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I. INTRODUCTION

A. Thyristors and Transistors as Electronic Switches

Four layer semiconductor structures (i.e., NPNP or PNPN), generi-
cally known as thyristors, exhibit characteristics similar to those of
gas thyratrons. They may be triggered from a high voltage blocking
state ("off") into a high current state ("on'") by means of a single
pulse applied to the control electrode, the gate. Thus, we could con-
sider this semiconductor structure the electronic switch analogous of

the electro-mechanical, latching relay.

Once the four layer device is in the "on" state, it is self
regenerative, and turn-off may be achieved only if the anode voltage
is removed for a time, sufficiently long to cause the decay of con-

duction current below the "holding" level.

We may now compare the features for electronic switching of a

transistor with those of a thyristor.

Transistors can be switched from the control electrode (base) into
the "on" state with considerable power gain. For example: the drive
power may be 1.5 watts, derived from a 507 duty cycle square wave
input of 1.5 volts and 2.0 amperes. The load power may be 750 watts
for a current of 10 amperes through a resistive load with a 150 volt
supply voltage. Thus the power gain is 500. The drive power has to be
supplied to the bzce during the entire "on" time. Turn-off (without
regard to speed) is accomplished by simple interruption of the drive

circuit.



Thyristors can be switched from the gate with even higher power
gain, because the trigger current may be kept in the milliampere
range and the output current is limited essentially by the load
resistance. For example: The input energy for triggering may be

2 watt-seconds for a 1 milliampere, 1.5 volt input pulse

150 % 10~
lasting 100 microseconds. The load power may be 750 watts for a
current of 10 amperes through a resistive load, switched at a rate of

1.0 kilohertz with 50% duty cycle from a 150 volt supply. Thus, the

power gain is 1 x 107, indeed very high.

A drive pulse is not required during the "on" time. Turn-off is
accomplished by interruption of the load current, i.e., by means of
commutation of this current through passive and active components of
similar ratings than those specified for the actual power switch.

Therefore, a considerable turn-off effort is required.

As we can see, the transistor is good for turn-on and poor for the
"on" state when used as an electronic switch, while the thyristor is
excellent for the "on'" state and poor for turn—off, considering the
same class of applications. Generally, transistors are more suitable
for lower power and higher frequency operation, whereas thyristors are
better employed when higher power output and lower frequency is called

for.



B. The Gate Turn-Off Thyristor (GTO)

A desirable technical solution to an electronic switch would be,
to have a device which combines the high frequency and/or high power
capabilities of both transistors and thyristors, respectively, which
can be switched "on'" and "off" from the control electrode with a high
power gain, and in addition does not need external drive power in order

to remain in the "on" state.

Indeed, examination of the physics for four-~layer structures and
application of transistor theory indicates, that the realization of
such a switch is possible. This switch is knowm as a Gate Turn-Off

thyristor (GTO).

A device with turn-off capability from the gate was first des-

cribed by J. M. Goldey, et a1.%0"! an4 R, m. vanligten, et a1.50-2

The important points of the existing theory for GTO's will be
presented in chapter II. However, some general, qualitative state-
ments concerning the possibility of turn-off from the gate and the

difficulties encountered are given here.

1. Simple, First Order Observations

The four layer structure of Figure l-la may be considered as a
composite of an NPN and a PNP structure interconnected as shown in
Figure 1-1b. Thus, a two-transistor equivalent circuit can be con-
structed containing a complementary transistor pair in a feedback

configuration as shovn in Figure 1-lc. From the currents and gain
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factors in this figure, we may show in Figure 1-1d the loop gain with

the gate terminal included. From these, we obtain the following:

a,I, + I

27A G
G, = B, By ——C
L 172 0 IA 1-1

where: G, = total loop gain,

Bl = common emitter current gain of transistor Tl

82 = common emitter current gain of transistor T2
¢, = common base current gain of the transistor Tl

0, = common base current gain of the transistor T2

I, = anode current, and

I, = gate current
The condition for 'turn-on'" is given when the value of the loop gain
reaches unity. Thus, the device will switch into the conducting state
at

a2 IA + IG

Gy = BBy, ——— 21
L 172 0, IA 1-2
Since the gain for any transistor initially increases with

current to a peak value, once the product Bl 62 becomes unity, the

device will remain "on'" without a gate signal.

