17 /NEGATIVE-RESISTANCE

DEVICES

A number of devices which find extensive application in pulse and
switching circuitry are most conveniently characterized in terms of a
volt-ampere curve which displays, over a limited range, a negative
incremental resistance. In this chapter we describe the physical
principles which account for this characteristic in the tunnel diode, the
unijunction transistor, the p-n-p-n diode, the silicon controlled switch,
and the thyristor. In the following chapter, circuits are constructed
with these negative-resistance devices and it is demonstrated that
bistable, monostable, and astable operation are possible.

12-1 THE TUNNEL DIODE

A p-n junction diode of the type discussed in Sec. 6-1 has an impurity
concentration of about 1 part in 108, With this amount of doping
the width of the depletion layer, which constitutes a potential barrier
at the junction, is of the order of 5 microns (5 X 10-4 cm). This
potential barrier restrains the flow of carriers from the side of the
junction where they constitute majority carriers to the side where they
constitute minority carriers. If the concentration of impurity atoms
is greatly increased, say to 1 part in 103, then the device characteristics
are completely changed. This new diode was announced in 1958 by
Esaki,! who also gave the correct theoretical explanation for its volt-
ampere characteristic, which is depicted in Fig. 12-1. The width
of the junction barrier varies inversely as the square root of impurity
concentration and therefore is reduced from 5 microns to about
100 A (10~% ¢m). This thickness is only about one-fiftieth the wave-
length of visible light. Classically, a particle must have an energy
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Fig. 12-1 Volt-ampere characteristic of a tunnel diode.

at least equal to the height of a potential barrier if it is to move from one side
of the barrier to the other, However, for barriers as thin as those estimated
above in the Esaki diode, quantum mechanics dictates that there is a large
probability that an electron will penetrate through the barrier. The quantum-
mechanical behavior is referred to as ‘“tunneling,” and hence these high-
impurity-density p-n junction devices are called ‘“tunnel diodes.” This same
tunneling effect is responsible for high-field emission of electrons from a cold
metal and for radioactive emissions.

As a consequence of the tunneling effect and the band structure of heavily
doped semiconductors the volt-ampere characteristic of Fig. 12-1 is obtained.?3
The device is an excellent conductor in the reverse direction (p side of junction
negative with respect to the n side). Also, for small forward voltages (up to
50 mV for Ge) the resistance remains small (of the order of 5 ©). At the
peak current Ip corresponding to the voltage Vp the slope dI/dV of the char-
acteristic is zero. If V is increased beyond Vp, then the current decreases.
As a consequence the dynamic conductance ¢ = dI/dV is negative. The
tunnel diode exhibits a negative-resistance characteristic between the peak
current /p and the minimum value Iy, called the valley current. At the valley
voltage Vv at which I = Iy the conductance is again zero, and beyond this
point the resistance becomes and remains positive. At the so-called peak
forward voltage V g the current again reaches the value Ip. For larger voltages
the current increases beyond this value. The portion of the characteristic
beyond V' is caused by the injection current in an ordinary p-» junction diode.
The remainder of the characteristic is a result of the tunneling phenomenon in
the highly doped diode.

For currents whose values are between Iy and I the curve is triple-valued,
because each current can be obtained at three different applied voltages.
It is this multivalued feature which makes the tunnel diode useful in pulse and
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digital circuitry (Chap. 13). Note that whereas the characteristic in Fig. 12-1
is a multivalued function of current, it is a single-valued function of voltage.
Each value of V corresponds to one and only one current. Hence, the tunnel
diode is said to be wvoltage-controllable. The vacuum-tube tetrode is another
negative-resistance device belonging to the voltage-controllable class. On
the other hand, there also exist negative-resistance devices whose character-
istics are multivalued functions of voltage but are single-valued with respect
to current. These current-controllable devices (for example, the unijunction
transistor, the p-n-p-n diode, etc.) are discussed later in this chapter.

The standard circuit symbol* for a tunnel diode is given in Fig. 12-2a.
The small-signal model for operation in the negative-resistance region is
indicated in Fig. 12-2b. The negative resistance — R, has a minimum at the
point of inflection between I and Iy. The series resistance R, is ohmic
resistance. The series inductance L, depends upon the lead length and the
geometry of the diode package. The junction capacitance C' depends upon
the bias and is usually measured at the valley point. Typical values for
these parameters for a tunnel diode of peak current value 7, = 10 mA are
—R,=—-309, R, =19, L, = 5 nH, and C = 20 pF.

Our principal interest in the tunnel diode is its application as a very high
speed switch. Since tunneling takes place at the speed of light, the transient
response is limited only by total shunt capacitance (junction plus stray wiring
capacitance) and peak driving current. Switching times of the order of a
nanosecond are reasonable, and times as low as 50 psec have been obtained.

The most common commercially available tunnel diodes are made from
germanium or gallium arsenide. It is difficult to manufacture a silicon tunnel
diode with a high ratio of peak-to-valley current Ip/Iy. Table 12-1 summa-
rizes the important static characteristics of these devices. The voltage values
in this table are determined principally by the particular semiconductor used

TABLE 12-1 Typical tunnel-diode

parameters
Ge GaAs Si
Ip/Iv 8 15 3.5
Ve,V 0.055 0.15 0.065
Vv,V 0.35 0.50 0.42
Ve,V 0.50 1.10 0.70
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and are almost independent of the current rating.  Note that gallium arsenide
has the highest ratio Ip/Iv and the largest voltage swing Ve — Vp = 1.0 V.
as against 0.45 V for germanium.

The peak current Ip is determined by the impurity concentration (the
resistivity) and the junction area. A spread of 20 percent in the value of
Ip for a given tunnel-diode type is normal, but tighter-tolerance diodes are
also available. For computer applications, devices with 7p in the range of
1 to 100 mA are most common. However, it is possible to obtain diodes
whose Ip is as small as 100 uA or as large as 100 A.

The peak point (Vp, Ip), which is in the tunneling region, is not a very
sensitive function of temperature. Commercial diodes are available® for
which Ip and Vp vary by only about 10 percent over the range — 50 to +150°C.
The temperature coefficient of Ip may be positive or negative, depending
upon the impurity concentration and the operating temperature, but the
temperature coefficient of Vp is always negative. The valley point Vy,
which is affected by injection current, is quite temperature-sensitive. The
value of Iy ingreases rapidly with temperature and at 150°C may be two or
three times its value at —50°C. The voltages Vv and Vr have negative
temperature coeflicients of about 1.0 mV/°C, a value only about half that
found for the shift in voltage with temperature of a p-n junction diode or
transistor. These values apply equally well to Ge or GaAs diodes. Gallium
arsenide devices show a marked reduction of the peak current if operated at
high current levels in the forward injection region. However, it is found
empirically?® that negligible degradation results if, at room temperature, the
average operating current I is kept small enough to satisfy the condition
I/C <£0.5 mA/pF, where C is the junction capacitance. Tunnel diodes are
found to be several orders of magnitude less sensitive to nuclear radiation than
are transistors.

The advantages of the tunnel diode are low cost, low noise, simplicity,
high speed, environmental immunity, and low power. The disadvantages
of the diode are its low output-voltage swing and the fact that it is a two-
terminal device. Because of the latter feature, there is no isolation between
input and output, and this leads to serious circuit-design difficulties. Hence,
a transistor (an essentially unilateral device) is usually preferred for frequen-
cies below about 1 GHz (a kilomegacycle per second) or for switching times
longer than several nanoseconds. The tunnel diode and transistor may be
combined advantageously, as indicated in Sec. 13-11.

12-2 THE BACKWARD DIODE

A tunnel diode designed to have a small peak current (Ip of the order of Iv)
may be used to advantage, in the reverse direction, for purposes for which the
conventional diode is employed in the forward direction. The volt-ampere
characteristic of such a ‘“tunnel rectifier” is shown in Fig. 12-3. Because
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this device is a better conductor in the reverse than in the forward direction
it is also called a “backward diode” or simply a ‘‘back diode.” In the neigh-
borhood of zero voltage, in response to either a forward-biasing or reverse-
biasing voltage, the tunnel diode responds with a current which is large in
comparison to the corresponding current in a conventional diode. These large
currents are a result of the tunneling effect. In the back diode, the current
due to tunneling is large only in the reverse direction. For this reason the
back diode is also called the ‘“‘unitunnel diode.”

The high-conduction portion of the volt-ampere characteristic of Fig. 12-3
is in the third quadrant. Since this portion of the characteristic corresponds
to the region of forward conduction in a conventional diode, it is customary
to plot the back diode with the voltage and current scales both reversed. In
the back diode, the ‘“forward direction” of applied voltage is actually the
direction where the p side of the diode is negative with respect to the = side.
The appearance of the characteristics as normally supplied by manufacturers
may be seen by turning the page upside down.

The merits of the back diode are made clear in Fig. 12-4, where the
“forward” characteristics at various temperatures of a typical silicon back
diode are compared with the forward characteristics of a conventional diode.
We note that the temperature sensitivity of the back diode is appreciably
less than the sensitivity of the conventional diode. The back diode has a
sensitivity of about —0.1 mV/°C (both silicon and germanium), compared, as
we have seen, with about —2 mV/°C for the conventional diode. We observe
further that while the conventional silicon diode has a break point, at room
temperature, between 0.6 and 0.7 V, the back diode has a break point at 0 V.
The back diode is therefore very useful when the rectifying action of a diode
is required in connection with small-amplitude waveforms. Suppose, by way
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of example, that a sinusoidal signal is applied to a rectifying circuit which
consists of a diode and resistor in series. If the signal has an amplitude of, say,
200 mV, and the diode is & conventional device (silicon or germanium), the
diode will hardly conduct at any point in the cycle and the efficiency of rectifi-
cation will be very poor. With a back diode the efficiency will be greatly
improved.

12-3 THE UNIJUNCTION TRANSISTOR®

The construction of this device is indicated in Fig. 12-5a. A bar of high-
resistivity n-type silicon of typical dimensions 8 X 10 X 35 mils, called the
base B, has attached to it at opposite ends two ohmic contacts Bl and B2.
A 3-mil aluminum wire, called the emitter E, is alloyed to the base to form a
p-n rectifying junction. This device was originally described in the literature
as the double-base diode but is now commercially available under the designation

Base, B B2 L

n-type Si bar B2
Lr
Alrod
Ej Ohmic
. . contacts
p-n-junction =)
(a) 11 (b)

Fig. 12-5 Unijunction transistor. (a) Constructional details; (b)
circuit symbol (Ref. 4).
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unijunction transistor (UJT). The standard symbol for this device is shown
in Fig. 12-5b. Note that the emitter arrow is inclined and points toward B1,
whereas the ohmic contacts Bl and B2 are brought out at right angles to the
line which represents the base.

