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1. ELE CTRICAL OVERSTRESS PROGRAM

The following is a descri ption of initial work , I February 1977 to 30 September
1977 , on a program at the US Army Missile Research and Development Command
(MIRADCOM ) to provide info~rnat ion needed in the development of a
nondestructive screen to eliminate junction bipolar devices especially susceptible to
damage after second breakdown. Based on the results of the first eight months of
work , the decision has been made that the major thrust of the program should be
towards identifying the reasons why specific samples of a given device type are
unusually susceptible, rather than determining nominal susceptibility of generic types.
The program is sponsored by Defense Nuclear Agency, with additional kick-off
support by MIRADCOM and SAMSO, Norton Air Force Base. This report is thus a

• combined final report on work during the first fisca l year.
The first problem to be considered is a rigorous definition of second breakdown.

There have been many definitions of second breakdown which have appeared in the
literature , especially in the early years of research. The definition to be used here is that
any process in which a sudden drop in avalanche voltage occurs after the application
of a sufficiently large current step input will be considered to be a form of second
breakdown. Current mode second breakdown is thus also consistent with this

• 
• 

definition. Questions of physical details, e.g., whether a current constriction has
occurred , are avoided. Damage is not a part of the second breakdown process but
rather a consequence of second breakdown and can be prevented. Depending on the
details, quality , and normal variability of device production, different devices will
have higher or lower threshold characteristics for susceptibility to second breakdown
and, consequently, different probabilities for damage under identical test conditions.
Some generic types will be inherently better than others, and some lots of nominally

• t identica l devices will have both a statistical distribution and a certain number of
anomalous or “maverick” devices. Most , but not all , of the latter are usually weeded
out as part of normal acceptance testing for other parameters, since they are a result of

• production errors or exceeding of production tolerance limits. It is thus necessary to
determine what additional tests, if any, are required to weed out “weak” devices not
caught by standard acceptance screening and to develop necessary additiona l test
procedures. It is likely that much information will be available from standard tests if
additional data reduction is performed. Just as flash x-ray tests provide data on device
susceptibility to gamma-induced photo-currents which can be used both as a measure
of relative susceptibility in comparing devices and as input data for a computer circuit

• • analysis code, pulsed current data can provide the same information for second
D Mathews. MIRADCOM .
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breakdown. While the development of electrical equivalent circuits for second
breakdown is not a pa rt of the program under discussion , such an effort could benefit
from the analyses performed as part of this program. Just as we know the basic physics
of ordina ry operation of a transistor but find deiailed mathematical calculation of the

• transient three-dimensiona l nonlinear process almost intractable (or at least
impractical) even with a large digital computer , so it is with these special cases of
breakdown; in both situations , engineering approximations must be made in order to
get useful results. The analytical portion of this progra m is devoted to development
and verification of such approximatiotis. Moreover, a large portion of the work is
devoted to “reliability physics,” since the goal is to find out why certain samples
deviate significantly from the norm.

The work in FY77 has consisted of determining what information is needed from 
~ Ilaboratory research, planning the tests, obtaining and developing the necessary test

equipment and test samples, and performing background analyses of physical
processes known to be significant in the second breakdown process. These topics are
discussed by the respective principal investigators in subsequent sections. First, a
description of second breakdown in special silicon-on-sapphire (SOS) diodes is given.
These devices permit “direct” measurement of hot spot temperatures by a light
transmissivity technique. A similar technique for observation in conventional
transistors is currently under development. This project has begun so recently that it
Will be reported at a later date. SOS test samples are discussed, followed by summaries

• on analysis of second breakdown in ideal devices. Some special effects seen at high
currents are then reported, and some initial analyses relevant to nonideal devices are
given. Finally, a nominal test plan is given for batch testing of SOS devices after a
series of overview tests determines the most serious problem areas. A detailed
computer analysis of hot-spot formation in ideal SOS test diodes has recently been
initiated by T. W. Tang. Electrical conduction in the silicon film is treated in two
dimensions and heat conduction in the silicon film, the sapphire substrate, and the
silox passivation is treated in three dimensions. Results will be reported at a later date.

It has been noted , in agreement with theories of a critical temperature or a critical
energy, that when reverse biasing current pulses of less than a few milliseconds in
duration are used as the driving source, the hot-spots always begin in the avalanching
depktion region. For this reason, a large portion of the early work was directed
toward determining the physical location where firs t breakdown would occur.
Information on sustaining voltages for nonpianar structures was also obtained .
Previous work by many authors had already indicated that hot spots normally form in

‘ ‘• L
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avalanche regions , but not necessarily at the point of maximum electric field as
calculated from the geometry of the device. As shown schematically in Figure 1,

• variations in the geometrica l dimensions of a given device may be sufficient to cause
• avalanche breakdown to occur in entirely diffe rent locations in nominall y the same

device [I]. This has important consequences for second breakdown , because
avalanche is usually the firs t step in the sequence starting with application of the
transient signal , passing throug h second breakdown , and ending in damage. One

• sample may be nearl y impossible to damage in a given circuit configuration , while a
second will be extremely susceptible to damage. It is important to note that while

• second breakdown , in the reverse-bias case, begins in an avalanching region, the
• location of the second breakdown site seldom coincides with the location of maximum

field. Microstructura l defects have been proposed by some authors as the explanation- 
of this situation , because they could account for local high field concentrations. Other
authors disagree. A large local electric field could be located at or near the hot spot if a
microstructural inhomogeneity existed. Budenstein et al. [2] have shown by calcula-
tion that the effect of an inhomogeneity is to shift the hot spot location fro m its
geometrically predicted site to an intermediate location between the site of the
inhomogeneity and the geometrically predicted site. Thus, a submicroscopic
examination of the new hot spot site would probably show nothing out of the
ordinary. Moreover , the hot spot locations are known to vary with the amplitude of

• the driving pulse. Any attempt to correlate the presence of an inhomogeneity with an
externally-measured electrical parameter should be expected to require driving the
device into avalanche, because the inhomogeneity may very well be dormant as far as
electrical activity is concerned until the avalanche condition is reached. For example,
conditions required for the generation of certain types of electrical noise might include

t driving the device into heavy avalanche.

p _ _ _ _ _ _ _

(a) AVALANCHE BREAKDOWN (b) NORMA L AVALANCHE
FROM REACH-THROUGH BREAKDOWN FROM
IN VERTICAL DIR ECTION SIDEWALL

• FIgu,. 1. Cross- sctlon of david. with niarly ths sae,.i mm.nilons
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I SOS diodes have already proved to be an extremely effective tool in studying second
breakdown. It should not be expected that the results of analyses of SOS diodes will

- carry over to convent ional transistors , but rather that the SOS diodes should act as a
proving ground for the analytical tools developed for the study of conventiona l
devices. For example, the heat flow patterns in the depletion region of an SOS diode
are vastly different from those in the depletion region of anep itaxial planardevice, but
the same general equations are used in each case. Some problems do exist with SOS
diodes. Surface and interface states are important factors in determining avalanche
breakdown of the samples 131.This complicates the analysis and leads to conditions
unlike those found in conventional transistors. Other bulk effects may be
overshadowed by surface effects. The avalanche voltages predicted by SOS diode

• analysis are greater than those seen experimentally. The extensive series resistance
regions tend to mask some purely junction effects and overemphasize bulk properties.
The most serious limitation is that except for electrical characteristics , only changes in
temperature may be observed . Thus, injection effects can only be observed indirectly.
However, it is important to realize that every major, and nearly every minor,
observation of second breakdown effects in SOS diodes has been found to have a
counterpa rt in conventional devices.

• An analysis of the effects of change in bulk resistivity with temperature indicates
• • that the voltage drop across the high resistivity side can occur quite rapidly. While this

effect is probably negligible in most cases in conventional devices, because the device
must heat sufficiently to cross over the resistivity-temperature “hump” while
maintaining a reasonably large undepleted collector region, it is important to the
understanding of SOS device phenomena.

~ I; .- ~~ ~
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2. EXPERIMENTA L TECHNIQUES FOR OBSERVATION
OF SECOND BREAKD OWN IN SOS DIODES~

A. INTRODUCTION

Second breakdown in semiconductor devices occurs through the formation of
current filaments under sufficiently high electrical stress. The dynamics of filament
formation have been studies in silicon-on-sapphire devices by Sunshine and Lampert
[1-4] and Pontius, Smith and Budenstein 15-81 under both forward and reverse biases.
The features observed in these devices are similar to those observed in three-
dimensional systems [4]. The reason for working with silicon-on-sapphire devices is
that these devices are transpa rent to visible light at room temperature but , as the
devices rise in temperature , their transpa rency decreases. Thus it is possible to view the
devices with transmitted light and infer, with proper calibration, temperature over the
device surface. If the light source is pulsed on for a short period, then the temperature
distribution during this period can be inferred . This comprises the basis for the
stroboscopic method developed by Sunshine at the RCA Laboratories and advanced
by Pontius, Smith and Budenstein at Auburn University.

A considerable effort has been expended by others to develop screening tests so that• the susceptibility of devices to second breakdown can be evaluated. Such tests have
been based on various measurements at the device terminals, but the relationship of
the measurements to the filamentation phenomena associated with second breakdown
has not been clear. Thus, the attempts to develop screening criteria have not been
successful.

In a similar vein , device designers have not had the means for predicting the
locations of filaments and the stresses at which filamentation occurs. The roles of
device geometry, doping densities, and device imperfections have not been clarified

- 
• - The present work is part of a program for enhancing the reliability of electronic

devices with regard to second breakdown; effective screening methods and device
L design criteria are sought.

P. P. Rudenstem, Auburn University
x• •,.
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B. OBJECTIVES

The objectives of the present progra m are:

1. To perform experiments of a basic nature which will lead to an increased
understanding of the nonlinear , electrothermal processes that cause current
filamentation in silicon-on-sapphire diodes. Of particular concern are the roles of
device geometry, doping levels, diffusion spikes and metailization spikes.

2. To develop analytical models for the influences of diode geometry, doping,
diffusion spikes and metallization spikes on current filamentation under both forward
and reverse biases in silicon-on-sapphire diodes. Such models will provide a basis for

• design of diodes more resistant to second breakdown.

3. To develop nondestructive screening tests for second breakdown in silicon-on-
sapphire diodes.

The work is subdivided according to the following plan , designated as Phase I:

I . To make a detailed survey of filamentation for the wide range of diode
geometries and dopings that will be available. The survey will cover pulses of 0.1 ~s to
1000 ~is duration in both forward and reverse biases. Voltages and current wavef orms

• will be obtained along with stroboscopic pictures.

2. To correlate locations of filaments and filament growth to diode geometry,
doping, metallization spikes and diffusion spikes.

3. To develop models for the observed effects and suitable guidelines so that
• designers can create devices less susceptible to second breakdown.

4. To develop nondestructive screening tests for second breakdown based on the
device waveforms.

To place the objectives in perspective, it is necessary to first summarize current
• knowledge of filamentation (Section 3). Then a description of the overall experimental

progra m is given, followed by a statement on the portion of the program that will be
• covered in Phase I (Section 4).

• ~~~
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C. SUMMARY OF CURRENT KNOWLEDGE

Second breakdown is a current filamentation phenomenon that occurs in
semiconductor junction devices and other semiconductor devices when abnormally
high electrical excitations are applied . Second breakdown occurs under both forward
and reverse biases, with the locations of the current filaments depending upon the bias .
Second breakdown device testing is greatly facilitated by employing constant current
pulses, because the voltage is then a uni que function of the current. Our previous
stud ies have followed the onset of current filamentation in some detail [4-8]. To create
a common ground for the following discussion , it is useful to mention some features
about filamentation.

I . There exists an incubation period prior to the formation of current filaments.
The lengt h of this period depends upon the current pulse amplitude.

2. Three phases of conduction may be distinguished :

a. Uniform (no current filamentation).

b. Formation of multi ple , broad current filaments in the solid (unmelted )
semiconductor.

c. Formation of a narrow melt channel within a broad filament with multiple
melt channels forming under extremely high excitations.

Stages (a) and (b) are nondamaging; stage (c) is always destructive.

3. A device with a solidified melt channel is not necessarily inoperative, but its
performance is degraded .

4. The locations of the current filaments are determined , in commercially
prepared devices, more by the large-sca le geometry and overall material properties
than by microscopic inhomogeneities.

5. Under reverse bias, the locations and numbers of broad (nondamaging)
filaments depend upon pulse duration. If pulse duration is kept constant while
progressively increasing the pulse amplitude , the number of filaments increases to a

• saturation value. Further increase in pulse amplitude simply drives more current
through the existing filaments and ultimatel y leads to melt formation
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6. The saturation number of “broad” filaments under reverse bias increases with
decreasing pulse duration , single filaments being narrower for the shorter pulses.
Filaments are almost uniformly spaced when the saturation number has been reached.
(With a junction extending 500 ~.tm across a thin film diode (~~l-M m thick), 30
filaments were observed upon excitation by a 5-~.ts, 620-mA pulse.)

7. The voltage waveform shows a slight drop when “broad ” filaments begin and a
large drop as the melt channel forms.

8. The pulse amplitude at which melts form (for a given pulse width) is not much
• greater than the pulse amplitude at which filaments first start to form. (The difference

was about 30% for l 00-~ss pulses.) This difference decreases as pulse width decreases.

9. The locations of the filaments are different on forward and reverse biases.
Under reverse bias, multiple filaments occur. They start at the p-n junction. Under
forward bias, a single filament forms in the hottest part of the high-resistivity region.
The filaments of reverse bias are generally much narrower than those of forward bias.

10. Damage occurs under forward bias with somewhat larger currents and
somewhat smaller voltages compared to the reverse bias case.

I I .  The temperature-resistivity curve is the most important material property
associated with second breakdown. For doped materials, the resistivity attains a peak
at several hundred degrees above room temperature. H igh-resistivity materials peak at
lower temperatuk’s than low-resistivity materials.

12. High-resistivity materials are more sensitive to second breakdown than low-
resistivity materials. Filamentation occurs at lower current densities and the filaments
are narrower for the higher resistivity materials.

13. The thermal time constant for heat conduction to the sapphire substrate is a
few microseconds.

~ ~~~ 
•

14. Quantitative temperature-time mappings have been made by a scanning
technique yielding the temperature profile across filaments with a time resolution of
about I 4tis and a spatial resolution of about 10 pm.

I 
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IS. Second breakdown can be explained adequately using an electrothermal
model. The loca l changes of resistivity and ofjunction properties with temperature are
of primary importance. Local changes of thermal conductivity with temperature are
also significant.

• D. EXPERIMENTATION

The total experimental effort required to fulfill the progra m goals will center on two
types of experiments , each employ ing the stroboscop ic method:

I. Correlation of current and voltage waveforms with filament configurations.

2. Temperature-time mapping.

The specimens for the program are silicon-on-sapphire diodes which are being
fabricated specifically for our use by the Electronics Research Division of Rockwell
International. The diodes will include plane parallel and special geometries, each
covering a range of sizes and doping densities. Geometries and dimensions will be
representative of commercial and military devices, with some additional devices that
are somewhat larger (about 500 pm across) for special test purposes. Devices with
deliberately introduced metallization spikes and diffusion pikes will be included.
Rockwell International will provide data on the devices including resistivities, layer
thicknesses, and specimen dimensions. Wafers at each doping density, but without
devices, will be provided for calibration purposes.

A more detailed breakdown of the variations of the test diode array follows.

I. Doping density of high-resistance n-region ( l0 ’~, I0 ’~, 1016, and l0 ’~
atoms! cm3).

2. Width of diode (constant length of n-region).

3. Positive and negative diffusion spikes of constant size on j unction (constant
length of n-region).

4. Size distribution of diffusion spikes on junction (constant device width ,
variable length of n-region).

• • 5. Diffusion spikes on n + - n interface (constant device width , variable length of n- - -

region). •

.0~ • •-w 18 •
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• Design variations will be included in a module approximately 200 mils by 200 mils.
This module will be repeated over a wafer that is 2 inches in diameter. Wafers will be
made at the doping densities indicated in (I) . One-third of each wafer will be retained
by Rockwell International for reference.

