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FOREWORD

This report was prepared by the Westinghouse Research and Development
Center, Pittsburgh, Pennsylvania 15235, under Contract F33615-74-C-2029,
Project/Task/Work Unit numbers 3145/32/23. The objective of the program was
to investigate the potential of the Laser Activated Silicon Switch (LASS)
for use in pulse power systems. The program's major thrusts consisted of:

1) an analytical and theoretical study of the principles of operation leading

to the construction of a computer model that would predict performance of an
experimental design, and 2) experimental fabrication and tests to verify the
model. The report describes, in detail, the various tasks and program results
and provides recommendations for future work.

The program was administered under the direction of the Air Force Aero
Propulsion Laboratory by Mr D. Rabe, Project Engineer (AFAPL/POP).
Mr L. R. Lowry, Manager Device Technology was the Westinghouse Program Manager.
The following Westinghouse personnel made significant contributions to the
program in the areas cited:

J. R. Davis Development of LASS Analytic Model

L. R. Lowry Thermal Model

J. B. Brewster Design and Fabrication of 40 PFN Pulser

J. S. Roberts Electrical Experiments with LASS

P. E. McMullin Light Scattering Experiment

In addition, valuable assistance was rendered from time to time during
the program by L. E. Hohn, L. V. Rohall, and R. J. Fiedor. Useful contributions
to the theory and to the interpretation of the data were supplied by D. J. Page

and P. L. Hower.
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device -

fusion -

element -

thyristor -

switch -

gate -

trigger -

DEFINITION OF TERMS AND SYMBOLS

Usually used to mean a single LASS element. Used inter-
changeably with element and fusion; also used to denote a
completely packaged semiconductor such as a thyristor or

transistor.

The active element of a thyristor. It consists of the sili-
con wafer (with the proper impurity diffusions) bonded
(fused) to a molybdenum plate for mechanical strength and
then metallized on the free silicon surface. Patterns are
cut as appropriate in the metallization and the edges of

the fused assembly are bevelled and passivated. This is the
working part of a thyristor.

Frequently used to mean fusion. Also called "active element."

Properly the environmentally packaged fusion but sometimes

used to mean the fusion.

An electrical component capable of completing and/or inter-
rupting an electrical circuit. In the context of this
report it usually refers to the closing type. It can refer
to a single functioning component or to a plurality of
components arranged to provide a higher capability (usually

referred to as "switch system").

The process of turning-on a thyristor. It is usually an
electrical signal of control (rather than power) magnitude,

See trigger and fire.

The process of turning-on a thyristor in the conventional
manner either with an electrical or optical signal. See

gate and fire.

xiv
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fire -

The process of turning-on a thyristor in a very fast manner

by using a strong light of the proper wavelength such as
that obtained from a Nd:YAG laser. Contrast with gate and
trigger which imply a conventional, slower turn-on of the

thyristor.

electrical current.

rate of change (usually rise) of current. Usually specified

in A/usec.
current density, usually in A/cm2
electrical potential in volts.

amperes

plasma spreading velocity, usually in um/usec.




SUMMARY

For several years it has been apparent that the pulsed power
community will need a significantly improved electrical switch in the
late 1970's or early 1980's for high energy programs such as electro-
magnetic pulse testors, laser weapons, laser or electron-beam induced
fusion, and isotope separation. Each of the conventional switches
(e.g., thyratrons, ingitrons, spark gaps, etc.) that are being used to
perform preliminary experiments to checkout the technical feasibility
of these systems have one or more deficiencies such as inadequate life,
low repetition rate capability, low average current,or trigger stability
problems that render them unsuitable for an operational system. A
new device, the laser activated silicon switch (LASS), has the potential
to meet simultaneously all of the desired performance and life require-
ments. The LASS is a pnpn structure similar to a thyristor and would
have the long life and high reliability associated with solid state
devices. Thyristors that can control over one megawatt steady-state
are commercially available, and typically such devices can operate in
the pulse mode at 10 times or more of the steady-state rating. In
addition experiments in the late 1960's and early 1970's showed
that by using a Nd:YAG laser beam to fire the thyristor, rather than
using the conventional electrical gating signal, very fast turn-on
could be achieved.

With this background, the Aero Propulsion Laboratory of the
United States Air Force entered into a research contract with the
Research and Development Center of the Westinghouse Electric Corporation
to advance the understanding of the operation of the LASS. The contract
had two major thrusts: 1) an analytical and theoretical study of the
principles of operation of the LASS, with the goal of constructing a
model that would predict the performance of a particular LASS design;
and 2) an experimental study that would provide inputs to the theoretical




model for data that cannot be derived in a practical manner from first

principles, and also that would be a vehicle for the experimental
verification of the model. A further goal of the experimental study
was to demonstrate a significant advance in the performance of the LASS;

specifically, to achieve the following performance goals with a single

device.
peak current - 20000 A
d1/dc - 20000 A/usec minimum
blocking voltage - 2000 V
current pulse width - 40 upsec
pulse repetition rate - 1 pps

The ultimate pulse rate desired with the other specifications constant
was 500 pps, but for the experimental study there were two limitations
on the repetition rate. First, there was not sufficient controlled
power (800 kW) readily available to operate at full specification values
and 500 pulses per second. Second, and more important, it was believed
that the peak current and pulse width goals were sufficiently challenging
that the added burden of a high repetition rate was premature. It would
have required extensive design and fabrication time to build a test
fixture to simultaneously meet all of the optical, power, instrumentation,
and heat removal requirements for the LASS operating at full repetition
rate.

The goals of the cortract were met. An analytic model of the
LASS was developed and coded in FORTRAN. This model accepts various
design and operational data as input, and generates three dimensional
curves showing the temporal and spatial distribution of the current and
of the temperature in the device. It also generates a curve showing
the forward voltage drop of the device as a function of time. The data
from the model were verified by the results of the experimental study.
In addition, LASS units were fired in the special pulse circuit built

for the experimental study and the following values were achieved:




peak current >25000 A

flat top of pulse current - 20000 A nominal
dI/dt >40000 A/usec
blocking voltage >2000 V

current pulse width 40 usec (FWHM)
pulse repetition rate ‘1l pps

Several LASS devices, each 50 mm in diameter, met the above
values and considerable data was obtained on these devices. However,
the thermal design of the test fixture was adequate to remove heat for
only a few seconds of continuous operation at one pulse per second,
and all devices were eventually failed.

The report describes in detail the various tasks and results.
It is concluded that the LASS does have the potential capabilities
desired in a very fast, extremely high power, long life switch, but
that considerable research and development work is required before
the LASS will be a candidate for operational systems. Recommendations

for future work are provided.
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1.0 INTRODUCTION

There has been increasing evidence over the past several years
that an improved electrical switch is needed for high energy lasers, elec-
tron beams, and plasma physics experiments. Such switches will be
used in the control of capacitively stored energy ranging from a few
kilojoules up to tens of kilojoules at voltages from a few tens of kV
up to hundreds of kV. The pulse rate required will be of the order of
a few pulses per second up to tens of kilopulses per second with rise
times ranging from about one microsecond down to a few nanoseconds.

The switch should also be capable of very long life under adverse oper-
ating conditions. Traditionally, thyratrons, spark gaps, and ignitroms
have been used for such high power switching, but each type of available
switch has limitations so that the high voltage, high current, low jitter,
high rise time, long life, freedom from false triggering, etc., cannot
all be achieved simultaneously from any one type. In contrast the
thyristor, a four-layer (pnpn)semiconductor device, has the longevity
of solid state devices and a power-switching capability approaching that
of the spark gap. The inherent switching speed of the electrically
triggered device is relatively slow, but experimental and theoretical
work prior to this contract indicated the possibility of a dramatic
This

improvement is achieved by the use of the laser activated silicon switch

increase in the switch-on speed of thyristor type structures.

(LASS) which shows promise of meeting all of the desired performance
requirements simultaneously. In addition, the LASS has the advantage
of being fabricated from reasonably sized and rated components so that
it is modular in nature. Therefore, its rating in current and/or
voltage may be increased or decreased in modest or large steps without
major redesign of every component.

The reason for the expected dramatic increase in turn-on
performance of tae LASS compared to conventional solid state thyristors
is described in detail in Section II, Theoretical Analysis. The
reasoning can be summarized as follows: The rate of rise of current in

most thyristors must be limited by the external circuit because only




a small region of the device is initially turned on when an electrical
trigger signal is applied to the gate electrode. If the full load
current were allowed to rise instantly, the heat generated locally in
the small turned-on region in the device could be sufficient to cause
the silicon to melt. External circuitry must be incorporated in the
system to limit the current rise until the turned-on region, or plasma,
in the thyristor has spread to the entire device. The size of the region
that is initially turned-on has been increased substantially on modern
high speed thyristors by incorporating an amplifying interdigitated

gate structure. Here a small built-in thyristor is initially turned

on and anode current is used to turn an a much larger area of the device.
By this technique, turn-on speeds of several thousand amperes per
microsecond can be obtained. Unfortunately, series strings of the
devices cannot be conveniently operated because of variations in the
turn-on speed from device to device.

A superior way to turn-on the device is to use a laser beam
with a wavelength that is matched to the bandgap of the silicon. Large
areas of the device can be turned-on extremely rapidly and a series
string can be fired simultaneously by a single laser. 1In addition,
this arrangement does not require complex isolated trigger circuits.
Prior to this contract, scientists at the Westinghouse Research and
Development Center had constructed devices which were modifications of
standard thyristors and which were switched on using a laser beam.

Only limited design and parametric studies were carried out to optimize
the initial area of turn-on and the pulse rate at which the device could
be operated. Nevertheless, rates of rise of 20,000 A/usec rising to
3000 A were observed at a low repetition rate, indicating a substantial
area of initial turn-on.

Recognizing that the LASS was a potential candidate device to
fulfill the needs for a greatly improved switch, the United States Air
Force and the Westinghouse Electric Corporation undertook a research
program to increase the demonstrated performance levels of the LASS.

The long range goal, not intended to be achieved in this contract, was
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to develop an efficient, lightweight, high power, high voltage, optically

triggered switch using the general approach of stacking high voltage,
optically triggered thyristors in series and triggering them simul-
taneously with a single, Q-switched, neodymium YAG laser. The ultimate
goal of the program was to determine how a single thyristor triggered bv
a Q-switched Nd3+:YAG laser can be fabricated which can achieve perfor-
mance levels of 20,000 A peak current, 20,000 A/usec dI/dt, and 2000 V
forward blocking voltage with a pulse duration as long as 40 psec at
pulse repetition rates up to 500 pulses/sec. A specific immediate goal
of the contract was to design, fabricate, and demonstrate a thyristor
that meets this electrical performance but at a repetition rate of one
pulse per second.

Towards meeting the above goals, the program had three primary
objectives: (1) to develop parametric design information, (2) to extend
the state of the art of these devices to improve their current and
voltage capability, and (3) to maintain the high dI/dt value at high
current and pulse repetition frequencies. While accomplishing these
objectives, potential problems (and approaches to solving these problems)
in the eventual packaging of the device were to be considered.

The approach to achieve the primary objectives was as follows:
The LASS device was studied both theoretically and experimentally to
develop parametric design information. The area of the device switched
on was examined using a new technique that observed the radiation emitted
by recombining carriers. From this measurement the carrier density
distribution was obtained. This information was applied as one input
to the computer program developed from the theoretical analytic model.
The computer program generated tables or plots of the voltage-current
characteristics and the local, instantaneous temperature rise of the
device for each set of current pulse conditions. Various device designs
were constructed and evaluated to generate empirical data for parameters
needed by the analytic model and to verify the predictions of the model.

The primary objectives of the program were met, and the target
performance objectives for the fabricated devices were exceeded. However,

much work remains to be done before it will be practical to design and




construct a very high power, very fast LASS.

? The report is organized as follows: Section 2, Theoretical
Analysis, describes the theoretical analysis and computer programming
of the LASS. The experimental work is discussed in detail in Section

3, Experimental Verification. Section 4, Conclusions and Recommenda-

tions, contains the specific conclusions reached as a result of this
research program, and addresses the major areas that require additional
work to advance the LASS technology. Finally, copies of the original

i data plus an extensive collection of peripheral information that is

of interest to this program are contained in the various Appendices

to this report.
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2.0 THEORETICAL ANALYSIS

This section describes the theoretical analysis and model
development and evaiuation performed under Task 1 of the contract. The
three major sections describe, respectively, the basic theory of turn-on
of a thyristor, the development and evaluation of the theoretical model
to describe optically activated turn-on under high dI/dt and high peak
current conditions, and other theoretical analyses performed in the
course of the contract.

2.1 Thyristor Theory of Operation.

The thyristor is a three-terminal bistable device with a low
and a high impedance state. The device can be triggered from the high
impedance state to the low impedance state ('turn-on'") by an electrical
pulse applied between the gate and cathode contacts. In order to return
the device to the high impedance state, it must be commutated externally
since once the device is turned on the gate contact loses control.
Although the dynamic characteristics of turn-on differ with the type of
triggering, once the device is fully on the manner in which it was
triggered is unimportant.

The primary concern of the work reported herein is extremely
fast turn-on by optical activation of the thyristor. In order to
understand why an optical signal can turn-on a thyristor much faster
than an electrical gate signal, it is necessary to examine three
mechanisms of thyristor turn-on: electrical gating, optical gating
with slow (comparable to electrical gating) turn-on, and optical gating
to achieve extremely fast turn-on. The following discussion will
describe the mechanisms of these three types of turn-on. Supplementary

material about thyristor operation is available in Semiconductor Controlled

Rectifiers by F. E. Gentry, et al., and a more recent book, Thyristor

Physics by A. Blicher.1
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2.1.1 Electrical Triggering,
A simple way of looking at the thyristor is with a two tran-

sistor analog. Two transistors comprise the thyristor; the collector
region of an npn transistor is the n-base of the pnp transistor and
the collector region of the pnp transistor is the p-base of the npn
transistor (see Figure 2.1-1). The collector junction is common to
both transistors. Then the collector of each transistor is "driving"
the base of the other and there is a positive feedback loop. If one
of the transistors has sufficient gain to drive the other into saturation
and the other has sufficient gain in the saturated state to drive the
first into saturation, then both transistors will remain in saturation
until the external current is reduced sufficiently to bring one of the
transistors out of saturation. For this reason, the thyristor must

be commutated externally to revert to a high impedance state.

(1)

It is easily shown from the two transistor analog that

“npn;ggte * ICBOnpn ¥ ICBOpnp

Anode 1l- (o +a )
npn pnp

I

where IAnode is the anode current, ICBO is the collector junction

leakage current (emitter open) of the respective transistors, and a is
the grounded base gain of the respective transistors. It can be seen
tends to infinity as the sum of the alphas approaches one,

that IAnode
and this corresponds to the low impedance or "on" state of the device. i

The criterion of switching is then that anpn + apnp > 1.*

Let us look in some detail at electrical triggering of an
npnp thyristor where the p-base is used as the gate. Figure 2.1-2 is a
schematic cross-section of a typical power thyristor shown biased in the
forward blocking state. The common collector junction, JZ’ is reversed
biased. If a positive voltage is applied to the gate relative to the

cathode, the forward biased n-p emitter junction, Jl’ will begin to

*The sum of the alphas can exceed one only in the transient turn on
during which the "excess current" goes into compensating the space
charge of the common collector junction.
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inject electrons into the p-base. The p-base current is a majority
carrier current in regions remote from the emitter junction near the
base contact, but is primarily minority carrier injection current near
the emitter junction. Some of these injected electrons diffuse across
the p-base region where they enter the space charge region of the

reversed biased common collector junction, J,, and are rapidly swept

2
by the high field region into the n-base which they enter as majority
carriers. These electrons lower the potential of the n-base causing

holes to be injected by the p-emitter, J Some of these holes diffuse

3
across the n-base and are swept into the p-base by the high field at J2
and enter as majority carriers. These carriers cause a further raising

of the potential across Jl causing J, to inject more electrons and the

process is repeated. If the initialllevel of current into the p-base
is large enough, the regenerative process is sufficient to overcome the
losses in the system and the positive feedback causes each transistor
to drive the other into saturation resulting in a low impedance state.
Turn-on has now begun and anode current is established at the inside
edge of the cathode as shown by the arrows of Figure 2.1-2. This
overall operation has been a rather slow process, of the brder of one-
half to a few microseconds depending upon various device and circuit
parameters. This initial turn-on delay is associated with the carrier
diffusion time across the base regions. The diffusion limited transit
time in a field-free region of width W is W2/2D, where D is the diffusion
constant for the minority carriers, i.e., holes in the n-base and electrons
in the p-base. For usual thyristor designs the p-base, typically about
50 ym wide, has a large aiding drift field because of its impurity profile
which reduces the transit time by about a factor of 3. The delay time
therefore is primarily identified with the diffusion time across the 3
undepleted portion of the n-base.

The "on" region will spread laterally at some velocity in the
range of 40 to 100 um per usec. This will be discussed further in
Section 2.1.4. In order not to cause damage by excessive current density,

the anode current must be limited by the external circuit until substantial

12




spreading of the "on" region has taken place. When the turn-on process

is completed, a plasma of electrons and holes exists in the base regions
of the device with a density distribution as shown by the upper curves
of Figure 2.1-3.

2.1.2 Optical Triggering--Slow Turn-On,

The thyristor can be optically triggered in a manner analogous
to the electrical trigger. Assume that the gate region of the thyristor
is illuminated with light that is absorbed in the silicon. Look at
the cross-section of the thyristor (Figure 2.1-4). The absorption of the
light generates hole-electron pairs in the bulk of the device. 1In the
p-type base region, the minority carrier electrons which do not recombine
through surface states diffuse away from the surface until they
recombine with holes. The hole-electron pairs do not constitute base
drive since their charges neutralize each other. If, however, the
diffusion length of minority carriers in the p-base is sufficiently
long (long lifetime) for electrons to reach a junction such as the

collector junction, J,, the electrons are quickly accelerated out of the

p-base region leavingzexcess holes behind. These excess holes effectively
raise the potential in the p-base region causing the emitter junction,
Jl, to inject electrons into the base region. If the electrons are
"collected" by the collector junction, J2, the separation of a hole-
electron pair comstitutes an excess majority carrier appearing in the
base region of each transistor (see also Figure 2.1-1); whereas
"collection" of a hole by the emitter junction constitutes an excess
majority carrier appearing in only one base region. Therefore, it is
desirable to generate as many carriers as possible within a diffusion
length of the common collector junctionm, J2 in order to most effectively
drive the thyristor with light. From this it is apparent that the
geometry of the device and the absorption characteristics of the light
are important factors in achieving effective light drive of a thyristor.

2.1.3 Optical Triggering--Fast Turn-On.

A temporary digression is now in order to examine in detail
how light is absorbed in silicon. A further investigation of what happens

13
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when light is absorbed in the silicon of an operating thyristor will
lead to an appreciation of how extremely fast turn-on can be achieved.

The absorption of light by a semiconductor is for our purposes
dependent on two mechanisms. In the first and most important process
incident photons are absorbed by ionizing outer shell electrons of the
lattice atoms in the semiconductor crystal. This can occur if the photon
energy exceeds the bandgap energy of the semiconductor, 1.1 electron
volts for silicon. The released electron and the vacancy from which
it came, i.e.; a hole, are mobile within the crystal and capable of
participating in electrical conduction. It should be noted that if the
incident photon energy exceeds the band energy, the excess energy is
converted into heat so that only one electron hole pair is generated for
each absorbed photon.

