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FOREWORD

This work was part of the electromagnetic pi.lse (EMP) vulnerability
assessment of the AN/TRC-145 radio terminal sev, conducted under the
Multiple Systems Evaluation Program at the Harry Diamond Laboratories
(HDL). The device damage characterization contributed to the vulner-
ability study of the AN/TRC~145 in two ways: (1) it provided electrical
characteristics of critical devices in system critical circuits, so that
these devices could be modeled in the DAMTRAC circuit-analyesis code, and
(2) it provided a failure criterion of the device types, so that system
vulnerability could be determined.

The device testing from which this damage characterization resulted
was performed by Asa Williams, whose effectiveness and dedication made
it possible to provide this information in a fraction of the time pre-
viously expended on a comparable task. Mr, Williams, together with
Loren Dillingham, also provided the computer calculations of the damage
constants. Charles Ruzik calculated the device damage constants based
on the junction canacitance model.

Device damage testing and associated data reduction for the system
study were begun in September 1974 and completed in November 1975. 1In
condensed form, the device damage characterizations are contained in
George Gornak et al, EMP Assessment for Army Tactical Communications
Systems: Tranamission Systems Series No. 1, Radio Terminal Set AN/TRC~
145 (U), HDL~TR~1746, February 1976 (SECRET RESTRICTED DATA). However,
because of the continuing effort to improve present methods of
predicting failure of semiconductor devices in circuits, a more exten-
sive discussion and an analysis of the device responses observed in
damage testing are provided here and made accessible, in an unclassified
document, to a wider audience. The manuscript for this report was
completed in October 1977.

The author would like to thank the technical reviewers of this
report, especially for suggestions concerning the presentation of data.
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1. INTRODUCTION

For very short periods of time, such as the duration of an electro-
magnetic pulse (EMP) induced signal, electronic network components can
withstand voltage and current levels and can safely dissipate powers
that are significantly larger than the ratings for voltage, current, and
power for continuous operation. In nuclear weapong effects analyses, it
is important to know exactly what transient signal level a component can
withstand without degradation in performance. Unfortunately, there is
no obvious relationship between those transient threshold signals that
cause a component to fail and the design of the component (for instance,
as reflected in the ratings and characteristics provided by
manufacturers for circuit design purposes).

To obtain information on the threshold signal for failure, compo-
nents are stepstressed with voltage pulses. This method, which was used
in the work reported here, is extensively described in the
literature.! Efforts have been made also to predict the damage
thresholds of semiconductor junction devices (considered to be the
circuit components most susceptible to failure from electrical
transients) on the basis of theoretical failure models.2’3 1In these
theories, plausible assumptions were made about the failure mechanism
(heating of the semiconductor material to a certain temperature) and
formulated analyticaliy. As a result, these thermal models suggest a
defined pulse power for failure which depends on pulse width and certain
device characteristics such as junction area? or the volume of a defect
regiom3 however, these characteristics of a device are not directly
measurable. Subsequently, a link was recognized between the junction
area and device characteristics which are obtainable from nondestructive
terminal measurements and which may even be provided by the device
manufacturer (such as junction capacitance). This 1link, then, led to

expressions of the pulse power for failure in terms of these character-
istics.4’5

!B, kalab, Aanalysis of Failure of Electronic Circuits from EMP-
Induced Signals--Review and Contribution, Harry Diamond Laboratories,
HDL-TR~1615 (August 1973).

2p, ¢, Wunsch and R. R. Bell, Determination of Threshold Failure
Levels of Semiconductor Diodes and Transistors Due to Pulse Voltages,
IEEE Trans. Nucl. Sci., N&-15 ( December 1968), 244-259.

3p. M. Tasca, Pulsed Power Failure Modes in Semicenductors, IEEE
Trans. Nucl. Sci., NS-17 (December 1968), 364-372.

“p, ¢, Wunsch, R. L. Cline, and G. R. Case, Theoretical Estimates of
Failure Levels of Selected Semiconductor Diodes and Transistors,
Braddock, Dunn and Mcbonald, Inc., for Air Force Special Weapons Center,
BDM/A~42~69=R (December 196%).

SpNA EMP (Electromagnetic Pulse) Handbock, Defense Nuclear Agency
2114H-2 (September 1975).



TAR

.'
3
i

LRLE S it

L ik

This way of finding the power for failure has been available since
1969, but it is not extensively used in weapons effects analyses. To
meet the requirement for system survivability without excessive and
therefore costly hardening, we should know component damage levels with
a degree of accuracy that is not achievable with this method, as compar-
isons with experimental results show. (However, in preliminary
screening, where accuracy requirements can be relaxed, device damage
information based on this method may be sufficient.) Besides predicting
the power for failure with only modest accuracy, the thermal failure
models do not furnish the device impedance near the failure level, which
is also essential to circuit failure analysis. Damage testing readily
discloses this impedance. However, experiments have shown® that device
damage testing as it is done now (that is, stepstressing with either
forward- or reverse-~biasing pulses) does not furnish a complete
characterization of the susceptibility of a device to damage from EMP-
induced transients. These experiments alsoc revealed previously
unsuspected basic 1limitations of the range of applicability of the
thermal failure models. Still, stepstressing with unipolar pulses is
the state-of-the-art technique for obtaining component damage character-
izations in most syatems studies presently conducted.

Theoretical as well as experimental development work continues’ 9+
whose goals are to clarify the failure mechanisms in semiconductor
devices and to identify the device parameters or the experimental proce-
dures that can lead to a complete quantitative description of the pulse
hardness of a device. To such efforts, detailed information on device
responses observed in damage testing should be useful and is therefore
provided in this report.

During the testing effort reported here, device responses were
observed which are difficult to interpret in terms of the thermal
failure model. A further purpose of this report is to discuss thesge
responses, as they will be a subject of continued research at the Harry
Diamond Laboratories (HDL) and may also be of interest to the
community., Nevertheless, in support of present systems analyses, the
results of this testing effort are also reported in conventional terms;
that is, all failure thresholds are 1least-square fitted to the
functional relationships between power for failure and pulse width as

53. Kalab, Second Breakdown and Damage in IN4148 from Oscillating
Electrical Transients, IEEE Trans. Nucl. Sci., N5-22 (August 1975),
2006-2009,

'R, H. Dickhaut, Electromaynetic Pulse Damage to Bipolar Devices,
IEEE Circuits and Systems, 10 (April 1976), 8=21.

8a. L. Ward, An Electro-thermal Model of Seccnd Breakdown, IEEE
Trans. Nucl. Sci., NS-23 (December 1976), 1679-1684.

94, L. Ward, Studies of Second Breakdown 1in Silicon Diodes, IEEE
Trans. Parts, Hybrids, and Packaying, pHP-]3 (December 1977), 361-368.

*A, Mathews, U.S. Army Missile (ommapd, Redstone Arsenal, 2L, privite
communication.

8
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they result from the thermal failure model, and "damage constants" are
derived from these regression analyses. In these terms, device damage
characteristics are being collected in data bases, 1011 The device
damage information reported here (especially the tables of app A) may
also augment the data base fram which engineering models of device pulse
damage are being dezveloped.12 These engineering models are mathematical
expressions (resulting from regression analyses of experimental damage
data) of the power or current for failure and the device impedance in
terms of pulse width and general electrical device parameters. An
advantage of this kind of modeling is that the regression equations can
be developed independent of any conjecture about the failure mechanism.

Section 2 explains how the damage characteristics were obtained,
reduced, and operated on (such as by regression analysis). Section 3
discusses anomalous device responses which are considered significant
enough to warrant further investigation. Section 4 describes the
AN/TRC-~145 devices selected for damage testing, summarizes the damage
test results, and compares experimental failure powers (or damage
constants) with failure powers (or damage constants) predicted by theo-
retical models (tables 6 and 7). Appendix A gives the detailed test
results (such as powers for failure and impedance at the failure level
of the individual test specimens) and the plots of failure power versus
pulse width.

2. TEST PROCEDURE AND DEVICE CHARACTERIZATION

2.1 Background and Definitions

Damage testing by stepstressing is the state-of-the-art proce-
dure for obtaining information on the pulse-handiing cdapability of
semiconductor junction devices. This method was used for the damage
characterization of the AN/TRC-145 devices reported here. The procedure
consists of applying a series of voltage pulses of a certain waveform to
the device terminals and increasing the voltage from pulse to pulse by a
certain amount. The pulses are produced by a high-power pulse generator
with single-shot capability. At each pulse application, the oscillo-
scope traces of both the voltage across the device and the current
through the device are recorded. Before the first pulse is applied,

IlsJ. L., (woke et al, Users Manual for SUPERSAP2, Boeing Aerospace .,
Secttle, WA, and 'BDM Oorp., Air Force Weapons Laboratory, AFWL-TR-75-70
{March 1976).

g, v, Noon, Implementation of the Device Data Bank on the HDL IBM
Computer, Harry Diamond Laboratories, HDL-TR-1819 (October 1977).

12p, M. Tasca and S. J. Stokes, III, EMP Response and Damage Modeling
of Diodes, Junction Field Effect Transistor Damage Testing and
Semiconductor Device Failure Analysis, General Electric ., for Harry
Diamond Laboratories, HDL-CR=76-090~1 (April 1976).
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certain electrical characteristics of the test specimen are measured;
these are remeasured after each pulse of the series to detect degrada-
tion. It is then possible to relate the characteristics of the applied
pulse to the degree of device degradation which results. According to
the thermal failure model, only the duration and the average power of
the applied pulse are of intecest, but, in principle, other pulsge
characteristics (such as peak values of voltage or current) also may be
considered. This method and related questions are discussed in more
detail by Ka. ak,1

Where the assumptions of the thermal failure model apply, the
waveform of the pulses used in damage testing should not be critical.
For thermal systems such as are assumed in the thermal failure model of
junction devices, the temperature rise due %o heat production at an
arbitrary rate (complex waveform), P(t), can be expressed as the super-
position integral of P(t) and the temperature rise of the system due to
heat production at a constant rate (the step or square-pulse response of
the system). This piinciple (Duhamel's theorem) can be applied to
predicting the power for failure of a junction device from, say, a
triangular pulse, on the basis of the - measured power for failure from a
square pulse of the same duration.

&n application of this principle (using 1N4148 diodes) showed!3
that the failure powers for these widely differing waveforms (in either
forward or reverse biasing of the junction) differ by about a factor of
two over a wide range of pulse widths. This difference was found to be
in fair agreement with measurements of the failure power (of the 1N4148)
from triangular pulses.l3 Such a variation of the failure power due to
differing wnipolar waveforms is much smaller than the variations usually
observed in damage testing of a sample of devices with the same waveform
(square pulse) and pulse width and attributed to physical differences
between the specimens of the sample. Therefore, we can ignore the
effect that the waveform of a unipolar pulse has on the mean power for
failure or for second breakdown of a sample of devices. However, in
spite of this result, we should not lightly dismiss the question of what
pulse waveform is to be used in damage testing to insure that the
resulting device damage characterization is relevant to EMP effects
analyses. The thermal failure model is, after all, only a conjecture;
as will be discussed, significant waveform effects, unpredicted by this
model, have been observed in diodes subjected to an oscillating
electrical transient.

lp, kalab, Analysis of Failure of Electronic Circuits from EMP-
Induced Signals-~Review and Contribution, Harry Diamond Laboratories,
HDL-TR-1615, (August 1973).

13p, M. Tasca et al, Theoretical and Experimental Studies of
Semiconductor Device Degradation Due to High Power Electrical
Transients, General Electric (., 738D4289 (December 1973).

10
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It is widely recognized now® that many types of discrete semi-~
conductor junction devices do not obey the thermal model. More
severely, it has yet to be demonstrated that there are indeed devices
whose mechanism for failure or second breakdown from short-duration,
reverse~biasing electrical transients is as postulated by this model.
The thermal failure model was considered proven, and its applicability
to predicting failure or second breakdown in a Jjunction device
established, when damage testing with reverse~biasing square pulses
showed that the power for failure or second breakdown, P, varied with
pulse width, t, over some range of t (see sect. 2.2.4) according
to P = kt-l/z. This is the relationship between P zad t which follows
from the thermal failure model for this excitation. However, in all the
damage testing done to date, such a dependence of P on t rarely emerged
unambiguously. Wunsch and Marzitelli,“‘ Singletary et al,15 and many
others, as well as the data in this report, give examples of what is
generally observed in damage testing. The best that can be said is that
the power for failure or second breakdown of most of the devices tested
to date may or may not vary according to P = kt'l/ 2 (the exponent of t
is not at all critical in this context). The reasons commonly given for
a lack of agreement with P = kt™ 12 are small sample sgize and a
considerable variation of failure power between the individual specimens
of a sample (which, in turn, is attributed to manufacturing inhomo-
geneities of one kind or another). Indeed, these factors can contribute

a qene/tally poor conformance of experimental failure powers
to P = kt 2 but they are not necessarily the only reasons for such
dist.repancies. (Besides, the variation of junction area in a population
of planar devices of a given design can only be very small.)

However, even if damage testing of any device type with
unipolar square pulses showed a close dependence according to
P= kt"l/z, this would not prove the validity of the thermal failure
model for that device. A very small number of device types have been
damage tested with reverse~biasing square pulses under conditions (as
regards sample size, uniformity of devices, and other factors) that were
more rigorous than usually observed in routine damage testing. In one
of these types, the 1N4148, the pre-second-breakdown power varied over a

SDNA EMP (Electromagnetic Pulse) Handbook, Defense Nuclear Agency
2114H-2 (September 1975).

1%p. C. Wunsch and L. Marzitelli, BDM Final Report, 1, Semiconductor
and Nonsemiconductor Damage Study, Braddock, Dunn and McDonald, Inc.,
for U.S. Army Mobility Equipment Research and Development Center, BDM-
375-69-F=0168 (April 1969).

155, B. Singletary, W. O, Qllier, and J. A. Myers, Experimental
Threshold Failure Levels of Selected Diodes and Transistors, II,
Braddock, Dunn and McDonald, Inc. for Air Force Weapons ILaboratory,
AFWL-TR-=73=119 (July 1973).

11



certain range of t very closely16 according to P = kt"l/ 2, and this
diode is considered an excellent exalmple12 of a device whose tailure
mechanism is as postulated in the thermal failure model. Yet, when this
device had been subjected to a full-cycle square pulse, providing a
forward bias before the reverse-~biasing half cycle, the device response
wan very different fram w.nat the thermal fajilure mndel would predict for
this excitation.617 (The appiication of Duhamel's theorem to this
excitation fails completely to yield the observed response.) In other
words, a variation of ):he power for failure from square-pulse excitation
according to P = kt™1/2 g only one of several aspects of a device
reaponse predicted by the thermal failure model, and all these aspects,
not just P = kel 2, must be observable if the model applies.

Furthermore, there are repori:sla'19 on sgignificant variations
of the pre~second-breakdown power of certain types of junction devices
with the rise time of the excitation; on the basis of the thermal
fajlure model, pulse rise time should not be critical. Other
"anomalous" responses (relative to the predictions of the thermal
failure model) of diodes and transistor junctions of low breakdown
voltage are discussed in section 3. The manner in which destails of the
transient excitation affect second breakdown and reverse failure in
junction devices is far from understood.

For practical reasons (ease of generation, measurement of pulse
duration, and data reduction), square pulses of voltage have come to be
uged in routine damage testing. Efforts are usually made {such as

—————————

6B, Kalab, Second Breakdown and Damage in IN4148 from Oscillating
Electrical Transients, IEEE Trans. Nucl. Sci., NS=22 (August 1975),
2006-2009 .

12p, M, Tasca and S. J. Stokes, III, EMP Response and Damage Modeling
of Diodes, Junction Field Effect Transistor Damage Testing and
Semiconductor Device Failure Analysis, General Electric ., for Harry
Diamond Laboratories, HDL-CR-76-090-1 (April 1976).

16p, M, Tasca and J. C. Peden, Feasibility Study of Developing a
Nondestructive Screening Procedure for Thermal Second Breakdown, General
Electric (. (July 1971).

178, Kalab, On the Neccssary and Sufficient Conditions (Thresholds)
for Damage of Semiconductor Junctions from Electrical Transients, Proc.
Joint EMP Technical Meeting, First Annual Nuclear EMP Meeting,
Albuquerque, NM, V, Hardening Technology (September 1973), 249-260.

18x, Hubner et al, Uniform Turn-on in Four-Layer Diodes, IEEE Trans.
Electron Devices, ED-8 (November 1964), 1372-1373.