It is now apparent that the condition for "turn-off" is reached,
if it is possible to reduce the loop gain by some means again to a
value equal or less to unity. This can be accomplished by reversal of

the gate current. Thus, for turn-off, the relation 1-2 for the loop



gain GL changes to

2 A 1-3

We may now define a "turn-off gain" as the ratio of anode current
in the "on'" condition to the gate current necessary to reduce the
loop gain to unity. Using equation 1-3 and the relation

o= B/(B + 1) we get

I &y

I_A_ - Ggq - (a1+ 0'2)-1
G/GL=1 1-4

Equation 1-4 gives some qualitative guidance for the choice of the
a's, It can be seen that a high turn-off gain may be obtained for

being close to unity if o, is kept small (i.e., V0.2) at the same

%

time. However, above discussion is only useful for explaining the

2

basic concept of obtaining turn-off in an NPNP structure. Specifi-
cally, we have to take notice of the fact that any practical device
is three dimensional, and variations in at least two dimensions have

to be considered.

2. Qualitative, Two-Dimensional Considerations

The dynamic behavior of a two-dimensional model is described by

E. D. W0118y66—l in which he finds a relationship between turn-off

gain and turn-off time under the assumption of a constant gate current
during the turn-off phase. M. Kurata74-l developed this two dimen-

sional approach further using the charge control concept'..57—1 This



CAD model assumes that in the expression for the (one dimensional)

turn—-off gain the a's are constant.

In an actual device, however, the a's are functions of current
density, temperature, anode voltage, and spatial distribution, and a
constant gate current can only be approximated, Furthermore, the
turn-off process involves a continuously changing current distribu-
tion within the device. Thus, when considered from this point of
view, the o's become functions of time. Therefore, Equation 1-4
does not provide sufficient insight into the turn-off mechanism of a

GIO.

In general, during the turn-off process the conducting electron
hole plasma is deflected from an area close to the gate having the
highest negative potential to the most remote area beneath the
cathode with the least negative potential. Figure 1-2 illustrates
this fact. In Figure 1-2a, we see the device in its "on-state" con-
dition, conducting uniformly over the entire cathode area. Upon
application of a negative bias to the gate, the plasma is

66-1, 74-1 into a high current density filament as shown

"'squeezed"
in Figure 1-2b. Resultant local heating will often cause hot spots
and thus device failure. This phenomenon is similar to reverse

67-1, 71-1 , . generally more severe;

second breakdown in transistors,
because of the regenerative nature of this device, the current is re-
stricted only by the external load resistance. Moreover, the negative

gate current flowing through the lateral base resistance during turn-
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off will produce a voltage drop which may reach the gate-cathode
breakdown voltage at a current smaller than that required for turn-off
as shown in Figure 1-2c. Under this condition the turn-off voltage
will not be sufficient to extinguish the remote filament. Therefore,

turn-off cannot occur and the device fails.

3. A Double Gate Layer, Shorted Anode GTO

It is apparent from the analysis of the gate turn-off process that
for a reliable gate turn-off the following basic features are
desirable: >t

a. A low lateral resistance of the gated base region,

b. A high breakdown voltage for the gate-cathode junction,

¢c. A non-regenerative section (away from the gate contact)

in which the final conducting filament will extinguish

itself.

Figure 1-3 depicts a structure in which these essential features
are incorporated. A low resistivity p-layer in the gated base provides
the low lateral resistance while a higher resistivity p-layer on top,
in contact with the cathode junction, assures a high gate~breakdown
voltage. In addition, adjacent to the four layer section a non-
regenerative section has been included away from the gate contact. The
"on-state" condition is shown in Figure 1-3a. It is essentially the
same as for the conventional structure. The by-pass current through

the three layer NPN transistor section can be negligible with respect
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1)

to normal rated anode current.

Upon application of a negative bias to the gate, the plasma is
again "'squeezed'" into a high density filament, as shown in Figure 1-3b.
But now, current is deflected into the non-regenerative three layer
section and cannot sustain itself. Further, the negative gate (base)
current flows through the low resistivity base layer section, pro-
ducing little lateral voltage drop, while independently the gate-
cathode breakdown voltage can be kept high. Thus, avalanching (as
depicted in Figure 1-2c) is prevented. As a result, safe turn-off is

implemented more readily.

4. Interdigitation, Series Schottky Barrier, and Dynamic Ballasting

A very essential characteristic, desirable for a GIO is to achieve

turn-off at a low negative gate voltage.

For turn-off, charge only has to be removed in accordance with

the general relation

t
Qs =/t I,(t) dt
1 1-5

where Q is the total charge in the device, t, is the time at the
off 1

onset of the gate turn-off pulse, and t, is the instant at which the

1Tbis is true only for the case that the width of the cathode is large

compared to the size of the shorting N region, see figure 1-3,
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sum of the o's is reduced to less than unity at every point within
the entire structure, as required by equation 1-3. This process is
basically independent of voltage. Thus, the importance of a high
gate-cathode breakdown is diminished (feature b discussed in the

previous section).