The generated carrier concentration will increase linearly
with increasing photon flux until the photon flux reaches very high
levels and free carrier absorption intervenes. For light intensities
producing carrier concentrations of 1020 cm-3 about 10%Z of the incident
photons are absorbed and converted to heat by the already free carriers,
and as light intensity is further increased the carrier concentration
ceases to increase linearly.

When light is absorbed in silicon, the number of excess elec-
tron (An) and hole (Ap) pairs generated per unit time in a unit volume
is proportional to the optical energy absorbed in that time in the unit
volume. If the light intensity per unit area is I, the amount of light
energy absorbed per unit time in a layer of thickness dx (x is the perpen-
dicular distance from the surface of the silicon in the direction of the

light propagation) is proportional to I and the layer thickness dx:
-dI = ol dx,

where a is a coefficient of proportionality, known as the optical absorp-
tion coefficient. Figure 2.1-5 shows how the absorption coefficient, a,

varies with wavelength of the incident radiation.
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The optical energy absorbed per unit time in unit volume is

d1
e al.
Thus %%E and %%R-Should be proportional to the quantity al:
dAn _ dAp _
at " ac - Bl

where B is a coefficient of proportionality. Since I represents the

number of quanta per second, B represents the "quantum yield," i.e.,
*

the number of pairs formed by a single quantum. Therefore, carriers

are generated according to

dAn
9 Bal.

However carriers also recombine. Assume that recombination is linear
and that the effective lifetime of minority carriers is t. Then the

time dependent carrier concentration becomes

dAn An
at = e T
which has the solution
An = T BaI(l-e—t/T).
If the light is significantly absorbed in the depth of interest {
the dependence of I on x must be considered. The intensity of light
decreases with depth according to the law I = Io e **. The excess

carrier concentration at any depth then becomes

An = TBaIOe-ax(l-e-t/T).

It is evident from the above equation that if the light is
strongly absorbed, there will be a significant concentration gradient

set up in the silicon and the carriers must then redistribute themselves

*The quantum yield, B, is close to 1 for the wavelengths which will
be of interest.
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with time through diffusion. It is not necessary to solve the time
dependent equation for the diffusion of these carriers to get some feel
for the effectiveness of different wavelengths and intensities of light
in triggering the LASS as a result of penetration depth and generated
carrier concentration. It will be seen that in the case of primary
interest (i.e., generation by a short pulse from a Nd3+:YAG laser), a
carrier concentration corresponding to an "on'" state of the LASS can be
generated before diffusion effects can become significant.

Figure 2.1-6 is a plot of the carrier concentration profile as
a result of photon absorption in silicon for three different wavelengths
which have been used in triggering experiments. The total energy in the
pulse is the same for curves A through F. The carriers are '"frozen'" in
the plots to show the number of carriers generated at a given x at the end of
the light pulse. Surface recombination is of little consequence and
has been ignored because the surface region is greater than a diffusion
length from the collector junction. Collection by the emitter junction
is not negligible in the LASS design where light passes through the emitter
junction into the p-base region. However, if the p-base region is brought
to the surface and collection by the emitter junction is now a result
of lateral diffusion only, the effective gate drive becomes negligible
because the emitter junction is greater than a diffusion length (Ln) from
the region of light absorption (see Figure 2.1-4). Therefore only carriers
generated within a diffusion length of the collector junction are effective
light drive for the thyristor.

In Figure 2.1-6 the diffusion length is indicated on the p-base
side of the metallurgical junction. The space charge region (i.e.,
effective junction location) depends on the bias on the junction and
is shown approximately for a 10 volt bias on the common collector.

The lifetime in the n-base (i.e., Tp) is assumed to be 20 microseconds

Diffusion lengths in the p-base are shown for T, = 1 microsecond and

T 0.3 microseconds. The lifetime in the n-base (i.e., Tp) is

n =

assumed to be 20 microseconds for computation of the curves; therefore,

the n-base is approximately equal to Lp.
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The slope of the curves is determined by the absorption

coefficient a, so that as the wavelength is decreased (i.e., higher
energy photons) more of the energy is absorbed and more carriers are
generated near the surface (Refer to Figure 2.1-5). These carriers are
effective if they are within a diffusion length of a junction; however,
surface recombination now becomes important and a significant number of
generated carriers may be lost through surface recombination and the
light becomes less effective as a trigger. In addition, the transit
time of more of the generated carriers in the p-base is increased as
the point of generation approaches the surface; consequently, the turn-
on delay time is increased. Conversely, as the radiation wavelength is
increased the carriers are generated more uniformly in the silicon
(decreased slope); however, the absorption coefficient a is also
decreased so that the absolute level of carrier generation is decreased
and the light again becomes less effective for triggering. For wave-
lengths longer than the band edge of silicon (about 1.150 um), the
silicon is transparent and no carriers are generated.

The plot of Figure 2.1-6 clearly shows that if 14 (lifetime in
p-base) < 0.3 usec, then 0.94 um radiation is more efficient as a
trigger source than 0.90 um since within a diffusion length of the collec-
tor junction the generated concentration is always greater for 0.94 um
than for 0.90 ym radiation. It is also apparent from the curves that
the 0.94 um radiation appears to be more effective than the 1.06 um
radiation at low power levels. The carrier concentration is significantly
greater in the p-base region and remains greater to a depth of 125 microms
for the 0.94 um radiation compared to the 1.06 um radiation.

Curve G shows a different type of phenomena occurring. In
this case the pulse duration and power level are comparable to that of
a Q-switched Nd3+:YAG laser. The carrier concentration clear across
the device is now of the order of the "on" state equilibrium concentration
in the device 10 nanoseconds after initiation of the pulse. In other
words, the device is "on" in the radiated area. One can now clearly

see why the turn-on performance of the device is superior with this type
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of optical gating. The device is no longer being triggered on; it is

being conductivity modulated on by optical generation. Note also
that the concentration level is a smooth curve from the p-base to the
n-base since the generation level is independent of lifetime for
times short compared to the lifetime. Curve G is the type of optical
gating with which this contract work was primarily concerned.

2.1.4 Plasma Spreading.

As mentioned in Section 2.1.1, a small region near the edge

of the cathode is carrying all of the anode current early in the

turn-on process. Although the thyristor has a low impedance under these

conditions, the current density can be very high unless the current
is limited by extermal circuit components. Excessive current density
leads to severe local heating and eventual destruction of the device
(the silicon literally melts). There are three mechanisms that can
alleviate this situation:

1. If the current pulse is short enough, the temperature
rise caused by the heat generation will not be large
enough to damage the silicon or degrade the perfor-
mance characteristics.

2. The plasma of electrons and holes spreads laterally into

the nonconducting regions of the device, turning them on
and effectively reducing the current density and thus

the rate of heat generation.

3. There is a small but finite area under the metal which is

also turned on by optical scatter; its width was estimated

to be about equal to the device thickness. The experi-
mental work reported in Section 3.5.3.1.1 shows that the

scattering is much less than this value. This, 6 affects the

numerical results but not the approach. The initial
conduction area is therefore this scatter lighted width
multiplied by the total perimeter of the window.

A large portion of the experimental effort in this program

was to determine the rate at which the conducting plasma spread under
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the high dI/dt and peak current densities encountered. It was previously
known from the work of Yamasaki and others that the velocity of the
plasma front (spreading velocity) is a weak function of the current

density.(z)

It was also known that the spreading velocity is essentially
independent of the temperature. This information was incorporated
into the physical model with provisions to modify the spreading velocity
as future data might indicate.

The apparatus, technique,'and experimental results of the
spreading velocity measurements are described in detail in Sections
3.3 and 3.5.

2.2 Analytical and Computer Model,

The experimental determination of how a given semiconductor
device will respond to variations in design (including geometry,
impurity concentration profile, and packaging) and operation (including
gating stimulus and numerous circuit controlled variations in voltage
and current and rates of change of voltage and current) is a very long
and costly procedure. Because of the large number of parameters
involved in a thyristor, huge quantities of test units must be fabricated
and evaluated under carefully controlled conditions. When it is
desired to provide sufficient units to allow for failures and for
adequate data at each step to provide statistical significance, the
number of thyristors involved with all of their parameters that must be
recorded becomes unwieldy. This is the situation that faced the LASS
investigators. Fortunately, a considerable body of theory has been
developed in the literature, and portions of this theory are applicable
to portions of the LASS problem., It was therefore a contract task that
a computer model be developed so that a theoretical parametric study
could be carried out to predict the performance of the LASS over a range
of operating conditions. An experimental verification program would
then be used to confirm the predictions of the theoretical study or to
provide information for corrective action in the computer model.

It was expected that the computer model would accept input

data concerning the initial conditions, the geometry and design of the
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device, the blocking voltage and the current pulse width and magnitude,
the rate of current rise and fall, and the length of time between
pulses. The model would provide the spatial and temporal distributions
of current density and temperature and the forward voltage drop as a
function of time and current. These expectations have been met as
illustrated in the two papers by Davis and by Davis and Roberts in
Appendix V.

It was realized early that there were three major tasks to
accomplish the development of a meaningful computer model. Two of
these, the model development itself and thermal analysis, properly
are portions of the analytical work and are discussed in the next two
sections of this report. The third, the determination of the plasma
spreading velocity under conditions of very high current densities, is
covered in Sections 3.3 and 3.5 under the major section on Experimental
Verification.

2.2.1. Development of Optically Activated Thyristor Turn-on Model,

The computer model of the light fired thyristor assumes a
light source such as a high peak power Q-switched neodymium:YAG laser.
Such a light pulse generates excess carrier concentrations throughout
the illuminated base regions of the device which are of the same order
of magnitude (1017—1019
the normal on-state. (Refer to Figure 2.1-3). The time required for

per cm3) as those which occur in the device in

these carriers to be generated is a combination of the transit time of

the light through the device (v 1 picosecond) and the duration of the
light pulse (% 10 nanoseconds in cases examined thus far). A thyristor
turned on in a conventional manner such as electrical gate drive or

"light triggering" (as opposed to "light firing' which is under discussion
here) takes the order of a microsecond because it depends on comparatively
slow drift and diffusion mechanisms to establish a conduction plasma

in the device. Therefore the voltage collapse across a Q-switched Nd3:YAG
laser fired device is orders of magnitude faster than that of a conven-
,tionally triggered device and can, consequently, sustain a much higher

time rate of change of current (dI/dt) through the device. For this
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reason, this technique of light activation of the solid state switch is
of great interest in any power circuit with high dI/dt requirements.

A preliminary computer program was stepwise constructed that
utilized an arbitrary number of circular spots as the illuminated
geometry. It was known that a large initial periphery is desired in
order to maximize the initial conduction area. The functions of this
model were to point out trends which would be the guide to other
geometries with superior properties, and to provide the basis for
developing a more sophisticated and realistic model.

The preliminary model assumes that at time zero the thyristor
starts on with the on area equal to the illuminated area. The load
current is constant at Io. The conduction area is a function of the
original area, Ao’ and plasma spreading velocity LA It is known that

the plasma spreading velocity is a function of the current density J:

c
vS(J) bJ".

For a quantity No of circular apertures of radius Ro

Con2 3
nNoJ(Ro + bJt) Io = 0.

The program solves this equation for J(t) and then determines r(t).
Data from diodes and thyristors on forward voltage drop were

available for current densities up to about 1500 A/cmz, This was used

to extrapolate to high current densities according to the relationship

V = A + BJ.

The product of the instantaneous values of V(J,t) and J(t) provides a

determination of the incremental power density P(t). By summing the

incremental power dissipations and absorbing the heat totally within

the silicon in the conducting region (adiabatic case), one can calculate

the temperature T at the end of the pulse as a function of the radius Ro.
The output data from this program was supplied to the thermal

} analysis as input data for initial evaluation of the thermal analysis

| program,
The efforts to achieve a more realistic model were based on




=

e

the approach of the preliminary model, but with attention to several

important details that were ignored in that model. To aid the devel-

opment of the new model, the over-all model was broken into five major

subsections which could be worked on independently. These were

identified as:
(1) EFFWO

(2) HI1IJVC

Mathematical model of the effective conduction width
of the laser illuminated, unmetalized area of the
thyristor structure. Provision is also made for the
area under the metal adjacent to the window which is
illuminated by scattered light. This computation
provides the t = o+ boundary condition for conduction
area and current density for the spreading-turn-on
calculations. This calculates the current density
J(x) at t = 0. The light pulse is considered to be

a delta function which generates a plasma in the
device. The carriers redistribute spatially in a
dielectric relaxation time in a manner depending on
the lateral resistance of the illuminated area near
the surface and the electrical contact. This redis-
tribution is integrated in EFFWO and then divided by
the peak current to give an effective "on" width and
current density for use as the initial condition in
the SPREAD program.

Model of the voltage~-current characteristic versus
temperature under very high current density conditions
where Auger recombination dominates. Model is based
on literature and experimental data taken in this
laboratory. This model was subsequently expanded to
include carrier-carrier scattering and the temperature
dependence of lifetimes and mobilities. Short pulse
V-J characteristics with J up to 1,000 A/cm2 show
that Auger recombination process is dominant at high

values of J.
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(3) SPREAD Model for calculating current and voltage versus time
for the LASS device which includes the effect of

conduction area spreading as a function of instantaneous

current density. Model is based on extrapolation of
infrared study of turn-on plasma spreading in this
laboratory. This program was revised from the circular
type of conduction of the preliminary model to a
perimeter type of conduction to improve the initial "on"
region available for spreading.

(4) TMPRO This calculation determines the distribution of energy
dissipation and temperature distribution spatially
across the device as a function of time during the
conduction pulse.

(5)‘ CURDIS A calculation of the spatial distribution of currént
as a function of time. The results obtained with the
previous four model elements imply that the temperature
across the device will be highly non-uniform and
since the voltage-current characteristic is temperature
dependent it follows that the current distribution at
any given instant will be non-uniform. A self-
consistant iterative algorithm was devised which

‘ determines this current distribution for each point

‘, on the time grid. Inputs for this calculation are the
time dependent terminal current, the conduction area
as determined by SPREAD and EFFWO, and the temperature
distribution obtained for the previous time interval.
The iterative loop includes HIJVC and TEMPRO; and
thereby obtains, in addition to the current distribution,
the terminal voltage and the new temperature distribution.

Provisions were made to modify the above programs as experimental data
§ became available for turn-on and for plasma spreading. These five

programs were developed more or less independently (although simultan-
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eously by the same worker) on an interactive time-share computer. Inputs
from the thermal analysis work (Sectionm 2.2.2) were incorporated as
appropriate, especially in the TMPRO program. The five programs were
assembled into one program that required the input data and provided

the output data listed in Table 2.2-1. The data obtained from this analysis
provided excellent insight into device and optical system design
requirements. One of the most significant was the prediction that
rectangular illumination ports would be superior to circular ports.

Some imput parameters cannot be derived from first principles
and must be correlated to empirical data. This is particularly true of
the spreading velocity, the voltage-current density relationship, and
various temperature dependent parameters. The spreading velocity and
the voltage-current measurements constituted the major portion of the
experimental work on this contract and are reported in Section 3.

The working program was translated from the small, time-share
computer system to the UNIVAC computer system using FORTRAN compatible
with CDC6600 Scope 3.4 0S as required by the contract. At this time an
improved terminal voltage-current density (V-J) relationship was
incorporated. The initial V-J data was from small diodes and thyristors
with current densities up to about 1500 amperes per square centimeter.
These data were fit to a two segment curve of the form V = A + BJ. New
data to 10,000 A/cm2 were added, and the relationship was restructured
with three segments of the same form. Examples of the output data are
given in the two papers by Davis and by Davis and Roberts in Appendix V.
These papers also discuss the model development and usage in some detail.

Although the program is working well, there are some improvements
that should be made. First, although provisions were incorporated in
the programing to permit the thermal analysis of the device over a
train of current pulses, their operation has not been confirmed on the
UNIVAC because insufficient funds and time remained on the contract.
Therefore, the program presently calculates the effect of one current
pulse on the device. Second, under some conditions the FORTRAN program

does not converge. This can be solved by dividing the current pulse
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TABLE 2.2-1 THYRISTOR MODEL INPUT AND OUTPUT DATA,

Inputs

1. I(t) - The time dependent current waveform of the circuit

2. T(x) - The initial temperature distribution across the
device

3. Geometric parameters of the device
4, Material parameters of the device

5. v spreading velocity
‘? Outputs

1. T(t,x) Temperature as a function of time and location

2. J(t,x) Current density as a function of time and location

3. I(t) Current as a function of time

4, V(t) Terminal voltage as a function of time

5. A(t) Conducting area as a function of time

e Ao
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into 72 or more time increments, but this seems excessive. The conditions
under which this occurs and how to correct them are described in

the program documentation delivered with the program to the USAF. This
shortcoming is more of a nuisance than a major fault. Third, the
experimental V-I data for large devices with a multiplicity of windows
did not track the calculated V-I curve. The measured values of V were
higher than the calculated ones. The model assumes that the electron-hole
plasma can spread laterally without limit. In the large device, the
windows are slots with a radial pattern (Figure 2.2-1) and the spreading
plasma fronts meet early in the pulse near the center of the device.

Once they start to overlap, the actual conducting area is less than the
calculated area, the actual current density 1s therefore higher than that
calculated, and the actual terminal voltage will be higher than that pre-
dicted by the model. When this was discovered, there were insufficient
funds remaining on the contract to add the additional task of providing
means to modify the area calculation based on device geometry. This

is an important point whenever the illumination windows are to be located
close enough together that portions of the plasma fronts will overlap
during the current pulse. Fourth, the heat flow calculations are based
on one dimensional flow along the axis of the device. Certainly for

long pulses or trains of pulses the lateral heat flow will be importanc.
The model should be modified in any extended work to consider lateral
heat flow. Fifth, it would be very desirable to perform some thermal
measurements to confirm the accuracy of the calculated temperatures.

This would be a difficult experimental task, but it seems essential if
further work is to be done in the application of the LASS.

2.2.2 Thermal Analysis .

When this program started, there was conjecture, but no

supporting data in the literature, that the thermal conditions in the
silicon slice during a 40 microsecond pulse were adiabatic. The
dynamics of the heat generation and flow during and after the conducting
pulse were central to the theoretical model desired for the LASS.

Therefore, a substantial effort was mounted to determine these dynamics.
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Figure 2.2-1. Completed light activated semiconductor switch
element designed for fast turn-on.
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Initially, attempts were made to apply well-established
techniques for the computation of transient heat flow. One of these,
for which considerable experience was available, was the use of the
ECAP computer program, This Electrical Circuit Analysis Program,
designed by IBM for users of their computers, permits the solution of
transient problems for electrical networks. By merely making an elec-
trical analog of the thermal network, one can readily solve thermal
problems. In principle, this technique works well; but, as was also
found for other established approaches, there were serious, unacceptable
limitations when these approaches were tried with the LASS. This is
because all of the investigated approaches had been developed for much
larger time frames (millisecond to hours compared to the present interest
of microseconds) and/or much larger physical sizes. As a result, when
these techniques were applied to the LASS problem, one of two conditions
occurred: (a) the spatial and/or temporal intervals had to be so large
as to mask any unexpected variations (thus making the adiabatic
assumption come true as a matter of default), or (b) the problem had to
be broken into such small fragments in order to examine it in the
necessary detail that one could not readily interpret the overall results.

