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1. INTRODUCTION

I\. characteristic feature of the development of mod-
ern radio is the rapid introduction of semiconductor
devices for microwave frequencies. Progress in this
direction was attained as a result of appreciable im-
provement in the technology of high-frequency t rans is -
tors and the development of tunnel diodes and diodes
with variable capacitance (varactors). Although these
devices have appeared but recently, they are already
extensively used in the microwave band for high-
sensitivity receivers and multiplying networks. Until
recently, however, there was no effective centimeter-
wavelength self-oscillators capable of serving as the
solid state equivalent the reflex klystron, one of
the basic vacuum devices for microwaves.

This gap was filled to a considerable degree by a
new semiconductor microwave device, the avalanche-
transit diode (ATD), on which an entire group of
microwave devices (generators, amplifiers, and fre-
quency converters) is based.

The avalanche-transit diode was first produced in
the USSR in 1959 on the basis of an effect observed by
the author, namely that coherent oscillations are
generated in the case of avalanche breakdown of
microwave germanium diffusion diodes '-1"4-'.

The diode was placed in a high-frequency cavity
and connected to a dc circuit, as shown in Fig. 1.
Microwaves were generated at negative voltages,
exceeding the breakdown voltage (20—30 V) by 0.5—
1.5 V, whenever direct current ranging from 0.5
10—15 mA flowed through the diode. The continuous
oscillation power ranged from several times ten
microwatts to several milliwatts, depending on the
diode. The oscillation spectrum, depending on the
current flowing through the diode and depending on
the cavity tuning, ranged from near-noise to almost
monochromatic. The wavelength of the oscillations
ranged from 0.8 to 10 cm and depended on the dimen-
sions of the cavity and on the values of the reactive
parameters of the diodes. By tuning the cavity it was
possible to vary smoothly the frequency and power of
the oscillations. In the underexcited mode, near the
generation threshold, regenerative amplification of
the microwave oscillations was observed, with a gain
15—20 dB. The diodes with which generation and
amplification of microwaves were obtained did not
produce as a rule a noticeable parasitic generation at

lower frequencies, although no special measures were
taken to suppress it.

It became clear subsequently that microwave gen-
eration in the electric breakdown mode can be ob-
served also in diodes of other types - silicon, alloyed
germanium, etc. Recently this phenomenon was ob-
served by American researchers in switching and
parametric diodes made of silicon and gallium
arsenide [5>6].

Even the first experiments have shown that the
main feature of the generating diodes is the form of
the inverse branch of the current-voltage character-
istic, namely, a sharply pronounced breakdown volt-
age V^p and a linear increase of the current at nega-
tive voltages exceeding V^r (in absolute magnitude)
(Fig. 2). The slope of the current-voltage character-
istic in the working region was positive everywhere,
with a differential resistance Rd = 50—300 ohm. As
a rule, no sections with negative slope, corresponding
to negative "s ta t i c" diode resistance, were observed
in the working mode.

For a phenomenological treatment of this effect
we can ascribe to the diode a dynamic negative r e -
sistance, assuming that the active component of the
total impedance of the diode is negative in a more or
less narrow range of frequencies where the genera-
tion is observed, and at the remaining frequencies
this resistance is positive. Let us examine qualita-
tively the mechanism whereby dynamic negative r e -
sistance is produced in diodes.

2. DIODES WITH DYNAMIC NEGATIVE RESISTANCE.
OPERATING PRINCIPLE OF THE AVALANCHE-
TRANSIT DIODE

Diodes with dynamic negative resistance have been
known in vacuum electronics for more than 30

FIG. 1. Diagram showing the connection of an ATD in a dc cir-
cuit. 1 — Diode, 2 — ballast resistor.
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FIG. 2. Inverse branch of the current-
voltage characteristic of the ATD.

-S -re -2O -24 V, Volts

years'-7 9\ F. Llewellyn has shown experimentally
that a microwave generator can be constructed on the
basis of such a d iode [ l 0 ' u ] . Such a generator consists
of a diode gap bounded by two electrodes (cathode and
anode) to which a constant potential difference Vo and
an alternating potential difference V are applied, and
an external tank circuit. An unmodulated electron
beam from a thermionic cathode enters the diode
gap. Under the influence of the alternating field, the
electron velocity changes and the initially homogen-
eous electron beam becomes bunched. The average
(over the cycle) of the energy of interaction between
the electrons and the alternating field turns out to be
different from zero and to depend on the transit angle
of the electrons in the diode. In certain transit-angle
intervals, 2TTII < £ < ( 2n + 1) TT (n = 1, 2, . . . ) , this
energy is negative, and in the corresponding fre-
quency intervals it is possible to assign to the diode
a negative resistance (or a negative conductance)*.
However, owing to the low efficiency of this method
of bunching, the absolute magnitude of the active r e -
sistance of the diode turns out to be much smaller
than its reactive (capacitive) susceptance, so that in
order to produce a microwave self oscillator it is
necessary to connect to the diode an external high-Q
tank circuit, and to draw large current densities from
the cathode. Consequently the realization of such
generators encountered appreciable difficulties and,
in spite of the large number of theoretical papers,
these generators did not find practical application.