As usually employed, a fixed interbase potential Vg is applied between
Bl and B2. The most important characteristic of the UJT is that of the
input diode between E and B1. If B2 is open-circuited so that Iz, = 0, then
the input volt-ampere relationship is that of the usual p-n junction diode as
given in Eq. (6-1). In Fig. 12-6 the input current-voltage characteristics are
plotted for Iz, = 0 and also for a fixed value of interbase voltage Vzz. The
latter curve is seen to have the current-controlled negative-resistance character-
istic which is single-valued in current but may be multivalued in voltage. A
qualitative explanation of the physical origin of the negative resistance will
now be given,

If Iz = 0 then the silicon bar may be considered as an ohmic resistance
Rsp between base leads. Usually B3 lies in the range between 5 and 10 K.
Between B1 (or B2) and the n side of the emitter junction the resistance is
Rpg1 (or Rg,, respectively), so that Bzs = Rp; + Rse.  Under this condition
of zero or very small emitter current the voltage on the n side of the emitter
junction is 7V s, where n = Raz/Rgs is called the ¢ntrinsic stand-off ratio.
This parameter is specified by the manufacturer and usually lies between
0.5 and 0.75. If Vg is less than 7V g, then the p-n junction is reverse-biased
and the input current Iz is negative. As indicated in Fig. 12-6, the maximum
value of this negative current is the reverse saturation current Izp, which
is of the order of only 10 uA even at 150°C. If Vg is increased beyond 7V gz
the input diode becomes forward-biased and Iy goes positive. However, as
already noted in connection with Fig. 12-6, the current remains quite small
until the forward bias equals the cutin voltage V, (= 0.6 V), and then increases
very rapidly with small increases in voltage. We must now take account
of the conductivity modulation of the base region due to Ig.

The emitter current increases the charge concentration between E and
B1 because holes are injected into the n-type silicon. Since conductivity
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is proportional to charge density, the resistance Rp; decreases with increasing
emitter current. Hence, for voltages above the threshold value V,, a8 Iy is
increased (by either increasing Vgg or decreasing Rg in Fig. 12-5b) the voltage
Ve between E and Bl decreases because of the decrease in the value of the
resistance Rp;. Since the current is increasing while the voltage is decreasing,
then this device possesses a negative resistance. .

After the emitter current has become very large compared with Ip,, then
we may neglect /s, Hence, for very large I the input characteristic asymp-
totically approaches the curve for Iz, = 0. As indicated in Fig. 12-6, this
behavior results in a minimum or valley point where the resistance changes
from negative to positive. For currents in excess of the valley current Iy
the resistance remains positive. This portion of the curve is called the satura-
tion region. The voltage at Iz = 50 mA is arbitrarily called the saturation
voltage Vg(sat) and is of the order of 3 V.

At the maximum voltage or peak point Vp the current is very small
(Ip = 25 pA), and hence the region to the left of the peak point is called the
cutoff region. For many applications the most important parameter is the
peak voltage Vp, which, as explained above, is given by

Ve=nVes+ V, (12-1)

In Sec. 6-1 we noted that V., =~ 0.6 and decreases about 2 mV/°C. (Both of
these facts are approximated by replacing V., by 200/T, where 7 is the junc-
tion temperature in degrees Kelvin.) Since the temperature coefficient of
Rp, is the same as that of Rp,, then n = Rpy/(Rs1 + Rss:) should be inde-
pendent of temperature. Experimentally it is found that the temperature
coeflicient of 5 is less than 0.01 percent/°C and may be either positive or
negative. To illustrate that Vp is quite insensitive to temperature, assume
7 = 0.5, Vps = 20 V, and a temperature change from 25 to 125°C. At 25°C,
Ve =10.6 V. At 125°C the change due to ¥V, is 0.2 V and due to 5 is a maxi-
mum of 0.2 V. Hence Vp will decrease no more than 4 percent over the 100°C
increase in temperature. The peak voltage can be made even much less
sensitive to temperature by adding a small resistance R, in series with the
B2 lead (Prob. 12-12).

The peak current I varies inversely with the interbase voltage Vs and
decreases with increasing temperature. Typically, a peak current of 10 pA
at 25°C will reduce to about 6 uA at 125°C and increase to 12 pA at —55°C.

A family of input characteristics for commercially available UJTs is
indicated in Fig. 12-7a. Note that the peak voltage increases linearly with
Vs, and observe also that the valley is very broad. Hence it is difficult to
give the exact value of the valley current Iy, but the valley voltage Vy can
be determined fairly accurately. The valley current has about the same
temperature coefficient as the peak current.

A family of output characteristics are given in Fig. 12-7b. The straight
line for Iz = 0 indicates that with the emitter open-circuited the n-type
silicon bar is essentially ohmic.* The reciprocal slope of this line gives Rgs.
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Fig. 12-7 Unijunction characteristics for types 2N489 through 2N494, (a)
Input; (b) output. (Courtesy of General Electric Company.)

For Ir = 50 mA the drop across Rg1is3 Vevenif Ip2 = 0. As Ip;isincreased,
R, decreases, and the decreased drop across R, offsets the increase in voltage
across Rp,. Hence the voltage Vs remains almost constant for small values
of Ip, (up to about 10 mA) and then rises with B2 current.

We shall find when we discuss applications of the unijunction transistor
that the input characteristics in Fig. 12-7a are much more important than the
output curves of Fig. 12-7b. The most useful features of the UJT are its
stable firing voltage Vp which depends linearly on Vg, the low (microampere)
firing current Ip, the stable negative-resistance characteristic, and the high
pulse-current capability.

12-4 THE FOUR-LAYER DIODE®

Another device which exhibits a negative resistance and which finds extensive
applications in switching circuits is represented in Fig. 12-8, together with its
cireuit symbol. The device consists of four layers of silicon doped alternately

J1 I Jy

Anode Cathode
o—— P N P N p—

Fig. 12-8 (o) A four-layer p-n-p-n
@ diode; (b) standard circuit symbol
(Ref. 4); (c) alternative symbol (not
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with p- and n-type impurities. Because of this structure it is called a p-n-p-n
(often pronounced “‘pinpin”’) diode or switch. The terminal P region is the
anode, or p emitter, and the terminal N region is the cathode, or n emitter.
When an external voltage is applied to make the anode positive with respect
to the cathode, junctions J, and J; are forward-biased and the center junction
J2 is reverse-biased. The externally impressed voltage appears principally
across the reverse-biased junction, and the current which flows through the
device is small. As the impressed voltage is increased, the current increases
slowly until a voltage called the firing or breakover voltage V o is reached where
the current increases abruptly and the voltage across the device decreases
sharply. At this breakover point the p-n-p-n diode switches from its oFr (also
called blocking) state to its on state.

In Fig. 12-9a, the p-n-p-n switch has been split into two parts which
have been displaced mechanically from one another but left electrically
connected. This splitting is intended to illustrate that the device may be
viewed as two transistors back to back. One transistor is a p-n-p type,
whereas the second is an n-p-n type. The N region that is the base of one
transistor is the collector of the other, and similarly for the adjoining P region.
The junction J» is a common collector junction for both transistors. In
Fig. 12-9b the arrangement in Fig. 12-9a has been redrawn using transistor-
circuit symbols, and a voltage source has been impressed through a resistor
across the switch, giving rise to a current Z. Collector currents I¢; and I¢:
for transistors Q1 and Q2 are indicated. In the active region the collector
current is given by Eq. (6-13),

Ic = —alg+ Igo (12-2)
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with I the emitter current, I¢o the reverse saturation current, and « the
short-circuit common-base forward current gain. We may apply Eq. (12-2),
in turn, to Q1 and Q2. Since Ig; = +7 and Igs = —1I, we obtain

Ici = —od + Icox (12-3)

Ic: = azl + Ico: (12-4)
For the p-n-p transistor I¢o) is negative, whereas for the n-p-n device I¢o: is
positive. Hence, we write Icos = —Ico1 = Ico/2. Setting equal to zero the
sum of the currents into transistor @1 we have

I+ TIei—1Ica=0 (12-5)

Combining Egs. (12-3) through (12-5) we find

I = Icos — Icor _ Ico (12-6)

1l —a1— 1—a1— a

We observe that as the sum «; + «. approaches unity Eq. (12-6) indicates
that the current I increases without limit; that is, the device breaks over.
Such a development is not unexpected in view of the regenerative manner
in which the two transistors are interconnected. The collector current of
Q1 is furnished as the base current of @2, and vice versa. When the p-n-p-n
switch is operating in such a manner that the sum oy 4 a: is less than unity,
the switch is in its oFr state and the current I is small. When the condition
a1 + a2 = 1 is attained, the switch transfers to its on state. The voltage
across the switch drops to a low value and the current becomes large, being
limited by the external resistance in series with the switch.

The reason why the device can exist in either of two states is that at
very low currents a; and a2 may be small enough so that «; + a2 < 1, whereas
at larger currents the «’s increase, thereby making it possible to attain the
condition a; + a; = 1. Thus, as the voltage across the switch is increased
from zero, the current starts at a very small value and then increases because
of avalanche multiplication (not avalanche breakdown) at the reverse-biased
junetion. This increase in current increases aj; and as. When the sum of
the small-signal avalanche-enhanced alphas equals unity, ay + a: = 1, breakover
occurs. At this point, the current is large, and a; and a, might be expected
individually to attain values in the neighborhood of unity. If such were the
case, then Eq. (12-6) indicates that the current might be expected to reverse.
What provides stability to the ox state of the switch is that in the on state the
center junction becomes forward-biased. Now all the transistors are in
saturation and the current gain « is again small. Thus, stability is attained
by virtue of the fact that the transistors enter saturation to the extent necessary
to maintain the condition a; + a» = 1.

In the on state all junctions are forward-biased, and so the total voltage
across the device is equal very nearly to the algebraic sum of these three
saturation junction voltages. The voltage drop across the center junction
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J: is in a direction opposite to the voltages across the junctions J, and J;.
This feature serves additionally to keep quite low (of the order of 0.7 V)
the total voltage drop across the switch in the oN state.