I . Correlation of Current and Voltage Waveforms with Filanient Configurations.
The interpretation of second breakdown effects is facilitated by using constant current
pulses. Where possible, constant current pulses will be applied and the current-time
and voltage-time waveforms recorded and related to the filament configuration as
revealed by the stroboscopic method . The voltage at fi rst follows the current and then
rises further because of the increase in resistivity with temperature. As filaments start
to form, the voltage changes associated with the filamentation might be more readily
distinguished. If the current pulse amplitude is increased slightly (keeping the pulse
duration the same), the filaments appear earlier in the pulse. Thus, there isa systematic
behavior that allows filament onset to be distingu ished from other effects. Also, if the
pulse length is changed and the amplitude suitably adjusted , the changes in the voltage
waveform occur in a characteristic manner.

Waveform data should be taken with pulses sufficiently short to be representative of
EMP effects . This is important for two reasons related to the goals of these

• investigations;

I . The number and location of current filaments has been shown to depend upon
pulse duration under reverse bias conditions. EMP pulses and subsequent ringing
effects have durations of a few tens of nanoseconds to about 1 ps. These are times short
compared to the thermal time constant of silicon-on-sapphire devices. Thus heat
conduction can be neglected for EMP effec ts in silicon-on-sapphire devices.

2. The configuration of filaments depends upon the thermal history of the system
• from the beginning of an excitation pulse. This thermal history, in turn, is sensitive to

current crowding due to specimen geometry, diffusion spikes, metallization spikes and
possibly other causes.

At present, data obtained by the stroboscopic method has covered the time regime
of 5 ps to dc, with most data being obtained from parallel structured diodes about 500-
pm wide. Smaller diodes showed the same effects as the larger but were more difficult
to study because events occurred too rapidly. I n such cases the Current amplitude for
damage was only slightly higher than th:: for current filamentation to begin This

: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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t difference becomes less as resistivity increases , devices become smaller, and pulse
• width becomes smaller. For a screening test to be as safe as possible, the test pulse

should be relatively long and of amplitude such that filamentsjust begin to form. If the
filament that produces damage always occurs at the same position (which might be the
case in small devices), then testing could be done , for example, with 100-ps pulses
instead of l 00-ns or shorter pulses. To develop the background information for a
meaningful screening test seems to require study of filamentation geometry on devices
of dimensions and geometries similar to those of practical devices using pulses
comparable to EM P’s and longer. Larger devices need to be available for study also
because events that occur too rapidly to follow in detail in the small devices can be
followed in the larger ones.

In the stroboscopic method a triggered air arc lamp is used as the light source. The
light pulses have a peak power of about 50,000 W, a duration of 10 ns, and a jitter on
triggerIng of about I ps. The jitter on triggering implies that dynamic processes cannot
be followed if they occur on a time scale shorter than thisjitter. Thus sequential events

• can be followed only for pulses of several micrc’seconds’duration or longer. However,
the long thermal time constant of the devices (several microseconds) allows the final
filament configuration to be observed so long as the strobe light can be turned on
within I ps of the end of the excitation pulse. This is possible even if the main pulse is in
the submicrosecond regime. Thus the stroboscopic method is useful for the short
pulses of interest in EMP effects.

In addition to requiring that the stroboscopic method yield final filament
configurations for short exciting pulses, it is necessary to correlate these with current
and voltage waveforms. With truly constant current pulses, the voltage waveform
contains the data descriptive of the filamentation process. However, it is very difficult
to form high-amplitude, short-duration constant current pulses. Hence, both current
and voltage waveforms should be monitored . The onset of filamentation causes small
changes in these waveforms. These changes are the positive indication that destruction
(formation of a melt) due to second breakdown is imminent. The changes associated
with filamentation tend to be masked by resistances within the device in series with the
filaments. To provide a background for screening tests requires a study of the pulse
waveforms extending from a few tens of nanoseconds duration to, perhaps, 100-psec
duration. Differentiation of the voltage and current waveforms might yield a better

- - • 
indication of the onset of filamentation than either waveform alone. The product of
the voltage and current waveforms yields the instantaneous power waveforms. This or
its derivative might be still more informative in producing the desired nformation.

1~~~~~~~~~~~~~~~~~~~’ ~



Analysis of the experiments will include qualitativejudgments on the importance of
geometric arrangement and role of diffusion and metallization spikes. Device
waveforms will be related to juncti on heating, heating of the high-resistance region
and filamentation by mathematically modeling the systems. Recommendations will be
made on screening tests and device design.

instrumentation now exists in the f orm of the Tektronix Digital Waveform
Instrument (DWI) system that allows single pulse events of 5-ns to 100-ps duration to
be recorded and subsequently processed .

2. Temperature-Position-Time Mapping. The stroboscopic method allows
temperature mappings over the face of an SOS device at any time during or after
application of the exciting current pulses. Qualitative data can be readily obtained by
photographic means. However, quantitative data are much more difficult to obtain.
The basis for temperature measurements is that the temperature of the silicon film
strongly influences its transmissivity to light. Thus the fraction of light transmitted can
be related, upon a suitable calibration, to the temperature of the device.

The light source for the stroboscobic measurements is an air arc. This arc does not
produce pulses of light of constant intensity. Thus the transmitted intensity from a
single pulse cannot be used as a measure of temperature . The average of a large
number of pulses does give a valid representation of the transmissivity and hence of the

• temperature. However, to obtain the average of hundreds of pulses requires a
multichannel analyzer and is a slow and tedious operation.

An alternative measuring scheme is to split the incident light pulse, using one
portion as a reference beam and passing the other through the specimen. The ratio of
transmitted to reference beam measures the temperature. To obtain a temperature
profile requires making repeated measurements as the specimen is scanned. To
properly characterize a single filament configuration requires repetition of the entire

• process for different positions of the strobe light relative to the leading edge of the
exciting current pulse. Hundreds to thousands of readings are required for carrying
out such a mapping for pulses of specific amplitude and duration. - 

I

The Tektronix DWI system offers the capability for analyzing the reference and
transmitted beams. If t~ o digitizers are used, then both beams can be recorded
simultaneously. However , by usinga delay on one pulse, the two pulses could be added

• • and displayed together, thus using only one digitizer unit. The processing unit could
,~
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sense the peak amplitudes of each pulse and record their ratio. If a suitable stepping
arrangement is made , the entire scanning process can be automated and mapping
becomes relatively easy to do.

Temperature-position-time mappings , along with voltage and current wa~~ orms
and device parameters , w i ll provide a valuable data base for modeling the
filamentation process.
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• 3. DESIGN CONSIDERATIONS FOR OVERSTRESS
TESTING OF SOS DIODES’

A. OBJ ECTIVES

The general objectives of the experime ntal work are to enhance the capability to
observe second breakdown due to short pulses by modif ying an existing techni que for
longer pulses, to detect the onset of fil ament at ion by external electrica l means, and to
map the temperature distributio n in the junction depletion region of an SOS diode.

B. SPECIFI C TASKS

First it was necessary to design a pulsed , constant -current drive source for second
breakdown tests of silicon-on-sapphire diodes , compatible with specifications on
source and test specimens. The arrangement previously used for observing current
filamentation and voltage and current waveforms is shown in Figures 1 and 2 (Figures
12 and 9. respectively, of Ref erence I) .  The arra ngement worked very dependably for
constant current pulses between 10 ps and 10 ms and for relatively large test devices
(with major dimensions of 75 pm and 500pm). However, in the forthcoming study, the
method is to be app lied in a shorter time regime (100 ns to 10 ps) to devices that have
major dimensions from 10 pm to 500 pm and important device features I pm in size.
The new conditions impose additional requirements on most portions of the system.

The light source currently employed is a triggerable Xenon Corporation air arc
lamp operated at atmospheric pressure. The lamp is excited with a JO kV pulse having 1 :

a rise time of 3 ps, the !amp firing on the leading edge at about 6 kV. The exact firing
voltage varies from pulse to pulse. Because of the variations in the firing voltage, there
is a jitter in the time of firing relative to the triggering pulse of about I ps. Further ,
there is a corresponding fluctuation in the light intensity, with arcs firing at higher
voltage prod ucing greater light intensities. The Xenon Corporation , manufacture r of
the arc sources, produces two lamps with widths at half maximum intensity of 10 ns
and 20 ns. Both fire on the leading edge of the 10 k’/ excitation pulse. According to a
representative of Xenon , the jitter in the triggering can be reduced to about 10 ns by
using a 10 kV pulse with a 50 ns rise time.

Xenon Corporation does not manufacture a power supp ly that rises from 0 to 10 kV
• in 50 ns. However , Pulsa r Associates, Inc. . produces Pulspak b A ,  a triggered high

- - • •P. P. Budenitern, Auburn University. 
• 
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Flgur. 1. Block diagram of thi apparatus for stroboscopic obs.rvations of
- . 

- . optical transmission pattsms of slllcon-on-sapphlra dsvlcss undar• iiactr lcal strass .
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voltage generator with a maximum repet ition rate of SO pps. The pulses have a rise
time of SO ns, JO kV pea k . I ns command ji tterand 70 ns throug hput delay. Each pulse
provides about 0.2 J. The energy discharged in a single pulse of the Xenon Nanolamp
is approximately 0.1 J.

With Pulspak lOA Precision High Voltage Pulse Generator and the Xenon
Corporation Nanolamp. stroboscopic measurements can be made during the 100 ns
pulses.

• The small size of the devices to be studied and the anticipated smallness of the
current filaments requires the use of an inverted microscope high-quality optics, since

• the devices under stud y must be viewed through their 10-miS sapphire substrates.
Transmitted light objectives for microscopes are corrected for the presence of a cover

• glass, whereas reflected light objectives are not given this correction. Thus for best
resolution , transmitted light objectives should be used . To cover the device sizes of
interest , two objectives are required: I 6X (N.A. 0.25) and 40X (N.A. 0.45), along with a
condenser system. All components, including a suitable mounting carrier , are
associated with a Reichert MEF metallograph.

The actual firing time of the strobe light relative to the leading edge of a current
pulse is determined by receiving the flash of the strobe light on a photodiode, shaping
the output pulse and superimposing this pulse on the cathode-ray display of the
current and voltage waveforms. Since fast photodiodes are available and the light
signal is large, this marker pulse does not appear to present any fundamental problem.

- I The arrangement for obtaining a constant current pulse in the range of 5 ps to 10 ms
was to use a Hewlett-Packard Model 2 l4A pulser for the primary signal and a 2N3585
transistor with a 300-V power supply as a current controlled amplifier. The Model
2l4A pulser can produce 50 ns pulses with a rise time of JO ns. The 2N3585 transistor
has ratings P~~ = 35 W, BV~~ = 500 V, BV~1, = 6 V, BV~0 = 300 V, and f~ = JO MHz.
For constant current pulses of 100 ps duration , the maximum voltage prior to
destructive second breakdown for 0.064 fl-cm diodes was about 100 V. In transistor
studies of second breakdown with pulses of a few nanoseconds duration , voltages in
the kV range are required. The PT 7959 silicon npn power transistor has ratings P.. =
80 W, ~~~~ = 325 V, ~~~~ = 6 V, BV~~ 300 V, and f., = bOO MHz. With this
transistor and the Model 2 14A pulser, constant current pulses of sufficient amplitude
to produce second breakdown for pulse durations of I to 10 ps should be obtainable. 

•, 
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If the Model 2 14A pulser is used to control a beam power tube , then constant
current pulses of several amperes with voltages in the kV range could be obtained.
Since pulses of short duration are required , the main power supply would have to
deliver only enough current to charge a capacitance of about 0.1 M F while the
capacitor is supply ing energy to the circuit at a pulse rate of JO pps. The tube can be
biased so that it is cut off except when the exciting pulse is applied . Thus the demands
on the high-voltage supply are modest; a 5-mA, 5-kV supply should be more than
adequate.

The Cober or Veloni pulsers have both the voltage and current capability for
producing second breakdown with pulses of 100 ns to SO ps. These pulsers
approximate constant impedance. constant voltage sources. Our previous studies
were performed with constant current pulses because diode voltage is a single valued
function of current during the events leading to second breakdown. With constant
current pulses, a stable filamentation pattern was obtained for a given pulse length.

• When double-step testing was done, with each step constrained to be at constant
current [2], the filamentation pattern changed from that characteristic of the first step

• to that characteristic of the second with a transition time of several microseconds (the
thermal time constant of the devices were several microseconds). A constant voltage
pulse can be thought of as a sequence of constant current steps, each one being
characterized by the device impedance level. If this impedance level does not change
too much , then a stable filamentation pattern will occur. The devices to be supplied by

• Rockwell International will be of about half the thickness of the devices previously
• studied. Thus they will have a somewhat smaller thermal time constant — one about 1

is. The time regime of tOO ns to S ps is less than the thermal time constant in these
devices. Hence, the filamentation pattern , once it is started , will be unable to change
appreciably due to heat flow. Both constant voltage and constant current testing will
be done in the short time regime and the filamentation patterns compared .

A test technique for external detection of the onset of filamentation , such as a slope
detector for rate of change of voltage at constant current , would be highly
desirable as a screening technique. The following are some considerations in the
experimental design of such a technique. Jn constant current testing the voltage
waveform measures the impedance history of the device as heating and current
filamentation occur. The principal features that distinguish the voltage waveform
when destructive second breakdown occurs during the pulse are shown in Figure 3b

• • for the current waveform of Figure 3a. The voltage jumps abruptly from zero to V~
during the rise time of the curren t pulse. The current and voltage at point A are

28
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- Figure 3. (a) Constant current pulse of amplitude ufflcient for producing
- destructive second breakdown. (b) Corresponding voltage puls.. ,•
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characteristic of the device at its ambient temperature. The voltage is the sum of the
junction voltage and the series IR drops in the device. A further rise in voltage occurs
in the interval from A to B to C. due primarily to the heating of the n-region , although
a small portion is associated with the increase injunction voltage with temperature. At
B there is a slight decrease in slope due to the start of current filamentation in the
junction. Not all filaments form at one time and so there is a sequence of subtle
changes of slope between B and C as each new filament starts. For a given pulse
duration a definite number of filaments are initiated at the junction prior to growth of
the filaments across the high-resistance region of the diode. Between C and D the
filaments are extending across the high-resistance region. Melt formation starts when
the first filament reaches across the high field region. With current amp litudes well
above the threshold for melt formation , multi ple melt channels can form. The region
from E to F is one of nearly constant voltage as most of the device current is channeled
through the melt.

When current pulses of lower amplitude are applied, not all portions of the
waveform of Figure 3b will occur because of termination of the pulse. Thus at low-
current levels only the A to B portion will occur, at higher levels A to B to C, etc. Once
filamentation starts, only a small change in current amplitude, for constant pulse
duration, is required for the melt to form. Thus a screening test should be based on the
onset of current filamentation. As the resistivity of the high-resistance region increases
because of different base dopings, the difference in current levels (for given pulse
length) between filament and melt initiations becomes smaller and the testing becomes
more difficult.

The filamentation pattern is a strong function of pulse width for pulses from ~ ~is to ¶

• 10 ms (the region previously studied). Thus it is important to perform second
breakdown test with pulses of the type that are anticipated in the lifetime of the device.
For EMP screening, 100 ns pulses should be a working approximati. n. The details of
a device’s circuital environment will determine whether the EMP pulse can be best
represented by a constant-voltage pulse or a constant-current pulse. Hence the • - •

proposed studies should include tests by both types of excitations. When this is done
along with the stroboscopic tests, the locations of the filaments will be correlated with
each of the waveforms.

Tests should be done over a range of pulse lengths so that the filamentation patterns
are determined and correlated with waveforms Filament geometry in the previously
studied SOS diodes was insensitive to microscopic Junction irregularities Thus once
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the spacing between filaments ii less than that of a critical device dimension (diode
width, length of n-region, or other geometric parameter), tests at short pulses may be
simply correlated to tests at longer pulses. Screening tests could then be performed
with the longer pulses if this simpLified test instrumentation.

As each filament forms, it produces a small change in slope of the voltage waveform.
For long pulses there are fewer filaments and their tames of formation are more widely
separated than with shorter pulses. Thus the detection of filamentation in the voltage
waveform becomes increasingly subtle as the pulse length decreases. The previous data
suggest that the distance between filaments will be 3 pm for 100 us pulses and each
filament will have a width of about 1 pm. A device with a width of 50 pm will thus
contain about 15 filaments, while a device of 500 pm width will have about 150
filaments. If the excitation pulse amplitude is chosen carefully, then the filaments will
be initiated during a large portion of a single pulse. However, the current through each
filament changes as the pulse continues, so the change of voltage due to a new filament

• is subtle.

