8 not justified. Further, f; was usually meas-
ured and fq was assumed equal to f;. *

Damage constants for both forward and inverse
current gain were available {rom the Autonetics data,
and it was determined that Equation (20) accurately
described the damage process in the inverse direction.
There {8 usually a much greater correction required to
obtain intrinsic f, from measured f, because the
collector time constant, rather than the emitter time
constant, must be removed.

Figure 3 shows a K, histrogram which is com-
prised of 344 data points. The subset of AFWL data is
shown heavily shaded to illustrate how the correction
‘to fq intrinsic tends to remove the skewness toward
the high K end of the distribution. The smail block of
values around K = 5.0 came from inverse damage con-
stants on a group of power transistors, again using
uncorrected frequency data.

The histogram is important from a partas control
standpoint. Neutron testing is partially destructive
and can thus be used only on a lot sampling basis. ** -
A non-destructive electrical 100 percent test is desired
to control performance in a neutron environment., If
Equatfon (20) is used, and fo (or fy) is used as a con-
trol test, Figure 3 shows that there is one chance in
344 of K, being less than 1.0 x 10% nsec/cm? and 0

.chance in 344 of Ky being less than 0.8 x 105 nsec/
cm2_ If a value of 100 MHz is set as a 100 percent
control minimum, then the maximum value (1 chance
in 344) of A(1/8) will be 0.2 at 1014 n/cm?, 0,02 at
1013 n/cm?2, and 0.002 at 1012 n/cm2, Obviously,
control of gain bandwidth product will prove useful for
many applications.

The possibility of a maverick, i.e., 2 transistor
which does not follow Equation (20), must be faced.
This possibility can be reduced by accumulating more
data, hopefully to the point where maverick probability
becomes extremely smail. Surface and emitter field
reglon recombination effects are not directly and
totally controllable by using fo measurements. In
this sense, fq control is necessary but, perhaps, not
sufficient. For the 147 units in the Autonetics test,
the values of Mg and M were monitored as a functton

.

Actually, f, = fy/ka, where kap varies from about
0.7 in an ordinary field to 0. 85 with zero field to 1.0

In a retarding fleld. The error introduced by assuming
f; = fo is approximately equal and opposite to the error
Introduced by neglecting the correction for input time
constant,
e

There have been some suggestions of a scheme
involving 100 percent test at the slice level followed by
annealing. This scheme is not very attractive from

6! and other quality control aspects.
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of fluence. When thege values "track, " or change in
the same direction, the base recombination dominates
as deacribed by Equation (20); when MF, increases
with fluence more rapldly than M¢, then suriace and
emitter fleld region recombimation is dominant. For
all devices, surface and emitter region recomoination
decrecase in Importance reiutive to base region recom-
bination as the emitter current Increcases, For the
devices tested in the Autonetics program this transf-
tion occurred at approximately 100 pamps, It there-
fore seems proper to use f, control for application
above 100 pamps; but to require supplementary con-
trols for applications beiow 100 pamps.

The value of K, I8 not used directly in analytical
programs. A value of K applicable to the particular
current level of interest is obtained from a normal-
ized curve of K vs I. 6)

Photocurrent Statistics

The most important parameters for including
fonizing effects in the Ebers and Moll model are the
primary photocurrents. These have been measured
over a wide range of ionizing dose rate for both long
and short pulses. The p-n junction photocurrent
resmnse to a rectangular pulse of length (tp) 18 given
by

1 1

Ippj = qGAj VDr l erf(—,':)z - erf (%2)2 l 1)
where G = gY.and g = 4.0x1013 carries/cm3 per Rad
and Y is the radiation rate in Rads/sec. Two 8pecial
cases are important for the maximum photocurrent,
Ippm, the short pulse response, Ippm—qGAj\/'DT,
and the long pulse response, Ippm qGAjDr.
Short pulse values were obtained using 25 ns and
50 nsec flash X-ray pulses; long pulse values were
obtained using a 4.5usec LINAC pulse. Three histo-
grams for collector primary photocurrent density are
shown in Figure 4. The 25-ngsec and 50-nsec pulse
widtha are in the short pulse regions where Ippm
increases with the square root of pulse width, The
4.5-psec pulse widthhistogramdisplays the equilibrium
photocurrent density There is evidence of super-
linear behavior in some of the devices(8), but the onset
as a function of photocurrent is gradual rather than
sharp. The emitter primary photocurrents show a
much greater incidence of super-linear behavior than
the collector primary photocurrents. Some of the
spread in the distribution functions is due to this effect.

There i8 a definite trend in the data for the pri-
mary photocurrent density to decrease with increasing
area. This suggests a perimeter effect, Possibly
there is a narrow region around the periphery which
contributes to the photocurrent. This would result in
a substantial underestimate of the effective area for
the small area devices and would be negligibie for the
large area device. Agsuming that the actual radius
of the collector is equal to the measured radius plus
a small increment & which is independent of radius,
the spreads in histopram of Figure 4 can be reduced
by approximately a factor of two for an optimum
§ = 5x107* cm.

The value of jppm/y should be 4.0 x 19)‘9 A/cm?
per R/scc for a 25-nsec pulse (D 16 cm*/gec) and




§ .6 x 109 A/cm? per R/sec for a 50-nanc pulse. In
both cases the histogram spreads out on the high sude
of these mumbers, as expected, thus indicating some
underestimate of the goometrical parameter. In the
4.5 psec wide pulse environment, the vaiue of jppm/y
18 expected to be 25 x 107°A/cm? per R/sec based on
a 5 usec collector lifctime, which is typical of the
devices measured. This value checks well with the
average value observed.

Conclusions

The mathematical model of the transistor for use
in the TRAC simulation of radiation effects is dis-
cussed. It is shown to be consistent wnen using a
modified Ebers and Moll approach with either parallel
radiation current generator or conventional primary
photocurrent generators. However, the form of the
current/voltage relations and the mathematical formu-
lation depends on the particular method used for
photocurrent measurement.

In addition, statistical distributions in the form of
histograms of damage constant and primary photo-
current are presented for transistors. These data
yield the multiplying constants which will be used in
simulating the transistor transient response in
computer-aided analysis. The results show satisfac-
tory correlation with the presently formulated theoret-
ical models,
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SKIDE MODEL WITH SADIA TIOW SNDUCED CURRENT CENERA TOR DSCLUDED

Figure 1. Diode Model with Radiation Induced
Current Generator Included
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Figure 3. Histogram of Measured Values of Ko

for 344 Transistors
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Figure 2. Transistor Model with Two Interacting
Junctions and Radiation Current
Generators (P-N-P Transistor)
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A TWO LEVEL MODEL FOR LIFETIME REDUCTION PROCESSES
IN NEUTRON IRRADIATED SILICON AND GERMANIUM

george C. Messenger
Nortronics, A Division of Northrop Corporation
Applied Research Dspartment
Newbury Park, Californila

Abstract

A two level model for recombination
processes 1n neutron irradiated silicon
and germanium 1s proposed. Tnis model
successfully explains published experi-
mental data for lifetime and lifetlime
damage constant as a function of resis-
tivity, injection level and temperature.

Summnary

A two level model for recombination
processes in neutron irradiated bulk
germanium and silicon and germanium and
silicon devices 1s proposed. This model
explains the large body of published
experimental data much better than ths
previously used single level models.

Tne fact that the résistivity of
neutron irradiation silicon tends toward
intrinsic shows that donor and acceptor
Jevels are both being introduced simul-
taneously. Konopleval has indicated
that a number of donor and acceptor
levels are actually being simultaneously
introduced. Swanson< has shown that
both donors and acceptors are introduced
into neutron irradliated gernmanium.
Curtis3 and Swanson have both used two
level models to explain various facets
of neutron irradiation on germanium.

Recently, Curtish reported exten-
sive measurements of lifetima damage
constant as a function of silicon
resistitity, dopants and oxygen concen-
tration. He concluded that recombina-
tion was dominated by centers within
defect clusters, and that there was no
dependence on oxygen ccncentration or
type of defect in n-typs material. A
very small dependence on dopant was
noted in highly doped p-type material.
This contrasts with the results report-
ed for silicon and germanium irradlated
with electrons or gammas where dopant
and oxysen concentration have been
shown to substantially affect the rate
of introdugtion of recombination
centers.-:°» Curtls further concluded
that it was impossible to reconcilc

all of his experimental data with a
single level recombination model. Sp2-
cifically, the dependence of lifetime
damage constant on resistivity for n-tyg2
material cannot be explained by a one
level model. e suggested a number of
effects which might be responsible for
the failure of the single level model,
(1) dependence of capture probabilities
on Fermi level through modulation of the
potential wells_surrounding primary
defect clusters®, (2) occurrence of two
or more recombination levels operating
simultaneously, (3) creation of impu-
rity-defect complexes (low resistivity
p-type materials only), (4) complication
of a multi-level recombination center:,
(5) broadening of energy levels due to
defect interaction with the primarcy
defect cluster, (6) Fermi level depen-
dence of stabllity of recombinaticn
centersl9, (7) impurity-defect inter-
actions which are indepr dent of size

of dopant atoms.

Tnis papar will show that a two
level model adenquately =xplairs Curtis'
exparimantal data on silicon materlal as
well as the transistor data previously
reported by Messengerll, Tne dependencs
of lifetime damage constant on resis-
tivity for n-type silicon, which cculd
not be explained by a ore level ridel 1is
readlly explained by the two level roael.
Some of thz other alternative exjplana-
tions mentioned by Curtis, esrecially
items 1, 3 and 5, cannot b2 ruled out.
Items 4 and 6 relate more directly to
point defects and theilr extension to
the cluster defect 1s unlikely.

For germanium, th=z data on lifetin:
damage constant as a functlon of resis-
tivity 1is not as extensivs as for
sillicon. However, adejuati2 data_has
been presented by A, E. Waltars covar-
inz both n ani p type gervanium at 1o
injection levels. Messeng2rl3 has
reported lifetime damare constant as 3
function of resistivity at moderate
Injection levels. A two level rmadel
will be developad wnich adequately
explains thls data.



It is assumed that the lattice
ge 18 primarily vacancy clusters.
h cluster has two assoclated "average'
ombination centers which can be char-
acterized by discrete energy levels,

one in the upper half and the othzr in
th2 lower half of the forbldden energy
band. The recomblnation centers are
"aggociated” with the clusters. They
may be contained within the clusters, or
they may be near the cluster as a result
of migration of some vacancles from the
clusterl. In addition, it is possible
that the two energy levels assoclated
with the recombination centers are not
truly discrete, but are average energies
which adequately represent the net
effect of a distribution of energy levels
associated with the cluster. Previous
experimenters have identifled energy
levels and cross sections derived from
experimental data with dlscrete defect
levels in the forbidden band. Tals
analysis may ldentify a discrete level
if the level 1is truly dominant; other-
wise it identifies an average level
representative of a number of discrete
levels. Further, this discussion is
restricted to unannealed damage present
at room temperature after neutron irra-
diation. Any substantial higher tem-
perature annealing will change the
characteristic of the recombination
centers. Tne energy levels, capture
cross sections and introduction rates of
these recombination centers are assumed
to be independent of silicon resistivity,
dopant type, and oxygen concentration.
The two recombination centers are furthee
assumed to act independently so that
thelr reciprocal lifetimas are additive.

Further, the capture cross sections
of the recombination centers are assumad
to be 1ndﬁpendent of temperature. Both
Van Lintl% and Galkinl5 have reported
temperature dependence of electron
capture cross sectlions for electron
irradiated silicon, Galkin finds hole
capture cross sectlions independent of
temperature. However, (1) it 1is not
obvious that these arguments can be
extended to clusters, (2) preliminary
analyses Indicate that thelr data could
alternatively be explained by a two,
level model with temperature independent
capture cross sections. For silicon
the energy level E; ~ 9.31 ev 1s sub-
stantially different “from the values
of E] =~ 0.18 ev deduced from a one
level model anTIysid by both Curtiﬂ“
and Messenger It Uhould probably
be interpreted as an "average" level.

Tne level Es o 0.35 ev 1u céoge to pre-
viously reported valuesid,l
therefore may approximate a dominant

iecombination level.
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For germanium, the donor level at
0.26 ev below the conductlon band is
deeper than the level Yiually determinad
from a one level model However, the
acceptor level 0.30 ev above thz value
band agrees with previously identified
levels., As for silicon, the donor level
is probably an average effect from
several levels in the upper half of the
band, whereas the acceptor level is
probably a dominant level.

Using the above assumptions, expres-
slons are developa2d for the varliation
of lifetime and lifetimz damage constant
with resistivity, injection level and
temperature. Previously published exper-
imental data on bulk silicon, bulk
germanium and silicon and germanium
transistors 1s used to verify the appli-
cabllity of the two level models and
determine the constants which character-
1ze each level.

Davelopment of Two Level Model

Th2 lifetim= damage constant K is
defined by tle post- irradiatio? life
time ¢ at a neutron fluence sl
assuming that 7 1is much smaller than the
prelrradiated lifetime. The lifetim=
7 1s assumz2d to result from the indepen-
dent action of two recombination centers
characterized by lifetime r1 and 75.
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1)

A straight rorgard application of
Shockley-ReadlS leads to a general
formulation of the damage constantl9,

(2)
1 \pgtpyten)
nlfy (ny+py+én )

1
K 1 no+nl+5n
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Here, n, and p, are th2 equilibrium
elnctrog and hgle densitlies 1n the
silicon and én = &p 19 the excess car-
rier density. Cpy, Cpny, Cp2, and Cpo
ara the electron and hole cnpture rates
for the two recombinatlion centers and
Ry and Ry are the introduction rates of
the centers. Notlce that the combined
effects of inJectlon level, resistivity
and temperature are implicltly containesd
in this expression.

At low values

of injectlon level,
(1) becomes .
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At high values of inJjection level, Eq.
(1) becomes

1 _ %P | SR (3)
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pl n2
Curtis‘u experimental data for low level’

damage constant vs resistivity was
fitted using Eq. {(2) with one level in
each half of the forbidden band20, A
least squares fit, Fig. 1 and 2, was
obtained using a computer program. The
fit is excellent, and Egq.(2), using the
characteristics of the recombination
centers shown in Table Ia may be used
to determine K; for any value of resis-
tivity within %he experimental error
inherent in the basic experimental data.

The values for capture cross
sections can be deduced by using the
values of carrier removal rate which
were also mzasured on the samples used
in Fig. 1 and 2. This assumes that the
carrier removal rate and the introductim
rate of recombinatlon centers are
approximately equal. The results are
given in Table II for comparison with
the results of other experimants. Tne
level in the upper half of the band is
behaving as a donor and the level in
the lower half of the band as an
acceptor. Table III shows the room
temperature defect level schem2 deter-
mined by Konopleval and the two level
approximation for comparison.

Waltersl?® data for low level damage
constant vs resistivity was fitted using
Eq. (2) with one level in each half of
the forbidden band. The resulting it
1s shown in Fig. 3, and the constants
used are shown in Table Ib. This data
1s too sparse to Justify a least squares
curve fittinz procedure; consequently
the germanium values in Table Ib are not
as well determined as the silicon values
in Table Ia.

Damage Constant as &
Function of Resistivity

Tne variation of silicon damage
constant with resistivity for varlous
valueﬁ of injection ratio 12 sgowncinﬂo
Fig. 4. Values for C _,R,, , ,
ang ny and po are takg?i }romn%hé p2 2
least squares fit to Curtils' low level
data (Table Ia). Several aspects of
Fig. 4 warrant commant.

K always increases monotonically
with resistivity. The variation in K
is greatest for the low injection level
cage; at very hich injection levels K is
independent of resistivity. At low
injection levels, K approaches the
following asymptotes for very low resis-
tivities.

1

Kf; = C R, + C R, (4a)
1

ng = cplnl + cp2R2 (4b).

This behavior 1s qualitatively similar to
the one level model.

Germanium damage constant as a
function of resistivity for variows walues
of injection ratio 1s shown in Figs. 5
and 6. 1In germanium, devices are made
with base resistivities 1wuch closer to
Intrinsic resistivity, =latively speak-
ing, than 1s the case for silicon. Con-
sequently, it 1s expected that device
verification of a flat or decreasing
lifetime damage constant with Increasing
injectlon level can be found. The 2N1}%
data, to be dlscussed subsequently, bears
this out.

Damage Constant as a
Function of Injection Lzvel

Fig. 7 shows the variation of
silicon K with injection level for
various values of resistivity, For
resistivities balow 50 ohm-cml, K will
increase with increacing injection level
For the recombination center constants
in Table I, K_ always increase monoto-
nically with Enjection lavel; Ky
usually increases monotonically with
Injectlion level but for some values of
resistivity (e.g., ~ 100 ohm-cm) Ky goes
through a maximum as injection level is
increased. Tails behavior hag previously
been reported for germanium2<.

Flgs. 8 and 9 show the variation
of germanium K with injection level for
various values of resictivity. Notice
that a maximum 1s expected for n typz



pistivities in the range of one to
éteen ohm cm.

A one level model can never result
in a maximum in the Ky vs injection
level curve.

Damage Constant as a
Function of Temperature

Tne temperature dependence of K is
explicitly 1ntroduced into r7é
through n1 an AT exp- (Ec-Eﬁ
/KT, pp = BT3/2 exp (ée E,)/XxT. ng and
po are assumed 1ndependent or tempera-
ture, thus limiting this discussion to
the temperature range over which the
material is extrinsic and the doping
centers are fully ionized. Thz capture
cross sections are assumed independent
of temperature. The constants A and B
are eliminated by normalizing th2
temperature dependence to Ty ( =
38.6 at T; = 300°K). Eq. (1)

injection level increases the value the
K at low temperature increases and the
value of K at high temperature decreases.
Tne apparent slope decreases as a
function of 1increasing injection level.
Therefore, in experiments where the slope
of this line 18 used to deduce an acti-
vation energy, one must be sure to
consider the effect of injection level.

Substantially different values of
energy levels result when experimental
curves are fit to a two level model
rather than a on2 level model even after
injection level effects are properly
consldered.