Yet there exists a fundamentally simple method of
greatly increasing the efficiency of diode generators.
It consists of replacing the velocity modulation of the
electron by current modulation at the input to the
diode gap. Let us assume that we use in lieu of the
thermionic cathode some type of field-emission
cathode with sufficiently sharp dependence of the
emission current on the electric field intensity. In
this case the current emitted from the cathode will
be density-modulated at the frequency of the applied
voltage. The active resistance of such a diode can

take on negative values even in the absence of addi-
tional bunching of the electrons in the diode gap. This
can be clearly seen from the space-time diagram
showing the motion of the electrons in a "field emis-
sion" diode* shown in Fig. 3a. The electron bunches
extracted from the cathode at the instant when the
high-frequency field has a maximum, first move in
an accelerating field and then in a decelerating field,
and if the transit angle between the cathode and the
anode exceeds ir, the active resistance of the diode
is negative and reaches a maximum value at i — 3ir/2
(Fig. 4a).

The additional bunching of the electrons by velocity
modulation in the diode gap plays in this case a
secondary role. Both the excitation conditions and the
efficiency of such a generator can be much better than
in diode generators with velocity modulation of the
electrons.

Figure 3a pertains to the case when the emission
current follows instantaneously the electric field in-
tensity. Let us assume now that for some reason the
emission current lags the electric field intensity in
time. If the emission delay time yT is related in
definite fashion with the oscillation period T, then
the efficiency of the diode generator can be even
higher. Let, for example, y = V4 + n (n = 0, 1, 2, . . . ) .
In this case, as seen from Fig. 3b, the electrons
emitted from the cathode fall immediately into the
decelerating high-frequency field. The dependence of
the active resistance of such a diode on the electron
transit angle, without allowance for the electron space
charge, is shown schematically in Fig. 4b. The ac-
tive resistance of the diode is negative at all transit
angles, with exception of the points | = 27rn, and its
absolute value has maximum at £ — ( 2n + 1) w
( n = 0, 1, 2, . . . ) . In the ideal case, the efficiency of
such a generator can reach very high values.

In the foregoing reasoning we started from a
purely kinematic model, neglecting the effect of the
electron space charge in the diode gap. Yet the elec-
tron space charge, by reducing the electric field in-
tensity at the cathode, produces in a field-emission
diode a unique mechanism of internal negative feed-
back.

The lag of the emission current relative to the
field is equivalent to introduction of delay in the
negative feedback. Having definite dispersion proper-
ties, such feedback facilitates the excitation of self-
oscillations in the system at certain frequencies, by
relaxing the requirements with respect to the Q of
the external tank circuit, and at other frequencies, to
the contrary, it makes these conditions worse, even

*When speaking of resistance, we refer throughout to a series
equivalent circuit of the diode, and when speaking of conductance
we refer to a parallel equivalent circuit

*It is convenient to use the term "field emission" in those
cases when the cathode emission depends strongly on the intensity
of the electric field at its surface In particular, this may be cold
emission, the Schottky effect in vacuum diodes, the Zener effect,
impact lomzation in semiconductor diodes, or others.
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FIG. 3. Space-time diagram of electron motion in a "field emis-
sion" diode, a) without emission delay, b) with emission delay.

to the extent of completely suppressing the self-
oscillations. Moreover, under certain conditions this
feedback may turn out to be sufficient to cause self-
oscillations in the circuit, without any need for an
external high-Q tank circuit at all. In such a case the
diode gap operates as a self-oscillating system, pro-
ducing in an external active load current pulses of a
frequency determined by the delay time and by the
"operating" speed of the negative feedback.

The foregoing considerations are general and are
applicable not only to vacuum-tube diodes but also to
diodes of other types - dielectric, semiconductor,
etc., with due allowance, of course, for the specific
nature of the carr ier motion in solids. In particular,
these considerations have a direct bearing on the op-
erating mechanism of the avalanche-transit diodes.