Analysis showed that, since the thickness of the silicon slice
is very small compared to its other dimensions (0.05 cm vs. ~ 5 cm), an
infinite slab approximation should provide insight into the characteristics
of the heat flow in the silicon. This approximation should also be
reasonable for the contacting plates of molybdenum or tungsten, but
less so for subsequent, and presumable thicker, materials such as
copper which form the final heat conducting path to the ultimate coolant.
Since the primary concern was what happened in the silicon, the possible
loss of validity in the copper was acceptable. The heat flow in the
copper could probably be treated on an average power basis. Accordingly,
the problem was reduced to a complicated version of a standard textbook
problem in transient heat flow. The initial model was a semi-infinite
silicon slab; i.e., a sheet of silicon of finite thickness with one
dimensional heat flow perpendicular to the plane of the sheet. Figure 2.2-2
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Figure 2.2-2, Calculated change in temperature at the center of
a silicon slab after a 4Ousec. heat pulse. Infinite slab model.
Thickness of silicon=0.05cm. Thermal conductivity gf silicon=
1.25W/cm°C. Thermal diffusivity of silicon=0.68lcm”/sec. Initial
temperature above ambient at end of 4Qusec. pulse=25°C.
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is a plot of the decrease in temperature with time after a delta function
of heat input raised the temperature 25°C. The value of 25° was
estimated as a reasonable one from the preliminary turn-on model. This
curve shows how the temperature decreases with time for a wide range of
values for thermal interface conductance. Note that there is no percep-
tible decrease in temperature until 100 microseconds. This confirmed
the soundness of the assumption of adiabaticity for pulse lengths of
40 microseconds or less. The listing of the computer program to calculate
the data display in Figure 2.2-2 is contained in Appendix I-1.

The physical model was then expanded to permit the selection
of up to five different materials in series as shown in Figure 2.2-3.
Each material extended infinitely in the plane perpendicular to the paper,
and heat flow was from left to right. The rate and timing of the heat
input at. the leftmost edge can be specified, as can all of the pertinent . ... - o
material constants (e.g., thermal conductivity, heat capacity, thermal
diffusivity, etc,) of each layer of material and the heat transfer
coefficients of each boundary. In addition, this model also contained
provisions for multiple pulses to provide an indication of the time to

reach equilibration. A listing of this program plus the calculated

temperatures for 1250 pulses for a specific set of conditions is
contained in Appendix I-2. Note that equilibration is achieved in the
last two cycles to the accuracy of the print-out. Actually, only 2 or 3
figures are significant, and on this basis equilibration is attained
after 1800 usec, or 450 pulses. In spite of the many obvious simplifi-
cations, this scheme accomplished the desired objective of providing a
feeling for the magnitude and location of the problem areas as was
confirmed later by the following more sophisticated approach.

With the improved understanding of the problem obtained from
the above described infinite-slab, multimaterial investigation, it was
practical to increase the level of sophistication of the investigation.
A finite element computer program, identified proprietarily as WECAN,
was employed to make a detailed analysis of the problem. This type of

program is capable of handling real thermal transient problems in

34




e

Dwg.6408A37

Cu

1=

P T C— C— G CE G G GEm, — GEES . D CE— — T — — C—— . G Gw— — — —— —

b oEn G G Gee G GES GEEn G G G CE— G G GE— G—— CE— ——— — — — — — — — — ——

I

Figure 2.2-3,

3

slab transient heat flow calculation.

Conceptual view of physical model for infinite

A U




3
-
!

S

three dimensions. Several steps were required to increase the
complexity of the problem to eliminate oversimplifying assumptions and
to obtain even a simple finite element mesh. For a centrally located
circular aperture in a disc shaped active element there is cylindrical
symmetry, and the three dimensional heat flow problem can be reduced to
a two dimensional one by treating each element as a ring concentric
with the axis of the cylinder. In this manner, one need prepare a
detailed mesh for only one half of the cross section of the device, and
this is shown in Figure 2.2-4. The program used with the mesh shown in
this figure provides for heat inputs, by quantity and time, to each
of the selected finite elements located along the ordinate or vertical
axis, and for two dimensional heat flow along the mesh lines as shown.
In this example, heat does not flow to the left; cooling occurs on only
one side of the silicon slice. An improved mesh to permit heat flow
out of both surfaces of the silicon slice is shown in Figure 2.2-5. This
mesh is still unrealistic in that there is no provision for the entrance
of the light. The mesh shown in Figure 2.2-6 provides for the entrance
of the light signal, double side cooling, and up to three different
materials such as silicon slice, molybdenum support, and copper sink.
The mesh assumes material symmetry about the ordinate axis, but this
could be changed in the input data. Figure 2.2-7 shows the temperature
plot using the mesh of Figure 2.2-6 for the first 20 pulses of a train
assuming heat generation as given in Table 2.2-2 (which was obtained from
the preliminary version of the LASS computer model). Note that the
peak temperature has reached 126°C and that it has not stabilized. A
plot of the isothermal lines at the end of the twentieth pulse is shown
in Figure 2.2-8 along with tabulated temperature values of each corres-
ponding line. Note how little the temperature has risen over a short
distance away from the illuminated area.

Because the maximum temperature at which a thyristor will
reliably block rated voltage is about 125°C, it is clear that the
temperature and therefore the current density is unacceptably high in

the illustrated case. The results of a rerun with the heat input at
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removed to account for path of laser beam.
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one-fifth of the previous levels are shown in Figure 2.2-9. Although

the temperature still has not equilibrated, the peak values are one-fifth
of those of the previous case, showing that the temperature rise does
scale linearly with the heat intensity.
It must be recognized that the purpose of the finite element
study is to determine whether any unexpected non-linearities arise in
the thermal performance of the device, and to provide relationships
between heat flow rates and structural materials and configuration.
The finite element approach is too expensive in input data preparation
time, computer operating cost, and volume of output and consequent
analysis time to be seriously considered as a routine tool for the
parametric analysis. Rather it provides the insight to develop a simpler,
less expensive, computer model similar to the one described earlier
as TMPRO that will still provide meaningful results. This simpler model,
in turn, has been incorporated into the overall turn-on model for the LASS.
The results achieved at this stage, even with rather crude
input information, confirmed that heat removal will be a major problem
for use of the LASS for sustained time periods. However, it is also
clear that rather conventional cooling approaches will be satisfactory
for short bursts at very low duty cycles by allowing the thermal mass
of the silicon and its immediate neighbor to absorb the heat generated
during the burst.
2.3 Other Analytical Information.

A few additional small analyses were performed to answer
specific questions or because they seemed of interest. These are
documented below.

2.3.1 Air Breakdown by Laser Beam.

The possibility of air breakdown from the intense electro-
magnetic fields in the laser beam was investigated. According to
Lencioni the measured breakdown in air at 1.06 um for 100 nsec pulse
length? ?as a threshold of 2 X 1010 w/cm2 for large (> 10-1 cmz) spot
3

as given in the right hand column of Table 2.3-1.

sizes. The threshold is considerably larger at smaller spot sizes
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The laser obtained for this contract produces 100 mJ, 20 nsec

pulses with a peak power of 5 X 106 watts. Then for a beam size of:

TABLE 2.3-1. AIR BREAKDOWN BY LASER BEAM.

Laser Output

Beam Size glggi Thszzﬁgggw:/cmz
1072 cm? 5 x 108 ~ 4 x 10
107! cn? 5% 10 ~n 2 x 101
1 cm? 5 x 10° ~ 2 x 1010

Therefore the safety factor is of the order of 1000 for electromagnetic
breakdown of the air in the path of the laser beam for the purpose of
this contract.

2.3.2 Minimum Light Needed to Turn-on Thyristor,

There are several approaches to estimating the minimum light
energy required to turn-on a thyristor. The approach that seems to be
the most practical is discussed here.

From Figure 2.1-3, a carrier density of 1017 per cm3 is
required at the surface of silicon. Assuming a quantum efficiency of 1
(very nearly true for the wavelength under consideration), photons

must enter the silicon at a rate of 1017/cm3. The total energy, E, is

E = ne
where n is the total number of photons (1017) and € is the energy of
each photon. But

€ = he/A

| where A is the wavelength of the light (1.06 X 1078 m), h is Planck's
constant (6.6 X 10"34 J-sec), and ¢ is the velocity of light (3 X 108

? m/sec). Then

E = nhc/X

! and substituting the above values gives E = 19 mJ/cm3. This much energy
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must be absorbed by the silicon in the manner shown in Figure 2.1-3.

To allow for non-preferential absorption characteristics, reflection at
the surface, and transmission losses, the light delivered from the laser
should be at least an order of magnitude greater, say 200 mJ/cm3 of
silicon activated.

For the 20,000 A, 2000 volt device of this contract one can
estimate the light needed. To obtain a reasonable voltage drop, say
about 20 volts at the 10 usec point in the pulse (from Appendix V-2),
approximately one square cm of silicon must be illuminated. The silicon
is 0.05 cm thick; therefore, 0.05 cm3 of silicon must be illuminated
at the desired level. This would indicate that a minimum of 10 mJ is
required from the laser. As will be seen in Section 3.5, this -is within

a factor of perhaps 2 of the experimental results.
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3.0 EXPERIMENTAL VERIFICATION

3.1 Introduction.

One of the major tasks of the Optically Activated Switch
program was that of experimental verification of the projections of
the analytic study. As is usually the case, the division between the
tasks was not clean, because the analytic study needed experimental
inputs for several parameters--especially plasma spreading velocity
and the forward-drop current-density relationship. Some general
comments about the experimental results are in order before examining
them in detail.

The electrical testing conducted for the low dI/dt infrared
plasma spreading experiments are not of any new significance in them-
selves since devices have been tested to these levels with electrical
gating without undue stress. These tests served as a reference point
for the infrared measurements. On the other hand, the performance
levels achieved by the laser light fired thyristor in the specially
constructed pulse forming network test system are orders of magnitude
greater than those achieved with electrically gated thyristors and
will be discussed here in some detail. The results and the problems
encountered will also be discussed and interpreted for the purpose
of making recommendations for future encapsulation and application of
the LASS.

Thyristor elements or devices were tested at various voltages
and currents. The tests were performed stepwise. The voltage was
increased across the device in steps of approximately 425 volts by
changing the taps on the main transformer--usually starting each
voltage level with 20 pulse forming networks connected to the device
under test and increasing the current and voltage level until the
device failed for one reason or another. The most significant achieve-
ment was the testing of two devices at maximum operating voltage and
current without device failure. Figure 3.1-1 shows the voltage and
current waveforms. The voltage was measured using the clamping circuit.

The full voltage waveform cannot be shown at high speed because the
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Figure 3.1-1. Voltage (lower) and current (upper) waveforms
of device 2G4 at full voltage (1700 V) and current conditions
(40 PFN's). Scales: Vertical 5000 A/cm and 5 V/cm; Horizontal
5 usec/cm. Current and voltage zero 1 cm above bottom line.
Voltage measured using the clamp circuit.

47




fast probes will not sustain the operating voltage of the device,

These devices were 50 mm diameter gold plated units and were
operated at a blocking voltage of 1700 volts with all 40 PFN's connected.
Under these conditions the flat portion of the current pulse was approx-
imately 19,300 amperes. The full width half maximum value of the current
was approximately 40 psec in duration. The leading edge of the current
waveform was purposely made to overshoot in the test circuit by removing
the first inductor in each of the 40 pulse forming networks to maximize
the dI/dt available from the system. This overshoot value reaches 24,300
amperes in one microsecond. dI/dt measured from the 10% to 90% of the
flat portion of the curve gives a value of 40,000 amperes/usecond.

The pulse repetition rate was one pulse per second.

In summary, the peak current achieved was 24,300 amperes. The
pulse current was 19,300 amperes for a 40 usec duration at one pulse/sec.
The dI/dt was 40,000 amperes/usecond and the blocking voltage was 1700 volts.

It was found in general that a failure point for the devices
could not be empirically predicted. The reason is that there are so
many different parameters to consider that if any one is wrong, the
device may fail. However, it was shown that extremely high performance
levels can be achieved if certain conditions are achieved, First, the
electrical contact must be sufficiently thick and metallurgically
attached to the silicon. The electrical-optical configuration should
not give rise to current channelling which will unduly stress a region.
The laser light must be of sufficient intensity and activate a sufficiently
large area so that the current will not exceed a critical current density.

The major questions are, what are these values or combination
of values? We believe that the analytic computer program provides the
basic approach to the answers. We have found that the experimental vol-
tage and current waveforms can be closely approximated by the single slit
or circular geometry patterns from the computer program. By combining
these inputs, device performance has been predicted far above the experi-
mental failures. The fact that failures occur in some cases and not in
others shows that the limit has not been empirically found. The tests
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at Lawrence Livermore Laboratories described in Section 3.5.4 indicate
extremely high dI/dt and current density capability. We believe that
by proper extension of the computer program it can be used to predict
the ultimate capability of the LASS.

Some additional empirical data should be obtained to complete
the work, however. Some thermal measurements are needed to correlate to
the temperatures predicted by the program, and the relationship of the
intensity level of the light (J/cmz) to the forward voltage drop or
switching power loss needs to be better understood. These points are
discussed in Section 4, CONCLUSIONS AND RECOMMENDATIONS.

3.2 Fabrication of Devices.

Two approaches were used to obtain thyristor or LASS devices
for experimental testing. First, devices which had been fabricated for
electrical gating (i.e., designed and fabricated to be triggered by a
conventional electrical signal as opposed to an optical signal) were
modified by etching away the electrical gate contact and also by etching
patterns (windows or ports) into the cathode metallization to observe
the infrared recombination radiation (see Section 3.5.2). The etching
was accomplished by typical photoresist and aluminum contact etching
techniques used throughout the semiconductor industry. Second, devices
were designed and fabricated specifically for optical firing so that
the passivation of the surface took place after the cathode electrical
contact optical window patterns were defined. High voltage power
thyristor processing is a relatively low yield manufacturing process,
and many problems were experienced with the specially designed rums.
Most of the devices tested were modified "conventional" devices;
however, the specially prepared devices provided some interesting data
also.

Figures 3.2-1 through 3.2-5 are some typical designs used in
the electrical testing. Figures 3.2-1, 3.2-2, and 3.2-3 are plan views
of three of the emitter designs used in the low dI/dt test system. The
fourth design used was the same as that of Figure 3.2-3 except that the

shunt pattern appeared over the entire device surface (i.e., in the
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Figure 3.2-1. Experimental LASS emitter mask. H-type

Dark regions are N-type.

Light regions are P-type.

design.
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Figure 3.2-2. Experimental LASS emitter mask. K-type design.

Dark regions are N-type.

Light regions are P-type.
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Figure 3.2-3. Experimental LASS emitter mask. J-type design.
Dark regions are N-type. Light regions are P-type. This pattern
was used also for the R-type design except the shunt pattern
(white dots) continued over the central region.
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center region also) and the n~base region was thinner than those tested
with the Figure 3.2-3 emitter design. These structures were designated
il, J, K, and R, respectively.

In all three figures, the dark regions are n-type and the
light regions are p-type.

Figures 3.2-4 and 3.2-5 show the various cathode metallization
patteras that were used on various devices for low and high dI/dt testing.
For the LASS tests, the central gate metal was removed from the three
commercially available device types shown at the right in Figure 3.2-4.
An additional type of device design in the 23 mm diameter size, the
Reverse Blocking Diode Thyristor or RBDT (formerly Reverse Switching
Rectifier, or RSR), was modified for use in the high dI/dt tests by having
a centrally located round or rectangular port etched into the cathode
metallization. Three port patterns were used with the 50 mm diameter
devices as shown. In several of the devices the overall pattern of
very small windows for observation of the infrared recombination
radiation can be seen. These geometric patterns were used on devices
designs to block either 1000 volts or over 2000 volts in order to
compare the effect of base width (i.e. different impurity profiles)
on plasma spreading velocity.

The results of the testing of these various configurations are
discussed, as applicable, in Section 3.5.

3.3 Equipment, Circuits, Instrumentation, and Techniques,

The following seven subsections describe the important
circuits and techniques (along with special instrumentation where
. applicable) used to obtain the experimental data. Special consider-
ations and rationale for the approaches adopted are developed where
appropriate. Discussions of particular problems encountered are deferred
to Section 3.4, Problems Encountered.

3.3.1 Laser Light Source

.

The source of light activation for the experimental testing
was a neodymium doped yttrium aluminum garnet (Nd3+:YAG) laser

purchased from the GTE Sylvania Corporation as Government furnished
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Snowflake Amplifying Gate

! Figure 3.2-4. Cathode metallization patterns used on 23 mm
devices designed for LASS experiments (left) and commercially
available patterns (right).
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) Figure 3.2-5. Illumination port patterns in the cathode
ﬁ metallization for LASS experiments.
55




equipment. It represented the state of the art in power output and

repetition rate for a single oscillator at the time of purchase.

The laser is guaranteed to produce a multimode pulse of
0.125 joule at a repetition rate of up to 100 pulses per second at
1.06 ym emitted waveléngth. It has been observed to produce over
0.150 joule. It is Q-switched with a Pockels cell, emitting a pulse of
the order of 10 nanoseconds (Figure 3.3-1) in duration to a peak
power of approximately 15 M watts. A cavity insert is provided to
suppress the multimode emission and cause oscillation in the TEM°°
mode with a guaranteed output of over 0.010 joule. It has been observed
to produce > 0.020 J in this mode; however, both the front and back
mirrors must be adjusted to obtain TEMOO operation and produce this
magnitude of output energy. Figures 3.3-2 and 3.3-3 are views inside
the laser head showing the front mirror adjustment and flash lamp
removal, respectively. The front panel of the laser power supply
is shown in Figure 3.3-4. The water-to-water heat exchanger with
associated circulating pump, filter, and reservoir are shown in Figure
3.3-5. Details of the laser operation and maintenance can be found in
the instruction manual provided by GTE Sylvania. The manual was shipped
with the laser at the completion of this contract. Specifications for
the laser are contained in Appendix III. A discussion of problems
with the laser can be found in Section 3.4.1.
3.3.2 Spreading Velocity Measurement,

The determination of the lateral spreading velocity of the
conducting plasma was a major subtask of this contract. For this
reason, the equipment, technique, and results are discussed in detail
in this report. Two approaches were used to determine the spreading
velocity, both based on observation of the electron-hole recombination
radiation (A = 1.14 ym) emitted from the conducting region of the
thyristor. These approaches are described in the following subsections.

3.3.2.1 Infrared image converter camera technique, It is
well known that thyristors turn-on locally and the conducting or "on"

region plasma then spreads over the entire active area of the device at
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Figure 3.3-1. Oscillograph of laser output. Time scale is
5 nsec per major scale division. Oscilloscope used was Tek-
tronics type 7904.
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Figure 3.3-2. View inside the laser head showing adjustment
of front mirror.
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Figure 3.3-3. View inside laser head showing flash lamp
removal.
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Figure 3.3-4.

LASER POWER SUPPLY

Front panel of laser power supply.
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Figure 3.3-5. View of water circulating/cooling pump and
water-to-water heat exchanger with sheet metal cabinet removed.
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(1)

some rate. The rate of lateral spreading of the plasma is called the
spreading velocity, W A technique that has been used to observe the
spreading velocity is to observe the recombination radiation emitted

in the conducting region of a device. This technique is discussed in
detadl in references (1). The system is shown schematically in Figure
3.3-6. t

Observation windows are etched into the cathode contact of

the thyristor element under test to allow the radiation to escape and
at the same time minimize the perturbation in the spreading of the "on"
region. The radiation is sensed by an infrared image converter tube
focused onto the cathode of the device. The tube converts the image

to the visible where it is intensified by tandem image intensifiers and 1
then photographed for permanent record and measurement. The image !
converter tube is constructed with a variable delay shutter so that the ;
area of plasma spreading can be observed at some variable time after
the device has been fired. In this way, the area which has turned on
can be observed at various times after triggering, thus enabling l

measurement of the spreading velocity of the plasma. Figure 3.3-7 shows

typical examples of the sort of photographs which are obtained. By
measuring the physical distance between different diameters of the on
region and the time the shutter is opened after device triggering, the
spreading velocity e is obtained.