Previously, data showing relatively
constant values of lifetime below room
temperature had been attributed to
trapping effects. Eq. (5a) and (5b)
show that both a finite inJection level
and a second recombination center can
cause this effect. , It is instructive to

becomes, examine the low level asymptote for
; c .
K:’ T e 2 3/2 T 52)
1, 6n b T 1
o=t ( )(5=)p (7)) exp[38.6(1 - )aE,]
nl po + 5“ p +6l’1 po Tl Tl T 1
. canz
¢ P 3/2 T
n2 2 1
pz(s——;gg)+ 1+ (5—*373;)(p )T (T 7-)  exp[38.6(1 - 57)aE;,)
c .
2= pL1 , (50)
0 ¢ 1+ (3l ) “expl38.6(1 - x1)aE ]
ng P ng +en’ 'ny'Ty pLIC. T JaE)
R Cnofo
C T
n2 sn bo! 1
+ it m)( 2 (T ) /2 exp[38.6(1 - gL)ak,)
These equations are relatively compli- several approximations23.
cated, Therefore, a computer run was
made at a number of different resis- ) C .
tivitles varying both temperature and 1 _ DlRl (6a)
injection level. A typlical set of R;" Co1 sn
curves 1s shown in PFig. 10 and 11 for 52— (n ¥ bn)
one ohm cm silicon mat?rigl, where KN nl o)
Kp 18 plotted apainst T%ﬁx) for
various values of °*) injection CoRy
level. Filg. 12 shows Ky for germanium t 5 (no approximations)

of varlous resistivitles at an injection n2 sn
ratio of unity. Cp2 Mg *tén

) Several important characteristics
* evldent in these curves. As the
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Extension to Electron,
Proton and Gamma hadiation

Th2 preceding analysis has been
developed for the neturon case. 1t
should have a loglcal extenslion to the
point defects present in semiconductor
materlials damaged by other radiations
such as electrons, protons or gammas,
when the defect doa2s not involve a
donor atom which wa&ld not be present
in p-type material®’, or whan the*
characteristics of the defect do n»ot
depend on Fermi Level position. Taus,
divacancles, A centers, etc., should
be expected to contribute to lifetims
degradation for both n- ani p-type
material,

Experimantal Results

Lifetim= vs temperature measuremsants
were also taken by Curtis. Fiz. 13
shows an example of experimsntal life-
time vs 1030/T data. The solid linsz
represents the fit using Eq. (5b) with
the experimental values from Table I,
Tnere 1s excellent agreement. A number
of simllar data sets have been checked
at various resistivity values for bosth
p- and n-type samples. The agreement
between the data and Eg. {(5a) 1is usually
very good.

A small discrepancy at low temper-
atures in Fig. 13 is real and appears
in most of the data checked. It 1s
probably du2 to annzaling. The con-
stants in Table I used in Eq. (5a)
were determined from unanncaled data.
The data in Fir. 13 were taken after
1/2 hour anneal at each temperature
before taking the data at that partic-
ular temperature.

Messengerl1 has published data on
the variation of current gain with
temperature for neutron irradiated
sillicon transistors. Fig. 14 chows
data for a 2N33% transistor, Current
gain 15 related to lifetim2 damage
constant by,
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f K
B = -—37-—-“(-) (7)

Using the mnauured characteriatlcg 8?
the transistor, /0. °¢ =4.2 z 107
and using K from E (5a) with the
experimental constant° of Table I, the
thgoretical curve (s51id linz) for B8 vs
1090 45 obtained. The quallitative fit
is very good. Tne gualtitative
discrepancy 1s well uithin the expected
experimental error and can po55ibly be

attributed to two factors. The cata
used in obiginino Tabl‘= I was taK°r
between 10 and 1011 n/cm?; f cata

of Fig. 8 was taken at 8.6 x 1043 n/cm2.
Thus, it 1s possible that a dosim2trey
correctlion factor is requirad. Th:
factor f¢/0.2 in Eq. (7) contains
several approximatiors and may not b2
quantitatively correct.

Fig. 14 is representative of a
number of analyses wnich have been run.
Tne experimental data consistently
inzrease at a slightly zreater rate
than the calculated curve at vary hign
temperatures. Ths systematic error is
probably due to annealing and d:vice
overheating. The shapz of the curva is
also affected by the wvalue of injection
ratio calculated from the device
equations. For example tne shapz of
the experimental curve .n Fir. 8 i3
even mare closely arproximated by 3ings
an injection ratio of 0.2 in E3. (53).
The dsternination of injection ratio

on the devices 1s probably only road to
within a factor of tuo.
Tnae variation of current zain with

injection level for irradiated trac-
sistors provides another cneck foo the
two lavel mddel. Flg. 15 shows =2xreri-
mental_data for a 2M1655 silicon tran-
sistor Th2 solld curve 1is calculacsad
from Eq. (1) with the constants of

Table I. Th2 relationship between 3
and K calculated froi._the device ejua-
tion is g = 2.9 x 10~ 6

Fig. 16 shows the variaticrn of
lifetim2 damage constant with iajecticn
level for a 2MN1308 transistor. Araln,
the agreement 18 excellent bet.c2w tn2
calculated and experimental rec.les.
Notice the characteristic 1s alr.oast
flat, the resistivity of 6.3 onn cm
1s close to the value for nich th2
theoretical curve 1is flat, tne lactor
of 1.5 increase cbgsarvea at lou
injection levels is dve to the 1icreava
of the diftuslion constant In the bace
of the transistor as injection level i3
increascd. The fall off at hi h current



evels is attributed to base conductivity
odulation.

Tne data 18 representative of a
number of transistors both p and n base.
Tne agreement between Eq. (1) and the
data at low injection levels was frankly
not expected. Rather, 1t was expected
that the recombination process in the
base emitter field regigg which has been
discussed by Sah et al, would cause
the experimental curve of 1/8 to
increase more rapidly with decreasing
injection level, at least 1in the case of
silicon. Evidently, lifetime variation
with injection level contained in Eg.(1)
48 sufficient to explain the transistor
data, for both silicon and germanium
above inJjection ratios of about 0.01.

Concluding Discussion

An attempt has been made to see how
successful a two level model could be
in resolving the contradictions inharent
in fitting experimental data for neutron
irradlated silicon and germanium to the
ong level models previously used.

As a mathematical formalism the two
level model is very successful in pre-
dlctinz the varlation of lifetime damage
constant with resistivity, temperature,
and injection levels.

As a physical reality, the two
level model has two substantlal defi-
clencies. First, it is an approximation
to a very complicated defect structure
which 13 known to contain many levelseH,
Second, there are several oth2r plau-
sible alternative extensions or modifi-
cations to-the one level model which
might resolve 1ts contradictions with
experimental data.

Several important conclusions can
be deduced from the two level models.
Tne damage constants reported for
experiments on semiconductor materials
have always been much lower than those
reported for experiments using tran-
sistors. Tne variation of lifetime
with temperature reported on silicon
material has been larger than the .
variation of current gain with temper-
ature measured on devices. This 1s
because the material measurements have
been made at very low injection ratios,
and the device measurements at inter-
medlate to high values of injection
ratio. It 13 characteriatic of both
the one level and two level models that
damage constant will increse substan-
tially with infection level, and that
temperature dependence will dccrease

ith increasing injection level,

2-6

Th2 tendency of lifetime to
agymptote at low temperatures can be
caused by a finite injection ratio or
the presence of a second recombination
center. These effects have probably
been at least as important as the
trapping effects which have previously
been mentioned.

The two level model approximates a
very complex physilcal picture by
representing a spectrum of donor levels
in the upper half of the forbidden band
by a single donor level of appropriate
average activation energy and capture
cross sections; and by representing a
spectrum of acceptor levels in the lower
half of the band by a single acceptor
level of appropriate average activatlion
energy and capture cross sections. The
clusters are in a quasi-equilibrium
condition at room temperature;
annealing at higher tempsratures will
result in a reduction of the effect of
the clusters at the expense of intro-
ducing point defects. Tnerefore, the
characteristics of the two level model
are applicable only at room.temperature
and will change with further annealing.
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Table la. Parameters for the recomination

centers determined by a least square fit to
Curtis’ low level lifetime damage constant

data.

Rlcpl = 0.37 x 10’6(s.ec—n/cm2)-1
RC ; = 0.40 x 10"5(sec—n/cm2)"1
'Rzppz = 0.68 x 10-5(sec—n/cm2)_1

R,C , = 0.76 x 10"6(sec—n/cm2)-1
n, =2.0x 10 em™

1
=1.3 x 1013 em™3

Po
Ky - 1.4 +8.6°1072, + 1.2-10-35§]x 105
N 1 + 3.8-107%,
_l2.1 +0.18p + 9.0-10 " 4 5
. L 1 +1.4 - 10 4]

Table 1b. Parameters for the recombination
centers deigrmined by fitting Equation (2)
to Walters experimental data.

Rlcp1 =44 x 10—2 (sec-n/cmi)—i
RiC,; = 3.5 x IOé (sec-n/gm %—

R20p2 =92 x 10~ ésec-n/cm ); .
R,C , = 0.9 x 107" (sec-n/cm”)”

= 5.0 x 10M/en?

P, = 0.5 x lolu/cm?

o
!

B e
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Table II. Parameters for the recombjnation
centers determined by a least square (1t

to Curtis' low level lifetime damage
constant data

A, =1.2x 10714 o2
A =2 -13 o2
o = .3 x 10 cm
pe -13 2
A = 1.0 x 10 cm
AT o1 9 x 10°% cp2

n2 - -

- ——————



Table III. A comparison of the silicon room temperature
‘ defect level scheme due to Konopleval wit;h the two-level

approximation

p-Si
-Ec - 0.21
-E, - 0.31
-E, - 0.38
-Ec - 0.48
-E, - 0.50
-E, - 0.53
-E, + 0.58
-E, + 0.55
-E, + 0.53
-E, + 0.48
-E, +0.31
1

Konopleva™ Room

Temperature Model

-Eé -~ 0.31 'Average' Level

-Ev + 0.35 'Domlnant' Level

Two-Ievel Approximation

2-10
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Figure 1. Damage constant vs resistivity for n-type silicon. Curtis’
experimental data are given, showing least squares fit to Eq. (1a).

Constants determined by the least squares fit are shown in Table IXa.
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DAMAGE CONSTANT, K, (nvt sec)
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Figure 2. Damage constant vs resistivity for p-type silicon Curtis'
data are given, showing least squares fit to Eq. (1lb). Constants
determined by the least squarcs fit are shown in Table Ia
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A two level fit is shown for WalterslZ2
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Figure 5. Germanium lifetime damage constant vs equilibrium electron

density for various values of injection ratio.
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RADIATION EFFECTS ON MICROCIRCUITS

George C. Messenger
Nortronics, a Division of Northrop Corporation
Applied Research Department
Newbury Park, California

I Introduction and Summary

Microcircuit response to puclear radiations
has become an increasingly important concern over
the past year. This discussion will consider
transient radiation effects (TRE); a companion
discussion will cover space radiation effectsl.
The interesting effects occur in two areas; dis-
placement effects resulting from fast neutron
irradietion, and ionizing effects caused by prompt
pulses composed of x-rays and y-rays. Fast neu-
tron degradation of microcircuit performance is
dominated by transistor current gain reduction.
Current gain degradation in microcircuit tran-
sistor elements follows the same laws as current
gain reduction in discrete transistors of similar
base region design and geometry.

Jonization effects in monolitic p-n Junction
isolated microcircuits are ususlly about an order
of magnitude larger than in comparable discrete
element circuits. The dominant additional source
of photoresponse is the large srea substrate junc-
tion which gives rise to a very large photocurrent.
The substrate junction in combiration with the
microcircuit p-n junctions close ebove it gives
rise to parasitic diode and transistor elements.
Primary and secondary photocurrents in these para-
sitics tend to dominate the overall response of
the microcircuit.

These parasitics and their photocurrents are
egsentially elimipated by use of dielectric iso-
lation. The problem of minimizing microcircuit
transient responses has been considered, Pulse
compensation techniques involve balancing photo-
currents within the microcircuit, especially
within the base region of transistor elements.
The use of memory elements to return flip-flops to
their pre-pulse condition is suggested. Addi-
tional elements in the microcircuita may be
effectively used to desensitize critical sub-
circuits.

IT Experimental Program

Test specimens were selected to determine
radiation effects on modern microelectronie
ecircuits and included three basic circuit types
representing five different fabrication tech-
niques. Circuit types included digitel logic
gates, flip-flops, and differential or digital
sense amplifiers., Fabrication techniques included
monolithie p-n junction isolated, monolithic
dielectric isclated, multiple chip, thin film
compatible, and thin film hybrid. The experi-
mental matrix is shown ia Table I.

The devices were tested at the Northrop TRIGA
Reactor, &t the General Atomic LINAC, at the
Physice International Super Flash X-ray and at
the Northrop Flash X-ray test facilities.

Experiments designed to determine the dis-
placement damage effects in a reactor enviromment
were generally performed on a "before" and "after"
basis. Dynsmic tests were performed on selected
circuits, however, in an attempt to isclate the
effects of the mixed neutron-gamma envirorment.
The results indicated neutrons produce the pre-
domipnant damaging effect, with only very minor
variations due to a reduction in neutron-to-gamma
ratio from 1.9 to 0.1. Sulfur-activiation powders
were used to determine the integrated fast neu-
trons with energies greater than 2.5 MeV. The
ratio of neutrons with energy greater than 10 keV
(plutonium threshold) to neutrons with energy
greater than 2.9 MeV (sulfur threshold) hes been
carefully determined for the Northrop reactor.
This factor, 7.65, wes used in order to report all
data in terms of fast neutrons with the standard
10 keV threshold.

Meagurement of the circuit tranaient response
in the ionizing radiation envirorments required
wide-bandpass instrumentation, of moderate gain,
with effective x-ray and rf shielding. Several
dosimetry techniques were used. The total dose
was determined with the use of thermoluminescence
powders and colbalt-glass chips. The radiation
dose rate was determined from tr waveform of a
vacuum tube photodicde or a s8il :0n dicde and the
measgurement of total dose. The accuracy of the
dosimetry was further checked by means of a
correlation experiment with the Boeing Cozpany
involving the trade of test specimens and dosi-
met;y.

III Displacement Damage

Fast neutrons degrade microcircuits by pro-
ducing the same damaging effects which have been
extensively studied in discrete devices. How-
ever, there are two differences worth comment.
Microcircuitas exhibit smaller "surface' effects
than discrete devices, perhaps due to the care-
fully controlled protective oxide used on the
surface throughout the fabrication process. The
B degradation characteristic from microcircuit
transistor elements 1is more uniform from device
to device than in similar diacrete transistors,
reflecting another facet of the carefully con-
trolled microcircuit processing technology.

There heas been substantial progress in under-
standing the degradation produced in semiconduc-
tors by fast neutrons. The dependence of demage
on incident neutron energy hes been satisfactorily
explained by Lindhard2, and an experimental veri-
fication of the theory relating to i{onization
effects in sili{con hasg recently been publinhed3.
This 18 directly applicable to displacement and
ionization processes produced by fast neutrons in
silicon microcircuits.

’ 3-1
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The current gain reduction in microcircuit
transistor elements can be discussed exactly as
for regular transistors”.

1.1 ,02[_ ¢ 1 re
BB, + z, [K(Pbogn) + 'i]h(Z) + aL,’ (1a)
1 0.2
== bl
AB rt pb’zn , ( )
vhere
11 ¢
-'- - —'-; + l—(m-)- . (lc)

Here B 18 small signal current gain, 4 initlal
gain, fy 18 gain bandwidth product, ¢ is neutron
fluence, r is transistor base lifetime, r4 ini-
tial lifetime, Py 1s transistor base resisti-
vity, is neutron energy, h(Z) 1s a function of
injection level, dIpy/dIp 1s a term accounting
for recombination in the base emitter field
region, and K is the damage constant.

Damage Constant as a Function of Incident Neutron
Energy

Equation 1b is the approximation usually
valid at the operating blases recormended for
microcircuit operation. As indicated K is a
function of neutron energy. Several authors have
discussed the depepdence of displacement damage
on peutron energy ﬁ? 5 6 Recently Lindhard®
has used an apprcach based on energetics which
divides the integrated results of neutron inter-
actions into two classes, viz., atomic processes
and electronic processes. The totel energy E
obtained from the incident neutron is assumed to
divide between the two processes so that

u(E) + v(E) = E, (2)

vhere__i 18 the energy lost to electronic processes
and v is the energy lost to atomic processes. A
calculation of n(E)/E and v(E)/E as a function of
incident neutron energy was then performed.
Sattler3 has obtained experimental verification
of the theoretical function n{E)/E as a function
of incident peutron energy for silicon. Smits!
has established a ratic of 3 for the lifetime
reduction produced by 1k-MeV neutrons compared to
the lifetime reduction produced by a Godiva
fisasion spectrm. Sn1thd has taken the various
energy-dependent neutron cross sections for the
important neutron interactions with silicon,
multiplied them by the appropriate functionsa

n(E) E and w(E) EJ, puzmed both the electronic
processea and the atomic processes, and has
obtained curves of the energy going into atomic
processes as a function of incident neutron
energy (Pigure 1) and a curve of the energy going
into electronic proceases as a function of inci-
dent neutron energy (Figure 17). If one nsaumeslO
that the number of recombination centers produced
in silicon is proportional to the energy going
into atomic processes, Smith's curve cnn be used

3-2
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to determine normalized damage constant as a func-
tion of incident neutron energy. Further, the
damage produced by various neutron spectra can be
compared using an integration technique. &nith'aa
curve can be transposed to a curve of ¢ vs inci-
dent neutron energy by dividing the ordinate by
9l MeV-mb (1 MeV mb = 3.4 x 1313 rads-em2/neutron).
Then the value of 0 { 0 = K'l) for monoenergetic
neutrons normalized to 1 MeV can be read directly
from the curve. The effective value of K for a
particular neutron spectrum is obtained by an
integration process

]i
'l gy e 0.0 Mey*(EIN(E) a7

0.01 Mev N(E)dE
vhere N(E) 4s the differential fluence of the
incident neutrons. The lower limit of integration
is teken as 0.0l MeV consistent with the accepted
definition of fast neutrons; it is important to
standardize on such a lower limit when comparing
different spectra. The upper 1limit of integre-
tlon can easily be made 15 MeV in practice.

Messenger'sh curve for ¢ vs Ey is reproduced
for comparison. It was obtained by fitting Smits'7
experimental data to the function

o= a.En(l - e-A/En).