A design which is highly interdigitated or finely subdivided is
obviously of advantage. It will minimize lateral sweepout times for

minority carriers.

An investigation of the dependence of electrical characteristics
on the geometry of a GTO-thyristor (mainly the width of the cathode
for constant area) and an explanation of the behavior of such two-

dimensional devices is subject of chapter III.

In the course of this work it became apparent that although
marked improvements in turn-off were achieved through interdigitation
as well as a better understanding of the circuit-device interaction
was obtained, the implementation of non-regenerative regions (fea-
ture c, sometimes described as "anode shorts" or "by-pass transistors')
would greatly impair turn-on performance, especially at low tempera-
tures. A unique concept was introduced by the author by adding a
Schottky barrier in series with the bypass transistor to the GTO -
structure79—1 thus negating the adverse effects on turn-on while re-
taining the improved features for turn-off, independent of cathode

width and cathode spacing. Chapter 1IV-A gives details about these

experiments and analyzes the results.
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Still, there were burn-out spots due to high current density
filaments in the center of the cathode observed. This led to the
introduction of the principle of "defocusing' or "dynamic ballast-
ing" 80-1.

Briefly, this method uses a slightly resistive cathode layer, the
sheet resistance being closely controlled by ion implantation. The

. center of the cathode is insulated from the cathode metal. During
the '"on" state at nominal current densities, the vertical resistance
is small and has little effect on the internal forward voltage drop.
While the device is being turned off, however, the "squeezing' of
current into a narrow, high current density filament is markedly
impaired owing to the high lateral emitter resistance and related
voltage drops which in turn debias the center of the cathode.

Chapter VI-B deals with this aspect of preventing failures in

GTO~-structures.



II. THEORY OF GATE TURN-OFF IN FOUR LAYER DEVICES

The previous chapter described the condition for turn-off in an
NPNP structure in a most general manner; i.e., in terms of the loop
gain GL <l (Equation 1-3) and the turn-off gain Ggq (Equation 1-4).
However, it was pointed out that these formulae were of little
practical valué, because the current gains (al and az) in an actual
device are device geometry and time deperndent which we call space-
time dependent., Thus, at least, a dynamic two-dimensional model is
required to explain physical happenings in the interior of the GIO-
thyristor which may relate to the electrical characteristics observed

at the terminals.

A. A Two-Dimensional Analytical Model

Duane I«Iolley“m1 proposed a two-dimensional, analytical model
which contains several important features describing the turn-off for

a four layer device.

In Figure 2-la, the schematic for turn-off is depicted. Initially,
the NPNP structure is conducting the current IA being determined
simply by the anode voltage VA and the load resistance RL (assuming
the "on" resistance of the device Ri <<RL)' A step function is
applied to the gate (Figure 2-1b) by closing the switch in the gate
lead; i.e., a negative potential at the base of the NPN transistor
section will cause a negative gate current IG to flow and tend to

reverse bias the cathode-emitter to a value of -VG. The output re-

sponse is seen in Figure 2~lc.

14
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For the duration of the storage time ts’ the anode current remains
essentially constant, the minority carrier electron-hole plasma is
being '"squeezed" toward the center of the device as shown in Figure 2-2.

For the duration of the fall time t_., the plasma density is being re-

f,
duced by the gate current until the blocking junction J2 comes out of

saturation and the device turns off.

1. The Turn-Off Velocity

In order to obtain a quantitative evaluation for the storage time
and fall time, the velocity with which the plasma is squeezed

laterally toward the center of the cathode is determined.

The conditions are derived from the model in Figure 2-3. Here,
the net rate of removal of minority carriers from an elemental
volume (Axbpry) at the boundary Xy between the "on'" and "off" re-
gion is considéred; the center is taken as the origin (see Figure 2-3a).
The cathode-emitter junction is reverse biased ("off") to the right of

Ax,, i.e., toward the gate with the negative potential applied. It is

b’
forward biased ("om'") in the region to the left of Axb, i.e., toward
the center of the emitter.

The gradient of the electron concentration in the "on" region is

constant in the z-direction, pure diffusion is assumed for carrier

transport across the N-base (see Figure 2-3b).
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Figure 2-2. Electron-Hole Plasma “Squeezed”
Toward Center of Cathode during
Turn-Off Process
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