The Tektronix Digital Waveform Instrument (DWI) allows a single pulse as short
as 5 ns to be recorded and its amplitude sampled 512 times. Thus, for 100 ns pulses,
sampling is done at 0.2 ns intervals. If details in this time regime are to be resolved,
then the external circuit must be carefully set up to minimize lead inductance and
external noise. The DWI has a waveform processing unit that can be programmed to
differentiate the waveforms to emphasize the changes in slope, compute power versus
time, the derivative of power with respect to time, and other modes of signal
processing.

Thermal mapping of SOS diodes during the filamentation process was
demonstrated in our previous studies [2]. However, the technique employed was very

• 
• tedious, with several days of work required for a single scan and subsequent data

analysis. The optical arrangement , shown in Figure 4 (Fig ure 31 of Reference 1) , was
the same as for other stroboscopic measurements except for the mode of recording.
Instead of recording by photographic means, the transmitted light through a small
region of the specimen caused by each strobing pulse was recorded by a
photomultiplier tube. To delineate light from a small region of the specimen, only that
light passing through a small aperture in the film plane of the camera was allowed to
enter the photomultiplier. The aperture was centered on the optic axis of the

• microscope and different portions of the specimen were examined by moving the
specimen across the stage of the microscope. The measurements were complicated by
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the fact that the transmitted li ght for a sing le strobing pulse depended not only on the
local temperature of the test specimen but also on the intensity of the incident light.
Tests on the intensity of the incident li ght revealed a broad , asymmetric distribution.
Thus it was necessary to measure the transmitted intensity of large numbers of pulses
(about l0~), record each pulse height on a multichannel analyzer, and compute the
average pulse height for the distribution. After each such set of data the stage was
translated with a micrometer movement to the next position and the procedure was
repeated . The spatial resolution achieved was about 10 ~m. Spatial resolution was
limited by the size of the aperture opening. This size was selected as a compromise
between the desire for good resolution and that of measuring the small transmittances
that occur at high temperatures.

The Tektronix DWI provides the capability for a much more efficient experiment.
The signal averaging technique used previously will not be employed. Rather, each
strobe pulse will be divided into a reference beam and a working beam. The reference
beam will be taken directly from the strobe source without passing through the
specimen. The working beam will go through the specimen and the aperture in the film
plane. A photodiode will be used to detect the reference beam and a photomultiplier
the working beam. Each beam will go to one of the Model 7912 Waveform Digitizers

• of the DWJ system. The processing unit will be programmed to measure the ratio of
the peaks of the two pulses.

The SOS diodes in the current tests will have a thickness of about 0.6 pm compared
to a thickness of 1.2 pm of the diodes previously studied . This will extend the
measurable temperature range because the absorption coefficient at a given
temperature will now be half of what it was previously. A stepping motor will be

• connected to the micrometer screw and geared so that each step will correspond to a
• device displacement of about 1 pm. With the new optical system, a resolution of about

0.6 pm is possible. To provide a check against spurious responses, 10 strobe flashes
• will be made at a single positon and their average used to describe the transmittance of
• that position. Their standard deviations will also provide some perspective on

reproducibility of the entire system. Conversion of transmittance to temperature is
done by means of a special calibration arrangement.

A calibration cell has been constructed and is shown in Figure 5 (Figure 2 of
- 

• Reference I).  Dry nitrogen is heated by bunsen burner or a torch and the gases flood
the region about the specimen being calibrated . Temperature is measured by a
thermocouple mounted with its junction close to the specimen and in the gas stream.
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The devices being fabricated by Rockwell will be on wafers containing silicon epitaxial
layers grown at the same time. One of the wafers will be cut by Rockwell into pieces I
cm by I cm for calibration purposes. All of the wafers will originally have the same
base doping of about lO~ atoms/cm ’. To obtain the different base dopings for the
range of devices to be prepared, individual wafers are given an ion implant to the
desired doping density. As each wafer is given its implant , a calibration wafer will
accompany it and receive the same imp lant. Hence, the calibration wafers will be as
close to the device wafers in physical characteristics as is possible.

The line of the scan will be positioned by manuall y controlling a second micrometer.
In a particular test sequence, a single line would be scanned repeatedly with the same
current pulse but with different positions of the strobe light relative to the onset of the
current pulses. Tests would also be done for a range of pulse lengths and amplitudes.
Characterization of a single device would entail hundred s of scans.

An important aspect of the temperature profile studies will be to take stroboscopic
• photographs for each scan condition: pulse duration , pulse amplitude , and strobe light

position.

~~~~• . 
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4. DESIGNING SOS DIODES FOR SECOND
BREAKDOWN RESEARCH*

The Rockwell International contribution to the second breakdown studies of the
electrical overstress progra m has been to design the chip, fabricate the design-
checkout wafer lots and characterize the SOS devices. These efforts have resulted in
the chip shown in Figure 1.

An outline of the SOS Electrical Overstress Processing Steps used to fabricate this
chip is sequentially listed in Table I .  Figures 2a and 2b show this Si-Gate CMOS! SOS

• process in a more detailed pictorial form. It should be noted that , following step L, a
doped siLox passivation layer is deposited and the pad areas are etched for electrical
contacts.

• Devices were fabricated on sapphire wafers polished on both sides to meet the
- 

optical transmissivity requirements of the stroboscopic experiments to be performed
at Auburn University. With both sides of the wafer polished , it is difficult to determine
by cursory visual inspection which is the epi side. To eliminate this problem a second

• half-size flat was ground on the wafers ( Figure 3). Test-device design variations
contained within the chip reflect electrical-overst ress-induced device failure threshold
considerations as related to ( I )  inherent silicon properties , (2) fabrication methods a

•• (3) quality control. These considerations are applied to ipo ar devices
• fabricated on SOS substrates.

To provide an experimental control , the “defect-free ” Standard Reference
- • Structures described in Tabk2 and Figure 4 were designed. The range of lengths of the

n region was selected to represent the smaller geometry devices (10 microns at one end)
to a length sufficient to prevent punch-through at the test pulse biases (500 microns at
the long end). Diode widths range from 1.2 mils (the narrowest) up to 20 mils (the
largest device). The 20 mu diode was included to provide continuity with previous tests

• performed at Auburn University. The 8 mu diode represents the standard width device
on the chip.

Geometric edge effects on hot-spot nucleation will be studied by including a set of
Enclosed Reference Structure devices ( Figure 5) of the same dimensions ( Table 3) as
the Standard Reference Structures.
‘L. 0. Orssn and D. H. Phillips, Rockwell International.
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TABLE 1. SOS Electrical Overstre ss Pr ocessing Steps.

• N IMPLANT WAFER

• P IMPLANT WAFER

• ETC H ISLANDS

• ~~ D IFFUSION

• ~~~ DI FFUSION

• GATE OX IDE
FOR TEST

• POLY GATES TRANS ISTORS
ONLY

• EXTENDED DRAIN IMPLANTS

H • CONTACT OPENING

• METALLIZATION AND ETCH

• SILOX

• PAD OPENING

• t~
. - .;_
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WAFER FLAT ORIENTATION

0.3 1

0.6
(STD)

2 INCH WAFER El’! SIDE UP

FIgure 3. SOS lsctrlc l overstreu program.
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TABLE 2. Standard Reference StrUctures.

• 25 DEVICES

• N-TYPE CONTROLLED DOPING REG ION LENGTH

3O~ t

lOO tz

3OO~1
500 gz

• BASIC REFERENCE STRUCTURE WIDTH
2O MILS
8MILS
4MILS

- 2 MILS
1.2 MILS
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I REPEATED AREAS
I FOR CONTACT & DIFFUSION SPIKES

26 MILS

_ _ _ _ _  ~~ ~~~~1N

n-TYPE

+( )  ‘
~~•~_;~ 

— —

_ _ _ _  
_ 1 -

n
•4

(=) __________________________ ________ — —
7 3 6  NILS

n-TYPE __

n-TYPE ~~~~~~~~ 

— h 11
~~~

- — —I - 1  I-I

n (~ ) 
___________________________________ ___________ —i-TYPE (0) 
___________________________ _________ —

p ( - )  30 u _______ ______

I PPE ID1~~~~ 1—1 H
_ _  

_ Z N M
I-. — 20 M1L8 12 ~~~~~~~~~~~~~ ’1 I”Mi[’~ MILS ( 3Ou) 1

~~I ~ 
( 26u) (1OO u~ (SQtj) NIL
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• 
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TABLE 3. Enclosed Reference Structure.

• 20 DEVICES

• N-TYPE CONTROLLED DOPING REGION (XE
) LENGTH

I 
lOp
30p

loo p
300 It
500 ,i

• BASIC REFERENCE STRUCTURE WIDT H

8 MILS

4 MILS

2
1.2 MILS - 

-

~
- -
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Fabrication problems resulting in metal contact spikes extending into the diffused
regions or diffusion spikes extending from one diffused region intoanother mayaffect
second breakdown initiation. Eighty single-spike devices as described in Table 4 will
be included on the Standard Reference Structure type of diodes in Figure 4 to study
their effects in this regard . An attempt to determine the effects of spike size will be
implemented by including a set of one-half size spikes on 20 devices as described in
Table 5 and Figure 5. Finally, a set of diodes containing multiple spikes in
combination as shown in Figure 6 will be arranged according to the descriptions of
Table 6 and Figure 7. The I micron sawtooth edge is included to represent a
nonsmooth p-n junction or metal edge. Larger spikes are placed in areas where hot-
spot nucleations probably would not normally occur.

Substrate doping level plays an important role in second breakdown effects. To
evaluate this effect , wafers of five different substrate implant levels were processed. A
test structure to measure these levels is described in Table 7 and Figure 8.

How does the sharpness of points of prominence such as the cross-sectional edge of
• emitter-base diffusions affect the location of hot-spot nucleation? Nine devices of

varying radii of curvature as listed in Tabk 8 and of the configuration in Figure 9 are
included to provide data to answer this question.

The effects of crosscurrents in the n regions of the diodes on nucleation formations
will be studied using the Four-Terminal Structure (Figure 10).

Finally, a simulated cross-section of an interdigitated device is provided to study
lateral junction effects on nucleations. The variations included in this device are listed
in Table 9. Device layout is shown in Figure 11.
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(A )  SPIKE SHAPE , W =
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~ 
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(B ) MULTIPLE SPIKE LOCATIONS ON JUNCTION .
(DIMENSIONS IN MILS)

_ H
(C) MULTIPLE SPIKE CONSTRUCTION DETAIL.

H = 2,4 OR 8

Figure 6. Spik. detail.
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TABLE 7. Doping Level Test Structure.

I
• 1 DEVICE

I 
• N-TYPE IMPLANT LEVEL

i. x io14

1x 1015

• ix io ’6
-
I 1x 1017

5X 1017

S LENGTH BETWEEN CONTACTS

lOOp(4 MILS)

- 

• W IDTH

• 200p(8 MILS)
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TABLE 8. Radius of Curvature Structure.

• 9 DEV IC E S

- 

S RADIUS ON P~~ DIFFUSION
5 p 

-

lop
30M

S RADIUS ON ~~ DIFFUS ION
5

• RADIUS SEPARAT ION
lO LL

— 
,
- 30 p

loo p
• CONTACT OPENING FROM ~~~~~ DIFFUS ION EDGE

4 1•

p .

S METAL OVERLAP OF CONTACT
2 p

e

. . . .
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TABLE 9. Interd igitated Structure.

~~ 2 DEVICES

S N ’” ’ DIFFUS ION LENGTH 5 p

S P~~ DIFFUS ION LENGTH lOp

• N H DIFFUSION WIDTH 30p

5 DIFFUSION WI DTH 60 p
4 

s N~
” - ~~ DIFFUSION SEPARATION

DEVICE f1:

DEVICE #2: 20 p
S
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(A ) ORIGINAL DESIGN
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(B )  MODIFIED DESIGN ____
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5. PREDICTING SECOND BREAKDOWNS

A. INTRODUCTION

A major point of concern in talking about any sort of screening technique for second
breakdown is whether those devices which have been tested and have “passed” have
actually been damaged by the test and are therefore more susceptible than they were
initially. This is particularly important when devices are tested by driving them into
second breakdown. Evidence exists under these conditions for electromigration[l]of
metallization into the silicon, diffusion of nondopant impurities (e.g., sodium,
oxygen, etc.), and even of slight changes in doping profile. The latter is particularly
important in conjunction with crystal defects, since the dopant may travel along the
defect structure at a different rate than in the ideal material, leading to a diffusion
spike. Effects of such spikes on normal electrical behavior have been observed [2]. Test
pulsing into second breakdown of nonideal devices may therefore change their
susceptibility. It would thus be highly desirable to develop a screening technique for
determining the presence of such defects. Such a technique would demonstrate the
possibility of failure both for single pulsing and for multiple pulsing. It would also
have the advantage of reducing the spread in data when determining nominal
susceptibility levels. The latter could then be established as a nominal level with a
known statistical spread, and only the “maverick” devices would remain to be
eliminated as part of the no mal evaluation cycle.

In order to know how the second breakdown process changes with the addition of
various construction defects, a means of observation of the breakdown process is
necessary. The details of such experiments were just covered in the previous sections.
Empirical data on the importance of relative sizes and shapes can be found from these
experiments and compared with computer predictions. The latter , when verified , can
then be extended to conventional devices and again (because of their added
complexity) verified . In order to perform the necessary calculations, a knowledge of
the physics of the breakdown process is required. Such a process has been shown to
consist of the self-heating of the device, development of nonuniform heating (hot

• - spots) by a complicated electrical and thermal interaction , preferential elongation of
one of the hot spots until the high-resistivity region is bridged , and rapid destruction of
the device thereafter [I]. The problem of the effects of geometry and structural defects
on the specific locations of hot spots has already been pointed out in Section 1.

D. Mathews, MIRADCOM.
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When hot spots form, the current density becomes a function of position x, y, z, and
time t. Experimental evidence from transistor and SOS diode tests indicates that the
locations of the hot spots are determined primarily from geometrical/electrical field
considerations, with defects seemingly playing a lesser role, while initial shapes of the
hot spots seem to be only slightl y affected by such considerations and depend more
strongly on the thermal characteristics of the material. The hot spots later distort
(elongate, etc.) because of current flow patterns, field distributions (which in turn
depend on the structure, or geometry, of the device), and other factors. In bulk
material the effect is that of parallel nonlinea r resistors . In avalanching depletion
regions an analogous situation holds. The observed behavior in SOS diodes is that
cross-sectional area remains essentially the same for all hot spots, even the preferred
one. The latter does enlarge very slightly in area compared to the others but elongates
much more dramatically. Figure 1 shows SOS diode data as a function of time. The
success of Wunsch’s model and various one-dimensional computer analyses [3,4]
suggests that the current density (at least initially) also is not radically different from
that of the others. Moreover, after one hot spot has distinguished itself by elongating
more rapidly than the others, the others appear to continue to elongate at a rate slower
than their initial one, consistent with the requirement for constant total current.
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B. SERIES RESISTAN CE

The following isa very qualita tive exp lanation of the effects of the variation of series
resistance and , in the case of SOS diodes or of the transistor regions near a heat sink , of
heat loss from this series resistance on the thermal stability of second breakdown. The
SOS diodes will be considered first and then conventional bipolar devices by
comparison. A very short period of time r will be considered at various stages in the
second breakdown process. During r , change in voltage across the avalanching
depletion region will be assumed to be constant , since it is such a short period of time.
The diode will be divided into parallel stri ps, each of which will consist of a voltage V,
across the depletion layer and a nonlinear resistance. To further simplify the model, a
single strip will be assumed to be hotter than the others and the remainder will be
lumped into a single element. The resulting very simple equivalent circuit is shown in
Figure 2. R4, 1 , 1,, and V1, correspond to the unusual element, while R~, Ie, T~, and V,~correspond to the lumped equivalent of all of the diode external to that special
element. Resistivity in the series resistance varies with temperature approximately as

p
1eaT T < T

1

p(T) 
- a(T - T1< T< 12

T > 12 ( I )

R~(T 1)

Re(Te) VJ

+ Va

Figure 2. Lumped equivalent circuit.
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• As an example , for N= l O ’~cm~, T1=523° K and T~~573°K. Ambient temperature will
be denoted by T~ . When a pulse of constant current I is applied , the equivalent battery
voltages are initially equal , and ~~~~ If for some reason T1 attempts to increase above