197, agatsuma et al, An Aspect of Second Breakdown in Transistors,
Proc. IEEE (Currespondence), 52 (November 1961), 461-464.

12



through current limitation by a series resistor) to prevent large varia-
tions of current during the pulse. It is then possible to determine the
pulse power averaged over pulse width, with acceptable accuracy, from
the average values of voltage and current; these, in turn, can be found
by transformation of the area under the curve into rectangles. In
addition, if the pulse shape is nearly rectangular, this area trans~
formation can often be estimated with acceptable accuracy, usually with
the aid of a mechanical device such as a caliper. (Before the intro~-
duction of digital techniques in 1971, all device damage data taken in
the wider EMP community were reduced in this manner.) In practice, the
varying impedance exibited by the specimen during pulsing is a major
limitation to achieving square pulses of both voltage and current at
longer pulse widths (1 to 10 us). At pulse widths below about 0.2 us,
the device waveforms deviate even more from a square pulse, because of
the rather large rise and fall times of the output of typical hard~-tube
pulsers.

The thermal failure model suggests that the threshold for
failure from electrical pulses should be expressed in terms of pulse
power . This is acceptable, irrespective of any failure model, if
increasing degradation of an electrical device characteristic requires
the application of pulses of increasing average power. In forward
stepstressing of semiconductor junctions, such a relationship is indeed
generally observed (at constant pulse width).

It is necessary to arbitrarily define the degree of degradation
to be called failure. Then the threshold power for failure can be said
to lie between the powers of two consecutive pulses, one causing
degradation before the point of failure (or no degradation at all) and
the other causing degradation beyond the point of failure. The
arithmetic mean of the two pulse powers is usually taken to be the
threshold for failure, although a more elaborate method of interpolation
can be considered. If a pulse degrades a device exactly to the point of
failure, the power of that pulse is equal to the failure threshold.
These definitions also tell how the failure threshold can be determined
practically. The error associated with the threshold power for failure
depends largely on the increase in pulse power from one pulse to the
next (step size).

Although the threshold power for failure depends on how failure
is defined, in most situations this dependence is of little practical
concern. When the point of beginning degradation is reached, most
junctions tested required only a small increase in pulse power for
degradation beyond the point of failure, no matter how it was defined
(within a reasonable range). However, exceptions have been observed.

lp, kalab, Aanalysis of Failur- of Electronic Circuits from EMP-
Induced Signals--Review and Contribution, Harry Diamond Laboratories,
HDL-TR-1615 (August 1973).

13



In routine damage testing of devices, in either forward or reverse bias,
it has been observed that the current gain of a few types of devices,
mostly of germanium, begins to be affected at a pulse power substan-
tially lower (up to two orders of magnitude) than the power that caused
failure by the commonly used definition. Such an initial effect on the
current gain is usually slight and may even be an increase of hpge We
cannot rule out the possibility that this effect on the current gain is
associated with a much larger change (deterioration) in other electrical
characteristics that are not measured in routine damage testing, such as
the noise performance of microwave devices. Therefore, when defining
failure and determining the threshold power for pulse failure, we should
take into account the specific function of a device in a system.

In reverse pulsing of junctions, second breakdown may or may
not occur before junction failure. Low-voltage Zener diodes rarely
exhibit second breakdown, and a threshold for reverse failure for
devices like these can be defined as previously for forward pulsing. If
second breakdown occurs, the definition of a threshold for failure in
terms of pulse power can encounter a conceptual difficulty.l7 (Briefly,
it can happen that the power of a pulse that does not trigger second
breakdown and does not degrade a specimen is higher than that of a
subsequent pulse that does cause second breakdown and degradation; it
does not appear that cumulative effects are involved.) To avoid such a
difficulty, and also for easier data reduction, the following rule
appears to have been widely adopted.zo'21

When, before device failure, second breakdown
occurs for the first time during stepstressing, the
averaged pre-second-breakdown power is taken to be
the failure threshold at a pulse width equal to the
delay time. This holds regardless of whether or
not the device is degraded after application of the
pulse that caused second breakdown and regardless
of whether or not multiple breakdown occurs. (For
a review of multiple breakdown in single junctions,
see Kalab,! p 53.)

IB. Xalab, Analysis of Failure of Electronic Circuits from EMP=-
Induced Signals--Review and Contribution, Harry Diamond Laboratories,
HDL-TR-1615 (Auyust 1973).

17g, Kalab, On the Necessary and Sufficient nditions (Thresholds)
for Damage of Semiconductor Junctions from Electrical Transients, Proc.
Joint EMP Technical Meeting, First Annual Nuclear EMP Meeting,
Albuguerque, NM, V, Hardening Technology (September 1973), 249-260.

20, w. Ricketts, J. E. Bridges, and J. Miletta, EMP Radiation and
Protective Techniques, John Wiley & Sons, Inc., New York (1976).

213, R. Miletta, (omponent Damage from Electromagnetic Pulse (EMP)
Induced Transients, Harry Diamond Laboratories, HDL-TM-77-22 (November
1977).
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This rule is based on the assumption that, as soon as a junction enters
second breakdown, any additional energy that may be required to cause
failure will be small <compared to the pre-second-breakdown
energy.zo'21 Many observations made in routine damage testing of
devices support this assumption. However, damage testing of quite
common devices (low-voltage, bipolar transistors) at short pulse widths
has shown that this rule can lead to a value of the damage threshold
that is up to an order of magnitude smaller than the pulse power neces-
sary and sufficient for device failure. Situations of this kind were
observed in the present testing effort (sect. 3).

Besides a measure (such as pulse power) of the condition for
failure, a circuit model of a semiconductor cdevice is needed for
carrying out a circuit failure analysis. This circuit model must be
able to represent the device especially for excitations approaching the
threshold signals for damage. An important element of such a circuit
model will be the resistance of the device where electrical energy is
converted to heat. 1In present circuit models, 22 this resistance appears
in the form of the so-called surge impedance, which is derived from the
impedance that the device exhibits when pulsed with the threshold pulse
for failure or second breakdown. The device impedance 1s the quotient
of average voltage across the device over average current through the
device; the averages are taken either over the entire pulse width or
over the time to failure or second breakdown, whenever such a time can
be identified. When the threshold of device failure must be determined
from two consecutive pulses, the device voltage, current, and impedance
(as well as power) at the threshold for failure are usually taken to be
the arithmetic means of the respective' magnitudes of the consecutive
pulses. As for pulse power as the sole criterion for device failure,
the device impedance (or the surge impedance derived from it) is only a
first approximation of a device circuit model for EMP analysis. The
applicability of this device damage characterization (by threshold power
for failure and surge impedance) is a separate topic in itself.

2.2 Procedure
2+.2.1 General

The damage characterizationg (power for failure versus pulse
width, device impedance) of the AN/TRC-145 semiconductor devices were
obtained by stepstressing with unipolar pulses. A hard-tube pulser

20y, w. Ricketts, J. E. Bridges, and J. Miletta, EMP Radiation and
pProtective Techniques, John Wiley & Sons, Inc., New York (1976).

215, R. Miletta, Component Damage from Electromagnetic Pulse (EMP)
Induced Transients, Harry Diamond Laboratories, HDL-TM-77-22 (November
1977).

226G, H. Baker et al, Damage Analysis Modified TRAC Computer Program
( DAMTRAC), Harry Diamond Laboratories, HDL-TM-~75-6 (May 1975).
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provided a maximum power output of 20 kW at impedance levels ranging
from 0.2 to 2000 ohms. Whenever possible, the pulser (plug=-in output
transformer) was terminated with its internal impedance for optimum
output waveform (square pulse with little undershoot or overshoot), and
a resistor was put in series with the test specimen for current limi-
tation. However, these techniques significantly reduced ihe power
available to the test specimen and were avoided when the full power of
the pulser was needed to reach the damage level of a device. The rise
and fall times of the voltage pulses across a specimen varied from about
20 to 150 ns, depending on pulser impedance and pulse width (type of
output transformer). The voltage and the associated current waveform of
the pulse applied to the test specimen were measured with a dual-beam
oscilloscope and photographically recorded.

Testing of a device was begun at the longest pulse width (16
us). The responses of the junctions were routinely obtained in both
reverse and forward pulsing. A type of junction which did not fail in
forward pulsing at a 10-us pulse width and the full output power of the
pulser (no additional termination or series resistor) did not have to be
tested at a shorter pulse width, because forward failure levels are not
expected to be lower at shorter pulse widths. The nominal pulse widths
used were 10, 1.0, and 0.1 us; if it appeared that the maximum available
power at 0.1 us was slightly too low for failure, the pulse width was
increased up to 0.3 us so that damage information could still be
obtained in that range of pulse width. In reverse pulsing of junctions,
second breakdown could occur at any time (delay +time) during the
pulse. Both the emitter-base (E-B) and collector-base (C-B) junctions
of junction transistors were tested with the third terminal open; of the
field effect transistor (2N4092), the gate-source (G-S) junction and the
drain-source (D-S) section were pulsed with the third terminal open.

In stepstressing, the open-circuit pulse voltage was
increased from one pulse to the next by about 15 percent. The asso-
ciated increase in power dissipated in the device (step size) depended
on the vcltage-current characteristics of the device, as well as on the
impedances of the pulser and the external circuit; this increase was
found to be typically 30 percent. (It rarely exceeded 50 percent.)

For the EMP analysis of the AN/TRC-145, damage character-
izations of 17 types of diodes and 22 types of transistors were required
by the system analysts. Approximately 1100 devices were damage tested
in this effort. On the average, only three devices could be tested in
any combination of pulse width, junction, and pulse polarity.

16



2.2.2 Failure Criterion

In the present damage testing program, failure of a diode was
defined to be a reduction of the breakdown voltage (voltage at 10-pA
reverse current) to 50 percent or less of the original value. For
transistors, failure was defined to be a reduction of the dc current
gain (at a chosen operating point) to 50 percent or less of the original
value. These definitions applied if no second breakdown occurred. If
second breakdown did occur the device was considered to have failed
regardless of whether or not a degradation was associated with the
second breakdown (sect. 2.1).

A definition of diode failure in terms of a 50-percent reduc-
tion of the junction breakdown voltage may not be appropriate for
special-purpose diodes in critical applications. One could, for
instance, be concerned about the deterioration of the noise character-
istics of microwave diodes due to electrical overstress. It is
conceivable that such deterioration occurs long before there are signi-
ficant changes in breakdown voltage and before second breakdown. As far
as transistors are concerned, it is not advisable to define failure in
terms of the breakdown voltage of the junction being stepstressed. It
was observed that the E~B junction can fail during stepstressing of the
C~B junction at power levels that do not affect the breakdown voltage of
the C-B junction.

2.2.3 Data Reduction

The information that we wished to obtain from the test photo-
graphs is the following: (1) time to failure or second breakdown,
(2) pulse power averaged over the time to failure or second breakdown,
and (3) average impedance of the device at the failure level. Section
2.1 discusses how these magnitudes can be defined and determined in the
various situations that present themselves in damage testing of semi-
conductor junction devices. 1In particular, where the threshold power
for junction failure must be determined through interpolation of the
powers of two consecutive pulses, the arithmetic mean of these powers
was taken to be the failure threshold. Furthermore, if the first pulse
that caused any measurable device degradation at all reduced the junc=-
tion breakdown voltage or current gain to a value between 1.2 and 0.8 F
(F being the failure criterion for the specimen as defined in sect.
2.2.2), the power of that pulse was taken to be the power for failure
(failure threshold). Also, the rule given in section 2.1 was always
followed.

The numerical values of pulse power and device impedance were
not determined with any great accuracy. The average pulse power,
1/t iv at {i and v are the instantaneous current and voltage,
respectively), was approximated by the product of avzarage current times
average voltage. In the case of ideal square pulses of voltage and

17
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current, this product is identical to the average power; in general,
however, it is not. The average values of voltage and current were
obtained as discussed in section 2.1, that is, by approximate transior-
mation of the area under the curve., No elaborate error analysis of the
power or impedance data obtained in this effort was performed. Previcus
experience (in which the scope traces were digitized and the average
power was computedl) suggests that, if the procedure discussed above is
performed by skilled personnel, the error of power and impedance is
typically between 30 and 450 percent, the smaller error being
associated with the 10-us data. For applications in present systems
analyses, this accuracy of the failure power or the impedance at the
failure level of an individual test specimen is considered adequate.
There are significant variations of these values over a sample of
devices, due to various kinds of physical differences among specimens,
which must be taken into account in applications (sect. 2.2.4) and do
not justify obtaining measurements of increased accuracy on individual
specimens.

2.,2.4 Least-Square Fitting

In applications of experimental device damage data obtained
at selected pulse widths to EMP systems -studies, extrapolation or inter-
polation of these data to other pulse widths is usually required. Also,
the generally large scatter of failure powers requires the determination
of a mean {(nominal) value for applications to systems studies. To
obtain such a mean value for any pulse width, it has become the custom
to least-square fit the experimental failure powers (or pre=-second=-
breakdown powers) to relationships between failure power (P) and pulse
width (t) resulting from the thermal failure model. These relationships
are the following. 324

Forward pulsing P = klt:'l 0 <tk (1)

Reverse pulsing P = kzt:'1 0<tg t2 (2)
= -1/2

P =kt t, <ttt (3)

The constants ki (i =1, 2, 3) involve the material and geometry of the
device. In particular, in equations (2) and (3) the geometry appears as
junction area, A, and k, and k, contain A as a factor. The constant k3
is commonly called the 3amage constant or Wunsch constant.

Ig, Kalab, Analysis of Failure of Electronic Circuits from EMP~-
Induced Signals--Review and Contribution, Harry Diamond Laboratories,
HDL~TR-1615 (August 1973).

23p, c. Wunsch, Semiconductor Device Damage Iin an EMP Environment,
Proc. (onference on Component Degradation from Transient Inputs, U.S.
Army Mobility Equipment Research and Development Center, Ft. Belvoir, VA
(April 1970), 6=50.

247, B. Singletary anmd D. C. Wunsch, Firal Summary Report on
Semiconductor Damage Study, Phase II, Braddock, Dunn and Mcbonald, Inc.,
BDM/A~84-70~TR (February 1971).
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As indicated, -these relationships are not expected to hold
for all pulse widths. Although equation (3) was originally believed? to
apply over a range of five orders of magnitude of t, there is good
indication that the range in which it might apply is considerably
smaller. For instance, the graphic representations of experimental
failure power versus pulse width ("damage plots") of appendix A show
that for quite a few types of junctions the power for reverse failure,
extrapolated to pulse widths greater than approximately 20 us, would be
higher than that for forward failure, if equations (1) and (3) would
still apply in this range of pulse widths. Such a behavior would be
incomputible with the assumptions of the thermal failure model. On
theoretical grounds, it would be plausible to assume that t. and t_ are
of the order of the thermal time constant of a device. r t, (the
lower limit of the range fo~ eq (3)), it has not been possible to relate
this time to physical device characteristics; however, on the basis of
experimental results it has been concluded that the (gradual) transition
from eguation (2) to equation (3) begins for most devices between 0.1 to
10 us. 5

A computer progmm26 permits least-square fits to equations
(1) and (3) and an equation of the form

P = at™l/2 4 pe=l 0 ¢t<ty, (4)

to be produced from the experimental failure powers; equation (4)
follows from a more involved version of the thermal model for reverse
junction failure.3 The output of the computation is the values of k
(or k,), k,, a, and b, and a statement about which equation best fits
the data. (The Gauss criterion as a measure of the goodness of fit is
used.,) In view of the final selection of least-square fits, only
failure powers for pulse widths 250 ns were used for fitting reverse
damage data. The least-square analyses showed that the forward failure
data of moct types of junctions are better represented by equation (3)
or (4), whereas the reverse failure data of a few types of junctions are
better represented by equation (1), rather than by the type of relation-
ship that results for either polarity from the thermal model. Neverthe-
less, to follow a widely accepted practice, the fit of forward failure

2p. C. Wunsch and R. R. Bell, Determination of Threshold Failure

Levels of Semiconductor Diodes and Transistors Due to Pulse Voltages,
IEEE Trans. Nucl. Sci., NS-15 (December 1968), 244-259.

3p. M. Tasca, Pulsed Power Failure Modes in Semiconductors, IEEE
Trans. Nucl. Sci., NS-17 (December 1968), 364-372.

