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1. SUMMARY.

This final report gi%es the results of a prograﬁ to develop a
fast high-power thyristor that can-operate in switching circuits at ‘
frequencies of ten to twenty kHz with very low power loss. Feasibility
was demonstrated for a thyristor that blocks 1000V forward and reverse,
-conducts 200A, turns on in little more than 2 usec with‘only_ZA of gate
drive, turns off in 3 usec with 2A of gate assist cufrent and has an
energy dissipation of only 12 mJ per pulse for a 20 usec half sine wave
200A pulse. Data was generated that clearly showed the tradeoffs that
can be made between the turn off time and forward dropl The under-
standing of this tradeoff relationship enabled NASA to select deliverable
thyristors with turn off times up to 7'usec to give improved efficiency

in a series resonant DC to D{ inverter applicatiom. -

The physical understanding of gate assisted turn off was im-
proved and this provided the basis for bringing the usual advantages of

cathode shunting.to gate assisted turn off thyristors.

In order to combine the advantages of gate amplification and
gate-assisted turn off three types of bypass diodes were developed and
evaluated. Practical feasibility was demonstrated, late in the program,

for the device to be made with an integrated bypass diode.

A new light weight package was developed.



2., INTRODUCTION
/

The objective of this program is to design and develop a fast
high-power thyristor that’ can operate at frequencies in the raﬁge of ten
to twenty kilohertz with a very low power loss. Low power loss has
always been important for aerospace applications, and it is becoming
increasingly important for energy conservation in non-space applications.
Operation at high frequencies is important for aerospace applications
because higher frequency compbnents are smaller in size and lighter in
weight. However, it is important to consider all of the ramifications
of choosing a higher operating frequency because, unfortunately, component
efficiencies ténd to be lower as the frequency is increased. The reduced
efficieﬁcy in turn-increases the weight required (1) for the larger
power generatlon equlpment to prov1de the éxtra power and (2) for the
vehlcle—coollng system which miist dissipate the added’ power. Therefore,
for any system, there is a frequency that will minimize the total weight.
By,improving the efficiency of any componént at higher frequencies, the
freddeﬁcy—wéight trade~off is improved towards higher frequency and/or

lower system weight.

The frequency capability of a Ehyristor is primarily limited
by its turn-off time (T ). The turn-off time is the waiting time required,
after the thyrlstor has been commutated out of conduction, before a
forward voltage can be reapplied without refiring the thyristor. The
device designer has a variety of ways by which he can decrease the turn—
Off time. Uﬁforﬁunately, théy all involve dééreasing the current gains
of one or both of thé transistors that make up the two transistor anaiog
of theé thyristor. Consequently, all the design changes that decrease this
turn-off time, that is that make the turn-off faster, make turn-on and

conduction moré Iossy. Thus there is an unaveidable tradeoff betwéen the

turfi-off time and the turn-on and condiction losses. At the begitning



of this program there was only one known way to gignificantly relax the
stringency of this tradeoff. This way consists of applying a reverse\
voltage to the gaté of the thyristor during the time at which voltage Is
to'be vreapplied to the anode. By this means, the current gain of the
thyristor can be temporarily decreased during the time that the thyristor
is to be turned off without degrading the gain during the turn-on and
conduction parts of‘the éycle; Such a device is known as a gate-assisted

turn-off thyristor (GATT).

The target specifications of the contract are given in Table I.
The turn-off time specified thereinm is 3 usec. This was consistent with
. the objectives of two preceeding GATT development centraé;s; WAS12-2198
and NAS3-14394, which were reported in NASA Reports No. CR-120832 and
No. CR-121161. This 3 ysec turn-off time was based on an initial
objective to operate at frequencies wp to 50 kHz. While the capability
to aéhieve 3 usec turn-off timés was demonstrated in all three contracts,
work performed during the pericd of this third contract.ﬁrovided*a basis
for changing the emphasis on short turn-off times. This change was based
on a study, by Westinghouse on this contract, of the tradeoff that could
be made between turn-off time and the forward voltage drop. The change
incorporated the results of a study by ?RN Inc. that showed' that increased
inverter efficiencies could be attained with GATT's with somewhat longer
turn-off times with lower forward drops. Theréfore, the later stages of
this effort were pérformed with the understanding that the 3 usec turn~off
_ time should be relaxed to about 7 microseconds to obtain the best per-

formance from circuit application.

The background that Ieaé to the work on this contract was
. described in NASA Reports No. CR-120832 and No. CR-121161, which are the
Final Reports for the two preceding GATT development contracts. The
device is to be used in a series inverter eircuit for the conversion of
de power from one voltage level to another. Regulation is provided to

maintain the output voltage constant independent of changes in the input



TABLE I
Target Specifications

Sﬁmbo}: Description” Specifications
VRRM Minimum reverse blocking voltage. 1000V
VoRM Minimum forward blocking wvoltage. 1000V
1 Maximum rms forward current. 200A
T (rms)
V&M Maximum steady state forward voltage drop for 2.5¥
conduction of 200A.
v Time required to reach Vpy after initiation of 2 usec
on current conduction with a rate of rise of 100A
per microsecond and application of a gate.
signal of 2.0A for ten {10) microseconds.
IéRﬁn Maximum reverse-leakage- current at 1000V. 10 mA
Teoier . Maximum forward: leakage - curtent. at. 1000V. 10 mA
I% Maximim® gate: current. tb: fire at Vrn =" 30V. 200 ma
Véﬁ Maximum gate wvoltage to fire at Vopye = 30V. 4y
I, Minimum holding current. 200 mA
t Maximum time after anode current has reached 3 usec
q . zero before anode voltage can be reapplied @
the maximum rate of rigse of voltage {dV/dt). as |
stipulated below and a maximum gate signal of
2,04 for 3 usec.
dv¥/de " Maxdimum rate of rise of anods voltage.. 400V fusec
E pulse , Allowed dissipation-per pulse (20 psec. 12 mJ
" half sine wave with a' 2004 peak)-.
dT/dt - Maxdmum rate of rise of current concurrent 100A/usec

with and’ after a gate signal of not more than
3.04.




voltage or output loading. The use of natural commutation minimizes the
current and voltage transients thereby increasing the efficiency and
reliability of the circuit; it also minimizes electromagnetic interference

problems.

Other work on GAIT devices includes an experimental 600V, 1004,
GATT, with a t_ of 2 usec made by the Westinghouse Brake and Signal
(type Dll7l),( ) and a 1200V, 400A GATT with a tq of 6 usec made by the
(2,3) '

Mitsubishi Electric Corporation.
The scope of the present. work included:

1. A broad review of the possibilities by which the
turn-off time and energy loss per pulse might be

decreased.

2. An experimental study of the electrical behavior

of fast turn-off thyristors.

3. The development of a better model for gate-

assisted turn—-off.

4. The design and fabrication of a new family of
GATT devices based on the improvement in under-

standing of thyristor turn-off.
5. The evaluation of devices in this new design.

The information reported herein provides both a theoretical
understanding, and an empirical measure, of the present state-of-the-art
of high-voltage, high-current GATT's. This information can be used by
those involved in the design of low-loss, high-power, high frequency

(49

circuits of the type described by Schwarz. The devices made on this
contract are being used in a thyristor power processor for a 30 cm

mercury electric propulsion ion engine as described by Beiss et al.(5)



. The work was:done by investigators. of the Research: and
TPevelopment Center of the Westinghouse Electric Corforation, Pittsburgh,
Pennsylvania, in cooperation with.the Westinghouse Semiconductor Division,
Youngwood, Pennsylvania. Thyristors were fabricated in the production
facilities of the Semiconductor Division using modifications of standard
production processes. Special modifications and all device testing and

behavioral studies were conducted at the Research Laboratories.

The value of the work done was: significantly' enhanced by direct
interaction, emncouraged by NASA, with thoser at TRW: whovare involved in

the development of a circuit in which- these thyristors: are to be used.



3. DEVICE DESIGN

3.1 Background

The preceding wofk, performed by Westinghouse Electric

(6,7)

Corporation and supported by NASA, can be summarized as follows.

The first GAIT development program, from the middle of 1969 to
the middle of 1970, resulted in the demonstraﬁion that devices could be

made that blocked 600V, and carried 50A of average anocde current with a Ve
- il

of no more than 2V. They had a turn—off time, tq, of 2 usec tested -with

a gate-assist gate bias of -10V in series with 10 ohms, all measured at
100°C. The cathode-emitter was of mesa construction and, therefore, had
widely varying leakage currents between individual "emitter fingers. To
produce usable devices with this process, it was necessary to test each
emitter finger indfvidually and to weld a raised contact to each individual
good fipger so that the device could be packaged without contacting the

leaky fingers. This was clearly not a good manufacturable design.

The second GATT development program, from about September 1971
to November 1972, yielded devices that blocked 1000V and carried 1Q0A of
average anode current with a VTM of no more than 2V. The tﬁrp-off~time
was less than 2 usec, tested with a gate-assist bias of -20V through a
gate-assist source impedance of no more than 1 ohm. The measurements .
were taken at 100°C. This device was planar and manufacturable, but it

had five disadvantages:

' Ll. To achieve the desired turn-on speed, the gate

turn—-on current had to be >_ 15A.

2. To achieve the desired turn-off time, the gate

assist current had to be > 10A.



3. 1If this high level of gate-assist current were
applied before the anode current had been commu~
tated to zerc, the thyristor was likely to be

permanently damaged.

4, The energy loss per pulse was quite high, e.g.,:
~ 30 mJ.

5. A constant gate bias was necessary to prevent
firing of the device by an applied av/dz.
Without a gate bias, the dV/dt rating was much

lower than the specified 400V/usec.

It was the objective of this contract (GATT III) to create a

thyristor in which these five disadvantages are-overcome.

3.2 Design of GATT III

3.2,1 Turn-on
3.2.1.1 Gate Amplification

In the previous GAIT's a gate turn-on drive current
of > 15A was required to achieve fast low-loss turn-on. In GATT III, gate
amplification was incorporated into the device so that it could be fired

well with only 2A of externally applied gate drive current.

3.2,1.2 Cathode Edge Length

At the beginning of this contract there was no
definitive information on how the length of the cathode edge (the boundary
between the cathode and the gate) affects the speed and losses of the
turn on. It was not known whether an increagse in the length of this

periphery, for a given set of'operating conditions, would:

1. Increase the energy loss because the gate drive per unit

length is reduced, thereby causing a slower turn on;



.2. Decrease the energy loss because the current density and

therefore the forward drop are at a lower level; or
3. Cauge no change because the effects of (1) and (2) cancel out,

An extensive amount of effort was expended to answer this
question. TFirst, turn-on voltage and current waveforms were measured
on the circuit shown in Fig. l.-for a large number of variations in device
design and operating conditions. These measurements indicated that the
cathode peripheral length has little influence on the turn on energy

loss.

There was considerable uncertainty about whether this was a

definitive result because:

a. There is always uncertainty in the accuracy of a
small (v 3V) voltage being measured within a few
tenths of a microsecond affer a much higher vol-
tage (v 200V) was present on, and saturating,

the amplifier of the oscilloscope.

b. It is difficult to be certain that no emf's are
developed in the voltage probe leads in the vi-
cinity of the line in which a dI/dt of the order
of 108A/sec -exists.

c. Other wvariables such as the shunt pétterns and
the spacing between the shunt and the edge of
the cathode were différent. Also the diffﬁsion

profiles may have been different.

d. The sample size was small, one device for each
cathode edge length, because of the limited

amount of time for such work..
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To mininize the effects of uncontrolied variables, the fol~
lowing technique was developed by which the effects of varying the cath-
ode edge length were simulated on a single device. To understand this
approach, consider the following thought experiment. Take two identical
thyristors. and compare how one of them would behave while being turned on
in a given ciycuit with a given set of conditions with how both would

behave, perfectly paralleled, in the same cireult with the same condil-
tions.

The device would see the following differences:

a. In the parallel case, both the gate-drive-
current and the anode-current densities per
unit of cathode edge length would be half

their values in the single-device case.

b. The losses in the parallel case occur over
twice the cathode edge lenpth of that of the

x
single device case.

Note that, if the loss pér unit of edge length were the same in both

_ cases, the total loss in the second'caSe would be twice that of the first
case. Based on this, one should be able to test a single device under
two proportionate sets-of gate current drive and circuit-limited-anode
dr/dt to simulate differernces in cathode edge length. The losses meas—
ured under the two sets of currents must be scaled in proportion to the
simulated difference in cathode edge length., Turn-on losses were meas-
ured using this technique, and again:there appeared to be no significant

effect of the edge length.

There still was the guestion of whether the voltage waveforms
might be significantly in errar'and so an apparatus was built in which
the thyristor could be operated ﬁnder‘typicai conditions on a heat -sink
while the dissipated enefgy losses were measured with a calorimeter.

Details of this are given in Section 4.3.

i1



In summary, a strong effort was made in three different ways
to determine how to design the cathode peripheral length and the results
have shown no significant effect of the cathode edge length on the turn-
on losses. Given this result,.the device was designed to have a fairly
long cathode periphery because after the initial turn-on transient, it is
(8’9)that the spreading velocity increases more slowly than linearly
with the ciurrent density. Therefore, once the device has turned on at
the emitter edge its conducting area 1s larger at any point in time

during the plasma spreading phase if the edge being initially fired is

longer. A similar conclusion appsars to have been found by Shimizu, et al.

3.2.1.3 Diffusion Profile

A third effect on turn-on speed and losses is the
current gain designed into the axial distribution of the iﬁpurity
density and the thickness of the léyars in the four layer structure. To
the degree that one can,rconsistant with the requirements for a fast turn-
off ‘time and for the required blocking voltages, one should design for
a high current gdain. This was also a difficult area to know how to design
the device. One cannot know theoretically whether 'the tradeoff between
turn-on losses, conduction losses, and the turn—off time is improved or
degraded by a design change that increases the current gain. One knows
that a diffusion layer change that dncreases the curtent gain will improve
the turn-on speed and loss but will degrade the turn-off time. One knows
that such a design change would require a somewhat different but unknown
carrier lifetime level for the optimum tradeoff of VTM and tq. Thus,
it was not possible to know at the outset of this program how to design
the thicknesses and impurity profile of the device for an optimum trade-
off.