Here a = 1.02/MeV and A = 3.6 MeV. A comparison
of Smith's curve with Messenger's earlier estimate
shows that Messenger's averaging procedure -
scured a substantial amount of fine structwe in
the curve.

Dependence of Lifetime Damage Constant on Resis-
tivity

Curtisll has recently measured the dependence
of lifetime damage constant on silicon resistivity
at low injection levels. The experimental results
are shown in Figures 2 and 3.

This behavior is expected for relatively
shallow recombination centers near either band
edge. Consider a recombination center below the
conduction band. At low resistivities the Fermi
level will be between the recombination center
and the conduction band; consequently the re-
cambination centers will be heavily populated with
electrons and very efficlient at capturing holes.
At high resistivities the Ferml level will be
below the recombination centerj consequently the
recombination centers will be lightly populated
with electrons and much leas efficlent for cap-
turing holes. Thus, one expects the damage
constant to incrense with resistivityl2,
p-type semiconductor material in the resistivity
range 0.1 to 2.0 ohm-cm {8 normally used in
microcircuit transistor bases; Figure 3 shews that
K is relatively constant over this range of resis-
tivity so that an average value may be used with
confidence. The variation of K with reststivity
shown in Figure 3 applies directly to transistors
and microcircuits; however, the absolute magnitude
will require correctionl3., A good average value
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of K for microcircuit transistor elements is

1.5 x 100 nvt-sec. A direct comparison with un-
published electron degradation data obtained by
Batelle on similar microcircuits showed that the
damage produced by approximately 30 electrons per
square centimeter of energy (3 MeV) is equivalent
to the damege produced by one fast neutron.

Figures 1, 2, and 3 are the best presently
available estimates for the variation of lifetime
damage constant with incident neutron energy and
transistor base resistivity. Since nearly all
microcircuit transistor elements have a p-type
base, Figures 1 and 3 will normally suffice for
microcircuit application.

Gates

A number of gates (Table I) were evaluated to
determine degradation in a fast neutron environ-
ment. The MC201G (Figure L) is typical of the
results obtained. Figure 5 shows the normalized
small signal common emitter current gain as a
function of fast neutron fluence. The uniformity
in characteristic response from device to device
is typical of microcircuit transistor elements
and is several times better than that observed in
comparable discrete tranaistors. Analyzing thege
results according to (1b) shows that f
9 8 x 1012 +2.0x 1012 n ﬁcm2 with fg ? f /ﬂ )

= 7 x 106/sec and K = 1.4 x 100 nvt-gec.

The current gain decrease degrades gate per-
formance by reducing fanout capability; finally
the gain drops below 2.1, the minimum gain re-
quired to drive enother similar gate (fanout of
1). This is shown in Figure 6. There are several
other interesting gate degradation characteristics:
transfer function i1s shown in Figure 7, threshold
and saturation voltages are shown in Figure 8, and
leakage currents are gshown in Figure 9. C(onsider-
ation of Figures 6, 7, 8, and 9 1indicates transis-
tor current gain 1s the predominant cause of per-
formance degradation in microcircuit gates.

Flip-flops

A group of flip-flops compatible with the
gates discussed above were evaluated for neutron
degradation. The SE124K, Figure 10, is typical.
Analysis of flip-flops was partially frustrated
by inability to measure characteristics of indi-
vidual mierocircuit elements due to lack of
terminals. One expects the transistors to degrade
like those measured for Figure 5. When the
closed loop gain in the flip-flop drops below
unity, the circuit will not operate. The degra-
dation of "off" voltage, saturation voltage, and
minimun pulse amplitude required to switch are
shown in Figure 11 for the Q output.

Amplifiers

The amplifiers studied included differential
emplifiers, digital buffer amplifiers, and gated
sense amplifiers. Trinsistor current gain de-
¢rease was the predominant cause of circuit
degradation and fatlure. The MC1525 (Figure 12)
is typleal; pre- and post- irradiation tranafer

characteristics are shown in Figure 13. Current
gain degradation i1s shown as a function of flux
in Figure 14, Again note the uniformity from
device to device. Microcircuit differential
amplifiers maintain their balance during degra-
dation significantly better than differential
emplifiers made frcm discrete devices. 7This is
probably due to the increased uniformity result-
ing from fabrication of both sides of the ampli-
fier close together on the same chip.

Another typical circuit is the gated sense
amplifier (Figure 15) whose tranafer character-
istics are shown as a function of neutron fluence
in Figure 16.

8ignificant Conclusions

Fast neutron induced microcircuit performance
degradation results directly from current gain
decrease in the transistor elements. Other
changes such as increased leakage currents are
not large enough to significantly contribute to
circuit malfunctions.

Degradation in microcircuit performaence from
device to device 1is more uniform than with simi-
lar digcrete component circuits.

No significant differences in neutron degra-
dation exist between the five fabrication tech-
niques tested.

iv Jonization Effects in Microcircuits

Experiments to weasure ioni~ing radiation
effects necessarily involve sho. .-duration pulses
which are inevitably accompanied by rf inter-
ference or noise of electromagnetic nature.
Therefore, extensive shielding was felt to be
mandatory and measures were taken in designing
appropriate instrumentation to minimize these
effects.

To minimize the rf interference, only the
test specimens and their lcading circuits were
exposed to the radiation beam. The operating
controls were enclosed in an aluminum box, with
fixtures for additionral lead shielding of the
cathode follower vacuum tubes, which were the
only vulnerable components of the system. To
further eliminate rf noise, storage batteries
were employed for dc bias supplies and all remote
control cabling was decoupled at the entrance of
the box.

To minimize charge-scattering and sir-ioni-
zation effects during irradiation, the test
specimens and logic loads were completely enclosed

. in potting compound (Sylgard), exposing only the

pickup connections. The applied biases and out-
put-monitoring pickups were caompletely shielded
from the radiation beam.

Deapite these precautions there was evidence
of charge scattering effects in the transient
responge of the test circults, especlally at
circuit nodes where the impedance to ground wes
high.
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Basic Effects

Bigh energy rsdiation produces hole-electron
pairs in silicon. These changes move under the
influence of concentration gradients and electric
fields producing photocurrents. After the radia-
tion pulse, the induced charges recombine at a
rate determined by the minority carrier lifetime.
Usually, however, microcircuit bias currents
remove the radiation-induced charge in a time much
shorter than the minority carrier lifetime. In a
continuous radiation environment, an equilibrium
is established between the carrier generation
process, end carrier removal processes which
include recombination and bias currents.

The carrier generation rate depends only on
the rate of energy sbsorption through electronic
processes and not OE the type or spectrum of
incident radiationlh.

1y . (3)

Here g is the generation rate-electron hole pairs
per cm3/sec, y is the energy absorption rate in
rads/sec, and k is 4 x 1013 electron hole pairs
per em3/per rad for silicon. The short circuit
photocurrent in & p-n Jjunction resulting from a
radiation pulse has been derived by Wirthl5,

t\2 R |
1eagh U +L erf(-;)?_ - erf(-——E)e

g-ki -hxlO

S ]

Here g 18 electronic charge, A is junction area,
Wgc 18 width of p-n Junction fileld region, t is
time, r is minority carrier lifetime, L is
minority carrier diffusion length and tp is the
pulse width.

Energy absorbed in silicon from x-rays,
y -rays, electrons and protons goes almost en-
tirely into electronic processes; for transient
response calculation, y in rads/sec is required
from dosimetry measurements. Absorbed erergy
from neutrons divides between electronic and
atomic processes as previously discussed. Figure
17 shows rads/g(S1i) per n/cm? as a function of
incident neutron energy which goes into electronic
processes®. In a reactor experiment, the neutrons
arrive with negligible time of flight for all
neutron energies. Assuming a square pulse,

® =(E)N(E)4E
¥ (5)

Y= T
P

A neutron spectrum produced at a substantial dis-
tance from the test specimen requires 2 further
correction due to the dependence of time of flight
on neutron energy. If neutron capture processes
are important, fonization can anlso be produced by
the resulting nuclear reactions.

For all types of radiation, very shot pulses
should be characterized by ]¥t ydt in 11ds (S1)
since charges ere created in a t.me short compared
to characteristic time for minority carrler re-
combination or responae time of the circuit.

v —— e v _— —_— -

Isolation Junction and Parasitic Flements

Monolithic microcircuits differ from their
diacrete element counterparts because of the
built-in isola*ion between circuit elements and
between circult elements and substrate. The
monolithic and compatible microcircuits (columns
1 and 3 of Teble 1) use p-n Jjunction isolation;
the monolithic circuits (column 4, Table I) uge
a 8ilicon dioxide dielectric region for isolation;
multiple chip and hybrid microcircuits (columns 2
and 5, Table 1) are actually a miniaturized pack-
aging of discrete elements and do not contain
igolation regions.

The p-n junction isoletion results in very
large photocurrents between circuit elements and
substrate. The silicon dioxide isolation, how-
ever, is almost as good as the isolation between
discrete devices. The distributed nature of the
devices, interconnects, and parasitic elements in
p-n Junction ipolated microcircuits makes it
difficult to devise simple and accurate equiva-
lent circuits. Fortunately, the use of lumped
elements 18 sufficiently accurate for most ana-
lysis 1in the rediation environment. It is now
necegsary to discuss individual microcircuit
elements together with their parasitics.

The moat troublesome element is the tranais-
tor. Figure 18 shows the transistor element along
with the transistor parasitic element. If the
gain of the parasitic pnp translastor is suffi-
clently low, its effect can be represented by a
paraaitic diode between collector and gre 1.

The holes created in the n-type collector region
may flov either into the transistor base region
or the substrate region; the amount of current
flowing into the transistor base is a function of
the current gain of the parasitic transistor.
Re.ymondl6 hasg. analyzed this quantitatively using
a Linvill "lumped” model equivalent circuit. His
treatment provides analytical expressions for
secondary photocurrent in the complex frequency
domain. The photocurrent in & microcircuit
transistor element is compared with the photo-
current from an equivalent discrete transistor
in Figure 19. The substrate is grounded and the
comparison is made for the limiting cases of base
resistance Rg;-#0 and Rp —» ®. At low irra-
diation levels, I, 1s proportional to y end the
difference between the microcircuit transistor
and the discrete transistor is due to the sub-
strate photocurrent. For the condition R; -+
{(Rg = 10 kilohms is sufficient) and at higher
levels of y in the microcircuit transistor, the
parasitic transistor drains some of the hole cur-
rent origirating in the transistor collector
region to grourd, preventing it from reaching the
transistor base. This effectively reduces the
secondary photocurren*t in the microcircuit trans-
istor. For the condition Rg —» = , the mlcro-
eircuit transistor photocurrent is larger than
the discrete transistor photocurrent at lov y
levels, but 1a sutatantially lower at hicher y
levels. The ability of the subatrate photo-
current to reduce secondary photocurrent in
microcircuit transistor elements is very I[mpor-
tant; A lealgn whi h crref 1ly Lalarreq ¢t o
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photocurrent into the transistor base against
photocurrenta out of the transistor base and into
the substrate, prevents secondary photocurrent
and 1s very useful for hardening microcircuits.

Figure 20 shows equivalent circuits for
diodes cammonly used in monolithic microcircuits.
Again, the parasitic transistors can often be
replaced by parasitic diodes. Figure 21 is a
capacitor equivalent circuit and Figure 22 ghows
tvo resistor types with the appropriate equivalent
circuits. It should be noted that a substantial
photocurrent will arice in reasistor elements even
though dielectric isolation is used since a p-n
Junction diode is used to isolate the resistor
from the underlying semiconductor region. This
underlying semiconductor region gives rise to
photocurrents which tend to short circuit the
resistor even though it is isolated from the rest
of the substrate by the silicon dioxide.

The thin film passive elements did not show
sufficient photo-response in any of the test
circuits to contribute substantielly to the
observed microcircuit responses.

Photocurrents in Microcircuit Gates

Photocurrents produced in microcircuit gates
must be analyzed using the complete equivalent
circuit including parasitics; complete equivalent
circuits vary in complexity from the MC201 to the
ATWA. The MC20l1 is shown in Figure 23; the ATWA .
has the same equivalent circuit as shown for the
MC201 in Figure 4. A typical set of response
curves for the MC201 is shown in Figure 24, With
the gate originally off, a turn-on transient
appears at the output; this is a net result of
photocurrents flowing into the base of the output
transistor from its collector and emitter regions
and photocurrents flowing out of the base through
the pull-down resistor, the offset diodes, and the
substrate Junction. There 18 no evidence of
secondary photocurrent. With the gate originally
on, a turn-off transient appears. The photo-
currents flowing out of the base region are larger
than the photocurrents flowing into the base and
the net effect is a transient reduction in output
current. The transient vulnerability is seen to
be different in the on state than it is in the
off state. The transient at the input is nega-
tive. This cannot be understood by considering
microcircuit photocurrents alone. FPhotocurrents
from the offset diodes, input dlodes, and blas
resistor are into node e; and the substrate photo-
currents are out of node ej. The net effect
should be a positive transient. A possible ex-
planation for the negative transient 1s scattering
of electrons into node ey during the pulse. This
explanation is supported by experimental evidence
using a dummy TO-5 can with an open-circuited
transistor inside; here a similar nepgative pulsge
was obgerved. Examination of other gates heas
frequently shown the expected positive transient
at e1. The preferred explanation is that the net
effect of photocurrents and electron scattering
at this node are nearly balanced and that small
changes in experimental varianbles may lead either
to a positive or negative pulse. This {llustrates
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the difficulty previously discussed of separating
the expected microeircuit photocurrent and secon-
dary electron scattering effects.

In general, p-n junction isolated micro-
circuits showed the greatest transient response,
with the other microcircuit fabrication tech-
niques producing transient responses approximately
equal to those expected from similar discrete
element circuits. This is 1llustrated by Figure
25. The MC201 shows nearly an order-of-magnitude
more response at low radiation levels and reaches
saturation nearly an order of magnitude lower in
radiation levels than the XC20l1. This illustrates
the reduction in photocurrents resulting from the
use of dielectric isolation instead of p-n junc-
tion isolation.

Flip-flops

Flip-flops are relatively complex micro-
circuits; however, the major concern in a radia-
tion environment is whether a change of state
occurs.

Experimentally, the changes of state thres-
hold is about 5 rads for a short pulse. Sometimes
flip-flops reset in a symmetrical manner. That
18, they come out of saturation into either of
the two possible states with equal probebility
independent of the original state. Occasionally,
a flip-fiop is found which always comes out of
saturation in the same state, independent of the
original state. Such flip-flops have a built-in
assymmetry resulting in a "preferred state!"
Figure 26 surmerizes the experi—ental results for
the SE 124 flip-flop driving ar 3E115G gete. This
is typical of the flip-flops which responded in a
symmetrical manner and contains scme waveforms
which show change of state and other waveforms
which show & return to the original state. The
duration of saturation is about 0.5 sec. Table
II'summarizes the experiments performed with
various loads at variocus rediation levels.

The monolithic p-n junction isolated flip-
flops showed larger photocurrent responses and
greater change-of-state vulnerability then the
dielectric-isolated, multiple-chip, and hybrid
units by almost an order of magnitude. This was
very similar to the microcircult gates.

Amplifiers

Amplifiers exhibit'a transient response
dominated by secondary photocurrent from the
transistor elements. These circuits therefore
spend an increasing amount of time in saturation
as the radiation dose is increased. The PC-12
{Figure 25) illustrates this effect.

At dose rates of less than 5 x 106 rads (S1)/
sec the output response of the PC-12 was negli-
gible when the output was in the low voltage
state., Above this level beta multiplication of
first stage transistor primary photocurrent re-
sulted in a large turn-off response at the output,

The output response with the output in the
high voltage state was negative and a function of
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photocurrent into the transistor bese against
photocurrents out of the transistor base and into
the substrate, prevents secondary photocurrent
and 18 very useful for hardening microcircuits.

Figure 20 shows equivalent circuits for
diodes commonly used in monolithic microcircuits.
Again, the parasitic transistors can often be
replaced by parasitic dlodes. Figure 21 is a
capacitor equivalent circuit and Figure 22 ghows
two resistor types with the appropriate equivalent
circuits. It should be noted that a substantial
photocurrent will arise 1o reslstor elements even
though dielectric isolation is used since a p-n
Junction diode is used to isolate the resistor
from the underlying semiconductor region. This
underlying semiconductor region gives rise to
photocurrents which tend to short circuit the
resistor even though i1t is isolated from the rest
of the substrate by the silicon dioxide.

The thin film passive elements did not show
sufficient photo-response in any of the test
circuits to contribute substantially to the
observed microcircuit responses.

Photocurrents in Microcircuit Gates

Photocurrents produced in microcircuit gates
must be analyzed using the complete equivalent
circuit including parasitics; complete equivalent
circuits vary in complexity from the MC201 toc the
ATWA. The MC201 1is shown in Figure 23; the ATWA
has the same equivalent circuit as shown for the
MC201 4in Figure 4. A typical set of response
curves for the MC201 is shown in Figure 24,
the gate originally off, a turn-on transient
appears et the output; this is & net result of
photocurrents flowing into the base of the output
transistor from its collector and emitter regions
and photocurrenta flowing out of the base through
the pull-down resistor, the offset diodes, and the
substrate Junction. There 1s no evidence of
secondary photocurrent. With the gate originally
on, a turn-off transient appears. The photo-
currents flowing out of the base region are larger
than the photocurrents flowlng into the base and
the pet effect is a transient reduction in output
current. The transient vulnerability is seen to
be different in the on state than it is in the
off state. The transient at the input is nega-
tive. This cannot be understood by considering
microcircuit photocurrents alone. FPhotocurrents
from the offset diodes, input diodes, and bias
resistor are into node ey and the substrate photo-
currents are out of node ey;. The net effect
should be a positive transient. A possible ex-
planation for the negative transient 1s scattering
of electrons into node ey during the pulse. This
explanation is supported by experimental evidence
using a dummy TO-5 can with an open-circuited
transistor inside; here a similar negntive pulse
wag observed. Examination of other gates has
frequently shown the expected positive transient
at e}, The preferred explanation is that the net
effect of photocurrents and electron scattering
at this node are rearly balanced and that small
chnnges in experimental varinbles may lead efither
to a positive or negative pulse. This {llustrates
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the difficulty previously discussed of separating
the expected microcircuit photocurrent and secon-
dary electron scattering effects.