25, Singletary amd D. C. Wunsch, Final Report cn Semiconductor Damage
Study, Phase II, Braddock, Dunn and McDonald, Inc., BDM/A-66-70-TR (June
1970) .

265, M. Clodfelter, SEMCON: A Semiconductor Damage Data Reduction
Computer C(ode, Harry Diamond Laboratories, HDL-TM-76-28 (December 1976).
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powers to equation (1) and that of reverse failure powers to equation
(3) were accepted for a’l junctions and entered into the damage plots.
The straight lines in the damage plots of appendix A show these least-
square fits. These lines are drawn on the basis of k, and k, and the
associated slope of -1 (forward) and =-1/2 (reverse, t > 50 ns), respec=-
tively. To account for the change in the variation of failure power
with pulse width which the thermal model predicts (eq (2) and (3)), the
line providing the least-square fit of reverse failure powers is
continued into the range of t < 50 ns by changing the slope of the line
from ~1/2 to -1, The experimental failure powers of the drain-source
part of the 2N4092 junction field effect transistor (FET), for either
pulse polarity, were fitted to equation (1).

3. ANOMALOUS RESPONSES

During the damage testing of several types of diodes and transistors
of the AN/TRC~145 devices, responses were observed which were strikingly
incompatible with present concepts of device failure. Two kinds of
"anomalous" responses were observed (anomalous from the standpoint of
present concepts, especially the thermal failu:e model), First, there
is the peculiar response tentatively called justantaneous second break-
down, occurring as follows. A junction is stepstressed into reverse
bias and draws a certain amount of avalanche current. The voltage and
current traces may be as shown in figure 1 (pulse width of 10 us).
There is no measurable device degradation and no second breakdown. The
next pulse, vhose open=-circuit voltage would be only about 15 percent
higher than that of the pulse of figure 1, prcduces the response of
figure 2. The voltage trace shows that the device instantly went into
second breakdown, V2 being the second breakdown sustaining voltage.

v (a) ! (b)

Figure 1. (a) Voltage and (b) current pulses before instantaneous
second breakdown.
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Figure 2. (a) Voltage and (b) current responses in instantaneous
second breakdown.

When the oscilloscope is set up for proper recording of a 10-us-wide
pulse, the voltage spike and the leading edge of the current "pulse in
figure 2 are often not visible in the Polaroid photograph. Thus, many
of these responses could not be properly evaluated, and an inter-
pretation in terms of the thermal failure model may be possible. Also,
gsome of the devices which responded in this manner were rectifiers of a
rather high breakdown voltage, and the thermal failure model is not
expected to apply.5

However, among the numerous cases showing this instantaneous second
breakdown were many in which a definite evaluation of the oscilloscope
traces .ould be made, and the devices involved were low-voltage bipolar
transistors (even E~B junctlons). The critical responses in such situa-
tions would be like those of figure 1 fsllowed by those of figure 3 (10-
pus pulse width). The leading edges of both the voltage and the current
pulses are clearly visible; in particular, no initial current spike
exceeds the value of I.. The bright spot in the voltage and current
traces indicates that \; and I  were assumed by the device for a short
time (estimated to be between gO and 100 ns). If one now assumes that

v a) ' (b)

v -

Figure 3. Other (a) voltage and (b) current responses in
instantaneous second breakdown.

SDNA EMP (Electromagnetic Pulse) Handbook, Defense Nuclear Agerncy
2114H-2 (September 1975).
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lel (fig. 1) is the pre=-second-breakdown power of the specimen for a
delay time of 10 us (worst case), the thermal failure model predicts a
pre-second~breakdown power (V,I.) of at least 10V, I \ for a delay time of
80 na; hLowever, V,I, in responses like that of figure 3 was often found
to be less than 2V I.,. On a few occasions, responses like those of
figure 2 or 3 were observed upon application of the very first pulse to
a previously unpulsed specimen. This suggests that at least some of
these responses are not due to an undetectable degradation of a device
in previous pulse applications (cumulative effects). Devices were found
to degrade (fail) or not to degrade in an event like that of figure 2 or
3, probably depending on the degree of current limitation while in
segond breakdown. According to the general rules of characterizing the
conditions for device failure (sect. 2.1, 2.2.3), the damage information
furnished by a device responding in the manner of figure 3 is a pre-
second-breakdown power averaged over the delay time (of usually less
than 100 ns) rather than a pre-second-breakdown power of V I for a
delay time of 10 us; this accounts for many of the low power valuesg
around a 100-ns pulse width in the damage plots of the appendix.

This “instantaneous" form of second breakdown was observed also
during damage testing at shorter pulse widths (1 and 0.1 us). Here,
gecond breakdown was sgeen to occur, at unexpectedly low power levels,
from the leading edge of the pulse before the voltage leveled off signi-
ficantly. At the higher sweep speeds used in this pulse-width range,
the second~breakdown events are not perceived as instantaneous;
nevertheless, for this report (sect. 4.2), the term "instantaneous"
refers to second breakdown occurring during the rise phase of the pulse.

The kind of device response illustrated by figures 1 to 3 was
observed in a damage characterizaton of the E=B junction of the 2N3858
transistor! and may also be the response of the C-B junction of the
2N3512 (Bvcbo = 60 V) that had been termed voltage-sensitive
failure.2’? A systematic investigation cf this effect is planned.

The second noteworthy response observed on certain types of devices
was the apparent absence of second breakdown before failure at pulse
widths of less than about 0.2 us (reverse pulsing). On closer investi~-
gation of one of these devices {of the 2N1490), with stepstressing
beginning at a very low pulse amplitude, it turned out that second
breakdown did occur, but in a form quite different from that observed in
longer pulse width testing. In fact, second breakdown first occurred at
a very low pulse amplitude and associated power, very much lower cthan

I, Kalab, Analysis of Failure of Electronic C(ircuits fror, EMP-
Induced Signals--Review and Contribution, Harry Ppilamond Laborat~:ies,
HDL-TR-1615 (August 1973).

273. p. Holder and V. W. Ruwe, Statistical wonponent Damage .JStudy,
U.S. Army Missile Command, RG-TR-71-1 (January 1971).
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the level at which stepstressing is usually begun. (The pulse amplitude
required for second breakdown or failure at the longest pulse width, at
which stepstressing of a device type is bequn, serves as a guideline for
the start of stepstressing at shorter pulse widths. An experienced
worker takes into consideration a certain increase in pulse power for
failure as the pulse width is reduced and begins stepstressing at a
shorter pulse width at a higher level, so that only a few more steps are
required to cause <evice failure.)

The second breakdown at this low level is nondegrading; however, it
does have the familiar appearance--that is, the voltage rapidly drops to
a low second~breakdown sustaining level. According to the rule of
gsection 2.1, the damage testing of a specimen is completed as soon as
second breakdown is observed., However, the pre-second-breakdown power
of this device was found to be more than an order of magnitude lower
than the power for failure observed on other specimens of the same type
(where no second breakdown had been seen). Therefore, stepstressing of
this specimen was continued beyond the first occurrence of second break-
down.

By this procedure, it could be geen how the typical second-breakdown
response of the device gradually disappears, as if it were overridden by
the driving waveform. First, the delay times become shorter and shorter
until second breakdown eventually begins from the rising edge of the
pulse (as for instantaneous second breakdown, discussed previously). 1In
addition, the second-breakdown sustaining voltage increases considerably
in consecutive pulses. As one approaches the amplitude of the applied
pulse at which stepstressing is usually begun, the pre-second-breakdown
voltage appears only as a small overshoot on the rising edge of the
pulse. Without having seen the development of such a response, begin-
ning from the first occurrence of second breakdown, one would not recog-
nize that tiie device is in second breakdown during almost the entire
pulse duration. The only clue that this is the case might be the device
impedance, which is conspicuously lower (in spite of the large second-
breakdown sustaining voltage) than it is before second breakdown at
delay times of about 1 us.

This form of second breakdown at short pulse widths (nondegrading,
high second-breakdown sustaining voltage) was seen to occur in several
types of junctions. However, no attempt was made to ascertain whether
it occurred 1in all devices of this testing program which failed to
exhibit the familiar form of second breakdown before failure. Such a
nondegrading and, presumably, nonthermal second breakdown at low power
levels can result in a large spread of failure powers over a sample of
devices, depending on whether or not the second breakdown is seen
(which, in turn, depends on how stepstressing of each specimen of a
sample is conducted) and whether or not the rule of section 2.1 is
followed. From an applications point of view, it would seem important
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to establish whether or not a device exhibiting this form of second
breakdown can withstand a large post-second-breakdown power without
damage under all possible conditions of circuit impedance and forms of
excitation (of less than about a 0.2-us duration). The observations
made in this testing program show only the possibility of such an
effect; they are much too limited to allow generalizations to be made.

The tables of the appendix list, for each gpecimen tested, the pulse
voltage, the pulse current, the pulse power and the device impedance at
the damage level, and the time to failure. The tables also indicate
whether or not second breakdown was observed in a test specimen. Among
the devices which failed in reverse pulsing without exhibiting second
breakdown are those that were in second breakdown during most of the
damaging pulse but not recognized as such. However, other devices, as
well, are in this category; previously,l as well as 1in the present
effort, it was found that reverse-pulsed junctions can degrade (and also
fail, according to the definition of sect. 2.2.2) definitely without
ever having entered second breakdown.

Still other aspects of observed device responses are unexpected on
the basis of present concepts. The transistor types 2N1485, 2N1490,
2N3013, and 2N3439 exhibit a quite unusual relationship between the pre-
second-breakdown power or power four reverse failure of the C-B junction
(P,) and that of the E~B junction (P,). If the power for failure or for
second breakdown is proportional to junction area, the ratio of Pc/Pe
(at a given pulse width) of a discrete transistor would be expected to
be between 1 and about 5 (the larger values applying to planar devices,
for example). However, P./P, for the transistors listed above (for
pulse widths between about 5 and 10 us) is between 0.05 and 0.6. The
relationships of the damage constants of the C-B and E-B junctions of
these transistors, although somewhat different from these values of
Pc/Pe' reflect this unexpected observation. A value of P,/P, of 0.05
would suggest that the area of the C-B junction is only 1/20 that of the
E-B junction. In spite of these relationships between P, and P, both
junctions of these transistors exhihit thermal second breakdown (long
delay times), and the pre=-second-breakdown power varies with the delay
time according to P = kt1/2 to the same degree of approximation as it
does for devices to which the thermal failure model is claimed to
apply. This is another indication that the criterion (P = kt~1/2)
commonly applied to identify the failure mode and to establish the
validity of the thermal failure model is insufficient.

I, Kalab, Analysis of Failure of Electronic Circuits from EMP-
Induced Signals--Review and Contribution, Harry Diamond Laboratories,
HDL-TR-1615 (August 1973).
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Recently, general relationships between device impedance and failure
current of p-n junctions were cleveloped.12 According to these relation-
ships, the forward device impedance at the failure level would decrease
with pulse width because of conductivity modulation. The present damage
data show a practically constant forward impedance at the damage level
in the 10~ to 0.1-pus range of pulse width for most types of junctions,
with a few exceptions (1N277, PC115, 2N393) that have a statistically
(and perhaps also practically) significant increase.

4, DAMAGE CHARACTERISTICS
4.1 Devices

The types of devices that were damage tested in the present
effort, along with electrical characteristics and other identifying
information, are listed in tables 1 and 2. Most of the devices were
obtained from the Defense Electronic Supply Center. To relate the
damage data of individual cpecimens to the predictions of a general
failure theory (as is attempted with the least-square fits to relation-
ships of the form P = kt~1/2, etc), the specimens of a given device
type should be of the same design and manufactured under identical
conditions. There is no guarantee that this is true of the devices
tested in this effort, although for most of the types tested it probably
iss It can be assumed that the packaging of devices of a certain type
which comprise different designs or manufacturing processes is not
identical in all aspects. Therefore, the devices of any given type were
closely inspected, and the number in column 2 (Packaging) of tables 1
and 2 indicates how many different kinds of packaging could be distin-
guished. Distinguishing characteristics were the material, color, and
shape of the can or the encapsulation, and the complete alphanumeric
designation appearing on the exterior of the devices. As can be seen
from tables 1 and 2, most types of devices came in only one kind of
packaging; thus, these deices were probably of the same design.

The manufacturer is identified in the tables by the
manufacturer's designation or the D.A.T.A. manufacturer's code, both of
which are listed in the D.A.T.A. books of Derivation and Tabulation
Asgsociates, Inc.28¢29 e designation appeared on the packaging of most
dev.ce types, but the manufacturer meant could not be identified in all
cases.

12p, M. Tasca and S. J. Stokes, III EMP Response and Damage Model ing
of Diodes, Junction Field Effect Transistor Damage Testing and
Semiconductor Device Failure Analysis, oeneral Electric ., for Harry
Diamo:d Lahoratories, HDL-CR=76-090-1 (April 1976),

285amiconductor Diode DA.T.A. Book, 37th Ed., D.A.T.A., Inc., Orange,
NJ (Spring 1976).

29Transistors, 42nd Ed., 1, D.A.T.A., Inc., Pine Brook, NJ (1977).
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TABLE '« AN/TRC-145 DIODES SELECTED FOR DAMAGE TESTING

Manu~ Peak Capac~
T R el L e s
(V)
1N227 JAN 1 CIT Ge Diode (D) 125 -
1N48SB JAN 1 - 81 ) 200 1.2
IN538 JAN 1 CDXr si Recti-~ 240 10
fier (R)
ING45 JAN 1 CcIT si R 270 4
IN746A JAN 1 CCAB si Ref diode 3.3 460
(REF)
IN751A JAN 1 CDAQ Si REF 5.1 300
IN980B JAN 1 cCczL si REF 62 ki)
IN1202RA JAN 1 CCSR si R 200 57
IN1731A JAN 1 CAKK si R 1800 14
1N2580 1 S8DI si R 400 120
1N2991B JAN 1 CCSR si REF 36 240
1N3025B JAN 1 CcCzL si REF 16 100
1N4385 JAN 1 CIT si R 600 10
IR-69-6735 1 - Si REF 6.8 100
MO1054 1 Micro- Ge Varactor - -
optics diode
MS1040 1 oMC Ge Microwave - -
diode
PC115 2 CCNL Si Varactor 100 6.5
diode

4caKkK: General Instrument Corp.
CCAB: Transitron Electronic Corp.
CONL: TRW Semiconductors, Inc.
CCSR: NAE, Inc.
CCZL: Dickson Electronic Corp.
CDAQ: Teledyne Semiconductor Corp.
CDKF: Semicon, Inc.
CIT: ITT Semiconductors
CMC:  Not identified
SSDI: Solid State Devices, Inc.
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TABLE 2. AN/TRC~145 TRANSISTORS SELECTED FOR DAMAGE TESTING

TR W T g,

BV C
Transistor :;::; fa::::;t" M:t:: Function c(:‘l;? ( ::)
2N393 JAN 1 CSF Ge, PNP Low-power tran- 10 4
sistor (L)
* 2N396A 1 SEs Ge, PNP L, switching 30 20
transistor (S)
] . 2N428M JAN 1 CGO Ge, PNP L, S 30 20
4 2N466M JAN 1 CAKK Ge, PNP L 35 60
f 2N501A JAN 1 CSF Ge, PNP L, s 15 3
! 2N705 JAN 1 GG Ge, PNP L, s 15 8
2N706 JAN 3 CCXP, CDAQ Si, NPN L, s 25 6
281042 JAN 1 cesXx Ge, PNP High-power 40 -
transistor (H)
4 2N1485 JAN 1 CON 8i, NPN H 60 50
2N1490 JAN 1 CRC Si, NDN H 100 100
2N1613 JMN 1 CDAQ 8i, NMN L 75 25
281741 JAN 1 CDAQ Si, NPN L, 8§ 75 25
2N2857 JAN 1 CDAQ si, NPN L 30 1
] 2N2894 1 CCAB si, PNP L, § 12 6
? 2N3013 JAN 2 CCAB, CIT Si, PNP L, S 40 5
3 2N3375 JAN 2 CRC, CGG Si, NPN H, S 65 10
283439 1 CRC 8i, NPN H 450 10
2N3584 2 CEO, CGO Si1, NPN H, 8 375 120
2N4092 1 CAY S8i, nFET - - -
3 2N5829 1 CGG 8i, PNP L 30 0.8
L’ CA 3018 1 CRC Si, NPN Integr. circuit 30 0.6
3 trans. array

SMB526517 1 SES si, NPH Inteqr. circuit - -
trans. array

2CAKK: General Instrument Corp. 0GG:  Motorola Semiconductor Products
CAY: Westinghouse Electric Corp. 0GO:  Texas Instruments, Inc.
3 CCAB: Transitron Electronic Corp. CIT: ITT S_GMIOOMU?tOTS
CCSX: Silicon Transistor Corp. CQN:  Sensitron Semiconductors
3 CCXP: National Semiconductor Corp. CRC:  RCA Corporation, RCA Solid State Div,
CDAQ: Teledyne Semiconductor Corp. CSF:  Sprague Electric Co.
CEO: Not identified SES;  Semitrorics Corporation
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The maximum reverse voltages of the junctions (peak inverse
voltage of table 1, Bvébo of table 2) are the values listed in the
D.A.TeA. books.28729 fThe values in the Capacitance column of table 1
are the junction capacitances at 7 V reverse bias or at one half of the
Zener voltage, whichever is lower, as measured with a capacitance bridge
(mean value of three devices). The values in the Cop Column of table 2
are the common base open-circuit output capacitances as listed in the
D.A.T.A. book?? or manufacturers' data sheets. These values of break-
down voltage (peak inverse voltage, Bvbbo) and capacitances are used
later to calculate theoretical values of the device damage constants,

4.2 Damage Characteristics

This section summarizes certain aspects of the conditions for
failure of the damage~tested device types. Tables 3 and 4 show the
rather frequent occurrence of special failure modes, including instan-
taneous second breakdown, even in low=voltage bipolar devices. Table 5
lists the damage constants of these device types (times certain powers
of 10), produced by least-square analyses of the failure powers of the
individual test gpecimena. The failure powers of individual specimens,
the associated pulse width, and the device impedances at the failure
level are presented in the tables and figures of the appendix.