The operation of the p-n-p-n switch depends, as we have seen, on the
fact that at low currents, the current gain « may be less than one-half, a
condition which is necessary if the sum of two a’s is to be less than unity.
This characteristic of « is not encountered in germanium but is distinctive
of silicon, where it results from the fact that at low currents an appreciable
part of the current which crosses the emitter junction is caused by recombina-
tion of holes and electrons in the transition region rather than the injection of
minority carriers across the junction from emitter to base.” In germanium
it is not practicable to establish a; + a; < 1. Therefore germanium struc-
tures incline to settle immediately in the on state and have no stable orF
state. Accordingly, germanium p-n-p-n switches are not available. We shall
see in the discussion below that the p-n-p-n structure and mechanism are basic
to a large number of other switching devices and in all but one (Sec. 12-9)
the material employed is silicon. Thus we shall encounter silicon controlled
rectifiers (SCR) but no germanium controlled rectifiers, ete.

12-5 p-n-p-n CHARACTERISTICS

The volt-ampere characteristic of a p-n-p-n diode, not drawn to scale, is shown in
Fig. 12-10. When the voltage is applied in the reverse direction, the two outer
junctions of the switch are reverse-biased. At an adequately large voltage,
breakdown will oceur at these junctions, as indicated, at the “reverse ava-
lanche” voltage V4. However, no special interest is attached to operation
in this reverse direction. :

When a forward voltage is applied, only a small forward current will flow
until the voltage attains the breakover. voltage Vgzo. The corresponding
current is Ipo. If the voltage V which is applied through a resistor as in
Fig. 12-9b is increased beyond V po, the diade will switch from its oFr (blocked)
state to its oN (saturation) state and will operate in the saturation region.
The device is then said to latch. If the voltage is now reduced, the switch will
remain oN until the current has decreased to Iz. This current and the cor-
responding voltage Vy are called the holding or latching current and voltage, .
respectively. The current Iy is the minimum current required to hold the
switch in its on state.

There are available p-n-p-n switches with voltages Vso in the range from
tens of volts to some hundreds of volts. The current Ipo is of the order, at
most, of some hundreds of microamperes. In this oFF range up to breakover,
the resistance of the switch is the range from some megohms to several hundred
megohms. -

The holding current varies, depending on the type, in the range from sev-
eral milliamperes to several hundred milliamperes. The helding voltage is
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found to range from about 0.5 V to about 20 V. The incremental resistance
Ry in the saturation state is rarely in excess of 10 @ and decreases with increas-
ing current. At currents of the order of amperes (which' can be sustained
briefly under pulsed operation), the incremental resistance may drop to as low
as some tenths of an ohm.

The switching parameters of the four-layer diode are somewhat tempera-
ture-dependent. A decrease in temperature from room temperature to —60°C
has negligible effect on Vgzo, but a temperature increase to +100°C will
decrease Vo by about 10 percent. Iy decreases substantially with increase
in temperature and increases to a lesser extent with decrease in temperature.

Rate Effect We can see that the breakover voltage of a p-n-p-n switch
depends on the rate® at which the applied voltage rises. In Fig. 12-11 we
have represented the switch in the oFF state as a series combination of three
diodes, two forward-biased and the center one reverse-biased. Across this
latter diode we have placed a capacitance which represents the transition
capacitance across this reverse-biased junction. When the applied voltage v
increases slowly enough so that the current through C may be neglected, we
must wait until the avalanche-increased current through D2 (which is also
the current through D1 and D3) increases to the point where the current gains
satisfy the condition a; + a» = 1. When, however, » changes rapidly, so
that the capacitor voltage changes at the rate dve/dt, a current C dve/dt passes

I
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breakdown
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Fig. 12-10 Volt-ampere characteristic of the p-n-p-n diode.



Fig. 12-11  p-n-p-n diode in orF
state to illustrate the origin of the Anode
raote effect.

through C and adds to the current in D1 and D3. The current through D2
need not be as large as before to attain breakover, and switching takes place
at a lower voltage. The capacitance at the reverse-biased junction may lie
in the range of some tens of picofarads to over 100 pF, and the reduction in
switching voltage may well make itself felt for voltage rates of change dvc/dt
of the order of tens of volts per microsecond.

The discussion above suggests that V3o would continue to become smaller
as dve/dt increases. Actually, as the rate dve/dt increases and becomes very
rapid the reduction of switching voltage may become much less pronounced.
The reason for this apparently anomalous situation is that, before switching
takes place, not only must the switch current reach a certain level but also a
time interval is required for the redistribution of base charge in the two
“transistors” to allow the end junctions to function as emitting junctions of a
transistor. If the applied voltage rises rapidly enough it may well have
reached the d-c breakover voltage before this redistribution of base charges
has been completed. This matter of stored base charge is considered in detail
in Chap. 20, where there is also a discussion of matters relating to the speed
with which a transistor can be turned on and orr. For the present we simply
note that for typical p-n-p-n switches the time required to complete the transi-
tion from oFF to oN is about 0.1 usec, and the time to complete the reverse
transition is about 0.2 usec.

12-6 THE SILICON CONTROLLED SWITCHs®.1¢

The structure of the silicon controlled switch (SCS) consists of four alternate
p- and n-type layers, as in the four-layer diode. In the SCS (also called a
p-n-p-n transistor or n~p-n-p switch) connections are made available to the inner
layers, which are not accessible in the diode. The circuit symbols for the
SCS are shown in Fig. 12-12. The terminal connected to the P region nearest
the cathode is called the cathode gate, or p base, and the terminal connected
to the N region nearest the anode is called the anode gate, or n base. In very
many switch types both gates are not brought out. Where only one gate
terminal is available it is ordinarily the cathode gate. These three-terminal
devices are available under a variety of commercial names (Sec. 12-8).

The usefulness of the gate terminals.rests on the fact that currents intro-
duced into one or both gate terminals may be used to control the anode-to-
cathode breakover voltage. Such behavior is to be expected on the basis
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Anode
Gy Fig. 12-12 (a) Circvit symbol used
by most manufacturers for the SCS;
Ce (b) alternative symbol (Ref. 4).
- Cathode
(@) ]

of the earlier discussion of the condition a; + a» = 1 which establishes the
firing point. If the current through one or both outer junctions is increased
as a result of currents introduced at the gate terminals, then a increases and
the breakover voltage will be decreased. In Fig. 12-13 the volt-ampere
characteristic of an SCS is shown for various cathode-gate currents. We
observe that the firing voltage is a function of the gate current, decreasing
with increasing gate current and increasing when the gate current is negative
and consequently in a direction to reverse-bias the cathode junction. The
current after breakdown may well be larger by a factor of a thousand than the
current before breakdown. When the gate current is very large, breakover
may occur at so low a voltage that the characteristic has the appearance of a
- simple p-n diode.

The breakover voltage may be increased by applying reverse voltage
to the cathode junction or equivalently by injecting a reverse current into the
gate terminal. So long as firing is determined by the condition a; + a2 = 1

i
|
: I >1s >0
|

Iy~ Zos Ig Ig=0
Tt e daa). I;<0
I, large —
0 Vao v

Fig. 12-13 Volt-ampere characteristics of a three-
terminal SCS illustrating that the forward breakover
.voltage is a function of the cathode-gate current. (Not
drawn to scale.)
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Avalanche breakdown V.
of center junction
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Fig. 12-14 Typical variation of breakover voltage Vzoin an
SCS as a function of cathode-gate bias Vg, gate current I,
ond gote resistance Rg.

the breakover voltage Vo will be increased. Eventually, however, a point
is reached where firing is the result of an avalanche breakdown of the center
junction. In this case there is no additional increase in Vizo even if the
cathode junction is further reverse-biased. The form of the variation of
breakover voltage for a typical SCS is sketched in Fig. 12-14 for three separate
circumstances of bias provided by a voltage source V¢, a current source I,
or a resistor K¢ connected from the cathode gate to the cathode. Note that
very large values of R¢ are equivalent to I = 0, and very small values of Rg
to Vg = 0. These curves are temperature-dependent, the breakover voltage
at fixed I¢ decreasing with an increase in temperature.

From Fig. 12-14 we see that in the forward-bias region Vo changes very
rapidly with Vg or ;. Hence we may expect great variability in the firing
‘voltage from unit to unit. For this reason the manufacturer does not supply
curves of the sort indicated in Fig. 12-14. Instead he provides information
concerning the forward voltage or current (as a function of temperature),
which, even at an anode-to-cathode voltage of only a few volts, is “guaranteed
to cause triggering in all units.”” For the SCS depicted in Fig. 12-14 this
maximum gate firing signal is 30 pA or 0.6 V d-c or a pulse of this magnitude
(with a minimum pulse width, as discussed in the following section).

Three commonly employed methods of providing bias to a silicon con-
trolled switch are shown in Fig. 12-15. In Fig. 12-15a a resistor R is con-
nected from gate to cathode. In Fig. 12-15b the resistor is returned to a
negative supply voltage to raise the firing voltage. The diode is employed to
limit the possible back-biasing voltage across the cathode junction. This
precaution is necessary since the maximum allowable reverse voltage at the
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Fig. 12-15 Biasing methods for the SCS. The switch is
fired by applying a signal (either d-c or pulse) to gate
input terminal G.

n-emitter junction is often not more than a few volts. In Fig. 12-15¢ the
voltage drop across the forward-biased diode provides negative bias for the
switch. The positive supply serves to provide current to keep the diode
forward-biased.

Suppose that a supply voltage is applied through a load resistor between
anode and cathode of a silicon controlled switch. Consider that the bias is
such that the applied voltage is less than breakover voltage. Then the switch
will remain oFr and may be turned oN by the abplication to the gate of a
triggering current or voltage adequate to lower the breakover voltage to less
than the applied voltage. The switch having been turned on, it latches, and
it is found to be impractical to stop the conduction by reverse-biasing the gate.
For example, it may well be that the reverse gate current for turn-off is nearly
equal to the anode current. Ordinarily the most effective and commonly
employed method for turn-off is, temporarily at least, to reduce the anode
voltage below the holding voltage Vy or equivalently to reduce the anode
current below the holding current 75. The gate will then again assume con-
trol of the breakover voltage of the switch.

12.7 SCS CHARACTERISTICS

Silicon controlled switches are ordinarily available in types that allow con-
tinuous anode currents up to about 1.0 A and maximum breakover voltages
in the range from about 30 to 200 V.