In general, p-n Junction isolated micro-
ceircuits showed the greateat transient response,
with the other microcircuit fabrication tech-
niques producing transient responses approximately
equal to those expected from similar discrete
element circuits. This 18 1llustrated by Figure
25. The MC201 shows nearly an order-of-magnitude
more response at low radiation levels and reaches
saturation nearly an order of magnitude lower in
radiation levels than the XC201. This 1llustrates
the reduction in photocurrents resulting from the
use of dlelectric isolation instead of p-n Junc-
tion isolation.

Flip-flops

Flip-flops are relatively complex micro-
circuits; however, the major concern in a radia-
tion environment 1s whether a change of state
occurs.

Experimentally, the changes of state thres-
hold is about 5 rads for a short pulse. Sometimes
flip-flops reset in & symmetrical manner. That
is, they come out of saturation into either of
the two possible states with equal probability
irdependent of the original state. Cccasionally,
a flip-flop is found which always comes out of
saturation in the same state, independent of the
original state. Such flip-flops have a built-in
assymmetry resulting in a "preferred state!"
Figure 26 suwmarizes the experimental results for
the SE 124 flip-flop driving an SE115G gate. This
is typical of the flip-flops which responded in a
symmetrical manner and contains same waveforms
which show change of state and other waveforms
which show a return to the original state. The
duration of saturation 1is about 0.5  sec. Table
II summarizes the experiments performed with
various loads at various radiation levels.

The monolithic p-n junction isoclated flip-
flops showed larger photocurrent responses and
greater change-of-state vulnerability than the
dielectric-isolated, multiple-chip, and hybrid
units by almost an order of magnitude. This was
very similar to the microcircuit gates.

Amplifiers

Amplifiers exhibit'a transient response
daminated by secondary photocurrent from the
transistor elements. These circuits therefore
spend an increasing amount of time in saturation
as the radiation dose 18 increased. The PC-12
(Figure 25) illustrates this effect.

At dose rates of less than 5 x 106 rads (S1)/
sec the output response of the PC-12 was negli-
gible when the output was in the low voltage
state. Above this level beta multiplication of
first stage transistor primary photocurrent re-
sulted in a large turn-off response at the output.

The ocutput response with the output in the
high voltage state was negative and a function of
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the primary photocurrent of the output transistor.
t a dose rate of 2.8 x 100 rads(S1)/sec the

res e wvas less than 0.2 volt negative. At

1 x 109 rads(Si)/sec and higher dose rates the

response was greater than 1.5 volts negative.

Typical respopse waveforms are shown in Table III,

To understand the transient response of this
device, first consider the high voltage output
state in which the second stage transistor is
"off" and the first stage transistor is "on". The
first stage transistor then presents a low impe-
dance to the base of the second stage transistor
preventing gecondary photocurrenta from occurring.
Therefore, the "on" response at the output is due
simply to the primary photocurrent generated in
the second stage transistor. Assuming the two
transistors are identical, this value of primary
photocurrent calculated for the second stage
transistor with the output high will be wvalid for
the first stage transistor when the output 1is low
since the first stage transistor is now turned

"off." The calculated photocurrents and corres-
ponding dose rates are shown in the following
table:
Dose Rate
[rads(Si)/sec] Primary Photocurrents
[ Device No. Average
3 b 7
28x100 76 pa 136 pa 170 pa| 127 pa
1.0 x 108 1.6m 1.8ma 2.6ma 2.0 ma
7.0x108 b4.0ma 48ma 4.0ma | 4.3ma

With the output in the low voltage state the in-
put is grounded. A primary photocurrent of
slightly more than 230 ua 1s required through
the 3K input resistor to turn "on" the first
stage transistor. This 13 assuming a 0.7 drop is
necessary across the base to emitter junction of
the first stage transistor. The photocurrents at
the lowest dose rate are not large enough to
cause the first stage to turn "on” vhich eccounts
for the negligible response at these dose rates.
For the two higher dose rates the photocurrents
are much greater than the 230 pua necessary to
svitch the first stage "on," resulting in secon-
dary photocurrents because of beta multiplica-
tion in the first stage. The current flowing
into the collector of the first stage must come
from the base of the second stage as well as the
pover supply, resulting in the large positive
"off" response at the output. This assumes a
linear relationship of dose rate to primary photo-
current would require a dose rate of 5 x 1 for
230 upa. At dose rates higher than thig the
device reaponse ls dominated by the large "turn-
off" response just described at the output when
in the low atate.

Latch-up

None of the microcircults tested under this
experimental program showed latch-up. However,
the type of latch-up described by Kinoshltal? has
been experimentally produced on a p-n-p-n switch;

Q&hls menns that microcircults with p-n junction
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isolation are potentially susceptible to this
latch-up phenomenon. One of the virtues of
dielectric isolation 1s that it precludes this
type of latch-up.

Predictlon

An equivalent circuit such as Figure 23 can
be progremmed on a computer using a transient
analysis code such as NET, PREDICT, or CIRCUS and
the transient output produced by a radiation
driving function determined. This technique is
qualitatively successful, and in some cases, good
quantitative results have been obtainedlS, i9.
Charge scattering effects, and imperfect equiva-
lent circuit models combine to limit this tech-
nique at the preset time.

For many microcircuits, interesting aspects
of the radiation response such as the approximate
level of radiation required to produce saturation
and the approximate length of time the circuit
will remain in saturation after a radiation pulse
can be calculated directly from the equivalent
eircuit using appropriate simplifying sssump-
tions20,

Significant Conclusions

Major differences in response to ionizing
radiation exist between p-n Junction isolated
microcircuits and the other microcircuit fabri-
cation techniques analyzed. Microclrcuits fabri-
cated with p-n junction isolation showed almost
an order of magnitude greater photocurrents than
those fabricated with dielectric isolation or
from discrete components. Response of p-n .ne-
tion isolated microcircuits was usually dominated
by photocurrents from the isolation junction
vhereas the response of the other microcircuits
wag dominated by the photocurrents arising in the
transistor and diodes.

Amplifiers always showed transistor secondary
photocurrent effects. This resulted in increased
circuit saturation time as the radiation level
was increased. Flip-flops and gates usually
showed only primary photocurrent responses.

Charge scattering effects are significant
and often produce identifiable photoresponses in
microcircults. This results in a dependence of
experimental results on the specific geometry of
the experimental set-up including the encapsulant
used, and limits the effectiveneas of present
prediction techniques. More work is required in
this area.

Microcircuit vulnerability to short pulses
occurs in the 1 to 10 rad(Si) region for the
circuits tested. Most of the circults were sat-
urated in the ten to ten thousand rad enviromment
but recovered in less than one microsecond pro-
viding transistor secondary photocurrents had not
been exclted; secondary photocurrents prolonged
the saturation up to one hundred microseconds
depending on the circuit and radiation level.
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v Hardening

It 1s desirable to reduce the response of
microcircuits to pulses of ionizing radiation.
The experimental and analytical results obtained
provide useful guldance for reducing transient
responses. A major step is replacement of p-n
Junction isoletion by dielectric isolation to
eliminate large substrate photocurrents.

Pulse compensation techniques can be uged to
provide photocurrent cancelletion especially in
the base region of transistor elements where pro-
per balancing can eliminate secondary photo-
currents. Tt is economically more feasible to
add specilally tailored device elements to accom-
plish this in microcircuits than in discrete
element circuits. This technique is very useful
in gates and will be mandatory in amplifiers.

Figure 26 shows the current paths for an
"off" gate and the equation and parameters in-
volved in increasing the radiation "hardness" of
the circuit by changing the design parameters.

To turn the gate on from the "off" condition,
the base of the transistor has to go through a
voltage swing of Vpeqrp tO Voegn: As soon as Vye
is larger then or equal to 0.6 volt, the collec-
tor photocurrent increases rapidly due to the
creation of secondary photocurrent. By preventing
Vpe from reaching 0.6 volt, the secondary photo-
current effect will be minimized.

Referring to the schematic dlagram in Fig-
ure 26, the transistor will be kept in the "off"
condition 1if,

1a(t) + 14 (t) 2 1 (¢), (6)

where
1rs(t) is the pull-down resistor-substrate
photocurrent
1dn(t) is the coupling diode photocurrent
and

4_(t) is the primary photocurrent of the

PP transistor.

In the ideal case, the sum of the coupling diode
photocurrent and the pull-down resistor-substrate
photocurrent should be equal to the primary photo-
current for both the "on" and "off" conditions.
For this condition, photocurrents in the base
circuit balance each other and there is no net
effect due to radiation if contributions from
other parts of the circuit are assumed negligible.

When the sum of the coupling diode photo-
current and the pull-down resistor-substrate
rhotocurrent is larger than the collector photo-
current, there is a net decrease in the normal
current flowing in the bage circuit. 1In this
operating condition, the transistor will not
turn on. However if,

1p(8) > 14.(8) + 1 (¢), (7

part of the ipp flowing through the pull-down
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resistor will forward bias the base emitter Jjunc-
tion and eventually turn on the "off" gate.

To prevent the base emitter junction from
reaching a forward bias of 0.6 volt, the follow-
ing inequality has to be satisfled.

0.6v + Van - Vdi

R2

ipp(t) < + fan(t) + 1 () (8)

Equation 8 explicitly shows which design param-
eters can be varied to prevent the output trans-
istor from generating large secondary photo-
current.

The curves on the right side of Figure 28
show the effect of the pull-down resistor on the
change of collector current versus dose rate. By
reducing the pull-down resistance, the threshold
for creation of secondary photocurrent versus
dose rate is moved from curve (a) to curve (b).

A further reduction in. pull-down resistance ylelds
curve (c) which represents the normal generation
of primary but no secondary photocurrent.

The photocurrent paths of an "on" gate are
shown in Figure 29. In the "on" gate, there will
be no problem if,

1(8) 2 1 (8) + 1 (¢) (9)

If eq. 9 is satisfied, the photocurrents in the
base circuit are either vbalanced out or unbalanced
in the direction required to drive the already
"on" transistor further into saturation. However,
if

1(8) < 1y (e) ¢ 1 (8), (10)

the normal base current has to supply the differ-
ente needed to compensate for the photocurrent of
the coupling diode and the substrate photocurrent
of the pull-down resistor.

To keep the "on" transistor in saturation,
the inequality presented in Figure 27 has to be

satiafied. A rearrangement of these equations
gives

s (> b Jant Vet T Tee t V2
Pt T AR Y Ry

+ 1dn(t) + 1“(t)

vhere [3 18 common emitter forward current gain
of the transistor and Vhe is the base to emitter
voltage which 1s nomally at 0.8 volt. Since
1pp(t) 1n eq. 11 is an undesiradble radiation
effect that cannot be eliminated, 1t cannot be
considered a variable pirameter for improving the
vulnerabllity of the circuit. A logical approach
is to select materials and devices with the
smallest ipp(t) that the state-of-the-art can
provide and then vary the parameters on the right
hand side of eq. 11 to improve the rudiation
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vulnerability of the circuit. It is apparent from
. 8 and 11 that a change in a design parameter
one direction may decrease the radiation

response of the gate in one state but increase

it in the other.

Table IV gives some of the design parameters
vhich can be varied to improve the radiation
resistance of the circuit. Also included are
suggestions on how they should be changed to
accomplish this.

As showvn in the table, the transistor current
gain should be maximized for the "on" state so
that the transistor will be driven further into
saturation. In the "off" state, especially when
the secondary photocurrent is created by radia-
tion, the transistor current gain should be small
to minimize the radiation effect. All other
parameters in the table should be changed in such
e wvay 8o 88 to drive the "on" transistor further
into saturation and to prevent the "off" transis-
tor from turning on. Since, in moat cases, the
gate circuits have different responses in the two
different states, the most vulnerable state deter-
mines the vulnerability of the circuit. The
change of design parameters 1s often aimed at
improving the radiation resistance of one state
and accepting the associated increase in sensi-
tivity of the other. A final set of compromise
design parameters is obtained so that the circuit
has the maximum overall radiation resistance.

It is desirable to add a memory element to
flip-flops, directing them to return to their
initial state upon emerging from saturation. In
the past, magnetic components have been used to
accomplish this. The experimental results on
some flip-flops have shown a preferred state after
irradjation. This leads one to speculate about
additional components which would make the pre-
ferred state after irradiation always the same as
the pre-irradiated state. A voltage dependence
capacitor attached from collector to ground on
both sides of the flip-flop is one possibility.

Vi Conclusions

A reviev of experimental data in the tran-
slent radiation environment available on a variety
of contemporary microcircuits of various construc-
tion techniques has been presented. It has been
demonstrated that the well-known neutron degrada-
tion effect on transistor gain can be directly
extended to microcircuits. A large photocurrent
arising in the p-n isolation junction of mono-
lithic microcircuits has been shown to dominate
the transient response of these devices. Micro-
circuits with dielectric isolation or discrete
elements are preferred for use in the ionizing
radiation envirorment. The experimental results
have been used as a basis for suggesting harden-
ing techniques for the lonizing radiation en-
viroment which include pulse compensation,
especially in the transistor base regions and
the addition of internal memory elements to
flip-flops.

The present understanding of basic mech-
‘nhu has been reviewed both for neutron dia-
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placement damage processes and the creation of
hole electron pairs due to ionizing radiation.
Charge scattering has shown up as an irportant
experimental variable, and further wvork is sugges-
ted to understand better this phenomenon in micro-
circuits.
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a TABLE II SE124% RADIATION RESPONSE
Serlal Loading Original Radiation Response
No. State * induced change of state o No change
-1 |Q-2200 Ex. R Q-1 o
8- 2200 Ex. R Q=1 °
w-2 | Q-MC201G DTL Gate Q-1 s d
@-2200 Ext. R U=1 p
-4 G-1/2SE1150wiDTLGate | Q=) vy
Q-1/2 SE115 Dual DTL Gate ED! ved
c-s |Q-10000 Ext.R Q-1 s 3
Q- 2200 Ex.R Qe 2 b2
c-6 |Q-10000 Ext.R Q-1 3 otn
G- 2200 Ex. R 8.1 ° o o0
Q-10000 Ext. R Q=1 p
G-7
d- 2200 E4.R B s
s Q-10000 Ext. R Q=1 . osf
G- 50 2200 Ext. R 6-1 L] s0#
107 108 107 1010
¥ d(Si)/sec

Note: No radiation-Induced transitions were observed at flash x-ray levels
[1.e., ~ 2 x 10® radstS/sec]

TABLE II1 RESPONSE WAVEFORMS

-"Note: All voltages in volits,
All times in microseconds
Radiation Sovrce input/Outeout Response
rce  Jrans (wii/scc, Ceoiuiruradion Call-cigr sunply Gtz
6 0.12
600 kv {2.8x10 Low Negligible
Flash
X-ray 0.0
t, = 200ns Jod l=0,1 '
High
Unac  |1x108 Low
10 Mev 3
Electrons
tp = 40ns
High
Low
7x 108
' High




1966 MESSENGER: RADIATION EFFECTS ON MICROCIRCUITS

TABLE 1V
DTL GATE VULNERABILITY PARAMETERS

TRANSISTOR CURRENT GAIN : MAXIMIZE FOR'"ON'" STATE
MINIMIZE FOR '"OFF" STATE
COUPLING DIODE VOLTAGE DROP : MINIMIZE FOR "ON'" STATE
MAXIMIZE FOR "OFF" STATE
COUPLING DIODE PHOTOCURRENT : MINIMIZE FOR "ON'" STATE
MAXIMIZE FOR "OFF" STATE
PULL DOWN RESISTOR - . MAXIM]ZE FOR "ON" STATE
MINIMIZE FOR "OFF" STATE
PULL DOWN RESISTOR- MINIMIZE FOR "ON" STATE
SUBSTRATE PHOTOCURRENT : MAXIMIZE FOR "OFF'" STATE
COLLECTOR SUPPLY VOLTAGE - MAXIMIZE FOR "ON" STATE
PULL DOWN SUPPLY VOLTAGE : MINIMIZE FOR "ON" STATE

PHOTOCURRENTS : IDEALLY, ipp(t) = igp(t) + irg(t)
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Fig.1l. Energy Going intc Atomic Processes and Normalized Reciprocal Lifetime
Damage Constant aa a Function of Incident Neutron Energy.
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(2) Physical Cross Section

A

-="
}
[]
]
.=
®) Equivalent circuits showing transistor and
diode parasitic elements, The diode represen-
tation is a useful simplification if the gain
of the parasitic transistor is low,
Fig. 18. Monolithic Microcircuit

Trangsistor Element and its
Equivalent Circuits.
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SPACE-RADIATION EFFECTS IN INTEGRATED CIRCUITS

Donald J. Hamman
Battelle Memorial Institute
Columbus, Ohio

This paper* discusses the damage mecha-
nisms in semiconductors from space radiation and
the effects on the microcircuit elements and the
microcircuit parameters. Some tabular data are
presented and a general-effecta summary and some
design considerations are included.

Introduction

Microelectronic circuitry, and especisally
monolithic semiconductor circuitry, offers many
potential advantages for space-mission applica-
tions., Its use in the environment of space,
hovever, must be predicated upon & sound knowl-
edge of the effects of that environment on the
mfcrocircuits. The information that has been
compiled about the cummilative effects of charged-
particle radiation on microcircuits i{s useful to
the system designer for estimates of operating
l1ife, selection of the best circuitry, and
knovledge of trade-offs involved in this selec-
tion. In this paper, the types of microcircuit
degradation effects and those parameters that are
most critical in determining the radiation tol-
erance of mficrocircuits are discussed. The
possibilities for minimizing the deleteriocus ef-
fects of space radlation are discussed from the
points of view of both the msnufacturer and the
designer.

Microcircuit Behavior Under Space Radiation

Hen.eugerl in this session's companion
paper has told you how microcircuits behave in
the transient-nuclear-radiation environmeat.

This paper discusses the demsce mechanisms in
semiconductors from space radiation and the ef-
fects on the microcircuit elexents and the micro-
circuit parameters. Some tabular data are pre-
sented and a general-effects summary and some
design considerations are included.

*The informatfon i{n this paper {s primarily the
result of work performed by Battelle Memorial
Institute, under Contract No. KAS5-3985, for
Coddard Space Flight Center under the technical
wonfitorship of Mr. Frederick Gordon, Jr. A
limited emacunt of the fnformation was derived
from the Radfation Effects Information Ceater at
Battelle.