An extensive experiment involwing three impurity density
. profiles and stepped lifetime .control provided the means for improving
this tradeoff. The details of this were published in the paper that

constitutes Appendix A of this report.

iz

(3



This experiment shows that the effects of a change in the diffusion

profile and base thickness that.increasesthe current gain improves the

™
and degrades it at the more conventional higher lifetime end of the

tq - V.., tradeoff at the fast turn—off, low lifetime part of the curve

curve. A possible explanation of this is that in a device with high
lattice~defect-determined iifetime, the turn-—off speed is semsitive to
this lifetime, while the conduction losses are mainly dependent on
Auger recombination which is hardly sensitive te the lattice-defect-
detertined lifetime. On the other hand, in a device with a low lattice~
defect~determined lifetime, Auger recombination is less significant and
the losses are sensitive to the lattice-defect-determined lifetime,

In this case, the turn-off speed becomes insensitive to lifetime because

it becomes limited by the reverse recovery time.

3.2:2 Turnoff

3.2.2.1 Cathode Shunts:

In the early years of GATT development, it was
believed that the effectiveness of gate assist curreni was due to a
sweep out of excess carriers that decreased the reapplied-forward-voltage~-
induced displacement current. An experimental investigaticn during the
early part of this program yielded the ‘finding that this was not the -
reason for the effectiveness of gate assist current. Instead, it was
found that the effect of gate assist and its driving voltage is to prevent
a forward voltage from being created on the cathode junction., The details
of this have been published in References {(10) and {11} which constitute

appendices B and C of this report.

Once it is understood that the effect of the gate assist signal
is to prevent the formation of forward voltage rather than to sweep out charge,

the design of a GATT takes a.different course. First, ome -can use cathode

13



shunting. Shunts would degrade the sweep ~out of excess carriers but
they strengthen the oppositionto forward voltage on the cathode junction.
Thus,one need not give up the valuable and well-reccognized advantages

of shunts that are used in nearly all thyristors today. (Even at the
time of the writing of this report, there is no other known .GATT design
that has shunts.) First, shunts give the GATIT a high dv/dt rating
without the need for a continuous negative gate signal to protect the
device against firing by spuridus transient voltages. Second, shunts
lielp to decrease the turn-—off time by decreasing the current gains at
the low current levels at which a dV/dt would refire the thyristor.
Third, and perhaps most important, shunts prevent the cathode current
from béing pinched in to the middle of the emitter fingers in the manner
similar to second breakdown in which transistors or non-shunted
thyristors are very subject to failure. The fact that shunts prevent
current pinch failures makes it possible for significantly lower gate
voltages (that is,1-3V instéad of 10-20V) to be used to prevent the
devalopment of forward voltagé oh the cathode junction.

Thé optimum sheét resistivity for the p-base is dependent on
whether the cathode is shunted. In the case of no shunting, a relatively
low sheet resistivity is necessary to allow the negative gate voltage
£6 'reach" to the centfal portion of the cathode junction without
requiting a large voltage (approaching the avalanche voltage) at the
edge of the junctign.

On the other hand, if there are cathode shunts, the cathode
canriot be forward biassed in the central region and a negative gate current
through the lateral tresistance of the p-base causes IR drops that oppose
forvard voltages from appearing on the rest of the cathode junction. 1In
this case, high sheet resistivities in the p-base make the gate assist

cufrént more effective for oppdsing the forward voltage.

One should ask the question here whether an increase in the
sheet resistivity produces a greater improvement in the effectiveness of
gate assist current than the degradation that it causes in the non-gate

adsgisted turn off time. This was another important question that could
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not be answered theoretically and had to be answered exﬁerimentally.

The answer depends on the operating conditions of the device. For
operating conditions in which two amperes of gate assist current were
used, a net gain was achieved by increasing the lateral sheet resistivity
of the p-base. At hlgher gate~a851st currents, the advantage would be

even greater.

3.2.2,.2 Lifetime Control

In the early stages of the program several attempts Were‘
made to compare the lifetime killing properties of gold diffusion with
those of electron irradiation to determine which would vield the best
VTM - tq tradeoff. It quickly became apparent that this investigation
would require an - effort that was beyond the resources of this program.
It is a very complex area because it is difficult to compare one type
of lifetime control with another unless an extensive effort is made to
optimize both processes. 1In the final month of this program a published
paperciz) has shown that gold diffusion may have an advantage over
electron irradiatio% for optimizing the tradeoff between the turn-off
time and turn-on and conduction losses. While there is reason
to hope that such an advantage might be found due to differences in the
level in the energy gap and in the capture cross sectiom, it is still
very difficult to compare the two. It is well known that gold can
exist both interstitially and substitutionally in the silicon lattice
and that the final state is very sensitive to how it was diffused and
annealed. Also,gold is gettered by the phosphorus on the cathode side
and its distribution is therefore non-uniform; this non-uniformity also
depends on the heat treatment. Furthermore, gold camnot be put into
finished fusions in precise steps to optimize and tailor the device.
Finally, when one uses gold instead of electron irradiation there is
a greater probability that compensation of the dopant density will be

significant. Therefore, one must be careful not to confuse an effect

on impurity density with one on lifetime.
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3.2.3 3Bypass Diode

The combination,in a single thyristor,of gate amplification and
gate~assisted turn-off or gate turn-off (GTO or GCS) confronts one with a
problem. " In order for a low gate current, of say 50 mA, to turn a thy-
ristor on, the resistance in the p-base ugder the auxiliary cathode must
be at least 0.7V/0.05A = 1402. (The 0.7V is the voltage needed to cause
the cathode to start emitting.) On the other hand, when a thyristor is
to be turned off with a gate—assist current of 2A, as called for in the
contract, this 2A through 14 obms of resistance produces an IR drop of
28V. (The need for a much larger gate current at turn off than at turn
on is because only the turn on current can be amplified.} This 28V is
higher than the avalanche voltage of the cathode junction. The high
energy density in this avalanche is enéugh_to_melt silicon and degrade
the auxiliary cathode junction. To overcome this problem, it is necessary
to bypass the resistance of the pfbase unéer its auxiliary caéhode when
gate-assist current is drawn. On this contract, this has béen achieved

by three different approaches.

3.2.3.1 Diecde Mounted in Package

In one approach, which was developed on a separate
Westinghouse program, a small‘diode is soldered in the Eackage as shown
in Fig. 2. This diode contacts to the main gate and the floating gate
as shown. This diode carries a negligible amount of forward current when
turr-on current is ‘applied to the main gate. On the other hand, when
gate assist current is drawn from the main gate lead, this current passes
through_the forward biased bypdss diode and prevents the occurrence of
avalanche in the auxiliary cathode junction. This approach was demon-
strated on devices similar to those of this contract on a parallel
* Westinghouse program, and later in 35 thyristors that Were purchaséd by
NASA on Contract No. NAS 3-19097 and finally in the first twenty dgviceé
that were delivered on this contract. This approach appeared to be
practical initially but it was found to suffer from a long term reli-

ability problem. The diode contact to the floating gate became erratic
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and in some cases opened. An investigation revealed that the mound
of solder on the diode, which was necessary to provide a raised area to
contact the floating gate contact, was subject to cold flow and the pressure

of the contact diminished with time until eventually effective contact

was lost., (This is discussed further on page 59,) Another problem with
this approach was that when the supply of diodes that were used in the

beginning was consumed, no supﬁlier of similar rugged diodes could be found.

3.2.3.2 Dicde Built into the Thyristor Fusion

Ultimately the best approach will be to build the
bypass diode into the silicon slice. This structure is =~ shown in
Figs. 3 and 4. As shown in Fig. & the diffused auxiliary cathode is
seémented into two parts, Al and A2, These parts function just like the
standard amplifying gate. Two bypass-diode diffused regions, Bl and B2,
are formed at the same time as the diffusion of the main and auxiliary

cathodes.

There are three features to be noted about the congtruction of
this bypass diode. First, note that the metal overlaps the opposite side
of the diffused region from that of the auxiliary cathodes. This clearly
creates a diode polarity opposite to that of the auxiliary cathode.
Second, there are small etch pits, E, between the segmented circular dif-
fused regions. These etch pits prevent gate current from bypassing the
auxiliary cathode during turn—on. Current that bypasses the auxiliary
cathode is wasted and is not effective for fast, low loss turn on. Third,
there is an additional diffused layer or lip, which helps to prevent the
bypass diode from refiring the device during the gate-assisted turn off.
This is sketched in Fig. 5. The function of this lip fusion is to cause the
injection from the bypass diode to occur in an area in which the npn current
gain is low so that it does mot fire the thyristor. To understand the need
for this, consider what would happen if this npn current gain were not low.
In this case, when current is drawn out the main gate, most of this cur-

rent involves electrons being injected into the p-base. Many of these
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electrons reach the forward blocking junction and drift to the n-base.
These electrons are base current to the pnp tr¥ansistor and partially turn
it on. The impedance of the cathode circuit which is designed to carry
several hundred amperes is lower than that of the gate circuit which was
only designed to carry a few amperes. Therefore, the anode voltage of
several hundred volts drives the current being carried by the pnp
transistor mostly through the cathode. This current has the polarity to

forward bias the cathode junction and fire the thyristor.

To prevent the gate-assist current from firing the thyristor in
this manner, a means had to be developed for minimizing the proportion
of gate-assist-current-induced electrons that reach the forward blocking
junction. This was donme by building the-bypass diode in the form shown
in Fig. 5. This design forces the injection of electrons from the bypass
diode to occur over a larger area and in a region where the p-base width
is wider. Such widening of the p-base decreases the transport factor for
électrons through the p-base and decreases the injection efficiency for
elec¢trons into the p-basé.(13)' The irncréaseé in the emitter area increases
the amount of recombination that occurs in the space charge region of this
bypass diode emitter—thereby further decreasing the injection efficiency
for electrons., The injection efficiency and transport factor are both
further reduced by area—seléctively decreasing the lifetime under the ex-

tended bypass diode region by means of a masked electron irradiation.

3.2.3.3 Dicde Soldered to the Thyristor

The third approach for making the bypass dicde was
to solder the diode to the thyristor fusion. 1In this case two diodes were
soldered tec the floating gate metal and then a silver jumper that had been
photolithographically etched out of a 0.15 mm thick silver sheet was
soldered to these diodes and to the center or main gate. Photographs of
this construction are shown in Fig. 6. This design became the design of
choice near the end of the program for direct application in a de-de inverter
design Because it cqmbiqéd reliability with the ability to use devices

simdlar to those made in production.
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Fig. 6 Two views of the bypass diodes and jumper

contact bonded to the thyristor.

23
RM-71505



3.2.4 Cathode Shape

Among the design implications of the physical model for turn

off which is described in Appendix B are:

1. Minimize the ratio of gate area to the peripheral length

of the edge of the cathode.
2. Minimize the cathode line width.
3. Make shunts continuous lines with a minimum of corners.

Based on these implications a new mask set was designed. The phosphorus
diffusion mask is shown in Fig. 7. As shown the gate area is made as
small as practical. The cathode lines were only 0.25 mm wide and are
continuous without corners or broken shunts. The shunt widths are 0.25
mm on the mask and about 0.20 mm when lateral diffusion is taken into

account. The gate metal lines are 0.30 mm wide.
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4. TEST CIRCUIT DEVELOPMENT

4.1 TIntroduction

x Most of the test circuits used.in this program were described

with detailed circuit drawingson pages 29~60 of the final report of
Contract.NA53-14394, i.e., NASA report number CR-121161.

4.2 Tura-on Circuit

The turn-on circuit is shown in Fig. 1 herein and in more
detail on pages. 42 to 48 of NASA Report CR-12I161. It consists of a
pulse forming network that is charged | and then discharged through
the thyristor under test. The anode voltage and’ anode- current waveforfm
are: observed:on an oscildoscopes. Turn=on: switching: lo€sés. can-bes cal~

culated from these. waveformss. .

Unfortunately, it: seems: to be.a univérsal problem with this
approach-that. one can never be sures that  the. voltage waveform is accurate

because: of the following:

1. If the.anode voltage being switched' from is as high as
the normal operating voltage;the preamplifier of the
oscilloscope must be overdriven and saturated so that,
at turn—on,. voltages-of 0-5"volts. can be read. This
saturation of the.preamplifier' can producé erronecus .
readings.. Sometimes-.this: source.of etror is minimized
by switching the thyriﬁtortonﬁf:bm.a&muchhlower'voitaga,
say 30V. In this case; whilde thervoltage wavéform may
‘be correctly measured, it may be significantly different
from.the one that occurs-when the-thyristor is switched

on from a‘highey voltage.
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2. The environment of the device under test includes very
high dI/dt and dV/dt levels. It is very difficult to be
sure that neither capacitive nor inductive coupling has

influenced the voltage waveform that is measured.

To avoid possible errors due to overloading of the preamplifier
a second piece of equipment was built to improve the accuracy of the
voltage measurement during turn-on of the thyristor. This consisted of
a voltage clipping circuit to limit the voltage applied to the oscillo-
scope preamplifier. Figure 8 is a schematic diagram of the clipper
circuit. The quality of the data from this circuit was checked by
determining that the part of the waveform to be measured is independent
of the voltage level at which the waveform is. clipped. The key component
of the clipper circuit is the fast'recovery diode. Séveral solid state
diodes were examined and rejected as being too slow, and satisfactory
results were finally obtained with 'a 6AX4 vacuum tube diode. There
was good agreement between the data from the ‘calorimeter and that from

the turn-on circuit with the clipper.