The photographs obtained are a multiplicity of exposures of
the film with the shutter opened at the same time each time the device
is triggered. The length of the exposure (i.e., number of exposures)
has an effect on the on region diameter because of the sensitivity of
the film. The edge of the on region is not conducting as heavily as
those regions which have been on for a time so that the intensity of
the recombination radiation is not as great at the edge of the conduction
region. Even if the number of exposures at each time frame were kept
the same (that is, the exposure time at some fixed repetition rate),
the intensity of the recombination radiation is a function of the

current density which changes (decreases) as the shutter position is
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Figure 3.3~7. Typical evample of raw data obtained from infra-
red image converter camera technique. Current pulse width
100 usec; shutter pulse width =2 usec. Anode current 600 A.
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moved farther in time from the initiation of turn-on. This contributes
to errors in two ways. The turned-on area is determined as being some-
what smaller than is really the case. As a first result, the effective
radius measured at each interval in the current pulse is less than the
true value; and to the extent that this difference varies with the
spreading velocity value or current density value, it contributes to

an error in the determination of Ar and thereby the spreading velocity.
Second, because the measured area is too small, there is an apparent
increase in the current density. This factor would cause a shift in
the spreading velocity-current density relationship toward higher
values of current density for a given spreading velocity; and it also
increases the scatter of the experimental data taken with different
values of anode current.

There are additional uncertainties in the value of Fo obtained
by this means. First, it has been observed for both electrically
triggered and laser fired devices that the gate region or optical
window for the laser pulse conduct current only during the early stages
of conduction; consequently, the assumed area of conduction from which
the current density is derived is only approximate. Second, an unknown
factor results from the fact that conducting region of many devices
does not spread radially in a uniform manner and actual current density
is therefore unknown. This may be a matter of technique in contacting
the cathode of the device because the devices tested on this program
demonstrated very uniform spreading.

The neodymium laser was set up with the plasma spreading
equipment to observe turn-on spreading of devices fired with the laser.
Figure 3.3-8 is a diagram of the pertinent parts of the set-up. The
laser pulse was directed into the center of the device with a glass
prism at an angle approximately 45° to the normal. Although the image
converter tube is electronically shuttered off during the laser pulse,
a pass band light filter was found to be necessary between the silicon

surface and the image converter tube. Continuing radiation from the

laser pump flash lamp (after the laser pulse is over) is scattered from
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Figure 3.3-8. Diagram of infrared recombination radiation
system for studying plasma spreading with laser light acti-
vation of device under test.
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the silicon and metal contact surface and saturates the image converter
tube. The pass band filter is centered on 11,400 A (silicon band-to-band
recombination radiation peak) with a half power bandwidth of +300 A.
Because of the change in optical path length introduced by insertion

of the band pass filter, the focusing must be carefully checked at

this point.

Fluorescence from the laser rod prior to Q-switching is
effectively blocked by the image converter and is apparently at a low
enough level after the laser Q-switches that feed-through does not
present a problem. The only restriction on the system is that the
shutter cannot be open during the laser Q-switched pulse.

An attenuator consisting of two crossed glan prisms was
inserfed into the beam path. Two glan prisms are used so that the plane
of polarization of the output beam remains unclionged while the amplitude
is varied. The attenuator is set up by aligning the second prism for
maximum transmission of the laser beam, which is linearly polarized by
the use of a Pockels cell Q-switch. The first prism is placed between
the laser and the second prism. When the first prism is rotated, the
output power will vary as cosée, rather than cosze as would result if
the second prism were omitted.

Figure 3.3-9 is a calibration curve run on the system using
a Coherent Radiation Labs calorimeter with the laser running at 50 pps.
The excellent agreement between theory and the measured value indicates
that the laser output is highly plane polarized, as it should be.
Maximum output through the attenuator and prism with the laser running
in the TEMoo mode was found to be 13 mjoule/pulse.

The thyristor element to be tested is mounted in a jig which
contacts the device at the periphery, allowing the major portion of the
cathode contact surface to be focused onto an image converter tube for
observation of infrared recombination radiation emitting from the "on"
regions of the device. (See Figure 3.3-10.) Small holes were etched
into the metal contact surface to expose the bare sil'con surface and,

thus, allow the infrared radiation to reach the converter tube.
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Infrared recombination radiation observation.

Figure 3.3-10.
Device

Note pattern in device to permit radiation to escape.
shown in jig is not optically activated.
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Figure 3.3-11 is a photograph of the infrared system and the neodymium

laser transmitter.

3.3.2.2 Photomultiplier-light pipe technique Because of

the physical make-up of the pulse forming network test circuit, it was
considered impractical to use the image converter system for very
high current ¥ measurements. Not only is access to the cathode for
focusing impractical, but also at the high current densities antici-
pated in this system, the electrical contact configuration becomes
extremely important. Perturbations to very good electrical contact
must be minimized. The cathode electrode must be under pressure over
most of the surface of the device or the device metallization must be
sufficiently thick that lateral voltage drops are negligible. To keep
the observation windows small and at the same time focus through a
thick contact layer is impractical.

Figure 3.3-12 is a schematic of the system used to measure
spreading velocity in the PFN test circuit described in Section 3.3.3.
A photograph of the set-up is shown in Figure 3.3-13. The photomulti-
plier (PM) tube has an S-1 surface and is not highly sensitive in the
very near infrared (silicon band-to-band recombinztion radiation peaks
at 1.14 ym). In order to obtain low level signals from the PM, the
tube was inclosed in a commercial dewar and cooled to dry ice-methanol
temperature (-72°C).

Two types of observation windows in the cathode contact were
used. The first consisted of four radial rectangular regions etched
90° apart as shown in Figure 3.3-14. A light pipe was inserted into a
hole in the cathode contact pole piece which was aligned with the
radial slot. This light pipe was used to transmit the recombination
radiation to the photomultiplier tube input. This techaique was needed
because a large observation port was required to obtain an adequate
signal with the original photomultiplier system. Catastrophic failure
of devices became common with this approach and always occurred in the
same spot (See Figure 3.3-14). The reason for the failure is obvious.

The thin region of metallization between the circular illuminated
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Figure 3.3-11. Infrared recombination radiation observation
system showing electronic control optical system. Neodymium
laser transmitter is located at far right. (Refer to Fig-
ure 3.3-7.)
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Figure 3.3-12., Schematic diagram of the photomultiplier tube
plasma spreading measurement set-up.
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Figure 3.3-13. Photograph of set-up to measure spreading
velocity under high current conditions. The laser head is at
the extreme left of the picture, and the PFN unit is che

large equipment partially shown at the right. The photomulti-
plier tube and its amplifiers are on the bench with the photo-
multiplier at the right edge of the bench.
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! Figure 3.3-14. Top view of LASS showing circular optical

3 activation window in the center. Contact region removed in
four radial strips for infrared observation of plasma spreading.
Note device failure at metallization between window and obser-
vation strip.
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activation window and the etched infrared observation strip is an

electrical and thermal stress point. Not only is the current channeled
through this contact area as the plasma spreads, but some reduction
in heat sinking of the region also results.

As a result of the above problem, efforts were made, success-
fully, to improve the sensitivity of the photomultiplier system so
that an adequate signal can be obtained from a 0.0127 cm (0.005") diameter
hole in the metallization. This increased sensitivity was achieved by
improving the signal to noise ratio of the photomultiplier tube by
cooling it with dry ice and alcohol as described above, and increasing
the gain of the amplifier. This method not only provides a smaller
perturbation in the contact configuration, but also distributes the
current and thermal stress region over a larger area.

Therefore, the second type of observation windows employed
holes etched 0.0127 cm (0.005") in diameter on 0.0508 cm (0.020")
centers over the entire cathode contact area of a device to permit
the recombination radiation to escape from the device for observation.
Again a fiber optic light pipe was inserted in holes in the cathode
pressure contact electrode, and the other end was placed in intimate
contact with the photomultiplier tube input. The light pipe is
approximately 0.066 cm (0.026") in diameter so that regardless of
where the hole is placed in the cathode contact pole piece, it will
always line up with at least one of the observation windows in the
contact. After a device had been tested and observations made, the
locations of the observation windows which were aligned were noted and
the distances were measured relative to the observation window used
rather than the ports in the pressure electrode pole piece. See
Figure 3.3-15.

To facilitate these infrared observations for analysis and
correction of the computer model, electrodes with various patterns of
small holes in the pole face were fabricated to permit the 0.050 cm
(0.020") diameter fiber optic light pipe to be brought into contact
with the silicon surface at various radii. Figure 3.3-16 is a photograph
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Figure 3.3-15. Plan view of cathode side of thyristor active
element showing the central window for triggering and the

e grid of 0.0127 cm diameter infrared observation holes in the
contact region. Darkened holes are examples of ones that
aligned with pole piece ports and were used in data gathering.
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Figure 3.3-16. Photograph of cathode electrodes showing pat-
cerns of observation ports (small holes) for infrared recom-
bination radiation using the photomultiplier (PM) technique.
The left electrode shown is for 23 mm diameter active ele-

merts and the right one is for 50 mm diameter active elements.

77




showing the patterns fabricated for both the 23 mm and 50 mm diameter

devices. Observation of spreading of the on region was achieved by
coupling the output of the light pipe to the photomultiplier tube.

The time from the laser pulse to an observation on the photomultiplier
indicates the spreading velocity (to a given radius and consequently
at a given current density). Not all of the holes were used simul-
taneously. One piece of light pipe was moved around to obtain average
values. The new method does not permit the overall radial spread to
be observed in a single observation, but a quantitative determination
of the time to reach the on state at a given radius can be made. If
an overall picture were desired, several light pipes could be inserted
simultaneously and their outputs applied to the image converter and
intensifier tubes. This was not done in the present work because all
data available indicated very uniform spreading of the plasma.

In order to align the rectangular slots in the electrode to
the rectangular aperture patterns in the device metallization, the
device was aligned under a microscope and then mounted to the electrode
with a removable silicone rubber. The silicone rubber was needed to
hold the device in alignment with the electrode while the two parts
were inserted as an assembly into the test system. Errors which occur
in centering the pattern on the device in photoresist made it necessary
to enlarge the indentation in the negative electrode to insure a flat
fit to the electrode. The alignment of the slots is critical: other-
wise, '"shadowing" of the silicon by the electrode will occur. 'Shadowing"
was found to cayse localized heating and burn-out in earlier experi-
ments (See Section 3.4.3(b)).

It was found that the photomultiplier tube had to be masked
so that no spurious light was received from the laser pulse. Other-
wise, the amplifier of the photomultiplier was driven into saturation
and did not recover in time to provide useful information.

The technique introduces an uncertainty in the time measure-

ment since the observation hole(s) in the metallization will fall
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somewhere within a fiber optics light pipe observation port but not at
a predictable point. To determine the location of these holes, a clear
lacquer was sprayed into the observation ports after testing of a
given device was complete. Microscopic observation of the lacquer on
the surface of the device after removal from the circuit was used to
locate the relative position of the observation holes.

The spreading velocity is a function of the current density
J and is measured as follows: The laser is fired. Sufficient laser
light leaks through the optical system to cuase a signal on the PM
tube output which is observed on the oscilloscope trace. (The oscillo-
scope trace is synchronized to the laser pulse). This indicates time
zero. At some later time another signal is observed on the oscillo-
scope when the on region has spread to the observation window opposite
the light pipe. This is tr . By placing the light pipe in the electrode

n s ’
at various radii, various tr 's are obtained. The radius r used to

obtain tr is noted. Then
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Referring to Figure 3.3-11 where the darkened points are assumed to be
observation windows used in obtaining signals with the PM tube and

light pipe,
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When working with rectangular illumination ports, the . becomes the

distance of the observation windows from the axis of the illumination
port. This is reasonable for windows near the port and near the
center of the long dimension of the port, but constitutes 2 possible
source of error in current density determinations.

Measurements of velocity using t=0 as an end point in At
are not considered reliable because the initial on area is not
well defined (believed for modeling purposes to be significantly
larger than the illuminated area, but the scattering experiment of
section 3.5.3.1 indicates otherwise) and it is impossible with present
techniques to determine when the central illuminated region
goes off during the initial spreading. It is assumed that after
the first radius is reached by the plasma that only the area
beneath the electrical contact is actually conducting. Then the
on area is well defined for future spreading. It is also assumed
that the plasma is spreading unifo:mly radially. This does appear
to be the case at these current densities since Vv, measurements
on a single device are in good agreement made at different angular

directions.

Spreading velocity (vs) can in principle also be obtained
by timing the difference between when the signal first appears in a
given observation port and when the signal peaks in that port. (See Figure
3.3-17.) But so many arguable assumptions have to be made, and the
numerical results are so inconsistant with all other known ways to
determine Vg that this approach was not pursued further.

It turned out that the photomultiplier technique to
measure vV, was successful only with 23 mm diameter devices.
As 1is discussed in Section 3.4.3, Device Under Test,
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Figure 3.3-17. Photomultiplier signal from infrared port in
thyristor cathode. Scales: Vertical - 1 mv/division;
horizontal - 5 usec/division. Oscillograph is exposure of
10 device pulses. Note laser feedthrough at t = 0. Device
current was 5000 A. dI/dt = 10,000 A/usec. Device was
blocking 850 volts immediately prior to firing.

81

—



a problem with obtaining adequate electrical contact between the

device cathode metallization and the cathode pole piece was solved
by applying a heavy gold plating to the device metallization. The
plating operation (approximately 0.005 cm or 0.002 mils thick) effec~-
tively covered the tiny observation holes. Since the spreading data
achieved with the 23 mm diameter devices is believed to be represen-
tative of that which would have been obtained using 50 mm diameter
devices, the attempt to measure v with this technique on 50 mm
diameter devices was aborted and not pursued further.

3.3.3 Pulsed Power Supplies

Two basic circuits were used. The first supplies a current
pulse of variable duration and amplitude. It was used to pulse the
thyristor element in order to observe the spreading of the on region
using the infrared recombination radiation plasma spreading technique.
This technique is described in detail in the preceeding section. The
equipment is shown schematically in Figure 3.3-8 and pictorially in
Figure 3.3-11.

Devices with various diffusion geometries were anode to
cathode pulsed in this system and light fired with the Nd3+: YAG laser.
The experimental results are described in Section 3.5.

The second test system was designed and built specifically
for this project and consists of 40 pulse forming networks (PFN)
placed radially about a single device holder. Each PFN has its own
characteristic load resistor of 1.6 ohms and any number from 1 to 40
can be connected in parallel to the device holder. The device under
test acts as a switch to discharge the connected PFN's into their
matched load resistors.

The pulse forming networks are resonantly charged from the
main power supply which is variable in four equal steps at nominal
line voltages from 225 to 875V. At 875V the PFN's charge to approxi-
mately 1700 volts and with all forty pulse forming networks connected
to the load the pulse current is just under 20,000 amperes. The first

inductor in each pulse forming network has been removed from the
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circuit in order to minimize the rise time of the pulse. The resulting
capacitive input of the PFN leads to the overshoot and ringing seen

in the oscillographs of the current waveforms of devices under test;
however, the current is significantly faster and provides a severe

time rate of change of current (dI/dt) stress on the device under test.

A detailed description of the design of the pulse forming
network, its charging power supply, and the associated logic circuits
is contained in Appendix IV. Figure 3.3-18 is a photograph
of the PFN as part of the overall test set-up. One bank of 20 PFN
legs is disconnected and swung out to show construction details. Note
the octifurcated fiber optic cable hanging from the central opening of
the 20 PFN's.

Upon completion of construction, a high speed switch was
simulated by placing a spring metal bar across the test position
electrodes. Risetime was determined by charging 20 PFN's to 100 volts,
physically closing the "switch" with an insulated probe to discharge
the network, and observing the voltage drop across the 0.001 @ current
monitor shunt. Figure 3.3-19 shows this voltage waveform. The
pulse duration is, nominally, the designed 40 usec. The amplitude
is approximately 10%Z below the design value of 1250 A. It is inter-
esting to note that the LASS device, when tested later, appears to
have lower impedance because the current magnitude for the LASS device
was low by only about 2%.

The risetime is shown in the expanded time base in Figure
3.3-20 and appears to be slightly less than 1 usec. (Specification
is 1 usec.)

Measurements were performed with the system charged to 100
volts with a small external power supply because of a lack of a
convenient switch to test the circuit at higher wvoltage. The PFN
charging network was checked at transformer tap levels of 25, 50, and
100%. At 100% (2000 V), the resistor load connectors arced. These
connectors were modified to correct the problem.

The electrical fault detection circuit was checked and
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Figure 3.3-18. Photograph of high current test set-up with
one bank of 20 PFN legs disconnected and exposed.




Figure 3.3-19. Pulse shape of test circuit PFN's. Scale:

Vertical-500 A/division; horizontal - 10 usec/division.
Baseline is at top of photograph.

Figure 3.3-20. Pulse shape of test circuit PFN's switched
with mechanical short (multiple exposure). Scales:
Vertical - 500 A/division; horizontal - 1 usec/division.
Baseline is at top of photograph.
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calibrated. If a device under test fails (shorts), the charge circuit
will overload when the command is given to charge the PFN's. This
excessive current is detected and a high speed circuit breaker inter-
rupts the supply. This circuit operated properly.

The completed test circuit was tested with a mechanical
"hammer switch" (see Figure 3.3-21) to 10,000 A. The "hammer switch"
consisted of a strip of brass with a steel point press fitted and
riveted into the brass. This contact was screwed into one electrode
of the device holder. The other contact consisted of a brass screw
screwed into the opposite electrode of the device holder. A mylar
insulating sheet was placed between the two electrodes. The brass
strip is struck with a hammer, driving the point contact through the
mylar into the head of the brass screw. This technique provides a
very high-speed, high-current mechanical switch. At significant
currents (a few thousand amperes), the contacts are destroyed in a
single use of the switch. Cost of the point contact was excessive.
Another system was designed (see Figure 3.3-22) which used an allen
cone type screw as the point contact. This system did not appear to
give as high a peak current as the press fit-riveted contact. This

result was attributed to a high resistance of the switch as a result

of the steel-to-brass screw threads.

The rise time of the system was about 1 pusec and was tested
to 10,000 A. This demonstrated that the pulse forming networks were
capable of performing the required test tasks.

3.3.4 Attenuation of the Laser Light Energy,

Several techniques can be employed to reduce the light level ]
entering the silicon and activating the device for the purpose of
observing the effect on turn-on.