3-20

T ——

As 1{s well known, the radiation found in
space consists primarily of electrons having
energies ranging up to several Mev and protons
of energles up to several tens or even hundreds
of Mev. HNo further deacription of the environ-
ment is presented here, as the primary purpose
of this paper ia to discusa the effects rather
than the nature of space radiation. Further
inforwation on the enviromment may be found in
the writings of Vette.2,3

The effects caused in integrated circuits
by space radiation are essentially the same as
those caused by nuclear radiation. However, the
electrons and protons, being charged particles,
can cause both lonlzation as well as bulk damage
effects and, also, may produce brehmsstrahlung.
The first srea of discussion for this paper is
damage mechanlsms in semiconductors.

Damage Mechanisms

The irradiation of semiconductor crys-
talline strata with energetic changed particles
results In the production of defects in the
crystal lattice. These defects (primarily
vacancy-interstitial pairs) result t{n a dis-
torted energy structure for the lattice, and
bence, in changes in the physical properties of
the materisl. '

Although the precise changes that occur
are dependent on the relative position of the
defect energy levels with respect to the Fermi
level, the overall electrical effects in silicom
are manifested by reductions {n mobility, ef-
fective free-carrier concentration, and ainority-
carrier lifetime. The changes in the latter two
electrical parameters 2s a function of particle
fluence are usually most important for bulk
damage and have been approximated by the expres-
sions

-.o"lv 1)

1 1
Tr- ?o’ ‘2 v (2)
where

v ® effective minority-carrier lifetime
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THE USE OF COMPUTERS TO ANALYZE THE EFFECTS OF
NUCLEAR RADIATION ON CIRCUITS AND SYSTEMS

INTRODUCTION

In the preceding series of lectures, the effects of nuclear radiation on
semiconductor materials and devices have been treated in detail. Likewise, reasonably
accurate device mathematical models have been developed to predict displacement and
ionization effects on semiconductors. With the proper specification and collection
of device parameter data, it is possible to calculate the expected semiconductor
performance for ionization/degradation effects caused by a nuclear radiation
environment.

When a mathematical model for a semiconductor device is verified by experiment
and deemed adequate for the gencral prediction of device behavior, it is necessary to
establish a means of performing these predictions when a multiplicity of such semi-
conductors (in combination with other devices) are interconnected to form a circuit.
Further, it is necessary to establish a means of performing predictions when a
multiplicity of circuits is combined to form a system. The total system generally
consists of electronic and electromechanical elements, some or both of which can be
treated as transfer functions.

At the circuit level, it is possible to establish the effect of nuclear radiation by
the use of manual calculations using simplifying assumptions, 1 This method is effec-
tive and fairly rapid. The principle difficulty in the manual approach is in the predic-
tion of large circuit response with multiple feedback. This type of circuit is generally
found in secondary power subsystems and/or electronic regulator circuits such as
digital-to-analog converters. With the advent of large scale computer facilities in the
early 1960's, an effort was made to use analog and digital computation for the predic-
tion of circuit response by automated techniques. Some of the initial efforts considered
made use of analog computer techniques. 2 Although successful, this method of pre-
diction required estensive equation writing and the usual scaling problems involved
with analog computation techniques.

While the analog approach was being developed, digital computer techniques
were also being pursued. Special purpose programs were developed by various
agencies to calculate critical circuit response. This method was also reasonably
successful but required considerable effort and skill with the added disadvantage that
a circuit change required reformulation of equations and consequently a new computer
program. Various general purpose computer codes were developing during the period
1960 to 1964* among which was the NET-13 program developed on the MANIAC
computer at Los Alamos by A, Malmberg. Shortly after the development of the NET-1,
the Boeing Company modified tl\e basic program and mathematical models to be used
in a program termed CIRCUS. ™ In 1965, the Air Force Weapons Laboratory sponsored
the development of the PREDICT code, a more general purpose program than NET-1

*The computer programs listed use the same basic Ebers and Moll or the equivalent
charge control bipolar transistor model, other programs had been used which employ
simplified linear or piece-pulse lincar models.
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or CIRCUS which allowed for a wide variety of mathematical models to be used in the
program. Improvements in the PREDICT code resulted in significant changes and it
was renamed SCEPTRE. These general purpose digital computer programs are
progressing both in application and in the improved development of computing hard-
ware and software. At this point, the small and large digital computer and associated
software is developing at a very rapid pace with attendant lower computing costs. As
a result of this overall trend, this form of computation becomes extremely attractive
for circuit and system calculations. Since the testing and verification of nuclear
radiation effects is generally more costly than determining the electrical performance
of the circuits/systems, these prediction codes have become essential for the accurate
analysis of circuit behavior in a nuclear environment. At present, there are four
computer programs available to universities and industry in the United States as
follows: '

1. NET-1

Los Alamos Scientific Laboratory

2. CIRCUS

Boeing Company

3. SCEPTRE

IBM Oswego

4, TRAC

Autonetics

These programs have the following general capabilities:
1, Automatic generation of circuit equations

2. Built-in or user models

3. Automatic initial conditions

4, Transient solution (time history) ’

5. Restart capability

6. Tabular or graphic output

As an example, the circuit shown in Figure 1 would have various nodal points
designated and coded as follows:

F{1 is connected from circuit node 5 to node 1
R2 is connected from circuit node 1 to ground (circuit node 0)

Etc.

Generally, the value of R, and R _, etc. will be entered with the topological
connection. This will be treated in detail tater on a specific circuit which has been
subjected to radiation. A typical ionization response of node 3 of the circuit
illustrated in Figure 1 is shown in I'igure 2,
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Figure 1. Example of Circuit Prepared for Computer Coding
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Figure 2. Response of Node 3 to an lonizing Pulse of Radiation



9 In general, the computer codes described here are limited to circuits of
approximately 70 nodes due largely to the theoretical limits associated with inverting
or partitioning matrices. An attempt to solve larger arrays generally results in
computational error and excessive computer run time. There is a need for an
analytical tool to provide solutions for a multiplicity of circuits (subsystems, systems).
One such code SECURE has been developed at Autonetics and presently has the capa-
bility of solving for 5000 unknowns by partitioning these in arrays of 50 or less. In
addition, functional block models are capable of being combined with detailed circuits
to form a complete control loop system simulation. An example of such a system
(in very simplified form) is illustrated in Figure 3. A typical response of the control
loop system is illustrated in Figure 4.

GYRO SCALE FACTOR LEAD - LAG
g K1 b K2 AND GAINS 5 NETWORK

(7]

8p s OPERATIONAL + OPERATIONAL
] < 5 b  AMPLIFIER AMPLIFIER -
. K4 K3
+

TEST SIGNAL INPUT

Figure 3. Closed Loop System

The application of the Transient Radiation Analysis by Computer (TRAC)
Program will be used as a vehicle to describe the method for the solution of nuclear
radiation effects at the circuit level.

APPLICATION OF COMPUTER CODES FOR RADIATION EFFECTS ANALYSIS
AT THE CIRCUIT LEVEL

The transient radiation effects on electronics (TREE) at the circuit level are
based on the definition and validation of adequate mathematical models of electronic
devices and the combination of these models through mathematical techniques with the
aid of a digital computer such as IBM 7094, CDC 3600, Burroughs 5000, etc. Asa
result, these mathematical models are usually represented by an equivalent circuit.
Figure 5 illustrates equivalent circuits for passive elements which include radiation
effects. Figure 6 illustrates an equivalent circuit for a p~n diode and n-p-n bipolar
transistor. Typical response characteristics for the bipolar transistor are illustrated
it;fFigures 7, 8, and 9. Figure 10 illustrates the equation used for neutron degradation
eflects.

The solution of combinations of these models can be illustrated as follows:
Consider the simple resistor network in Figure 11 with associated nodal equations.
Note that the current through each element (resistor) is calculated by obtaining
he voltage across the element and the resistance (parameter) value. Generally,

9‘@ resistor is treated as a single "model" and can be generalized as illustrated in
Figure 12,
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Figure 6. Active Elements (Includes Photocurrent Generators)
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Applying Kirchhoff's current law with respect to current leaving node P
of Figure 12:

s bx®=0 (1)

K

The current, i (t), will have a functional relationship to the dependent node

voltages, v's, he piece-part parameter, p's, the grounded voltage sources, ‘s -
current sources, and the auxiliary quantities and time.

lp’k(t) = Fp,k (V's, p's, evs's, ics's, p's. t) (2)
V's = node voltages
p's = parameters
vs's = grounded voltage sources
ics's = current sources
v's = other auxiliary: quantities
t = time (also implies t =At)
At = time increment

The exact form of Equation (2) is dependent upon the piece-part model. “*e
built-in models of the TRAC Program consist of difference equation represent * nns
of Equation (2). This difference equation is linear and of the form:

lp,k(tn) = [Ahp,q,k(tn) Vq(tn) - AWp’k(tn)] _ 3)
where

p,q = dependent node number p and q

Ahp,q,k(tr? = kth piece-part admittance contribution at time tn

Vq(tn) = voltage of dependent node Q at time tll

Awp,k(tn) = gh piece-part ""pseudo-current” contribution at t_

. The Ah and AW terms are known functions of quantities whose values are known
prior to solving for v (t ) and [ (t ) e.g., functions of past voltage, vq‘tn-l)'

past current, lp k( l)’ ‘n(]/m m oundcd voltage source. e, (tn).

10




@ . Since the voltages at the independent nodes are already known at time, t_, the
only voltage values to be determined are those of the dependent nodes, Vq(tn). The
dependent node voltages, Vq(t,), are determined by substituting Equation (3} into
Equation (1) for each dependent node, P, and solve for each of the dependent nodes.
This can be represented by a matrix of the form:

T H. Vv
- _——A——-\ ’ = 2 Y
Z AW t) s> -ah t)..... Ah t) V,(¢t)
K 1,k''n K 1,1,k'n K 1,nv,k''n 1''n
= b 4
z AW (t) = =
K nv,k'n K. Ahnv, 1~,k(tn)' - oK 'Ahnv,nv,k(tn) an(tn)

where nv = number of dependent nodes (note for a 32-K word core memory,

nv = 60 max), the H matrix is non-singular in most instances (where the circuit is
realistic and main diagonal is occuped by non-zero terms). Equation (3) can be used
to solve for Vq(tn) forQ=1,2, ..., NV,

An example of a piece-part generally mechanized for TRAC is given as follows
(see Figure 13):

ir@
nnnnamec——
W O—AMAAD  Ha®
R

Figure 13. Resistor Piece-Part
The difference equation used in TRAC to mechanize this model equation is: ’

5. i = (1/R) Vot = i)

6. iNF,k(tn) - iR(tn) = iR(tn)

7. Ah (tn) =1/R

NF,NF,K
11



é 8. Ohyp yp ity =-L/R

9, Ath),Q,K(tn) “0Q#NF, QANT,Q=1.2..., NV

10. AW t) = 0
NF,K( n)

Since Ler k) = “iyp, k(e it follows that:
11, AhNT,NT,K(tn) = 1/R
12, AhNT,NF,K(tn) = -1/R
13. AhNT,Q,K(tn) = 0 Q#NV,Q#NT,Q#1,2,..., NV
14, AW () = 0

Similar derivations for a capacitor, inductor, diode, and bipolar transistor
can be obtained. These derivations are more tedious and are covered in detail in
Reference 5,

Radiation effects and data are entered as an additional current generator, (i_ ),
or as a change in parameters, e.g., hFE (¢). The effects are included in the

conventional model calculation procedure. Temperature and other effects can aluo be
input with the result that combined effects are properly correlated through the solution
of the H, T, and V matrix manipulation. The flow chart for solution is illustrated in
Figure 14.

The solution proceeds are as follows:

1. Take last solution att = tn—l

2, Advance timetot ; (¢t =t tAt)
n'n n-1
3. Generate H&T matrix components in the equation writer
4. Solve H * V = T for dependent node voltages
5. Perform convergence tests in non-linear solution subroutine
6. Accept or reject solution
7. Calculate auxiliary quantities

8. Recycle to the next time step.

olmmt/output is handled through punched card and tab printout,

12



SOLUTION KNOWN AT t = tn-]

STORE VOLTAGE AND CURRENT
SBOLUTION AS PAST SOLUTION

—> TRIAL VALUE OF at, KNOWN

¥

ADVANCETIMETO t =t _, + At lq
CALCULATE TIME FUNCTION VALUES AT t,

i

AUTOMATIC EQUATION WRITER OF H&T MATRICES

©® CLEAR H&T MATRICES TO ZERO <—
® CALL TRAEQ (1) FOR SPECIAL TIME FUNCTIONS
AND Ah AND AW TERMS
@ ADD Ah AND AW TERMS FOR LINEAR PIECE-PARTS
®1F 1ST ITERATION, MAKE POINTWISE LINEARIZATION
OF NONLINEAR DIFFUSION CURRENT-VOLTAGE CURVE
@ADD Ah & AW TERMS FOR DIODES AND TRANSISTORS

7

SOLVE H*V = T FOR DEPENDENT NODE VOLTAGES

v

COMPARE SOLUTION TO EACH NONLINFAR DIFFUSION
CURVE FOR CONVERGENCE, MAKE NEW POINTWISE
LINEARIZATION WHEREVER CONVERGENCE HAS NOT
OCCURRED

CALL TRAEQ (2) FOR CONVERGENCE CHECK ON SPECIAL
MODELS

TOO MANY
ITERATIONS
SINCE LAST
AT CUT

TOO MANY
At CUTS AND/OR ™\,
PARAMETER VALUE _J/

OSCILLATIONS #

REDUCE

at BY 1/2 {5

CHECK FOR NONSTANDARD PARAMETER
VALUE SWITCHES CALL TRAEQ (3)
FOR SPECIAL ACCEPTANCE TEST

@ACCEPT LAST
ITERATION AS
SOLUTION

®PRINT

CHANGE NONSTANDARD SYSTEM UNSTABLE

PARAMETER VALUES,

ETC., AS NEEDED

ACCEPT
SOLUTION

CALCULATE BRANCH CURRENTS AND POWER

CALL TRAEQ (4) TO CALCULATE AUXILIARY UNKNOWNS g
DETERMINE TRIAL VALUE OF NEXT AT

T et ity

Figure 14. Flow Chart for Solution (TRAC)
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The SCEPTRE and CIRCUS codes have a free format or partial free format

input.  TRAC and NET-R have fixed formal input which requires a precise set of

sequential instructions which, if not in the correct order, will prohibit proper
computer execution.

The output of all the programs is tabular, with options for print-plotting, or

the use of peripheral plotting equipment. The example which follows illustrates the

application of the TRAC code for circuit ionization (induced by gamma radiation) and

neutron induced degradation,

EXAMPLES OF CIRCUITS ANALYZED BY A DIGITAL COMPUTER

The circuit to be considered is a simple unijunction oscillator. The equivalent

circuit of the unijunction is illustrated in Figure 15, including the other components

(R's and C's), which form the oscillator circuit. Normal circuit operation will be

obtained first. This will be followed by a case where an ionization pulse is introduced.

of the

&

-

Faulty neutron damage effects are introduced.

i1

20 V.
]
E
A
10 Kohm
I By
1
R
n . tm
J Rg; + Rpg
v

Figure 15, Unijunction Oscillator Circuit and Model for the
Unijunction Transistor

'he circuit is appropriately numbered from node 1 through node 6. An example
computer coding is illustrated in Appendix A. Summarizing the results:

. The ionization produced by gamma radiation causes a momentary discharge
of the capacitor, and the oscillator circuit resumes normal operation.

The neutron damage eoffect causes an increase in frequency until the
oscillator ceases operation.

14
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Circuit simulation of this type can be extended to much larger circuits than the
one shown in Figure 15. Circuits of up to 60 nodes, containing 100 elements
(resistors, capacitors, inductors, diodes, and transistors), have been successfully
simulated using the computer codes, ’

The results of these circuit analyses must be folded into an overall system
evaluation. The next section discusses several methods for system analyses.

APPLICATION OF COMPUTER CODES FOR RADIATION EFFECTS
AT THE SYSTEM LEVEL

System modeling for non-radiation effects has progressed to the point where
several computer codes have been developed for the purpose. Two such programs
will be discussed here. One program - Continuous System Modeling Program (CSMP)-
provides a means of simulating system response by use of functional blocks.** A
typical set of functional blocks is illustrated in Figure 16. The functional block
representation can be used to represent an entire circuit or an electromechanical
device. Modifications are generally required for the electronic block equivalents
to represent loss of gain, d~c offset, and spurious transients. An example of this
is illustrated in Figure 17. This procedure can be extended to complex systems. The
difficulty with this approach for predicting system response to radiation effects requires
that the complex interactions within electronic circuits be neglected with the added
assumption that each block input impedance is infinite with a corresponding zero out-
put impedance. It is necessary , therefore, to include actual circuits in conjunction
with functional blocks. A computer code for this purpose has been recently developed7
and is termed System Evaluation Code Under a Radiation Environment (SECURE),
The following example illustrates the use of this program for determining a closed
loop response to ionization and degradation effects. The system to be analyzed is
illustrated in Figure 3.

A nominal test signal (to provide an electrically induced transient) is applied to
establish the correspondence between a block equivalent of Figure 3 and an equivalent
with detailed circuits. The comparison is illustrated in Figure 18, A detailed
diagram of the servo loop, including all circuits, is illustrated in Figure 19.

The introduction of a 10 percent beta reduction due to neutron damage causes a
loop transient due to the change in base current of Q1. The transient response is shown
in Figure 20.

The addition of ionization will cause momentary saturation of the amplifiers,
as depicted in Figure 21,

**Functional blocks receive inputs and present infinite input impedance to the inputs.
The blocks deliver outputs (aiter proper mathematical operations) with zero output

Impedance.
15
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SUMMARY

The preceding discussion has illustrated how radiation effects at the piece-part,
circuit, and system levels can be performed with the aid ¢f computers and the
appropriate software. There are several accepted computer programs which are
available to industry and the University for radiation effects analysis at the circuit or
subsystem level. Two computer programs for system simulation (digital simulation)
were discussed and an example of one of these (SECURE) was illustrated using a
relatively simple servo-loop as an example.

