NEGATIVE-RESISTANGE
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~* ¢m). 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 incteased, 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~® cm). 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.*?
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 Q). At the
peak current Ip corresponding to the voltage Vp the slope d/dV of the char-
acteristic is zero. If V is increased beyond Vp, then the current decreases.
As a consequence the dynamic conductance g = dI/dV is negative. The
tunnel diode exhibits a negative-resistance characteristic between the peak
current Ip and the minimum value Iy, called the valley current. At the valley
voltage Vy 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  the current again reaches the value Ip. For larger voltages
the current increases beyond this value. The portion of the characteristic
beyond Vy is caused by the injection current in an ordinary p-n 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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Fig. 12-2 (a) Symbol for a tunnel
diode (Ref. 4); (b) small-signal model
in the negative-resistance region.
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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 voltage-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 I = 10 mA are
—R,=-309 R, =1Q,L, = 5nH, 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 tennel-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/Iy and the largest voltage swing Ve — Vp = 10V
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 A 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 4+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 increases rapidly with temperature and at 150°C may be two or
three times its value at —50°C. The voltages Vy and Vr have negative
temperature coefficients 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 Iy)
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

