The anode current which flows when reverse voltage is applied between
anode and cathode is small, being of the order of several thousandths of a
microampere in a unit with low leakage to about 1 uA in other units. The
magnitude of this current is quite comparable to the current which flows
when the anode-cathode voltage is in the forward direction but the switch is in
an oFF state. Both these currents, forward and reverse, increase with tempera-
ture in a manner similar to the reverse saturation current in a transistor.
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The ratio of the continuous allowable anode current to the forward gate
current required to turn the switch on even at low anode-to-cathode voltage
is rarely less than several hundred, and in specially sensitive switches may
attain values approaching 50,000. Thus, triggering currents of tens of micro-
amperes may be enough to turn o~ a switch which will then carry continuously
hundreds of milliamperes. The impedance seen looking into the cathode-gate
terminals is that of a forward-biased silicon diode. As we observe from Fig.
6-2, no appreciable diode current flows in a silicon diode except for voltages in
excess of about 0.6 V. Accordingly, we find that required triggering voltages
are usually of the order of 0.6 V. The firing current and voltage required
decrease with increasing temperature.

The holding voltage at room temperature is approximately 1.0 V and
the holding current lies in the range from less than a milliampere to several
tens of milliamperes depending on the size of the unit. Both the holding
voltage and holding current decrease with temperature. The incremental
resistance between anode and cathode on the o~ state is usually less than 1 @
and may be as low as several tenths of an ohm. The holding current is affected
by the gate bias. Increasing this bias increases the holding current because
the more negative bias diverts out of the gate terminal some of the internal
feedback current that the switch requires to maintain itself in the on state.

Rate Effect Silicon controlled switches suffer from the same rate effect as
do four-layer diodes (page 464). The inclination of a switch to fire prematurely
because of the rate effect may be suppressed by operating the switch with a
larger reverse bias on the gate and by reducing the resistance between gate and
cathode. Both these measures, of course, reduce the sensitivity of the switch
to an externally impressed triggering signal. An additional effective method
is to bypass the gate to the cathode through a small capacitance. This
component will shunt current past the cathode-gate junction in the presence
of a rapidly varying applied voltage, but will have no effect on the d-c operation
of the switch.

When both gate terminals G, and G¢ are externally available, the circuit!!
of Fig. 12-16 may be employed to suppress the rate effect entirely. In this
circuit, the anode gate has been returned to the supply voltage through a
resistor Re4. The switch 8 is not essential to the circuit and has been included
only to facilitate the discussion to follow.

Assume initially that switch S is open and that the SCS is orr. The
resistance Rg4 is large enough not to affect materially the voltages on the
various layers of the silicon switch. The capacitor C represents the capaci-
tance across the center junction of the switch when this junction is reverse-
biased. When a triggering signal is applied at the cathode gate G¢, the voltage
at the anode A drops, as does also the voltage at the anode gate G4. The SCS
may now be reset to the oFF state by closing switch 8, since, with S closed, the
anode voltage and current are reduced below the holding values. As long as
switch S is closed the anode must remain at ground voltage even though the
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Fig. 12-16 A silicon-controlled-switch circuit
which eliminates the rate effect.

Triggering
signal
o—— X

-

SCS is oFr. The anode gate, however, is not so restrained and will begin to
rise toward V.. with a time constant nominally equal to Re4C (for B¢ K Rga).
The rising anode-gate voltage will charge the capacitor C. It will also reverse-
bias the anode-to-anode-gate junction because A is at ground potential and
G is rising toward V 44.

If the switch S is now opened, the anode voltage will rise abruptly, being
limited in its speed dv/dt only by whatever incidental capacitance may be
present at the anode. If it were not for the fact that the anode gate G4 is
already at the supply voltage, this rapid rise in anode voltage might cause a
premature firing. As noted in Sec. 12-5, premature firing results from the

_current which passes through the two forward-biased junctions and the
capacitance C of the reverse-biased junction. In the present case, however,
this rapid rise in voltage is transmitted through a reverse-biased rather than a
forward-biased anode junction. Consequently a smaller cathode junction
current flows. Furthermore, so long as the anode junction is reverse-biased
the negative-resistance p-n-p-n characteristic which is responsible for the
switching cannot develop since forward-biased anode and cathode junections
are required. The net result is that, provided enough time is allowed after
the closing of switch S for the anode-gate voltage to rise, the switch is entirely
free of rate effect at the anode. In a typical case Rea =~ 100 Kand C = 5 pF,
80 that the time constant i8 Re.C = 0.5 usec.

The connection of Rg4 to the supply V.4, as in Fig. 12-16, will suppress
the rate effect against a rapid rise in anode voltage such as would result from
the opening of switch 8. However, with switch S open the rate effect might
again make itself felt if a positive transient appears at the anode supply voltage.
In this case the capacitor ¢ would restrain the anode gate from rising as rapidly
as the anode, and the anode junction would not be reverse-biased. This
situation may be corrected by simply returning the resistor Rea to a supply
voltage higher than the anode supply.

Gate on and oFrF Times The process by which the SCS changes state
occupies a finite time interval. When a triggering signal is applied to a
gate to turn a switch oN, a time interval, the turn-on time, elapses before
the transition is completed. This turn-on time decreases with increasing
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amplitude of trigger signal, increases with temperature, and increases also
with increasing anode current. If the triggering signal is a pulse, then, to
be effective, not only must the pulse amplitude be adequate but the pulse
duration must be at least as long as a critical value called gate time to hold.
Otherwise, at the termination of the gating pulse the SCS will fall back to its
original "state. A similar situation applies in driving the switch oFr by
dropping the anode voltage. At a minimum, the anode voltage must drop
below the holding voltage. If, however, the anode voltage is driven in the
reverse direction the turn-off time may thereby be reduced. The turn-off
time increases with temperature and with increasing magnitude of anode
current. Further, the anode voltage must be kept below the maintaining
voltage for an interval at least as long as a critical value called the gale recovery
time if the transition is to persist after the anode voltage rises.

In fast units, all of the time intervals are in the range of tenths of micro-
seconds, whereas in slower units these times may be as long as several micro-
seconds. In general, the time required to turn a switch oFF ig longer than the
time required to turn it on. The time intervals involved are required to
allow for the establishment and dissipation of stored charge in the base regions,
very much as in the case of the transistor. The matter of charge storage
in transistors is discussed in detail in Chap. 20.

12-8 ADDITIONAL FOUR-LAYER DEVICES!?

The Binistor, Trigistor, and Transwitch (commercial names) are p-n-p-n silicon
devices which are in almost every respect identical to the SCS described above.
They differ only in that, by design, they are more readily turned off by a
negative triggering signal at the gate terminal. - Their sensitivity to a turn-off
trigger is an order of magnitude or so smaller than to a turn-on signal. Voltage
ratings, temperature dependence, and switching-speed characteristics are not
unlike those described for the SCS. Bistable operation of these switches
results when the gate is driven by a train of alternate positive and negative
pulses. When the speed attainable with these devices is adequate, they offer
the great convenience of providing a bistable circuit which involves only a
single active device, 8 minimum of components, and the feasibility of triggering
to either state at one triggering input terminal.

The silicon controlled rectifier (SCR)1%is a three-terminal silicon controlled
switch with the principal difference that the rectifier is mechanically larger
and designed to operate at higher currents and voltages. Currents in excess
of 100 A and operating voltages approaching 1,000 V are possible. The
rectifiers are used to control large amounts of power, whereas the switches are
intended for low-level logic and switching applications. The switches are
characterized not only by smaller voltage and current ratings but also by
comparatively low leakage and holding currents. In addition, the switches
are designed to require smaller triggering signals and have triggering character-
istics which are more uniform from sample to sample of a given type.



472./ PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 12-9

12-9 THE THYRISTOR!?

This germanium three-layer device is similar in construction to a mesa diffused-
junction p-n-p transistor. The essential difference between a transistor and a
thyristor is in the nature of the collector contact. In the thyristor the contact
consists of a nickel tab soldered at high temperature to the germanium of the
collector with an alloy of lead, tin, and indium. At low currents this combina-
tion behaves as an ohmic contact which serves simply to collect the holes that
have diffused across the base and entered the collector region. The special
nature of this contact is that at high currents it acts to inject electrons into the
collector. Thus, at high currents the collector tab behaves like an n-type
layer, making the transistor, in effect, a four-layer device. Typical collector
characteristics for a thyristor are shown in Fig. 12-17. The dashed portions
represent regions of negative resistance. Observe that the curves for low
currents are those of a conventional p-n-p transistor, whereas for higher
currents the characteristics are generally similar to the silicon eontrolled
switch:

It turns out to be feasible to turn the thyristor orr as well as oN by the
application of a triggering signal at the base. The thyristor is like the SCS
in that a larger triggering signal (by a factor of about 10) is required to turn it
oFF than to turn it oN. The thyristor has the advantage of being faster.
Turn-on times of 25 nsec and turn-off times of 100 nsec are not uncommon.
Since the device material is germanium instead of silicon, the holding collector-
to-emitter voltage (=~ 0.3 V) is smaller than in an SCS.

The name thyristor is intended to indicate a transistor replacement
for the thyratron (the gas-filled hot-cathode triode). All the switches dis-
cussed above, however, are analogous to the thyratron and are replacing
it in most applications. These semiconductor devices have the advantages
of smaller triggering requirements, microsecond switching, no heater power,
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no vacuum seal, and smaller size. In addition, unlike the thyratron, some
of the switches may be turned off with a gate signal. In terms of the concepts
introduced in this chapter a thyratron may be described as a device possessing
a current-controlled negative-resistance characteristic which latches upon the
application of a positive pulse of voltage on its grid, but which can be turned
off only by reducing its anode current below the value required to maintain
the ionization.

12-10 AVALANCHE-MODE OPERATION OF TRANSISTORS!

We observe in Figs. 6-18 and 6-20 that when the collector-to-emitter voltage
of a transistor is raised to the level where avalanche breakdown occurs, the
valt-ampere characteristic of the transistor exhibits a current-controlied nega-
tive-resistance characteristic. The similarity between Fig. 6-18 and Fig. 12-13
for the silicon controlled switch is readily apparent. Thus a transistor may be
induced to make an abrupt switching transition from an oFF state to an on
state much in the manner of any of the other current-controlled devices we
have considered in this chapter. There are two important differences between
an avalanche-mode-operated transistor and the other switches. The first
difference concerns the switching time. The oFF to o switching time of the
other switches is in the range of about 0.1 usec (100 nsec), whereas the switch-
ing time for an avalanche transistor may be of the order of a few nanoseconds.
The only competitors for speed with an avalanche transistor are the tunnel
diode and snap-off diode (Sec. 20-7). The oN to oFF switching time of an
avalanche transistor is quite long in comparison with the oFr to on time, and
such turn-off switching is not used when speed is at a premium. The normal
procedure for turning oFF an avalanche transistor is to drop the collector
voltage and, correspondingly, the collector current to a point where the current
is no longer able to sustain the avalanche discharge, that is, to a point below
the holding current.