• T~, current l~ is forced to decrease, causing less dissi pation , and T~ drops back “into
line” with T~. If ~~~~~~ then

I R  = I Ri i  e e  (2)

Since A is observed experimentall y to be practically a constant fraction of A,
(multiple spots tend to initiate quite uniformly in size), A Aj / y where y is on the
order of 500. Under this assumption ,Ai: Aj . Then,

(3)

When p = p~. the temperature is completely uniform across the d4~vice, 7l~ = Le. Since
the tota l current I lo + l~ is a constant , for T and T~ less ~ an T1,

I ~~Re .L e
a(T

e l~) (4)
j  l+Y P~ /P

If the difference between T and T~ is not zero, the sign of the exponent is such that I
either increases or decreases until the excess or lack of ohmic heating in R~ brings T
back to equality with T~. Thus, the SOS diode attempts to maintain uniform

-
~~~~~ 

- temperature increase up to T1. It can be shown, with somewhat more complicated
algebra , that the same is true all the way up to T~. At the latter temperature, the slope

- 
2 .- . .  - of the p (T) curve changes sign. To illustrate the effect of this change in slope, suppose

that conditions were so ideal that uniform conduction could exist beyond T2. Then
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_ I —b (T — T . )  ,e 1 
(5)

so th at any deviation ofT , from T~ would lead to an even greater imbalance. Diffusive
flow of heat and losses to the substrate may tend to slow the effect somewhat and may
even lead to a steady-state condition , but that condition will be one of inhomogeneity;
i.e., th ere will be hot spots.

Assuming that the normal course of events has taken place, i.e., that hot spots have
formed immediately at T~, a new (and as yet unexplained) phenomenon takes place.
Instead of forming at random locations, the hot spots take on a uniform pattern.
Mutual repulsion of current carriers in the hot spots, voltage equalization due to
current flow parallel to the junction , and “eigenvalue ” solutions to the current! heat
flow partial differential equations have all been suggested as possible explanations.
Whatever the cause, the time required is so short that the pattern can develop before
temperature variations are large enough that the nonlinear properties of the material
can “lock in ” the pattern. Efforts are currently under way to simulate hot-spot
formation; however, computer storage requirements are a problem.

C. WUNSCH MODEL EXTENSIONS —
• CONVENTIONAL TRANSISTOR

The Wunsch model is probably the simplest of the second breakdown models. It
averages or neglects all variation in semiconductor parameters with temperature,
neglects all boundary effects , and assumes a step function power input per unit area at
the origin. The heat equation is thus

~T

(6)
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with conditions

I T(x,O) = ç (7)

) _K .
~I(O , t) (8)

T (co, t ) = T ~ (9)

The factor of two in the Fourier law boundary condition is needed because heat flows
- outward in both directions from the origin , and only one side of the junction is

analyzed. Symmetry is implicit in the boundary conditions. As pointed out by
Wunsch , the entire junction may be involved , or just a constricted area. Taking the
Laplace transform,

d2f
(10)

dx

~~~~V’~ ~~ 
-

—
T — 3’2 S ( I l )2KAs ‘
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-
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T(x , t )  - ~,j ~x
2

/4cLt 
— -p-— eric  +

(12)

Defining a critical temperatur e T [e.g., when n, (T) = N] at the origin ,

P~~~~~ f
1 = 1(0, t ) = + T  (13)f  I KAv ’~

4-

K/~ (T
1 — 

Ta,,) V’lTKC P M (I f  - 
T)~~— =  ( 14)A

This solution provides an engineering approximation useful over several orders of
magnitude. It is not valid for very short times (t < 10 nsec) or very long times (t> 100
~.tsec). in both extremes, the distribution of the heat source becomes important.

Consider now a model j ust slightly more complicated than the Wunsch model. Heat
generation is distributed over the depletion region , leading to a J E term. Heat
generation outside the depletion layer is taken to be negligible, but this is not a
requirement , and the method to be demonstrated here is still applicable. An “average”
thermal diffusion constant is taken here for simplicity ; a computer solution is given in

• Section 7. First , the temperature must be continuous at the boundary of the depletion
layer to prevent an infinite heat generation(Fouri er ’s law). Similarly, to prevent a heat
source or sink at the depletion layer edge, the gradients must match at the same point.

- - Thus, if the one-dimensional model used previously is extended to a symmetric
junction with depletion layer half-width W. the physical probkm demands the
following boundary conditions

I-
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T(x 0) = 1 ( 15)

0) = 0 (16)

T(~~~, t)  (1 7)

T(W , t )  — T(W ~~ , t) (18) 1

I 

~~(W , t) — .~.!(W +
, t )  (19)

‘I —

Condition (16) arises from the symmetry of the problem. Outside the depletion region
(x~~ W),

- c*.~.4 + g ( x , 1) 
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where g~ is the external generation from ohmic heating of the bulk. For the present
anal yses, th is term is neg lected. A more general analysis would simp ly include it.
Inside the depletion reg ion.

2
— a ~~~~ + g(x , T) (21)

ax

The solutions derived must match at x=W , as noted in Equation (18). The first partial
derivative must also match Equation (19) but not necessarily the second. A number of
possible generation terms g(x ,T) g(x) with constant W will now be considered. First,
assume that a constant , “average” generation term may be used; this is admittedly a
crude assumption. For a symmetric junction . g(x) is given by

g(x) — g0 cp~wAfWE(x)dx — 
~~~~M

WA 
‘ (22)

independent of the form of E(x).Taking the Laplace -transforms Equations (20) and
(2 1) and matching at W, the solution to Equation (2 1) in Laplace form is

$

I ~: 
— 

g~e C
~~sinh,f~~ 

— :-~ 
cosh1Ji~ W — x) + + 

~2 (23)

- t4

~ 
_~; ,~ I .a’~4ç~4~ ~~~~~~~~~~ ~
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Assuming (by symmetry arguments) that the peak temperature is at the origin and tha t
- f ailure occurs when this temperature reaches I~.

i~(o ,s) - g0s inh 1f~~W — g0cosh~~~~~~W + + a0

~~~ (i~~~~~ e T~~+ T00
2 

~~ / S (24)

For small W,

- g0W /1 - W/2~~~ \ g0W

S ,ç~~~ 372 S ) ~~~ p3/2 
(25)

Taking the inverse transform,

- S  _ K4 T _f oo~ 
Cw 

_ _A 4r~
... w Vl

~
_. 

I~~~4~ (26)
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which is Wunsch’s sol ution. Without the assumption of small W, the general solution

/ 2 _
~
2/4at1\

I — T  g t  (1- W 
erfc~~ + We

f CD 0 f 2ctt
1 

~j 1f~~f / (27)

The only new variable arising from the more general form is W, the depletion layer
half-width at avalanche, which depends on the doping density, N. This lack of
additional variables beyond W holds true when E is replaced by more complicated
expressions for the electric field. For example , the field in the symmetric abrupt-
abrupt junction depletion region is

E(x) I . E  ( w _ x )  (28)

and

g(x) — 
J c(x)  

— 
VI (W — X) - P(w — )~~ E y

1
(W — X)

CPMAW CPMAw 
(29)

in which V is the voltage across 2W, the total width of the symmetric junction. Then,
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= ~~~~ 
[e 

i1~ cosh ~rx - e + + 
y1( W —  X) 

(30)

and

= 

~~~~ 
(ei~F~.i) 

+

Tf 
- T

CD 
= y1~~(4t 312) 

[i
3erfc W 

- . 
(31)

For small W,

2!c
T
f 

- - 11W ~~~~ - 
MA

~~
O
~ (32)

-i 
- 

again Wunsch’s solution.
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Similarl y, the field in a linearl y graded junctio n depletion region is

(33

leading to

g(x) — ‘y
2 

— X2
) = 3Pa (W2 

— X2) (34)2KAW

and solutions

- ~~~~~~ + içJe
-
~~

w 
+ 

y2 (w 2 - x2) 
- 

2y~a 
+

(35)

and
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T
~ 

T
CD 

= - ) + 
2y~ W/& 

eV + 2 
(36)

For small W,

Tf - T
CD =~~~~~~~~~~~~[ 1+  

/

::tf] =  
::~~~~~A [ 1

+ 
:

t

f ] .

The term in square brackets is equal to one for failure times less than a few
microseconds.

Results of calculations using the three models for ~(x) are summarized in Table I .
The following definitions have been used for simplicity:

S — P /A (38)

I ~~~~ 
. 

-

and
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TABLE 1. Summary of Results for Wunsch Model Extensions.

Short Time

C S
S

g 
= -
~)~ 

-
~ 

= -

~~~~

__ _
~~

—

S
C~ g0/2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~2 3€~ tf 
— ••-

~j  tf 1 — 
~T 

t
f

Long Time

C S 2V vS — t — )

~o v~
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a 
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I o o f

C S 2
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It is to be noted that these results are based strictly on a one-dimensional thennal
model with constant thermal parameters. Short-time charge distribution effects [4],
effects of temperature-dependent parameters [3], and two-dimensional (nonuniform
conduction) effects are not considered. Figures 3 and 4 illustrate some of the
consequences of the formulas in Table 1. The main purpose of these calculations is to
show that even an idealized , low-injection approximation involving the depletion
width (extended Wunsch model) leads to a complicated dependence of time to failure
tr on power per unit junction area. As discussed in the Interim Report for this project ,
breakdown may actually be via the junction sidewall , leading to a completely different
breakdown behavior. In every case considered thus far, the depletion layer width was
assumed to be much narrower than the total width of the device, so that outside the
depletion layer, one boundary was taken to be “infinity. ” This is obviously not
necessary and is easily remed ied . The width of the bulk region between depletion layer
and the next interface (new depletion layer, passivation layer, surface, etc.) now enters
the equation, and the type of boundary condition there (convective, radiative, etc.) l -~

could also add at least one new parameter. Bulk resistance self-heating could be added
with great computational difficulty. Heat flow from a second depletion layer could
furt her complicate the problem, but such difficulties are beyond the scope of this
discussion.

A simple approximation for W may be found by evaluating the avalanche integral
across the entire depletion layer. Assuming equal ionization coefficients [5]

a — a — ct~d 
(40)

a- •
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the ionization integral is

1=f~~~~d d x  
(41)

For the case of the symmetric abrupt ju nction discussed previously,

1 - a0 (c) 
~‘: 

(w + x) 7dx 

~
j  V 

(w - x) 7dx 
(42)

= 2a0(—~--) f 0~ ~.i7dp = W8

- 
- 

from which

1 / 8  \ 118/2E\718
W — — i — i  i —2~~ct0,  \8N

(43)

~~
-
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In both the Wunsch model and the extensions considered here, an “average” value
of a was used for computational simplicity. In fact , however, C ,Pm, and K all depend on
temperature. The latter varies much more signifi cantly than the product of the first
two, so that Wunsch’s model could be rewritten as the solution of

aT a I a T \
(44)

While Crank [61 shows methods of dealing with this equation , it is really not much
more accurate than the original Wunsch approximation , nor are the extensions.
Although Crank’s methods of finding approximate solutions could be used, some
fundamental problems exist with the basic assumptions made in the analysis
(boundary conditions , etc.), so that the added effort is again not justified . Since the
approximate solutions using an average thermal conductivity may provide some
insight , they are provided now for the finite-width depletion layer model in SOS
diodes.

D. WUNSCH MODEL EXTEN SIONS — SOS DIODES

The Wunsch model may be applied to Budenstein ’s SOS diodes if a substrate loss
term is included:

2
- a~—~ - 8(1 - l

CD
) (45)

at ax

$ Jepesds on the geometry and thermal properties of the sapphire substrate.
I.è.s ffir I.p~ ce trsastorni.
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(46)— 

2KAs/ i~~ 
s

Then

T
1 

— T(o, tf
) — en (47)

or

2X~~(T -T,,,)

v’~~erf 
~~~~~~ 

(48)

since, for

(49)

- 
-

-I 

- erf .L. 
~~~~~~~~~~
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the ordinary Wunsch model is obtained not only for small losses to the substrate, but
also for very hig h-power input s (such that failure occurs before heat diffuses very far).

Consider the low-current avalanche breakdown in an SOS test diode. The variation
in depletion width with T is ignored .

- - 8(T-T~ ) + g(x)  - (50)

Let

T . . T + U e ~~t 
. ( S I )

Then

+ g(x )e Bt 
(52)

•1~~~II,

81

-ç

—~~~~ 

- 
- - - - 

_____  ____ 

. .  

~~~~~~~~~ 
- -

~~~~~~~ 

~~~~ 
~~~~~~~~~ 

t

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.
~~~ a’~~~