4.3 (Calorimeter Set-Up

In order to measure the losses more directly a circuit wae built
to. be used with a calorimeter. The-heart cf this équipment is é calorimeter
that measures the heat generated in the thyristor while it is being operated
under conditions similar to those of the circuit in which it is to be used.
Tigure 9 'is a schematic diagram of the circuit that powers the thyristors ‘
for the calorimetric loss measurements. Figures’lo through 12 are photo-
graphs of this equipment which measures the sum of the turn—on and
conduction losses of a half sine wave of 20 usec pulse width. Reverse
recovery losses are negligible because the reverse voltage on the device
under test is limited to less than a volt. Forward recovery losses are
negligible because the interval between pulses is long. The pulse hedight
can be selected using three sets of inductors and capacitors that provide

for either 50, 100, or 200 A when the device is switched ox from 400 V.
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The gate drive circuit creates a forward gate pulse to

turn the TUT oﬁ and at an adjustable time later a reverse
gate current can be applied to the gate. This reverse
current is the gate assist current. The time of initiation

and the .pulse height and width of this reverse gate current

are adjustable,

The recovery times of diodes and/or thyristors in the test
circuit must match the racovery time of the thyristor under
test. If a compoment in the test circuit has reverse fe-
covery too‘éarly, that component will interrupt the sweep

out of the excess charge from the device uﬁder test. On

the other hand, if it takes the component of thHe test cireuit
too ldng‘to recover, the test circuit camnnot reapply a
forward voltage on the device under test as sovon as it is
capable of supporting 2 reapplied forward voltage. Im the
first case, the device under test is not permitted to tuin

off as fast as it might if more excess charge were swept

-out, In the second case, the eircuir will not be able to

measure the true turn—off time.

During the course of the program a continual effort was made

to ensure that the turn-off time was being measured as reéalistically as

practical. This involves the following considerations:

1.

The impedance of the gate circuit can influénce the actual

gate current during the switching transient period.

The limiting resistance in the part of the test ecircuit that
generates the dv/dt ramp can limit the forward recovery

current and thereby influence the measured turn-pff time.,

Inductance in the leads of an anti-parallel diode can force
a forward curreni into the thyristor under test during the
turn-off time interval, Such an unwanted forward pulse is
diverted intec the device under test when reverse recovery

occurs in the dicde that jisolates the lower impedance current
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generating circuitry from the high impedance voltage gene-
rating circuitry. .

4, The width and shape of the anode current pulse can determine
whether the device is carrying the current uniformly over its

area.

5. The shape of the reverse voltage waveform can influence the
amount of charge that isswept out of the device in the re-
verse recovery phase. The rate of application of this
voltage iz believed to. be more important than the ultimate

voltage reached.

4.5 Simulated Application Circuit

In August of 1974, the team at TRW that developed a cimesit
in which these thyristors were used provided Westinghouse with a bread-
board:s set-up. This set-up,.shown in Fig. 14, permits the thyristotrs
to be evaluated in a circuit that simulates the Ion—=engine power supply

application. Both ﬁq‘and'VTM_gre.measuraﬁle on thig cifrcuit.
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5. DEVICE 'FABRICATION AND TESTING

5.1 Introduction

2

This part of the report will present the significant approaches

problems, and results of the device fabrication and testing effort,

5.2 Study of New Design Features

When tﬁe program started in July 1973, there were several areas
in which it was unclear. how the device should be designed. These were
the slice diameter, the cathode edge length, whether the emitter could
suécessfully'be‘shunted to achieve good GATT performance, and whether \
gate amplification and good GATT performance could be combined in a
device. The first two rums were made with 23 mm diameter slices with an
existing amplifying gate snowflake mask design shown in Fig. 15. The' " -

third rin was made with an existing 33 mm diameter snowflake design.

The data taken on these early devices yielded the important
findings that:
1. The snowflake design with its shunted cathode can perform

well in the GATT mode.

2, The high resistance in the p-base under the auxiliary cathode
of the gate amplification structure must be bypassed by the
gate assist current to avoid degradation, and perhaps

"failure, of the device.

3. The gate assist pulse must be present during the reapplication
of the forward anode voltage if it to be effective for de~

creasing the turn-off time.
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5.3 TImproved Understanding of the Effect of Gate Assigt Curremt

Early in the experimental studies of the program it became clear
that the existing understanding of the physics of gate -assisted turn-off
was in error. In contrast éa the then-existing belief that the gate
_ assist bias sweeps the excess carriers out before anode voltage is
reapplied, our finding was that the fundamental effect of the gate assist
bias is to oppose the development of a forward bias on the cathode. This
forward bias is caused by the dV/dt induced displacement current; and
if unopposed, this bias will cause the cathode to inject a sufficient
number of electrons into the p-base to refire the device. The effects

of the gate assist current is described in detail in Appendices B and C.

5.4 Switching Loss Measurements

There was an experimental phase early in the program in which
extensive efforts were made to measure the turn~on transient emergy losses
per pulse on the ci;cuit shown in Fig. 1. Current and voltage transient
waveforms were photographed and the product of the ancde voltage and cur~
rent was calculated and numerically integrated. These calculated energy
losses per pulse were in the range of 2 to 5 mJ. While this was a good
acceptable level of loss, there was significant skepticism about whether
the voltage and current waveforms might be in error due to an overloading
of amplifiers, an influence of a clipper circuit or to ecapacitive or
inductive effects in the environment of the high dIfdt and dv/dt circuitry.
To measure the energy dissipation in a more straightforward manner with
fewer uncertainties, a calorimeter was set up as described on pages 27 to 33
and loss measurements were taken as described on pages 52 to 55. The results
from the twoe different approaches were in good agreement.

The behavior of the forward recovery current and its associated
(L&)

logses were studied, and the results were published as given in

Appendix D.
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5.5 Determination of tq - VTM Tradeoff Curve

Another experimental effort was undertaken to determine a
forward drop, turn-off time trade off curve by stepwise vaxying the amount
of lifetime reduction by means of high energy electron irradiation.

The advantage of using electrons to conirol the lifetime permits one to
vary the lifetime in individual devices and thereby to precisely determine

an optimum lifetime level.

In May of 1974, a review meeting was held at NASA Lewis Research
Center with representatives of TRW who were developing an efficient
circuit that could use the GATT thyristors, present. Eight‘sample
thyristors from a Westinghouse inteynal program, packaged with the bypass
‘mounted inside of the package, and with the characteristics given in
Table 2 were loaned to NASA.

At this meeting, the graph of Fig. 16 was shovn which illustrates
the VTM - ;q tradeoff for a. sample of devices from five process Tuns.
The data in this figure gave NASA and TRW a significantly improved under—
standing of the Westinghouse ability to trade Eq for VTM' it became
evident to everyome that, if ome were to relax the specification of a
3 usec t , one could very substantially decrease the forward drop, VTK’

and_theréfore the conduction losses.

5.6 Devices Made on a Separate Contract

Based on the tq - VTM tradeoff curve, a decision was made for

Westinghouse to make additional devices on a separate contract (NAS3-19097).
They were similar to those represented by Table 2 except that the Ty ” Vot

tradeoff was shifted to a higher tq and lower V__, by giving them less

™
electron irradiation., The characteristics of these devices are summarized

in Table 3.
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TABLE 2. CHARACTERISTICS OF THE EIGHT DEVICES LOANED TO NASA IN MAY OF 1974
Eost Voo | Vorw | Ve | Ter | Ver | Im | hix | dV/dt gﬁigiy Units
Devices
usec | usec | usec v v v mA v mA A V/usec nJ
21~-2 5.5 3.0 5.5 2.9 | 1180 | 1040 | 130 j1.25 | 65 | 0.5 i > 500 12
21-19 6.0 3.5 6.0 2.3 | 1080 940 | 100 1,10 | 55 | 0.4 | > 500
21-26 6.5 3.0 6.5 2,1 | 1100 | 1080 80 (1,10 { 50 | 0.4 | > 500 11
21-49 6.5 5.0 6.5 2.1 920 920 | 120 1,10 | 55 | 0.5 [ > 500
21-55 55 | 4.5 | 5.5 | 2.2 740 | 680 | 100 {1.00 | 55 | 0.4 | > 500
21-4 8.0 | 4.0 | 8.0 | 2.4 720} 680 | 85 [1.10 | 40 | 0.4 | > 500
21-42 5.0 1'5.0 5.0 2.5 1 8% _Bﬁb 1060 11.10 | 70 | 0.8 | > 500
. 21-30 5.0 4.5 5.0 2.2 830 | 760 | 130 [0.95 | 65 | 0.4 | > 500
Conditions )
temp 100 100 100 100 100 100 25 | 25 25 | 25 100 °C
Ity 200 | 200 200 200 A
~-diR/dt 25 25 25 Afusec
dv/dt 400 400 400 V/usec
VRev yés yes ves v
Gate I 2 2 0 A
Gate PW 3 10 usec
1 0.01 | 0.01 A
Va 30 | 30 30 | 30 Y
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i

Characteristics of Thyristors Delivered. on NASA Contract No. NAS3-19097 '

TABLE« 3

Lost Vi VDRt Ve Ter Ver Frx Tx
Conditiony .
nagec usec usec V,' v Vi A mA. 3 ma mA
Temp., °C 100 100 100 100 {100 25100 | 252100 25 25 25 25
Ty, A 80 200 200 80 200
-dIip/dt, A/:use.c 10 50 25 ’ ] o
dv/dt, V/ipsec 50 400 400 -
Gate: I, A 2 2 2 )
PW, usec 10 10 10 - 10 10 10
Device Hos.
54 4.2 7.9 1.50. | 1.85 1000 960 120 |, 1.4 870 168
55 4.1 8.0 1.98 | 1.96 1160 1080 150 1.5 1350 200
56 4.0 9 1.96 2.07 1280 1120 120 1.2 900 150
57. 5.0 8.4 1:75 2.05 1120 1030 300 2.0 1900 190
63 5.0 9 2.00 1.98 1260 1120 180 1.6 1500 320
64 4.0 1.7 | 2.01 960 960 120 1.2 700 180
65 4.0 7.2 1.80 1,97 1000 1000 125 1.4 1050 170
66 4.0 8.4 1.41 1,75 940 930 160 1.5 1200 300
70 . 6.4 11 11 1.86 2,05 990 960 150 1.3 790 260
71 3.5 5.8 5.0 1.57 1,89 1200 1120 160 1.5 1300 280
74 4.1 8.2 1,72 2.16 1100 1000 170 1.7 2200 340
77 4.0 16 1.43 1.77 900 920 120 1.2 1300 320
78 3.8 13 1.49 1.90 1200 1000 120 1.2 750 200
) 82 < 3.0 5.8 1.79 2.14 1010 1020 200 1.6 1500 320
86 4.0 9 i 140t o1.75 1 1200 1040 120 1.2 1800 190
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TABLE 3

{Continued)

RIS ey SR

off TH DRM RRM GT &1 X H
Device Nos. B

108 4.1 1.5 1,435 1.84, 900 BiHE 150 1.3 1150 220
110 4.0 1z 1.35 1.63 1080 1090 120 1.2 850 130
120 4.2 1z 8.2 1.43 1.70 1260 1120 130 1.6 1000 170
124 3.2 8 1.49 1.95 830 890 130 1.2 1150 320
128 3.2 7.2 1.45 1.67 1008 960 160 1.2 1500 23¢
132 3.0 7.6 1.69 2.13 1000 1000 160 1.4 1600 280
135 4.4 9.8 1.70 1.8% 108G 1080 150 ‘1.6 1500 258
137 4.0 6.4 1.45 1.80 1120 920 130 1.4 1300 21.0
.138 4.2 10 g 1,43 1.75 1028 1840 120 1.4 1160 210
139 4.0 7 1.54 1.96 1220 880 160 1.6 1200 210
140 4.5 7.5 1.52 1.77 98 290 140 1.2 900 208
141 5.0 8 1.88 2,18 1200 1200 210 1.6 2000 400
122 12. V. high 1.7 1.47 920 960 100 1.0 380 160
. 143 4,2 7.2 1.60 Z2.11 1160 1680 180 i.6 2200 210
144 3.6 7.8 1.68 1.96 380 880 140 1.6 1330 250
145 4,2 10.2 9.8 1.47 1.77 950 960 150 1.7 1250 240
131 12, 32 19 1.22 Lo bl 830 840 80 1.0 450 120
148 4.5 14 8 1.3% 1.62 760 7240 150 1.2 1200 210
149 5.0 17 13 1.65 1.89 960 880 150 1.4 1200 230
152 4.0 6.4 & 1.51 1.85 1120 1080 120 1.3 720 150
153 4.2 9 1.37 1,69 1020 1020 100 1.2 700 150
154 7.0 11,2 10.4 1,50 1.79 1000 928 120 1.4 1180 160




5.7 TFineline Thyristors and the:Results Obtained from Them

Thyristors were ‘fabricated with the mask design shown in Fig. 7.
Aphotograph of a finished device is shown in Fig. 17. These devices
were found to have very wshort turn-on and turn-off times without electron
irradiation. A surprising characteristic of these devices was that they
did not respond well to gate assist current. This unexpected result was
subsequently explained as follows. 1t is not sufficient to merely pro-
vide 'gate assist current :to counteract the dV/dt induced displacement
current. The gate assist current must create-.an IR drop in the p~base
‘that substantially counteracts -the roughly .0.7 volts.in this p-base
that is present when-a dV/dt induced displacement current fires the
-thyristof. Thus,if one has chosen to’use a gate assist current of
2 amperes one must -have a lateral base resistance under the cathode of
roughly '0.35 ohms. 1In hindsight, a change in design to .a long-periphery
narrow-line cathode must be accompanied by a change in the diffusion
Jayer «design to maintain this ;resistance .if effectiveness of gate assist

-eurrent is o be maintained.

5.8 Change in Directions

At this point in the program it was decided that the effort
.should be focused on the 23 mm diameter snowflake design which was much
closer to meeting the specifications.than the new 33 mm diameter design.
An additional reason for choosing this route was that the developmént
of a'mew package of the type desired by TRW and NASA would be sipnifi-

cantly less time consuming and less costly for the 23 mm diameter unit.

At the end of 1974, the contract was .amended to include thfee

additional areas of work:
1. An experimental study was to be made 6f -the effects of the

™

diffusion profile on the V_ -~ tq tradeoff .so that a better
tradeoff could be obtained at low lifetime levels.
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Fig. 17 Photograph of a fineline thyristor.
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2. The effect of the cathode peripheral length on the energy
loss per pulse was to be better defined by means of loss

measurements with a calorimeter.