In table 5, the constants k, and k, are those of equations (1)
and (3), respectively (sect. 2.2.4). With the values of k, and k_ 6 as
they result from table 5, the failure power is obtained in watts %rom
equations (1) and (3) if the pulse duration is measured in seconds;:
therefore, the unit of k, is the watt=-second and the unit of k., is the.
watt-second!/2., The powers of 10, as factors of k and k_, in %able 5,
are chosen so that the number in the column for k, is numerically equal
to the power in kilowatts for forward failure at a pulse width of 1 us,
and the number in the column for k, is numerically equal to the power in
watts for reverse failure at a pulse width of 1 us.

28g5emiconductor Diode D.A.T.A. Book, 37th Ed., D.A.T.A., Inc., Oramge,
NJ (Spring 1976).
297ransistors, 42nd Ed., 1,D.A.T.A., Inc., Pine Brook, NJ (1977).
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¥ TABLT 4. FAILURE MODES AND SECOND BREAKDOWR IN TRANSISTORS OP M‘/TRC‘“S‘
wWidth of applied pulse Width of applied pulse
4 (forward) (reverse)
4 Transistor Junc= 10 ps 1.0 us <Cy5 us 10, 1.0 us <05 us
. tion
Pail S8 88 SB Inst SB rail 8B 8B 8B Inst |88
R |% | N | [N |8 no 88 [no degr| degr | fail| no doqt—l D/F | no SB| no degr| degr | fail jno degr| p/P
‘ 28393 JAN -2 ox - x - ox - x - - x  - - x - - - - - .
3 c-B x I - x - x - - - - - x - - - - -
2NI96A |2 ) x -~ % - - - - x - - x - - x x - x -
c-a x -~ x - = - - x - - x - - x - - x -
P
2N420M AN L= x - ox == - - x - = - - - ¥ - - x x
c-8 x - X - - - - x - - x - - x - - x -
vag6M an EBox oxox == - - x * x - * - - - x
c-B X - X% - - - - x - x - - - x - x x x
g NS01A JAN r-B x x x X x - x x x x - - x - - - - -
; C=n x - x - x - - x x x - - X - - - - -
2N705 IAN E8  x - x x x = - x - - - x - x - x x -
c-8 x - x - - - x - x - x - - - - x x
3 2IN706 JAN -8 x x % - % - x - - x - - x - - - - -
c-8 - x x x - x - x x x - - x x - x - -
2N1042 JAN £ x - = = = = - x x - - - -
c-n x - - - - - - x x x x x - x - - x -
241485 JAN 2 x - -~ = - x x - - - - -
c-p - - - -~ - - - x - - x x x x - x x -
2M149y JAN L x x x x - x - - - -
C-B - - - - - x x x - x -~ - x - - - -
201613 AN 8 x - x - - - x - - x - - x - - - -
C-» x - X - - - Y x - x - x - - - - - x
'3
M7 IAN =8 x - x - - - - - - x - - x - - - - -
c-p x - X - - - - x x x - ~ x - - x - -
282857 JAN L ] - x - x - N x - -~ x - - x - - - - -
E C-n - x - % - x - - - x - x - x - - - -
2N2394 BB - x - X - - x - - x - - X - - - - -
[ ] - X X x - x H x - x - - - - - x - -
2N3013 JAN .8 - x - x x  x x - - x - - x - - - - -
C~p - x - x - x - x x 4 - x - X - - x -
2NI375 JAN £-3 4 x x - x - x - hd x - - x - - - - -
C-8 x - x - X - - x x x - - - x x x - -
2N3439 £-B x - x - - - x - - x - - X ~ - - - -
C-B X - - - - - - x - - - - - - - x - -
243584 £ x - - === x - x - - x - - - - -
Cc-B x - - - - - - x - - - - - ® - - - -
284092 G-8 - x - x - x - x & x - - x x - - - -
D=5 - x - x - x - x - x - x x - - - - - 5
2N5829 £-B - x x x X x x - - x - - - - - - - x
c-B - x - x - x - x x x - x - ~ X - - X
CA018 r-B - x - x X - - - - x - x - - - - - .
3 -8 - x - x x - - - - - x x x - - - x -
fi
g SHB526517 E-8 x  x % w ox - x - - x - - - - - - - x
C=-B x x x - - - - x - x - - x - - x -

i
§

4Symbols as defined in table 3, p. 29.
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4.3 Comparison between Experimental and Theoretical Failure Powers

There is a continuing interest in the community in obtaining a
relevant device damage characterization without resorting to extensive
damage testing. The relationships between failure power (or damage
constant) and general device characteristics referred to in the intro-
duction*’5 furnish a device failure power (although not the device
impedance) without damage testing. To show how accurate the damage
constants based on these relationships are in typical cases, the experi-
mental damage constants obtained from the present testing effort are
compared with the theoretical values. Only the more accurate junction
capacitance model* is used here. To find tne damage constant of a
silicon diode for reverse pulsing, the following equation is suggested:s

-3 057
k3 = 4.97 x 1073 cvpy , (5)

where C is the junction capacitance at 5- to 10~V reverse voltage, and
Vgp is the bias voltage at a 10=-pA reverse current (or the minimum
breakdown voltage for the device ¢type as specified by the
manufacturer) . For transistors, the method requiress the use of
equation (5) for nonplanar silicon transistors and

-l 0'99
k3 = 1.66 x 10 " CVq, (6)

for mesa and planar silicon transistors. C is the common base open-
circuit output capacitance (Cob) and BV, max is Fo be used for Vg, in
equations (5} and (6). Wwith these magnitudes, k., is the damage constant
of the E-B junction. No relationships of this Lind are recommended for
germanium diodes or transistors.

For the AN/TRC-145 silicon diodes anad for the silicon
transistors for which specification values of C, were available (table
2), the theoretical damaqe constants, ki), were calcuiated and compared
with the experimental vélues, Kkggyune Table 6 shcws the quotients
kBexp/k3 . For quite a rew devices, this quotient is'acceptably close
to 1, but differences up to more than an order of magnitude do occur in

a number of device types.

%p. C. Wunsch, R. L. Cline, and G. R. Case, Theoretical Estimates of
Failure Levels of -<elected Semiconductor Diodes and Transistors,
Braddock, Dunn and McDonald, Inc., for Air Force Special Weapons Center,
BDM/A-42-69=R (December 1969).

SpDNA EMP (Electromagnetic Pulse) Handbook, Defense Nuclear Agency
2114H-2 (September 1975).
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TABLE 6. COMPARISON OF EXPERIMENTAL AND THEORETICAL (JUNCTION CAPACITANCE
MODEL) DAMAGF CONSTANTS OF SELZCTED AN/TRC-145 DIODES
AND TRANSISTORS (E~B JUNCTIONS)
Diode k3exp/k3th Transistor kBexp/kBth
1N4858 JAN 3.8 2N705 JAN 0.74
1N538 JAN 9.6 2N1485 JAN 9.8
4
IN645 JAN 0.67 2N1490 JAN 2.5
IN746A JAN 2.1 2N1613 JAN 0.93
IN7S1A JAN 0.62 2N1711 JAN 0.90
1N980B JAN 2.7 2N2357 JAN 0.52
IN1202RA JAN 0. 16 282894 1.4
E IN1731 JAN 0.47 2N3013 JAN 0.80
1 1N2580 3.2 2N3375 JAN 4.5
IN2991B JAN 3.1 2N3439 0.77
1N3025B JAN 1.8 2N3584 0.26
1N4385 JAN 0.05 2N5829 10
IR-69-6735 3.7 CA 3018 23
PC115 2.5

Besides the use of the junction capacitance model or similar
models, " obtaining powers for failure of a device type can also be
simplified by damage testing with only one pulse width. This restric-
tion would make it eccnomically feasible to use a larger gfample size for
obtaining better stutistics and would also greatly simplify the auto-
mation of instrumentation for damage testing. The pulse width to be
used in testing would best be the longest one for which device damage
information is needed, because testing ind data reduction are easier at
longer pulze widths. The power for faiture at other pulse widths would
be extrapolated on the basis of equation (3).

“p. C. Wunsch, R. L. Cline, and G. R. Case, Theoretical Estimates of
Failure ILevels of Selected Semiconductor Diodes and Transistors,
Braddock, Dunn and McDonald, Inc., for Air Force Special Weapons Center,
BDM/A-42-69~R (December 19:9).
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Table 7 shows how the failure powers of selected AN/TRC-145
devices for a 0.1-us pulse width, extrapolated on this basis, compared
with experimental values. P, 4., is the power for reverse failure (or
second breakdown) for a 0.1-us pulse width extrapolated on the basis of
equation (3) from the experimental failure power at a 10-pus pulse width,
P10exP (P0.1th = 10Pygaxp’? pO.lexp ig the experimental failure power at

-us pulse width. ~To obtain P1Oexp and P0.1exp (which are mean

values of a sample of devices), extrapolation, by use of equation (3),
of experimental data points near the 10- and 0.1-us pulse widths is
required because many pulse widths and delay times are not exactly 10 or
0.1 use. Not all devices of the present testing program furnished
experimental failure powers near the 10- and 0.1-us pulse widths; there~
fore, the list of devices (or junctions) of table 7 is not complete. If
equation (3) indeed expresses the variation of reverse failure power (or
pre-second-breakdown power) of a semiconductor junction device with the
puls2 width, Po 1th should compare well with P for such a
device. However, many types of junctions, especially E-§>Junctions, of
table 7 exhibit a difference of a factor of 10 between Py, 1th and
Py, texp’ for most of these junctions, this difference would be even
greater if equation (4) were used to extrapolate from P,
Py, 1th* The values in column Pg,qexp of table 7 are the smaflest
experimental failure powers observed at a 0.1-us pulse width on the
small samples used in damage testing, and these values are often gmaller
by an order of magnitude than the experimental mean values (p0.1exp)'
Therefore, a mean value of failure power at a 0.1-us pulse width, extra-
polated on the basis of the thermal model, equation (3), from an experi-
mental mean value at 10 us would have to be reduced by at least two
orders of magnitude to obtain a "sure safe" value of failure power for a
pulse width of 0.1 uys. In other words, device damage testing at a 10-us
pulse width and extrapolation of the experimental failure powers to
shorter pulse widths on the basis of the thermal failure model can lead
to very inaccurate results.
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(3)

(4)

(5)

(6)

n
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APPENDIX A. DAMAGE CHARACTERISTICS OF DIODES
AND TRANSISTORS TESTED

This appendix contains the data that characterize the selected
devices of the AN/TRC-145 radio terminal set at the failure level under
the conditions of testing discussed in section 2.2 in the body of this
report. The damage characteristics of each specimen or junction tested
are entered in tables A-1 to A-392 in one line, under either the Forward
column or the Reverse column. The columns show the following:

t the width of the applied pulse

(o]

t the time to failure or second breakdown, wherever this time
could be identified as being different from ts (no entry means
t = to)

P the pulse power for failure or second breakdown (sect. 2.1)

v the voltage (averaged over t, or t) of the pulse producing
failure (sect. 2.1) or the average pre-second-breakdown voltage

Z the device impedance at the failure level (as defined in

secte. 2. 1)

If the moment (t) of failure is identifiable from the voltage or current
trace of the applied pulse, the nature of the event occurring at t is
indicated in the Condition column of the tables. The most frequent
event of this kind is second breakdown, with the variations discussed
below. However, there can be other events, like the opening of a metal-~-
lization; a brief comment is made after the tables in these other cases,
explaining the symbol used in this column and the nature of the event to
which it refers. Several variations of the symbol SB for second break-
down are used:

SB second breakdown without measurable device degradation

SBD second breakdown with degradation of electrical device
characteristics

SBF second breakdown with changes in device characteristics

defined to be failure (sect. 2.2.2)

Ismn instantaneous second breakdnwn (sect. 3} without
measurable degradation of device characteristics

ISBD instantaneous second breakdown with device degradation

ISRF instantaneous second breakdown with device failure
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A dash in the Condition column means that neither second breakdown nor
any other failure mode could be ifantified from the voltage or current
trace; upon application of a pulse of width tor the device exhibited the
reduction in breakdown voltage or current gain that had been defined as
failure. It is possible that a terminal pair open=-circuited in svch a
pulse. Several cases of this kind were identified; others may have gone
undetected.

Plots of the failure power of the individual test specimens of each
device type tested at the respective times to failure or second break-
down are provided in figures A-1 to A-39. In addition, these damage
plots contain the least~square fits, as discussed in section 2.2.4, and
an indication of the power limitation of the pulse generator, where
applicable. If a specimen could not be damaged or second breakdown
could not be induced at the maximum output of the pulse generator, the
maximum power dissipated in the devices (upon averaging, if more than
one specimen could not be damaged in a particular test condition) is
indicated in the plots by a short horizontal bar ("L") centered over the
corresponding pulse width. The kind of data point (dot or circle) above
the bar, pointed at by an arrow, indicates whether the power limitation
was reached in forward or reverse pulsing of the junction. Despite a
maximum power output of 20 kW of the pulse generator used in testing,
the maximum power dissipated in devices around a 0.1-us pulse width was
often quite low; this is due to an impedance mismatch between load and
pulse generator.
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Figure A-1. Damage characteristics of 1N277 JAN.
TABLE A-1. DAMAGE CHARACTERISTICS OF 1N277 JAN
Forward Reverse
totus) | ttue| pom | oweny |z | Condls oy us) | e | e | v |z | O0ndts
tion . tion
10 - 48 5.5 0.63 - 10 2.0 15 360 4500 SBF
10 - 52 5.3 0.54 - 1 8.8 15 3460 8700 SBF
10 - 65 5.8 0.52 - 10 4.2 1 270 6400 SB¥
10 - 75 Se? 0.43 - 10 2.8 20 360 6500 SBF
10 - 120 8.8 0.65 - 10 2.7 A2 300 8300 SBFP
1.0 - 220 12 0.59 - 10 2.0 12 320 8700 SBF
1.0 - 280 15 0.80 - 1.0 0.18 5.3 180 %800 188F
1.0 - 310 17 0.94 - 1.0 0.15 6.0 150 3800 188F
' 1.0 - 440 16 0,60 - 1.0 0,15 7.9 180 3900 1SBF
1.0 - 440 18 0.70 -
1.0 - 550 17 0.53 -
0.13 - 510 23 1.0 -
0.13 - 610 28 1.3 -
0.13 - 1400 41 1.2 -
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Figure A=2. Damage characteristics of 1N485B JAN.
TABLE A=2, DAMAGE CHARACTERISTICS OF 1N485B JAN
Forward Reverse
tolus) t(us) | P(W) v(v) zty | ©mE e (um tus) P(W) v(v) 2(R) Condi~
tion tion
10 - 1000 16 0,25 - 10 8.0 90 200 440 SBP
10 - 1100 16 0.24 - 10 6.0 140 310 690 SBF
10 - 1100 17 0,25 - 10 5.0 110 200 360 SBF
1% - 1200 16 0.20 - 1.0 - 420 360 300 -
10 - 1270 17 0,23 - 1.0 0,90 420 220 120 SBP
10 - 1200 17 0.24 - 1.0 0,20 360 240 160 CBF
1.0 - $%00 41 0,31 - 1.0 0.15 300 850 2500 SBF
1.0 - 5800 41 0429 - 0.10 - 3600 270 20 -
1.9 - 8000 50 0.31 - 0.10 - 3800 3c0 24 -
0.10 - 3900 300 23 -
0,10 - 4900 350 25 -
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Figure A-3. Damage characteristics of 1N538 JAN.