. .. -I4 i1j



- - - - ----- - - - --- - --- —---- —-— - - -~~~~~~~ ---- -— -— a’---- -—- —----~~~~~-- -- - -  
-
~~~~~~

with

(53)

U(x , 0) - 0 (54)

and outside the depletion region

g(x) — y 1(w—x ) . (55)

For the abrupt junction in SOS diodes with symmetric dop ing, g(x) is again

• (56)

Taking the Laplace transform of Equation (52),

— d 2U Y 1(W—x )
(57)

dx
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with solution

= 

(e~~~~~~~h~~~~~ 
- e~~~~~) 

+ (58)

for x ~ W. Then,

ii(O,s) — 3/2 ~e 1~~~ — ~)+ Y 1w 
(39)

s (s — B) / s ( s — 8)

and

T f _ T
CD

_ Y
l~~~[ 7 ( tf ) _  

83/ 2
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fJ 
+ viw(i ~ e 8t t~~~~

)
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where

1(t1) 
2J’~~1re_Bu ierf c ~~~~~~ di • (61)

For small W,

- T ) 2i/~ Cw

A erf v’~ç 
CD — 

7’~~rf v’~
i_ (62)

tf $ is also small, the solution again reduces to Wunsch’s. For Budenstein ’s diodes this
is only valid for t~ << I ~ssec, which is not within the normal test range. While the
solution given in Equation (62) is also valid for large t1, the value of$ is so large that the
dc solution is approached. Thus Equation (60) must always be used.
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6. COMPUTER SIMULATION OF THERMAL
SECOND BREAKDOWNS

A. INTROD UCTION

Thermal second breakdown in semiconductor diodes involves a complex
interaction of electrica l and thermal mechanisms. A comprehensive numerical
simulation of this phenomenon requires a similarly complex numerical model which ,
in turn, requires relatively long computation times. For the sake of expediency and
economy, it is important that simulations of this nature be well defined with some
assurance of validity. Of particular importance is the thermal second breakdown delay
time. This parameter, more than any other , characterizes thermal second breakdown
and is very beneficial in defining simulations for investigation of various aspects of this
phenomenon. Moreover , the operation and performance of the quasi-two-
dimensional diode thermal model employed in a previously developed comprehensive
diode model [1 ,2] for investigation of thermal second breakdown warrants further
consideration. Characterization of the thermal aspect of this model is difficult since it
is an integra l part of the comprehensive diode model and , therefore, not readily
accessible for scrutiny. The purpose here is to develop an improved version of the
diode thermal model in a form which can be readily characterized . Further, the
electrica l aspects of the diode thermal model are to be simplified to minimize
computation times such as to provide an economical means of evaluating
approximate thermal second breakdown delay times.

B. DIODE THERMAL MODEL

¶ Quasi-two-d imensional thermal conduction for a one-dimensional diode electrical
model is pred icted by the one-dimensional energy continuity equation

aPD CD KD
_

~~+ IJ E 1 — ,  (1)ax

• W. D. RaMars , University of Alabama.

a. 
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where:

T - T ’ - T
0

P1) = diode material density

cI) = diode material heat capacity

T = scaled temperature

= temperature

= ::::d1~
t1we of constant temperature heat sink

K1) = diode material thermal conductivity

x = position along diode axis

J = current density

E = electric field intensity

= heat loss by mechanisms other than conduction along the diode axis . - -

Heat Lou into the diode header (or substrate) through thermal conduction is
accounted for throug h the ~ term to yield quasi-two-dimensio nal thermal conduction.
The ~ term for the previously developed comprehensiv e diode model [1,2] was defined
U

c~ (T 
— 

T) (2)

F - -;
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where

KH = header material thermal conductivity

xI)-I - = diode material thickness

XDH = header material thickness

T0 temperature of header constant temperature heat sink.

An electrical analog of this thermal model is shown in Figure 1. For this model,
thermal conduction through the header to the constant temperature heat sink is simply
proportional to the temperature difference between the respective diode node points
and the constant-temperature heat sink. There are no intermediate temperature node
points within the header material and there is no provision for heat storage in the
header material. The header material is simply t reated as a thermal resistance between
the diode and the constant-temperature heat sink.

The primary advantage of this model is its simplicity. The computation time
associated with thermal conduction throug h the header material is negligible. The
simplicity of the model, however, leads to considerable error in the computation of
long delay times. On the other hand, for delay times sufficiently short that negligible
thermal conduction into the header material occurs, the extra computations become
extraneous, making the simplicity of this model desirable.

A numerical algorithm for this diode model was developed by combining Equations
(1) and (2) and applying finite-difference techniques in a fully implicit formulation
[3,4] Provisions for temperature-dependent coefficients is made by employing an
iterative solution scheme leading to the following system of linear equations:

~~t A T(N 1)~ 
+ 1 + [~~t~ x2 B - ( x2 + 2 ~t A )] T (N)

8 + 1

+ ~ t A T(N + 1) 8 + 1 — — ~~ (T(N ) ° + t~t C(N) J (3)
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where

A —p— , B , C(N ) L~~J
PD

C
D PD

C
D
XDNXDT PDCD

and

s = present iteration number

s+l = next iteration number

N = diode node number, I ~ N ~ NN

NN = total number of diode nodes

= time step size I -

= distance between adjacent nodes along diode axis

• - or, 1 -
A1

T(N _ 1)8 + l + A
2

T(N) 8 + l + A
3

T(N + 1) 8~~~~_ A
4 (4)

where

A1~~~~~~~tA

A2 [~~t ~ x2 B - (~ x2 + 2~ t A)]

- ~ .
- A~~~~~~~~t A

A4 -~ x 2fT(N)’ + ~ t C(N)J
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Since the second-order energy continuity equation requires two boundary
conditions on temperature , the diode end point temperatures are set equal to the
temperature of the constant-temperature heat sink. Equation (4) must be formulated
about nodes 2 throug h N N-I since the end point temperatures are maintained constant
as boundary conditions. The resultingsystem of NN-2 linearequations must be solved
each itetation to generate an improved approximation for the temperature profile at
the next point in time. Iterations are performed until a specified minimum root-mean-
square (RMS) change in the diode temperature profile is achieved between successive
iterations or a specified maximum number of iterations are performed . With the
completion of each iteration sequence, the simulation is advanced by one time step. A
flow chart depicting this solution procedure is presented in Figure 2.

C. AN IMPR OVED DIODE THERMAL MODEL

Delay times predicted by the above model may be in considerable error for long
delay times. The predicted delay times are always minimum values since the header
temperature profiles are assumed linear with no provision for heat storage. The linear
temperature profiles between the respective diode node points and the constant
temperature heat sink result in minimum thermal gradients across the header
throughout the thermal transient. A more comprehensive thermal model for the

-
~~ header material will result in increased thermal grad ients throughout the transient ,

thus causing an increased heat loss into the header n aterial. Any improvement in the
thermal model can be expected to increase delay times.

The obvious method for improving delay time accuracy is to implement a fully two-
dimensional thermal model at the expense of a greatly increased computation time. A
compromise solutiofl which offers an increase in delay time accuracy fct a m odest
increase in comput~ition time is to increase the comprehensiveness of the present
model by establishing intermediate node points and heat storage within the header
material. Thermal conduction through the header is maintained one-dimensional as
before. The header thermal model simply consists of a parallel cc’nbination of one-
dimensional heat pipes or thermally conductive strips between respective diode node
points and the constant-temperature heat sink. An electrical analog of this model is
shown in Figure 3. Temperature profiles for the thermally conductive strips in the
header are evaluated individually by a solution procedure similar to the one previously
developed . The only difference is that there is no heat generation or loss within the I 

-

- 

- 
header material. Otherwise the solution proced ures are the same.
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Figure 2. Flow chart for improved quasi-two-dimensional diode thermal modal.
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The absence of lateral thermal conduction within the header material is a
shortcoming for this improved model but also accounts for a relatively short
computation time in comparison with a fully two-dimensional model.

Implementation of the improved thermal modei requires only two changes in the
previous formulation. First, the header constant temperature heat sink temperature,
T~, in Equation (2) must be changed to the temperature of the first node in the header
material because this model contains intermediate temperature nodes along each
thermally conductive strip across the header. Accordingly, Equation (2) is rewritten
as:

K,d T _ T
H

(5)

where

Tn = header temperature at the interface between the diode and header
materials.

Ax~. = header node spacing.

Second, an algorithm must be formulated for evaluating the temperature profiles
along the respective thermally conductive strips across the header. Since only thermal
conduction with heat storage occurs through the header, the energy continuity
equation, Equation (I), reduces to

PH CH~~~~~~~~ (6)

L
, r .
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where

PH header material density

c~ = header material heat capacity

KH = header material thermal conductivity.

As with the first model formulation, all temperature values are referenced to the
temperature of the constant-temperature heat sink. Accordingly, the two end point
temperatures are specified as the corresponding diode temperature and zero,
respectively.

The numerical algorithm for solving Equation (6) is developed using the same
techniques as used above for thermal conduction along the diode axis. The resulting
system of linear equations can be written as:

A1 T(N - 1)8 + 1 + A
2T(N)

8 + ~ + A3 T(N + 1) 8 + 1 - A4 (7)

where

CHPH

A~ =~~tA

A2 -(~~~~X~~~

2 + 2~ tA)

A3 ~tA

A4 ~~ XH2 T(N)’ 
•
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This algorithm is used at the end of each time step computational sequence to
update the respective header temperature profiles. Figure 4 shows a flow chart for this
improved quasi-two-dimensional diode thermal model. Note that the only difference
between this flow chart and the flow chart for the first model is the addition of a call to
the header temperature subprogram.

D. SIM ULATION R ESULTS

Several different test cases were executed to check the performance of the new
program. Steady-state temperature profiles were evaluated for different diode
configurations yielding the anticipated temperature profiles. The transient
performance was checked by simulating a thermal second breakdown transient
performed by the comprehensive diode model which required some 25 minutes of
computer time on a Univac 1110 computer system. The more comprehensive diode
model solved the hole and electron continuity equations, Poisson’s equation, and the
energy continuity equation simultaneously, thus accounting for the long execution
time. The thermal model for the big simulation was the simplified quasi-two-
dimensional model described earlier. In this simulation, the diode and header thermal
conductivities were assigned near zero values to cause high diode temperatures at a
low diode current density in order to prevent excessive space charge induced
deplection region widing. The maximum electric field intensity and depletion region
boundaries were extracted from the big simulation in the quasi-stable region of the
second breakdown transient. These values were then used to define a similar
simulation for the program developed here.

The onset of thermal second breakdown for the big simulation occurred at
approximately 134 ~us into the simulation. The program presented here achieved the
same maximum temperature with similar temperature profiles at 110 ~us into the
simulation and required only 15 seconds of execution time on a Univac 1106 computer
system. The resulting thermal transients and temperature profiles for the two
simulations are shown in Figures 5 through 8. The predicted delay times agree well
considering the difference in model complexity and execution times.

The inability to predict thermal second breakdown delay times as a function
of diode design and current density for the big simulation program has been a
handicap in view of its long execution time. The program developed above
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I
should be particularly beneficial in defining simulations for the more comprehensive
diode model.

Additional data was collected to characterize the new model and to define valid
regions of operation for the more comprehensive diode modeL The two cases
considered were delay time versus current density and delay time versus diode length.
For both cases the diode design was the same except for current density and diode
length, which served as independent variables in the respective cases. The diode design
was specified as:

Diode thermal conductivity (Si) 1.0 W/cm-°K
Header thermal conductivity
(sapphire) 0.46 W/cm-°K

Diode density (Si) 2.3 g/cm3
Header density (sapphire) 4.0 g/cm3
Diode heat capacity (Si) 0.79 J/g-K
Header heat capacity (sapphire) 0.79 J/g-K
Maximum electric field intensity 5.O)( IO~ V/ cm
Diode thickness 1.0 pm
Header thickness 250.0 pm
Metallurgical junction located at center of diode
Diode length

First case 4O pm
Second case 40 ~~ X ~ 120 pm

Lower or origin side doping
density 1.0 X l0 ’

~ cm 3

Upper doping density 1.0 X b ib cm 3
Carrier saturation velocity 1.0 )< 10~ cm/sec
Current density

First case 4.5 X 10’ ~ J ~ 1.25 X
io~ amp/ cm2

Second case 5 X 10~ amp/cm2
Diode node points lOt

• Header intermediate node points
First case
Curve l 0
Curve 2 0
Curve 3 12
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Second case
Curve l 0
Curve 2 12

Maximum simulation temperature
Scaled 400°K
Absolute 700° K

For the purpose of these simulations, the thermal second breakdown delay time is
defiw~i to be that time required for the diode to achieve a maximum temperature of
700° K. Assuming that the header constant temperature head sink is maintained at
YJO° K, the corresponding scaled temperature for the simulations is 4000 K. Then onset
of thermal second breakdown is assumed to occur when the simulation reaches 4000K.

The delay time versus current density results are shown as three curves in Figure 9.
Curve No. I represents no heat loss into the header. Only thermal conduction along the
diode axis is allowed. Curve No. 2 represents thermal conduction into the substrate
according to the simplified quasi-two-dimensional thermal model. Not’~ that this
model is essentially ineffective for representing heat loss into the header. Curve No. 3
represents the improved quasi-two-dimensional model employing 12 node points in
the header. in the long delay time region, the improved model predicts delay times two
orders of magnitude greater than the previous two cases. Hence, a substantial
improvement in simulating thermal conduction into the header material is
demonstrated. Further, curve No. 3 displays two inflection points which are attributed
to the interaction of the diode and header conduction mechanisms. For delay times
longer than 20 ps, thermal conduction into the header tends to dominate the delay
time, whereas conduction along the diode axis dominates for delay times less than 20
PS.

The three curves for delay time versus current density are limited by an
infinite delay time for current densities of less than approximately 4.5 X IO~amp! cm2 and a depleted bulk region for current densities greater than
approximately 1.25 X lO~ amp/cm2.

The delay time dependence on diode length is demonstrated in Figure 10. In
this figure, curve No. 1 represents the simplified thermal model while curve No.
2 represents the improved thermal model. These results demonstrate a strong
delay time dependence on diode length when bulk regions are narrow. Hence,
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caution is required when establishing diode lengths for simulations involving
thermal effects.

E. CONCLUSIONS

A versatile numerical diode model for simulating thermal transients in
reverse biased diodes has been developed. The model takes advantage of the
electrically dormant quasi-stable state which precedes the onset of thermal
second breakdown by assuming a static electrical configuration during the
thermal transient. This is possible since typical delay times for thermal second
breakdown are several orders of magnitude greater than the diode electrical
time constant. The model features quasi-two-dimensional thermal
conduction. Thermal conduction occurs along the axis of the diode and
perpendicular to the diode axis through the header material to a constant-
temperature heat sink. Thermal conduction through the header occurs
through individual thermally conductive strips between the respective node
points along the diode axis and the constant-temperature heat sink. Thermal
conduction does not occur between the thermally conductive strips through
the header; hence, a quasi-two-dimensional thermal model. The model is

-• 
- capable of performing with or without intermediate points through the header. 

—The model demonstrates good performance with computation times typically
bess than 30 sec.

Simulations performed with the model demonstrate a strong delay time
dependence on diode length for short bulk regions. Also, the addition of 12
node points through the header resulted in approximately two orders of I’

magnitude increase in long delay times. A fully two-dimensional thermal
model would be expected to further increase the long delay times, but
certainly not to the same extent. The ‘low computation times for the improved
quasi-two-dimensional thermal model are expected to rival possible increases
in delay time accuracy obtainable with a fully two-dimensional thermal model.

Diode thermal transients can be quickly and economically characterized —

with the improved diode thermal model. Moreover, the availability of this type
of data will facilitate the investigation of thermal second breakdown by aiding
in the design of meaningful simulations for more comprehensive diode
models.
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The improved diode thermal model will be made more useful for the
investigation of thermal second breakdown by adding an algorithm to evaluate
the thermal generation current component at the end of each time step. The
increased computation time will be small. The program will determine the
delay time directly by terminating the simulation when the thermal generation
current becomes equal to the driving current. A modification to accept user-
defined impurity profiles will allow simulations with varied and more realistic
doping profiles. Implementation of a fully two-dimensional diode thermal
model similar to the model developed here will also allow a direct comparison
to ascertain the relative merits of the two models.
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7. APPROXIMATE ANALYSI S OF P-N JUNCTIONS
UNDER HIGH ELECTRICAL OVERSTRESSES

A. INTRODUCTION

The analysis of a p-n junction diode when subjected to both thermal and
electrical stresses is extremely involved. Exact solutions are essentially
unobtainable either by hand calculations or computer techniques. Therefore,
approximations are required. Some of these approximations will be
investigated. Although these approximations will have varying degrees of
simplifications, conclusions can be drawn about the behavior of practical
devices.

In general one can write the energy balance equation in a differential volume
as: [the rate of increase in thermal energy ] = [the rate of thermal energy
production] + [the rate of thermal energy in] - [the rate of thermal energy out].
This is an electrothermal equation where the temperature will be a function of
three-dimensional space and time. It will contain electrical and thermal
coefficients which are, in turn, nonlinear functions of temperature. Empirical
data can be obtained for the electrical and thermal coefficients. These values
are then used in the energy balance equation and temperature is solved for as
a function of space and time. The desired electrical equations are then written
and solved to find, for example, the terminal voltage-current relation as a
function of time. In practice this can be done only for greatly simplified cases
and then sometimes very involved computer techniques are required.

The thermal generation term in the energy balance equation may be due to a
number of causes. In this study we are primarily concerned with that due to
electrical current flow although the effects of ionizing radiation will also be

- - considered. The general approach used in this study is to look at one aspect of
the problem at a time. In this way one can isolate the various contributions to
thermal second breakdown and get good approximate hand solutions for
specific cases. If each contribution is understood, then one can get a feeling
for the overall problem even though each contribution is expected to have
some influence on the others.

Some of the particular cases that will be considered are (1) the steady-state
- - 

case where conductivity is not a function of temperature, (2) the steady-state

- ‘ W. H. Causcy, Jr ., Mississippi State University. -
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case where the conductivity is an assumed function of temperature and (3) the
transient case with negligible thermal conductivity. A comparison of critical
temperatures for current constriction and junction “wash out” and an analysis
of where “hot spots” are most likely to occur is also given.

B. STEADY-STATE CASE 

_ _ _ _ _ _ _  

H
_ 

_ _ _ _  H
SAPPHIRE

Figure 1. SOS, p-n Junction diode.

For the steady-state case the energy balance equation where the energy
generated is due to current flow can be written as [the electrical power] = [the

I thermal power out] — [thermal power in]. For a strip i~Z in the above diode this
I 

• can be written symbolicaliy as:

1. -

. 
LWJE t~Z — LW$ + t~z 

— ( I )

F ~~~~~

-

Dividing through by LW~ Z and taking the limit as AZ- 0 gives
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This is integrated for the case where J and E are not functions of Z to give

41 J~E Z + C , . (3)

and C1 =0if~~=OatZ=O.

If we consider that the heat flux is due only to conduction, then ~ 
= -K dT/dz. This

can then be used in Equation (3) to give

T — f 2
2

+ C 2 
. (4)

If the sapphire substrate is kept at a constant temperature T~, the constant
C2 is evaluated to give,

T — T — f (d~ — z2 (5)

For this simplified case the maximum temperature would be at the surface. It
would be proportional to the current density and electric field and inversely
proportional to the thermal conductivity. For semiconductors in the
temperature range of interest, thermal and electrical conductivities are
functions of temperature. Heat flow in the other two directions may also be
important. It can be seen from the above result that the top part of the device
will get the hottest. With sufficiently high current the bulk region will reach the
critical temperature at the top. This will cause a decrease in resistivity there. All
the current will tend to flow in a small layer near the surface and hence will

• probably be funneled into a small filament. A rough estimate of the current
density needed to cause filamentation can be obtained from Equation (5) by
taking I — Tcr, Z 0, and E = p~~ J, which gives,

~cr 
d 
[a 

K (T~f To) ] ½ 
(6)

max

Next assume that the electrical conductivity is a function of temperature but
the thermal conductivity is not. For this case it is more convenient to work with
a constant voltage pulse. To a good approximation the conductivity can be
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written as a (T) = G,Sr + a (T — 
14

2 where the values of o~, a, and T~, can be
obtained from experimental curves. Then, writing the electric field V/I
Equation (2) can be written as

[~12[acr + a ~,
( T _ T

cr
) 2 ] _ _ K~~~ : . (7)

Now, assume that T = T~1 and ~ = 0 at z = 0 and expand I in a power series
about z = 0, i.e.,

T — T  + b Z + b Z 2 +b Z 3
+ cr 1 2 3 ’

Then
(T — — b1

2 Z2 + 2 b1h2z
3 + (2 b1b3 + b2

2) Z4 +