3. Westinghouse was to develop and fabricate an improved light-

weight package.

5.9 Effect of Diffusion Profile on tq - VTM Tradeoff Curve

The study of the effect of the diffusion profile on the tq - VTM

tradeoff showed clearly that the tq - VTM tradeoff can be improvea by

changes in the diffusion profile. Further, it showed that a change that
gives an improvement at high lifetime levels degrades the tradeoff at low
lifetime levels and vice versa. This type of a study was practical be-

cause of the Westinghouse use of electron irradiation to control the lifetime.
It would not have been practical to do this with gold. The details of

this study and a physical explanation for the findings are given in

Appendix A.

The data in Appendix A were taken without gate assist current.
Similar data taken with two amperes of gate assist current are given

in Figs. 18 and19. The letters A, B and C designate the same diffusion

profilesin Figs.18 and 19 as in Appendix A. All of these data show
that, at low lifetime levels, the tradeoff between tq and VTM is improved
if the diffusion layer profile is changed to yield higher current gains.
The opposite is observed in each case if the lifetime is high.’ This
technique permits one to clearly show which combination of lifetime and

diffusion profile to use to achieve a desired combination of tq and VTM'

5.10 Devices Delivered in May of 1975

In May of 1975, a group of eight thyristors were delivered to
NASA-Lewis. These devices were packaged in non-magnetic flat packs. A

summary of the data taken on these devices is given in Table 4.
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TABLE 4

SUMMARY OF DATA TAKEN ON DEVICES DELIVERED IN MAY 1975

’ . ‘ To
Ym e Vorw  Veew  Ter  Ver I 5 masa
Temp. 25°C  25°C 100°C  100°C .100°C 100°C fo8°c fofcc 25°c  25°c  2s5°c 25°C
T 80A  .200A 80A 80A 2004 2004 12.54 12.5A
d1/dt 10A/us 10A/us 25A/us -+ 25A/us
dv/dt 50V/us  50A/us  500V/us 400V/us
A - ‘ 50V 50V 50V
Gate Current N
(turi-off) OA 24 0A . 2A
(turn-on) : 0.5A
Devices :
’ v Vv us He us us v v mA v mA mA
34-17 1.17 1.32 17 10 ;14 8 1000 1050 75 1.00 340 80 X
18 1.49 1.64 . . 1000 1000 118 1,00 650 180 X
19 1.27  1.39 14 9 10 7 1150 1100 108 1.05 480 140 X
20 1.32  1.42 14 9 11 7.2 1000 1000 110 1.05 380 90
22 1.32  1.49 11 11 10.5  10.0 1100 800 80 1.05 540 160
23 1.32  1.42 10 8.5 8 7 1150 1050 108 1.00 440 160 X
24 1.36 1.47 20 10 15 8 900 900 70 0.90 310 90
25 1.27 1.39 13 9 10 "7 1050 1050 105 1.10 500 160 X
26 1.50 1.61 10.5 7.5 . 10 6.5 1100 1100 140  .1.20 720 240
27 1.36  1.52 13 7 10 6 900 200 108 1.10 540 160 X
28 1.31  1.46 14 8 11 6.5 1100 1100 108 1.05 540 160 X
29 1.40 1.52 1L.5 8 8 6 1100 1100 125 1.10 640 200 X
30 1.51 1.67 8 8 8. 6 1100 950 110 1.05 665 170
31 1.64 1.80 15 9 10 6 1.05 380 130

900 900 90



5.11 Galorimetric. Measurements

In June and July of 1975, the calerimeter apparatus described
in Section 4 was used to measure turn-on and conduction losses. The

resulting data are given in Table 3.

- The thyristor under test is described by giving the cathode
geometry, the main cathode edge length in cm, the device diameter in mm
and a numerical value that is in linear proportion to the amount of electror
irradiation used to decrease the carrier lifetime. (E.g., snowflake,
23, 23, 4 weans the pattern is the snowflake design, which has a main
cathode perimeter of 23 cm, is in a silicon slice 23 mm in diameter and
had four units of irradiation to control fhe carrier lifetime.) In some
cases, the same device type and test conditions are represented by data
from more than one sample., In thisg case, the energy per pulse value in
Table 4 is followediby an asterisk and a sample distinguishing number.
The gate energy is not completely negligible and in some cases is as
hiéh as 0.5 mJ/pulse. ’

Significant conclusions that can be drawn from these data

include:

k. The desired 12 mJ per pulse is attainable for the conditions

- 4
specified by the contract.

2. The part of the loss that is sensitive to gate drive current
without amplification is nearly negligible when this currefit
ig as large as that to be expected with gate amplification.
Thus with gate amplification- the turn-on switching loss is a

smaill part of the tota¥ loss.

3. THe cathode edge. length has Tittle noliceable effect on the

loss as long as-a. threshold gate-drive current has been exceeded..

4. The radiation-level has a strong influence on the loss (a well

recognized. fact that deserves to be re—emphasized).
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TABLE 5

Calorimetric Data

Voltage
Switching Peak Energy Per
Device Gate Drive From Current Pulse
Std 627, 1.6, 23, 4 1A, ampl. 400V 2004 19.3 mJ
2A, ampl. 400 . 200 19.3
1A, not ampl. 400 200 19.5,
4A, not ampl. 400 200 19.0
std 627, 1.6, 23, 0  2A, ampl. 400 200 13.0
24, ampl. 200 100 4,4
2A, ampl. 100 50 1.8
2A, ampl. 200 50 2.6
24, anmpl. 400 50 4.4
Dual ring, 8.2, 23, 4 1A, ampl. 400 200 13.8%20
: 2A, ampl. 400 200 13.0%20
1A, not ampl. 400 200 17.1%20
4A, not ampl. 400 200 13.6%20
24, ampl. . 200 100 4.9%20
1A, ampl. 400 200 10.8%17
2A, ampl, 400 200 10.7%17
1A, not ampl. 400 200 13.1%17
2A, not ampl. 400 200 12.5%17
4A, not ampl. 400 200 12.2%17
Snowflake, 23, 23, 4 1A, ampl. .400 200 13.1
. 24, ampl. 400 200 13.0
1A, not ampl. 400 200 17.7
4A, not ampl. 400 200 . 13.6
Snowflake, 23, 23,55 4A, not ampl. 400 200 11.6%80
{Like the devices 3A, not ampl. 400 200 16.2%146
delivered on NAS3- 6A, not ampl. 400 200 T 12.3%146
19097) 7.84, not ampl, 400 200 10.8%146
2A, ampl. 400 200 9.2%146
2A, ampl. 400 200 11,.3%62
2A, ampl. 400 50 4.0%80
24, ampl. 200 50 3.0%80
Snowflake, 23, 23, 3 2A, ampl. 400 200 9,1%22
(Like the devices 24, ampl. 400 200 9.3+18
delivered on NAS3- 2A, ampl. 200 100 3.6%22
16801} ' 2A, ampl. 100 50 2.1%22
Snowflake, 23, 23, 24 1A, not ampl. 400 200 21.3%21
(Devices on Fig. 1 24, not ampl. 400 200 21.3%21
of Monthly Status 4A, not ampl. 400 200 20.7%21
Report Ne. 22) 6A, not ampl. 400 200 19.6%21
3A, not ampl. 400 200 22.2%24
64, not ampl. 400 200 19.0%24
2A, ampl. 400 200 15.2%28
24, ampl. 400 200 16.5%9
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Device
(Devices on Fig. 3 of
Monthly Status Report
No.. 22)

Fireline, 975 33, 0

Fifeline, 97, 33, 5

Gate Drive

24,
24,

1A,

ampl.
ampl.

ampl.
ampl.
ampl.
ampl.
ampl.
ampl.
ampl.
ampl.
ampl.
ampl.

TABLE 5 {cont'd)

Calorimetric Data

Voltage

Switching Peak Energy Per
From Current Pulse
400V 2004 15.3%*15
400 200 11.9%16
400 200 9,8%A
400 200 10.3%A
400 200 9.1*B
400 200 9,1%B
400 200 10.4%C
200 100 4.1%C
400 50 4.0%C
200 50 1.9%C
400 200 16.7
200 100 7.7
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Calorimeter data were alse used to determine that for a 400V,
2004, half sine wave 20 psec wide, changing the flat pack package from
a magnetic to a non-magnetic package decreased the losses from 12.1 te
11.3 mJ/pulse. The sample was like one of these delivered on Contract
No. NAS3 ~19097. D. Balenovich and W. Karstaedt of the Westinghouse Semicon-
ductor Division have independently found a similar improvement in studies with
nopmagnetic packages. On this program this improvement is not worth the
added cost that it would require to prepare a nommagnetic lightweight

pacﬁage.

5,12 Delivery of Devices in the New Package

During 1975 an improved package was developed as described in

Section 6.

In December of 1975, it was apparent that devices with the
integrated bypass diodes would not be ready at the desired time. In order
to provide NASA with devices that they needed, a decision was made to,
prepare additional devices on a separate contract like those delivered
in May of 1975 but in the new package. The bypass dicdes were mounted

in the package as described im Fig. 2.

Table 6 gives a summary of the data taken on these devices.
Figure 20 is a photograph of a packaged device. Three similar devices

were shipped in July of 1976 as summarized in Table 7. .
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TABLE %6

SUMMARY OF DATA TAKEN ON DEVICES DELIVERED IN JANUARY 1976

Vor Vrey VIM tq Tor Vor
Temp, 25-125  25-125 100- 100 100 100 25 25
Ty A 80 200, . 200 200
Ve, ¥ | 50 50
~-dI/dt, A/us 25 25
av/de, V/ius 400 400
Gate Assist T,A 0 2
I & 0.5 0.5
Units v v V v us Us mA v
34-2 1140 1080 1.15 1.35 11 -8 130 1.1
" 34-3 840 880  1.15 1.35 10 -6 110 1.0
34-13 820 880 1.15  1.35 12 8 100 1.0
34-15 1140 1140 1.45 1.51.  11° 7.5 120 1.1
34-B5 960 880 1.15 1,35 12 6.5 110 1.05
34-B6 1190 1000 1.3 1.5 13 7 115 1.1
34-B7 1000 980 1.45 1.75 10 5 115 1.2
34-B12 1020 790 1.25 1.55 15 8 110 1.0
34-B13 1200 1190 1.3 1.55 13 7 100 1.0
34-B15 1180 1100 1.2 1.4 15 7.5 125 1.15

0.5

380
320
300
450
400
440
540
510
370
410

144

- 140

140
160
140
172
184
148
126
170

<10

<10~

<10~

<10



Fig. 20 Photograph of a packaged device
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8¢

Temp.

dI/dt
dv/dt
VA

IG (On)

IG (Off)

Devices

34-1
34-9
34-B10

v

TABLE 7

SUMMARY OF DATA TAKEN ON DEVICES DELIVERED IN JULY 1977

t V. \'

i

L

™ q DRM RRM GT GT ; N
300°¢:- 100%C 100°¢ - 100°C 100°C 106°c 25°C.5300°C" 25%°C "100%0C " 25°C 25°C 25%¢ - 25°C
80A 200A 80A 80A 200A 200A 12.54. 12.5A
10A/us 10A/us 25A/us 25A/us
50V/us 50V/us 400V/us 400V/us
50V 50V 50V

0A 2A 0A 2A 0.5A
Vv \' us us us us v Vv \Y) v mA Vv mA mA
115 1235 110 8.0 14.0 9.0 1240 1150 1200 1150 110 s [ 300 140
1.10 1.30 12.0 7 g 3.0 9.0 1100 1100 1050 1050 100 1.0 300 100
1.28 1.54 9.0 1.5 14,0 8.0 1200 1200 3200 1150 140 1:1 600 180
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TABLE 8

SUMMARY OF DATA TAKEN ON DEVICES WITH INTEGRATED BYPASS DIODES DELIVERED TN MARCH 1977

200A

YorM  VRey gﬁ% fgﬁs gus 10us tql tq2 tq3 tq4 th tq6 IGT/VGT IL/IH
Units ¥ v v v ¥V OV us wus s us s us My mA/a
4h-24 1150 1200 3.5 2.0 4.2 2.6 14 . 9 11 7 14 8.5 4005 320,
45-17 750 1200 2.3 1.5 3.4 2.2 12 8 9 6 12.5 7 13015 290
48-6 600 1200 2.9 1.7 4.2 2.3 7.5 18 6 23 7.5 216 190
48-9 1150 1300 3.0 1.9 4.2 2.5 21 8 15 5 . 19 6.5 01,8 260,
48-11 300 1150 2.2 1.6 3.4 2.2 14 10 5 17 5 817 300,
48-13 150 ~600 2.2 1.5 3.0 1.9 13 8517 240,
48-16 400 1240 2.2 1.5 3.2 2.1 14 8.5 1l 4 29,6 190
53-2 1000 680 3:0 2.0 4.2 . 2.7 18 6 >23 7 1.6 180,
57-1 900 900 4.0 1.6 4.2 2.0 14 10 11 o 13.5 11 9805 300
57-3 1000 1090 2.1 1.4 3.3 1.9 15 9 13 7 15 .5 1605 620,
57-5 - 1020 1020 2.0 1.4 3.0 2.0 22 16 6 22 7 210 ¢ 400
57-6 780 780 1.9 1.3 2.6 1.7 2L 7.5 16 6 290, o 480g
57-7 1000 950 2.2 1.4 3.6 1.7 14 10 11 8 14 10.5. 905 760¢
57-9 120 750 2.0 1.3 2.8 1.8 148 7 20 6.5 23 1l 160, g 3304
57-10 1100 880 1.9 1.3 2.9 1.8 28 6 20 6.5 23 12 135, 5, 300,
57-11 950 900 1.9 1.3 2.9 1.6 28 7 18 6 23 7.5 12017 280
57-12 1000 1000 1.9 1.3 2.6 1.5 38 8 24 7 »23 10 40, 1 270
57-13 1150 1150 1.9 1.3 2.8 1.6 22 7 18 6 >23 8 120, , 2804
57-14 950 920 2.0 1.3 2.6 1.7 31 & 21 7 »23 13 170, ; 3404
57-15 860 840 2.1. 1.4 3.0 1.8 15 8 12 6.5 15 8 350, ,  540g
57-16 970 980 2.1 1.4 3.1 1.8 22 12.5 16 10 18 12 145, , 600,
57-17 950 950 1.9 1.3 2.9 1.6 23 7.5 17 6 23 7.5 207 300
57-19 980 1000 2.0 1.3 5.1 1.8 21 8 13.5 65 20 85 o4 4%



YDRM 100°C
VRRM 100°C
;ﬁmﬁ 25°C
?ql 100°C
tqz 160°¢C
tg? 100°C
tq4 100°¢C
tq5'

tgﬁ

Vem IGT ?A 50¥
IL VA 50V

TABLE & (pont'd.a

MEASUREMENT CONDITIONS

TRW cireulit, half sine wave,
80A peak, ;20 us wide )
Measured at 2 and at 10 us
after gate current reached 2A.