The state-of-the-art in this field is advancing at a rapid pace. This advance
is due to the following factors:

1. The rapid advancement of computer hardware--Larger memory
and faster access time

2. Improvement in computer software and programming languages

3. Development of improved mathematical techniques for the
solution of large sets of non-linear differential equations.

The present trend of development is directed toward digital simulation of large
systems with the objective of obtaining an accurate system prediction model. These
prediction models must, however, be verified by functional and radiation tests.

In addition, effort is underway to include statistical considerations in the
system modeling effort in order to ascertain:

1. The sensitivity of system response to various radiation inputs

2. The relationship between piece-part behavior and system
behavior

3. The probability of system survival as a function of various
nuclear environments.

As a result of these developments, it appears that the time is not far off when
the evaluation of systems for functional (non-radiation) response and for radiation
effects becomes a matter of standard practice.
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FORTRAN  FIXED

DECK NO.____ 1) PROGRAMMER__ X ™~

10 DIGIT DECIMAL DATA

DATE X>/*~/> pAGE__| ot JOB NO, XX%x = XX

000 S OO0

4

")'JM" lar'r' o-ﬁ "'\m—' -(me-lt'o-—u — £ 1,()Ju-/wl1[{?( Jdrees

NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
L N ¢ Nyt ber 07[ o s Fawdavel ,ua/a»qu/ﬂ/_r
l-|—3- gé MNownber oL c/"//\/((n;—/fhfﬂ’oc/f Vo//éalsr'f Uhéuaw/'r(
Ez 2 N‘(M éf" o ~ d“{l'/‘ﬂ‘;’/‘/ [#77] éuaqjkr:
Iiz D Mo ber o £ nyw s ta q:/owgl ALt rQM//rr Swf.’z{'j
] [ }rs. o] Selectisua of jnitin | coucbisus (-1 DC)
&) |
L]

’ l Pm"‘fc O"c' C(L,(llf" "f'a/ LL\.A"K “o{\")ﬂﬂ(}-ao"“".!
> l 5 (Uy\hnu\UI\’t‘quurl’\ Currru+>j ch’:o D'a“":j"’p Pr-de‘f
3 / Phase plauve ’u(of: desired
,‘3-74 | T tialisation checle (Prf«\ﬁmror*ro»\{viut/\
'fi Olrs _ B¢ Plods r‘%utvf&{
d 210005000 Il Nuwber of dew ve 1loun p[d‘[L(VF;J-E)
L ' Nope (1) _vs Time -
3] 2 A:our—;@ vs T
2 3 -
NoOOE (3) vs Timpg.

37

4 riowE G vs rmE
L9 . . _ Shs w8 NoepnE &) vs TirqE
e tloooSoco ) ol vooE @ vs TimE
L] 7 AUXIC1ARY (D Tr  ys TIME
E g Avxresary (B Ve-B1 vs TIME
E
l3_7-
Ez

73 80

[+

600500 ] |

FORM 114 C1? REV 7-30
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- FORTRAN FIXED 10 DIGIT DECIMAL DATA

DECK NO.___ L PROGRAMMER _ X% > DATE X0y N« paGE_ 2 of JOB NO, XXX R = XX
1 NUMBER IDENTIFICATION | DESCRIPTION DO NOT KEY PUNCH
N Aur‘:/lé.«?{ @ T oan X =Axigc
% Aux;/l';ry @ Ve-gi o Y-Axig

73 8O —_

00 O0So004p

-~ 03 Moo Va/uc Q?‘ AL /JfL rc’,/o'q f=01“' tél

("—

-0 3 First™ 4iume "(0 céﬂ/‘f At

~

y-v

73 QQ%LMMWM(_&MMN 3
ooo S o/l oo

3

-~ — — 73 gy

00050/0)

= EEE] (e VST (2] BRI -] (=] (<] (3] {s] -]

73 80

3

...... . 1000 5 01 02) | NExT PAGE

FORM 114 C 17 REVY 788



S-v

DECK No.___ D

FORTRAN FIXED

PROGRAMMER _ A X X

10 DIGIT DECIMAL DATA

JOB NO.

DATE Xx/Xx [xX PAGE__3 _of

NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
—aa . FRoOM DRC YOS PAGE

3. 89
0.0.0 501 073

300, TEMPERATORE (27 1 2¢°C=300°K)

D
THERD Ay 2HERO - PONM- STANDARD PARAMPTERS]

73 _Bv
00 050200

0. 0O Hn(‘o -Jl.m:'/* -;rrnmqf .‘m? -(w'r'lzbq (h()fu;(J -(°r'

+hiy (o&n()de/‘

YU»\)

73 80

000572500

3 Noambher o-f c.oarofmg,[c valveg =3
0] Roldd flhe lost yel,e / Hord
0 o0
-C—S
73 80

el [8] [=][&] (&[] (=1 (B[R] ] (=] =] (B[S (R [S](-] [=1[2] [<] (3] (=] [-]

- A Py A PG S

. leo 0 S 3000

TORM 114 C 1Y AV 708
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iI0 DIGIT DECIMAL DATA .

FORTRAN FIXED
DECK NO.___ L PROGRAMMER _XX X DATE X/ >/ %%  ppace_ 4 o JOB NO, ¢ X
NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
! o . 0 Value of Si1 .+ Z£= o
3 t = 0
[32 o ., 0 Va [ue o'][ S, q_'f z:= ! MI//lJf(ok‘/
L1 (o, 4 - 03 t= [ x/107F see
kl 20 .0 B sl velue of S at T7,2 Hilhicewd  (ulie)
Bl 1o. 2 0300053001 t=.,2x [0 sec
L] o)
B
E
E
l49] 73 80
o! 000 s 000
[i b Nowber of recictarc
I3
B
El
(Zz L 73 2184
(5] oo os5So0o00
{LS i Ri Conﬂec_*lc'p{ "l‘o S.i
[li i Ri Cow'nrc-leol +0 hno(e @
[Ei | 0 o +03 R4 = 10 x103 = 10K ghins
37
E 73 80
L] | . looosso il

FORM 114 C 1y ARV ? g8
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FORTRAN FIXED 10 DIGIT DECIMAL DATA

DECK NO. PROGRAMMER DATE PAGE__S_ _of JOB NO.
NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
u . -2 De:‘us—?or‘ Ez Cow nrc;/c.{' io Mas(g 2.
[EC" Pc'sns‘)or‘ QL Com»«mr‘/(“i '{O ?roun.ﬂ
[[i 50. 2= €0 ohmg
37
4 73 8¢
] o 00055020
Lls ! sS4
13 9] node &)
sl o, +0.3 Ri= 2 Kohuu
[31
[‘E 73 89
dl 00055030
: 5] Non g (5)
B 2] No o c (Z)
lzj 2 ¢ + 03 24 = 2 KOLM\_S
[37 ]
lﬁ‘ 73 £0O
a . 00055040
(1] 2 Pove ()
[ 2 NopeE (7D
Ei 2 0 .0 Qc”- 20 ohnar s
= <S
E T3 s 80
e 00055050
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FORTRAN FIXED 10 DIGIT DECIMAL DATA
DECK NO. PROGRAMMER DATE PAGE_ G of JOB NO,
NUMBER {DENTIFICATION DESCRIPTION DO NOT KEY PUNCH
L] IR o NovE (T
El 6 NODE &)
% . K= 1.0 ohan
37
fas 73 80]
a X 00 0SS0 G60
& | Nowi beo T (’olunr:!alj - i
13
3
&
ls2 3 8
d DO0Y 6000
[.L { CoONMReT v D Teo JIONE (i,l
L3} ¢ CONNECTR Y T0 &Grounnp
L | ) - D¢ C = .0 . {d
6 i .0 Rs= 1.0 obhan
[-4?94 0.0 o N 73 g0 Vel e a;‘C ‘,,,'.4’-&/ (orrf¢47(='0 i
f /0 . +06l060 ol d  Vilve of shoud (reohegr) resintaw o 10Ms]
L] 0 There are o sucloctors 1y
13 . .
+his  Crrcwil :
[_2&
|
@ 73 80
o leo0570.00

FORM 114 C VY ALY T80
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FORTRAN FIXED 10 DIGIT DECIMAL DATA
DECK NO. PROGRAMMER DATE_______ PAGE_ 7 of JOB NO,
NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
L . TLIQ‘C Gre 10 a/[oa/e_r v b
E—i cirew'l
25
L
& 3 80
eyl 0.0.0.58.000
L] Theve are 4o Frausistors w
E . the <iredit
25
7]
d 00059000
a r | for PNP
[ 5 Poze covnecded to node &)
2 4 Collector connecded 4o nade @)
[?L 6l EN\A;HH" Compvee led to \AOO(L@
[ 73, 80 DATA o1 apl _saMi  As PRECCEVING TRANSS
& 000570/
W .5 heepy = LS
b3f |, 2 . hWeeL = 2 .
2111, - 06 Tas = 1 X107 s€c
B1 14, - 0.6 T = 4. x10° Sce
by 1o, / A ol  Tes = JMA
el (1.0 000570/ Mc =1,

FORAM 114 C 17 REY 738
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FORTRAN FIXED 10 DIGIT DECIMAL DATA
DECK NO. PROGRAMMER DATE PAGE 2’ of JOB NO.
NUMBER IDENTIFICATION | DESCRIPTION DO NOT KEY PUNCH
L] 5, — ] 2 Ccov: 5";0\04
L |, 714 Near = 15 wit
] |1 0. + 06 e = |0 MmCL
E X - 06 Teo = .05 pe
bl 1], 13 gl Me =1 !
Bl 110 . -12lo00592020 Ceo = 10plo]
L] . 715 \}E&r = 1S Jolt
L 1o + 06 Topee = | amme /10" RfseC
Bl 11,0 - 03 o Teee = e/ 7 Rfscc
Iﬂ ) ~ o= T T
EZ T3 RO
dl 00059030
L o) O__for NPN
a 4 Basr (cnwcg*lcol -{“o'vxove: KD
5 collector commpcded o vode &)
3 Eaaotler comnecded 4o wode (@)
b 80 Data Lo, MPN assoaned cawe ae PNP
. . 100053040 -

73

80

i

BISISIBIRISIEIRIRRE

ORM 114 C-17 REY T 88
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)

FORTRAN FIXED 10 DIGIT DECIMAL DATA  INSERT_ . igaron
DECK NO. PROGRAMMER DATE PAGE of JOB NO.
NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
[l — — 5 /\/UMA(f' of(/«)o‘fr{f 4/{/[\—11',4/4 ?:Zﬁ)=5-
L2 . Holdd l—.rf Va lu e
(25 . A >3
SN L A
l¢¢] 3 80] —3¢ '%'—“—"?
6] 00052500 o
L] |o. 0 v(t) =20’ A t=o0 7
IE— | O . scale factor 1o x~ [0 /e/s‘(c (5/-)
L23 0 nAO ?}[t) = 2 < t=,3 ./l Sr‘rcu,,/
EZ* . 3 b 03 T = .3 M;//t3fron/
14 | . 73 b0l Y (t) = /X ScAtE Facroe x 10 Rfscec & T=.3 M
Y |. 31 -03l0p 05250 | 4~ 3 om Hseennd
[l—‘ . ¥ CCI = xJTchLg Eseron x/d’ﬂ/;c'c D L 7.2 8,
L’—’4 . 32 - 03} . = 32 auilliccod
24 0.0 Fe (f‘} = o i ‘- .31 M/./AJ}('O"/
EZ . 3 3 - O 3 +t = .93 Mt.//'S(ZQ«»,/ Z v
ok —— 73 80 rMoTk . 7O07AL  Dos E RO XIQ XLOX/) = 2000 F
ls! ] __looos2502
L]
13
B
b7
E T3 80
(Y]

FORM 114-C 17 ARV T7-88
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FORTRAN FIXED 10 DIGIT DECIMAL DATA wcourennd
DECK NO. PROGRAMMER DATE PAGE of JOB NO.
NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
13 -
k150,
Ez
E 3 804
dl 000 SS0<0
[1_ ]
[
el | 5o,
e
E% 73 a0
d Ooo $S08D
{1]
[E.
LY |2 50.
[
E‘i 73 ¢ 80
le: 000 0O
L] R
'3
| S 00,

73 80

60055050

=181 [<] 3]
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.« eomme e o=

TRAC O PROGRAM VERSION 7094 C7725768

0O NO. OF NONSTANCARD PARAMETERS
6 NO. OF NODE UNKNCHKNS
2 NO. OF AUXxe UNKNCHENS
O NO. OF PARAMETER SW.
-1 INITIAL CCNDITICNS
(-2=PRVy =1=DCy C=2EROe Ll=RD V4 l¢ 2=RD V¢l, 32RD V=-DCs 4=RD_VsI-CALC).
1 NO. OF TIME FUNCT. AND GRD. VOLT. SOURCES
1 RATIO OF CALC. PT1S. TU PLOTTED FTS.
5 RATIO OF PLOTTED PTS. TO PRINTEL PTS.
1 1 FOR PHASE PLANE PLOTS
1 PROGRAM [I.,C. CHECK
(-1=1,Ce CNLYy C=HALT FOR PeEss L=CONTINUE FOR PsEo)
>
AN
“ PLOTS OF ITEMS vS TIME
NAME NO.
1 .
2
3
4
5
é
7
]

PLOTS OF ITEM VS ITEM
ITEM X ITEM Y
7 e



i1-v

.' MAX IMLM

NO. DZLTA 'TIME - END TIMc

1 J.1CCCOCE~C4 C.25000Ut=-02
2 -0, -Coe
3 -0 ~-Ce
4 -0 -Co
5 -Qo -C.
6 -C. -C.
7 ‘0. -CO
8 ’00 "Co
9 -Q. -C.

10 ~Qe -C.

TEMPFRATURE= C.3CCCCE C3



END TliIMe
C.250000E=02

MAX IMLM
NO. DZLTA TIME
1l 9.1CCCOCE~-C4
2 <=0. ' -Co.
3 -0, 'C.
4 -0 -C.
5 -0, -Ca
6 -C. -Co
7 -0. -C.
8 -0 "Co
9 -Oo -.CQ
10 -0 -Ce
TEMPFRATURE= C.,3CCCCE C3

1-v




SI-V

VIME FN.(GRD. VOLT. SCURCE) NOU.

PT.NO. VALUE TIME
1 -0 -C,
2 =0. 1.,000000E-04
3 0.2CCCOE 02 C.,200000t-03

1

LAST VALUE HELD



01-v

- T e

RESISTORS

PART

NQO. NODE F
l S 1
2 2
3 ) 1
4 5
) 3
6 1

NCDE 7
1

GRCUND
]
2

BRANCH
NJ.
1

2

S W

Ce
C.
Ce
C.
C.

Ce

ERANCH
CURRENT

RESISTANCE
0.10000€ 05

0.50000€& 02
0.2G000E 04
0.20000E 04
0.20000€ 922

0.10000E Ol



LI~V

CAPACITORS
PART
NG, NODE F

1

1

NCDE T
GRGUND

BRANCH
NO.
T

Q.

ERANCH
CURRENT

CAPACITANCE
0.10000E~06

SERIES
RESISTANCE
0.10000€ O1

SHUNT
RESISTANCE
0.10000E C8



8I-v

TRANS.STOR NO. 1

PNP

NODE B NODE C NODE E

5 4
HFE N 0.1500E C1
ICS C.1000E=06
IES 0.5000E~-C?
IPPC 1.0CO0E=-0Q3

TRANSISTOR NO. 2

é
BFE 1
MC
ME
IPPE

APN

NODE B NODE C NODE E

4 S
HFE N 0.1500E Q1
ICS 0.1C00E-Q6
[ES 0.5C00E-C7
IpPC 1.0C00E~-03

3
HFE I
MC
ME
IPPE

TYPE

0.2000E-00
0.1000E 0Ol
0.1000E 01
1.0000E-04

TYPE

0.2000E-00
0.1000E Ol
0.1000E 01
1.0000E-04

BRANCH CURRENT NO,

NO.
T N 1.0000E-06 Tl
CCO 0.5000E-11 visl
CEQO 0.1000E-10 VEBIL

BRANCH CURRENT NO.

NO.
T N 1.0000E-06 T1
CCO 0.5000E-11 vcel
CEQ 0.1000E-10 VEBI

8 8= O.

9 IC= O.
0.4000E~05
0.7500E 00
0.7500€E 00

10 1IB= 0.

11 ICc= 0.
0.4000E-05
0.7500€ 00
0.7500€ 00

RCL 0.1000E 08
REL 0.,1000E 08

RCL 0.1000E 08
REL 0.1000€ 08



61~V

INITIAL CONDITICNS

-

3 0.

3 -0,

TIME= O, DELTA TIME= O,
VIME FNS. AND CRD. VCLY. SOURCES
1 -00
UNKNOWNS
1 0. 2 0.
7 0. 8 0.
BRANCH CURRENTS
l 'Oo 2 0.
7 0. 8 GC.

MAXINUM DELTA TIMEs= 0.100000E-04

9 =0,

START TIME=

H=P GEN.

4 0.
10 0.

0.

FN.= 0O,

5 0.

5 0.
11 -0.

END TIME=

0.250000&-02



0%~V

‘.lMEt 0.10C000E~-C4
TIME FNS. AND GRD.
1 0.
UNKNOWNS
1 0.
7 0.
BRANCH CURRENTS
1 0J.
7 0.

TI{ME= 0,50C000E~-04%
TIME FNS. AND GRD.
1 0.
UNKNOWNS
1 0.
17 0.
BRANCH CURRENTS
1 0.
7 0.

TIME= 1.00C000E~C4
TIME FNS. AND CRD,
1 O,
UNKNOWNS
1 0.
7 0.
BRANCH CURRENTS
1 0.
T 0.

TIME= 1.00C0COE-C4
TIME FNS. AND CRD.

1 0.
UNKNUOWNS

1 0.

7 0.

BRANCH CURRENTS
1 0.

DELTA TIME= 0.100000E-0%
VCLT. SOURCES

2 C. 3 0.
&8 0.

2 0. 3 0.
8 O, $ =0,

DELTA TIME= 0.100000E-C4
VCLY, SUURCES

2 0. 3 0.
€ G,

2 0. 3 0.
é Ce 9 =0

DELTA TiMc= 0.1C0000E~04
VCLT. SOURCES

¢ 0. 3 0.
g 0.