~~~— b 1 + 2 b 2Z + 3 b ,z
2 + 4 b4z

3 ÷ 

d2Tj . 2b 2 + 2.3 b3z + 3.4 h4zZ + dZ -

It was assumed that dT/dZ = 0 at Z = 0. Therefore, from the expression for dT/dZ
above, bt = 0. The expression for (T — T~)

2 and d2T/dZ2 above are put into - 
-

Equation (7) and the coefficients of Z~ are equated. This gives
,~~~2 aiV i crb2

_ _
~~~j 

-
~~~~~

-

• b3 — 0

b4 — 0

b5 — 0  2r~~2 b 2I V !  2 iVi aacrb6 — —a 
~ 

6 5  — — 

~~~~ 120K~

Then the temperature as a function of Z is given by
. _

•j . - .
-

,V ocr 2 V a C  2T — Tcr 
— 2 

~j— Z — cr 
~~~~ + — — — —

: 5 .  120 K2 (8)
•
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112

-S

- --S
i% :. ‘-~ 

-

~~~ 

~~~~~~~~~~~~~~~~~ 

_ _



- — - 
~~
--- - - - - —

~~~
—-- -~ _

The current density is

3 — aE — L°cr + (b2z
2 + b6Z

6 
+ — _)2](!} (9)

The total current is obtained by integrating Equation (9) to give

— ~~j
d j (Z) d z . (10)

C. TRANSIENT CASE — NO HEAT CONDUCTION

For this case assume that the whole device is at some constant temperature
T0, a large voltage pulse is applied and we wish to calculate the time required
to raise the temperature to a value T~. If this is done quickly enough, there will
be negligible heat flow away from its generated site. For this case the heat
balance equation is

Ac~~~ — J E  . (II)

Again we will assume a constant voltage pulse with J = aE. This time we will —

assume that we can write a = Uo + b (T — T~)
2
, which should be a good

approximation for T0 < T < T~1. This time we will expand T in a power series of
time abou t I~ according to

T “ T + + Ct2t + c*3t:~ + .

Then

— a~ + 2~2t + 3a3t2 
+ 4a4t3 + - -

and
I -

- -

. 

f -

(T — T ) 2 — + 2c 1cr2t3 
+ (2u1a3 + ct2

2
) t4 + — —

- 
-~~ Putting these relations back into Equation (II) gives -

Ac + 2cr2t + 3c*3t2 + 4a4t3 + — — )

- [v)
2 a + b c4t2 

+ 2ba1cr2t3 
+ b (2

~1~3 + a2
2
)t 4 + - - - .
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Equating coefficients of t~ gives
a, V 1 2  ~clj  -

a2 — 0

fy 1 2 b 2a3 1tJ ~~ - a
1 2

1V12 b(2~ 1~ 3 +

5Ac
fy12 fb l— lU tAcJ ~‘1°~3

The temperature as a function of time is

•

This can be plotted as a function of time to find the time required to raise T to I,
which is the time that channelization is expected to start.

The current as a function of time can also be obtained according to
I_ d U J _ d w

1~J~~~o
+ b ( T _ T

o)2] . 
(12)

D. DEPLETION REGION VERSUS BULK REGION

A discussion is given on the relative influence of the depletion region and the
bulk region in causing thermal second breakdown of abrupt one-sided p-n
diodes.

The first breakdown voltage of a p-n junction diode can be very closely
approximated by solving Poisson’s equation. For an abrupt one-sided junction
the breakdown voltage is given by

SE
2

Vbr — 2qN (13)

where Ecr IS the cntical value of the electric field and N is the doping in the
-
~~~ lightly doped side. If the current is increased sufficiently in the first breakdown

- -
~ state, the device Will be heated, eventually reaching a high enough
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temperature in some region of the diode to cause a sudden switch to a lower-
voltage second breakdown state. This second breakdown state might lead to
degradation or destruction of the diode, depending on the doping, geometry
and heat sinking.

As will be shown, there are two regions of the diode that are affected in the
second breakdown process - the lower doped bulk region and the depletion
region. Once the depletion reaches a certain temperature, it will become
“intrinsic” and the junction will be “washed out,” i.e., the junction will no
longer exist and hence cannot support a voltage. Therefore, this is a form of
thermal second breakdown. This process is strictly a quasi-equilibrium state
and is not degrading to the device in itself. The drop in voltage may, however,
cause an increase in current that will in turn cause degradation or destruction
of the device.

Since the resistivity of the bulk region of the diode is also temperature
dependent it can contribute to thermal second breakdown. This can be
explained by the fact that for any doping density the resistivity will first
increase with increasing temperature, reach a maximum, and then decrease.
Because of the construction of the diode (doping, geometric effects, etc.) it is
expected that nearly always some portion of the bulk region will reach the
critical temperature corresponding to maximum resistivity before the rest of
the region does. This will tend to cause all the current of the diode to “funnel”
through this small channel. The sudden increase in current density will cause
a much larger increase in temperature, which can lead to a melt and a
destruction of the diode.

The critical temperatures for second breakdown due to junction or bulk
effects can be determined from calculations or experimental data. Second
breakdown of the junction will occur at approximately the temperature at
which the intrinsic carrier density reaches the doping density. For an n-type
material the intrinsic carrier density is given by

flj  — exp [— (W
~ 

— W1)/kT]~ AT312 e[.- (W
~ 

— W~)kTj (14)

-- : — - 

~. ~
.. where A is a constant. To calculate n4 as a function of temperature, N~ was taken as 2 X -

~~~~

10”/cm3 at T = 3000 K and W~ - W1 was taken as 0.55 eV independent of
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temperature. Figure 2 shows a plot of n=Nu vs T. Also shown in Figure 2is a plot of
NI) for maximum resistivity versus T. It is observed that over most of the range of
doping density of interest , the temperature required for maximum resistivity is about
1000 K less than that of the intrinsic temperature. 

— - -

This is not to say that for a given device the “turn over” temperature of
maximum resistivity being lower will always be reached first and hence a
current constriction process is what controls thermal second breakdown.
Limiting cases of this problem can be analyzed as follows. For current pulses
much larger than the thermal time constants, all regions of the diode should
reach approximately the same temperature and the bulk effect would
dominate since it would occur at the lower temperature.

For current pulses short compared to the thermal time constant, essentially
all of the electrical power dissipated goes into heating the small region in
which it is dissipated - none being transmitted to other regions or out of the
device. Hence the temperature rise in any small region will be proportional to the
electrical power dissipated there for a given pulse width. The maximum electrical
power density in the junction can be written as

P~, 
(max) — 

~Ecr (15)

The maximum electrical power density in the bulk can be written as

- 

~max 
~2 (16)

For the same temperature rise in the two regions the expressions of Equation (15) and
(16) are equated. This gives

~~
_
~~

cr 
(17)

This value of current density versus doping density is plotted in Figure 3.
The interpretation of this plot is as follows. If for a given doping density the
corresponding current density of the short current pulse falls below the line,
the junction will get the hottest and the junction will probably go intrinsic
before current constriction occurs in the bulk region. If, on the other hand, the
current density falls above the line, the bulk region will get the hottest and
current constriction will occur first. It might be mentioned here that the graphs
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herein were calculated using data of bulk silicon and would have to be altered
for silicon on sapphire because their mobilities and junction breakdowns are
appreciably different. For the very short pulse the jui~ on region would
always get the hottest for the bulk devices.

It is worthwhile to compare these hand calculations with resuJts from a very
involved computer analysis of thermal second breakdown of a bulk p-n
junction diode. In the computer problem the current density was taken at a
very low value because of numerical difficulties. To have this low current
density cause a sufficient temperature rise, the thermal conductivity was made
correspondingly small so that insignificant heat would be removed from the
site in which it was generated. For the computer program the numerical data
used in the example are as follows:

Initial temperature 300° K
Doping density 1016/ cm3
Specific heat 0.7 J/gm °K
Mass density 2.3 gm/cm3
Current density 10 amp/cm2

From Figure 2 for n1 = ND = 1016 the corresponding temperature for a collapse
of the junction is about 700° K. This compares very favorably with the computer
value of about 680° K. The difference is easily accounted for by the several
slight approximations made in both the hand and the computer models. As can
be seen from Figure 3 the current density of 10 amp/cm2 falls orders of
magnitude below the curve and hence insignificant heating in the bulk is
expected. This fact is substantiated in the results of the computer model.

Finally, our model should allow us to calculate the “time to failure” (or
second breakdown) for short current pulses. For this case all the electrical
energy that goes into heat is used to raise the temperature. This can be stated
as

~
JEcrAt — PAT , (18)

or

P~~T

~
t _ J~cr (19)
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Using the stated values for the parameters and ~ T = (680 - 300) = 380°C, this
gives a “t ime to failure” ..~t of about 200 Msec, which is almost exactly the time
found using the computer model.

E. CONCLUSIONS

This work has shown that some conclusions can be drawn about the details
of thermal second breakdown in p-n junction semiconductors. Some first-
order hand calculations are given which show the general behavior of the
devices. A comparison of these calculations to a very complex computer
model gives very favorable results. Below is a list of definite conclusions that
can be drawn from this work:

• For fairly uniform current flow, the maximum electrical power will be
dissipated in the reverse biased junction and hence the hottest spot will be in
the junction.

• The critical temperature corresponding to maximum resistivity will
always occur in the lightly doped side before the intrinsic temperature occurs.

• The maximum temperature will tend to be in the regions farthest
removed from the heat sink. For an SOS device, for example, this would be the
top, i.e., the side away from the sapphire.

• The thermal second breakdown process and the corresponding voltage-
current characteristics for an SOS diode will be appreciable because of
surface effects in the SOS diode and the fact that the mobilities and ionization
coefficients are different for the two. The IR drop in the base region is much
greater in the SOS diode.

• For large, short current pulses the junction region should become much
hotter than the base regions and the junction should collapse much before any
funneling occurs in the base region. This corresponds to a type of thermal
second breakdown that is nondegrading to the device characteristics. This
fact is well substantiated by experimental results. This type of second
breakdown is probably much more prevalent in conventional diodes than in
SOS diodes.
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• For small, long current pulses appreciable heat can flow in the diodes
and hence the temperature tends to be much more equal in the base and in the
junction. For this case the lightly doped base region will reach its critical
temperature before the junction and hence there will be a tendency for the
current to funnel into a small region and cause a melt channel. This process
generally leads to a degrading or destruction of the device characteristics.
This type of breakdown is expected to occur more in SOS diodes than in
conventional diodes.

• Ionizing radiation should tend to decrease the susceptibility of diodes to
second breakdown. The effect should be more noticeable in the base region
than in the junction and, hence, more pronounced in SOS diodes than in
conventional diodes. This is because ionizing radiation creates excess
carriers and decreases the effective resistance.

I
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LIST OF SYMBOLS

C Specific heat
E Electric field
I Electric current

Current density
Critical current density

K Thermal conductivity
N Doping density
ND Donor doping density
ni Intrinsic carrier density
P Electrical power density
Pj Power density in junction
Pb Power density in base
q Magnitude of the electronic charge
k Boltzmann’s constant
I Temperature
t Time
V Voltage
W Energy
A Mass density

Permittivity
Electrical resistivity

a Electrical conductivity
Critical electrical conductivity

Co Electrical conductivity at room temperature
Heat fiux
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8. ANOMALO US VOLTAGE RESPONSE OF DIODES
PULSED WITH HIGH CURRENTS

A. INTRODUCTION

In previous research on the vulnerability of semiconductor junction devices, diodes
and transistors, to electromagnetic pulses, it was experimentally observed that when a
junction was pulsed with a very intense nonrepeating Current pulse, an anomalously
large voltage response was recorded [I]. This voltage response would occur in excess
of the junction avalanche breakdown voltage and in some devices but not in others.
This response could occur when pulsed in either the forward or reverse case. In all
cases the pulse was of a sufficiently short duration and had fast rise and fall times to
prevent thermal destruction [1,2] due to melt-channel formation in second
breakdown.

The anomalously large voltage response is of great concern when attempting to
predict when a device will enter into the second breakdown condition due to an
extremely intense but short current pulse. It has been shown that in silicon-on-
sapphire (SOS) devices, channel formation is due to the thermal condition of the high
resistivity region of a P~N-N diode [2]. Hence, in the short intense pulse region, the
anomalous response increases the instantaneous power and, therefore, total energy
into the system. It is then necessary to calculate this anomalous voltage response for all
types ofjunction devices in order to predict the temperature of the junction and when
second breakdown will occur.

Present semiconductor modeling such as Ebers-Moll, Charge Control, etc., are
adequate for predicting the response of junction devices in the normal operating
regions. However, the current levels for permanent damage of semiconductor devices
often greatly exceed the normal operating levels and these effects are not modeled by
present techniques.

In the early research mentioned previously [I] the problem was to isolate,
determine, and predict this anomalous voltage response from the basic physics
involved in the device operation. It was felt that such large voltage must come from
within the semiconductor itself, thereby eliminating such phenomena as the ohmic
contacts and skin effects. This was mainly because the excess voltage could be in the
order of “1000 volts for some devices where the avalanche voltage was less than 100
volts.”
‘0. W. Neudeck, Purdue University. ‘. , 
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The first basic phenomenon to be considered was the conduction mechanism of the
N— region as the current density is raised to well beyond the normal levels in silicon. At
relatively low current densities bulk silicon will obey Ohm’s Law and the average drift
velocity of the electron is proportional to the electric field. This proportionality is the
drift mobility, lithe details of the energy gain of the electrons from the electric field’are
considered along with the photon scattering, then at larger electric fields and higher
current densities, the mobility is reduced and becomes a function of the electric field.
Thus for a given current density a larger voltage is detected across the bulk silicon. In
the limit, the carrier velocity reaches a scattering-limited value. For electrons in silicon
this occurs at an electric field of about 2X l0~ V/cm and a velocity of IO7 cm/sec. This
means that the effective resistance of the N— region increases as the current density is
raised, independent of the junction phenomena. This is true with a constant supply of
electrons, before avalanching occurs.

For the N— region to conduct more current the electric field must increase to about 2
X 10’ V/cm where the ionization coefficients for silicon become greater than unity.
This means that the entire N— region must be in avalanche to carry this additional
current in the steady state. For a 50 u thick region this estimates to 1,000 V. If doped to
~~~~~~ this would occur at a current density of about n e v~, which is 1.6 X 10’
amp/cm2 for silicon. Therefore, it was plausible that the main source of the excess
voltage response must come from the bulk N— region. To confirm this a solution to the
basic device equations in the P+, N-, and N+ regions are necessary. As a first-order
estimate to calculate the device voltage at extreme reverse current densities with
various doping densities (ND cm 3) and widths W of the high-resistivity N— region, a
numerical solution to the basic device equations was attempted. Since the time
necessary for the reverse-biased junction to reach steady state is very short, depending
on the scattering-limited velocity of the carriers and the width of the device, a steady-
state solution is possible. The steady-state solution requires the simultaneous solution
of Poisson’s equation and the two carrier continuity equations at every point in the

- 
- diode. This set of coupled, nonlinear second-ordered differential equations was solved

for specific doping and junction widths on a digital computer.