2004, 25Afus, 400V/us
no gate assist

2004, 25A/us, 400V/ps
2A gate assist

804, 20 us haif sine
TRW circuit

‘no gate assist

ﬁﬁg; 20 us half sine

_IRW circuit

24 gate assist

Same as th'but with antiparallel diode,

Same as tq& but with antiparallel. diode.

25°C
25°C I, 2A

25°¢C



Fig. 22 Photograph of thyristor fusion with integrated
bypass diode.
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A photograph of one of these fusions is given in Fig. 22. Typical

oscillograms that were taken on these devices are given in Figs. 23-29.
Blocking voltage waveforms, at 100°C, are shown in Fig. 23. Figure 24
shows dynamic forward drop waveforms for an 80A, 20 us half sine wave of
current. Figure 25 shows dynamic forward drop waveforms for 200A cur-
rent waveforms. Turn off time waveforms, both with an without gate

assist current are given in Figs. 26-28. 1In Fig. 26, the current waveform
was a 200A, 20 us half sine wave. In Fig. 27, the current waveform was

an 80A, 20 us half sine wave. In Fig. 28, the same current waveform was
used as in Fig. 27, with the difference being that in Fig. 28 an anti-
parallel diode was used. Figure 29 shows that the devices can be

operated at a di/dt level of 100A/us.

5.16 Discussion of the Measured Performance of these Thyristors

The data in Table 2 show that the target specifications of
Table 1 are feasible (except that no ton data was shown because at that
stage of the program, there was doubt about our ability to make accurate

ton measurements) .

Given the VTM - tq tradeoff curve of Fig.l16, devices as
represented by Table 3 were made to have a higher carrier lifetime.

The average V_. at 200A (which in Tables 2 and 3 were measured in the

™
middle of a 60 Hz half sine wave) was thus decreased by 20%. This de-

creases the conduction losses by 20%Z and the circuit designer tolerated

the longer tq.

Using an improved slice thickness and diffusion schedule design,
devices were made and delivered as represented in Table 4. Without
sacrificing blocking voltage and with even a faster tq than that in Table 3,
the V., was again decreased. (2.34 V in Table 1, 1.87V in Table 2 and
1.51V in Table 3). At this stage of the program, we added another test
of tq (80A, 10A/us, 50V/usec) with conditions similar to those of the

circuit application.
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Figure 24

Typical Dynamic Forward Drop
25°¢ Half Sine Wave 80A, 20 us
I, 20A/ddiv, Vﬁjzvfﬂiv; I 25a/div

time. 2 ps/fdiv
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Tigure 25

Typical Dynamic Forward Drop
25°C Half Sine Wave 2004, 20 us
I, 1008/div, V, 2V/div

time 2 us/div
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57-11

Figure 26

Typical Turn-Off Time Waveforms (t , t )

100°C I, 100A/div, V, 200V/div T 9

time 5 us/div, Gate assist 0 and 2A

68

RM-72501



R

SN A
BAN/MraEREE

57-10

57-11

Figure 27
Typical Turn-off Time Waveforms (tq s tq )
100°C IA 20A/div, VA 50v/div 3 4
time 5 us/div Gate Assist 0 and 2A
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Figure 28

Typical Turn-0ff Time Waveforms th , t
100°C 1, 208/div, V, 50V/div s
time 5 us/div ‘Gate Assist 0 and .2A
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ORIGINAYL PAGH I}
OF POOR QUALITY

57-17

Figure 29

Demonstration of 100A/us Capability
25°C I, 2A, 10 ps

T, 10085 div, V, 5 V/div

time 1 ps/div
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The devices described in Tables 6 and 7, were packaged in
the newly developed package. They showed similar characteristics to those

showm in Table 4.

The data in Table 8, Figures 23-29, and the above described
calorimetric measurements show that the device can be made with an in-
tegrated bypass diede to perférm well with good device-to-device uni- -
formity{ The diffienlties that prevented us from building these devices
earlier in the program were of a mature that had nothing to do with the

novel features of this device design.
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6. PACKAGE DEVELOPMENT

The package development effort proceeded as follows. Three
package types were considered, as shown by the drawings in Figs. 30, 31 and

32, Their characteristics were analyzed by Westinghouse, NASA and TRW.

The package dimensions are shown in the drawings. The estimated
weight of the flat square base style device, Sketch #A348779, with the
dimensions shown and the required mauntiﬁg hardware, including four Bel
washers is & 459 grams. By selectively thinning the square base and trim-
ming the hardware this weight can be reduced by ~ 88 grams to ~ 371 grams.
The weight of the flat hex bage style device utilizing a leaf spring and
single Be0 disc, Sketch #A348780, is estimated at ~ 308 grams. The weight
of the flat pack style device utilizing the "cage type" clamp and single
Bel disc, Sketch #A34871, is estimated at ~ 345 grans.

Calculations for two distinet mounting techniques were made
for device A348779, the "Flat Square-Base Device", For the first technique
it was assumed that a 1.0 inch dismeter BeQ disc 0.10 inches thick would
be used under the center of the device to conduct the heat from the square
base to the heat sink and provide the electrical isolation. Epoxy heat
transfer compound would be used on both sides of the Bel disc to assure
that there will be no voids under vacuum environment conditions. For
these conditions the calculated thermal resistance from device jumction

to heat sink is. v 0.403°C/Watt.

The second technique utilizes four (4) Bel washers around the
mounting holes to provide the thermal conduction path from the device to
the heat sink and also te provide the electrical isclation. In this
case the washers are 0.75 inches outgide diameter by 0.265 inches inside

diameter by 0.10 inches thick. Epoxy heat transfer compound would be
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used on both sides of the Bel washers to assure tﬁat there are no voids
in the joints. In this case the calculated thermal impedance, junction
to heat sink, is ~ 0.428°C/Watt.

For calculating the thermal impedance of device A348781, the
flat pack with the "cage-type' clamp assembly, it is assumed that the
joint between the flat pack and the copper bus bar terminal can be made
using a Sn-Pb golder alloy -- thereby eliminating the external "dry"
joint, In this case a BeD disc 0.75 inches in diameter and 0.1l0 inches
thick would be used to provide electrical isolation and thermal conduction.
Epoxy heat transfer compound would be used on both faces of the Bel disc.
For this case the ealculated thermal impedance is & 0.462°C/Watt. As has
been mentioned previously, this value could be reduced by building a
larger contact into the flat pack housing. Such a modification consitutes
a rather major redesign, however, and would require several months to

accomplish.

For calculating the thermal impedance of device A348780, the
Flat Hax Base éesign, it is also assumed that the anode terminal would be
attached to the device using a Sn~Pb alloy and a soldering process to
eliminate the external "dry" joints. A Be0 disc 1.0 inches in diameter
by 0.10 inches thick would be used to provide electrical isclation #ﬁd
thermal conduction. Both surfaces of the BeQ disc would be coated with
epoxy thermal conductive compound to eliminate voids in thermal path.

in this case, the calculated thermal impedance is ~ 0.37°C/Watt.

The final decision was to use the design A348779. The main
reason for this choice was that this package design would be least
likely to distort the light weight heat sink to which the package must be
mated.

In order to decrease the weight below the value given above,
the cathode lead weight was decreased and an anode bus connector was
not included. The final package weighed 230 gms plus 77 gms for the

mounting washers, bolts, sleeves and nuts or 307 gms total.

Figure 20 showed a photograph of the new package.
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7. CONCLUSIONS

A gate-assisted turn-off thyristor has been developed that is
useful in efficient lightweight circuits such as those used in power

processors for ion engines.

The device blocks 800-1000V forward and reverse, has a 2.6V
forward drop at 2 pus and 1.6V at 10 us. into a 200A, 20 ps wide half sine
wave. The turn-off time is 6-7us at 100°C with a dv/dt of 400V/us,
making 20 kHz operation practical. Fast low loss turn-on was achieved
by adding gate amplification to the GAIT. Turn-off time can be lowered

to 3us or below at the expense of a higher forward drop.

It was found and demonstrated that the effectiveness of gate
assist current is not, as previously thought,'due to carrier sweep out
but is primarily due to its opposition to the dV/dt induced forward voltage
on the cathode junction. Based on this finding, it was demonstrated that
cathode shunting, which imparts good performance and reliability to nearly

all other types of modern thyristors, can also be used to advantage in

GATT's.

It was found that the resistance in the p-base, under the
cathode, significantly influences the effectiveness of gate assist

current on the turn-off time.
A useful design curve was developed that shows the posgible‘

tradeoffs between t_and VTM' The generation of this type of curve is
possible when electron irradiation is used to kill lifetime because
electron irradiation can be used in stepped increments to decrease the
lifetime of afherwise finished devices., The generation of such a curve
would not be practical if gold were used to kill the lifetime. A
physical understanding of the nature of this tradeoff curve was developed,

This curve made it possible for the user of the devices to sélect,
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after the program was well underway, a better point on this tradeoff
curve for the device to be built to give the most efficient performance

in the e¢ircuit.

It was found that in order to use gate amplification in a GATT,
6ne must introduce a diode so that the gate assist current bypasses the
resistance in the p-base under the auxiliary cathode. Three configurations
of bypass diodes were used in this effort and problems with each were

defined.

A new lightweight package was designed and built for the

device because of the significance of weight in NASA's applications.

Overall, the efforts have significantly improved the under-
standing of the behavior of, and prbvided an improved basis for designing,
gate assisted turn-off thyristors of a type that can be, and are being,
uvsed by NASA in the construction of circuits with improved efficiency

for deep space missions.
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APPENDIX A

A Technique for Optimizing the Design of Power

Semiconductor Devices

EARL S. SCHLEGEL, SENIOR MEMBER, IEEE

Abstract—A technique is described that provides a hasis for
predicting whether any device design change will improve or de-
grade the unavoidable trade-off that must be made between the
conduction loss and the turn-off speed of fast-switching high-power

~ thyristors. The technique makes use of & previously reported
method by which, for a given design, this trade-off was determined
for a wide range of carrier lifetimes. It is shown that by extending
this technique, one can predict how other design variables affect
this trade-off. The results show that for relatively slow devices the
design can be changed to decrease the current gains to improve the
turn-off time without significantly degrading the losses, On the
other hand, for devices having fast turn-off times design changes
can be made to increase the current gain to decrease the losses
withont & proportionate increase in the turn-off time. Physical
explanations for these results are proposed.

1. INTRODUCTION

HE SIZE, weight, and cost of high-power electronie
equipment can be reduced if the circuitry can be
designed to operate at higher frequencies. This is due to
the smaller size and weight of high-frequency components.
For this reason, and the desire to use solid-state compo-

Manuscript received October 31, 1975; revised February 23, 1976 This
g'orkggas supported in part by NASA-Lewis Center under Contract NAS
-16801.
The zuthor is with the Research and Development Center, Westing-
house Electric Corporation, Pittsburgh, PA 15235,

nents in applications requiring higher and higher
frequencies, development efforts are currently being di-
rected toward improving fast-switching semiconductor
devices. .

The focus of these development-efforts is on improving
the trade-off between the device dissipated losses and the
turn-off speed. The importance of this trade-off can be
briefly described as follows. The turn-off time limits the
duty cycle and frequency capability of a thyristor. Energy
losses dissipated in the thyristor degrade the efficiency of
the circuit and increase the operating temperature of the
thyristor. The increased temperature decreases the power
handling capability of the thyristor and, because it de-
grades the turn-off time [1]-[4], decreases its frequency
capability. Hence the need to design for the best combi-
nation of losses and turn-off speed.

Unfortunately, design changes always affect the loss and
speed in opposite directions and one is forced to find the
best compromise. For a number of reasons, the effect of a
design change on this compromise is difficult to determine.
It is fairly simple to predict how a design change will affect
the losses or the turn-off speed individually—any change
that increases the current gains of the transistors in the
two-transistor analog will decrease the losses and degrade
the turn-off speed. On the other hand, a prediction of

‘whether a given design change will improve or degrade the _

Copyright © 1976 by The Institute of Electrical and Electronics Engineers, Inc.
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trade-off between these parameters is very difficult. This
difficulty arises from the following: ,

1) The complexities of the three-dimensional, and
temperature-sensitive, nature of thyristor physics makes
quantitative calculations-very difficult, There are many
design variables and their interactions are complex. The
list of design variables includes the shape, size, spacing, and
pattern of the cathode shunts; the shape, effective line
width, and perimeter length of the cathode; the width and
dopant profile both of the p-base and the n-base; the do-
pant diffusion profiles of both the cathode and the anode;
and the carrier lifetime and its spatial variations.

2) For any set of device-design and operating-condition
variables it is difficult to determine the optimum carrier
lifetime level.

3) The conditions that influence those current gains
that determine the conduction losses are different from
those that determine the turn-off speed. The current gains
that determine the conduction losses are the result of high
current densities, of a forward-biased collector junction,
and are an average for a large conducting area. On the other
hand, the current gains that affect the turn-off speed in-
volve much lower current densities, a reverse-biased col-
lector junction and, perhaps, a small local area.

4) A design change that seemingly affects the current
gain of only one transistor in the two-transistor analog
causes changes in the current densities and voltages, and
therefore in the current gains, of both transistors. For these
reasons it has been impractical to use theoretical-analyses
for determining the effects of design changes on the
trade-off between the losses and turn-off speed.