The second important difference concerns the holding voltage of the
avalanche transistor. In the four-layer switch the maintaining voltage is
of the order of 1 V down to several tenths of a volt. Thus when the switch
is conducting, the power dissipation may be quite small. In the avalanche
transistor the holding voltage may be comparable to the breakdown voltage.
Thus in a transistor biased to avalanche at, say, 100 V, the latching voltage
may be 50 V. As a consequence, when the transistor is on the dissipation
may be comparatively large and thus limit the o~ time of the transistor. For
example, if an avalanche transistor is used to generate a train of pulses, and
even if the pulse duration is short, being of the order of tens of nanoseconds,
the allowable dissipation may severely limit the pulse repetition frequency.

Many transistors originally intended for other purposes will “avalanche,”
that is, respond with speed in avalanche-mode operation. Generally, those
transistors do best which were designed for fast switching applications. In
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addition, there are available a small number of transistor types such as the
Texas Instruments 2N3033 which have been specifically designed for high-
current, high-speed, avalanche-mode operation.

10.
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NEGATIVE-RESISTANCE
SWITCHING CIRCUITS

We consider, in this chapter, circuit applications of the negative-
resistance devices introduced in Chap. 12. . Certain generalized circuit
properties of negative-resistance devices are described first. We then
establish the principles which allow us to determine the mode of oper-
ation of the circuit: bistable, monostable, or astable, Finally, these
general principles are applied to account for the particular behavior of
circuits employing the negative-resistance devices described in the
preceding chapter.

13-1 THE NEGATIVE-RESISTANCE CHARACTERISTIC!

The devices of interest to us display, between a selected set of
terminals, a volt-ampere characteristic such as is represented, in some-
what generalized form, in either Fig. 13-la or b. In Fig. 13-la,
between 0 and 4 and to the right of the point B the device has a
positive incremental resistance, whereas between A and B the incre-
mental resistance is negative since, as may be noted, an ¢ncrease in
voltage causes a decrease in current. Similarly, in Fig. 13-1b, the
portion of the characteristic between 4 and B displays a negative
incremental resistance. For the sake of simplicity, and with no loss
in generality of principle, we have made the characteristics piecewise
linear and have arranged that they pass through the origin. This
feature is in no way essential to the present discussion, although
actually we see in Chap. 12 that all characteristics except that of
the unijunction transistor do indeed pass through the origin. In
addition, the characteristics have the general form shown in Fig. 13-1
without being piecewise finear.

476
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0 B 0
(@) ®

Fig. 13-1 (a) A voltage-controllable negative-resistance characteristic; (b)

a current-controllable negative-resistance characteristic.

We observe in Fig. 13-1a that associated with each voltage there is a
unique current, but the plot does not everywhere associate a unique voltage
with each current. In the plot of Fig. 13-1b the inverse applies. To distin-
guish the one from the other we call the characteristic in Fig. 13-1a voltage-
controllable and in Fig. 13-1b current-controllable. The tunnel diode falls into
the voltage-controllable class, whereas all of the other devices discussed in the
preceding chapter (the UJT, p-n-p-n diode, SCS, thyristor, and avalanche
transistor) have a current-controllable characteristic.

13-2 BASIC CIRCUIT PRINCIPLES

We shall show that a device with a region of negative incremental resistance
may be used to construct a switching circuit. The two classes of negative-
resistance (NR) devices must be considered separately since the basic circuit
of one type is essentially the dual of the other. We shall consider the current-~
controlled NR device first. The basic circuit is indicated in Fig. 13-2a, where
a source of voltage V and a resistor R are shown connected to an Nr device
with the volt-ampere characteristic of Fig. 13-2b. Shunted across the Nr
device is a capacitor C, which may represent stray capacitance or capacitance
deliberately introduced.

The voltage v across the device is the supply voltage V less the drop
across R. If iz is the current through R, then

v=V —izR ! (13-1)

The device current is ¢ and the capacitor current is 7c. We are interested
in the steady state corresponding to a particular value of supply voltage,
say V = V,. When the currents and voltages in the circuit stop changing,
ic = 0 and 7 = 7. Hence, on the same set of coordinate axes on which is
plotted the device characteristic we have drawn the load line corresponding
to Eq. (13-1) with 2z = 7. This line is plotted in Fig. 13-2b as the solid line
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Fig. 13-2 (o) A circvit involving a current-controllable negative-resistance (NR)
device; (b) the load line corresponding to supply voltage V = V, and resistance B
is superimposed on the NR device characteristic in a manner to yield one stable
equilibrium point at X .

passing through the point v = V,, ¢ = 0, and having a slope —1/R. Under
steady-state conditions, the point of operation of the circuit must lie on the
device characteristic and simultaneously on the load line. Hence, correspond-
ing to the particular supply V, the steady-state current and voltage are ¢; and
vy, respectively, corresponding to point of intersection X, of the load line
and the device characteristic. '

Now let there be added to the supply a step of voltage which makes
the new supply voltage V = V.. The new load line is shown dashed, and the
new steady-state operating point will be at X,. A time will elapse before this
new steady-state condition is reached, since the capacitor must change its
voltage. The capacitor charges through an equivalent resistance which is
equal to the parallel combination of R and the (positive) resistance of the
NR device over the region O4. We shall now prove that in response to the
change in supply voltage from V; to V, the operating point of the device
moves from its original position at X, in the direction toward X,. This result
seems obvious enough at the present time, but in establishing the proof, we
shall arrive at a result which will be quite useful in the following discussion.
We have from Fig. 13-2a that

iR=’ic+i=Cg%+i (13-2)

Combining Eq. (13-2) with Eq. (13-1) we find that

dv _

RCm =V — (R +v) (13-3)
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Now suppose that the Nr device is operating at a particular point Xz where
t=1gand v = vg. Then Vg = izR + vg is the supply voltage which would
make operation at ¢z and vz an equilibrium point. Suppose, however, that
the supply voltage is not Vg but is instead V5. Then Eq. (13-3) may be
written

re® = Va= Vs (13-4)
Expressing Eq. (13-4) in words, we have the following theorem: If the device
ts operating at X g, which would be an equilibrium point if the supply voltage were
Vi, but if in reality V. = Vs, then dv/dt is positive if Vg > V. Alternatively,
if Vs < Vg then dv/dt is negative. Applying this result to Fig. 13-2b we note
that when the supply voltage is abruptly increased to V, (= V), then since
Vs > Vi (= V), dv/dt is positive and the operating point moves to the right
along the device characteristic in the direction of increasing v.

We may use Eq. (13-4) to prove that a point such as X, in Fig. 13-2b,
corresponding to the intersection of the device characteristic with the load
line passing through X, is a stable operating point. That is, if the circuit is
perturbed in some manner so that the operating point is caused to depart
from X,, it will return to X.. Such a perturbation might be caused by remov-
ing the capacitor, changing the voltage across it, and then replacing it in the
circuit. Suppose that as the result of such a maneuver the operating point is
established momentarily at X = X; in Fig. 13-2. Then Eq. (13-4) with
Vs = Viand Ve = Vyindicatesdv/dt |x, > 0. Hence there will be an increase
in v which will carry the operating point back to X, Similarly, if X were
located to the right of X,, say at X = X, then Eq. (13-4) would become, with
Xz replaced by X, Ve = Vi, and Vg = ¥,

RC®| —vi—v, (13-5)

t |x, ;
Since V; < V3, then dv/dt < 0 and v decreases so as to carry the operating
point from X5 back to X,. We have thus verified that X, is a stable point
regardless of whether a disturbance momentarily increases or decreases the
voltage across the device.

We shall now apply the above prineiples to show that the basic circuit
of Fig. 13-2a may be made to function in a monostable, bistable, or astable
mode, depending upon the biasing method.

13-3 MONOSTABLE OPERATION

Consider the situation depicted in Fig. 13-3. The supply voltage is initially
Vi, and the steady-state operating point is at X;. A voltage step added to V
increases the supply voltage to V,, carrying the new load line beyond the
critical point A4, so that a new steady state will be established at X,. The
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operating point of the device must, of course, remain on the device character-
istic as it moves toward X,;. Accordingly, the operating point initially moves
to the point A. We may now apply the principle of Eq. (13-4) to establish
that dv/dt is positive at A. Hence, the operating point ecannot continue its
approach toward X, by moving along AB, because along this path dv/dt
would be negative. The only alternative is to have the operating point
jump abruptly vertically from 4 to A’. By applying Eq. (13-4) at A’ we
find that dv/dt is negative. The operating point may therefore continue toward
X, by moving toward the left along A’B. The device has, by taking this oper-
ating path, avoided behaving inconsistently with Eq. (13-4), but there now
exists an anomalous situation in that the path has departed from the device
characteristic. We may, however, take a philosophical attitude toward this
matter and judge that if the transition from A to A’ is completed in zero time,
then actually the operating point has not really left its characteristic. Return-
ing to the circuit of Fig. 13-2a we find no inconsistency in making the abrupt
jump from 4 to A’. Specifically, the voltage has not changed instantaneously,
as indeed it may not, because of the capacitor. The current has changed
abruptly. There is nothing in this idealized circuit to restrain it from so doing.

With a physical Nr device, we expect and observe, in a corresponding
situation, a rapid but hardly instantaneous transition. First, realistic circuits
and devices have all sorts of stray inductances and capacitances not contem-
plated in the discussion above. Second, a physical device has an NRr region
which does not really exist initially at all but is rather generated when a certain
critical voltage or current is reached. To complete creating this region will
ordinarily require a finite time interval. For example, in an avalanche
transistor a negative resistance results from the cumulative generation of
current carriers resulting from the disruption of atomic bonds. A finite time
is required for this cumulative avalanche process to build up and for certain
other redistributions required of the stored charge in the transistor. Thus
when stray inductance or capacitance is reduced to a minimum the speed
of the transition depends very greatly on the mechanism internal to the device
by which the Nr region is generated.
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A discussion analogous to that given above leads to the conclusion that
if, after X, has been attained, the supply voltage is returned to V, then the
operating point will return to X,. From X, the operating point will move
relatively slowly to B, make an abrupt transition to B’, and finally return to X,.
The complete path of the operating point is indicated by the arrows.

In order to induce this transition from the original stable low-current
operating point X, to a temporary high-current state and back again, it is only
necessary that the step of voltage have an amplitude adequate to carry the
load line beyond A and last long enough to allow the operating point to reach
the point A”. Thus the total transition to a quasi-stable state and back again
may be induced by a pulse. Accordingly, we have just described the operation
of a monostable generator of fast waveforms.