Figure 1 illustrates the solution for the electric field in the N— region doped
4 uniformly at iO’~i cm3 at various current densities, showing only fields greater than I 0~V/cm. At lower current densities the electric-field profile is triangular as expected, and

a simple case of avalanche breakdown is occurnng with Vi, 320 V At current
densities near 10’ amp/cm2, the entire N— region is avalanching with a resulting

- - - 
- - 

- maximum in the junction voltage of 1042 V. A further increase in current density

V

124

I ~~~~~~~~~~~~~~~~~~~~ 

,l.11~4.1V..
#~



- 

- - -

I I z
-D -, -‘ I II I £

I I _

N I  I
\ I  1 ‘5
\ I  I .1
\I  I

I 2I,~~ I ~
., .I

~

‘i;. I -~~ .E I I u~ _I I ~.)
2 / / I—

IL
_ _

k
~

:

( W3/ A
,

O I X )  c~ i~iI.4 3IHLD39~l

125
I ’  - .

I 1::
“I -

‘

~ 

~~ :



- ~~~~~~ -~~~~~ - - - - -~~~~~~
-- —-—

~~~~~~~~ 
— - - -- ------- ----- -----— 

~~~

-----
~~ 

-
~~~~~~

causes a drop in the terminal voltage. Figure 2 illustrates the current density and
voltage up to the maximum voltage for the three widths of the N— region. At W =50
tim, pure avalanche occurs, and for W =25 ~.im, punchthrough is the cause ofjunction
breakdown. When W = 25 ~.im, thejunction avalanches at lower current densities, but,
as the current increases, the junction reaches punchthrough and the voltage passes
through a maximum.

After calculating the characteristics of the P+N-N+ junction for a number of
doping densities and widths, there are a number of important conclusions for
estimating the anomalous voltage. For pure avalanche the maximum voltage occurs
when N ~ N~ and the entire N— region is in avalanche. The maximum voltage can be
estimated as 2.1 X 10’ V/ cm times the width W of the N— region, and the current
density at maximum voltage is approximately im ~~NDCVd. For the case of pure
punchthrough, no significant amount of anomalous voltage is present. In the mixed
case there is a significant voltage, but it is less than that predicted by pure avalanche as
the punchthrough voltage approaches the avalanche voltage.

The results of the computer simulation explained many of the observed phenomena
as to why some devices had an excess voltage and others did not. It also demonstrated
why the maximum voltage would occur at different current densities and have
different magnitudes, depending upon the device’s area, doping, and epitaxial width.

The next step in the problem was to investigate methods of obtaining the area (A),
epitaxial width (W) and doping profile for existing commercial devices so that the
excess voltage could be predicted and experimentally verified. This was accomplished
by fabricating diodes on known epitaxial silicon wafers in our laboratory (Electrical
Engineering Department, Purdue University). By making MOS and diode

- - 
capacitance measurements, we checked the accuracy of- ie diode method for profiling
the N— region. The other parameters were obtained by microscope measurements and
angle lapping-stain procedures.

To accurately and efficiently model devices for high-current injection in complex
networks, it is necessary that simple circuit models be developed that can be easily
incorporated into existing computer aided design (CAD) codes. Otherwise, to predict
failure in a large system of circuits would take an enormous computer and large - 

-

amounts of computer time.

Consider the case of N~ = IO U/cm3 doping (Figure 2), smce
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punchthrough when W = IOM and pureavalanche when W =50~ .Theexcess vo1tage
larger than V. is plotted versus current dci’ Ày on a linear plot as shown by FIgure 3.
The current range is from i ,, to i,.. ! 10. Note that for W =50 M (ND= IO” /cm’), the
points from the computer solution lie almost in a straight line, indicating that a single
number could approxima te the curve. A dynamic resistance, or surge impedance, is
calculated as the inverse of the slope of this line, as indicated by

V 2
R — 3  f l — c a  - (I)

A model for Figure 3 is shown in Figure 4. where the voltage in excess of V. is
initiated at ii,, or Ii,. Then,

— + R(IJ I — for I~I > (2)

where R is calculated from Equation (1). If J0 = J~~/ 10, then a simple model results.
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Flgur 3. Excess voltag. larg.r than v.rsus current density.
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Figure 5 shows the computer’s “exact ” solution as compared to the model of
Equation (2). For ND = lO U/cm3, W = SO IL, and R taken as the slope of the solid line of
Figure 3, the model is calculated as the solid line in Figure 5. Note the excellent
agreement between the computer and model solutions. The punchthrough case is
illustrated also in Figure S, where W = 10 IL and R 0.0 15 fl-cm2. As has been shown
by comparing the model with the computer-generated J versus V plots, the model is
very accurate for pure avalanche and pure punchthrough. As a result of these initial
efforts, we were able to predict the anomalous voltage response to the reverse current
pulse and to develop simple circuit models that save substantial amounts of computer
time in complex networks.

To further investigate the anomalous voltage response to a current impulse and to
identify other device phenomena, the numerical solution to the system equations was
reformulated and a dynamic solution attempted. The main goal was to formulate the
problem in a very general way so that both the forward-pulsed and the reverse-pulsed
cases could be investigated. We also wanted to keep the recombination laws as general
as possible and to make as few assumptions as possible.

A dynamic solution for the reverse pulse at extreme currents could then be used to
justify our original steady-state solution and help predict the time necessary for that 
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condition to be reached. By making the doping profiles completely arbitrary and the
generation-recombination laws flexible, the formulation could be used to study other
devices such as P-I-N diodes, BARITT, TRAPATTS, etc.

To achieve analytical results, the one-dimensional, two-carrier transport equations,
along with Maxwell’s and Poisson’s equations, must be solved. This set of coupled,
nonlinear, second-ordered partial differential equations can be solved by either the
implicit or the explicit numerical techniques. When a numerical solution is obtained,
then the transient and spatial distribution of all the physical quantities such as the
electric field, electron and hole distributions of all the physical quantities such as the
electric field, electron and hole distributions and all currents are known. These
distributions can then be examined in detail for their interpretation in light of the
physical phenomena in the device.

A. DeMari[SJsolved this set of equations under the assumption of constant electron
and hole mobiities and with no generation-recombination term. He used external
excitations of low to moderate values. Scharfetter and Gummel [6] solved a set for a
silicon + NP structure operating under reverse biased conditions as a Reed oscillator.
The present research has been to solve these equations numerically free from any of the
traditional assumptions and thereby simulate the transient behavior of a current-
driven solid-state structure starting from the thermal equilibrium condition. The
method used is very general and allows for complete freedom in selecting the
generation-recombination laws, doping profiles, and mobility dependencies. To date
no solution exists for extreme current conditions with generalized doping profiles and
terminal-to-terminal boundary conditions.

Thus far, we have written the computer codes and have obtained a dynamic solution
for the reverse-pulsed case and for the forward-pulsed case at low to medium current
densities. Some of the reverse-pulsed results are illustrated in Figures 6 through 8 and
with the terminal voltage and time shown in Table 1.

B. METHOD OF ATTACK

The forward-pulsed solution is far more complex and requires additional computer 
—time and detailed analysis. For example, at the extreme current densities involved the

recombination may include band-to-band recombination as well as the more
traditional forms of Shockley-Reed-Hall recombination. It is important to note that

- - in any of those formulations, one must be very confident of the numerical techniques
involved so as to distinguish between the device physics and a numerical aberration.
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TABLE 1. Reverse Bias Case

PROGRAM It 
— 

TIME CURRENT VOLTAGE

IWG 314 20 2 x 10 10 -10 ~inp/cm2 - 0.606 

40 4 x 10~~ - - 1.38 

60 6 x 10-10 - - 2.38

HFG 315 80 8 x 10~~ - — 3.62 

100 1 x 1 0 9 - 4.99

________  
120 1.2 x 10~~ — 6.4

HFG 316 140 1.3 x 10 - — 7.12

________  
160 1.4 x 10~~ - — 7.84

________  
180 1.5 x 10~~ - — 8.56

SFY 329 740 1.75 x io ..8 
- —

- 
131.74

________  
760 1.95 x 10 8 - — 147.6

SFY 330 780 2.15 x 10 8 - — 163.5

_ _ _ _ _ _  
800 2.35x1&’8 - 179 4

SFY 332 820 2.55 x Io~ - — 194 .63

_ _ _ _ _ _  
840 2..7 5 x 1 0 8 - — 210.7

_________ 
860 2.95 x 1O 8 - - 210.7

________  
880 3.15 x 10~~ - - 212.2

SFY 333 900 3.35 x 10~~ 
- — 212.8

—- - 
920 3.55 x 10~~ 

- — 213.02

_________ 
940 3.75 x l0~~ 

- — 213.05

~~~~~~ 
960 3.95 x 1o 8 

______________  
- 213.05

_________ 
980 4 .15 x 10 8 - — 213.04

_________ 
1000 4.35 x 1o~ 

- — 213.04
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Specifically, we intend to continue the computer simulation for the forward-pulsed
P+N-N+ structures of known or determined values of area, doping profiles, and high-
resistivity region widths to obtain good experimental data for the computer
simulation studies. Third, and with far more difficulty, will be pulse testing the
structure in the forward pulse mode to check for verification of the main features of the
theoretical results. For prediction of device failure and second breakdown
phenomena, it would ultimately be desirable for simple circuit models to be developed.

To accomplish the objectives of this proposed research for the forward-pulsed case,
it is necessary to obtain a numerical solution that converges at extreme currents and
with different generation-recombination laws. For example, generation caused by
avalanche at the same time band-to-band (Auger) recombination is present. This can
be accomplished with a very precise solution for the initial conditions, the starting
point for a dynamic solution. Therefore, we have written a separate computer code for
solving Poisson’s equation numerically for the electron and hole distributions and the
electric field for arbitrary doping profiles in the three regions under thermal
equilibrium conditions. These results, at each spatial mesh-point, are then used as part
of the input data to the dynamic program. This is an important point for obtaining a
good dynamic solution. We can then obtain solutions showing the effects of band-to-
band recombination and at what current densities it becomes significant. One would
expect a considerable saving of computational time if band-to-band recombination
could be neglected in certain problems.

The experimental verification of the forward-pulsed dynamic solution at extreme
currents starts with P+N-N+ device fabrication on known starting materials and! or I -

measurements to determine the area, width, and doping profiles. The pulse testing can
be accomplished by using present pulse test facilities available to us in the NSF-MRL
central facility at Purdue University. We have available pulse equipment with 20-us
rise times up to 2 amp. Using the appropriate recording medium, we can compare the
computer simulation versus experimental results.

If what we have proposed is accomplished with good results, then we have
developed a computer code capable of calculating the transient solution to a large
number of solid-state devices made from three regions. Barritt microwave oscillators,
P-I-N attenuators, Trapatts, etc., are all contained within these capabilities. We have
also shown the physical source and magnitude of the anomalous voltage response

- • - - under many different conditions — when it will occur and what effect it has on the
instantaneous power input to the structure. This energy input will affect its thermal

142

_______ p
- •  

- ~~. -
- 

- - • 
- -- ..~‘C’ -- ~~ 

-

- -~~~~ ~~~~~~~~~~~~~~~~ 
I 

- • • ‘-
‘3- 4’

- - • - ;—~- - • - • - - :_ __
_ _ - - - S- 

~~~~~~~~~~~~~~~~~~~  --



r — — —
~~

---
~
,- —------ — —----- —.

~
-- - - 

___S_ - •-_,- _ 
~~~~~~~~~~~~~~~~~ — --—S.— -

threshold and in some cases when the device will reach a critical temperature and go
into second breakdown. These results will also be directly applicable to transferring
the second breakdown work on SOS diodes to standard device structures.
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9. ANALYSIS OF ELECTRICAL PROPERTIES IN
IRREGULA R GEOMETRIES5

The electrical properties such as electric fields, current densities, voltages, etc., are
generally obtained for the dc case by solving Poisson’s equation. For regions where the
charge density is zero, this reduces to Laplace’s equation. For ideal geometries
Laplace’s equation is usually easily solved by conventional methods such as separation
of variables. For the present discussion an ideal geometry is one such that only one
coordinate varies on a given boundary. The conventional methods of solutions
generally do not work for nonideal geometries. Nonideal geometries are quite
common in semiconductor devices. They can occur because of deliberate design or by
accident such as misalignment of circles, “glitches” on straight lines, etc. An attempt is
made here to analyze some of the electrical effects that occur because of nonideal
geometries.

Some of these problems lend themselves quite nicely to the method of
transformations, i.e., the problem of the nonideal geometry is transformed or mapped
into an ideal geometry where the problem is readily solved. The solution is transferred
back to the original geometry of interest through the inverse transformation. Certainly
not all geometric patterns lend themselves to this method of attack. Some problems
may be transformed exactly into ideal geometries while for others the transformation
is only approximate. In general, the transformations are limited to two dimensions.
Some examples will now be given.

A. NON CONCENTRIC CIRCLES

Figure 1(a) shows the geometry of two nonconcentric circles where the solution of
some differential equation such as Laplace’s equation is desired in the area between
them. These two circles might represent the areas of diffusions for two regions of a • -

~

transistor (e.g., base and emitter). They might also represent the area of diffusion for
one region of a device and the area of metalization for the homic contact. Figure 1(b)
shows the transformed geometry where the circles become concentric. The solutions
for most differential equations of interest are well known when the solutions on the
two concentric circles are given. For the sake of analysis, let the original plane be the Z-
plane and the transformed plane be the W-p lane, where Z = X + iY and W = U + iV.

•W. 0. Rebnrn, University of AIsb*ms.
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Z-PLANE 
-

PLANE
* ( a )  (b)

Figure 1. (a) Original geometry showIng non concentric circles. (b) Trans
formed g.omitry with concentric circle..

A transformation is desired that will uniquely map the two circles in the Z-plane
• 

- 
onto the two circles in the W-plane. All points between the two circles in the Z-plane
s~iould also be mapped one-to-one to points between the two circles in the W-plane. in

• addition, an inverse transformation is desired that will remap all of the above points in
I the W-plane back onto the original points in the Z-plane. A transformation that does

-- the mapping described above is

Z — a  (1)
a Z — ] .

The inverse transform is

z =  W - a  (2)
- - a W - 1 ’

• - 
- 

- where
- •

a 
1 + X

1 
X

2 
+ 1/~i— x12) (1 — x22)

X
1

+ X
2 (3)
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and Xj and X2 are shown in Figure I. Also shown in Figure 1 are points A, B, C, etc.,
which map onto A ’, B’ , C’ . etc., respectively. The unit circle in the Z-plane maps onto
the unit circle in the W-p lane, and the inner circle in the Z-plane maps onto the outer
circle in the W-p lane. The radius, R , of the outer circle is given by

i + x  x + 4 1 _ x 2) u_ x 2)
1 2  1 2 (4)

0

As an example of how to use the above method, the voltage, electric field and
curre n t density will be obtained for a potential of V 0 applied between two conducting
circles. These electrical quantities will be obtained for two cases: The first case will be
where the two circles are concentric and the second case will be where they are not. The

- 
- radius of the outer circle will arbitrarily be taken as unity and the potential there will be

taken as zero. This does not restrict the class of problems that can be solved since any
radius can be scaled to unity. There are several situations in semiconductor devices
where the equal potential circles or cylinders are a reasonable approximation (a
cylinder is treated just like a circle if there is no variation along its axial direction). The

— radius of the inner circle will be taken as 1/2 and the potential there as V0.

The well-known solutions for the case of the concentric circles give electric fields
and current densities which are a function only oft = ‘,/X

2 + Y2 
. The solutions in the

range 1 / 2 ~ r ~ 1 are

E (r)
1fl

b
2 ~ (5)

J (r) aE(r) , (6)

I m rV (r)~~~ V0 L’ 1n2i ‘
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Next, assume circles of the same radii as above except that the smaller circle has its
center at (l /4. 0) instead ofat the origin. This gives values X2 = - 1/4, X1 = 3/4,a 2.91
and R0 = 1 .45. The potential in the W-plane at R I is zero and at R = R0 is V0 where R
= ViJ~ + V~. The solutions in the W-plane for the region I ~ R ~ R0 are

—v
E (R) = 1~~~ -

~~~ . (8)

The voltage is

V
V (R) — in 

~~ 
in R . (9)

These quantities in the desired Z-plane are found by use of the inverse transform of
Equation (2). However, since the electric field isa vector quantity, it is usually easier to
first find the scalar voltage V (X, Y) and then use its gradient to find the electric field E
(X ,Y). The voltage is

V (X Y) - ° (x + IY) — A
in CR 0) ~~ a ( X  + iY) — 1

- 2 1 n R 0) 
~in [(X - a)

2 + Y2] - in [ (aX - 1) 2 + (aY)2J~ .