Experimental studies have also been impeded by a
number of practical problems. Typically, because a single
device fills an entire 23 to 50-mm-diameter slice, one is
Iimited to a relatively small number of test samples. There
are many possible sources of sample-to-sample variability.
The starting slice can have variability in the resistivity,
lifetime, defect density, surface conditions, and thickness.
Additional variability can be added at any or all of the
diffusion steps (often as many as five), the oxidation steps
(often two), and intermediate lapping or etching steps. A
systematic empirical study is therefore costly and subject
to variables in parameters that are difficult to control.

Thus the ability to study the effects of individual design
variables in large expensive power thyristors would be
improved if the sample-to-sample variability, and there-
fore the necessary sample size, could be decreased.

This paper.describes a technique by which this can be
accomplished.

II. ApPROACH TO THE PROBLEM

In generalized terms, the above-deseribed difficulties
can be decreased if a way can be found by which a relatively
large amount of information can be extracted from rela-
tively small number of samples. Fortunately, a technique
is already developed and is in use routinely on production
quantities of high-power semiconductor devices that
provides this capability [5). By this technique, high energy
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Fig. 1. Typical trade-off relationship between forward drop and turn-off
time of power thyristors.

electron irradiation-is used in small incremental steps to
produce, in individual devices, well controlled incremen-
tally stepped changes in ¢arrier lifetime. For example, Chu,
Bartko, and Felice [5] have measured the forward drop and
the turn-off time between the irradiation steps and gen-
erated trade-off curves of the type shown in Fig. 1. From
these curves they have been able to precisely determine the

- exact amount of irradiation that will yield the best-trade

off in forward drop and turn-off time for a given applica-
tion. ’

The subject of this paper is an extension of the capability
represented by Fig. 1. Fig. 1 shows only how the carrier
lifetime affects the trade-off for a given device design. In
the following it is shown how the many other design vari-
ables affect this trade-off. It is qualitatively well under-
stood how any design variable, say the p-base width or the
cathode geometry, affects the current gains in the two-
transistor analog. It is also understood that an increase in
these current gains decreases the losses and increases the
turn-off time. The difficult problem is to predict whether
a given design change will improve or degrade the trade-off
between these parameters.

The trade-off curve given in Fig. 1 shows that when the
samples are heavily irradiated, the forward drop Vs is
sensitive and the turn-off time ¢, is insensitive to the
carrier lifetime, and that when the samples are only slightly
irradiated, the opposite is true. One might infer from this
that other design changes that increase the current gains
will improve the V7 faster than they degrade the ¢, in
heavily irradiated samples and that the converse would

.occur in lightly irradiated samples. An experiment de-

scribed in the next section shows that this does indeed

happen. f;"&
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Fig.2. Photograph of the cathode diffusion mask.
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1. EXPERIMENTAL DETAILS

To evaluate the validity of the inference made above, the
following experiment was performed. The test structuye
used was a developmental thyristor that is similar to
commercially available, high-speed high-power thyristors.

Fig. 2is a photograph of the cathode diffusion mask. The
samples were made from a single processing run, in which
three sublots were created by varying the length of the
phosphorus diffusion time to produce the measured (6]
impurity profiles given in Fig. 3. Following the phosphorus
diffusion, the three sublots were finished without any
additional difference in the processing. The completed
thyristors were then tested for ¢, and Vra after each of
five steps in which the carrier lifetime was progressively
and incrementally decreased by means of high snergy ir-
radiation,

The measured £, and Vipps were plotted as givenin Fig.
4. To facilitate comparisons, single-line curves were fitted
to the data and superimposed as given in Fig. 5. Fig. 5 also
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Figrs. Comparisons of ¢, ~ Virar curves for the three impurity density
profiles,

at 80 A. The differences between profiles C and 4 in Fig.
4 are such that C gives the higher current gain. That is,
diffusion profile € has a narrower n-base, a narrower p-
base, and a lower density of acceptor atoms in the p-
base, -

As predicted, the data in Pigs. 4 and 5 show that a
change that is known to increase the current gains has
improved the trade-off between Vyus and £, at the low-
carrier-lifetime end of the trade-off curve and degraded
it at the high-carrier-lifetime end of the curve.

IV. DISCUSSION

Physically, this finding can be explained as follows. The
current gains that determine t, are different from those
that determine Viyar. The current gains are very sensitive
to current density, which is much higher under the con-
ditions of forward conduction than for turn-off. They are
also sensitive to the voltage on the central junction, which
is the collector junction for both transistors in the two
{ransistor analog. This junction is forward biased for Vras

summarizes similar data for which the Vs was measuree}} 3and reverse biased for {q. Furthermore, the current gains
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Fig. 8. Definition of turn-off time 2, of a thyristor.

that establish the Viryr are averaged for the entire device
aren while those that influence the £, are determined only
by the first small area to become regenerative.

Because of these differences, a change in any desgign
parameter can change the Vrys—and the ¢{,~—determining
-current gains differently.

A conducting thyristor with high carrier lifetimes has
high excess carrier densities [7]-{9] with recombination
rates that may be dominated by Auger recombination.
When this same thyristor is in the turn-off mode, the
carrier densities are much lower and the recombination is
lattice-defect determined. In this case, a decrease in the
lifetime due to an electron irradiation has a much larger
effect on ¢, than on Vi

If the lifetime is progressively decreased, the effect of
Auger recombination becomes less significant and changes
in lifetime have an increasing effect on Vs

When the lifetimes are decreased to much lower levels,
the effect of lifetime on £, appears to be decreasing. This
is probably due to the manner in which ¢, has been de-
fined. The definition {10] of ¢, includes, as shown in Fig.
6, the reverse recovery time. Reverse recovery times are
much less sensitive than turn-off times to changes in the
carrier lifetime.

Therefore, when the £, is decreased to the level where
it approaches the reverse recovery time, it becomes rela-
tively insensitive to the carrier lifetime. These arguments
explain the shape of the curve in Fig. 1.

Other device design changes similarly have a greater
effect on one get of current gains than on the other as
demonstrated in Fig. 5, Thus design changes should be
made to improve whichever parameter is most sensitive
to a change in eurrent gain, That is, when t4 Is high, one
should decrease the current gain because this decreases the
to with little detriment to Vay. Or the other hand, when

Vrar is high, the current gain should be increased fo de-
crease Vs with little detriment to £,.

By this technigue, a device designer can, with a relatively
small number of devices, improve and opiimize the
trade-off between forward drop and turn-off time. Further,
the technique provides the means for determining where
the cross-over point between the two extremes is.

V. CONCLUSIONS
A technique has been described and demonstrated that
provides a basis for predicting whether a given device de-
sign change will improve or degrade the unaveidable
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trade-off between the conduction loss and the turn-off
speed of fast-switching high-power thyristors.

Data are given that show that, at high-carrier-lifetime
levels, a design change that deeresses the current gainsin
the two-transistor analog will improve the turn-off time
more significantly than it will increase the conduction loss.
On the other hand, the data show that, at low-carrier-
Tifetime levels, a design change that increases the current
gains will improve the logses more significantly than it will
degrade the turn-off time. Since a device designer knows
how to-design for a change in the current gains this tech-
nique gives him a basis for designing for a better trade-off
betwesn Vs and £,

Explanations are given for these results. It is proposed
that in a device with a high lattice-defect-determined
lifetime, the turn-off speed is sensitive to this lifetime,
while the conduction losses are mainly dependent on Auger
recombination which is hardly sensitive to the lattice-
defert determined lifetime. On the other hand, in a deviee
with a low lattice-defect-determinéd lifetime, Auger re-
combination is less significant and the losses are sensitive
to the lattice-defect-determined lifetime. In this case, the
turn-off speed becomes insensitive to lifetime because it
becomes limited by the reverse recovery time.

ACKNOWLEDGMENT

The author is pleased to give recognition to J. Bartke,
C. K. Chu, P. E. Felice, and K. S, Tarneja who developed
the capability for using electron irradiation for tailoring
the. performance of power semiconductor devices. He is
indebted to J. B. Brewster for his support in the taking of
the electrical measurements and £o E. Dombrowski for his
part in the preparation of the samples. The author thanks
M. H. Hanes, 1), . Page, and D. K. Schroder for their
eritical reading of the manuscript.

REFERENCES

{1} F. B.Gentry et al., Semiconductor Controtled Rectifiers. Engle-

-~ wood Cliffs, NJ: Frentice-Hall, 1384, p. 257.

2] T. Ogawn, T. Kamei, and K. Morita, “Electrical characteristics of
ulirahigh-voltage thyriators and related problems,” IEEE Trans.
Trdustry Applications, vol. IA-10, pp. 112-115, 1974, .

(31 J. Rumberg, “Design parameters for power thyristors,” Electrical
Engineering, pp. 40-43, Feb, 1870,

{4] R. A. Kokosa and B. R, Tuft, “A high voltage, high temperature
reverse conducting thyristor,” IEEE Trans. Rlectren Devices, vol.
ED-17, pP- 867-672, 1970,

[5] C. K. Chu, J. Bartko, and P. B, Felice, “Electron irradiated fast
switch power thyrisier,” in Conference Record of 1975 FEEX In-
dustry Applications Society Meeting, pp. 180-133.

I8} R. G, Mazur, “Spreading resistance measurements on buried lavers
in silicon structures,” Stiicon Device Processing, National Bureau
of Standards Specigl Publication 337, pp. 244255, 1970.

- 7} N.G. Nilsson, “The influence of Auger recombination on the forward
characteriatics of semiconductor power rectifiers at high current
denglties,” Solid-State Elsetronies, vol. 16, pp. 681-685, 1973.

%] H. Benda and B. Spenke, “Reverse recovery processes in silicon
power rectifiers,” Proe, IEEE, vol. 55, pp. 1831-1355, 1967, equation
{21} with L and r being varied. : L

{9] J. Burtscher, F. Dannhauser, and J. Krausse, “Die Rekombination
in 'Phcglﬂstoren und Gleichrichtern aus Siliztum. Ihr Einfluss auf die
Durchlasskennlinie und das Frelwerdezeitverhalen,” Solid-State
Elecironics, vol. 18, pp. 85-63, 1975.

[10] . E. Gentry et al., Semiconductor Controlled Rectifiers. Engle-
wood Cliffz, NJ: Prentice Hall, p, 157,

i A=A


http:Engineering.pp

888

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. ED-23, No. 8, AUGUST 1976

Gate-Assisted Turnoff Thyristors

APPENDIX B

EARL S. SCHLEGEL, SENIOR MEMBER, IEEE

Abstract—A study of the turnoff physics in gate-assisied turnoff
thyristors (GATT's) leads to a proposed mechanism involving the
gate bias acting to prevent a forward voltuge from appearing on
the cathode rather than, as was previously thought, to sweep out
£Xcess earriers.

Itis shown that cathode shunting ean be used in GATT’s to vir-
tually eliminate an important failure mede and to decrease the gate
voltage needed to preduce the desired improvement in turneff time.
Implications for designing GATT’s are given, one being that a
change in the Jateral resistance of the p-base will have opposite
effects depending on whether the cathode is shunted or not.

1. INTRODUCTION

THE STZE, weight, and cost of high-power electronic
cireuitry can be decreased if the cireuit can be de-
signed to operate at higher frequencies. This Is due to the
fact that the components of higher frequency circuits are
smaller in size and lighter in weight. With the increasing
usage of thyristors in higher frequency power electronic
cireuits, it becomes necessary to determine more clearly
how the frequency capability of a thyristor is limited and
to explore possibilities for increasing the high-frequency
capabilities of thyristors.

The frequency capability of thyristors is limited by the
turnoff time of the thyristors. This turnoff time £, is de-
fined [1] as the time, after the ancde current of the thy-
ristor has been commutated to zero, that is necessary for
the excess carrier density distribution to decay to a level
at which forward voltage can be reapplied without refiring

____the thyristor. Extensive efforts are being made to design

and build thyristors with short turnoff times.

The thyristor designer wants both fast turnoff time and
low losses. He recognizes that this calls for high current
gains while the device is in its conducting state and for low
current gains when the device is to be turned off. Since this
is difficult to achieve by device design alone, efforts [2}-[4]
have been made to design thyristors that can be operated
in a marner in which the current gains can be significantly
changed by the operating conditions of the conducting and
the turnoff periods. Thyristors designed to operate in this
manner have been called gate-assisted turnoff thyristors
{(GATT's) [2]-[4].

The objective of the work of this paper is to provide a
physical understanding of gate-assisted turnoff and to
discuss the implications of this understanding for the de-
sign of thyristors for which gate assist is to be effective.

Il. DEFINITION OF GATE-ASSISTED TURNOFF

Gate-assisted turnoff is the name given to the method
for turning off a thyristor with the usual commutation of

Manuseript received Oetober 31, 1975; vevised February 19, 1976, This
work was supported in part by the Lewis Research Center, NASA, under
Contrast NAS 3.16801.

The author is with the Westinghouse Research Laboratones, Pitts-
burgh, PA 15235, 5
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Fig. 1. Dependence of measured turnoff time on gate-assist current.
{Conditions: 100°C, 25 Afus, 400 V/zs.) Bach curve represents a device
having a different carrier lifetime level created by different doses of
high-energy electron irradiation.

the anode current but with the addition of a negative puise
applied to the gate during the time when forward anode
voltage is being reapplied. This negative gate pulse de-
creases the turnoff time; that is, it allows one to reapply the
forward voltage earlier without refiring the thyristor.
(GATT’s must not be confused with devices usually called
gate-turnoff thyristors (GTO’s) or gate-controlled switches
{GCS’s), that can be turned off with a gate signal without
commutating the anode current.)