2 0. 3 0.
€ Ce $ ~0.

DELTA TIME= 0.100000E~O4
VCLT. SOURCES

2 0. 3 0.
€ GC.
¢ 0. . 3 0

H=P GEN.

0.

0.
G

H=P GEN.

0.

0.
O

H=P GEN.

0.

O.
0.

H=P GEN,

0.

0.

FNeo=

5
11

FNes=

5
11

FNo=

0.

0.
-0,

O.

0.
-0.

0.

0.

0.

0.

Ce

C.

0.

0.

Ce.

Ce



12-V

T 0.

TIME= 0.15C000E~C3
TIME FNS. AND GRO,
1 0.1C0COE C2

UNKNOWNS
1 0.247C9E-CO
7 -0.826888E=-(6
BRANCH CURRENTS
1 0.97529E-C3
7 0.97610€-C3

TIME= 0.2CC0COE-03
TIME FNS. AND GRD.
1 0.2C0CCE 02

UNKNOWNS
I 0.96962€E (O
7 -0.11623E-C5
BRANCH CULRRENTS
1 0.19030€-0C2
7T 0.19041E-C2

TIME= 0,2CCO00E-~03
TIME FNS. AND GRD,
1 0.200C0E Q2

UNKNOWNS
1 0.969%2E CO
7 -0.11623E-CS
BRANCH CULRRENTS
1 0.19C030€-C2
T 0.19041E-C2

TiME= 0.25C00CE-C3
TIME FNS. AND GRD.
1 0.2CCCOE C2

UNKNOWNS
1 0.18983E Cl
T =(+83447E~C6
BRANCH CURRENTS
1 0.18102E-C2

O. 9 =Ue

DELTA TIME= 0.100000E~C4

vOLT. SOURCES

2 0.12351E-00 3 0.12357€E-00

€ 0.12358E-00

2 0424702E-02 3 0.24710E-02

€ O0el4274E-05 9 =0.60149E-06
DELTA TIME® 0.100000E~C4

VOLT. SOURCES

2 0.24702E-00 3 0.24712E-00

8 C.72290c 00

2 0.49403k-02 3 0.49415E-02

8 C.22271E-05 9 <0.10787E~-05
DELTA TiME= 0,100000E~-04

vCOLT. SOURCES

2 0.24702E~-00 2 0.24712E-00

€ 0.72290t 00

2 C.49403E-02 3 0.49415E-02

8 C.24271E~05 $ =0.10787E~05

DELTA TIME= 0.100000E-04

VCLT. SOURCES

2

€
2

0.24702E-00 3 0.24713E-00

0.16513E Ol

0.49405E-02 3 0.49413E-02

10

0. 11 -0.
H=P GEN. FN.= O.
0.22997€-00 5 0,50580t 01

5 0.29786E=-0S5
0.23771E-05

0.24672E~C2
0.60149E~-C6 11

H=P GEN. FNe= 0,

0.36863E-00 5 0,10117€ 02

5 0.5356BE-05
0.42780E-05

0.49350E~02
0.10787€-05 11

H-P GEN., FN.= 0.

0.36863E-00 5 0.10117€ 02

0.49350€E~-02 5 0.53568E-05
0.10787E-05 11 0.42780€E-05

H=P GENes FNe= 0.

0.36826E-00 5 0,10117E 02

0.49352E~C2 5 0.52565E-05

o

o

o

o

0.24709€-CO

-0, £2888E~0C6

0.56992E 00

=0.11623E~-C5

0.56992€ 00

~0.11623€-C5

0.18983E 01

=0.8344TE-CH



éc~V

'a‘. 181C8E~-C2

TIME= 0,30CQ0CE~03
TIME FNS. AND CGRD.
I 0.2C0C0E C2

UNKNUWNS
I 0.27814E 01
T -0.774E¢E~-CE
BRANCH CURRENTS
1 0.17219€E-02
7T 0.17224E-C2

TiME= 0.35C0CCE-C3
TiMcz FNS. AND GRD.
1 0.2CCCCE C2

UNKNOWNS
I J.36213E C1
7 -0.68545E=-C6
BRANCH CULRRENTS
1 0.16379€E-02
7 0.1¢382E-C2

TIME= 0,4CCOCOE-03
TIME FNS. AND GRD.
1 0.2CCCOE Cz

UNKNOWNS
1 0.44201E C1
T -0.655€65€~C6
BRANCH CUFRENTS
1 0.15580€-C2
7 C.l5582E-C2

TIME= 0.45C0CCE-C3
TIME FNS, AND GRD.
I 0.20CCO0E (2

UNKNOWNS
1 0.518CCE C1
7 ~0.566C5€~C¢
BRANCH CURRENTS
1 0.14820E-02

€ C.Lu565t-05 9 <0.10449E-05

DELTA TIME= 0,100000E~C4
VCLT. SOURCES

0.,24703£-00
0.25343E 01

3 0.24713E-00

3 0.49412E-02
9 =0.,10U449E-05

0.49405E-02
0.1768LE~05

[« -8 [, N S}

DELTA TIME= 0.,100000E-C4
VCLT. SOURCES

2 0424703E-00 3 0624713E-00
€ 0.33742€ Q1

2 0.49406E-02 3 0.49412E-02
€ C.l6840E-05 9 ~0.10449E-05

OELTA TIME=
VCLT. SOURLES

0.1CLO00E~C4

2 0.24703t-00 3 0.24713E-00
€ 0.4L73Lit OL .

2 0,49406E-02 3 0.49412£-02
€ C.lo03uE-05 9 =0.10449E-05

DELTA TIME= 0.,100000E-04
VOLT. SUURCES

2 0.24703t-0V 3 0.24714E-00

€ C.49329E 0l

¢ 0.49406£~-02 3 0449411E-0C

10

0.10449€E~-C5 11 0,42115E-05

H=P GENe FNe= 0.

0.368326E~00 5 0.10118E 02

0.49353E~-C2 5 0.52566E-05

0.10449E-05 11 0,42115€=-05
H=P GENs FNe= D.

0.36826E~-00 5 0.10118€ 02

0.49353E=C2
0.10449E~-C5 11

5 0.52566E-05
0.42116€E-05

H=P GENe. FNes= 0.

0.36327E~00 5 0.10118E 02

5 0.52568E-05
0.42116€E~05

0.49353€E-C2
0.10449€E-C5 11

H~P GEN, FN.= 0.

0.36827€E-00 5 0.10118E 02

0e49354E-02 S5 0.52568E-05

6

o

o

0.27814E 01

~C.17486E-CH

0.36213€ 01

=0.68545€E-06

0.44201E 01

=0.£65565€~-06

0.%51800E Cl

=C.58605E~06



£~V

7 0.14821€-C2

TIME= 0.5CCCO0E~C3
TIME FNS. AND GRO.
L 02.2CCCCE C2

UNKNOWNS
1 0.59027€E C1
7T -0.47684E-C¢
BRANCH CUKRENTS
1 0.14067€~C2
7 0.14CS7E-C2

TIME= 0.55CCCCE-C3
TIME FNS. AND GRC.
1 0.,200C0E C2

UNKNUWNS
1 0.659Cl€ C1
1T ~0.476E4E-CE
BRANCH CURRENTS
1 C.136410E-C2
7 C.1340GE-C2

TIME= G.6CCCCCE~-C3
TIME FNS. AND GRD.
I 0.2LCCOE C2

UNKNOWNS
1 0.72440€ Cl
7 -0.35763E-Cé
BRANCH CUKRENTS
1 0.12756E-C2
T C.12754E-C2

TIME= 0.65CCOCE~C]
TIME FNS. ANC GRD.
1 0.2C0CCQE 02

UNKNOWNS
1 0.768¢659E Cl
T ~0.23842E-C6
BRANCH CURRENTS
1 C.l2134E-C2

€ 0.15273E=05 § =0.10450E-05

DELTA TIiME=
VCLT. SOURCES

0.100000E-C4

2 0.24703c-00 3 0.24714E-00
E C.56557t 0Ol

¢ 0.494U7E-02 3 0.49411E-02
8 O0.l4543E-05 9 -0.,10450E~05

DeLTA TIME= 0.100000E-04
VCLT. SOURLES

¢ 0,24703-00 3 0.24714E-00
€ 0C.63431c Ol

2 0.49407E-02 3 0.49410E-02
&8 Co.liuvedt-0> 9 -0.10450E-05

.

DELTA TIME= 0.1000GOE-C4
VCLT, SOQURCES

2 Cac4T704E-00 3 0.24714E-00
€ C.65909t 01

2 0,49407E-02 3 0e49410E-02
€ 0.13177E-05 9 =0410450E-05

OELTA TIME= 0.LCQO00E-(~
VvCLT. SOURCES

2 0.,24704E-00 3 0.24T14E-00

g€ C.76188& Ol

2 0.494UbE=-02 3 0.49410E-02

10

0.10450E-05 11 0.42116E-05

H=P GEN. FN.= 0.

0.36827E-00 S 0.10118E 02

0.49354E~C2 S 0.5256B8E-05
0.10450E~-C5 11 0.42117€=05

H=P GENe FNe= 0.

0.36827E-00 5 0.10118E 02

0.49354E-02 5 0.52569E-05
0.10450E-C5 11 0,42117€-05

H=P GENa FNo= 0.

0.36827E-00 5 0.10118E 02

0.49355€E-C2 S 0.52568E-05
0.10450E~-C5 11 0.,42117€-05

H=P GEN. FNo= 0.

0.36828E-00 5 0.10118E 02

0.49355E~-02 5 0.52568E-05

o

o

o

o

o

C.59027E OL

C.65901E 01

~0.47684E-C6

0,72440 01

~0.35763E-Cé6

Al

C.8659t Cl

-0.23842E~CH



pova——,

Mt o it ote +

ve-v

1

UNKNOWNS

1 G.84574E Cl
7 -0.23842E-C6
BRANCH CURRENTS
1 0.11543E-C2
7 0.11538E-C2

TIME= 0.,75CCCCE~C3
TIME FNS. AND GROD.
1 0.2C0C0E C2

UNKNOWNS
1 0.902CCE C1
T -0.23842E-C6
BRANCH CLRRENTS
1 0.1C880E~C2
7 0.1C0914E-C2

TIME= 0.8CCOCOE=-C3
TIME FNS. AND CRD.
1 0.20CCOE Cz2

UNKNOWNS

1 0.95552€ Cl
7 =0.23842€E=C6

BRANCH CLRRENTS
1 0.10445E-C2
7 G.1C438E~C2

TIME= 0.85C0CCE~-C3
TIME FNS. AND GRD.
1 0.2CCC0E C2

UNKNOWNS
1 C.1C064E C2
1T C.

BRANCH CURRENTS
1 0.99359€-C3

MmN

[ X N

- .

Ced2104c ..
0.49408E-02 3 0e49409c-..
0.11914E-05 9 =0.10450E~05

DELTA JIME= 0.1CO000E~C4

VCLT, SOURCES

m n

m N

0.24704E-C0 3
C.87730t 0Ol

0.24715£-00

O.e940d8E-02
0el113C9E-05

3 0.,49409E~02
9 =-0.10450GE-05

DELTA TIME= 0.,1C0000E-04

VOLT. S50URCES

m Mo

m N

0.24704E-00 3 0.24715€-00
C.930dlE Ol
0.49409t~02
0.10707E-05

3 0.49409E-02
9 =0.10450€-05

OcLTA TIME= 0.1C0000E-C4

VCLT. SOURCES

m N

e

0.24704E~-00 k)
C.98171t 0Ol

0.24715E-00

0.49409E-02 3 Ue49408E-02

10

H=P GEN. FNo= 0.

0.36828E-00 5 0.10118€ 02

0.49356E~C2 5 0.52569E-05
0.10450E~-05 11 0.,42118E-05

H-P GENe FN.= O,

0+36328E-00 5 0.10118E 02

D.43356E-C2 5 0.52569E-05
0.104%0E~-C5 11 0.42118E-05

H=P GENe FNo= 0.

0.,36829E-00 5 0.10118€ 02

G.49356E~02 5 0.52577€-05

6 0.50200€ Ol

6 -0,23842E-06

6 G.95552E Ol

6 -0.,23842E~CH

6 0.10064E 02

6

0.



Se-v

T 0,99277E~C3

TIME= 0.,68500CE-C3
TIME FNS. AND GROD.
1 0.2C0C0E C2

UNKNOWNS
1 0.102S4k C2
7 C.30736€E-C2
BRANCH CUKRENTS
1 0.97C¢€2E~C3
T -0.21038E~C2

TiME= C.S150CCE-C3
TIME FNS. AND GRD.
1 C.2C0C0E 02

UNKNOWNS
1 0.14252€ C1
T 0.5C768E~CZ
BRANCH CURRENTS
Il 0.185715€E~-C2
7 -0.32165€E~C2

TIME= 0.955000E~C3
TIME FNS. AND GRO.
1 0.2C0C0E 02

UNKNJWNS
1 0.209STE C1
7 <0.8C4e6E~-CE
BRANCH CURRENTS
1 0.179C0E~-C2
7 06.175C7E~-02

TIME= 0.10C5C0E~02
TIME FNS. AND GRD.
1 0.20CCOE C2

UNKNUOWNS
1 0.29729E 01
T -C.745C6E-CE
BRANCH CURRENTS
! 0.17027e-C2

€ C.lU072E~-05 9 «0.10454E=05

DELTA TIME= U.5C0000E~(S
VCLT. SUURCES

2 0.40351E-00 3 0.46888E-00
¢ C.98872t 01

2 0.,8u702t=-02 3 Je49905E~02
8 ~0.,14897E-02 § =0.15839E-02

DcLTA TIME= 0.500000E~C5
VCLT, SOQURLES

0.72299E WO 3 0.10125E 01}
C.09408E 0O

m D

2 C,14520e-01 3 0.94431E~02
£ ~C,0b894L-03 S =0,44079E~02

-

DELTA TiIME= 0.1C0000E~G4
VCLT. SOURCES

2 0.2473LE-00 3 0.24765E-00
E Cl.lbdl4t OL

2 0,49462E-02 3 0.,49470£-02
€ 0.L8439E-05 9 -0.10425E~05

DeLTA TIME= 0.,1CO0000E-C4
VCLT. SOURCES

2 0.,24703E-00 3 0.24713E-00
€ C.27258E 0O}

0.9940%£-0¢ 3 0.49412E-02

~

0.10454€~C5 0.42123€-05

H-P GEN.

0.75414E 00 0.1CCC7E 02

5 0.326E5E-02
0.16846E-02

0.48017€E-02
0.15839E-02

H=-P GEN.

0.13429E 01 5 0.11139E 01

0.19395€~-03
0.44079E-02

N.14326E-01
0.99180E~02

H=P GEN.

0.40890&-00 5 0.101C6E 02

5 Ce.169ClE~04%
0.15858E~04

0.,49293€E-02
0.10425E=05

H=P GEZN.

0.36833€E-00 5 0.10118E 02

0.49353E~-02 5 0.52650E~05

6 0.10291E 02

6 0.30736E~02

6 0.14201E 01

6 C.50768E-02

6 0.20997E 01

6 -C,E0466E-CH

& 0.29729€ C1

6 -C.74506E~C6



92~V

+ 0.17C32E-C2

TIME= 0,1055C0€-02
TIME FNS. AND CRD,
1 C.200C0E C2

UNKNOWNS
1 0.38034E (1
T -0.68545E-C6
BRANCH CURRENTS
I 0.16157E-C2
T 0.162CCE=C2

TIME= 0.,11C500E-02
TIME FNS. AND GRD.
1 0.2C0COE C2

UNKNUWNS
1 0.45934E 01
71 -0.655¢5€E~C6
BRANCH CURRENTS
1l 0.154C7E=C2
T 0.15409E-C2

TIME= 0.115500€E-02
TIME FNS. AND GRO.
1 0.20000E C2

UNKNOWNS
1l 0.53448E C1
1 ~0.53644E-C¢
BRANCH CURRENTES
1l 0.14685€E~C2
7T 0.14656E~C2

TiME= 0.12C500€E~C2
TIME FNS. AND GRD.
1 0.2C0C0E C2

UNKNOWNS
1 0.60585€E Cl
T ~0.41723E-C¢
BRANCH CURRENTES
1l 0.13941E-C2

€ 0.17490E-05

9 ~UslU449E-05

DELTA TIME= 0,100U000E-Q4%

VCLT. SUURCES

0.24703k-00
Ce35564t 01

mnN

0.l0657E-05

@ N

3 0.247132€-00

3 D.4941¢E~02
S =0,10449E-05

DELTA TiME= 0,1CO000E-C4

VCLT, SOURLES

0.,24703k-00
0.43464E 0O}

m N

0.49406E~02
Cel5864E-05

m N

3 0.24714E-00

3 0.49411E-02
9 =0,10449E-05

DELTA TIiME= J.,1C0000E~04

VCLT. SOURCES

3 0.24714E-00

3 0.49411E~02
S =U.10450E-05

DeLTA TIME= 0,1Q0000E-04

2 0.24703E-00

€ C.5u977E O1L

Z 0.494006E-02

€ C.15107E-05
VCLT. SOURCES

Z 0.24TU3E-00 .
€ Cl.58l24t Ol

2 0.49407E-02

3 0,24714E-00

3 0.49411E-02

10

0+10449E-C5 11 0.422C0E-05
H=-p GEN. FNe= OQ

0.36826E~00 5 0.10118E 02
0,49353E=C2 S5 0.52566E-05

0e10449E-C5 11 0.42116E-05

H=P GEN. FNo= 0.

0.36827E-00 5 0.10118E 02

D.49353E-C2 5 0.52567E=05
0+10449E~-C5 11 0.42116E-05

H-P GENes FNe= 0.

0+36827E-00 S 0.10118E 02

0.49354E-02 5 0.52567€E-05
0.10450E~C5 11 0.42116€E-05

H=P GENes FN.= 0.