The most obvious technique is to reduce the power to the
flash lamp pump in the laser cavity. This method has the decided

disadvantage of changing the efficiency of the laser and, consequently,

the shape of the light pulse used for light firing. This technique is

considered undesirable for that reason.
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Fig. 3.3-21. Hammer switch
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Brass Cylinder, Brazed to Strip

Cone Screw

Fig. 3.3-22, Modified hammer switch
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Two other methods were employed. Crossed glan prisms
provide an excellent technique of continuously varying the output
energy from a plane polarized beam (which is emitted by the laser)

i
|
;

following a cosae attenuation curve. Glan prisms were employed and
| found to give excellent agreement with the theoretical output. The
i prisms are expensive, however, and were purchased only large enough
! to accommodate the beam. They are easily damaged if misaligned, which
did occur. Consequently a cheaper, more cumbersome technique was
employed. This technique consists of placing glass attenuators in
tandem to reduce the light level reaching the device under test. It
is cumbersome because of the lack of variability. The relative
sequence of the attenuators must be changed and the output measured
to ensure that bleaching is not occurring.
Bleaching is a term used to describe the occurrence of
saturation of the absorption centers in the attenuator. Above some
! level of incident light intensity must be determined, and not exceeded,
for the experiment to be successful.
3.3.5 Variation of the Area Illuminated,
One desirable method of checking the validity of the test

procedures and theoretical model is to observe the change in the
dynamic forward voltage drop of the thyristor element when various
amounts of area are illuminated. The use of the octifurcated fiber
i optics cable (shown in Figure 3.3-23 along with a 50 mm diameter
| thyristor element) as a coupling agent between the laser and the
thyristor element provided a means to vary the area illuminated

i while maintaining all other test conditions constant. This was achieved
by testing one device with a predetermined number (20, or one half of
the total) of PFN circuits connected and charged to a preset voltage
(850 volts or half voltage).

* Thus the current was set at approximately one-fourth of the
| maximum value which was believed (correctly) to be a value that the |
} device could withstand with only one of the eight input ports illum~

; inated. Testing was started with all eight legs of the fiber optics
|
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Figure 3.3-23. Fiber optic cable used in the high current
tests. One end has circular cross-section; the fibers from
this are randomly separated into 8 groups and each of these,
at the other end, is formed into a rectangualr cross-section.
The circular device in the photo is a typical 50 mm diameter
thyristor element showing the eight activation ports.
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cable in place. Photographs of the current and voltage waveforms

were taken; two of the cables were removed from the device holder and
the test repeated. The sequence was repeated, removing two cables at
a time, until only two remained. A final test was run using one fiber
optic cable leg connected to the device. In this manner, the amount
of light entering each leg of the fiber optic cable remained constant
throughout the test; the current through the device remained constant
throughout the test; but the current density increased as the number
of connected legs decreased.

3.3.6 Current Monitoring,

The current was monitored by means of a non-inductive coaxial
resistor of 0.001 ohm connected to the device test jig. Current wave- 1
form shape and resistance using the coaxial resistor as a monitor have
been compared to those obtained using a Pearson Model 411 current
transformer as a monitor on a single PFN in the parallel array of up
to 40 PFN's. The comparison is shown in the oscillographs in Figure
3.3-24 and can be seen to be essentially identical.
3.3.7 Voltage Monitoring,

Several problems are encountered in monitoring the dynamic
voltage drop across the LASS under test. First, the voltage across
the device changes by 2 to 3 orders of magnitude requiring a very large
dynamic range of the monitoring equipment. The measurements of
interest are the initial voltage transition and the forward drop
across the device during the pulse. To achieve any reasonable degree
of sensitivity, the voltage range on an oscilloscope should be of the
order of 10 volts/division at the currents and voltages of the devices
tested. The initial blocking voltage of 1000 to 2000 volts across the
device drives the oscilloscope amplifier far into saturation, a condition
from which the amplifier cannot recover rapidly enough to provide an
accurate measurement of the dynamic "on'" state forward voltage drop. |
A circuit which overcomes this problem to some extent was
devised. It allows the majority of the pulse to be monitored at high

sensitivity but sacrifices any observation of the initial transition of
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(a) 5000 A/cm di¥ision. Device 2G4. Indicates 1= 24,0004A;
I~ 19,000°A; dI/dt>40,0004/usec.

s

“

(b) 100A/cm division (times 40 to compare with (a)). Device 2G6.
Indicates I=22,600A; Iave=19,200; dI/dt>40,000A/usec.

Figure 3.3-24. Comparison of current signal from 0.001 ohm
resistor (a) and from Pearson model 411 current transformer (b).
Test conditions were all PFN's connected and charged to 1700
volts. Current should be approximately 20,000 amperes. Time
sweep is 5 usec per cm division for both photos.
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device from the blocking to the on state. The circuit is discussed
in detail in Appendix II. It is fundamentally a clamp

circuit which holds the oscilloscope input to the clamp voltage until
the applied voltage drops below the clamp voltage. After an initial
recovery time of the circuit (less than 1 usec) the voltage

across the device is displayed accurately at a high sensitivity.

When one is working with large currents, the potential drop
across contacts can be substantial. The device holder of the pulse
forming network test circuit was modified to accept Kelvin probes to
eliminate this problem. Each probe consisted of a fine tungsten wire
which was spring loaded to make contact with one of the surfaces of the
thyristor element under test. These in turn were connected to Tektronics
matched, compensated, 100 times probes which applied the voltage signal
to the differential input of the Tektronic type 6Al13 differential
input amplifier plug-in module of a Tektronic model 7844 dual beam
oscilloscope.

For voltages greater than 400 volts, the clamp circuit described
earlier was used. Figure 3.3-25 shows oscilloscope traces at two
different gain settings of the oscilloscope. The difference in the
apparent ringing shows how careful one must be with the instrumen-
tation at the current, voltage, and switching time levels involved in
this contract. In either case, the fall time of the voltage (90% to
10% points) is at most a few tens of nanoseconds. Attempts to measure
fall time with faster sweep rate exceeded the writing speed of the
scope/camera/film combination.

3.4 Problems Encountered,

Several problems with equipment and technique were encountered
during the course of this investigation. The following sections
describe the major problems and where appropriate the procedures to
overcome them. These problems fall into four main categories:

1. Laser

2, Instrumentation

3. Device under test

4, Main power supply (pulser).
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b) Oscilloscope at .5 V/cm Vernier calibrated to 1 V/cm X 100
Probes - Different range uses different input attenuators

Figure 3.3-25 Comparison of voltage turn-on waveforms with

different oscilloscope range settings. Note greater ringing
at edge of fast voltage transition (a) than in (b). Device

2 G-6 20 PFN's - 425 V - 2300 A
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3.4.1 Laser Problems,

The laser posed a number of problems. Most significant was
the tendency to emit one or a few pulses when first turned on that were
appreciably less intense or weaker than the steady state or 'good"
pulses. Such a weaker pulse is referred to as a "soft" light drive.
With a soft light drive to the device under test, device failure
often resulted. A technique was implemented which involved hand
shuttering the beam to the device under test with a laser light
sensitive material (such as several thicknesses of Hadron footprint
paper) to check if the laser were putting out a '"good" pulse. Occa-
sionally, this method was also catastrophic if one accidentally
intercepted a part of the beam effectively allowing a "soft" drive
to occur.

Other less catastrophic idiosynchrosies of the laser are
described below.

a. When using an external trigger, spurious laser output

pulses are observed in switching between repetitive and

single shot operation. These unwanted pulses interfere

with orderly measurement procedures.

b. At low repetition rate, the laser output drops radically

after the main-power supply has been on 5 minutes or so.

This effect occurs whether the laser is being operated

(i.e. output pulses being emitted) or not. In our case the

reduced energy pulses could cause damage to the system

under test.

c. With an external trigger, if the laser is turned on by

first activating the high voltage, then throwing the toggle

switch to "run", the laser will run. However, if the switch
is thrown to single shot for about 20 seconds, then returned
to the run position, the laser will rarely run unless the
high voltage is switched off and the initial sequence
repeated. This problem cannot be overcome by pushing the

single shot button as stated in the manual.
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d. The power meter, intended to read average power in

repetitive pulsing, did not work. Therefore all power
measurements were made by using an external power meter.

3.4.2 Instrumentation Problems.

Several difficulties encountered during the test procedures
have already been discussed in Section 3.3. These include the methods
used to monitor LASS voltage and current, optical masking of the
photomultiplier tube from stray laser light, and the necessity of
cooling of the photomultiplier tube. Additional problems requiring
mention are:

a. The power supply and cathode follower unit for the

photomultiplier tube infrared measurements required line

isolation transformers to prevent feedthrough when the pulser
test circuit was discharged by the laser activating the

LASS in the test circuit.

b. The electrode contact to the metallization of the LASS

seemed to "wedge" on occasion and permitted feedthrough

of the laser directly into the sensing fiber optics cable.

The problem of "wedging" is discussed also in Section 3.4.3.

c. In testing at maximum current and voltage, the oscillo-

scope had to be moved at least 10 feet from the 40 PFN

pulser unit to prevent feedthrough when taking voltage
readings. Certain ranges of the oscilloscope were more

susceptible to feedthrough than others (See Figure 3.3-25).

d. A special circuit had to be added to the logic control

system to disable the shut-down safety circuit right at the

time of the laser pulse firing of the device to prevent
shutdown of the system when repetitive pulses were desired.

In general, whenever a system utilizes high current pulses
with extremely fast rise, there are usually feedthrough problems. The
system must be carefully grounded to avoid ground loops, and the
readout equipment must be carefully positioned, shielded, and, in some

cases, powered through isolation transformers.

95




3.4.3 Device Under Test.
Activating a switch such as the LASS under the high dI/dt and
high peak current conditions of the pulser test circuit requires a

uniformly distributed, large area, low resistance contact between the
clamping electrode and the device under test. If the contact resis-
tance is not low, excessive power may be dissipated in the device
contact thus heating the device and causing it to fail. If the contact
is not uniform, current will become localized causing increased stress
in the localized regions. In the work reported many devices failed
shorted in the pulser test circuit at lower than expected current
densities., Failure analysis of these devices yield several mechanisms
causing the failure: non-uniform contact and high lateral resistance
at the surface of the device, shadowing of the unmetallized region

by a portion of the fiber optics cable, and uncontrolled contact
between the metal jacket of the fiber optics cable and the unmetallized
region of the device.

3.4.3.1 Non-uniform contact and high lateral resistance.

A major problem encountered in device testing was that of obtaining a
large area electrical contact to uniformly distribute the current
under high current test conditions. Examination of the impression of
the hard brass pressure electrode in the soft aluminum metallization
of the device showed that contact was not made to the entire surface
of the device because of non-parallelism of the component surfaces.
As a result of this non-parallelism, electrical contact was sometimes
remote from the illuminated port forcing current for a comparatively
long lateral distance through the thin metallization of the cathode
electrode. Because of the resistance of this metallization, and the
large currents involved, appreciable voltage was developed and arcing
occurred between the device metallization and the pressure electrode

? (Figure 3.4-1). Presumably, if the cathode metallization (which is

‘ metallurgically sintered to the silicon) were made sufficiently thick,
even a remote electrical contact of relatively small area would not

unduly stress the silicon by resistance heating since the lateral
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Figure 3.4-1. Failed device showing arcing in metallization
well away from the illuminated port or window.
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resistance of the contact would be considerably reduced. One can

attempt to calculate the order of metal thickness required by calcu-
lating the voltage drop between the centrally conducting region and
a contact ring near the outer edge of the device as follows:

For a circular geometry the lateral contact resistance from
the central edge of the optical window to the outer edge of the device

is (See Figure 3.4-2)

2
p_dr [0} r
R= dR=| —2— =8 fgg-2
r 27w 27 rl
Fy

where R is the total resistance, Py is the sheet resistance (i.e., the
ratio of the resistivity to the thickness), r, is the outermost contact

radius, and r. is the radius of the central optical window. For a

1
typical aluminum metallization 60,000 & thick on a 2.54 cm diameter

device with a central window opening approximately of 0.178 cm radius,
R =1.2 mQ where r2/r1 = 6.

If the device were contacted only at the outer periphery, the lateral
voltage drop at 20 KA would be 24 volts which leads to an instantaneous
power dissipation of 480 kW; however, total pulse duration is only

40 psec. Assuming that the lateral dissipation takes place for approx-
imately one-half of the pulse (only an order of magnitude value is
being sought), approximately 10 joules will be dissipated in the
contact film. The temperature rise of this metal contact film can be
calculated by assuming an adiabatic rise as a resuit of the 10 joules

being dissipated uniformly in the contact volume. Then

aF = Q/(mr(rz2 - rlz)tc)

where Q is the heat dissipated, p is the density of the material, c is
the specific heat of the material, Ts Ty and t are defined in
Figure 3.4-2. For Q=10 J, p = 2.7 gm/cm3, ¢ = 0.93 J/gm°C,

= 0.178 cm, r, = 1.068 cm, t = 6 X 1074 cm

>3
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Figure 3.4-2, Sketch defining contact configuration for lateral
voltage drop in the metallization of the LASS device.
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AT = 10/(2.7 X 7(1.068% - 0.178%)6 X 10~

X 0.93)
AT = 2.0 X 10°°c.

The contact would melt in one pulse if the assumed geometric condition
were actually realized. Regions making poor electrical contact will
also have poor thermal contact so that hot spots are bound to develop
in regions where the electrode metallization is not in intimate
contact with the pressure electrode. These hot spots can lead to
catastrophic failure of the device as evidenced in Figure 3.4-1.

It should be noted that the lateral voltage drop in the
cathode metallization produces an erroneous value for the forward
voltage drop of the device. This erroneous value will be unsuitable
for comparison with the predictions of the analytic model. Therefore,
the lateral resistance in the device metallization must be reduced
to the minimum practical value.

As stated before, examination of many of the failed devices
indicated that contact was indeed not uniform and, by implication,

that the geometric configuration was not symmetric as in the calculation

‘above. This implies that the voltage drop could be even higher than

the calculated value. Calculation of the actual voltage distribution
is difficult and can be meaningful only if the exact contact points
are known. But it was not necessary to determine the exact distri-
bution. A successful approach was to make the contact configuration
such that the lateral contact resistance is negligible.

Initially, a soft (annealed dead soft) silver slug was
inserted into the contact system. This slug did not deform satis-
factorily in clamping, and devices still failed at high current levels.

By plating a metal on top of the metal contact to a thick-
ness of approximately 10 times the original thickness, all lateral
voltage drops would be reduced oy a factor of 10 (to 2.4 volts in the
above symmetric calculation). A value of 2.4 volts is of fhe same
order as the accuracy of the forward drop measurement. The required

plating thickness using gold was about 50 um. Gold was successfully
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plated onto the aluminum metallization and devices were tested to full

voltage and current without degradation or failure.

Several techniques were tried to build up the contact thick-
ness on the sintered aluminum contact on the cathode. Rather than
describe all of the various techniques attempted (such as electroless
nickel plus silver, or silver directly, etc.), the most successful
technique of electroplating gold onto aluminum will be described.
Although it has long been known that an aluminum-gold system eventually
leads to the now historic and famous "purple plague problem'" of early
semiconductor device work, purple plague does not pose a problem for
these short term experiments. If it is found necessary in eventual
production of these devices to incorporate thick metallizations on
the device electrodes, an aluminum-gold system must be avoided. There
are other metallizations such as titanium-silver that are in common
use in the semiconductor industry.

The gold plating employed a commercially available citrate
gold bath (trade name Sel-Rex) which contains 1 troy ounce of gold
per gallon. The bath is held at about 55°C which gives a plating rate
of approximately 1000 R/minute at a current density of 1.7 ma/cmz.

It was found that increasing the plating rate slowly in steps between
150 A/minute to 1500 A/minute resulted in a uniform gold plate with
relatively good adherence. The aluminum surface of the device was
cleaned bty swabbing with acetone and immediately etching the alum-
inum surface for about 5 to 10 seconds in an aluminum etch solution
(e.g., 25 parts concentrated phosphoric acid, 1 part concentrated
nitric acid, 5 parts glacial acetic acid, and 4.5 parts de-ionized
water). Subsequently, a quick de-ionized water rinse was used and the
devices were immersed in the Sel-Rex solution. A typical plating

run for two 50 mm diameter devices plated simultaneously would be

Approximate
Current Time Thickness
10 ma 25 min 3,750
- 20 ma 55 min 16,500
50 ma 25 min 18,750
100 ma 210 min 315,000 ,
354,050 A
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These times and currents were found to be not critical as long as the

initial rate was slow and increased over a period of time. It was
found (by measurement) that the thickness of the plating was quite
predictable if the times and currents were added as shown above.

Another technique to overcome the non-uniform contact and high
lateral resistance was applied when a device was mounted into the test
holder. It was found that tightening the pressure electrode, allowing
a settling or creep period (about 30 minutes), and retightening the
mounting screws periodically provided an improved electrical contact
to the device.

3.4.3.2 Shadowing of a portion of the light input window,

Referring to Figure 3.4-3a, it can be clearly seen that if the contact
electrode "shadows" the light input window, there will be a region
between the light activated region and the metallization (contact)

to the silicon which will be unmodulated. As a consequence, this
region will have a high lateral resistance causing an undesirable

and unnecessary power dissipation in the device in turn-on. If the
lateral drop in Rl is high enough, arcing can occur between the silicon
and the "shadowing" electrode (which is an equipotential surface)
depending on the proximity of the electrode to the silicon.

Figure 3.4-3b is a cross-sectional sketch of the same con-
figuration as a) except that the circular light pipe is jacketed with
a metal sheath and is allowed to touch the silicon as well as the
metal electrode through which it is inserted. Any potential drop
across R1 appears between the metal sheath and the silicon either
causing arcing and subsequent melting of the silicon or providing a
comparatively high resistance path for current between the silicon
and the metal sheath on out through the metal electrode. It can be
seen in Figures 3.5-17a and 3.5-17b that the silicon does indeed meet

under these conditions leading to device failure.
If the optical light input window is always made smaller

in all dimensions than the cross-section of the illuminating source,

the unmodulated region will be avoided. The difference in size
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Figure 3.4-3. Sketches illustrating the effects of poor geo-
metric and electrical configurations associated with the light
input. (a) Shadowing of a portion of the input window caused
by too small an entrance port through the pressure electrode
(misalignment of electrode port/window would cause similar
effect, but would not be symmetric). (b) Metal jacket of
fiber optics cable touching silicon.
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should be minimized since any light striking the metallized region is
wasted light energy.
3.4.3.3 Stray light from laser and laser beam , A problem

related to device testing resulted in some erroneous results being
initially recorded. The output of the laser is a highly concentrated
pulse of infrared radiation; however, unless any optical system is
effectively baffled, "stray" light, most probably a result of reflec-
tions, can enter the system and introduce activated turn-on in regions
of the device other than the aim of the main beam. Indeed, this
result was observed when the observation holes for infrared recombin-
ation radiation measurements (See Section 3.5.2) were left uncovered
when the laser was fired into the optical window. Stray light entered
the observation ports and turned on the device locally in those regions
giving rise to some erroneous spreading velocity measurements. The
same effect was observed when devices were illuminated at an off
normal angle in the image converter system (See Section 3.5.2). The
oversight is rather easy to make for two reasons. 1) The laser light
is not discernible to the eye. 2) The required intensity of light to
trigger a region "on" is many orders of magnitude lower than that
being used to light fire these devices for high dI/dt turn-on; con-
sequently, only a small amount of "stray" light from the laser beam
can lead to erroneous spreading velocity measurement and analysis.

3.4.4 40 PFN Pulser Shakedown and Operation.