Fig. 1 gives typical data that show how the turnoff time
is decreased by the negative gate current pulse {gate-assist
current). The cathode diffusion mask, which is shown in
Fig. 2, was the same for all of the devices represented in
Fig. 1. The difference between devices represented in Fig.
1 was the value of the carrier lifetime. The devices repre-
sented in Fig. 1 have forward and reverse blocking voltages
of 1000 V, and a device that has a turnoff time of 8 us with
2 A of gate-assist current has a Vrar of 1.5V at 200 A. The
slice diameter is 28 mm. Fig. 2 shows that the cathode de-
sign contains shunts down the middle of the cathode fin-
gers. All previous designs for GATT’s have not used
emitter shunts [2]-[4]. As is shown in this paper, shunts
can be used to advantage both to gain a betfer under-

standing of and to improve the performance and reliability
of GATT’s.
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Fig. 2. IF;hotograph of the cathode diffusion mask.
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Fig. 3. Typical'anode current and voltage of a thyristor.

IIT. PHYSICS OF THYRISTOR TURNOFF

A. Outline Descriptiorvof the Mddel

Fig. 3 shows typical waveforms of the voltage and cur-
rent of a thyristor during one cycle of its operation. The
turnoff time t4 is the minimum time interval bétween the
time tyat which the anode current has been commutated
t@ zero, and the time ¢; at which a forward voltage can be
reapplied to the thyristor without refiring the thiristor.
In this section, the physics of turning off a thyristor is
briefly reviewed so as to provide the basis for describing
the physics of gate-asdisted turnoff. ’

The description of the model will be best understood if
the reader understands how all thyristors involved in
commutated turnoff go through the following sequential
steps:

1) conduction;

2} eurrent commutation;

8) current polarity reversal;

4) reverse recovery;

5} dV/dt-induced displacement current creation of
forward bias on the cathode junction.

The thyristor will fail to turn off if this IR drop causes
sufficient injection from the cathode to refire the thyristor.

Two models for the effectiveness of gate-assist current
will be described: 1) earlier model—carrier sweep aut; 2)
this model-—decreased forward bias on cathode junc-
tion.

ﬁ 2 889
B. Thyristors in General

The anode emitter of a thyristor in the conducting state
injects holes uniformly from its entire area. This creates
an excess hole density and, because the region is space-
charge neutral, an excess electron density that is fairly
uniform over the entire area of the n-base. At the initiation
of turnoff, the anode current is commutated and the
emitters stop injection. Excess charge densities decrease
in the n-base both because of carrier flow across the
boundaries of the n-base and because of recombination
within the n-base. At this time the anode-to-cathode
voltage has not yet reversed.

Later, when the excess charge densities have decreased
to zero at the anode junction, the current-carrying capa-
bility of the anode junction drops abruptly-and the device
“blocks.” The anode-to-cathode voltage is reversed at this
point and the device becomes capable of supporting a high
reverse voltage. This is reverse recovery. At this stage of
turnoff, the anode junction limits the current to a sharply
reduced value. The voltage polarity on this junction pre-
vents electrons from Jeaving the n-base through the anode
junction. On the other side of the n-base, at the central
junction, the dopant density distributions are such that
this junction emits holes from the p-base in much greater
number than it emits electrons from-the n-base. Therefore,
only a-small proportion of the already small anode-june-
tion-limited current consists:of electrons flowing from the
xn-base to the p-base. Clearly, after reverse recovery, the
flow of excess electrons from the n-base is nearly stopped:
at both junctions. An equal number of excess holes are
present to neutralize the charge of these electrons to
maintain.space-charge neutrality. At this stage of turnoff,
even though the anode junction has undergone reverse
recovery, there is a substantial amount of excess charge
“blocked” in the n-base of the thyristor. This charge plays
an important role in determining the turnoff time. Since
it is blocked from flowing out, the lifetime of these carriers
in the n-base strongly influences the turnoff time. Assalit
and Studtman [5] have suggested taking this charge out
via an electrode attached to the n-base but the use of an
n-base lead is undesirable because it complicates both the
manufacturing process and the circuit design.

When forward anode voltage is reapplied, the anode
junction again becomes forward biased and electrons can
flow out the ancde junction. As electrons flow out to the
anode, holes can, because of space-charge neutrality, flow
out to the p-base and on out through the cathode. This
current continues until the excess charge at the central
junction is reduced to zero, and then forward recovery [6]
occurs at the central junction in a manner very similar to
that of reverse recovery. .

The forward-recovery (dV/dt-induced displacement)
current plays a very important role in the physies of turnoff
of a thyristor, and a good understanding of the behavior
of forward-recovery current is necessary if one is to un-
derstand the behavior of turnoff time.

A study [6] of forward-recovery current shows that it:

1) Decreases exponentially with increasing time after
the anode current reversal, as shown by the superimposed
wayeforms given'in‘Fig, 4 and the curves in Fig, 5.
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.Fig. 9. Top:anode voltage (200 V/div). Bottom: anode current (2 A/div),
time (1 us/div), terap. 100°C. The effect of the d V/dt on the forward-
recovery current pulse height and pulse sharpness. Each set of curves
was photographed just at the point at which a shorter turnoff time
interval would refire the thyristor. The time axis was shifted to su-
perimpose the start of the d V/dt ramps to facilitate the comparisons
gﬁ}}uj waveforms The actual turnoff time increased with the increasing

t.
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Fig. 10. Photograph of forward-recovery current both with and without
4 A of gate-assist current.

‘the onset of forward-voltage-induced displacement and
theiforward-recovery point (at the recovery current peak)
decreases with increasing dV/dt. Tt is this leading portion
of the forward-recovery pulse that determines whether the
device refires.

Of course, the diffusion layer profiles and the n-base
width and resistivity, the carrier lifetime, and the junction
temperature all influence the current gains of the n-p-n
and the p-n-p transistors-that constitute the thyristor.
These design variables, therefore, all influence the mag-
nitude of the forward-recovery-current-induced IR drop
that is necessary to cause a refiring of the device.

C. Gate Assisted TurnOff

Carrier Sweep Out Model: Previous investigators {2],
[4] had proposed that the function of gate-assist bias, in
decreasing the turnoff time, is to sweep out excess carriers
through the gate so as to decrease the excess carrier density
more rapidly than by recombination alone. However, there
is a difficulty with this model in that it does not explain
why gate-assist current, drawn before the forward voltage
is reapplied, does not significantly improve the turnoff
time. That is, the gate-assist current is helpful only if it is
present during the interval when the forward voltage is
being reapplied. As Fig. 10 shows, the forward-recovery
current is also insensitive to gate-assist current drawn
_ before dV/dt is reapplied.

D. Cathode-Voltage Prevention Model

In the preceding model for the turnoff of thyristors, the
voltage developed on the cathode junction plays a key role
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Fig. 11. Improved model for gate assist. Gate assist is effective because

it provides an IR drop that opposes the IR drop generated by the for-
ward-recavery current

in determining whether the thyristor will turnoff, that is,
whether it will support reapplied forward voltage or refire.
In the cathode-voltage prevention model for gate-assisted
turnoff the effect of gate-assist bias is to prevent the de-
velopment of a forward voltage on the cathode junction.
In GATT"s which have no cathode shunting, the gate-assist
bias diverts the forward-recovery current from the cathode
to the gate. Because of this diversion of the current, the
cathode junction becomes less forward biased and injects
a lower density of electrons into the p-base. Therefore, the
thyristor is less likely to refire. In this case, it is desirable
to have low lateral resistance in the p-base under the
cathode so that the forward-recovery current can easily be
conducted to the gate without producing an IR drop that
would forward bias the central part of the cathode.

In GATT’s with properly designed cathode shunts, the
gate-assist bias causes current to flow from the cathode
shunts to the gate. This current produces a lateral IR drop
in the p-base that, along with the centrally located shunt,
prevents a forward drop from appearing on the cathode
junction. This is depicted in Fig. 11. In this case, a greater
counteracting effect for a given gate-assist current level can
be achieved if the lateral resistance in the p-base is higher.
Alternatively, for a given gate-assist voltage an increase
in this lateral resistance will decrease the gate-assist cur-
rent and power.

Cathode shunts can be used in GATT"s to improve both
the device reliability and performance.

The nature of gate-assist current is that it is most ef-
fective at the edge of the cathode. In an unshunted cathode
it is very possible for the initial refiring to occur in the
middle of the cathode. Once firing occurs centrally in an
unshunted cathode, gate-assist current pinches the con- -
ducting area and thereby confines the fired area to the
middle of the cathode causing overheating and oftentimes
failure-of the device. On the other hand, a central shunt
forces the initial firing to occur at the cathode edge where
gate-assist current is more effective, and this eliminates
the failure mode.

Shunts can also improve the reliability of GATT’s be-
cause they increase the certainty that the auxiliary thy-
ristor will fire before the main thyristor when gate ampli-
fication is used. While a discussion of gate amplification
is beyond the scope of this paper, it can be used to good
advantage in GATT’s. To do this it is necessary to have an
antiparallel bypass diode across the auxiliary ecathode.

Without this diode, when' gate-assist bias is applied, the
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Fig. 4. Forward-recovery current dependence on time of appﬁmtﬁdn
reapplied forward voltage. Ias = 50 A, {dip/dE) = —25 Alus, V4 = 200
Vidiv, [ = 2A/div, time = 2 ps/div, temp = 100°C,
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Fiz. 5. The dependence of the forward-recovery current on the time of
the application of forward voltage.
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g 5. Effect of de/dt on forward-recovery current. Iryy = 150 A,
{dip/dt) = —25 Afus, 100°C, £, = 8 u8.

2} Increases with dV/d# as shown in Fig. 6.

3} Increases with junction temperature as shown in Figs.
Sand 7.

4) Increases with increasing dip/dt, the rate of com-
mutation of the anode current. X

5) Increases with increasing carrier lifetime.

The turnoff time and the dV/dt rating depend on the
forward-recovery current as follows. The forward-recovery
current enters the p-base over the entire area of the middle
junction and flows to, and out through, the cathode. If the
cathode is unshunted, a forward bias is developed on the
cathode junction to the degree necessary to carry the for-
ward-recovery current. If it is shunted, the forward-re-
covery current flows {o and out the shunts, This current
creates a voltage drop in the p-base as shown in Fig. 8. This

-
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Fig. 7. Effect of temperature on forward.-recovery current fmyy = 150
A, (dln/dt) = —25 Alps, (dofdE) = 400 V/us, t, =8 us

i
Lathode Gate\ Ogen Ca’!hn::
I o
1 = N,
+ e + Y P LA
{ i v |
Anode 5 7
Ley

Fig. 8. Forward-recovery-current-induced IR drops in p-base. For-
ward-recovery current creates an IR drop in p-base vnder the cathodes
that forward bias the cathode emitters.

voltage drop depends on:

1} The magnitude of the forward-recovery current.

2} The lateral resistance in the p-base to this current.
This depends both on the sheet resistivity of the p-base
under the cathode and on device geometrical factors that
determine the current path distribution in the p-base.

Since the lateral resistance is different for different areas
of the thyristor structure, it is important that the area
being examined be that in which the dV/dt is most likely
to refire the device. For example, if there is an auxiliary
cathode one must know whether the dV/dt fires the main
or the auxiliary cathode first.

If the IR drop in the p-base due to the forward-recovery
current is greater than about 0.7 V, it will forward bias the
cathode emitter and causes injection from the cathode, If
this cathode injection continues long enough, the injected

. carriers diffuse through the thyristor bases and build up

a distribution of excess carriers that is sufficient to refire
the thyristor.

Because the thime it takes to build up the carrier distri-
bution {ahout 1 us) depends on the injected carrier density,
the IR drop that is capable of refiring the thyristor depends
on the duration of the forward-recovery current pulse, This
forward-recovery current pulsewidth, in turn, depends on
the dV/dt applied to the anode. This is illustrated in Fig.
8, which shows how the peak forward-recovery current
increases with increasing dV/dt. The time interval between

e
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resistance of the auxiliary cathode degrades the effec-
tiveness of the gate-assist bias on the turnoff time. Fur-
thermore, depending on the gate-assist current drawn
through this resistance, it can heat up the auxiliary region
of the thyristor to the point of degradation or failure. ~

Shunts prevent the forward-recovery current from firing
the thyristor centrally in the cathode, and therefore the
gate-assist bias voltage can be lower. Gate voltages of only
1-3 V were'needed to produce the data of Fig. 1. On the
other hand, unshunted GATT’s require 10-20 V of gate-
assist bias [2]-{4].

E. Design Guidelines

Based on this understanding, the following is a set of
guidelines for designing thyristors for which gate-assist
current is effective.

1) Interdigitate the gate and cathode.

2} Minimize the gate area to minimize forward-recovery
current from gate areas.

3) If the cathode is not shunted, design for low lateral -

resistance in the p-base.

4} Shunts can be used i GATTs to virtually eliminate
an Important failure mode, to decrease the gateiassist
voltage, and to insure proper performance of an amplifying
gate. ’

5) If the cathode is shunted, the lateral resistance of the
p-base under the cathode must be high enough that the
gate-assist current develops an IR drop greater than 0.7
V. - :

6} The shunts must be designed so that the gate-assist
current is uniformly effective over the entire cathode area.

+

IV, CONCLUSIONS

A study of the effectiveness of a negative gate hias for
shortening the turnoff time of thyristors has resulted in
a new hypothesis for the turnoff mechanism of GATTs.

| B-g
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The results indicate that the effect of gate-assist bias is ane
of preventing forward voltage from appearing on the
cathode junction rather than one of sweeping out excess
carriers. GATT"s can be made with cathode shunts to
virtually eliminate an important failure mode and to de-
crease the gate voltage necessary to significantly decrease
the turnoff time. '

Design guidslines for improved GATT performanes and
reHability are given. It is shown that varying the Iateral
resistance of the p-base will have opposite effects de.
pending on whether or not the cathode is shunted.
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GATE ASSISTED TURN-OFF THYRISTOR WITH
CATHODE SHUNTS AND DYNAMIC GATE

Earl S. Schlegel and Derrick J. Page

Westinghouse Research Laboratories

Pittsburgh, PA 15235

ABSTRACT

A 1000V, 200A gate-assisted turn-off
thyristor (GATT) is described that was developed
for, and is being used in, circuitry for space ap-
plications requiring high efficiency amd reli-
ability as well as small size and weight. The
design features include an interdigitated shunted
cathode, a dynamic gate, a means for optimizing the
carrier lifetime level, and a bypass diode. The
bypass diode is necessary to permit the combination
of both dynamic turn-on and gate-assisted turn-off
in the same device. Two versions of this diode are
described.