TABLE A-3. DAMAGE CHARACTERISTICS OF 1N538 JAN

Forward Reverse
Condi~ Condi~
tolus) tlus) P(W) v(V) (1) tolus) t(us) P(W) viv) 2(8)
tion tion
10 - 3000 1100 370 -
10 - 3400 1100 360 -
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Figure A-4. Damage characteristics of 1N645 JAN.
TABLE A~4. DAMAGE CHARACTERISTICS OF 1N645 JAN
Forward Reverse
toue) | o | pon | v [z | O e | e | opee | vy |ozeay | Condis
tion tion
10 - 4,600 30 0,20 - 10 7.5 1200 1300 1,400 SBF
10 - 5,300 28 0.15 - 10 7.0 ~40 1100 2,000 :1:1.4
10 - 12,000 50 0.21 - 10 0.10 110 710 4,700 ISBF
1.0 0,12 900 1300 1,800 8BF
1.0 0,10 45 740 12,000 SBF
0.40 0,12 650 1400 3,200 S8r
0.40 0.12 1200 1400 1,500 SBF
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Figure A-5. Damage characteristics of IN746A JAN.

TABLE A-5. ODAMAGE CHARACTERISTICS OF 1N746A JAN

Forward Reverse
totue) | etumy Jeon | oven |z | M e e | e | e | oz | Condts
tion tion

10 - 4500 32 0.23 - 10 - 2,000 27 0.36 -
10 - so00 3 0.25 - 10 - 2,800 0.0 -
10 - s700 % 0.23 - 10 - 3,200 30 0.8 -
10 - 6400 46 0.3 - 1.0 - 11,000 €9 0.33 -
10 1.5 260 9.5 0,34 0

Note: In forward pulsing, vne device open=circuitel (*0°V at 1,5 us at a lo>w power level., Three of the other
devices that were forward pulsed at 10 us exhibited a sudden increcase in 1mpedance; after several
microseconds, the current sudlenly dropped to about half the previous velue, while the voltage across
the Jdevice slightly increased. There was no device degradation atter the first occurrence of such
an event. This event was also ohserved in reverse pulsing of one device (10-ps pulde width)e
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Figure A-6. Damage characteristics of 1IN751a JAN.

TABLE A-6, DAMAGE CHARACTERISTICS OF IN751A JAN

Forward Reverse

totum) | ttue) [ B | vy | ze) C:?ii‘ totue) | ot | o | vy |z C:::t‘
10 - 420 1" 0.29 - 10 - 200 15 1.1 -
10 - 720 12 0,22 - 10 - 200 12 0.77 -
10 - 1, 100 17 0.25 - 10 - 210 12 0.75 -
10 - 1,200 17 0.24 - 10 - 270 14 0.78 -
10 - 3,100 20 0.13 - 10 . 280 14 0.73 -
1.0 - 2,500 20 0.15 - 10 - 300 A1) 0.65 -
1.0 - 7,000 35 0.18 - 1.0 - 1,300 28 0.59 -
1.0 - 8,600 36 0.15 - 1.0 - 2,000 n 0.49 -
t.0 - 11,000 51 0.24 - 1.0 - 2,300 N 0.42 -
1.0 - 2,400 4 0.48 -
1.0 - 2,600 34 0.44 -
0.25 - 16,000 100 0.63 -
0,2¢ - 13,000 98 2.13 -
0.20 - 15,000 100 0.75 -
0.20 - 15,000 110 0.81% -
0,20 - 15,000 110 0.17 -
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Figure A-7. Damage characteristics of 1N980B JAN.

TABLE A-7, DAMAGE CHARACTERISTICS OF 1IN980B JAN

Forward Raverse

t(us) | ttus) Jeon | owivy | oo ,[ Condi= 1 (ue) | tum) | Pw [ wviv) [ =@ | Condi-
| tion tion

] . -
10 - 6800 29 0.12 - 10 - 1100 78 5.5 -
10 - 7000 R 0.4 - 10 - 1700 96 5.5 -
10 - 7000 32 0,15 - 10 7.0 1200 7% 4.8 SBF
10 5.0 1300 7% 4.4 8BF
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Figure A-8. Damage characteristics of 1N1202RA JAN.
TABLE A~8, DAMAGE CHARACTERISTICS OF IN1202RA JAN
Forward Reversge
tus) | te) [P0 | oven |z | OME L e ey | ee | e [ v |z | Condls
tion tion
10 8.0 290 910 2900 SBF
10 7.5 160 600 2200 SBF
10 2.5 120 660 3800 88F
1.0 0.9% 5,400 540 54 SBF
t.0 0.60 340 850 2100 SBF
1.0 0,60 460 850 1600 SBF
1.0 0,30 11,000 1300 160 SBF
1.0 0.15 320 800 2000 SBF
0,15 0.15 6,800 1000 160 SBY
0.10 0.10 4,000 1000 250 SB¥
0.10 .10 6,000 1100 200 SBF
50
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Figure A-9, Damage characteristics of 1N1731A JAN.
TABLE A-9. DAMAGE CHARACTERISTICS OF IN1731A JAN
Forward Reverse
tus) | tws) [0 [ v |z | M e | e | opoe [ v oz | CondT
tion tion
10 - 16,000 40 0.10 - 10 - 2200 1700 1300 -
10 7.0 1400 1600 1900 SBF
10 4,0 310 1700 9300 SBF
10 1.5 960 1600 2700 SBF
1.0 - 1400 1600 1800 -
1.0 0.50 2300 2300 2300 SB
1.0 0.25 5300 2100 830 SBF
0.18 0.12 3800 1510 590 SBF
0.15 - 5000 1700 580 -
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Figure A-~10. Damage characteristics of 1N2:80.
TABLE A-10, DAMAGE CHARACTERISTICS OF IN2580
Forvarg__m Reverse
ttus) | tus [Ron | owevy |z | oMt e ue) | owus | el | vy |y | ConT
tion tion
10 - 14,000 800 45 -
10 - 20,000 900 40 -
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®  REVEASE FAILURE THRESHOLD
ook OR PRE-SECOND-BREAKDOWN
1 3 POWER 3
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Figure A-11. Damage characteristics of 1N2991B JAN.

TABLE A-11, DAMAGE CHARACTERISTICS OF 1N2991B JAN
Forward ) Reverse _
~ -~ , -
tus) || pon | oveny | oz | M e s | otws) |oeen | v | a0 Cond
tion tion
- PUSI . JEEUEP S PRV S e e - ———d o - —_—— ———

10

10

10

10

10

- 9,000 58
- 9,600 57
- 9,700 61
- 9,900 58
- 11,000 62
- 11,000 59

n,37

C.34

53




APPENDIX A

T lllllll‘ ¥ lll[”l[ 1 llllllll I llllllll LB

® REVERSE FAILURE THRESHOLD
/ OR PRE-SECOND-BREAKDOWN
100 POWER
o FORWARD FAILURE THRESHOLD
L~— PULSER LIMITATION

T7T llIll' T

1 1 llllll

T
1

108

T7T Vl!!ll
1.1 llllll

1

2

PULSE POWER (W)
gt

T
1

103 . 3
o 3
o -
: DEVICE: 1N30258 JAN 1
1d “uul 1 11111;11 | llluLL Lol 111“11 i 11 12111
10-¢ 107 10-¢ 10-8

TIME (s)
Figure A~-12. Damage characteristics of 1N3025B JAN.

TABLE A=12, DAMAGE CHARACTERISTICS OF 1N30258 JAN

Yorward Reverse

totus) | ctum fRow | owvewd |z | Cendith e que | oeue | opon | owewy |z | Condis
tion tion

10 - 3100 15 0.07 - 10 - 830 24 0,69 -

10 - 4300 20 0.09 - 10 - 1200 25 0.51 -

10 - 4700 18 0.06 - 10 - 1300 25 0.48 -

10 - 5100 18 0.06 - 10 - 1400 25 0.45 -

10 - 5200 19 0.07 - 10 - 1400 26 0.48 -
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1 lllllll T 1 IIITIIT L) IIHI’II Tt lllllll LR LR kL)
®  REVERSE FAILURE THRESHOLD
5l OR PRE-SECOND-BREAKDOWN _|
10%¢ POWER 3
o O  FORWARD FAILURE THRESHOLD ]
- L—— PULSER LIMITATION b
L . i
| t
g 104EF L— -
c o ]
3 T i
2 |
o -
6
w 3 -~
7] 10 of 3
et E =
2 o 3
102 =
™ DEVICE: 1N4385 JAN 7
1 ljjlllll i ) lllllll 1 1 lllllll i 'l lllllll A L1 4444l
10-¢ 10-7 10-¢ 10-§
TIME (s)
Figure A-13, Damage characteristics of 1N4385 JAN.
TABLE A-13, DAMAGE CHARACTERISTICS OF 'N4385 JAN
Forward Reverse
e | | pon| v [ oza | M Te e | ewe | opon | oven | | SN
tion tion
10 9.0 120 1400 16,000 SBF
1 9,0 180 1400 11,000 SRD
10 9.0 180 1600 15,000 SBF
10 0.15 440 1100 2,800 SBF
1.0 0,10 60 850 12,000 SBF
1.0 0,07 66 660 6,600 1S8¥
0.20 0.10 1800 1100 680 SBY
n,20 0.0 1800 1200 870 SBF
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REVERSE FAILURE THRESHOLD
OR PRE-SECOND-BREAKDOWN

106 = POWER =
z O  FORWARD FAILURE THRESHOLD =
- L~ PULSER LIMITATION -
5 — |
105 = =
g :
pos - et
w z -
; -
[*] - A
a. .
W 104 - =
- - 2
2 - 3
- -
- .
103 = =
: 5
‘ 5
. DEVICE: IR-69-8735 B
[ i ALILA]AA’ P\ ll.lLJ Al lllllll L1 LAL“XI VO | Al(ul
10-8 10-7 10-6 10-5
TIME (s)
Figure A~14. Damage characteristics of IR-69-6735.
TARLE F=-14. DAMAGE CHARACTERISTICS OF {R~69-6735
Forward Revarse
tus) | oeusi| e | vy |oam [ M sy | ewe) | e | v |z | Con-
tion tion
i A -1 NS
10 - 430 23 1.2 - 10 - 590 27 1.2 -
10 - 550 14 0,33 - 10 - 660 28 1.2 -
10 - 1,000 14 0.3 - 10 - 750 29 1.2 -
10 - 1,100 18 0.28 - 10 - 930 30 1.0 -
10 - 1,100 20 0,37 - 10 - 1800 4?2 0496 -
1.0 - 5,900 42 n.29 - 1.0 - 6700 90 1,2 -
1.0 - 7,200 41 0.23 - 1.0 - 6900 7 0,86 -
1.0 - 8,000 32 0.13 - 1.0 - 7100 75 0.79 -
1.0 - &,600 42 0.2t - 1.0 - 9500 90 0,34 -
1.0 - 12,000 50 0,22 - 1.0 - 9500 90 .89 -
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DEVICE: M01054
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®  REVERSE FAILURE THRESHOLD
OR PRE-SECOND-BREAKDOWN

POWER E

0  FORWARD FAILURE THRESHOLD 3

L—— PULSER LIMITATION .
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1

1 Llllld
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<
-
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10-5

10-8
TIME (s)

10-8 10-7

Damage characteristics of MO1054.

TABLE A-15. DAMAGE CHARACTERISTICS OF MO1054

Forward Reverse
t,(us) sy el v | we "‘:’l‘:r:’ t, (us) tlus) (W) v(v) 29) C‘t"l“‘);‘
10 - 850 9.5 0.11 - 10 - 22 530 13,000 -
10 - 880 11 0,14 - 10 7.0 72 720 7,200 Sy
10 - 950 10 0.1 - 10 3.5 26 hS0 16,000 Sh#
R 1.0 - 4200 26 0.16 - 10 2.9 95 580 4,900 SH
1.0 - 5600 28 0.15 - 1.0 Y0 130 530 2,100 sB
1.0 - 59300 n 0.16 - 1.0 0.35 84 600 4, 300 81
. 1.0 - 6000 32 0,17 - 1.0 0.15 130 5,0 2,300 SB
0.20 0.18 210 400 780 S8
0.20 0.10 400 480 570 sBF
0,20 0.06 130 180 1,100 ISHE
- SR - n e = - — e i o e e em
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®  REVERSE FAILURE THRESHOLD
A OR PRE-SECOND-BREAKDOWN
102 OWER

Y AT

P!
0 FORWARD FAILURE THRESHOLD

s 101 3
[+ 4
| &
4 2 .
3 a
4 w 1001~ %
g E
b ]
1 1
101
DEVICE: MS51040
a1l Llull . l_lLJU.l i JALLl“ll i LLIL‘UI i L1l id
10-¢ 10-7 10-6 10-3
TIME (s)

Figure A-16. Damage characteristics of MSi040,

TABLE A=16., DAMAGE CHARACTERISTICS OF MS1040

F;; Forward Reverse
t, (us) tius) | PW | viv) EINE B BN tius) P(W) viv) 2 condi=
10 - 0.40 1.7 7.0 - 10 4.0 0.13 2.4 44 0
10 - 0,60 1.8 5.3 - 1.0 - 7,20 4.0 A0 -
10 - 0.60 2.3 R.R8 - 1.0 - 0.3% 4.3 53 -
1.0 - 1.2 2.9 6.7 - 1.0 - 0.45% 4.9 53 -
1.0 - 2.1 3.3 52 - 0,20 - 0.40 4.0 40 -
1.0 - 2.8 3.3 4.0 - 0.20 - N.40 4.9 60 -
0, - (%] [7%i] 5.2 - 0420 - (1,85 597 M -
0.10 - 10 5.8 3.3 -
’ ¢ 10 - " 7.0 4.7 -

]

Note: In revsrse pulsing, one device cpen-circuited at 4 us ("0%),
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- e  REVERSE FAILURE THRESHOLD |
’ OR PRE-SECOND-BREAKDOWN _;
108 = POWER
z ©  FORWARD FAILURE THRESHOLD
- L~ PULSER LIMITATION
- |
- -t
f
o 105 E
g = E
« z 3
w i ~
3 J
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&
1o E
3 = 5
- =
a 3
103 = -4
- 3
- ]
- -
DEVICE: PC115 )
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10-8 10-7 10-% 10-$
TIME (s)
Figure A-17. Damage characteristics of PC115.
TABLE A=~17, DAMAGE CHARACTERISTICS OF PC115
Forward Reverse
totum) | tue| R |owvy [z | Condit e gy | eue | opwy | oww) | oz | Condi-
tion tion
10 - 2,800 15 0,08 - 10 - 430 230 120 -
10 - 2,900 14 0,07 - 10 9,0 430 230 120 SBF
10 -~ 4,100 17 0.07 - 10 9.0 530 260 120 SBF
1.0 - 8,700 50 0.29 - 1.0 - 2200 290 38 -
1.0 - 11,000 51 0.24 - 1.0 0.65 2400 340 48 SR¥
1.0 0,50 1200 270 62 SBF
0,15 - 950 180 36 -
0.1% - 2600 310 36 -
0.15 0.10 3300 330 33 SHF




: APPENDIX A

' I ® REVCASE FAILURE THRESHOLD
|_ (a) OR PRE-SECOND-BREAKDOWN
105F POWER
- 0 FORWARD FAILURE THRESHOLD
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®  REVERSE FAILURE THRESHOLD
(b) OR PRE-SECOND-BREAKDOWN
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=~ JUNCTION: C-8 -
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TIME (s)