(10)

The electric field is given by

~ (X,Y) - v (x y) + V (X Y)

— a
~ 

E
~ 

+ a ( I I )
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where

E ~~~~~~~~~~~ f a(a x - 1 )  
- 

( X - a )
x in R 

~ (aX - 1) 2 + (a?) 2 (X - a) 2 
+ Y2

E = l
°

R 
~ 

a
2
Y —~~~~ Y

° 

L (ax — 1) + (aY ) (X — a) +

Using the values in the above example gives

V (X,Y) = 1.35 V ~in [(X- 2.91)
2 ~~~2 ] - in [(2.91 X-1)2 ~(2.91

E = 2 70 v f 2.91 (2.91 X - 1) - (X - 2.91) 1x ° L (2.91 X — 1)2 + (2.91 Y)2 (X — 2.91)2 +

and

E = 2 . 7 0 V r ~~~~~~~ YY 0 1  2 2 2 21 (2 .91 X — 1) + (2.91 Y) (X — 2.91) + Y

The voltage and electric f ield can be calculated directly for any point between ther two nonconcentric circles by using the corresponding values of X and Y in the above
equations. Of course, the current density isjust the conductivity times the electric field.

• The total current is easier to calculate in the W-plane since the current density is always
in a radial direction there.

• B. RECTANGULAR GEOMETRIES WITH IRREGULARITIES

Next, consider the geometry in Figure 2. This could represent the region of interest
in an SOS diode with a circular “spike” in the metalization or the heavy doping. We
wish to map this region into a region where the solutions of voltage and electric field
are either known or are easily obtained. A transformation that maps the curve of
constant potential V V0 onto the real axis in the W-plane is

w — z + i /z .

(12)
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Figure 2. “SpIke” In rectangul ar geometry.

This transformation also maps the area above the constant potential curve onto the
upper half plane in the W-plane. However, it does not map the Y b line onto a V
constant line in the W-plane. This can be seen by putting Y b in Equation (12). The
results are

W _ U + 1 v an (x+1b ) + x~~~jb (13)

_ x x2 +b 2 + 1 +jb x2 +b 2 _ 1

X2
+ b 2

or

and

• 
V _ b ~~~~+ b 1)

- 
X

2
+ b 2

If b2 >> I, which is almost always the case of interest, the line Z = X + ib transforms
very approximately onto the line W = X + ib. Hence the probkm in the W-plane is

— approximately that shown in FIgure 3.
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FIgure 3. MappIng of FIgure 2 onto W-plane .

* I The voltage in the W-plane is

V(W) = V
0 
(1 — ~) . (14)

Then, according to Equation (12),

V(X ,Y) = V0 - ~ (X2 + Y 1)] . (15)

The electric field is

* 

- 
~~ 

[
~~2

2

+

x
~~~2 

a
~ 
+ 
(i 

+ 
(X2 + y2) 2) s] (16)
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A number of different types of single spikes can be analyzed with the type of
transformation of Equation (12). Refer to Figure 4 for a triangular spike. The
transformation for this spike is

W = Z + ~~~~ . (17)

Again if b>> C, Figure 4 maps onto Figure 3 in the W-plane and the voltage in the W-
plane is given by Equation (14). The voltage in the Z-plane is

I y /~2~~~y2 c\1
V(X ,Y) - ~0 I.. 

1 - 
k x2 + y 2 1] (18)

and the electric field a

E(X , Y) - 

~ ~~~~~~~~~ 

) •

~~~

‘

~~ + (
~ 

+ ~ 
2 

~
. 

Y
2

) 2)
7J (l9)

The technique discussed above can be used to determine the dc electric field profiles
of irregular geometries. Since the current density is just a product of the electric field
and conductivity, this technique also allows for the determination of the dc current
density.

I _ _ _ _  
_ _ _ _

_ _

~~~~~~~~ 
P1gw. 4. TrIangular spike.
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10. TEST PLAN FOR SPECIAL SOS DIODES*

A. INTRODUCTION

As part of the DNA! MIRADCOM hardness asurance program, a study is
being conducted to determine the sensitivity of various semiconductor
parameters to electrical overstress. The objective of this program is to develop
effective electrical overstress hardness assurances screens which can be
applied to eliminate “maverick” or early failure devices. The devices
selected for use in this study are special lateral diode structures fabricated on
sapphire substrates. These structures permit optical observation of the hot
spot nucleation and growth which lead to catastrophic failure.

The purpose of this test plan is to describe in detail the test and data-
handling procedures to be used in testing the special SOS (silicon on
sapphire) diode structures. Because of time and program constraints, it is not
possible to test all the separate diode structures available (approximately
150,000). The quantity and order of tests have been chosen to provide
reasonable data outputs, in a timely manner, for utilization in analyses and
correlation studies throughout the program.

B. TEST STRUCTURES

Special test structures have been fabricated by Rockwell for use in this
study. These structures consist of lateral diodes fabricated on silicon
substrates. The diodes have been designed to permit observation of the
sensitivity of various semiconductor physical parameters to electr ical
overstress. The total test sample consists of approximately 150,000 separate
diodes, which have been fabricated in two lots of five wafers each (five

— 
different doping concentrations). Each wafer contains approximately 70
identical dice. Each die is divided into 12 sections which contain diodes of similar
structure but varying physical dimensions. Table I gives a breakdown of the SOS

• 
diodes structures. Table 2 gives a breakdown of the physical dimensions of each of the
structure types found in every die.

C. BATCH TEST METHODOLOGY

To assure that the highest quality data are obtained in a timely manner, a
•C. R. .Jenkin,, 5DM Corporation.
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TABLE 1. SOS Diode Structure s

DEVICES* DICE WAFERS** DEVICES DEVICES U

STRUCTURE TYPE PER DIE PER WAFER PER LOT PER WAFER PER LOT

- 

STANDARD REFERENCE 25 70 5 1,750 8,750

ENCLOSED REFERENCE 20 70 5 1,400 7,000

CONTACT SPIKE S TO P++ 20 70 5 1/tOO 7,000

CONTACT SPIKE S TO N++ 20 70 5 1/tOO 7,000

DIFF. SPIKES P++ TO N 20 70 5 1/tOO 7,000

D I F F,SPIKES N++ TO N 20 70 5 i/tOO 7,000

MULTIPLE SP IKES 51 70 5 3,570 17,850

HALF—SIZE SPIKES 20 70 5 1/tOO 7,000

FOUR TERMINAL 6 70 5 420 2,100
-

~~ DOPING LEVEL 1 70 5 70 350
‘1 I NTERDIGITATED 2 70 5 140 700

RAD IUS OF CURVATURE 9 70 5 630 3,150

TOTALS 214 70 5 14 980 74 ,900

* Each diode has different physical dimensions .

** Each wafer has a different doping level (1014, io 15
, io

16
, ~~~~~~

• 
1 5 x io17 cm 3).
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consistent test methodology is required. The methodology presented in this
section has evolved over a period of several years i*nd has been proven on
many large-scale compon~.nt test programs. The remainder of this section
covers in detail the selection of the quantities of diodes to be tested, the
priority of testing, test conduct, data storage and handling, and potential
problem areas associated with the test program.

(I) TEST DIODE SELECTION. Approximately 150,000 separate diodes
(two lots of 75,000) are available for testing. Because of time constraints, it will
be impossible to test all of these devices. It is necessary, therefore, to restrict
the number of test str ictures examined to allow testing of a broad sample of
different structures so that the maximum information can be obtained from the
tests in the allotted time.

The quantity of devices selected for testing is based on a test rate of two
diodes at three pulse widths per hour. This rate was selected for planning
purposes after discussions with Dr. Paul Budenstein of Auburn University.
Additional time has been allotted for changes in the test setup required during
testing when a diode burns out. Since many of the tests are to be performed in
new areas (i.e., short pulse widths and high breakdown voltages), time will also
be required to improve the test techniques in this area.

Table 3 is a breakdown of the quantity of the various diode structures to be
tested on this program and the approximate time required to perform these
tests. The number of diodes per wafer is based on being able to test each diode
at three pulse widths (0.1, 1.0, 10 ~zsec). Should a diode burn out during a test,
additional dice will have to be tested. The sample size for each diode of given
physical dimensions is five. The total number of diodes shown is for each lot of
five wafers (five doping levels).

The Doping Level Test Structure will be tested on each die used in the test
program. Since only a V-I measurement is made on this structure, little time

• will be required for this test. As a check on consistency, the Doping Level Test
Structure will be tested each time a given section of a die is tested.

(2) ORDER OF TESTING. The order of testing of the various diode
structures has been chosen to provide sufficient data early in the program to
proceed with the sensitivity analysis task. Although other test sequences may
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TABLE 3. SOS Diode Structures to be Tested

DIODES PER DIODES PER TOTAL TEST
STRUCTURE AND OIMEN S ION AL VAR~AT~ONS DIE WAFER* DIODES** TIME

STANDARD REFERENCE STRUCTURE:
N-REGION LENGTHS — 10. 30, 100, 500 ii
STRUCTURE WIDTHS — 1 . 2. 4, 8, 20 MILS 16 80 1.00 5 WEEKS

ENCLOSED REFERE NCE STRUCTURES :
N-REGION LENGThS — ID, 30, 100. 500 u
STRUCTURE WIDTHS — 1.2 , 4, 8 MILS 12 60 300 4 WEEKS

RADIUS OF CURVATURE STRUCTURES:
RAOA I OF P+i DIFFUS IONS — 5, 10, 30 u
RADI US SEPARATIONS — 10. 30, 100 u 9 45 225 3 WEEKS

CONTACT/D I F F USION SPIKE STRUCTURES:
N—REGION LENGTHS — 10, 30, 100 u

STRUCTURE WIDT HS — 1 .2, 4, 8 M ILS
SPIKE DIRECTIONS — 114+ CONTACT -. N-TYPE 9 1s5 225 3 WEEKS

P44 CONTACT ~ N-TYPE 9 45 225 3 WEEKS
114+ DIFFUSION ~ N-TYPE 9 45 225 3 WEEKS
P++ DIFFUS I ON ~ N-TYPE 9 45 225 3 WEEKS

MULTIPLE SPI KE STRUCTURES:
N-REGION LENGTHS — 10, 30, 100 u
SPIKE LENGTHS — 1 , 8 ii
SP I KE DIRECTIONS — 11+4 CONTACT ~ N-TYPE 6 30 150 2 WEEKS

P4+ CONTACT N-TYPE 6 30 150 2 WEEKS
- j  N++ DIFFUSION -‘ N-TYPE 6 30 150 2 WEEKS

P44 DIFFUSION -
~ N-TYPE 6 30 150 2 WEEKS

HALF-SIZE SPIKE STRUCTURES:
• N-REGION LENGTHS — 10, 30, 100 ii

SPIKE DIRECTIONS — N4-+ CONTACT TO N-TYPE 3 1 5 75 I WEEK
P44 CONTACT TO N-TYPE 3 15 I WEEK

— N++ DIFFUS I ON TO N-TYPE 3 15 75 1 WEEK
P44 DIFFUSION TO N-TYPE 3 IS 75 I WEEK

FOUR—TERM INAL STRUCTURES:
N-REGION LENGTHS 30, 90, 300 ii
STRUCTU RE WIDT HS — 1.2 , 4 PilLS 6 30 150 2 WEEKS

INTERDIGITATED STRUCTURES :
- P44 DIFFUSION SEPARATION — 20, 40 u 2 10 50 1 WEEK

DOP ING—LEVEL TEST STRUCTURE: 1 - *4* ~~~~~~ 1 WEEK
(ONE PER DIE) 

-

TOTALS 117 ~ 3~* 2925** 40 WEEKS

• * Assuming each diode is tested at three pulse widths (five dice per wafer), any diode failures
will require that additional dice be tested .

- .  
** Each lot of five wafers.
~~ Depends on the number of dice tested.

y H
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allow more diodes to be tested, they would delay the sensitivity analyses and
correlation study until very late in the program and could leave insufficient
time available for the completion of those tasks.

The priority of testing the various diode structure types is given in Table 4.
The Standard and Enclosed Reference Structures will be tested first to
establish a baseline for the remaining tests and to assess the sensitivity of Pr to
NI), epi thickness and epi width. The priority of testing the remainder of the
structure types has been chosen so that those structures representing
physical variables having the higher probability of providing a good
correlation with actual device overstress data are tested first.

The tests will be performed so that all data on a given structure type will be
taken before proceeding to the next structure type. This order of testing will
require that each wafer be inserted and removed from the test fixture several
times during the course of the program. Extreme care will be required in
handling to insure that none of the wafers is damaged.

TABLE 4. PrIorIty of Testing

PR IORITY STRUCTURE TYPE
1 STANDARD REFERENCE

2 ENCLOSED REFERENCE
3 RAD IUS OF CURVATURE
4 CONTACT/D IFFUSION SPIKE
5 HALF—SIZE SP IKE

-
, 

- 
6 MULTIPLE SPIKE

7 
- 

FOUR TERMINAL
8 INTERDIGITATED

Note: A Doping Level Test Structure will be tested each time
.

•,- .•  a die is tested.

_ _  
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( 3 )  OVERSTRLSS rESTING.

(a) Pre-test (‘haracteri:aium . The pretest characterization will consist of
forward and reverse I-V characteristics taken on each diode to be pulse tested.
The characteristics will be taken using a Tektronix Model 576 curve tracer and
photographically recording the results. Each photograph will be marked with
the device identification number to allow correlation of the diode’s pre-pulse
characteristics with its overstress behavior.

Since Rockwell will pre-test only a small sample of diodes (five diodes per
wafer), it is essential that the pre-test characterization be performed to assure
that the test diodes are functional and that their characteristics are as
assumed. The analysis of the results of these tests could be significantly
altered if diodes of different or unusual characteristics are inadvertently
included in the test sample.

(b) Pu/se Testing . The basic procedure is to step stress each diode.
Wherever possible, a constant current pulse source will be used to bring about
the onset of filamentation. The filamentation process will be photographically
recorded using the procedures developed by Dr. Paul Rudenstein at Auburn
University. In addition to the photomicrographs, the pulse voltage and current
response of each diode will be recorded using a Tektronix WP222 I Waveform
Digitizing Instrument with two R7912 Transient Digitizers and CPI 12 Floppy
Disc. An identification number will be assigned to each diode and recorded
along with the digitized data for each pulse. A block diagram of the test setup is
shown in Figure / .

Within each test structure type and doping concentration, five diodes having
the same physical dimensions (Table 4) will be tested at each of three pulse
widths (0. 1, 1.0, 10 ~.Lsec). Testing at all three pulse widths will be performed on
each diode, provided that no damage occurs during pulse testing. In the event
of damage, a diode having the same physical dimensions but from a different
die will be substituted for the damaged device. Degradation or failure is most —

likely to occur on the lightly doped wafers (high breakdown voltage),
particularly if the pulsed current source is not adequately regulated.

r ~~ 
— 

(c) Post-test Characterization . Post-test characterization will consist of
• running the curve tracer I-V characteristics of each diode following testing at
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each pulse width. No waveforms will be recorded unless damage, such as
increased leakage current or decreased breakdown voltage, has occurred.

- - Since each diode is to be tested at more than one pulse width and a high
probability of failure exists for many of the diodes, the post-test characteriza-
tion is essential to insure that only good devices are used in every test.

(4) DATA HANDLING AND STORAGE. All pulse data will be recorded on a
Tektronix CPI 12 Floppy Disc. The recorded data will consist of a device
identification number, the digitized pulse current, and the digitized pulse
voltage. The identification number will consist of eight digits and have the
following format:

A B C C D D E E

where A is the lot number (I, 2), B is the wafer number (1-5), CC is the die

• 
- number (01-70), DD is the structure type (01-14), and EE is the diode number

— - 
(01-51). A list will be prepared showing the numbering of the dice, structure
types, and diodes so that close coordination of the various test structures can
be maintained between Auburn University, Rockwell, and BDM. This
identification number will also be used on all photographs to identify them.

In order for BDM to utilize the data taken at Auburn University, it will be
necessary to convert the data stored on the Tektronix Floppy Disc to a storage
medium that is compatible with an H P9830 Calculator System (Cassette
Storage) or an HP2IOO series computer which utilizes a nine-track magnetic
tape storage system. This problem is presently being examined to determine
the most efficient method of providing this interface.
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