Whereas semiconductor diodes with "drooping"
static voltage-current characteristics have been
known for more than 40 years (the first such diode
was the crystadyne of O. Losev^ ), and different
variants of such devices have been under investigation
since that time, the idea of producing semiconductor
analogs of vacuum-tube diodes with dynamic negative
resistance has occurred relatively recently.

In general form, this idea was formulated in a
paper by Schockley '-13 , who also proposed several
variants of p-n diodes in which the negative dynamic
resistance is the result of transit effects accompany-
ing the diffusion and drift of the minority carr iers in
a thin layer of n-type semiconductor under the influ-
ence of an electric field.

The most interesting among the subsequent r e -
searches in this direction is the theoretical work by
Read *• . He proposed a variant of semiconductor
diode with dynamic negative resistance for micro-
wave frequencies, based on the use of the impact
ionization effect in an inversely biased n-p junction,

FIG 4. Active resistance of
field-emission diode, a) without
emission delay, b) with emission
delay.

to obtain a carr ier flux interaction with a high-fre-
quency field in some transit space. According to Read,
the transit space should be the depletion layer of an
i-semiconductor following the n-p junction, so that
the diode should have an n+-p-i-p+ structure and
should operate under conditions of breakdown through
the i-layer.

Practical realization of such a model (the Read
diode) met with considerable technological difficul-
ties, and this caused a considerable lag in experi-
mental research in this direction tis—ie3̂  Nonetheless,
Read's basic idea, that of combining transit effects
with impact ionization, is correct and is applicable
to a much broader class of diode structures, includ-
ing avalanche-transit p-n diodes (ATD).

Unlike the Read diode, which can be called a
p-i-n ATD, in the p-n ATD the transit space is part
of the barr ier layer of the usual p-n junction, and the
question of the character of the distribution of the
impurity atoms in a direction normal to the p-n junc-
tion plane is not fundamental. The negative dynamic
resistance can be obtained in diodes with stepwise
and with smooth p-n junctions, or in diodes with p-n
junctions of other types. All that matters is the vol-
ume character of the breakdown. In this sense, the
occurrence of negative dynamic resistance in the im-
pact ionization mode is a property of any ideal p-n
junction.

The operation of the p-n ATD can be represented
schematically as follows: Let us consider an in-
versely biased planar p-n junction (Fig. 5). When the
inverse bias V increases, the electric field intensity
E in the barr ier layer increases, reaching at V = Vbr
a value E^Y - 105 V/cm, at which intense impact
ionization of the crystal atoms by the mobile carr iers
begins and leads to avalanche-like multiplication of
the number of carr iers and to the creation of new
electron-hole pairs.

Since the probability of impact ionization is a very
rapidly increasing function of the electric field in-
tensity, the region where carr ier creation takes place
is confined to a more or less narrow layer in which
the field is maximal, the so-called multiplication
layer. The holes and electrons produced in the layer
under the influence of a strong electric field drift
through the p and n transit sections of the barr ier
layer (Fig. 5) with practically constant velocities Vp
and vn.*

Thus, an inversely biased p-n junction at a voltage
close to breakdown constitutes a diode gap in which
the role of the cathode is played by the multiplication
layer, and the role of the transit space by the r e -
mainder of the barrier layer. The emission of such a

*When E > 103 V/cm, the carrier velocities, limited by scattering
by optical phonons, increase little with increasing field, we can
assume approximately that vp =• vn =* 6 x 106 cm/sec in Ge and vp
= vn =- (0 8 - 1) x 10' cm/sec in Si
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FIG. 5. Diagram of gradual symmetri-
cal p-n junction of ATD, a) barrier layer,
b) distribution of impurity ions, c) varia-
tion of electric field; 1 — multiplication
layer.

cathode has a clearly pronounced "field" character,
in that the current leaving the multiplication layer
increases or decreases with the electric field inten-
sity in this layer. The avalanche nature of the emis-
sion current causes its inertial properties, since a
definite time is required for the avalanche to develop,
so that the instantaneous value of the electric field
determines not the value of the avalanche current i t-
self, but only its rate of change in time. Therefore
the change in the current does not follow instantane-
ously the change in the electric field, but lags it in
phase by an amount close to 7r/2.

Such a p-n junction is very similar in its proper-
ties to the optimal variant of the field diode, in which
the emission current lags the field by one quarter of
a cycle, as shown on the space-time diagram in Fig.
4b. Therefore the main deductions made above r e -
garding the properties of the field diode with delayed
emission are applicable also to the avalanche-transit
diode. This pertains, in particular, to the considera-
tions of the delayed action of the space charge of the
mobile carr iers on the avalanche current, which
greatly facilitates the self excitation of a generator
with ATD.