Figure A-18. Damage characteristics of 2N393 JAN:
(a) E-B junction and (b) C-B junction.
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TABLE A-18. OAMAGE CHARACTERISTICS OF 2N393 JAN

Junc- Forward Raverse
tion
tolue) [tum) | ey | vied |omm C:';::' ) | etum | e | v [ oz °:':::‘
1 E-B 10 - 57 34 20 - 10 - 30 180 1000 -
3 10 - 72 30 12 - 10 - 32 180 1000 -
10 - a0 34 \L} - 10 - 33 170 880 ~
10 - 92 38 16 - 10 - k13 170 890 -
10 - 97 40 16 - 10 - 39 170 740 -
A 1.0 - 410 7% 14 - 1.0 0.70 n 350 1700 sar
' 1.0 - 460 80 AL - 1.0 0,60 100 320 1000 8Br
1.0 - 660 100 16 - 1.0 0,50 120 380 1200 j:.14
0.15 - 1200 210 kY - 0.15 - 650 380 230 -
0,15 - 5000 550 60 - 0.15 - 690 400 230 -
0. 15 - 5400 S80 62 - 0.15 - 2100 580 160 -
k
X C-B 10 - 72 u 16 - 10 - 200 160 26 -
10 - a9 36 1 - 10 - 200 190 180 -
9 10 - 10 40 15 - 10 - 300 140 " -
3 10 - 140 “ 14 - 10 - 380 2Y0 120 -
10 - 200 44 10 - 10 - 400 200 100 -
1.0 - 320 1 17 - 1.0 - 420 350 290 -~
1.0 - aao kA Lk - 1.0 - 700 340 170 ~
1.0 - 520 76 1" - 1.0 - 930 400 170 ~
0.15 - 3,500 520 nm - 1.0 - 1700 490 140 -
0,15 - 7,500 750 75 - 0412 - 1800 soc 140 -
0,15 - 11,000 70 30 - 0.12 -~ 1900 550 160 -
0,12 - 3600 550 84 -
Note: A noteworthy feature of the response of hoth junctions of thias device type to forward-biaasing pulses is the
large increuase in device impedance near the damage level at a pulae width approaching 100 na,
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Figure A-19, Damage characteristics of 2N396A:
(a) E-B junction and (b} C=B junction.
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TABLE A-19. DAMAGE CHARACTERISTICS OF ZN396A

3
f» Junc~ Forward Reverse
A tion
; tm | oewe| pw | v §omm | ML e | etus o omm ] wv) | oy | Condi-
tion tion
.
E-B 10 - 250 20 1.6 - 10 7.2 %0 320 1200 SB
; 10 - 320 21 1.4 - 10 6.0 140 420 1300 S8
' 10 - 470 22 1.1 - 10 0,20 39 260 1800 158
3 ) 1.0 - 1400 45 1.4 - 1.0 0.10 220 500 1100 5B
E 1.0 - 2100 51 1.2 - 1.0 0.10 290 500 860 $8
3 1.0 - 2200 52 1.2 - 1.0 0.08 140 300 670 1sB
0.30 0,07 84 280 930 SBD
0.15 0,06 25 160 1100 188
1 0.15 0,06 44 200 Al S8
0.15 0.05 1o 200 360 188
C-B 10 - 1,700 » 0.60 - 10 8.0 80 310 1200 SB
v 10 - 2,400 30 0.38 - 10 6.0 a5 3a0 1500 S8
10 - 2,800 35 0.43 - 10 4.0 160 350 170 Sg
1.0 - 9,000 65 0.47 - 1.0 0.10 56 200 7t0 188
4 1.0 - 11,000 86 0.68 - 1.0 0.08 9% 320 1100 158
1.0 0.07 32 190 ALY 188
1.0 0.07 35 150 640 IoH8
0.20 0.06 400 450 500 S8
0,20 0,08 120 260 SA0 1sn
0,20 0,04 54 160 440 1se
3 0,20 0,04 7% 210 600 1s8

Note: At a 0,15-ys pulse width, the E-B junction exhibited nondegrading SB with the pre=second-breakdawn power being
lower by a factor of 5 to 20 than the power for fajlure.
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Figure A-20. Damage characteristics of 2N428M JAN:
(a) E-B junction and (b) C-B junction.

64




S e e

: APPENDIX A
TABLE A~20, DAMAGE CHARACTERISTICS OF 2N428M JAN
Junc= Forward Reverse
tion
tolus) two| pon | ovwy |oam M ege | e [ oen | ovn |z Condi

E-p 10 - 320 21 1.4 - 10 9.0 150 270 480 sa
. 10 - 380 21 1.2 - 10 9.0 230 270 320 SB
10 - 400 23 1.3 - 10 9.0 320 380 440 58
) 1.0 - 1,300 59 2.7 - 1.0 0.10 180 410 960 sB
1.0 - 2,400 51 1.1 - 1.0 0.10 260 290 320 s»
1.0 - 2,600 60 1.4 - 1.0 0.10 360 750 1500 8
1.0 - 8,400 % 0.67 - 0,20 0.08 410 370 330 SB
1.0 - 13,000 93 0.67 - 0.15 0.08 300 600 1200 SB
0.15 0.05 130 280 620 188
0.15 0.0% 210 260 330 188
0.15 0.04 160 240 30 s8¢
c-p 10 - 1,200 6 s.54 - 10 9.0 140 300 670 a8
10 - 1,300 26 0,53 - 10 7.0 190 380 760 sB
10 - 1,700 32 0.59 - 10 5.0 180 350 100 sB
1.0 - 400 8 0.72 - 10 5.0 200 300 aso s8
.0 - 12,000 92 0.7 - 1.0 0.80 120 s10 820 sn
1.0 - 14,000 100 0.73 - 1.0 0.15 270 620 1400 SR
1.0 0.07 160 320 660 188
0,25 0.0n 270 400 590 sB
0.15 0.05 9% 260 750 1s8

Note: Cases of multiple breakdown were cbserved in reverse pulsing of the E-B junction.
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Figure A-21. Damage characteristics of 2N466M JAN:

(a) E-B junction and (b) C-B junction.
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TABLE A-21. DAMAGE CHARACTERISTICS OF 2N466M JAN
Junc- Forward ' Reverae
tion
s | tws] e [ v |oam | O e | ewe | e | v |z | Conale
E-B 10 - 360 23 1.5 - 10 8.5 720 360 180 s8D
10 - 450 25 1.4 - 10 2,5 590 470 370 SB
10 6.5 220 22 2.2 EVF 10 1.8 800 550 380 SBD
1.0 - 2200 7n 2.2 - 1.0 0.80 690 550 440 SBF
1.0 - 2500 69 1.9 - 1.0 0.80 1000 750 540 SBF
1.0 - 2700 % 2.1 - 1.0 0.70 780 620 490 S8
0.18 0.05 570 480 400 1SBF
.18 0.05 910 700 540 1SBF
c-8 10 - 1,600 52 1.7 - 10 9.0 410 320 250 s8
10 - 1,800 41 0.96 - 10 8.0 450 250 140 S8
10 - 3,100 46 0.67 - 10 8.0 570 300 160 S8
1.0 - 8,800 110 1.3 - 10 5.0 410 410 410 sB
1.0 - 10,000 110 1.2 - 1.0 0.90 R70 670 520 sB
1.0 0,85 820 180 740 SBP
1.0 0.80 900 750 620 SBF
1.0 0,65 940 720 550 SBF
0.40 0.05 800 720 660 18BF
0.40 0.05 1100 750 500 ISBF
0.40 0.04 600 600 600 158
0.20 0.08 1300 850 560 SBF
0,20 0.06 660 550 460 S8
Note: An event resembling second breakdowm o :urrel in forward pulcing of the E-B junctions; because of a low circuit

impedance, the voltage across the device dropped only little, but the current increased significantly.
Failure was assumed to have occurred at the beginning of the current increase (6.5 us, “EVF").
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Figure A-22., Damage characteristics of 2N501A JAN:
(a) E=B junction and (b) C-B junction.
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TABLE A-22. DAMAGE CHARACTERISTICS OF 2N501A JAN
Junc- Forward Reverse
tion
tus) [ ctuw e | v | oz | %nd e ey | otum [ poe | ven | ozm | Condis
tion tion
| 10 - 26 14 6.9 - 10 - 0,50 " 420 -
10 - n " 6.3 - 10 - 2.0 kY] 540 -
) 10 - 3 18 9.8 - 10 9.7 5.4 72 960 sno
10 - 4 1 5.1 - 10 7.0 6.0 67 750 s8F
10 40 28 "* 7.0 EVF | 10 5.0 10 80 620 sre
¢ 1.0 - 80 25 7.8 - 10 4.0 5.9 60 710 sar
1.0 - 100 22 4.8 - 1.0 0,70 9.0 60 400 sB
1.0 0.60 110 2 5.1 r 10 0.70 21 70 230 B
0,20 - 140 26 4.8 - 1.0 0.30 26 60 140 sB
0,20 - 260 u 4.5 - 1.0 0,20 12 65 360 spF
0,20 - 380 4 4 - 1.0 0,10 22 72 240 SBF
0,15 - 6 60 54 -
0415 - 120 70 30 -
0.15 - 180 92 3 -
0.15 - 370 100 30 -
c-B 10 - 1) n 5.4 - 10 7.0 7.8 60 460 s»
10 - 8 17 5.1 - 10 6.0 7.8 56 400 B
10 - 63 1 4.2 - 10 215 7.0 62 550 B
10 - 80 18 4 - 10 2.0 5.9 62 650 8
10 - 116 1) 4.2 . 10 1.5 17 62 290 seF
1,0 - 180 u 6.4 - 1.0 0,80 9.7 65 440 8
1.0 - 260 u 4.5 - 1,0 0.70 8.7 " 240 L)
1.0 - 30 19 4.6 - 1.0 0,05 7.2 55 420 sa
0,20 - 940 61 3.9 - 0,12 - 82 58 4 -
0,20 - 1500 ) 3.6 - 0,12 97 52 28 -
0,20 - 1600 81 4.2 - 0,12 120 52 2 -
0,12 120 53 22 -

Note: Two second-breskdown-like avents occuired in forward pulsing of the E-® junctions: at 4 us, the voltage
dropped from 14 to 10 V with no change in current; at 0.6 us, the curr nt inc used from 4.8 to 6.4 A
at p-actically constant voltage {low impedance pulse source)s Failur. was assumed to have o urrad ar
these times ("EVF")., One case of multiple breakdown occurred in revei pulsing of the C-B junctions.
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Figure A-23. Damage characteristics of 2N705 JAN:

(a) E~B junction and (b) C=B junction.
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TABLE A+~23. DAMAGE CHARACTERISTICS Of 2N705 JAN
Junc= Forward Reverse
tion
tus) | ttum) | Pon | ovew |z C:';::' totus) | ttus) | Ron | oven |z | oondis
- E-B 10 - 5.6 4.1 3.0 - 10 9.5 3.8 48 610 S8
10 - 9.5 4.0 17 - 10 9.0 a5 50 560 sB
10 - 9.7 4.6 2.2 - 10 0.08 4.5 28 170 1SBF
. 1.0 - 89 9.7 1.1 - 10 0.08 5.8 n 160 1SBF
1.0 0.40 56 n 2.2 EVF 1.0 0.60 6.8 $7 480 SB
1.0 0.30 47 12 2.8 EVF 1.0 0.60 7.8 32 130 S8
0,20 - 58 10 1.9 - 1.0 0.40 5.5 55 550 s8
0,20 - 82 12 1.9 - 0,28 0.05 2.4 30 380 188
Q.20 - 84 12 1.7 - 0.18 0,06 4.0 40 400 SBF
0.13 0.06 9.5 32 10 S8
0,10 0.04 2.3 16 110 1s8
0.10 0,03 5.1 32 200 158
0.08 0.04 6.2 28 130 1SB
0.06 0.04 13 40 120 sB
c-B 10 - 14 3.0 ¢.65 - 10 7.0 10 64 400 SBF
10 - 17 4.0 0.93 - 10 6.0 4.3 43 430 SB
10 - I 4.1 0.47 - 10 4.0 6,0 45 340 S8
1.0 - 130 8.3 3 - 10 1.5 8.8 55 140 SaF
1.0 - 140 8.5 0,52 - 10 1.0 18 50 140 sBrF
1.0 - 200 9,2 0,42 - 1.0 n.s0 11" S0 230 S8
0,15 - n 6.5 1.4 - 1.0 0,08 6.0 30 150 SB
0,15 - 180 13 0,97 - 1.0 0,05 6.6 w 140 s8
C.15 - 290 18 1.1 - 1.0 0.0} A\ Ly 130 18BF
0.15 - 400 20 1.0 - 0,15 0,02 1.3 10 7 1SBF
0,13 0,02 4.4 21 100 188
0.10 0,02 2.0 12 72 1SRF

¥ote: TWo second-breakdown-like mvents (at 0.4 and 0.3 us) occurred in forward pulsing of the E-B junctions; the voltage
dropped little (1ow 1mpedance pulse source) but the current suddenly increased, Failure wis visumed to have
oceurred at these times (*EVF™), One case of multiple bhreakdown was observed in reverde pulsing of the E-B junctiona,.

-

Lk i

71




- o AT ST PR S I YELAT R YR AR PR

e

APPENDIX A
T Tl7rl'"| LIRS lllllll T Tl_llnll LIL lllm] 1 T iTTH
r ®  REVERSE FAILURE THRESHOLD
(a) OR PRE-SECOND-BREAKDOWN
104 POWER E
= ©  FORWARD FAILURE THRESHOLD 3
- B
g 1038 E
-4 L b
g [ ]
2 ¢ 4
a
% 102 E 2
-d - -
S ]
o
r .
10 &
-
" DEVICE: 2N708 JAN
- JUNCTION: E-8 j
i LLIJI 1 lod lll“} 1 L L LIALL b Llllull b4 L 144l
10-8 10-7 10-6 10-8
TIME (s)
1 IIHH' 1 l lll"l']' 1 ¥ Illlll] I 1 llll”] T 7T ITITTT‘l
® REVERSE FAILURE THRESHOLD
104 = (b) OR PRE-SECOND-BREAKDOWN
z POWER 3
z ©  FORWARD FAILURE THRESHOLD =
z 3
- -
- -
3 __ '
i 10 : E
z 3
o« - z
g - <4
w 102 - =
9 - :
S : -
a - -
10 -

Pl
1 ll!lH‘

DEVICE: 2N708 JAN
JUNCTION: C-8

i

yu 4 "

A drdei. U VA W B UYL bbb b

10-8 107 108 105
TIME (s)

Figure A-24. Damage characteristics of 2N706 JAN:
(a) E-B junction and (b) C-B junction.
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3 TABLE A-24. DAMAGE CHARACTERISTICS OF 2N706 JAN
Junc- Forward Reverse
tion
3 t,(us) tlus) | P(w) viv) z(9) c‘:‘;::' to(us) tius) P(W) viv) z( C‘Z':::'
. £-B 10 - 2 5.9 3.0 - 10 8.0 7.8 15 29 SBF
10 - 9 6.0 2.5 - 10 7.0 8.6 18 8 SBF
0 - 20 7.1 2.5 - 10 4.3 7.8 15 29 SBF
" 10 8,0 10 8.1 2.5 0 10 4.0 7.3 15 N SBF
' 10 6.0 " 5,7 2.9 o 10 4.0 10 18 29 SBF
9 1.0 - 64 12 2.4 - 1.0 - 17 21 26 -
3 1.0 - 7 14 2.8 - 1.0 - 19 22 25 -
1.0 - 85 20 4.5 - 1.0 0,70 20 24 28 SBF
4 0,18 - 220 22 2.2 - 0,20 - 26 22 L] -
4 0.16 - 200 22 2.4 - 0.20 - 35 25 18 -
3 0,15 - 3400 52 0,80 - 0,20 - 46 k] 21 -
3 c-8 10 6.8 12 5,7 2.6 0 10 2.5 6.7 25 93 sB
10 6.8 1 6.2 2.7 o 10 2,0 9.0 30 109 sB
10 6.0 15 6.0 2.4 [} 10 1.3 10 28 " sn
) 0 5.0 14 6.0 2.6 0 10 1.3 10 28 75 s8
4 10 3.0 15 6.3 2.6 8} 10 1.2 " 30 83 st
F 1.0 - 36 8.4 2.0 - 1.0 0,90 17 1 64 s
1.0 0,85 40 9.4 2,2 o 1.0 0465 24 34 4 SBD
: 1.0 0,20 44 10 2.5 0 1.0 0,55 a1 4 4 SBE
: 0,20 0,15 120 15 1.9 o 0.15 - n 36 19 -
A 0,20 0,12 190 19 1.9 0 0,15 0,08 83 46 25 sh
3 0,20 0,06 180 18 1.8 o N1 n,07 77 43 24 sB
, 015 0,07 a0 44 24 SKR¥
Note, In forward pulaing, especially of the C-B junctions, sudien In reases in voltage across the devices (to about

twice the previous value, with no change in current) occu-red daring the pulses; after these svents, the
devices sxhihited open-circuited terminals ("0"),
A voltage increadne,
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Figure A-25. Damage characteristics of 2N1042 JAN:
(a) E-B junction and (b) C-B junction.