There were several problems encountered in the fabrication
and operation of the pulser designed for this LASS program. Some of
these, such as the unexpectedly long delivery time of the storage
capacitors, increased the cost and delayed completion of the pulser.
However, only the operational problems will be discussed below.
There were three operational problems worthy of discussion: noise
sensitivity of the logic, operation of the safety shut-down when a
thyristor device failed, and improper operation (false trips) of the
safety circuit.
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4. Noise sensitivity of the logic

Early in the shakedown of the pulser it demonstrated extreme
sensitivity to spurious noise. In reality, the noise was generated
when the PFN's of the pulser were discharged through the LASS. Various ¢
methods were used to isolate the control logic from the main pulser
stack of PFN's such as maximizing the physical separation; modifying
the interconnections by using twisted shielded pairs, or introducing
inductive 1loops or isolation transformers; and using line isolation
transformers to isolate the power supplies of the control logic. Each
time that the problem seemed to be cured at a given voltage and current
level, it appeared again as the test voltage and current were raised
to higher levels. Unfortunately, this work required the use of the
LASS, so it was not practical to quickly go to the design maximum
current and voltage levels and solve the problem once. It was neces-
sary to work up slowly as other problems such as device contacting |
were solved permitting the system to operate at the higher levels
without catastrophic failure. The final solution to the problem
was to completely disable the safety circuit just before, during, and
immediately after the pulser discharge period. If the pulser is to
be used in some manner where this feature is indesireable, the control
logic must be modified accordingly.
b. Safety circuit operation after LASS failure

The present safety circuit senses the current through the

thyristor shortly after the system has fired. Since the PFN's have

already discharged by this time, no current is sensed until the next

cycle is attempted. This control logic means that the main charging
power supply is connected across the LASS device when the command
SCR's are turned on. If the device failed on the previous pulse
! (i.e., shorted), then a large power pulse is dissipated in the shorted {
4 device causing considerable melting of the device. Consequently, any E

! details of the true failure mode of the device are ebliterated by this '

i next pulse.
A circuit technique which could be incorporated into the
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system to avoid this problem would be to add a thyristor circuit of
high impedance which would momentarily impress a high voltage across
the device just prior to the main charging cycle of the pulse forming
networks and test for leakage. If sufficient leakage were detected
indicating a shorted device, the system would shut down and avoid
connecting the main power supply across an already '"failed" device.
c. Improper timing of the safety circuit operation

During the shakedown of the pulser, it was found that the
safety sensing circuit was sensing the thyristor device current too
soon after the device was fired. This mistiming occurred because of
the unanticipated delay, by the designer of the control logic, of the
laser output pulse (V200 to 250 usec) after the master control logic
trigger input to the laser was activated. This delay can be and was
adjusted within the logic circuits (refer to Appendix IV). If the
safety circuit is modified as suggested in paragraph (b) above, this
timing must be checked.

3.5 Experimental Results,

3.5.1 Introduction,

This section describes the pertinent results of the test
program in detail. In general, the major problems encountered during
the test program are discussed in the preceeding section. Major
differences in approaches or results are discussed in detail below
ignoring the small, nuisance problems that plague any extensive
experimental work.

It should be pointed out that the purpose of the experimental

testing was twofold: (1) the development of empirical values of
parameters for the analytic computer program; and (2) confirmation

of the validity of the predictions of the computer program. These
objectives were achieved. Empirical values required by the computer
program were determined and used in the program to predict performance

? under different conditions. These results are contained in the
‘ papers by Davis and by Davis and Roberts in Appendix V and will not

} be repeated in this section.

|
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All tests, unless specifically identified otherwise, were

conducted using the active element or fusion of the thyristor. This
active element, or device as it is often referred to herein, consists
of the diffused silicon slice (23 or 50 mm in diameter and 1/4 to 1/2
mm thick) metallurgically bonded on one side to a molybdenum plate
(1 to 1.5 mm thick and diameter equal to that of the silicon slice)
for structural strength, and metallized on the other side with about
6.0 um thick of evaporated and sintered aluminum into which the various
windows or ports are etched. This small element, about 5% of the total
volume of the conventional packaged thyristor, does all of the work.
The remainder of the volume consumed by the package makes electrical
contact, removes heat, and otherwise protects the active element or
device by providing a hermetic seal between it and the outside world.
These functions are not required during a parametric study; and, in
fact, interfere with the orderly process of generating good data.
Therefore, research and development testing is performed whenever
possible using only the active element.
3.5.2 Plasma Spreading Velocity Measurements Using Infrared Recom-
bination Radiation,

The purpose of these experiments was to determine how the

conducting area of a thyristor changes with time during the turn-on
transient. From these data, one can infer both the change in current
density with time and the velocity of the plasma front as a function
of current density. By coupling this information with other obser=
vables such as forward voltage drop versus time, etc., a check can
be. accomplished on the accuracy of the analytic computer model.
The computer model can then be used with confidence to predict thyristor
behavior under various operating conditions. The test circuits and
techniques are described in Section 3.3.

3.5.2.1 Observations at low dI/dt and low J, The laser

was set up in the infrared plasma spreading laboratory with the
crossed glan prisms attenuator and beam directing prism. In order

to obtain data for correlation to the model, it is desirable to
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observe the turn-on spread as soon after the laser fires as is possible.
Opening of the shutter before the laser pulse is over saturated the
image converter tube. It was found that there was too much jitter
between the laser firing and the image converter tube shutter firing
when running the system slaved to the anode pulse power supply. This
problem was corrected by slaving the image converter tube shutter

pulse to a photodiode pick-up of the laser pulse. The earliest obser-
vation that could be made after the laser fired (to) was to = 0.75 usec
which was the delay time from the photodiode output through the pulse
generator to the shutter voltage power supply. The photodiode in the
laser power monitor circuit was not used for this purpose as it was
found to be too noisy. The thyristor under test was fired with the
laser; a 100 usec square wave current pulse of approximately 600 A was
supplied by the standard pulse power supply for the infrared plasma
spreading equipment. The dI/dt of this current source is less than
100A/usec.

Seven different cathode structures were examined with the
laser and infrared plasma spreading apparatus to determine if there
were any obvious advantages to any of them. The structures examined
were the H, J, K, and R designs described in Section 3.2, the conven-
tional amplifying gate structure, the inside-outside gate structure,
and the snowflake gate structure. The latter three are commercially
available structures, and demonstrated the normal spreading pattern
observed in electrical gating. Figure 3.5-1 is a photo of the cathode
side electrodes of these devices.

In the early testing, the J and R types of cathode design
exhibited a much faster spread of the turned on area as a function of
time (5 to 10 times as fast as an H design, for example).

Figures 3.5-2 through 3.5-5 are a series of photographs
showing the spread of the "on" region with time. (Lighted observation
holes indicate that a region is "on.") Figure 3.5-2 shows the "on"
region of an H design device at 2, 10, and 40 psec. (The shutter
time is about 0.75 usec.) The device was found to completely turn on
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K Special Designs Commerically Available
Showing Central Designs - Central Gate
1 Optical Window Metal Not Removed

| J-Type
' R-Type

K-Type Snowflake Amplifying Gate

) Figure 3.5-1. Cathode view of the structures examined for
plasma spreading velocity.




t = 2 usec

t = 10 usec

t = 40 usec

R —

Figgre 3.5-2. Infrared recombination radiation emission after
Nd™ : YAG laser turn-on of H-type emitter with I = 600 A;

pulse width = 100 usec; shutter pulse width = 2 useg; laser
repetition rate = 50 pps.
)
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50 usec after the laser is fired. The spread is relatively slow in
this design but the spread is highly uniform. Figure 3.5-3 shows the
on region at 5, 10, and 40 psec of a K design device. This device is
not on until about 100 psec have elapsed. Again, the spread is uniform.
Figure 3.5-4 shows the on region at 5, 8, and 10 usec of a J design
device. Here it was found that the entire device was on in 10 usec.
Figure 3.5-5 shows the on region at 2, 4, and 5 psec of an R design
device. Here the entire device is on in 5 usec. This difference in
turn-on spreading indicates that the emitter design is extremely
important in light fired turm-on.

It was observed that a reduction in laser energy by an order
of magnitude (to 1.6 mJ) resulted in a large reduction in the spread
of the turned on area as a function of time in the direction perpen-
dicular to the plane formed by the laser beam and the normal to the
silicon surface. Further work showed that if the laser beam were
carefully apertured so that neither light scattered from the attenuator
prism nor light straight from the flashlamp were incident on the infra-
red observation windows of the thyristor, the spreading velocity
appeared to be the same for the J and R design as it was for the other
designs. It appears that laser light entering through the observation
windows was causing the device to exhibit an unrealistically fast
plasma spreading velocity.

This observation suggested that a "bias illumination" could
contribute to the spreading velocity. That is, if regions remote from
the laser pulse optical entry port were illuminated with some level of
light insufficient to turn on the device but sufficient to generate a
significant number of excess carriers, spreading velocity might be
enhanced. An attempt to accomplish this end was made on a device in
the PFN test circuit system. It was found here again that laser light
entering through observation apertures caused a decrease in the time
required for a region to be turned on. If light from a flashlight or
an incandescent lamp were shone onto the region while the laser light

was apertured so that it could not reach the observation ports, the
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= 5 usec

t = 10 usec

= 40 usec

Fi§¥re 3.5-3. Infrared recombination radiation emission after

YAG laser turn-on of K-type emitter. 600 A;
pulse width = 100 usec; shutter pulse width = Qnusec, laser
repetition rate = 50 pps.
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t = 5 usec

t = 8 usec

t = 10 usec

Fi§¥re 3.5-4. Infrared recombination radiation emission after
Nd™ : YAG laser turn-on of J-type emitter with I = 600 A;
pulse width = 100 usec; shutter pulse width = 0.7§n8ggc;
laser repetition rate = 50 pps.
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t = 2 usec
t = 4 usec
t = 5 usec

Figgre 3.5-5. Infrared recombination radiation emission after
Nd” : YAG laser turn-on of R-type emitter with IAno e 600 A;
pulse width = 100 usec; shutter pulse width = 1.5 usec; laser

repetition rate = 40 pps.
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spreading velocity was not enhanced.

That an incandescent lamp has negligible effect is not
surprising. Sensitizing of the silicon should occur by creating carriers
| some depth into the structure, and this required light with a wave-
length from about 1,0 ym to 1.1 pm. Only a very tiny portion of the
light emitted from an incandescent lamp has this wavelength, and
therefore there was not a sufficient number of carriers generated to
be noticable. Unfortunately a second source of intense light of
about 1.06 um wavelength was not available to further investigate
this phenomenon.

Two questions came to mind. First, why is the spreading
enhanced rather than the device being turned on at all of the obser-
vation ports? Second, why is the effect seen primarily in the J and
R type of structure?

The answer to the first question can be argued as follows.
7; The laser beam, in general, was about 0.5 cm in diameter and has a
| higher intensity at the center than at the periphery and, in fact,
in the image converter tube experiments the laser was run in the
TEMoo mode so that the light distribution is Gaussian about the
axils of the beam. The central, intense, region of the beam activated
a region about 0.5 cm diameter on Hadron footprint paper, and pre-
sumably was of appreciable intensity at even larger diameters. Thus
regions away from the axis of the beam, although triggered, would

a still turn-on more slowly than regions near the center where the

device is light fired. (See Section 2 on light fired versus triggered.)

' This effect would give the appearance of a faster spreading velocity.

The second question is not answered as convincingly. The
K-type structure is an amplifying gate design. As such, when very
strongly fired as with the laser, the amplifying structure introduces
’ an impedance in the cathode circuit during the early stage of turn-on,
and therefore can slow the initial turn-on of the cathode near the
central region. However, this effect should disappear after a few
;3 usec, and the entire device should be on in about 60 usec. The H-type
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device turns on at about the speed expected by electrical gating--
why neither the H nor K types turn-on faster from light entering the
infrared observation windows is not understood. The R-type design
has a narrower N-base width than do the H or J units which were made
in one process run and therefore have identical base widths. It is
known from previous plasma spreading experiments that a narrower
N-base tends to enhance plasma spreading velocity.

Spreading velocity, in general, should not be any faster in
a light fired device than in the same electrically fired device struc-
ture if there are no light scattering effects present. This should
be obvious since within less than 1 psec after firing a device cannot
"know" whether it was initially turned on by a laser light pulse
(typically <15 nanoseconds in duration) or an electrical trigger
because all transient effects of the light pulse per se are over.
After a microsecond or two in either the light fired or electrically
gated case, the thyristor has a small area of conducting plasma that
will spread at a rate dependant upon the internal structure of the
thyristor, the electrical properties of silicon, and the current density.

3.5.2.2 Observations at high dI/dt and high J. These exper-

iments incorporate the use of the high current high dI/dt pulse forming
networks (which can be paralleled to 40) and the use of a fiber optics
cable and photomultiplier tube to observe the infrared recombination
radiation emission from the silicon device in order to measure spreading
velocity for use in the analytical model. The experimental set-up
is described in detail in Section 3.3. Observations with the infrared
imaging equipment were not made using the high power pulse-forming net-
works because it was impractical to focus through the tiny observation
holes in the massive pressure electrode required for the high levels of
current conducted.

Thyristor elements were tested at various levels of voltage
and current. Several electrodes and infrared observation port config-
urations were used in the tests depending on the type of device being

tested. The laser was fired directly into the device in some tests,
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while in others the laser was fired into a fiber optics cable and
the opposite end (or ends in the multifurcated types) of the fiber
optics cable was placed in intimate contact with the optical window
(or windows) in the silicon. It will be restated here that two types
of windows were used in testing a device. One was the window or port
used for introducing laser light into the silicon for the purpose of
firing the device. The other was the window, which is preferably as
small as possible, used to permit infrared recombination radiation to
escape through the cathode surface in order to observe the plasma
spreading (forward current conduction area) in the device with time.

Successful observations were made on devices 23 mm in diameter
with various contact-window configurations. Although attempts were
made to obtain similar data on 50 mm diameter devices at very high
current levels, these attempts were unsuccessful as will be explained
later.

The initial experiments were performed using radial slots
etched in the cathode metallization of the thyristor device as shown
in Figure 3.5-6. This slot configuration was chosen to ease the align-
ment of the observation holes in the pressure electrode (refer to
Figure 3.3-18) with the observation windows in the device metallization.
However, this configuration had a serious problem with device failure
and an improved design was fabricated using an overall pattern of 0.127
mm diameter observation holes in the cathode metallization as described
in Section 3.3.2.2. The pattern of observation holes can be seen
clearly in Figure 3.5-7. Using this method data were obtained on
23 mm diameter devices fired at 7500 amperes peak current. Figure
3.5-8 is a plot of the data. The relationship between spreading
velocity and current density appears to be of the form

c

v =BJ
s o

o

A straight line fit to the log-log plot in Figure 3.5-8 gives
Bo = 9,84 X 10-3 um—cmzlusec-A and Co = 1.1. Yamasaki obtained an

equivalent C, of 0.37 corresponding to a much slower increase in
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Figure 3.5-6. Twenty-three mm diameter thyristor element
with slots as infrared observation windows.
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} Figure 3.5-7. Twenty-three mm diameter LASS devices showing
the overall pattern of 0.0127 mm diameter observation windows
in the cathode metallization.
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Figure 3.5-8. Plasma spreading velocity (vs) versus current
density (J). Peak current 7500 A.
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vs as J is increased; he did not report a value for Bo' These constants {1

were used in the computer model data correlation discussed in Section 2.2.
This relationship of the plasma spreading velocity to the

current density is of considerable importance to the designer of devices

that are to operate at very high current densities for long (several ﬁ

microseconds) pulses. It means that considerably more area of a device
will be turned-on than would be indicated from Yamasaki's data at lower ‘
current density values. This in turn means that smaller or fewer
illumination ports, or less light, or a lower conducting loss can be
traded to achieve a near optimum design for a given application.
There are several sources of error in these measurements.

é' First, it has been observed and reported for earlier, low dI/dt,

F low current infrared plasma spreading studies that the central trig-
" gering region radiates infrared for ‘a “short time during turn-on
indicating that a plasma is present and that this region is conducting !
immediately after conduction is initiated. The infrared from this
region is subsequently observed to extinguish indicating that this
area is no longer conducting, or is conducting at a very low current
density. Consequently, the assumed area of conduction from which the
current density (J) is derived is only approximate. This is the most

significant source of error. Second, the initially turned on area is

not confined to the window area as some scattering takes place. This

is now known to be so small as to approach insignificance during the é

initial turn-on, but may provide a biasing effect to increase the
plasma spreading velocity, which would be important in pulses longer
than one microsecond. Third; the "on" region does not necessarily i
spread in a uniform manner and since observations are being made at
discrete points, the actual conduction area could be in error from the
inferred circular or linear (depending upon the shape of the illum-
ination port) geometry. More observation ports would clarify this |
point, but at a sacrifice in contact electrode area which is signi-

ficant at the high current densities found here.

Spreading velocity data were not obtained at the very high




values of anode current achieved when 50 mm diameter devices were fired

at 1700 V at dI/dt values in excess of 40,000 A/usec. The reason for

this was that considerably more device area was illuminated when the large

devices were fired so that the peak current densities in the 50 mm

diameter devices were comparable to those of the 23 mm diameter devices.

There was also the experimental problem of the heavy gold plating,

which was necessary to obtain adequate electrical contact (see Section

3.4.3.1) between the device cathode and the associated pressure plate,

closing the observation holes in the metal contact. It did not seem to

be worth the cost of overcoming this problem when no improvement in |
understanding of the device physics was expected.

3.5.3 Electrical Measurements.

This section reports all of the electrical measurements
performed under contract except those required for equipment check-
out (Section 3.3) and plasma spreading velocity (Section 3.5.2). i N |

A preliminary test was performed with a LASS mounted in a
coaxial capacitor power supply and fired with the laser because the
40 PFN pulser was not yet available. The experiment was performed
using a J-type device (see Section 3.2 for a description of the
device), and provided interesting data on the reverse blocking capa-
bility of this LASS device immediately after it had sustained a
high dI/dt and high current density pulse.

The discharge of a coaxial capacitor through a bilateral
switch gives rise to a sinusoidal waveform, the system merely being
a series LCR circuit. Figure 3.5-9 is a comparison of a LASS firing
in the circuit at a repetition rate of 2 pps to that of a "hammer
switch" single discharge of the circuit. In both cases the capacitor
was charged to 500 volts. This test provided some measure of the
uniformity of turn-on since the voltage reverses acress the switch

when the current passes through zero. The dynamic voltage was not

measured since Kelvin probes were not incorporated into the system.
An analysis of the "hammer switch" waveform shows that L = 25 X 10.9 h,
C=1uf and R = 0.047 2 (L and R will depend on the switch but |
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"Hammer Switch" Closing on 1.0 uf

coaxial capacitor

vcapacitor = 500 volts
Vertical = 1000 A/cm

Horizontal = 0.20 usec/cm

Laser Light Activated Yhyristor

closing on 1.0 uf coaxial capacitor

Vcapacitor = 500 volts
Vertical = 1000 A/cm
Horizontal = 0.20 usec/cm

Repetition Rate = 2 pps

Figure 3.5-9. Comparison of mechanical "hammer switch'" to laser
light activated thyristor in coaxial capacitor circuit.
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should not vary greatly). Then the reverse voltage appearing across
the device immediately after the device has been in heavy forward
conduction is approximately 750 volts (Vc and LdI/dt). Conventionally
fired thyristors will be destroyed under these test conditions.

The peak current in the figure was about 2400 A and the
device supported (blocked) reverse voltage about 200 nsec after passing
through current zero. Also note that the dI/dt for the LASS is
actually greater than that of the hammer switch. The device was
operated as high as 800 volts on the capacitor at a dI/dt of
25,000 A/usec at a repetition rate of 2 pps. Considering the small
area illuminated (< 0.1 cmz), this was an impressive performance.