At the same time, the ATD has some unique fea-
tures connected with the avalanche nature of the cur-
rent, of which one is fundamental. Owing to the
finite width of the multiplication layer, the phase
shift between the field and the current in this layer
exceeds 7r/2, and the multiplication layer itself has
negative resistance. In most practically realized
diode structures, this effect is secondary, but under
special operating conditions its role may become
significant.

Besides the avalanche-transit diode, there can
obviously exist other semiconductor diodes with dy-

namic negative resistance. In principle, for example,
an inversely biased p-n junction in which the break-
down is connected not with impact ionization but with
the Zener effect (tunnel effect), should also possess
this property. However, the practically inertialess
nature of the tunnel effect at frequencies lower than
1012 Hz makes this diode much less convenient for
microwave generation than the ATD.

A theoretical analysis of the Read diode is the
subject of two papers ^14>19^ in which a very simple
diode model is considered, consisting of a narrow
p-n junction with stepwise distribution of the impurity,
and an extended i-layer. It is assumed that the entire
impact ionization is concentrated in the p-n junction
plane, in a layer of negligibly small arbitrarily speci-
fied thickness 6, which enters into the final equations
as one of the main independent parameters.

In'-19^ the analysis is confined to the high-frequency
properties of the diode in the linear approximation,
while in *-u* an estimate of the nonlinear properties of
the diode is also presented, and certain factors limit-
ing the efficiency and the output of a Read-diode
generator are considered. A more general approach,
which takes into account the real distribution of the
intensity of impact ionization in a diode with arbi-
t rary impurity distribution, was developed, as ap-
plied to p-n ATD, in a paper by the author'- , in un-
published papers by A. L. Zakharov, who considered
both linear and nonlinear theories of ATD, and also
in a recent paper by T. Misawa*- . In this analysis
the Read model is considered as a particular case.
We shall therefore follow the cited papers in the ex-
position that follows.

3. STATIC VOLTAGE-CURRENT CHARACTERISTIC
AND DIFFERENTIAL RESISTANCE OF THE ATD
IN THE AVALANCHE BREAKDOWN MODE

In the static mode, when | V | > V^j., the current
through the diode is limited by the space charge of
the majority carr iers , electrons and holes, which
flow respectively through the n and p regions of the
barr ier layer in the p-n ATD or through the i-region
of the p-i-n ATD. The electric field distribution in
these regions is determined by the Poisson equation

dx
and

(3.1)

where Np and Nn are the densities of the acceptors
and donors respectively, e the absolute value of the
electron charge, e the dielectric constant of the
semiconductor, ^p = epvp and J n = envn are the
hole and electron current densities (we neglect diffu-
sion), and p, n, and Vp n are their densities and
velocities; we shall henceforth put Vp = vn = v.

To clarify the fundamental relations, let us con-
sider first a simplified p-n junction model, in which
the carr ier source is localized in an infinitesimally
narrow layer in the contact plane between semicon-
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ductors having different types of conductivity. We
assume that the carr ier emission from this layer
can be regarded as unlimited when the electric field
intensity in the layer, Eo, is equal to the breakdown
value, Ek r . In this case the current flowing through
the p-n junction, with density J , is transferred into
the p-region only by the holes, and into the n-region
only by the electrons, so that Jp = J n = 3, and the
integration of (3.1) with respect to x and over the
area of the p-n junction yields directly the voltage-
current characteristic and the differential resistance
Ro of the p-n junction.

Thus, for example, for an abrupt p-n junction with
a stepwise impurity distribution (Nn - Np = const)
we obtain directly

r 1 -«n WJ
V=TE* Z r • O.2)

R i
(3.3)

where i = J S is the total current of the diode, i m

= ^ms» (<7m)j = e N j v i s t n e limiting current density
at which the space charge of the car r ier neutralizes
the space charge of the impurity, and Cj = cS/Wj is
the capacitance of the j - th section of the barrier
layer of width WJ; the values of all quantities are
taken at V = Vb r .

The voltage-current characteristic of the diode
i( V) determined by expression (3.2) is shown in
Fig. 6 by the dashed line. When i / i m « 1, i( V) is
nearly linear with a constant differential resistance

vC, (3.4)

As i — i m , the barrier layer rapidly broadens with
increasing current, and the resistance Ro grows
sharply. However, at ordinary impurity concentra-
tions the values of the limiting current density J m

are quite large, for example J m - 104 A/cm2 for
N = 10le cm"3, therefore for the greater part of the
voltage-current characteristic the differential res is t -
ance of the p-n junction is close to that given by (3.4)
and does not depend on the current.