One-shot operation is also possible by establishing a quiescent voltage
more positive than that at point A and then applying a negative pulse of
large enough magnitude and long enough duration to carry the operating point
to the left of B.

We have achieved triggering by superimposing a pulse on the supply
voltage to carry the load line beyond a critical point 4. In many physical
devices (those with additional terminals other than the ones between which
the negative-resistance characteristic appears) a triggering pulse applied to one
of these extra terminals will achieve triggering by modifying the device
characteristic. Thus instead of moving the load line to the right of point A,
the triggering pulse may achieve triggering by moving the eritical point to the
left of X; while the load line remains stationary.

13-4 BISTABLE OPERATION

A bistable circuit is generated by selecting a supply voltage and load resistor
that give rise to a load line which intersects the device characteristic in three
places, X, Y, and Z, as in Fig. 13-4. If the circuit is initially at X, then a
positive pulse added to the supply voltage will carry the operating point

i
IA'
" " . 7 )
Fig. 13-4 The load line passing |
through V and intersecting the 2P Z :t
characteristic in three places h\y A
allows bistable operation. ! \\ X
1 | \ -
] /' \\
B \
0 Y

vVt v, vV \4 v
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in the direction of the arrows to the stable operating point Z, where the circuit
will remain permanently. Again the pulse must be adequate in amplitude
to carry the load line beyond point A4, as, for example, is the case with the
load line passing through V’. Also, the pulse duration must be long enough
to allow the operating point to reach A’. After the circuit is established at Z
a negative pulse that carries the load line to the left, as is the case with the
load line passing through V*’, will return the circuit to X. Thus the circuit
has two stable states and may be triggered from one state to the other by
applying alternate positive and negative pulses.

The intersection point at ¥ on the negative-resistance portion of the
characteristic is also a stable point, as may readily be verified. Consider, for
example, that a momentary disturbance has shifted the operation to point Y.
Then, since Vi < V, Eq. (13-4) indicates that dv/dt is positive. Hence v
increases and the operating point moves from Y, toward Y, thus confirming
that ¥ is a stable point. Operation at ¥, however, will ordinarily not be
attained because in the triggering scheme we have described it is simply not
accessible.

13-5 ASTABLE OPERATION

An astable waveform is generated by selecting a supply voltage and load
resistor such that the load line intersects the characteristic at a single point X
on the NrR portion of the characteristic, as in Fig. 13-5. The important
distinction between the present case and the situation which gave rise to
the bistable circuit is that in the present case the equilibrium point at X is
unstable. If a perturbation causes an initial departure of the operating point
from X, the subsequent response of the circyit is to carry the operating point
still farther from the equilibrium point. That such is the case in the present
instance may be seen by an application of Eq. (13-4). Thus, suppose that
with the equilibrium point at X a perturbation moves the operating point to X,.
Since now Vi > V, we see, from Eq. (13-4), that dv/dt is correspondingly
negative, and the operating point which momentarily was displaced to X,

;
A
B i
SR Fig. 13-5 Adjustment of the load
) \\: line for astable operation.
l [ ¢ IS~
I NN
| <
| A ‘\\
e ~So
B' \\
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Fig. 13-6 Circuit equivalent to the network R
of Fig. 13-2a for small voltage excursions in vV cF
the negative-resistance region.

n
E/

moves still farther from X toward B. Similarly, if X, were below X, the
operating point would move toward A.

We now take up a second way of establishing the instability of the equi-
librium point at X. For this purpose consider the equivalent circuit of Fig.
13-6, where, since the Nr device is operating in its Nr region, we have replaced
the device by a negative resistance of magnitude R.. This configuration, with
V =0, is an equivalent circuit for the purpose of computing incremental
changes from an initial equilibrium state. The circuit has a single time
constant given by R)C, where R is the paraliel combination of R and — R,,
that is,

— _RnR
R—-R,

Now Rj is positive or negative as R, is larger or smaller than R. If an equi-
librium state is perturbed, the subsequent response will be of the form ¢ */®iC,
If R, > R, then Rj > 0, and the circuit responds in accordance with a nega-
tive exponential back to its equilibrium state. The equilibrium state is then
stable. If R. < R, then Ry < 0, and the response has the form of an expo-
nential with a positive exponent. The operating point therefore moves
farther away from its initial equilibrium state, picking up speed as it goes.
We observe that in Fig. 13-5, R. < R, which is consistent with our previous
conclusion that the equilibrium state is unstable. We may also note that
again, as expected, on the basis of our present manner of establishing stability,
the state at Y in Fig. 13-4 is stable because B, > E.

Returning now to Fig. 13-5 we observe that, starting from an initial
state at X, a small disturbance will start the circuit toward either B or 4,
depending on the direction of the disturbance. Thereafter, the system will
trace out the path BB’A A’B in the direction of the arrows, with no need for
continued external triggering. The circuit is astable and generates two abrupt
current transitions per cycle.

We noted above that a current-controlled NrR device would be stable
even in its negative-resistance region provided that R. > R. If we desire
stability no matter what the value of R, may be, we require that B = 0.
For this reason a current-controlled NRr device is often characterized as being
“ghort-circuit stable.” Similarly, we shall see later that a voltage-controlle
device is “open-circuit stable.” :

Both of the arguments given above to prove that X is an unstable point
depended upon the existence of a capacitance across the Nr device. If,
ideally, C could be reduced to zero, then stable operation at point X would be
possible. In practice it turns out that if C is smaller than a certain “eritical”

By (13-6)
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value, then a stable state at X is indeed obtained. This critical capacitance
for most NR devices is of the order of some tens of picofarads, although its
exact value is difficult to calculate. In order to do so it is necessary to include
in Fig. 13-6 the inductance of the device along with wiring inductances and
then solve for the minimum value of the capacitance that gives a positive real
part to the roots of the equation determining the transient response (or,
equivalently, to the poles of the network function). In summary, if the shunt
capacitance across a current-controlled N®r device is below some tens of pico-
farads, then a point on the N& portion of the characteristic is stable. However,
for capacitances larger than critical it becomes unstable.

13-6 VOLTAGE-CONTROLLED NEGATIVE-RESISTANCE
SWITCHING CIRCUITS

We consider now the voltage-controlled Nr device whose characteristic appears
again in Fig. 13-7b. The appropriate circuit for switching operation is now
shown in Fig. 13-7a. = Comparing Fig. 13-7a with Fig. 13-2a we note that the
shunt capacitor has been replaced by a series inductor. Analogously to the
current-controlled case, load lines passing through supply voltages V, V', and
V"’ are appropriate to astable, bistable, and monostable operation, respectively.
Note that the monostable line intersects the device characteristic at one point
along a positive-resistance portion. The bistable line has three points of
intersection, two along positive-resistance branches and the third on the
negative-resistance section. The astable line intersects the characteristic at
one point along the negative-resistance segment.

The stability of an operating point may be investigated in one of two ways.
First, from Fig. 13-7a we have

di

LEZ=V—iR—v (13-7)

R L i 'l Bistable  Astable
‘L—/\/\/\’—m\‘—” __I; Monostable
74 NR

r

(@

V '’ N
®) v Vv v

Fig. 13-7 (a) A circuit involving a voltage-conirolled negative-resistance device; (b)
characteristic and load lines for bistable, astable, and monostable operation.
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If the operating point is momentarily at Xg(ég, vg), where tzR + vz = Vg,
and if the supply voltage is Vg, then this equation may be written

Lg—z =Vs—~ Ve (13-8)

Xe

analogously to Eq. (13-4). Expressing Eq. (13-8) in words, we have the fol-
lowing theorem: If the device is operating at X g, which would be an equilibrium
point if the supply voltage were Vg, but if in reality V. = Vs, then di/dt is positive
if Vs > Ve, Alternatively, if Vs < Vg then di/dt is negative. Let us apply
this principle to Fig. 13-7b. Consider, for example, load line 1, which inter-
sects the NR characteristic at X. Is this a point of stable or unstable equi-
librium? If a disturbance takes the circuit to point X, then since

Vs=V>V:i=TVg

di/dt is positive. Hence, the operating point X; must move in the direc-
tion of increasing current, away from X and toward A. This argument
establishes that X ig"an unstable point. Hence, if the circuit is adjusted to
have a load line such as 1 in Fig. 13-7b, it will operate in an astable mode.
Applying the above principle to the conditions depicted by load line 2, we can
verify that Y is a stable point.

Second, we recognize that Fig. 13-8 gives the equivalent circuit from
which to calculate the response to small perturbations. Again we have a
one-time-constant circuit which will yield a response of exponential form
e (R—R)UL  The exponent will be positive (unstable case) if B, > R (load
line 1) and negative (stable case) if R, < R (load line 2). The reverse
condition applies for a current-controlled device since in Sec. 13-5 we find that
a stable point corresponds to R, > R.

We may note that to ensure stability of equilibrium point on the Nr
portion of the characteristic, no matter how large R, may be, we require that
R be arbitrarily large. Hence the present case is ‘‘open-circuit stable,” in
comparison with the previous circuit which was ‘‘short-circuit stable.”

A basic difference between the present voltage-controlled device and
the previously discussed current-controlled case is seen in the discontinuous
jumps B to B’ and A to A’. In the present case the jumps are changes in
voltage, whereas in the previous circuit current discontinuities were encoun-
tered. It is the reactive element which was added to the circuit (the inductor
in the voltage- and the capacitor in the current-controllable-device circuit)
which determines the type of abrupt transition. As we shall see, the time
intervals established in the monostable and astable circuits are determined by
this reactive element. In the bistable circuit, where no timing interval is to be

Fig. 13-8 Equivalent circuit for calculating
response of circuit of Fig. 13-7a for small
excursions in the negative-resistance region.
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established, the addition of a reactive element is theoretically unnecessary.
However, it is found in Sec. 13-10 that an improvement in the transition time
results if a small amount of reactance is added in some circuits: for example,
a small inductance in series with a tunnel diode.

The remainder of this chapter makes use of the principles enunciated
above to explain the operation of switching circuits using the Nr devices
discussed in the preceding chapter. Calculations of the timing intervals
established in monostable and astable waveforms and of the transition time in a
bistable circuit are also given.

13-7 - TUNNEL-DIODE MONOSTABLE CIRCUIT2:3

A monostable tunnel-diode circuit is shown in Fig. 13-9. Bias is provided
by the source V in Fig. 13-9a, which is adjusted so that the load line inter-
sects the characteristic at one point on the positive-resistance portion. The
operating point is initially at point O, where v = V, and the diode current is
i = I,. A positive voltage pulse v, is applied to raise the load line so that
it clears the peak at A. This trigger must have a time duration ¢, adequate
to allow the current in the inductor to change from I, to Ip. The operating
point having been raised to A, the cireuit, of its own accord, follows the path
indicated by the arrows, returning eventually to the starting point at O.