3.5.3.1 Tests on 23 mm diameter devices,

3.5.3.1.1 Light scattering experiments. A brief experi-
ment was performed early in the program to qualitatively determine
the extent of spreading of the laser beam inside the silicon. The
laser beam was directed onto a device which had not been alloyed to
a molybdenum anode contact. The beam entry angle was approximately
75° off normal on the cathode side of the chip. The infrared image
converter tube was focussed on the back (anode) of the chip and the
emerging pattern observed. The size of the emerging pattern was com-
pared to that of the impinging pattern. Comparison in this manner is
qualitative for two reasons. First, a photosensitive paper was used
to measure the incident beam size. The sensitivity is not necessarily
the same as that of the image converter tube. Second, the emerging
pattern will have a size dependent on how well the image converter
tube is focussed on the back of the slice. The pattern size was
minimized consistent with focus and appeared to be nearly 10 times
the size of the incident pattern. This seems to be an unreasonably
large increase so a second experiment was performed with improved
accuracy and with special attention to the sensitivity of the light
detecting media. For if the laser beam does in fact spread out con-
siderably as it passes through the silicon, it would have important

implications for device operation. The optical spreading could be
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used to advantage to cause carriers to he generated under metal contacts,

giving a low resistance, low loss path for flow of the switched current.

In addition, the correct optical path should be incorporated into the

computer modelling effort to accurately reflect the true nature of

device operation. Possible sources of beam spreading include scattering

at the incident surface, scattering from internal structures, and

reflection from internal surfaces. This experiment shows there is

very little scattering, whether from the surface or infernal structure,

while multiple reflections can be observed if the laser beam is incident

at an angle to the wafer. The laser light distribution inside the

wafer can be accurately computed by geometrical optics.

a. Experimental procedure. In order to look for beam spreading,

several silicon wafers were prepared with metal masks on one surface.

Photographs Qf the,mask define the. reference. dimension. .This.dimension «

is checked, and system operation confirmed, by photographing laser

light emerging from the aperture in the mask. The sample is then

placed with the laser light incident on the masked surface, and

photographs made of the light emerging from the unmasked surface.

Beam spreading from any source will cause this image to be larger

than the reference dimension. With careful measurements of image

sizes, a semi-quantitative limit of beam spreading can be stated.
Several silicon samples were prepared with evaporated aluminum

masks deposited on one surface. The masked surface was either

lapped or polished, while the other surface was lapped only. The

metal mask defines a sharp edged aperture, in this case a stripe

about 625 um wide. The sample is placed in the laser beam path as

shown in Figure 3.5-10. The lens is positioned to form an image of the

rear face of the sample on the infrared image converter tube, Initial

focusing is done with illumination from a lamp shining upon the rear

surface, and checked by looking for sharp surface detail in the

transmitted laser light. A camera is placed on the optical axis to

photograph the image on the converter tube. With the sample carefully

aligned perpendicular to the optical axis, sharp focus can be main-
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Figure 3.5-10. Experimental setup for studying beam spreading
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tained across the image plane, subject to the inevitable distortion
caused by the image converter.

In order to obtain accurate size comparisons, precautions must
be taken against changes in apparent image size caused by illumination
level. Image converter tubes are generally susceptible to image
blooming, that is, enlargement of the image size if the incident opti-
cal intensity saturates the converter. This possibility was avoided
by taking photographs at several laser intensities. In this experiment,
the image sizes were independent of laser illumination level. Apparent
image size also depends on the film exposure. In fast Polaroid film
needed to photograph the relatively dim image in the infrared converter,
the film latitude is very limited. Unless the image intensity is very
uniform, the apparent size will depend on exposure time. For each
measurement, several exposures were taken to ensure against this
problem. The underexposed photo showed very sharp images, proving
that there was no fogging due to scattered light and no blooming of
the image on the converter tube. At higher exposures, enlargement of
the image is seen in certain cases explained below, as relatively dim
portions of the image begin to register on the film.

b. Results Figure 3.5-11 shows a series of photographs taken with the

laser beam at normal incidence to the sample surface. The lapped

surface with the metal mask is shown under illumination from the
microscope lamp in Figure 3.5-1la. The sharp detail of surface asper-
ities shows that the image is well focused in the center of the field
of view, but becomes blurred and distorted by the image converter at
the edges of the field. All measurements of image size are made in
the center of the field of view. In Figure 3.5-11b, the sample is in
the same position, with the mask surface facing the camera, with
illumination provided from the back side by the laser. This image is
overexposed deliberately to show there is no image spreading. For
Figure 3.5-1lc, the sample was flipped over so that the masked surface
faced the laser. Without any adjustment of the optical system, the

focus of the unmasked surface was sharp, implying that the magnification




Figure 3.5-11. Images from sample 1, with laser beam at normal
incidence. a) Mask aperture illuminated by lamp. Masked face

is lapped. b) Laser light emerging from mask aperture.
light emerging from rear face.
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for Figure 3.5-1lc was exactly the same as that for 3.5-1la and
3.5-11b.

The image sizes were measured directly from the photographs
using vernier calipers. The reference dimension, taken from Figures
3.5-11a and 3.5-11b, is 0.495 inches. The image size on Figure 3.5-1llc
was 0.505. Both Figures 3.5-11b and 3.5-1llc are examples from a series
of photos taken with different exposure times. In each series, the
image size was independent of exposure time.

Since the measurement precision is only about 10 mils in
determining the size of the image, it can be said that the beam spreading
is barely observable in this sample. Some estimate on the upper limits
of spreading can be obtained from the sample dimensions as shown in
Figure 3.5-12. The mask aperture was 625 um, the beam spreading was
two percent or less, giving about 6 ym displacement of the edges of
the image. The sample was 330 ym' thick, giving a scattering angle ©
of one degree or less. This shows that the total amount of scattering,
even in a sample with a lapped surface, is small.

Another series of photographs was made with the laser beam
striking the surface of another sample at about 60° angle of incidence
measured from the normal to the surface. This second silicon sample
had a polished surface on which the aluminum mask was formed, and a
lapped surface on the back. The reference photo of light emerging
from the mask aperture is shown in Figure 3.5-13a. Although the photo
is deliberately overexposed, the image remains sharp with no trace of
image blooming. The image width measured with vernier calipers is
0.495 inches. Figure 3.5-13b shows a view of the light emerging from
the back surface of the sample. At this moderate exposure level, the
image width is 0.495. Figure 3.5-13c differs from 3.5-13b only in
increased exposure, but the image now shows a ragged edge that extends
in places to 0.565 inches wide. The extra width is due to a relatively
weak light signal on the right side of the image which is too dim to
register on the film at the reduced exposure of Figure 3.5-13b. The
ragged edge is caused by the shadow of a residue inadvertantly deposited
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Figure 3.5-12. Dimensions of mask aperture and thickness of
sample 1. Very little spreading of beam is observed as it

passes through sample.
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Figure 3.5-13. Images from sample 2 with laser beam incident
60° from normal. a) Laser light emerging from mask apertures
b) Laser light emerging from rear face c¢) Same view as b),
but longer exposure
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in the mask aperture during handling the sample.

It has been noted above that the image width does not change
with exposure when the léser is at normal incidence to the sample (Fig-
ure 3.5-11c). The increased width of Figure 3.5-13c can be explained
by multiple reflections4inside the sample as shown in Figure 3.5-14.
The refraction condition at the surface for a ray incident at 60° onto
silicon of index 3.5 gives an internal angle 6 of 14.3°. The thickness
of Sample 2 was 240 um, giving an edge displacement,b , of 122 um, or
about 20 percent widening of the image width of the 625 um mask aperture.
The image spreading observed in Figure 3.5-13 is about 15 percent,
which is adequate agreement with model considering the limitations of
this technique. Similar results have also been obtained on a sample
with a lapped masked surface.

c. Conclusion. Contrary to the preliminary results, very little
scattering takes place as the laser beam passes through the silicon
device structure. This verifies that there are no internal structures
which might cause unforeseen scattering., This also indicates that the
lapped surface does not cause substantial scattering. Because of the
non-linear characteristics of the film used to record the images,
complete quantitative data was not obtained. Judging by the film
images, only a very small fraction of the incident light is lost
through scattering. This means that the optical path of laser light
in the device can be adequately described by a simple idealized model
and ordinary geometric optics.

Multiple reflectionc are observed inside the silicon wafer
when the laser beam is incident at an angle to the surface of the
wafer. The ray trajectories of the reflected light can be predicted
by geometric optics, but the intensity of the reflected beam cannot be
predicted because of uncertainties in the absorption constant of the
silicon and the reflectivities of the faces. By proper device design
it will be possible to utilize internal reflections to increase
device performance.

Further work could include quantitative measurements of
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Figure 3.5-14. Dimensions of mask aperture and thickness
of sample 2.
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light distribution by substituting a mechanically scanned fiber-
coupled detector for the image converter and camera of the present
system. With reliable quantitative data it should be possible to
measure the material absorption length and the reflectivities of the
surfaces. These parameters would be useful for optimizing device
design. Using masks with smaller apertures would allow more accurate
measurement of total scattering, and it would be interesting to
investigate how the scattering could be increased by modifying surface
texture.

3.5.3.1.2 Other tests on 23 mm diameter devices. A large
portion of the test effort was performed using 23 mm diameter devices.
This work involved both circular and rectangular illumination ports and
both the low dI/dt and high d;/@t test circuits. The results of these
tests, which were largely to gathér-glésﬁé spreading veloéity<data,
are given in Section 3.5.2.

3.5.3.2 Tests on 50 mm diameter devices. Infrared obser-

vations of recombination radiation plus the scattering studies have
shown that only the initially illuminated area plus whatever additional
area turns-on as a result of plasma spreading during the current
pulse contribute to conduction. Therefore there is little value in
firing 50 mm diameter devices with a single circular window. To
demonstrate the feasibility of multiple firing points in a single
optically triggered thyristor, six 'windows'" were opened in the metal
contact of each of several 50 mm diameter silicon thyristors. These
windows were illuminated simultaneously by firing the laser beam pulse
into the single end of a multifurcated fiber optics light pipe which
branched into six legs of equal cross section (Figure 3.5-15), each
section being approximately 0.032 cm?. The fiber optics branches
were in direct contact and alignment with the optical windows in the
silicon.

Two window sizes were used. The first size had an area of
0.13 cmz, i.e., considerably larger than the fiber optics cross sec-

2

tion. The second size window was 0.0013 cm“, i.e., considerably
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y Figure 3.5-15. One-to-hexifurcated fiber optics cable used
to show initial feasibility of multiple firing points.
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smaller than the fiber optics cross section (See Figure 3.5-16). The
latter case proved to be the most effective. Catastrophic failure
resulted after a short time in the large window configuration. The
pattern of the fiber optics cable metal outer case '"burned" into the
silicon surface because of localized conduction through the light
pipe case to the cathode pole piece. (Figure 3.5-17.) It has been
found, in general, that any time the optical window is '"shadowed"

by a contact to the cathode pole piece (including the cathode pole
piece itself), conduction of the locally turned-on region through

the high contact resistance of silicon to pole piece results in
localized melting of the silicon and eventual catastrophic failure of
the device.

Using the smaller optical windows, 50 mm diameter devices
were tested at various voltages. These voltages were 425, 850, and
1275 volts. The currents reached in 40 usec PFN pulses were 2300,
4600, and 7000 amperes respectively. Performance, although far from
being optimized, was impressive. For example, in the 1275-volt case,
overshoot of the leading edge of the waveform gave rise to 8000 A
peak currents in less than 1 pusec. The dI/dt was measured, under
these conditions, to be about 13,000 A/usec (10% to 90% points on the

leading edge of the '"square," 40 usec current pulse).

The total illuminated area was only 0.008 cm? of silicon
(i.e., 6 X 0.0013 cmz). The illumination of each of the six bundles
was not optimized for laser light uniformity; however, it was shown
by this work that high current levels and high dI/dt can be achieved
by illuminating a multiplicity of small distributed windows.

The computer program model predicted that a thin rectangular
illumination port would be superior to a circular pattern. This
prediction is not surprising since such a configuration maximizes the
periphery relative to the total illuminated area. To obtain a prac-
tical maximum value of periphery on available 50 mm diameter devices
and simultaneously the ability to vary the amount of illuminated area

(and associated periphery), a design was established incorporating
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Figure 3.5-17. Device with pattern of fiber optics cable metal
outer case burned into illumination port. (a) View of over-
all device. (b) Enlargement of one of the window areas showing

the molten material.
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eight rectangular ports aligned radially about the center of the

cathode surface similar to the spokes of a wheel. The modified
device is shown in Figure 3.5-18. The area of each port is 0.064 cm2.
Special electrodes (Figure 3.3-18) were fabricated, and an eight leg
multifurcated fiber optics cable (Figure 3.3-25) with rectangular cross-
sections at one end and a random distribution of the fibers in a single
disk pattern at the other end was designed and fabricated. This
configuration permitted the use of from one to eight light inputs to

the device with essentially the same light intensity available at each
rectangular entrance port. A measurement of the transmission of the
fiber optics cable provided the following data:

measured light input to cable - 80 mJ
measured light output - each leg - 7-10 mJ

The indications were that the light output was very uniform from leg
to leg. The spread in values of the output indicates the estimated
value--the instrumentation available at the time was not accurate at
levels below 10 mJ. Taking the lower value, 7 mJ, indicates that the
transmission efficiency of 1/2 meter long cable, including coupling
losses, is at least 70%. Recently announced improvements in materials
for fiber optics cables should increase the efficiency.

Using the eight-port 50 mm diameter device and associated
laser, electrodes, fiber optics cable, and the specially constructed
pulse forming network, the current waveform of Figure 3.5-19 was
obtained. This shows a peak current of 24,000 A, with the flat region
in the pulse somewhat above 19,000 A. The dI/dt (2000 A to 18,000 A)
is 30,000 A/usec, with an initial dI/dt greater than 40,000 A/usec.
These data showed that one set of the technical goals of the contract
are attainable.

An attempt to measure the initial rate of voltage decrease
as the switch turns on shows that the LASS is "on" in about 20 nsec.
The trace on the oscilloscope film was extremely faint, and attempts
to intensify it by repeated pulses were unseccessful because the

jitter in the system is of the same order of magnitude as the voltage




TR N AT

T T R I N ORY Y

R e L s

B o ialai i

Figure 3.5-18. Fifty mm diameter semiconductor switch element
showing radial pattern of rectangular windows.
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(a) Horizontal scale 500 nsec/division

(b) Horizontal scales 1 usec and 5 usec/division

Figure 3.5-19. Current waveform for 40 paralleled pulse forming
networks, 1700 V, 5000 A/division, device G4, 50 mm diameter
with eight rectangular ports illuminated. Repetition rate

about 1 pps.
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fall time. However, by eye the faint trace can be followed until the
voltage starts to fall, and can then be found again about 30 nsec later
during the fluctuations of the voltage. Traces at slower sweep rates
are brighter, but only indicate that the fall time is less than 100 nsec.

3.5.3.2.1 Voltage-current data. Voltage current data were
taken extensively on 50 mm diameter devices, The primary purpose of
these data were to supply parameter values to the analytic computer
program and to verify the predictions of that program. The data were
taken with the first inductor removed from each PFN to cause overshoot
of the current waveform. This approach increases the dI/dt that each
device must withstand, and also results in a higher initial peak
current. Illumination ports were opened in the devices as shown in
Figure 3.5-18 and as dimensioned in Figure 3.5-20 which also shows the
port dimensions of the contact electrode.

Because these data were primarily obtained for use with the
analytic computer program, no additional interpretation will be done.
A reduction of some of the data is presented in Tables 3.5-1 and
3.5-2 to ease the task of the casual reader; the serious investigator
will want to refer to the prints of the oscillograms presented in
the various figures and in the appendix.

3.5.3.2.2 Effect of varying the light input.

a) Effect of varying the area illuminated.

One useful piece of information for the theoretical model is
how the forward voltage drop of the LASS changes with current density.
By using the octifurcated fiber optics cable and removing one or two
branches of the cable at a time from the device electrode, the area
illuminated can be progressively reduced while the light intensity
(J/cmz) and the current conducted remain constant. Then the resulting
forward voltage drop can be determined at any time during the pulse
as a function of the current density if proper allowance is made for
plasma spreading. This technique is described in Section 3.3.5.

Figure 3.5-21 shows traces of the device current when illum-

inated using one branch and two branches of the fiber optics cable.
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} Figure 3.5-21, Multiple exposure gurrent waveform using one

| and two branches of the fiber optics cable. Ignore the upper-
most and lowermost traces. The lower of the two central traces
shows the current for the case of the single branch. Current
zero is at the bottom line of the graticule. Scale is 1000
A/cm vertical, 5 usec/cm horizontal. Device was 50 mm diameter,
# 1. Conditions were 20 PFN's charged to 850 V. Light output
level believed to be 7-10 mJ/branch.
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The current is about 10% below the expected value when only one branch

is used, indicating that the device is introducing appreciable impedance
into the circuit. But when two branches are used, the current level
(4800 A at 20 usec) is essentially that obtained in other tests with
all eight branches used. It was concluded that useful data could be
obtained using two or more branches.

The original data are shown in Figure 3.5-22 and a reduction

of these data is contained in Table 3.5-3 and Figure 3.5-23. A check

experiment was performed to determine if non-uniformities in the LASS |
might be a significant factor in the previous data. This experiment

was performed using four branches of the fiber optics cable but inserting

them into different illumination ports of the LASS. As can be seen in .
Table 3.5-4, the differences are within the expected range of experi- {

T

mental error, and it was concluded that the performance of the LASS |
device was independent of which ports were illuminated.
b) Effect of attenuation of the light level.
The effect of attenuating the level of laser light that reaches the ;
: LASS element is shown in Figure 3.5-24. Oscillograms are contained in i
Appendix VI. As expected, the effect of light attenuation is most 3
noticeable early in the pulse. Figure 3.5-25 is an expanded scale
measurement during the first 10 usec of the pulse at the highest |
level of attenuation practical with the filters available. These data :
k are of interest for the analytic computer program, and will not be
{ discussed further. !
3.5.4 Extended Work, E

As a result of the information derived in part from this
contract, Westinghouse was able to cooperate with the Lawrence Liver-
4 more Laboratories (LLL) of the Energy Research and Development Admin- |

istration in the fabrication and testing of special LASS devices.
) LLL has a special expertise in very fast rise, high peak current,

short pulse circuits and instrumentation as a result of their
weapons work. A firm conclusion reached from the work done for the 3
USAF contract was that the dI/dt was circuit limited and that much
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Figure 3.5-22. Multiple exposure oscillogram of yoltage wave-
forms for area variation by changing the number of branches

of the fiber optics cable used. From the top, sequence of
traces is current waveform (2 branches), and voltage waveforms
for 2, 4, 6, and 8 branches. Vertical scale is 10 V/cm,
horizontal 5 usec/cm. Device was 50 mm diameter, * 1. Con-
ditions were 20 PFN's charged to 850 V. Light output level
believed to be 7-10 mJ/branch.
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Figure 3.5-23. Forward voltage drop at 2 usec as a function
of initially illuminated area. Test conditions: 20 PFN's
charged to 850 volts, 50 mm diameter device #1. Area changed
by removing legs of fiber optics cable. Light level believed
to be 7-10 mJ per leg. Data fits a straight line on semilog
plot with a slope of -1.25.