The resistance (3.4) has a simple physical mean-
ing: If the source of the mobile car r iers has at
V > V^j, an unlimited emission, then the increment
AV = V — Vjjj- of the potential difference is compen-
sated by the space-charge field of the mobile carr iers ,

7.O

as

FIG. 6. Static voltage-current char-
acteristics of ATD. 1 - Localized
multiplication layer, 2 — abrupt p-n
junction, 3 — gradual p-n junction.

which are uniformly distributed over the entire width
W of the p-n junction, AV = d W2/2ev, corresponding
to (3.4).

Real avalanche-transit diodes differ from the fore-
going simple model first, in that the source of the
mobile carr iers is " smeared" over the volume of the
barr ier layer and, second, in that the rate of produc-
tion of new carr iers depends on the electric field in-
tensity. To calculate the voltage-current character-
istic in this case it is necessary to add to the Poisson
equation the continuity equations

(3.5)

and the breakdown condition. In (3.5) a and p are the
coefficients of impact ionization for electrons and
holes, which are equal to the number of pairs pro-
duced by these carr iers per unit length. In german-
ium and in silicon, the coefficients a and p are con-
nected by the approximate relation p = ka(k =* 2 for
germanium and k =* l/lO for silicon), and the break-
down condition takes the simple form [21]

wp
\ adx=l lJL-, (3 6)

where a = ( k — 1) a / l n k, and i s is the minority-
carr ier current (saturation current).

The voltage-current characteristic of an abrupt
p-n junction in the region i » i s , obtained by simul-
taneously solving Eqs. (3.1), (3.5), and (3.6) under the
assumption of a power-law dependence of the coeffi-
cients a and p on the field, p~ a ~ a ~ E n ( n = 5.5),
is shown in Fig. 6 by the solid line. It is qualitatively
similar to the characteristic calculated in elementary
fashion. The voltage-current characteristic of a
gradual p-n junction with linear impurity distribution
has a similar form (Fig. 6). When i / i m « 1, the
electric field distribution in the p-n junction does not
vary with the current, and the voltage-current char-
acteristic is linear in both cases.* However, the dif-
ferential resistance of the p-n junction differs in this
section from (3.4) by a factor p < 1, which depends
(for a specified form of the function a ( E)) on the
impurity distribution in the p-n junction. For an
abrupt p-n junction with a linear field distribution in
the barrier layer, this factor is pi — 0.62, and for a
gradual p-n junction with parabolic field variation we
have p = Pi — 0.43. Thus, the smoother the variation
of the field near the maximum value, i.e., the broader
the section in which the probability of impact ioniza-
tion differs from zero, the smaller the factor p. This
is to be expected, since in this section the current is
carried both by electrons and holes, whose space

is iff v/rhr

*For a gradual p-n junction with linear impurity gradient M cm'1,
the limiting current can be expressed as ,7m = eMvW
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charges partially cancel each other. The more uni-
formly the multiplication is distributed over the width
of the p-n junction, the smaller the space charge of
the mobile carr iers for a specified current, and con-
sequently, the smaller the differential resistance of
the p-n junction.

The indicated simple connection between the rigor-
ous calculation of the differential resistance and the
elementary relation (3.4) enables us to introduce the
concept of the "equivalent multiplication layer"*,
which is defined as the section in which the total
avalanche current io is generated and in which the
space charge is equal to zero. The width of the equiv-
alent multiplication 6 can be obtained from the rela-
tion

w) (3.7)

hence

-6n, W =

For abrupt and continuous p-n junctions in germanium
or silicon we have respectively 6/w = 0.21 and 6/W
= 0.35, i.e., the multiplication layer is an appreciable
fraction of the entire barrier layer.

If the breakdown encompasses the entire area S
of the p-n junction then, in accord with (3.4) and (3.7),
the product R0C does not depend on S or (when
i « i m ) on the distribution of the current in this
area, and is a single-valued function of the breakdown
voltage Vk r. For a gradual symmetrical p-n junc-
tion ( Wp = Wn) in germanium, for example, R0C
= 0.43 W/4v =* 6X 1O"U

4. HIGH-FREQUENCY CHARACTERISTICS OF ATD.
FUNDAMENTAL RELATIONS

In a rigorous analysis of high-frequency processes
in an ATD it is necessary to start from the nonsta-
tionary kinetic equation for the electrons and holes,
and solve it simultaneously with the equation of the
electromagnetic field in the crystal. In such a formu-
lation, however, this problem can hardly be solved in
general form. It becomes necessary therefore to in-
troduce in the analysis, at the very outset, a number
of more or less fundamental assumptions.