74




R

K heiit

s e

AT

T

I

I Al

AT S i w1y~

-

APPENDIX A
TASLE A-25. DAMAGE CHARACTERISTICS OF 2N1042 JAN
Junc= Forward Reverse
tion
tus) | tus) fen |oweny |oum C:'l‘::' ) | e | o | oveey | o ”:’l‘;:
e-8 10 - 13,000 72 0.40 - 10 7.5 2400 1100 540 SAF
10 - 15,000 50 0,17 - 10 6.0 550 460 380 S8
10 4.5 350 470 630 sar
10 2.0 1100 530 260 58
10 1.5 270 n 629 sB
1.0 0.70 1300 700 390 sy
1.0 0.40 1300 1000 770 SBF
1,0 0,20 3000 600 120 SH
C-n 10 - 14,000 53 0,20 - 10 2.0 870 510 300 SR
10 - 14,000 44 013 - 10 2,0 BRY 380 160 5B
10 - 18,000 60 0,20 - 10 1.0 1300 470 170 1
10 1.0 2200 #70 200 SBF
10 0.30 850 530 330 158t
10 0.20 420 16 260 1sn
10 0,20 770 550 190 188F
1.0 0.70 2500 460 a5 SRD
1.0 0,60 1100 1130 1100 SBY
1.0 0,50 1800 560 170 sa
1.0 0,05 o 260 100 1S58
0,15 0,06 31500 500 " SH
0,15 0,04 1900 %00 130 149K
Nota®  Ciges of myltiple hreakdown occurred in raeverse pulsing of the E-B junctions,
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Figure A-26.

JUNCTION: C.8

Tnllllll'ﬁ T 1 llllll] i Illlllll LI | lllllll LR LR
®  REVERSE FAILURE THRESHOLD
. (a) OR PRE.SECOND-BREAKDOWN _|
108§ POWER E
F ©  FORWARD FAILURE THRESHOLD 1
- L— PULSER LIMITATION 1
- -y
i 105 =
[ 4 C b
u - -
3 i |
(o]
a
W 10tE E
- b 3
) E ]
a - §
103 g =
"~ DEVICE: 2N1485 JAN 7
- JUNCTION: E-B 4
1 1 lllllll L i AJlHll i I lAlHll i i llllul 1 i 141
10-8 10-7 10-¢ 10-5
TIME (s)
i 7 IIIIHI T 1 IIIIHI i 1 IIHUI ] 1 ll]l”l 1 T TTTIT
i ®  REVERSE FAILURE THRESHOLD |
(b) OR PRE.SECOND-BREAKDOWN _
105 POWER 3
E o FORWARD FAILURE THRESHOLD =
F L— PULSER LIMITATION 1
L . j
L 1 |
S 104 4
« C :
[]] L
; 3 i
2 | ‘
w
w 10 ‘i
-d
2 3
a 4
|
%
4

r
E DIVICE: 21485 JAN
L

AL lllA

i1 lAlll)l b AAIAIAL bl AlLJHl ddi s ddid

10-¢ 10-7 10-6 10-5
TIME (s)

Damage characteristics of 2N1435 JAN:
(a) £=B junction and {(b) C=-B junction,
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. TABLE A-26, DAMAGE CHARACTERISTICS OF 2N1485 JAN
Tunc= Forward Reverse
ticn
; tolus) tius) | P(W) viv) () C:';::" tolus) tlus) P(W) v 2 c:,;:,;‘.
.
z-3 10 - 2800 30 0,32 - 10 7.5 2,000 N 0.48 $8D
E 10 - 4100 “ 0.45 - 10 6.0 1,500 27 0,50 SBD
] 10 - 8000 50 0.31 - 10 5.0 830 26 0.81 SBD
3 . 1,0 - 11,000 n 0.44 -
c-p 10 4.0 460 110 2 SBD
10 0.20 390 110 2 1S8F
10 0.20 420 120 Y} 158
1.0 0.08 360 260 180 s
1.0 0.08 460 120 3 158
3 1.0 0.8 520 130 33 1s8
] 0.13 0.04 350 140 56 sh
; 0,13 0.04 720 200 56 sy
0.13 0,03 240 120 61 158
.E 0.13 0.03 800 160 32 188
b 0,10 - 1,800 a7 4.2 -

Note: The second-breakdown sustaining voltage of the %-B junctions was remarkably high (approximately 708 of the
pre-sscond~hbreakdown voltage) deapite a high impedance pulss source. At a 0.13-us pulae width, three C-§
junctions exhibited nondegrading SB with the pre-second~breakdown power being lower by a factor of 5 to 10
than the power for failures Multiple breakdown occurred in reverse pulsing of several C-B junctions.
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Figure A-27. Damage characteristics of 2N1490 JAN:
(a) E-B junction and (b) C-B junction.
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3 M
E
{f TABLE A-27. DAMAGE CHARACTERISTICS OF 2N1490 JAN
} :
- Junc~ Fforward Reverae
o . tion
tolus) tius) | P(w) wvy |z °:'1‘::‘ tolus) tlus) P | viv) ) °::::‘
K-B 10 8.3 1,800 46 1.2 s
: 10 8.0 1,200 54 2.5 88D
. 10 7.0 1,600 58 2.1 sSBr
1.0 - 1,100 M 1.1 -
. 1.0 - 1,800 36 0.7 -
1.0 - 6,700 82 1.0 -
0.35 - 15,000 140 1.3 -
0.25 - 4,100 130 4.1 -
0.25 - 4,800 120 2.8 -
c-B 10 8.0 880 120 16 1)
10 7.0 790 120 18 )
10 4.5 900 120 16 88
1.0 - 1,600 50 1.6 -
AT - 1,800 60 1.9 -
1.0 - 2,400 7% 2.4 -
1.0 . 070 7.3 140 2900 88D
1.0 0,30 310 130 53 SBD
1.0 0,20 270 140 S8 1]
1.0 0.10 380 100 B e
0.12 0.10 390 150 58 88
0.12 0.08 330 150 o8 88
0.12 0.07 210 140 93 1]
Note: Ome case of multiple breakdown was observed in reverse pulsing of the E-B junctions (10 us). At a 0,12-ys pulse

width, the C-B junctions exhibited nondegrading SB with the pre-second-breakdown power a factor of 8 to 20 lower
than the power for failure.
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Figure A-28. Damage characteristics of 2N1613 JAN:

(a) E~B junction and {b) C-B junction.
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H Table A-28, Damage Characteristics of 2N1613 JAN
:\E Junc= Porward Nverse
; tion
; ! t,um) | tus) {Ron | ovevr |z | %P ey [ ot | oo | owews | oz | Gemdis
; tion L tion
. B 1 - 380 17 0.73 - 1 8.5 120 n 7.8 sor
' - 1 - 450 16 0.55 - 10 7.0 130 32 8.1 ser
: 10 - 470 16 0.58 - 10 6.5 10 3% 9.5 ser
;o 1.0 - 1900 9 0.81 - 1.0 - 400 52 6.8 -
] . 1.0 - 1900 39 0.80 - 1.0 0.90 460 %6 6.8 sae
1.0 - 2300 @ 0.78 - e 0.80 520 8 8.9 sar
0.10 - 440 S0 5.7 -
0.10 - 500 52 5.4 -
0.10 - 500 55 6.1 -
3
c-8 10 - 2,800 38 0,51 - 10 8.0 1100 280 74 sar
10 - 2,800 . 37 0,49 - 10 7.0 960 310 100 ]
10 - 2,900 40 0.57 - 10 7.0 1700 320 60 88
1.0 - 9,200 74 0,60 - 1.0 - 2200 240 26 -
1.0 -~ 11,000 8 0.61 - 1.0 0.80 2800 30 Q@ s8
1.0 - 12,000 8s 0.60 - 1.0 0.07 1100 220 4@ 1s8r
1.0 0.05 820 280 92 18nr
0,12 0.05 3000 340 ki) 188F
0.0 0405 2400 3150 50 j§:1:14
0.10 0,13 1000 160 25 1887
0.10 0,02 1700 190 21 1887
-
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Figure A-29, Damage characteristics ot 281711 JAN:
{a) E=B junction and (k) C-B junction.
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TABLE A-29. OAMAGE CHARACTERISTICS OF 21711 JAN
Junc= Porvard Reverse
tion
ttue) | tum| mw | von |z °:'1‘::‘ totum | tum | mm | oww | ozm °:';::‘
. E-B 10 - 420 15 0,56 - 10 8.0 130 35 9.7 sBr
10 - 420 15 0.54 - 10 7.0 130 36 10 SBr
10 - 500 16 0.5 - 10 6.0 150 kL] 9.5 8BrF
' 1.0 - 3200 47 0.70 - 1.0 0.7% 460 62 8.4 sBr
1.0 - 3200 50 0.77 - 1.0 0.70 440 55 6.9 SBr
1.0 - 3400 52 0.79 - 1.0 0.70 470 57 6,9 ssr
0.1$ - 250 43 7.4 hd
0.15 - 360 47 6.1 -
0.10 - 720 60 5.0 -
c-B 10 - 1,600 26 0.41 - 10 9.0 830 280 9% sar
10 « 2,200 k)| 0.43 - 10 8.5 1000 3oo 88 1]
10 - 2,800 3¢ 0.47 - 10 7.0 1000 350 120 8B
1.0 - 9,700 80 0.66 - 1.0 0.00 3200 360 4 8sn
1.0 - 10,000 a0 0.62 - 1.0 0.80 3400 360 38 SBD
1.0 - 11,000 80 0.60 - 1.0 0.10 1900 260 k1) 8B
0,12 - 2500 310 8 -
0,12 0.06 2400 340 48 ser
L 0.12 0.06 3600 400 44 SBF

Note: Multiple breakdown was obasrved in reverse pulaing of one C-B junction (V-us pulse width).
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A-30. Damage characteristics of 2N2857 JAN:
(a) E-B junction and (b) C-B junction.
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TABLE A-30. DAMAGE CHARACTERISTICS OF 2N2857 JAN
» Junc- Forward Reverse
tion
A
3 o) | etum e povevy |z | SRS | e ey | owum | e | owewy | mmy | Comdi-
v tion tion
4
‘ M E-B 10 9.0 7.2 3.9 2.0 V] 10 - 0.70 6.7 64 -
10 8.0 1.6 2.6 4.2 o] 10 - 0.82 6.9 58 -
10 5.0 9.7 4.3 1.9 [¢] 10 - 0.87 6.8 53 -
¥ . 10 3.5 9.7 4.2 t.8 0 1.0 0.90 6.9 8.6 1 SBr
1.0 0.70 7.0 5.0 3.3 o 1.0 0.20 9.5 9.5 9.5 SBF
E 1.0 0.70 24 6.7 1.9 (V] 1.0 0,20 9.8 9.8 9.8 SBF
. 1.0 0.15 14 1.0 3.6 o] 0.15 - 2.0 7.8 30 -
0.15 - k1] 9.8 2.5 [o] 0.15 - 4.5 7.0 " -
0.15 0.07 46 12 2.9 4] 0,13 - 3.5 1.2 15 -
0.13 - 84 14 2.3 o]
(o0 10 8.0 7.8 4,1 2,2 (o] 10 5.0 19 95 480 SBF
10 4.0 13 5.3 2.2 0 10 0.20 15 \L] 22 1SBF
10 4.0 30 7.1 1.7 [} 1.0 0,06 9.5 47 230 18RF
1.0 - AL 7.0 3.5 [+] 1.0 0.05 5.0 3 2% I8BF
1.0 ~ 28 7.0 1.8 o] 1.0 Q.05 5.7 42 310 1887
1.0 0.90 41 9.0 2.0 o] 1.0 0.05 6.0 40 2% 18BY
0,19 - 150 19 2.4 (o] 0.10 0.07 100 a7 % SB
0.18 0,10 32 10 3.1 o] 0.10 0.07 110 a2 59 s8
0,15 - 50 10 2.0 0
0.15 - 110 18 3.0 [+]
S — N .. _— -
Nota: All forward-puised E-B and C~B junctions open-circuited ("0"). Multiple breakdown occurred in reverse pulsing
nf the C~B junctions (all devices at a 1-ys pulse width),
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Figure A-31. Damage characteristics of 2N2894:
(a) E-B junction and (b) C=-B junction.
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APPENDIX A

3 'l'iBLB A-31. DAMAGE CHARACTERISTICS OF 2N28%4
{
. Junc- Forward Reverse
tion
t,(us) ttus) | pw | vivy |z C‘:';:"" tolus) tus) W) [ vv) 2(0) C‘:'l':""
: E-B 10 5.0 8.4 4.4 2.3 [¢] 10 8.3 15 10 6.7 SAF
10 3.0 8.2 4.1 2.1 o 10 8.0 8.8 16 29 SBF
10 1.5 16 4.6 1.4 0 10 6.3 8.1 14 23 SBF
1.0 - 61 10 1.8 [o] 1.0 - 19 19 19 -
1.0 0.60 2R 7.5 2,0 o] 1.9 - 20 20 20 -
3 1.0 0,30 30 7.5 1.9 [¢] 1.0 - k1] 13 4.4 -
E 0,20 - 74 16 3.2 0 0.12 - 23 20 17 -
: 0.15 - 110 13 1.5 o] 0.12 - 23 2u 17 -
0.15 - 120 14 1.6 [¢] 0,12 - 24 18 14 -
C=R 10 5.0 9,2 4.2 1.9 [o} 10 9.0 16 600 230 88
10 1.5 9,7 4.4 2.0 10 8,0 1.7 45 260 58
3 10 2.0 7.6 4.2 2,3 0 10 6.5 21 62 170 sur
- 1.0 - 90 12 1.6 - t0 1.0 2.1 60 1700 1
1.0 n.8% 26 fB 1.8 o} 1.0 - 63 57 52 -
" 1.0 0.40 26 €.5 1.6 0 1.0 - 69 55 44 -
0,15 - 60 12 2,2 0 1.0 0.70 64 L3} 44 SBF
0,15 0,10 220 20 1.8 0 0, 15 4. 10 10 60 32 SRF
3 0,12 - 85 10 1.5 o] 0,15 0,10 120 58 an S8
0, 12 - 66 12 2.2 0 0. 15 0.10 180 7% It ShF
0.12 0.10 160 17 1.8 [§]
Note: With one exception, all forwari-pulsed E-P and C-B junctions open=circuited ("0"}, One case of multiple

Pa

hraakdown occurred in reverse pulsing of tha C-B junctiuns,
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Figqure A-32. Damage characteristics of 2N3013 JAN:
(a) E-B junction and (b) C-B junction.
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APPENDIX A
TABLE A-32. DAMAGE CHARACTERISTICS OF 2N3013 JAN
Junc= Forward Reverse
tion
t,lus) tlus) ey | oveny |z c:’;::' totum) [ eaum PW | viv) z(q) C‘:’;::'
o E-B 10 7.5 40 6.0 0.9 0 10 S5e0 22 15 10 SBF
10 5.0 40 6.0 0.9 o] 10 4.0 16 13 11t S8F
10 5.0 50 6.5 0.8 [¢] 10 4.0 19 12 7.6 SBF
. 10 1.0 22 5.5 1.4 [o] 10 3.0 30 20 13 SBF
1.0 - a0 8.4 0.9 o] 1.0 - 44 22 1t -
1.0 0.70 130 12 1.0 (o] 1.0 0.60 26 12 6.0 SBF
1.0 0.70 140 12 1.0 o] 1.0 0,10 39 14 S.4 SBF
0.15 - 170 16 1.5 - 0.15 - 24 12 6.0 -
0.15 - 250 25 2.5 - 0.15 - 27 15 8.3 -
0.15 - 500 22 1.0 [¢] 0.15 - 50 20 8.0 -
N, 15 - 63 25 10 -
c-8 10 $.0 52 745 1.1 o] 10 1.0 9.7 T0 500 sBD
10 4.0 29 5,8 1.2 o] 10 0.30 20 7% 290 8SBF
10 2.0 14 5.5 2.2 o] 10 0.1% 2.5 13 520 188F
1.0 0.90 95 10 1.1 0 10 0,15 4.2 “ 280 1SBF
1.0 0.80 140 12 3.3 o 10 0.15 4.3 7 320 188¢
1.0 0.20 100 " 1.3 (4] 1.0 0.45 8.0 80 Ao S8
0.15 - 290 21 1.5 [}] 10 0,2% 9,0 a0 ALY 8B
0.15 - 360 24 1.5 o] 1.0 0.20 7.0 70 700 SH
0,15 - 550 ' 26 1.2 0 1.0 0.20 10 B2 670 SR
1.0 0,20 90 n 66 8BF
0,15 0.04 16 10 n sn
0.10 0.04 14 10 150 88
0,10 0.0} 6.5 36 200 188
0.10 2.1} A,2 9 180 1511
—_—be —