Waveforms of output voltage and diode current, somewhat idealized,
are shown in Fig. 13-10. The application of the voltagé pulse carries the
diode from O to 4, increasing the voltage from V, to Vp and the current from
I, to Ip. If the pulse amplitude were large enough so that the asymptotic
limit to which the current were headed was much larger than I and if the
diode resistance in the range from O to A were constant, then the rise of
voltage from O to A would be linear as shown.

At A the voltage jumps abruptly to B, where the voltage is Vp, while the
current remains constant at Ip. As the operating point now moves from B
to C, the voltage drops from V to Vy and the current from Ip to Iy. If the

(a)
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Fig. 13-9 Monosiable operation of a tunnel-diode () circuit, (b) operating path.
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Fig. 13-10 Waveforms of monostable tunnel-diode cir-
cvit. (a) Triggering pulse; (b) output voltage; (c) tunnel-
diode current.

pulse persisted indefinitely, the load line would establish a stable equilibrium
point on the high-voltage positive-resistance portion of the characteristic some-
what below B. We have assumed, however, that long before this equilibrium
point is approached the pulse has terminated. Hence the operating point
continues from B to C. There is then an abrupt transition in voltage from V'y
to Vp at point D, and finally the circuit settles down to initial point O in an
asymptotic manner.

If the diode characteristic in the region from B to C were approximated
by a constant resistance, the waveform between these points would be exponen-
tial and could be readily calculated (see below). We have represented, as an
approximation, that the current falls linearly. Since the resistance increases
as the operating point moves from B to C, then the time constant L/ R decreases
as C is approached. Hence, in a physical circuit, the principal respect in
which the voltage waveform differs from that of Fig. 13-10b is that the negative
slope increases in magnitude as point C is approached, as is shown by the dashed
waveform. Also, of course, the voltage rise from Vp to Vg is not instantaneous
but is determined by the time required to charge any shunt capacitance
present.
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Fig. 13-11 A piecewise linear approximation to a tunnel-diode
characteristic (Ref. 2).

A calculation of the duration T of the quasi-stable state, which agrees
with experiment? to within about 10 percent, can be easily carried out if the
tunnel-diode characteristic is represented by the piecewise linear approximation
of Fig. 13-11. A reasonable fit with the tunnel-diode curve is obtained if we
choose

Vi =075V, and V=Y EtVr

> (13-9)

If the diode resistance of the portion passing through the origin is called R,
and if the second positive-resistance region is designated by Rj, then
’ !
Ry = I;—;’ and R, = %—:—}’—: (13-10)
The line with the negative slope is drawn so as to forin a reasonable approxi-
mation to the NR segment. Fortunately, neither its location nor its slope
affects the delay time T.

To caleulate T, the time duration from Ip to Iy, we replace the device
by a resistor R, in series with a battery V' = Vi, — I'vR, (as dictated by the
piecewise linear approximation of Fig. 13-11). The equivalent circuit is now
indicated in Fig. 13-12¢ and b, which are equivalent since

By =R+ R, Ve=sV' —V=V,—-V — IR, (13-11)
Let us shift the time origin so that ¢ = 0 when ¢ = Ip. If the circuit of Fig.
13-12b were valid indefinitely, then at t = «, ¢ = —Vy/Ry. Since this is

a single-time-constant eircuit,
N ¢ Vy —Rqt/L
i = E+(1P+E —n (13-12)

Since ¢ decreases to Iy at ¢ = T we can solve this equation to obtain

T=—£l Vv 4+ IpRy

o n————VY - (13-13)
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Fig. 13-12 (a) In the region from B to C where the current
decreases from I to Iy the tunnel diode is replaced by a
battery V' in series with a resistor R;; (b) simplified circuit.

It is clear that the apparently linear decay in Fig. 13-10 is really exponential.
Note that the delay time T is proportional to L. A rough idea of the induct-~
ance needed for a desired value of T can be obtained by using the following
reasonable order of magnitudes: Vy = 0.25 V, Ip = 5 mA, Iy = 0.5 mA, and
RBr = 100 Q2. We find T = 0.01L, so that for L = 100 uH, T = 1.0 usec.

If it should be true that IpRyr << Vy, then T is independent of the resist-
ance Rr. To verify this statement we write Eq. (13-13) in the form

_ L IRy L IvRy IpRr _ IvRr
T—RT (1+ ) <+ Y) T(VY VY)

(13-14)
where use has been made of the expansion In (1 + z) = z. Hence
T~ L{Ip — Iy) (13-15)

Vy

The recovery time constant at the end of the waveform is L/(B, + R).
A tunnel-diode one-shot which allows one side of the trigger source to be
grounded is shown in Fig. 13-13. Additionally, the voltage division through

Vyy (10V)
R,
(390Q)
fod D1 L
(15pF) 1N3863 (80nH)
f

—
Ifoyfmv (500 Q) %lo 2) 1N3859 (100 o |
o— 3

Fig. 13-13 A tunnel-diode monostable multivibrator which
allows the trigger source fo be grounded. Typical values
are shown for components, supply voltage, and triggering-
signal amplitude. (Courtesy Radio Corporation of America.)
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the resistors R; and R; provides the small supply voltage required for proper
bias of the diode even from a relatively large 10-V supply. The quiescent
voltage across the diode is only about 250 mV and the input trigger only
400 mV in amplitude. For this reason the input trigger is introduced through
a backward diode D1 (Sec. 12-2).

13-8 TUNNEL-DIODE ASTABLE CIRCUIT

In Fig. 13-14a the supply voltage and load line have been selected to yield an
equilibrium point at O. This point is unstable, and the operating point having
moved, say, to point 4, it will thereafter follow the circuital path indicated by
arrows. Waveforms of diode voltage and diode current are shown in Fig.
13-14b and ¢. Again these waveforms have been idealized somewhat. If the
diode characteristic were piecewise linear the rises and falls of voltage and
current in the waveforms would be exponential. In a physical circuit the
voltage waveform departs from the idealized waveform much in the manner
shown in Fig. 13-10.

The tunnel-diode astable-circuit waveform is not necessarily exactly sym-
metrieal (T: # T,) because the portions DA and BC of the device character-
istic are not identical. On the other hand, the two portions of the cycle are
often not markedly different.

i v
(Ip, Vp) —_— B
72\ U ~¢p, V)
\ 0 / (b)
D g!’_‘i”lt: o SIV' W)
1% c v )
(@)
©

Fig. 13-14 Tunnel-diode astable multivibrator. (a) Adjustment of load line; (b)
voltage waveform; (c) current waveform.
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Using the piecewise linear approximation of Fig. 13-11, the time Ti
is given by Eq. (13-13). The expression for T will now be found. In the
range from D to A, where the current increases from Iy to [p, the diode may
be replaced simply by a resistor R;. Hence the equivalent circuit of Fig.
13-12b is applicable if Vy = —V and R7 is replaced by

Rr=R+ R, (13-16)

where R is the load resistance. Proceeding as we did in deriving Eq. (13-13),
the duration T', of the second portion of the waveform is found to be given by
L . V- 1IvRy

In

n=E V — IR}

(13-17)

The total period is T; + T, and the free-running frequency is the reciprocal of
thistime. For the parameters given in the preceding section and for a symmet-
rical waveform the frequency of oscillation is f = 0.5 MHz for L = 0.1 mH,
and f varies inversely with L. .

If a square wave of the form shown in Fig. 13-14b is required with the
exception that the tilt is not acceptable, such a waveform may be generated
by using the astable tunnel-diode circuit to drive a bistable tunnel-diode circuit.
Thus, if the waveform of Fig. 13-14b is differentiated with a small RC time
constant and if the resulting spikes: (alternatively positive and negative)
are applied to the flip-flop circuit of Sec. 13-10, an excellent square wave is
obtained.

13-9 TUNNEL-DIODE COMPARATOR*

A comparator or discriminator (Sec. 7-11) is a circuit which yields an abrupt
response when a critical reference voltage or current is attained by a waveform.
A tunnel-diode comparator circuit is shown in Fig. 13-15. Bias is provided
by the voltage source V in Fig. 13-15a or the current source I in Fig. 13-15b,
corresponding to which is the load line 1 in Fig. 13-15¢ joining I to V with slope
—1/R. Consider that the initial equilibrium point is at X. When the signal
v, or 1, raises the load line to position 2, where it just clears the peak of the
tunnel-diode characteristic, an abrupt transition to Vr will take place and
then the diode will settle to the equilibrium point X’. The abrupt transi-
tion in output voltage from Vp to ¥V constitutes the sharp comparator
response. The signal current 7, in Fig. 13-15b at which the comparator
responds is Ip + Vp/R — I, and the corresponding signal voltage v, in Fig.
13-15ais Vo + RIp — V.

The tunnel-diode comparator is fundamentally different from the diode
comparator discussed in Sec. 7-13. In the rectifying diode comparator the
output-voltage change is, at most, equal to the input-voltage change, and
comparator action is obtained by suppressing the input signal until the diode
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Fig. 13-15 The tunnel diode used as a comparator. In (a) and (b) the sources are

represented by Thévenin's and Norton’s equivalents, respectively. (c) lllustrating
the abrupt response when the load line just clears the peak of the characteristic.

passes through its break point. In the tunnel-diode comparator the output
response bears, in principle at least, no relationship to the change of input
signal required to activate the comparator. Ideally, the most insignificant
change in input voltage produces a change Vy — Vp in the output. Even
with physical tunnel diodes the energy required to carry the comparator
from one side to the other is remarkably small, being of the order of 1015 J
(a pulse 5 mV in amplitude of 2 nsec duration in a 50-€ load dissipates 10-5 J).