The analysis is confined to the region of not too
high frequencies, when the time of Maxwellian r e -
laxation and the free-path time of the carr iers can
be neglected compared with the period of the oscilla-
tions, and the multiplication process can be regarded
as quasistationary, assuming the ionization probabil-
ity to be a single-valued function of the electric field
intensity and not to depend explicitly on the coordi-

*This concept was first introduced by A. L. Zakharov on the
basis of an analysis of the high-frequency properties of the multi-
plication layer

nates and the time. The p-n junction is assumed
planar, with dimensions much smaller than the wave-
length of the oscillations in the crystal. As a rule,
these assumptions are satisfied up to frequencies of
the order of 1011 Hz, corresponding to the short-
wave part of the millimeter band.

Under these conditions, the kinetic equations for
the electrons and holes reduce to the continuity equa-
tions

dp_
at
dn

d.7p
Ox

+pJr
(4.1)

- at ~ dx '
which must be solved simultaneously with the Poisson
equation (3.1) and the equation for the total current

x,t)^=3(t), (4.2)

where J ( t ) is the density of the total current, which
in a planar diode does not depend on the coordinates
x; J e = Jp + J n is the conduction-current density.
Since a = a( E ) and /3 =/3 ( E ), the system of equa-
tions (3.1), (4.1), and (4.2) is nonlinear and cannot be
solved analytically. Moreover, it is impossible to ob-
tain an analytic solution in general form even after
these equations are linearized with respect to small
time changes of all the quantities. The problem must
therefore be simplified further.

Let us assume, for example, that the transit angle
of the carr iers in the multiplication layer is suffi-
ciently small ( w6/2v < 1), so that the variation of
the field and of the current in this layer within the
time T£ = 6/2v can be neglected. Furthermore, to
simplify the derivations, we put a = /3 = a.

In this case the processes in the multiplication
layer can be regarded in the quasistatic approxima-
tion, using the concept of the equivalent multiplication
layer in the form introduced above. The barr ier layer
of p-n junction is then subdivided into three regions:
the multiplication layer, in which all the multiplica-
tion is concentrated, and two carrier-drift regions
(transit sections), in which there is no multiplication.
In the equivalent multiplication layer, the electron
and hole densities are equal and the total space-
charge density of the mobile car r iers is equal to zero.
The total multiplication current i e ( t , 6 n p ) = i o ( t )
flows from the boundaries of this layer into the drift
region, being completely transported by holes in a
p-type semiconductor and by electrons in an n-type
semiconductor. Such a carr ier distribution is obvi-
ously realized if the electron-hole pairs are gener-
ated on the boundaries of the equivalent multiplica-
tion layer. Therefore the width 6 of this layer is
none other than the mean free path between the ioniz-
ing collisions, and the quantity T^1 = v/6 is the loni-
zation probability.

The use of such a simple model greatly facilitates
the calculations, the results of which turn out to be
equally applicable to p-n and to p-i-n ATD at not
too high frequencies.
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The two continuity equations (4.1) and (4.2) are
replaced by a single equation for the current io
flowing out of the equivalent multiplication layer.
This equation can be obtained by integrating (4.1) with
respect to x with allowance for conditions on the p-n
junction boundary 14'19-'

'Wn
where ipS and i n s are respectively the hole and
electron components of the saturation current.

As a result we obtain

As a result we obtain

where

V (£„)-= \ a(E)dx

(4.3)

(4.4)

is the integral multiplication in the barrier layer. In
the quasistatic approximation considered above,
* ( Eo) can be calculated by using the relation for
E (x) obtained for the p-n junction in the absence of
the current; with this, * ( Eo) = ( E0/E^r)

ml, where
I = 1 for an abrupt p-n junction and I = l /2 for a
gradual one " .

As shown by a more detailed analysis*, the am-
plitude relations between the current and the field
are determined by (4.3) with an error smaller than
(WT5/2)2, and the phase relations with an error of
the order of wrg. The latter er ror is more signifi-
cant, but it can be corrected for by introducing into
(4.3) a time shift T_, between Eo and i:

^ - i } + <i.. (4-5)

The parameter Ty depends on the amplitude of the
oscillations and the distribution of the impurity in the
p-n junction. It is important that under ordinary im-
purity distributions this parameter is negative and
its value is the larger, the more uniform the multi-
plication distribution over the entire layer. Thus, for
example Ty = - 0 . 0 0 0 7 T for an abrupt p-n junction
and Ty = —0.055 T for a continuous one
(T = ( W - 6 ) / 2 V ) .