0.36827E-00 5 0.10118€ 02

0+49354E~C2 5 0.52568E-05

o

o

0.38034E 01

~C.£8545E=CH

0.45934E 01

=0.£5565€E-06

0.53448E Ol

~0.53644E~C6

0.60595E Cl

~0,41723E-C6



Le-v

T C.13940E~-C2

TIME= 0,125500E-02
TIME FNS. AND CRO,
1 0.2(0C0E 02

JNKNOWNS
1 GC.67362E C1
7 =0.357€63E-0¢
BRANCH CURRENTS
1 0.132¢61€-02
T 0.13259E-C2

TIME= 0.13CS5C0E-C2
TIME FNS. AND GROD,
1 0.2C0C0€ C2

JNKNUWNS
1 0.7385%HE C1
T =0.29bC2E-C6
BRANCH CURRENTS
Il 0O.1¢614E-C2
7 0.12611E~-C2

TIME= 0,138500E-C2
FIME FNS. AND GRD.
1 0.2CCCO0E €2

JNKNUWNS
1 C.sCCC8E C}
7 -0,357€3E-C6
IRANCH CURRENTS
1 0.11999E~02
T Q.11966E-02

TIME= 0,14C5CCE-02
TIME FNSe. AND GRD.
1 C.2CCCOE Cé2

JNKNOWNS
1 0.85€657E (1
T -C.23842E-Cé
BRANCH CURRENTS
1 0.11414E~-C2

E C.l43b4t=05 .9 ~0.10450E-05

DELTA TIME= V.1CUJV0E=-(C4
VCLT. SUOURLES

2 0.24704E-00 3 0.c¢4714E-00
€ 0.64922E 0Ol

2 0.49407E-02 3 0.49410E-02
€ 0.13693t-05 9 ~0.10450E~-05

DELTA TiME= 0,100GO00E-C4
vOLT. SOURCES

2 0.24704E-00 3 0.,24714E-00
€ C.7l387E 01

2 0,49407E~-02 3 0.49410E-02
€ C.13031E-05 9 -0.10450t-05

DeLTA TIME= 0.LCO000E-04
VCLT. SUUKCES

0.24704E-00 3 0.24714E-00

0.77537E 01

mN

3 0.49410€E-02
9 =-0.1045CE-05

2 0.,49408t-0¢
€ Cel2394E~05

DELTA TIME= 0.100000E~(C4
VOLT. SOUKRCES

2 0.,24704E-00 3 0.24715E-00

€ C.d3387E 01

2 0.,49408E-02 3 0.,49409E-02

10

0.10450€E~C5 11 0.42117€-05

H=P GEN. FN.= 0.

0.36827€E~-00 5 0.10118E 02

0.49355E~C2
0.10450€-C5 11

5 0.52568E=-05
0.42117€-05

H=P GEN. FN.= 0.

0.356827E-00 5 0.10118€ 02

0.49355E~C2
0.10450E-C5 11

5 0.52569E~05
0.42117€-05

H=P GENs FNe= 0.

0.36828E-00 5 0.10118E 02

5 0.52569E~-05
0.4211T7E=-05

0.49355E-02
0.10450€~C5 11

H=P GEN. FNe= 0, -

0.30828E-00 5 0.10118E 02

0.,49355E~C2 5 0.52569€E-05

o

-

o

o

6

o

0.67392E Ol

=0.35763€E-C6

0.73858E 01

=0.29802E-04

C.8C0CBE 01

=0.35763E-06

C.€E585TE Cl

=0.23842E-06



8-V

v 0.114C9E=-Q2

TIME= 0.145500E~02
TIME FNS. AND GRD,
1 0.,200C0E Q2

UNKNOWNS
1 0.91421E Cl
T =-0.,23842E-C6
BRANCH CURRENTS
I 0O.1C858E-C2
T GC.l108%52€E-C2

TIME= 0.15C50CE=-C2
TIME FNS. AND GRD,
1 0.2C0C0E C&

UNKNDWNS
1 0.96712E C1
7 -0.11921E~Cé
BRANCH CURRENTS
1 J3.10329€E-02
7 0.10322E-C2

TIME= 0.155500E=C2
TIME FNS. AND GRD,
1 0.200C0E C2

UNKNUWNS
1 0.101175€ C2
T 0.47684E~CE
BRANCH CURRENTS
1 0.98255E~-03
7T 0.98123E-C3

TIME= 0.15€6500E~02
TIME FNS. AND GRD.
1 0.2CCCCE C2

UNKNIWNS
1 0.,94749€ C}
7 0.27230€-C1
BRANCH CURRENTS
1 0.1052%E-C2

€ Coll7ToE-05

DELTA TIME= 0.100000E-C4
VOLT. SUURCES

0.24704E~00 2
C.88950€E 0l

0.49408E-02
OuLLLT5E=-05

o N o N

DELTA TIME= 0,1CC000E-V4
VLY, SOURCES

002Q704E-00
0.942428 0l

0.49409E~-02
0.10570€E~-05

m N m W

DELTA TIME= V.1CO0000E~O4
VCLT. SOURCES

2 0.24707E-00 3 0.2@7195‘00
€ C.99275t 01

2 0.49414E-u¢ 3 0e49409E~-02
€ 0.81193t-G6 9 =0.13051E-05

DELTA TIME= 0.500000E-05
VOLT. SODURCES

2 0.l16338E 0L . 3
€ O.78l38t Ol

2 0.32677t-01

S =0.,10450£-05

0.24715€~-00

3 0.49409E-02
9 =0.10450€~05

3 0.,24715E-00

3 0.49409E-~02
S =0.10450E-05

0.22126E 01

3 0.54459E~02

10

0.,10450E~C5 11 0,42118€-~05

H=-P GEN. FN.' 0-

0.36828E-00 5 0.10118€ 02

0+49356E~-C2 5 0.52569E-0S
0+10450E~-C5 11 0.42118E-05

H=P GEN. FNe= 0,

0.36828E~00 5 0.10118E 02

0.49356E-C2 5 0.52570E-05
0.10450E~05 11 0.%42118E-05

H=P GEN, FNo= 0.

0.37087E-00 5 0.10118E 02

0.49356E-C2
0.13051E-C5 11

5 0.58280E~05
0.,45228E-05

H=P GEN. FN.= O.

0.25536E 01 5 0.91082€ 01

0.37372€-02 5 0.28939E-01

o

-

0.91421€ 01

«0.23842E=-C6

C.56T12E Cl

-0.11921E~C6

0.10175€ 02

0.47684E-06

CeS44T76E Cl

0.27230E-01



63~V

7T -0,26179€E~C1

TIME= 0.161500E-02
TIME FNS. AND GRD.
1 0.2C0C0E 02

UNKNOWNS
Il 0.141S7€E C1
T -0.123¢€2€-02
BRANCH CURRENTS
1 G.1858B0E-C2
7 0.32941E-C2

TIME= 0.1660C0E-C2
TIME FNS. AND GROD.
1 0.200C0€ C2

UNKNO®WNS
1 0.226€28 01
T -2.8C466E~C¢
BRANCH CLRRENTES
1 G.17734E-C2
7T 0J.17740E-C2

TIME= C.171CCCE-C2
TIME FNS. AND GRD.
1 0.2CC00E C2

UNKNUWNS
1 0.31313€ C1
7T =0.6E54%E=C6
BRANCH CUKRENTS
1 0.1686%E=-02
7T 04l6673E-C2

TIME= 0.1760CCE-C2
TIME FNS. AND GRD.
1 0.200C0E €2

UNKNOWNS
1 0.39541E Cl
7 ~0.6¢5E5E=-C6
BRANCH CUKRENTS
1 0.16046E-C2

€ -Cel320LE-01 $ =0.14030E~01

DELTA TIME= 0.500000E~-05
VCLY. SOURCES

2 0.33979&E-00
8 C.10811iE O}

3 0643974E-00

0.67958E-02
C.16800E-02

3 0.80319t-02
9 ~0.44387E-03

© N

DELTA TiIME= 0,100000t-04
VCLT. SOURCES

0.241708E-00 3
C.2ulvlE 01

0.24723t-00

m N

3 0.9494¢3E-02

2 0.4941l6e=-02
e 9 «0.10445E~-05

Celocllk-05

DtLTA TIME= 0.100000E-04
VCLT. SOURCES

0.24703E-00 3 0,24713E-00

Cel8843k Ol

o N

3 0.49412E-02
9 =0.10449&~-05

2 0.4990%E~-02
8 C.17331E-05

DELTA TIME= 0.1C0000E-04
VCLT. SOURCES

2 0.24703t-00 3 0.24713E-00

€ C.37071t 01

2 0.4940Cot~-02 3 0.49412E-02

10

0.14030E-01 11 0.149C9E-01

H=P GEN. FN.= 0.

0.74724E 00 5 0.393681E 01

0.17982E~-02 5 0.49616E=02
0+44387E-03 11 0.45537€E-02

H=P GEN. FNe= O,

0.,38201E-00 5 0.10115€ 02

De49341E-02 5
0.10445E-C5 11

0+74424E-05
0¢635719E~05

H=P GENe. FN.= 0.

0.36827E~00 5 0.10118E 02

0.49353E-C2 5 0.52582E-05
0.10449E-C5 11 0.42131E~-0S5

H=P GENe FNe.= 0.

0.36826E~-00 5 0.10118E 02

0.49353€E-02 5 0D.52566E-05

o

(-

o

-

o

0.14209€ C1}

=0.12362E~02

0.22662E 01

=0.80466E-0C6

0.31313€ Ol

~0.¢8545E-C6

0.39541E Gl

~0,62585E~-C6



0e-v

f 0.16049€E=-C2

TIME= 0.1810CCE~-0Q2
TIME FNS. AND GRD,
1 0.200C0E 02

UNKNOWNS
1 0.47367E C1
T =0.53644E-C6
BRANCH CURRENTS
1 0.152¢3E-02
7 0.15265E-02

TIME= 0.136C0CE-C2
TIME FNS. AND CRD,
1 0.200C0E C2

UNKNOWNS
1 0.54811€ 01
T =0.53€44E-C6
BRANCH CURRENTS
1 0.14519€E-02
7 0.14519E-C2

TIME= 0.191C00E~C2
TIME FNS. AND GRD,
! C.20000€ 02

UNKNOWNS
1 0O.0l8SLlE Ol
T ~0.4T6E4E-CE
BRANCH CURRENTS
1 2J.13811€-02
T 0.13810€E-C2

TIME= 0.,1960CCE=C2
TIME FNS. AND GRD,
1 0.20C0C0€ C2

UNKNOWNS
1 0.68625E C1
7 -0.357¢3€E-0¢
BRANCH CULRRENTS
1 0.13137€-02

€ C.l6500E-05 9 =Uel0449E~05
DELTA TIME= 0.100000E-C4

VOLT. SOURCES

2 0.,24703E-00 3 0.24714E-00

8 C.44897E 0L

2 0.494006E-02 3 0.49411E-02

€ Cl.lL5T19E-05 6§ =0.10449E~-05
DELTA TIME= 0.1GO000E~04%

VOLTY. SUURCES

2 0.24703E-00 1 Q,24714E-00

€ C.5¢340€ 01

2 0.49406E-02 3 G.49411E-02

E Cole@969E-05 9 =0,l0450E-05
DELTA TIME= 0,100000E~0%

VCLT, SOURCES

¢ 0.24703E-00 3 0.24714E-00

€ C.59421t 0Ol :

2 0.49407E-02 3 0449411E-02
€ Cel42b3t-05 S ~0.10450€E-05
DELTA TIME= 0.1CO000E~Q4

vOLY. SOURCES
2 0.24704E-00 1 0,24714E-00
€ C.60l55t Ol

s

0,4940TE~-02 .'3' 0.49410€-02

10

0.10449€~-C5 11 0.42116E-05

H=P GENe. FN.= 0.

0.36827E-00 5 0.10118€E 02

0.49354E£~02 5 0.52567E~05
0.10449E~-05 11 0,42116E-05

H=P GENs FNe= 0.

0.36827E-CO 5 0.1C118E 02

0.49354E~C2 5
0.10450E-C5 11

0.52568E~05
0.42116E-05

H=P GEN, FN.,= 0.

0.36827€E~-00 S 0.10118E 02

0.49354E-C2 5 0452568E-05
0.10450E-C5 11 D.42117€-05

H=P GEN. FN,= 0.

0.36827E-00 S 0.10118E 02

0.49355€6~C2 5 0.52568E=05

o

o

o

o

0.4736TE 01

=0.53644E=CH

0.354811l€E Cl

=C.53644E-C6

0.£€1891E 01

=0.47684E-C6

C.68625€ Cl1

~0,35763E=-C6
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T 0.l13136E-02

TIiME= 0,2010C0E-C2
TIME FNS. AND GRO.
1 0.2C0CO0E C2

UNKNOWNS
1 0.75031€E C1
7 -0.268C2€~06
BRANCH CURRENTS
! 0.12497E-C2
T 0.12494€E-C2

TIME= 0,2060C0E-C2
TIME FNS. AND GRD.
1 0.200C0E C2

UNKNOWNS
I 0.31123E C1
7 -0.357€3E-C6
BRANCH CURRENTS
1 0.11888E-C2
7 0.11883E-C2

TI{ME= 0.211000E-02
TIME FNS. AND CRC.
1 0.200C0€ Cg

UNKNOWNS
1 0.8691BE Cl
7 -0.357¢€3E-Cé¢
BRANCH CURRENTS
1 0.11308E-C2
7 0.11303E-C2

TIME= 0.2160C0E-~02
TIME FNS. AND GRD.
1 0.2C000E C2

UNKNOWNS
1 0.92430E 01
7 -0.23842E-C6
BRANCH CURRENTS
1 0.1C757E-C2

€ C.l3567E-05 S =0.10450E~-05
DELTA TIME= 0.1CU000E~-C4

VOLY. SOURLES

2 0.,24704£-00 3 0.24714E-00

€ C.72560E 0Ol

¢ 0.49407t-02 3 0.49410&-02

€ C.12910E-05 9 =0.10450E-05

DELTA TiMc= 0.100000E-04

VCLT. SOUKCES

¢ 0.,24704E-00 3 0.24714E-00
€ 0.7d653t Ol

2 0.,49408E-02 3 0.49410€-02
B 0.12277:-05 9 ~0.10450E~05

OtLTA TIME= 0.100000E-04

VOLT. SOURCES

2 0.24704E-00 3 0.241715E-00
8 C.84445E 0}

2 0,494UBE-02 3 0.49409E-02
8 0.11664E~-05 9 =0.1045GE-05
DELTA TIME= 0.,100000E-0Q4

VCLT. SOURCES
2 0.24704E-00 3 0.24715E-00
€ 0.89959t 01
2 0.49408E-02 3 0.49409E-02
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0+10450E-C5 11 0.42117€E-05

H=P GENes FNes= 0.

0.36827E~00 5 0.,10118€ 02

J3+49355E-C2 5 0.52568E~05
0.10450E-C5 11 0.42117E-05

H=P GEN. FNe.= 0.

0.36828E~00 5 0.10118E 02

0.49355E~-C2
0.10450E-C5 11

5 0.52569E-~05
D.42118E~05

H=P GEN. FNe= 0.

0.36828BE-00 5 Q:IOIIGE 02

5 .0.52569E~05
0.42118E=05

0.49356E-02
0.10450E-C5 11

H=P GEN, FN.= 0.

0.36328E~00 5 0.10118E 02

0.49356E-C2 S 0.52569E~05

(-

o

o

C.75031€ C1

=0.29802E~-06

0.81123E 0Ol

=0.35763E-06

C.E6918E 01

=0.35763€E-06

0.92430€ C1

-0.23842E-06
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T 0.1C751E~-C2

TIMEs 0.,2210C0E-02
TIME FNS. AND GRD,
1 0.2C0C0E C2

UNKNOWNS
1 0.97672€ C1
7T -0.11921€E~C6
BRANCH CURRENTS
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TIME= (,22€6500E-02
TIME FNS, AND GRO,.
1 ©C.2CCCOE €2
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1 C.70030¢ Cl
7 0.84735e=C1
BRANCH CURRENTS
1 0.12957E-C2
7 -0.8543bE°C1

TIME= 0,2315C0E~C2
TIME FNS. AND GRD,
1 0.200CCE C2
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T =0.52899€~-CS
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L 0.lu452€-02

€ C.ll062E-05 S =0.10450E-05

DELTA TIME= 0.100000E=C4
VOLT. SOURCES

0.,24704t~-00
C.95£02E (Ol

3 0.24715E-00
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C.l0454E-05

3 0.49409E-02
9 =0.10450E-05

mN m N

OcLTA TIME= 0.1C0000E-C4
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€ 0.10017t ©2
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€ =0.,40991k-01 S «0,43744t-01

OELTA TiIME= U .500000E-(C5
VCLT, SUURLES

2 0.28302e-00 2
E Cl.l2652t 01

0.31237€-00

2 0.56004E-02 3 0.56657E-02
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H=P GEN. FN,= 0.

0.36828E~-00 5 0.10118E 02
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H=P GENes FNes 0.

0.40889E-00 S 0.10115E 02
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0+10006E~C4 11 O0.14954E~04

H~P GENs FNe= 0.

0.67549E Ol 5 0.65476E O1

0.98729E-03 5 0.90474E-01
0.43744E-CL 11 0.4¢730E=01

H=P GENs FNe.= 0.

0.59305E 00 5 0.86686E 01

0.41928E-02 5 0.14676E-02

6 O0.ST6T2E C1

6 -0.11921€E-C6

6 0.10265€ 02

6 0.16212E-04

6 0.69183E Ol

6 C.84735E-01

6 0,13482E (1
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mmN
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m N

m N
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m N
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2
E

e

0.24703&£-00
O.44l84E 01
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3 Vel4T714E-00

10

*. De49353E~C2

0.15065E-05 11 0.146€1E-02

H=P GENs FN.= 0.

0.37381E-00 5 0.10117€ 02

0.49350E-C2 5 0.57219€-05
0.10447E~-05 11 0.46770€E-05

H=P GENe. FN.= O.

0.36827€~-00 5 D0.10118E 02

5 0.52569E~05
0+10449E-05 11 0.,42119E-05

H‘p GENO FN" 0.

0.36826€-00 5 0,10118E 02

0.47353E-02 5
0.10449E-C5 11

0.5256TE-05
0.42116E-05

H=P GENs FNe= 0.

0.36827E-00 S 0.10118E 02

0.49353E-C2 5 0.52566E~05

o .

-

o

o

o

0s 264486E Ol

~C.174B6E~C6

C.33048€ 01

~C.68545E~-C6

0.41191€ O}

=C.¢5545E~C6

0. 46554E Cl

=C.59605€E-06
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