The device physics of gate-assisted turn-
off will be reviewed. Based on this, improvements
in the design will be described. It is shown that
a prime failure mode can be eliminated and that the
gate-assist signal voltage can be substantially de-
creased by employing a shunted sathode emitter.

The test data show excellent turn-on
characteristics due to the dynamic gate and the
long perimeter of the edge of the main cathode.
Turn-off times as short as 3 usec are obtained.
The effect of the gate-assist current on the turn-
off time is described.

The combination of controlling the car-
rier lifetime with a precisely controlled and
easily variable irradiation dose of high energy
electrons with gate assist curremt provides for
simple, precision tailoring of the device charac-
teristics to the intended application.

INTRODUCTION

The weight and efficlency of the electric
propulsion power processing equipment will be very
mmportant for the design of spacecraft being plan-
ned for the exploration of deep space in the
1980's. The size and weight of solid state power
conditioning equipment can be reduced if the oper-
ating frequencies can be increased because smaller
circuit components can be employed. High effi-
ciency, so important in the high-power circuitry in
spacecraft, requires that the switching losses in

This work was supported by the Lewis
Research Center, NASA, under Contract NAS3-16801.

the thyristors be held to a minimum. This paper
describes a thyristor development part of a program
sponsored by NASA Lewis Research Center to develop
a reliable and efficient ponf processor for an
electric propulsion engine.

The requirements for both fast switching
and low switching losses are difficult to achieve
in a single device. Any change in a device design
that increases the current gain decreases the
turn-on switching loss and conduction loss but in-
creases the turn-off time. This unavoidable trade-
off between turn-off speed and device losses can
be relaxed if the device is operated in a manner
in which the current gain is degraded during turn-
off period but not during the rest of the cycle of
operation. This can be done by applying a negative
pulse to the gate during the turn-off time periecd.
Devices designed for good performance in this
operating mode are called gate-assisted turn-off
thyraistors or GATT's.

Gate-assisted turn—offztgyﬁigjors have
been produced by several groups ™ ’"’ ’"‘ during the
last few years. The name is given to the method
for turning off a thyristor with the usual com-
mutation of the anode current but with the addition
of a negative pulse applied to the gate during the
time when forward anode voltage is being reapplied.
This negative gate pulse decreases the turn-off
time; that is, at allows one to reapply the feor-
ward voltage earlier without refiring the thy-
ristor. (GATT's must not be confused with devices
usually called gate-turn-off thyristors (GTO's} or
gate-controlled switches (GCS's), that can be
turned off with a gate signal without commutating
the anode current.)

GATT DEVELOPMENT

The early devices were designed te have
digitated cathode geometries without dynamic gating
or cathode shunting. Shunting was not used because
it was believed that the effect of the gate-assist
pulse was to sweep out excess carriers and that the
inclusion of cathode shunts would only add para-
sitic gate current. Dynamic gating was not used,
because without shunts to direct the current
through well defined resistance paths, dynamic
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gating can pose difficult problems both in the de-
sign and manufacturability of the device. Further-
more, the usual corstruction of a dynamic gate
interposes 2 high resistance between the main cath-
cde and the gate so that the effect of negative
pulses on the gate is severely reduced. Further,
the voltage drops developed Iin this resistance can
avalanche the auxiliary cathode junction and cause
locallized heating and degradation of the device.

Unfortunately, a digitated cathode with-
out gate amplification requires high gate currents
{~ 20A) to turn the device on with low switching
losses. In addition, there are two other impor-
tant weaknesses in GATT’s with unshunted cathodes.
First the dV/dt capability is very low unless the
gate assist bias is maintained continually.
Second, if the device conducts anode current and
it fails to turn off while there is gate assist
bias presemt the high current is crowded te the
middle of the unshunted emitter fingers and the
device can fail in 2 mode very similar to that of
transistors and gate turn-off thyristors {GT0's}.

PHYSICS OF GATE-ASSISTED TURN-OFF

With these problems in mind, an effort
was undertaken to develop a more complete under-
standing of the physics of gate-assisted turp-off.
The effort- resulted in the finding that the effect
of the gate-assist bias.is not primarily to sweep
out excess charge but to prevent a sufficient for-
ward bias from developing on the cathode junction
to cause injection and a sufficient current gain to
create regenerative thyristor action. The details
of this are given in Reference 6. Summarizing
the findings on which this understanding is based:

1. Gate-assist bias is only effective if it is
present during the application of reapplied
forward voltage.

Gate-assist current that flows before the ap-
plication of reapplied forward voltage has
little effect om either the turn-off time or
the displacement current induced by the ve-
applied forward voltage.

3. An increase in the lateral resistance in the
base under the cathode makes a given gate-
assist current more effective for decreasing
the turn-off time.

A NEW {ATT DESIGN

Based on thas new understanding, we de-
veloped a GATT with the following design features:

1. The cathode was digitated. This is necessary

both for good, fast, low loss turn-on and for
effective gate-assisted turn-off behavior.

20,2

p—— e

C-2

2,

The cathode was shunted. This provides for a
high dv/dt capability whether there is a gate-
assist bias present or not. Further, it ap-
pears to eliminate failure due to current
erowding of the type that causes transistor
and OTO failure. In addition, shunts direct
the current paths in such a manner that the
effect of the gate-assist-bias is more reli-
able, and requires a lower drive voltage.
Shunts make the device more tolerant of process
induced nonuniformities and thereby make the
device more manufacturable.

A bypass diode was necessary to combine the
advantages of dynamic gating and pate assisted
turn-off. There are several ways of incorpe-
rating bypass diodes. The package can be modi-
fied to contact the floating gate with a diode.
Our most successful way to date was to solder
the diode directly to the floatimg gate with a
iead comnecting the dicde cathode to the main
gate. Thé most reliable way is to build the
dicde into the thyristor itself as shown in
Figure 1. In the sectional cut from G to A the
structure is simply that of the familiar ampli~
fying gate. This structure exists in two op-
posing quadrants of the central region. In the
other two quadrants the structurs 1s as shown
in the section § to B. When forward bias is
applied to the gate, it causes current fo fiow
through the auxiliary cathode and little cur-
rent flows through the high resistance under
the bypass diode. When a reverse (gate-assist)
bias is applied to the gate, most of the cur-
rent flows through the bypass diode and little
through the high resistance under the auxiliayy
cathode. To prevent electrons emitted by the
bypass diode from firing the thyristor, the
carrier 1ifetime is decreased in this local
area by masked electron irradiation. The cath~
ode geometry can also be shaped to decrease the
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Fig. 1 Thyristor structure with an
integrated bypass diode.



emitter efficiency and to widen the p-base
width under the bypass diode so that the cur-
rent through the bypass diode produces few
electrons that reach the central depletion
layer. Etch pits between the ends of the
auxiliary cathodes and the ends of the bypass
diode diffusion regions substantially decrease
the flow of useless current through the gaps
between these n-regions when the device is to
be turned on. Another version of the inte-
grated bypass diode is described in Reference 5.

4. The effect(7J of the diffusion profiles was
studied to see how the effectiveness of the
gate-assist current is influenced by profile
changes. In this area, it was found that a
change in the sheet resistivity in the p-base
has opposite effects on the effectiveness of
gate assist current for shunted and unshunted
GATT's.

5. Electron irradiation was used to control the
carrier lifetime. The ability, with electron
irradiation, to easily and quickly measure the
same devices with different stepped doses of
irradiation provides a valuable capability for
studying how to optimize the diffusion profiles
and for tailering a device to a specific appli-
cation.

PERFORMANCE ACHIEVED

GATT's have been constructed with the
geometry shown in Figure 2 and the typical char-
acteristics shown in Table 1 have been demon-
strated. Measured turn-off times were found to
depend on the magnitude of the gate-assist current
as shown in Figure 3. Here the various curves
represent different levels of carrier lifetime
which were pfg?uced by various levels of electron
irradiation. Figure 4 shows the trade-off
between the turn-off time and the forward drop
which was varied by stepping the dose of electron
irradiation used to control the lifetime.

TABLE 1

Measured Characteristics

Forward Blocking Voltage 1000 V
Reverse Blocking Voltage 1000 V
Gate Trigger Current < 200 mA
Gate Trigger Voltage < 20\
Latching Current < LA
Holding Current < 200 mA
dv/dt > 1000 V/us
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Fig. 2 Photograph of a gate-assisted

Turn-off

Time
(psec)

turn-off thyristor having both
cathode shunts and a dynamic gate.

100 ,

= —

1
0 5 10
Gate-Assist Current (A)

Fig. 3 Dependence of measured turn-off
time on gate-assist current.
(Conditions: 100°C, 25 A/us,

400 V/us.) Each curve represents
a device having a different car-
rier lifetime level created by
different doses of high-energy
electron irradiation.
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Fig. 4 Effect of gate-assist current on
the trade-off between turn-off
time and forward drop of a GATT.
The carrier lifetime was varied
along each curve by means of
electron irradiation.

CONCLUSION

A new design approach has resulted in im-
proved thyristors for use by NASA in efficient,
light weight power processing equipment for elec-
tric propulsion engines for deep space missions.
Gate-assisted turn-off was used to relax the
stringency of the otherwise unavoidable compromise
between thyristor turn-off speed and turn-on and
conduction losses. An improved understanding of
the physics of gate-assisted turn-off showed that
cathode shunting can be used to improve the per-
formance, reliability and manufacturability of
GATT's. Techniques are described that permit the
combination of both dynamic gating and gate-
assisted turn-off in single devices. The ability
to easily vary the gate-assist current level and
the carrier lifetime level extends greatly ones
ability to find optimum diffusion profiles and to
tailor devices for specific applications.
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into reverse recovery faster there is less time for
carriers to recombine and rtherefore more carriers re-
main to contribute to the’ forward recovery and excess
leakageé currents.

Effect of dV/dt

Figure 8 shows the effect of dV/dt. An increasing
dv/dt is shown to increase both the forward recovery
and the excess leakage currents. The increase in for-
ward recovery current wirh inecreasing dV/dt is prima-
rily due to the fact that a slower rising voltage.
sweeps out more charge before the device becomes capa—
ble of supporting forward voltage. Therefore, forward
recovery occurs at a lower anode voltage and current
for a lower dV/dt.

Effect of Slice Diameter

Figures5b and 5S¢ show that for devices having the
same turn-off time the forward recovery current is
fairly independent of slice diameter.

Effect of Turn-0ff Time

Figures 3a and 5b show that the forward recovery
current is smaller, for a given interval between
I, = 0 to the onset of the dV/dr ramp, the lewer the
device-limited turn-off time.

Effect of Reapplied Voltage Level

Thé forward recovery current has ended before the
dv/dt ramp has ended and is, therefore, independent of
the reapplied forward voltage level. The excess leak-—
dge current taxl shows no change in slope when the
dv/dt ramp ends and it can be inferred, therefore,
that it is not sensitive to differences in the re-
applied forward veltage level.

2

Effect of Reverse Voitage

Neither the peak or excess leakage currents were
found to depend on varlations in the reverse voltage
level.

Effects of Gate Assist Current Variables

The level of gate assist éurrent had little
effect on the peak or excess leakage currents. The
gate assist pulse affects the forward recovery current
only when it is present during the dV/dt ramp. A gate
assist current before the dV/dt ramp has no signifi-
cant effect.

Model

The physical model of a thyristor in its turn-off
sequence can bé described in simple terms as follows.

Starting with a simple rectifier, it is well
understood thaf in its conducting state_the injection
of tharge carriers produces an excess charge plasma on
the low. conductivity side of the junction. Whén a
reversé voltage is applied, the rectifier remains con~
doctive because of this excess mobile charge wmtil it
is removed by recombination and/ox sweep out. This is
simple reverse recovery.

Turning to a thyrister, the phenomenon deseribed
above occurs at the reverse blocking junction (the
anode junction) when the thyristor is switched frém
the forward conducting to the reverse blocking state.

Consider now some differences between a rectifier
and a thyristor. 1In the rectifier in the reverse

conduering state there are no barriers to the flow of
excess carrlers from the device. On the other hand

in the thyristor, when the reverse blocking junction
blocks current, current continuity must be maintained
and the current through the middle junction must be
small. Then, because the injection efficiency of" this
middle junction is low for electrons leaving the n-base,
the excess electrons are blocked in the n-base and can-
not flow cut. They must reach their equilibrium densi-
ty mainly by recombination. To the extent that these
blocked carriers are excess minority carriers, they
contribute to an excess leakage current and are the
cause of the tail current when the junction blocks
voltage.

If a forward voltage is applied to the thyristor
within a few micreoseconds after reverse recovery has
occurred, much of this blocked charge must be swept out
before the forward blocking junction can block. This
produces a forward recovery current quite similar in
nature to the reverse recovery current.

For thyristors with tirn-off times cf tems of
microseconds, this blocked charge mostly recombines in
the base of the thyristor and contributes little to
the forward recovery current and loss. 4&s the turn-off
times reach levels below ten microseconds, this current
and loss become more and more significant.

The data in Figure 5 show that the effectiveness
of gate assist current for decreasing the turn-off
time is not to decrease the forward recovery current
but it instead raises the level of forward recovery
current that fires the thyristor.

Just as the carriers are not all swept out by the
reverse recovery current, the presence of the excess
lezgkage current after the forward recovery shows that
there are still blocked: excess carriers left in the
n-base after forward recovery.

The effects of variations in device design can be
broadly understood to fall into three categories:

1. The rate of decay of the carriers responsible for
the forward recovery, and its excess leakage current,
is inversely proportional to the carrier lifetime.

2. The p-base sheet resistivity and the cathode and
shunt pattern design determine when the dv/at dis-
placement current will forward bias the cathode.

3. The design of the impurity density distribution,
layer thicknesses, carrier lifetimes, and emitter
shunting determines the degree to which the emitter
must be forward biased to fire the thyristor.
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Fig. 4—Forward recovery current dependence on time

of application of reapplied forward voltage.
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