The speed of transition of the comparator is of interest. The speed is
limited by the inherent junction capacitance of the tunnel diode, which
appears dashed in Fig, 13-150 and b. Let us assume that the effect of the
inductance predominates in the circuit, so that we may reasonably make the
approximation that the inductor current remains constant (i = Ip) in spite
of the presence of the capacitance ¢. From Fig, 13-15¢ we see that, over
most of the transition, the diode current ¢ is much smaller than the capacitive
current 7c. If we neglect ¢ altogether compared with 7, then the capacitor
charges at a constant current 7p, and since the capacitor voltage changes by
Ve — Ve the time of transition is t, = C(Vy — Vp)/Ip. The value of
Ve — Ve is approximately 0.5 V for germanium and about 1 V for gallium
arsenide. We have then

for Ge for GaAs (13-18)
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Manufacturers normally specify Ip/C as a figure of merit for tunnel diodes
in connection with switching applications. Typical transition times are in
the range of a few nanoseconds down to possibly 0.1 nsec in an extreme case,

13-10 TUNNEL-DIODE BISTABLE CIRCUIT

With the load line selected as in Fig. 13-15¢ the circuit has two stable states
at the points of intersection of the load line with the positive-resistance portions
of the device characteristic at X and X"’. If the circuit is at X and the signal
source furnishes a positive pulse adequate to raise the load line to position 2,
a transition will occur, and when the pulse has passed, the circuit will find itself
at X’'. Similarly, a negative pulse adequate to drop the load line to the point
where it clears the bottom of the characteristic will reset the circuit to its
original stable point at X. Thus the circuit has two permanent stable states
and may be used to store binary information or for any of the other purposes
for which binary devices are employed.

Suppose that we desired to trigger the tunnel-diode flip-flop with a train
of pulses (of alternating polarity) at the maximum possible rate. The mini-
mum time between pulses must be the sum of the transition time ¢, and the
settling time ¢{,. The former, which is limited by the shunt capacitance, is
the time required to change the voltage from Vp to Vr and was estimated
to be of the order of 1 nsec in Sec. 13-9. The time ¢,, which is determined by
the series inductance, is the time it takes the diode to settle from the voltage
Vr to the voltage at X’ in Fig. 13-15¢. If the current at X"’ is I'x., then ¢
decreases exponentially from Ip to Ix. with a time constantr = L/Rr. We
shall assume, as we did in Sec. 10-5 in connection with the transistor binary,
that ¢, = 2r = 2L/Rr. For Ry = 200 Q, {, = 0.01L. If the settling timeis to
be no longer than the transition time of 1 nsec, then L must not exceed 100 nH,

Fig. 13-16 Tunnel-diode bistable operating path if no
series inductance is present.
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Sinece ¢, is proportional to L and we want £, to be as small as possible, why
not omit L altogether? We shall now show that if no inductance is added
to the circuit it will still possess bistable properties but that ¢. will be increased.
Consider the circuit of Fig. 13-15 but with L = 0. 'The operation is indicated
in Fig. 13-16. With », = 0 load line 1 is applicable and the quiescent point
is X. Then an input step is applied and the load line moves to position 2.
The steady-state condition is at X’, but since the operating point must not
leave the tunnel-diode characteristic for any finite interval then it must move
from X to X’ along the curve, as indicated by the arrows. The time to charge
the shunt capacitance is

L= [l Gl e OB (13-19)

Vx ic V ip — 1t

where ic¢, ig, and 7 are indicated in Fig. 13-16. In general the integration
must be carried out graphically. If a piecewise linear approximation is used
. for the diode characteristic, then {, can be evaluated analytically (Prob. 13-22).
In Fig. 13-15¢, ic equals the difference between Ip and the diode current i.
In Fig. 13-16, ic equals the difference between the current on the load line
corresponding to » and the diode current. We see that 7¢ is smaller in Fig.
13-16. Hence, t, will be larger (perhaps by a factor of 2) if no inductor is
used in the circuit. Therefore, a small amount, of inductance should be added
to the circuit so that the rise time may be improved without appreciably
_ increasing the settling time. The required value of inductance is best found
experimentally, but the above arguments indicate that a reasonable value
to start with is of the order of 100 nH. Of course, the larger the triggering
signal v,, the larger will be 4 and the smaller ¢,, and hence the necessity for
adding inductance decreases as v, increases.

13-1 TUNNEL-DIODE—TRANSISTOR HYBRID CIRCUITS?:*

A tunnel diode has two qualitites of great merit in switching applications
It switches extremely rapidly (= 1 nsec) and responds to a pulse of very
small energy. We noted earlier that a pulse of 10-15 J could be counted on
to move the tunnel diode past a critical point and initiate a transition. In
comparison, a transistor may require a pulse of 10 times larger energy to
switch states. Moreover, a single tunnel diode may be used to construet
a circuit with two stable states, whereas two transistors are required for this
purpose.

On the other hand, a transistor has the advantage over the tunnel diode
that the transistor operates at appreciably higher voltages. The voltages and
voltage changes encountered in tunnel diodes are of the order of a few tenths
of a volt, but in transistor circuits these voltages are at least tens of volts.
Additionally, the tunnel diode has the very disconcerting feature that, having
only two terminals, the input and output ports are not isolated from one
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another. As a consequence, in circuits that involve cascades of tunnel diodes,
it is difficult to ensure that the signal will proceed in one direction only. It
is not surprising, then, that advantages accrue from the employment of
combinations of tunnel diodes and transistors in circuits that exploit the merits
of each device.

A basic hybrid cireuit is shown in Fig. 13-17a. In Fig. 13-17b are plotted
the tunnel-diode characteristic (ixy against v), the input characteristic of
the transistor (iz against v), and the composite characteristic (z = iv + 75
against.v). We observe that the composite input characteristic of the hybrid
tunnel-diode—transistor combination retains the general shape of a tunnel-diode
characteristic. That this feature persists depends on the fact that a ger-
manium transistor is being employed. For in a germanium transistor the
base current becomes appreciable in comparison with the diode current at for-
ward voltages of the order of 0.2 V. This voltage, as indicated in Fig. 13-17,
falls normally between the peak and valley of a tunnel diode (Table 12-1).
If a silicon transistor had been used, the transistor would not yet be turned on
even when the tunnel diode were operating well up on the high-voltage positive-
resistance portion of its characteristic. It is, however, possible to use hybrid
circuits with silicon transistors by returning the cathode of a tunnel diode
to a positive voltage of some tenths of a volt. In this way the tunnel-diode
characteristic will be shifted in the direction of positive voltage to the point
where the rising base current crosses the tunnel-diode characteristic between
its peak and valley. Either a Ge or GaAs tunnel diode may be used.

Since the input characteristics of the hybrid circuit and the tunnel diode
have the same form, we may use this input characteristic for all the same
types of switching functions. Thus the load line in Fig. 13-17b is appropriate
for flip-flop operation, and the hybrid circuit of tunnel diode and transistor
together operates as a bistable device. To drive a transistor from cutoff to
saturation requires that the input current increase from nominally zero to
some hundreds of microamperes. Observe, then, that as required, the base
current corresponding to point X, the lower voltage of the two stable points, is

i, ix, in
Transistor, ig
ai Composite, i f./" | Tunnel diode, in
~—"
= X /I
7 Load line
Aig /
<\
® ° v

Fig. 13-17 (o) A basic tunnel-diode—transistor hybrid circuit; (b) composite
characteristic formed by combining individual characteristics of tunnel diode
and transistor.
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Fig. 13-18 A hybrid circuit which may be
adjusted to function as a comparator or to
operate in an astable, monostable, or

bistable mode.

negligible, and at X’, the other stable point, the base current may be com-
parable to the peak current Ip. Observe, further, that the tunnel diode
provides current gain at wide bandwith between the circuit input and the
base. A change in current A7 at the input triggers the circuit to point X',
and the corresponding change in 75 is A7p as shown. In principle, by setting
point X arbitrarily close to the peak, we may increase the current gain without
limit. Of course, as a matter of practicality, requirements for stability
against aging, temperature changes, noise, ete., will establish some minimum
separation between X and the peak.

Now a second transistor substituted for the tunnel diode would have
provided the current gain just as well. The use of a second transistor, which
involves additional components and a more complicated coupling arrangement,
would have lost for us the delightful simplicity of the hybrid circuit. But,
putting this relatively unimportant matter aside, let us compare the responses
to an input switching signal of a cascade of transistor stages and a cascade
of hybrid circuits. Suppose that in a cascade of transistors a step of current
or voltage of zero rise time is applied to the first transistor. The output of the
first transistor will have a finite rise time. This finite-rise-time signal applied
to the second transistor will cause the output of the second transistor to have
an even longer rise time, and so on. However, the speed of transition of a
tunnel diode is nominally not influenced by the speed of the applied signal,
because the signal does not drive it from one state to another but only acts
as a trigger. Since, also, the speed of tunnel diodes is comparable to or faster
than even the highest-speed transistors, the interposition of tunnel diodes
between transistors serves in effect to keep the speed and amplitude of the
drive signal at each transistor base adequate to cause the transistor to respond
at its fastest speed.

A basic circuit which can be adjusted to function as a comparator or
to operate in a bistable, monostable, or astable mode is shown in Fig. 13-18.
The load line at the input passes through an equivalent supply voltage
R:Vee/(R: + R;), and the equivalent load resistance is the parallel com-
bination of R; and R,. Thus we may adjust the load line to intersect the
hybrid input characteristic in whatever manner is appropriate to attain the
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type of operation desired. The terminals at the left are for a triggering
signal when required. The circuit of Fig. 13-18 is that of Fig. 13-13 with the
load R; across the tunnel diode replaced by the base circuit of the transistor.

The hybrid-cireuit multivibrators have an advantage over the two-
transistor multivibrators with respect to responding to a narrow triggering
pulse. When, in a two-transistor multivibrator, a pulse is applied, say at
the base of one transistor, to induce a transition, the pulse must persist
long enough to allow the collector current to change substantially so that a
transition takes place. Otherwise, at the termination of the pulse the multi-
vibrator will simply settle back into its original state. In the hybrid circuit
the pulse need only last long enough to get the load line to clear the peak or
valley of the characteristic. If the pulse lasts long enough to get the tunnel
diode irreversibly started to its other state the transition is ensured. Even
if the collector current has, in this time, not changed appreciably, it does not
matter. The collector current will catch up later.

13-12 CIRCUIT APPLICATIONS OF p-n-p-n DIODES®

A p-n-p-n diode (Sees. 12-4 and 12-5) may be operated in an astable, mono-
stable, or bistable mode, depending, as we have seen, on the relationship of the
load line to the device characteristic. In some cases, for the sake of the wave-
forms thereby generated or for convenience in triggering, two p-n-p-n diodes .
are used rather than one.

Sawtooth Generator The circuit of Fig. 13-19a, when adjusted for
astable operation, generates the waveform in Fig. 13-19b. This “sawtooth”-
type waveform (which may be generated by any current-controlled device)
finds extensive use in timing applications and will be discussed in detail in Chap.
14. To consider the operation of Fig. 13-19 we disregard, for the moment, the
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Fig. 13-19 (o) A p-n-p-n diode sawtooth generator; (b) output
waveform,