The Small-Amplitude Approximation

For a given * ( Eo) dependence, the system of
equations (3.1), (4.2), and (4.5) determines, in princi-
ple, the connection between the voltage V applied to
the diode and the current i flowing through it.

This connection can be readily obtained in explicit
form for small amplitudes of the high-frequency
signal, when the indicated equations can be linearized
with resgect to small alternating components of the
current i ( t ) , of the field E 0 ( t ) , and the voltage
V( t ) , which are assumed proportional to exp(j<x>t).

S -EQ(t') + ja70(t), (4.6)

(4.7)

(4.8)

where a = ( 2/wTg ) ( i s / i ° ) , i° = S J ° is the dc com-
ponent of the diode current, and

t' = y, 2 t = . -a p,n wp,n

2,70 ~dW

2jo

T66
!br

and the specific inductance and the proper character-
istic frequency of the multiplication layer, which
characterize (together with Ty) the inertia and the
oscillatory properties of the avalanche development
process.

The main consequence of Eq. (4.5) is that the
current i0 ( t ) flowing out of the multiplication layer
lags the field E0( t) in this layer. In the linear ap-
proximation, according to (4.6), the connection be-
tween these quantities is close to inductive, so that
for sinusoidal signals the phase shift between i o ( t )
and E0( t) is approximately equal to TT/2. This makes
it possible to classify the ATD as field diodes with
delayed emission, which, as indicated in Sec. 2, are
the most effective among the active diode elements.

The high-frequency properties of the ATD depend
on the characteristic frequency Q, which determines
the rate of change of the field Eo and of the current
i0 in the multiplication layer. In particular, the r e -
sistance of the layer at a small signal can be negative
only at sufficiently high frequencies u> > SI. This can
be verified by considering the phase relations between
the currents and the voltage in the p-n junction. We
neglect first the small quantities aiTy « 1 and a « 1.
It then follows from (4.6) that the conduction current
i0 = SE0/ja)L,5 is opposite in phase to the displace-
ment current id = jweSE0, and the ratio of their mag-
nitudes is i22/w2 =/32. The conduction current lags the
field E 0 ( t ) in phase by n/2, and the displacement

FIG. 7. Vector diagram of the
currents and voltages in the ATD
p-n junction.

•This analysis was made by A. L. Zakharov [42].
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current leads it. On the other hand, Eq. (4.8) shows
that under the influence of the carr ier space charge
in the transit sections (the second term in the right
side of (4.8)), the voltage V( t ) applied to the p-n
junction always lags in phase the field in the multi-
plication layer E 0 ( t ) . Consequently the phase shift
between V(t) and i^(t) is always smaller than 71/2,
and that between V(t ) and ^(t) is larger than 7r/2
(see the vector diagram of Fig. 7). The active r e -
sistance of the p-n junction is negative if the phase
shift i>j between V(t) and the total current T(t) is
larger than 7r/2. Inasmuch as the phase of the cur-
rent T( t) coincides with the phase of the larger of the
quantities i0 ( t) orT(j( t) , this condition is satisfied
when | i ( j | > |T0 |, i-e-> when

P 2 < 1 . (4.9)

The same conclusions can be arrived at by deter-
mining the phase shift ^2 between the voltage V (t)
and the current im(j ( t ) induced in the external c i r -
cuit by the mobile carr iers (Fig. 7). The require-
ment i?2 > TT/2 also leads to condition (4.9). In the
general case when ry * 0 and a * 0, the current
T0(t) lags the field E 0 ( t ) not by TT/2, but by the
angle

w3 = —.— arctg a, a = WTY + a.

The phase shift between V(t ) and E 0 ( t ) also de-
pends on cr, and the condition (4.9) is replaced by
/32 < 1 - a U ( | p , £n) , where U(^ p , 4n) is a certain
function of the transit angles | p n = o;Tp)n. Usually,
however, cr « 1 and this condition differs little from
(4.9).

It is often convenient to use, besides the charac-
teristic frequency, a second parameter - the charac-
teristic current ix, defined at the frequency OJ by

-u-
FIG. 8. Equivalent circuit of ATD.

0

FIG. 10. Resistance and reactance of a symmetrical ATD p-n
junction vs. diode current for different values of the transit angle.

the condition Q ( i°) = fi( ix) = co. Then /32 = i° / ix .
The impedance of the p-n junction of the ATD in

the linear mode, Z = V/i, is obtained by eliminating
To and Eo from (4.6)—(4.8):

= WC (X4 (4.10)

i=V,
where Cj = Se/wj is the capacitance of the j-th
transit section

1 —cos ! n (E) = 1 - - I

FIG. 9. Schematic dependence of the resistance and reactance
of the ATD on the frequency.