Q Table 3.5-4. Effect of Varying the Ports, Taken Four at a Time,
§ Keeping the Fiber Optic Cable Branches Constant

Port Numbers 6 10 15 20 25 30 35

A 1-3  5-7 Vg(V) 38 29 24 21 18 16 12
I(A) 8800 8800 8900 9000 9000 8900 7600

1-4 5-8 VF(V) 41 32 30 23 20 18 13
I(A) 8800 8800 8800 8900 8900 8800 7700

2-4 6-8 VF(V) 40.5 31 24.5 21 19 17 12
I(A) 8400 8600 8800 9000 9000 9000 7800

8-1 2-3 was corresponding sequence of fiber optics cable
branches

Test conditions: 40 PFN's charged to 850 volts
50 mm diameter device 2G6
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Figure 3.5-24. Forward voltage drop at various times as a
function of attenuation of the laser beam. Beam input at
zero attenuation believed to be 80 mJ per pulse. Device 2G6,
using all 8 fiber optics cable branches. Blocking voltage
instrumentation clamped at about 45 volts maximum to provide
expanded scale at low voltages. Test conditions, 40 PFN's
charged to 850 volts. Pulse current approximately 9300 A.
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Figure 3.5-25. Forward voltage drop as function of time for
77.3% attenuation of the laser beam. Beam input at zero
attenuation believed to be 80 mJ per pulse. Device 2G6, using
all 8 fiber optics cable branches. Voltage probes direct

(no clamping) with 50 V/cm deflection on oscilloscope. Data
pointsD are from previous figure and show good agreement
between voltage measurement techniques.
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higher dI/dt values could be achieved if adequate circuits were avail-
able. This was well beyond the scope of the USAF contract. However,
modified LASS devices tested in cooperation with LLL at LLL facilities
demonstrated dI/dt values greater than 1.1 X 106 A/usec for a 100 nsec
long, 10,000 A pulse current. Again, it is believed that the dI/dt
was limited primarily by the circuit.

The above work, and contact with other prospective users
of the LASS, indicate that the next area of interest for investigation
should be in determining the performance under short (less than 1 usec)
pulses. This is the time domain in which the magnitude of the absorbed
laser light is most important--for longer pulses, plasma spreading,
repetition rate, and heat removal become more important. This topic
is addressed in Section 4.

3.6 Packaging Considerationms,

Although an encapsulation program was not undertaken per se,
several points came to light in the testing which are pertinent to an
eventual encapsulation of a practical device with these high level
performance requirements.

First, the light should enter immediately adjacent to an
electrical contact which is in intimate contact with the silicon.

It was found in experimental testing that "shading" of the silicon

by the pole piece contact led to arcing between the pole piece and the
silicon eventually leading to failure of the device. Second, the device
electrodes should be sufficiently thick that lateral voltage drops are
negligible should the area of the external contact to the bonded elec-
trode be restricted in any way, as, for example, in the case of a
pressure contact with a large surface area which is cocked relative

to the surface of the bonded contact. This problem was encountered

in the test holder and was significantly reduced by electroplating
gold on top of the aluminum contact to ensure an effective large area
electrical contact to the silicon. Third, if some sort of reusable
light pipe or fiber optics cable is to be used to introduce the light
into the silicon a method should be devised for readily repolishing
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the optical surface in the event that a device failure damages the
optical finish on the light pipe. Fourth, the fiber optics cable, if
used to introduce the light into the silicon, should not have a metal
jacket which can make uncontrolled electrical contact between the
device surface and the electrode.

It seems unlikely that the LASS will be used as a single,
large current, low voltage (v 2kV) device. Probably a plurality of
LASS elements will be connected in series to form a high current,
high voltage switch. As such, it seems futile to expend energy de-
signing a package for a single device. Rather the approach should be
to integrate the active elements of several LASS units with their
optical coupling, heat removal means, electrical contact, and such
equalizing components as are required. Presumably all of these ele-
ments would be contained within one hermetically sealed, low inductance
package with only electrical, optical, and fluid (for cooling) con-
nections to the outside world. For very high dI/dt, very low jitter
applications, it may be necessary to integrate the switch packaging
with the rest of the circuit.

The packaging of the LASS is a complex problem which in
general cannot be accomplished independently of the application circuit.
The following is a brief description of the switch design problem with
a conceptual switch design (Figure 3.6-1) to illustrate the approach.
3.6.1 Optical Design,

The LASS requires light to turn-on. The initial conducting
area turned-on is only slightly larger than the directly illuminated
region (port). The current density in the device, and therefore the
conducting voltage drop and power dissipated, is reduced as the
illuminated area is increased. Therefore, it is desirable to illum-
inate the entire surface of the device to keep the current density
as low as possible. This will also tend to reduce the inductance
of the switch. However, electrical contact must be made to the device.
It has been found experimentally that the current should not have to
travel laterally along the surface of the device without a substantial
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Figure 3.6-1. Conceptual design of a high voltage, high current,
high dI/dt light activated silicon switch.
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metal contact. Therefore, it is desirable that the surface of the
device be nearly completely covered by a metallization. This is
incompatible with the desire to illuminate the entire surface.

There are ways to resolve this incompatibility. One compro-
mise is to provide a number of small diameter holes in the metalliza-

tion to permit the illumination of small regions with close contact

metal. Another approach is to configure the window into one or more
rectangular slits. The latter approach has been demonstrated to work
at current densities up to at least 15,000 A/cmz.

Getting the light from the laser to the surface of the
silicon also needs attention. Two approaches have been tried exper-
imentally and both have advantages and disadvantages. The first
approach is to pass the laser beam through dielectrically coated beam
splitters that divide the beam energy equally among the switch elements.
This technique has been demonstrated for up to 10 elements in series,
and in principle could be extended to an unlimited number of elements.
This technique is very advantageous -- indeed, it is almost mandatory --

when it is desired to work with polarized light. By using light
polarized with the electric vector in the plane of incidence at the
silicon and entering the silicon at Brewster's angle, the reflected light
is zero and all of the light in the beam enters the silicon. However,
the amount of polarized light available from a laser is always less than
that available unpolarized, and specific designs must be investigated to

determine which approach is the most advantageous. The disadvantages
of the beam splitter approach are that the beam splitters must be
carefully aligned and maintained in alignment, and the laser beam is
exposed if the laser is not integral with the switch assembly. The
problem of alignment could be partially overcome by the arrangement
shown in Figure 3.6-1 where the beam splitters are mounted onto the
’ heat sinks which are integral with the silicon active elements.
Alignment is thus a matter of precise machining of two of the heat
sink surfaces.

A second approach is to transmit the light from the laser
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to the silicon by means of a fiber optics cable, one end of which is
branched (multifurcated) with one branch going to each silicon element.
This method encloses the laser beam for essentially its entire length,
divides the laser light energy equally among the switch elements,

and is fairly easy to align. Operation at energy levels comparable

to those contemplated in this program were demonstrated with a one-to-
octifurcated cable in the present USAF program. The disadvantages of
the fiber optics cable approach are that there is some loss in light
collection from the laser because of the non-conducting intersticies
surrounding each fiber of the bundle, there is some absorption (0.04 to
1.0 dB/m of cable length) of light in the cable, and it is not practical
to work with polarized light.

3.6.2 Thermal Design.

The thermal design of the switch must be carefully coordinated
with the performance requirements of the switch and with the other
elements of the design task -- especially the optical design. Because
a semiconductor switch is not a perfect switch, i.e., it does not have
infinite resistance when "open" and zero resistance when "closed", heat
is dissipated in the switch. Except in unusual circumstances, the heat
generated while blocking voltage is small compared to that generated
during conduction. The higher the peak current density is while con-
ducting, the higher the dissipation will be. The emphasis must be on
configurations to minimize the amount of heat generated and to remove
the heat which is generated.

To lower the heat generated within the switch element, the
conducting area of the element must be increased in order to reduce the
current density. This, however, has practical limitations imposed by
the optical design problem previously discussed and by the light
required of the laser. For, as the illuminated area increases, the
radiation energy (J/pulse) required from the laser increases in direct
proportion. These are the primary constraints on the size of the
illuminated area and this area will normally be sized to the minimum
that will provide either the peak conducting voltage drop allowed or
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the maximum peak temperature allowed.

Another source of heat generated in the active element is the
lateral conduction of current across the surface of the device, and
this situation occurs under two conditions. The first condition occurs
because uniform contact to the edge of the metallization window is
extremely difficult to achieve. This phenomenon forces the current to
pass along the surface from the edge of the conducting region of the
active element to the points where contact is made to the metal electrode.
If this path has a high resistance, intense heat can be generated
locally and catastrophic device failure will result from melting of the
silicon. An approach that appears to have been successful in solving
this problem is to increase the thickness of the metallization layer
by a factor of 10. More work is required in this area to relate the
thickness of metallization required to the current pulse (peak current,
pulse width) and electrode configuration.

The second known problem of localized heat generation occurs
when the optical window is in partial shadow for any reason. This
corresponds to an especially bad case of the high resistance problem,
for at least a portion of the current from the window will cross the
non-illuminated region to get to an electrical contact point of the
metal electrode. The non-illuminated region will have a high surface
resistance resulting in intense local heating and catastrophic device
failure. This problem can be avoided by careful design that avoids
shadowing of the window region.

To summarize, the electrical metallization and optical window
design must be carefully considered for their effects on heat generation
at the surface of the active element.

Assuming that the design has appropriately considered these
problems, there remains the problem of removing the heat from the
immediate sinks to the environment. One approach with variations is
shown in Figure 3.6-1. If the rate of heat generation is low enough,
the heat can be removed by fluid conduction/convection between the

sinks for each element and the wall of the switch case. Fins or tubes
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'$ for coolant can be attached to the case to aid transfer from the case

to the environment. By using pressurized nitrogen, sulfur hexafloride,
or transformer oil inside the case, substantial heat transfer rates

can be obtained by this means. The pressurized gas also improves the
quality of the electrical insulation within the switch. This will be
necessary to withstand the rather high voltage stand-off capabilities
desired. Alternatively, the coolant/insiilating medium can be circulated

in the case, through an external heat exchanger, pump, purifier and back

into the case to remove the heat. Large quantities of heat can be
removed by this means with only a modest rise in the temperature of the
element heat sinks; but, if a liquid coolant is used, care must be
taken to avoid trapping any gas pockets or corona conditions may

result leading to ultimate switch failure, Any fluid medium must be
chemically and optically compatible with the means chosen for the
introduction of the laser light to the silicon.

3.6.3 Equalization Design.

When switch elements are connected in series, provisions must
be made for the small differences in various performance parameters.
Experiments conducted on the USN supported program N00039-71-C-0028
indicate that the only equalization circuit required for the LASS
consists of resistors in parallel with each active element to swamp
out the differences in leakage current when the switch is in the "off"
state. Each of these resistors will dissipate several watts to several
tens of watts, and since ideally they would be incorporated within the
switch case, their heat load must be added to that of the active
elements for the total thermal system heat removal.

In addition, the resistors must have a configuration compatible
with the shape of the switch case and the active elements, and they must
be made from or coated with a material that is compatible with the

! fluid medium at the temperatures contemplated.

3.6.4 Inductance Considerations.

i Figure 3.6-1 shows a coaxial arrangement that should aid in

maintaining low inductance. Proper design of the illuminated area can
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help to minimize the self-inductance. This area will require considerable

analysis and iteration of various designs to arrive at an "acceptable"
design approach.
3.6.5 Switch Package.

There are several problems that must be addressed during the
design of the switch package. If the switch package were self-contained
with the laser, laser power supplies, and control circuits integrated
with the switch proper, such an arrangement would be likely to produce
the minimum size and weight for the switch system. But, such an arrange-

ment wmay not integrate well with the rest of the equipment involved in

" the application. For maintenance purposes, it may be desirable to

have the output laser rod with its associated pumping lamp(s) (the only
system component expected to require maintenance) located in an easily
accessible area with the laser beam directed to the switch proper by
mirrors or fiber optics cable.

The materials in the switch must be compatible with the fluid
used for internal insulation/cooling over the anticipated operating and
storage temperature range. ILf the light is transmitted to the silicon
elements by mirrors, the optical properties of the fluid must be suitable
so that there is not excessive absorption or distortion of the laser
beam.

A coaxial design, similar in concept to the crude version
shown in Figure 3.6-1 will be desirable to keep the inductance low.

This may cause problems interconnecting the switch with the other com-
ponents of the application. Although the resistive component and atten-
uation should be very low when conducting, the switch element should
match the characteristic impedance of the interconnecting transmission
lines to avoid undesirable reflections and losses.

3.6.6 Laser Light Source.

The laser light source is certainly critical from the stand-
point of its importance to the LASS concept. There is also a very
important question in the switch design that involves the laser; Where

should the laser and its power supplies and controls be located?




Because of the physical size of the laser head and the power supplies,

preliminary thinking is that a switch system should consist of two
major components -- the switch proper, and a separate package cortaining
the ancilliary components (laser, laser power supply and controls, and
coolant pump and heat exchanger, if needed). This point must be dis-
cussed with the switch users to determine the best system configuration.

One component of the laser that must be considered carefully
is the pumping lamp. This is the only component in the contemplated
switch system that has a limited life associated with it. For this
reason, it should be easily replaceable. For some applications, it
may be desireable to use a multiple lamp arrangement to provide longer
periods between scheduled maintenance and backup in case of failure.
Under normal conditions, the period between scheduled lamp changes
(routine maintenance) could exceed 600 hours or 1010 laser pulses,
depending upon the mode of operation.

One of the most expensive components of the laser light source
is the Q-switch and its control. A possible approach to improve the
cost is the Frustrated Total Internal Reflection Acoustoptic Q-Switch
(FTIR A-0). It is comparatively low in cost, even in small quantities,
with promise of lower cost if produced in quantity. The laser pulse
width produced with present designs is 15 to 20 nsec compared to the
10 to 15 nsec available from Pockels cells. Q-switch efficiency of

about 90% has been obtained with a 1 cm diameter beam.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions.

The specific performance goals of the contract were attained:
current pulses of 40 usec, 20,000 A peak, with a rise of 20,000 A/usec,
at a repetition rate of 1 pulse per second were obtained on a number
of occasions for durations exceeding 10 seconds. An analytic model was
developed and coded in FORTRAN; the model faithfully predicts the for-
ward voltage drop in the device. The model also predicts the temperature
rise in the device; this value was confirmed experimentally to the
extent that the model predicts device failure in the test fixture from
excessive temperature after a number of pulses, and otherwise successful
devices failed in this mode.

It is evident from the experimental work that the dI/dt limit
of the LASS was not reached even at greater than 40,000 A/psec because,
in the extended work reported, dI/dt values in excess of 106 A/usec
were obtained. Obviously the circuit configuration is of more importance
in determining the current rise time than is the LASS device. This is
reasonable when one considers the configuration of the LASS: a very
short (approximately 2 mm) current path length with a comparatively
large (order of square centimeters) conducting area. It may be that,
for circuits designed to operate at current rises in excess of 106 A/usec,
special attention should be given to the configuration of the conducting
area of the LASS so as to further reduce the device inductance.

A specific conclusion obtained from the experimental program
is that the plasma spreading velocity is significantly higher at very
high current densities (>10,000 A/cmz) than it is at the lower values of
current density where measurements have previously been made.

Additional conclusions can be drawn from the analytical and
experimental tasks as follows:

a. As expected, the thermal design of the LASS device and its

immediate environment is very important. Considerable heat is

generated in a very localized region in the LASS during the cirrent
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pulre, and this heat must be removed effectively if the LASS is to
surv.ve repeated pulses. For pulses longer than a few microseconds,
plasma spreading is an important consideration in increasing the
electrical conduction area of the LASS. This is fortunate because,
for these longer pulses, the major contribution to the heat buildup
occurs during the pulse conduction rather than during the turn-on
transient.

b. The electrical contact, especially at the cathodeof the LASS,

is crucial to the long life of the device. The experimental work
clearly demonstrated that if, for any reason, the current must pass
through a comparatively high resistance path, excessive heat will be
generated in a very localized region. Since poor electrical contact
also implies poor thermal contact, device failure is certain to
follow very quickly. In the present program this problem was overcome
by gold plating the cathode metallization to a thickness of

about 50 um. A superior metallurgical combination can be readily
obtained when starting with a new device design.

c. The introduction of the light into the silicon wafer is an
important design consideration for three reasons: (1) as much
silicon as possible should be illuminated to reduce the subsequent
electrical losses; (2) all of the area in an illuminated port

or window must be illuminated in order to avoid a high resistance
region leading to the failure mode described in (b) above; and

(3) the laser light should be used as efficiently as possible

to fire the LASS because it is relatively expensive in both initial
cost for equipment and in energy conversion from the primary

energy source. Thus the optical design must consider not only the
direct introduction of the light into the silicon wafer, but also
all of the other ramifications of collecting, transmitting, and
dividing the light from the laser output into the silicon wafer.
This program demonstrated the technical feasibility of using

fiber optics cable to collect, transmit, and distribute equally

the light from one laser to a plurality of illuminated regions.
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These regions could obviously be all on one LASS element, as in the
present case, or on various elements.

4.2 Recommendations.

A research program normally generates more questions than it
can answer within its time and funding limitations. This program was
normal in this respect. The program greatly increased the level of
understanding how a LASS works and where its physical limits are, but
much remains to be done before sufficient technology is available to
design and fabricate a LASS system for operational use. Completion of
the following tasks is recommended for a future research and development
program. The items are not necessarily listed in the order of importance:

* Determine minimum light requirements
* Improve analytic model
* Explore means of coupling light into silicon
* Improve heat removal technique
* Develop improved instrumentation
* Measure dynamic forward drop
* Design, fabricate and evaluate a complete switch system
* Increase thyristor blocking voltage
* Create true ON-OFF switch
The following paragraphs elaborate upon each of these tasks.

4.2.1 Determine Light Requirements.

By combining very short (v 100 nsec) current pulses with calorimetric
techniques it should be possible to obtain an empirical relationship between
the level of the light drive and the turn-on losses. The information
so obtained would be the most important fundamental knowledge now
migsing. For a major question remaining on the LASS concept is how
much laser light is needed for a given set of requirements. The
theoretical analysis of Section 2.3.2 only sets upper limits. The

present experimental program was unable to answer this question

satisfactorily for two reasons: (1) the instrumentation to measure the
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forward voltage drop was blinded during the time when the effect of
changing the level of the light should be most significant (< 1 usec); and
(2) most of the thermal effects of the pulse were caused by the long

(40 psec) pulse length.

4.2.2 Improve Analytic Model.

The analytic model should continue to be improved by the addition
of the information from 4.2.1 above and by the expansion of the scope
of the device parameters considered by the model; e.g., the profile of the
carrier density generated by the light trigger and how the carrier
density changes spatially and temporally during the current pulse. Such
improvements would help increase the effectiveness and versatility of the
model and reduce the need for detailed experiments during switch system
design.
4.2.3 Explore Means of Coupling Light into Silicon.

Because of the apparent importance of illuminating as large an
area of the silicon as practical, preferably under a good electrical
contact, means should be investigated to better distribute the light within
the silicon. The investigation should include such obvious approaches
as varying the surface finish of the window region and the possible
use of optical waveguides as well as the use of beam splitters to
introduce the light at Brewster's angle and other possibilities that
may arise during the investigation. The use of the information generated
by this investigation, coupled with the improved analytic model, would
be expected to reduce significantly the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>