Note. With the two excaptions indicatsd (E-8), all forward-pulsed E-s and C<B junctiona open=circuited (*0%). Besidea
the (instantaneous) SB step ubserved in teverss pulaing of the C-B junctions at a 10-ys pulse width, thers > curred
two more breakdown steps in these specimens. M:lt,ple hreakdown (one additional step besides 8B) occurred in other
C~-B junctions.
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Figure A-33, Damage characteristics of 2N3375 JaN:
(a) E-B junction and (b) C-B junction,
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APPENDIX A
TABLE A-33, DAMAGE CHARACTERISTICS OF 2N3375 JAN

Junc~- Forward Reverse

tion
tus) | sy (e [ vew) |z C:’;g"" totus) | twmd [ pow | v |z C:‘:;'

¥-~B 10 - 420 9.5 0.21 - 10 7.5 230 12 0.58 EVF
10 - 440 9.5 0.20 - 10 5.0 240 it 0.52 EVP
10 5.0 280 10 0.36 EVF 10 5.0 280 12 0.55 EVF
1.0 - 740 12 0.19 - 1.0 - 340 16 0.71 -
1.0 - 1,100 14 0.17 - 1.0 - 440 14 0.42 -
1,0 - 1,100 18 0,28 - 1.0 - 440 1" 0.44 -
1.0 - 1,600 16 0.15 - 0,12 - 660 25 0,94 -
0.28 - 13,000 72 0,39 - 0,12 - 1500 35 0.82 -
0,15 - 14,000 Ak 0.39 - 0,10 - 1400 39 1.1 -
0.10 - 9,300 82 0.72 -

C-B 10 - 460 13 0,38 - 10 8.0 400 190 30 sap
10 - 600 10 0,17 - 10 8.0 530 190 68 saF
10 - 660 1" 0,19 - 10 7.0 540 210 82 sB
1.0 - 3,000 24 0,18 - 1,0 0.80 1800 260 k1:} SBF
1.0 - 4,30 26 0,16 - 1.0 0.50 1200 220 42 sB
1.0 - 4,400 35 0,28 - 1.0 0.10 2100 260 1 SB¥
0.30 - 12,000 7 0.45 - 0.10 0.06 550 180 62 S$8D
0.30 - 14,000 74 0,40 - 0,10 0.05 630 180 5% SB
0.20 - 11,000 €8 0.43 - 0,10 0.04 BCD 200 50 SBF

[ S [, - o e e e -
Wote: 1In forvard pulsing of the -8B junctions, a sudden Arop in current ocrurved iIn one spacimen at § us ("EVP"),

failure was assuwed to have occurred at that moment.

junctions at & 10-us pulne width are the beginnings of oscillations.

The ovents ("EVF") in veversa pilsing of the ¥-B

8pikes of current, to about 1.3

times tha starting valus and about 1 us apart, occurred {the associated fluctuations in voltage were
very small bocause of a low source impsdance); they can he interpreted as periodic transitions into $W,
Device failure was sssumed to have occurred at the onset of these oscillations.
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Damage characteristics of 2N3439:
(a) E-B junction and (b) C-~B junction.

92



APPENDIX A

TABLE A~34. DAMAGE CHARACTERISTICS OF 2N3419

Junc- Porward Reverse
tion
tum | tum Jeew |oviwr |z °:';‘°:” tu) | ewm | e | vy | 2w °:';::‘
- s | 10 - 2000 24 0.28 - 10 9.0 190 L) 1.9 sur
10 - 2400 25 0.27 - 10 9.0 190 ] 1.9 sur
1 - 2400 28 0.32 - 10 8.5 200 19 1.8 sor
q 10 - 2600 28 0.29 ~ 10 8.3 190 19 1.9 Sep
1.0 - a0 1 8,30 - 10 5.0 220 20 1.8 sur
1.0 - 4800 2 0.36 - 10 2.0 30 2 1.4 ser
1.0 - 80 52 0.33 - 1.0 - 450 24 12 -
1.0 - 570 26 1.2 -
1.0 - 760 27 1.0 -
9440 - 850 2 1.0 -
0.15 - 1000 % 13 -
0.15 - 2100 s4 1.3 -
0.15 - 2400 56 1.3 -
c-B 10 - 3100 b1 ) 0,25 - 10 8,0 9.5 640 42,000 88
10 - 3400 30 0,27 - 10 3.2 AL} 100 28,000 sB
10 - 3900 30 0.24 - 10 2.5 a2 680 5,600 s
10 - 4000 33 0.27 - 10 1.0 25 720 21,000 SB
10 - 4200 34 0.27 - 1) 0.60 29 480 7,900 1)
1.0 0.40 3 600 12,000 S8
1.0 0.35 21 630 19,000 SR
1.0 0.25 12 660 16,0006 S8
0,20 0.10 80 670 5,600 sar
0.20 0410 %0 700 %, 400 say
0.20 0.08 200 170 3,000 SBY

Note: Multiple breakdown occurred in one C-B junction reverse pulsed at a 10-ps pulse width,
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Figure A-35.
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Damage characteristics of 2N3584:
(a) E-B junction and (b} C-B junction.
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APPENDIX A
TABLE A-35. DAMAGE CHARACTERISTICS OF 2N3584
Junc~ Forward Reverse
tion
tofus) | ttus) | pon | vy |ozem | RSl ey | eus) | opon | oven | oz | Condi-
tion tion
B8 10 - 300 2 9,35 - 10 - 340 3 3.4 -
10 - 300 22 0.15 - 10 7.0 570 0 2.8 sBF
10 - o 37 0.37 - 1.0 - 2200 55 1.4 -
1.0 - 2500 50 1.0 -
1.0 - 2600 40 0.63 -
0.15 - 4000 80 1.6 -
-8 10 - 1,00 29 0.06 - 10 6.0 530 820 1300 5B
10 - 6,000 28 0.05 - 10 4.0 730 @0 1000 58
10 - s000 3 0.05 - 10 3.0 240 620 1900 sa
1.0 0.60 %60 740 570 sn
1.0 0.50 1800 820 370 s8
1.0 0.10 400  sao 830 s8
0.27 0.10 40 550 690 sB
0.27 0.08 820 750 680 sn
0.27 1400 830 500 S8

0.06
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Damage characteristics of 2N4092:

(a) G=S junction and (b) D-S junction.
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APPENDIX h
TABLE A~36., DAMAGE CHARACTERISTICS OF 2N4092
Junc- Forward Reverse
- tion

totue) | otum { R0 [ vewy | mm C‘:‘:::' totum) | ttus) | mw | owv) | zte °‘:"‘2"“
( G-S 10 8.5 46 6.2 0.84 [+ 10 7.5 75 75 5 SBF
10 8.0 41 5.1 0.63 o 10 645 44 n 120 SBD
10 6.0 52 642 0.74 (V] 10 6.0 84 ” n SBF
1.0 - 140 10 0.74 o 1.0 0.90 140 80 44 SB
1.0 - 610 23 0.88 [¢] 1.0 0.75 120 66 35 S8
1.0 0.65 120 22 4.2 o] 1.0 0.75 140 70 35 sa
1.0 0.35 240 25 2.6 0 1.0 0.20 10 12 45 sB
0.20 - 780 25 0.80 [} 0.18 0.10 220 7 27 S8
0,20 - 9240 40 1.7 (o] 0,18 0.10 270 80 24 s8
0.20 - 1000 30 0.87 o] 0.10 - 290 n 20 -
D=5 10 0,15 3433 27 220 188 10 4.0 28 60 130 SBF
1.0 0.15 19 54 150 SB 10 .5 ¥ 60 100 SBF
1.0 0.10 53 55 57 SB 10 0.10 5.8 24 99 1sAF
1.0 0,02 8 32 130 188 1.0 0.60 43 63 83 8BF
0.10 0.04 39 65 110 sB 1.0 0.20 18 44 10 Sk
0.10 0,04 72 65 59 ] 1.0 0.15 1.8 54 170 s8
1.0 0.04 9 3 120 1SBF
0.10 - 46 k1] 32 -
0.10 - 51 32 20 -
0.10 - 62 50 40 -

Mote: The G-S junction open-circuited in all cases of forward pulsing (“0"), Second breakdown was observed in pulsing

of the D=S terminal pair in both the DS

available for obtaining more data on the p7s* conditions)
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Figure A-37. Damage characteristics of 2N5829:
(a) E=B junction and (b) C~B junction.
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TABLE A-37. DAMAGE CHARACTERISTICS OF 2N5829
H Junc~ Porward Reverse
tisn
t ttoe | etum Jrow |own |z c‘::::‘ totus) | ewsd | omw | vy |z 1 C:'::r‘"
' -3 10 5.5 7.7 4.0 2.1 V] 10 9.5 4.4 10 25 SBF
; ¢ 10 3.5 7.2 3,6 1.8 o 10 7.0 5.2 " 24 £3F
10 333 6.6 3,5 1,9 [} 10 6.5 5.5 ALl 22 SBF
1.0 - 26 6,5 1.6 - 1.0 - 8.4 12 17 -
1.0 0.75 18 5.2 1.5 o 1.0 - 10 4 18 -
1.0 0.30 24 6.2 1.6 o] 1.0 - 12 15 19 -
¢, 15 - 3 7.1 1.6 )] 0.0 0.06 Ak 14 14 JSBRY
0,15 - 42 8.0 1.5 o 0,10 0,06 14 14 14 ISR¢
0.15 - 64 9.2 1.3 - 0.10 c,08 19 8 17 ISBF
C~8 10 9,0 14 5.0 1.8 o 10 7.5 1 140 1900 SBF
10 6.0 20 6,2 1.9 (] 10 3.0 7.2 R 1100 SBF
10 5,0 8.4 5.4 S o] 10 0.10 2.4 42 70 I1SBF
10 0.%0 18 Se7 1.8 [} 1.0 0.15 6.5 82 1000 SBD
1.0 - 40 8,0 1,6 o] 1,0 0.10 10 100 1000 <H
1.0 - 44 Be6 1.7 [+] 0,10 0.06 65 100 170 SKD
1.0 0.70 54 3.0 1.5 0 0,10 0.04 14 43 130 198F
1.0 0.50 57 10 1.8 o 0.10 0,03 10 37 140 184D
1.0 0,15 €3 1" 1.9 o
1 0415 - 160 17 1.8 o
é 0.15 - 170 19 2.0 o
0,15 - 280 21 1.6 [»]
Note: In forward pulsing, most 2-B terminals and all C-~B terminals open-circuited (*0%). Multiple breakdown was
frequently observed in revarse pulsing of the C-B junctions,
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Figure A-38. Damage characteristics of CA3018:
{a) E-B junction and (b) C-B junction,

100

.....




=

SEE TN

LT PR R AT

e

T

ks ey 0

T LAY

TERrEYY

WL vy

e apemes

APPENDIX A
TABLE A~38. ODAMAGE CHANACTERISTICS OF Ch 3018

Junc~ Forward Reverse

tion
t,tum) | tum) [P0 | v |omm C:;::‘ tue) | ttusd | opow | owv) | ze) °:’:::'

B-B 10 8.0 AR 10 97 EVF 10 9.0 3.9 26 170 1.1 4
10 7.0 13 12 10 vr 10 5.0 S.3 A k) 200 eBF
10 6.5 12 1t 9.4 EVF 10 4.0 6.1 3% 200 8BF
10 4.0 AL} 12 1t v 1.0 0.75 9.0 n 110 8BF
1.0 0.80 50 20 8.0 BVF 1.0 0.70 12 41 o ser
1,0 n,70 48 19 7.7 Tvr 1.0 0,50 8.7 30 100 ssr
1.0 0,60 100 37 13 Vr 0.10 - 19 45 10 -
0.20 - 130 25 4,8 - 0.10 - 22 45 M -
0.20 - 140 26 5.1 - 0,10 - 27 445 16 -
0.20 - 148 26 5.0 -

C-n 10 - 5% 16 4.7 o] 1.0 0.08 1.5 40 210 188
10 7.5 39 AA ] 3.t (o] 1.0 0.04 7.0 40 230 188D
10 2.0 88 20 4.5 [s] 1.0 0.04 7.5 40 210 188D
1.0 - 180 22 2.7 o] 0,10 0,06 12 60 290 188
1.0 - 190 28 4.2 (4] 0.10 0.04 12 59 220 pE:i:}
1.0 0,75 220 23 2.4 o
0,20 - 300 43 6.2 -
0.20 - 460 45 4.4 -
0.20 - 730 44 2.7 -

Note Events resembling 88 {(sudden increage in curcent at practically constant voltage) occurred in forward pulsing

101

of t'e E-B junction; tailure was assumed to have occurred at the beginning of the current increass ("EVF®).
In forward pulaing of the C-B junction at 10 and 1 us, the devices open-circuited (“0").
up to two breakdown stepa after SB, occurred frequently in reveise pulsing of the C-B junctions.
10-us pulse width (C-B) was in all cases instantanecus without making it possible to datermine a pre-second-
breakdown pover.

Multiple bieakdown,
88 at a
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Figure A-39, Darage characteristics of SMB526317:
{¢) E-B junction and (b) C-B junction.
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APPENDIX A
TABLE A-39. DAMAGE CHARACTERISTICS OF SMBS26517
Forward Reversa
tolum) | ttue JRon | owom | oa °:‘;z:' toue) | ttwm | mw | v | zm °:';::’
10 - " 5.5 0.43 - 10 9.0 20 8 ” sar
10 8.0 9% L} 17 xvr |0 9.0 21 8 69 sy
10 7.0 06 12 1.5 wr| w0 7.0 21 £y s sar
10 7.0 90 ‘12 1.6 xvr 1.0 - 19 13 b1 -
1.0 - 30 22 13 - 1.0 0.90 “" 7] 26 ey
1.0 - 420 23 1.3 - 1.0 0.90 62 55 o sar
1.0 - “o 22 1.2 - 0.10 0.04 50 3 29 1y
0.15 -~ 1500 50 2.0 - 0.10 0.04 62 61 7 158
0.1% - 100 52 2.0 - 0,10 0.03 7" 55 4 1s8r
0.18 - 1600 52 1.7 -
10 - 560 24 R - 10 9.0 20 67 220 n
10 - 230 20 1.0 - 10 5.0 53 240 1300 sar
10 9.0 79 28 1.0 ° 10 2.0 s 220 1400 nr
1.0 -~ 3300 55 0.9 - 1.0 0,70 110 240 540 s
1.0 - 4100 62 0.9 - 1.0 0.70 110 270 640 B
1.0 - 4200 62 0.9 - 1.0 0,50 120 260 580 sor
0.20 0.10 36 240 160 s
0.20 0,10 53 240 1100 58
0.20 0,06 6.7 180 4600 58
0.20 0,03 4 120 3000 188
0.5 0.04 2.5 e 4700 188
6.15 0.04 s 110 2800 188
0.10 0.04 13 130 1300 158

TR AT Wi R

Events reseebling SB were cbserved in forvard pulsing of the E~B junctions at a 10-us pulss width; tailure was
assumed to have occurred at the beginning of the current increase (“"EVF*), One C~B junction open-circuited ir
forward pulsing (*0“). Two cases of multiple breakdown, up to two breakdown steps after 8B, occurred in
reverze pulsing of the C-B junctions at a t0-us pulse width.
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