The expressions in (4.10) correspond to the equivalent
ATD circuit shown in Fig. 8.

In this circuit, the LCRg loop takes into account
the "cold" capacitance C = Se/W of the p-n junction
and the parameters L = LgW and R5 = era; L of the
multiplication layer. The quantities R| and X^ per-
tain to the transit sections, and the resistance R s

characterizes the loss in the diode base.
The dependence of the resistance R and of the

reactance X of the ATD p-n junction on the frequency
is shown in Fig. 9. The dependence of R and X on
the diode current for a symmetrical p-n junction, as
calculated from formulas (4.10) for several values of
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FIG. 11. The region of negative resistances of the ATD is
bounded by the curves: 1 — without allowance for the inhomoge-
neity of the breakdown, 2 — with allowance for the inhomogeneity
of the breakdown.

the frequency and the working interval UT < 27r, is
shown in Fig. 10.

According to (4.10), at small amplitudes of the
high-frequency signal the impedance of the ATD p-n
junction at the frequency OJ is determined essentially
by the carr ier transit angles | p n in the transit sec-
tions of the barrier layer of the p-n junction, and by
the parameter £2 = fi2/w2 = i°/ix. The reactance of
the p-n junction, which is inductive at low frequencies,
reverses sign and becomes capacitive when /32 — 1,
approaching - ( w C ) " 1 as /32 — 0.

The resistance of the p-n junction coincides at low
frequencies* with its differential resistance Ro and
remains positive up to a frequency somewhat lower
than the characteristic frequency (/32 ~ 1 — <j), where
it reverses sign and reaches the maximum negative
value. With further increase in frequency, the resis t -
ance of the p-n junction remains negative, but its
magnitude decreases rapidly (approximately like w~3),
assuming a minimum value at £p>n — 27rn.

Thus, the active resistance of the diode Rd = R
+ R s is negative in some range of frequencies and
currents, defined by the condition / 8 m i n < p2 < 1,
where /? m . depends on the loss resistance R s . For
not too high frequencies (LOT < 2?r) the region of
negative values of R is shown in Fig. 11 (shaded), the
dashed curve corresponding to the characteristic
current i x ( w ) . The lower limit w m m of the fre-
quency range where R < 0 is determined by the value
of the parameter a, i.e. (when COT « 1), by the value
of the saturation current i s : w m m r — 2(n s T)^ 2 , U s

= ft ( i s ) . The curves r = R s /Ro = const in this figure
define the starting current of the diode i st , below
which Rd > 0. The inhomogeneity of the p-n junction,

which leads to a nonuniform development of the break-
down over its area, narrows down the region where
Rd < 0, as shown by the dash-dot lines in Fig. 11.

Inside the indicated region, the absolute value of
the negative resistance of the diode increases rapidly
as the current increases, and approaches its charac-
teristic value ( j3 2 ^ 1) (Fig. 10). This effect, which
is due to the retarding action of the space charge of
the mobile carr iers on the field in the multiplication
layer, ensures not only large values of negative r e -
sistance of the diode, but also low values of its nega-

9X ,
tive Q = w -—/R, the modulus of which can be of the

OLO
order of unity in a certain interval of frequencies or
currents near /32 ^ 1 [ 3 ) 2 0 ] . This greatly facilitates
the excitation of the self oscillations in a generator
using an ATD, and relaxes the requirements with r e -
gards to the Q of the diode (Q s = (wCR s) ' i) and
the external resonator. Moreover, if a < 0, then
R < 0 with X = 0 (see Figs. 10 and 11). This points
to the possible self excitation in the ATD of internal
self-oscillations that are weakly coupled with the ex-
ternal circuit and whose frequency at | u | « 1 is
close to the characteristic frequency.

Although in ordinary p-n ATD the latter effect does
not play a major role, owing to the smallness of Ty
and a, it is of fundamental significance, since it r e -
flects the instability of the impact-ionization process
itself. As follows from the foregoing (see Fig. 7),
this instability is connected with the fact that when
a < 0 the phase shift t£3 between the field and the
conduction current in the multiplication layer exceeds
TT/2.

To clarify this, let us consider a broad multiplica-
tion layer (Fig. 12) and let us estimate the phase shift
between the alternating field E ( t ) and the carr ier
flux p ( t ) generated by this field, which for concrete-
ness we assume to be holes. The rate of hole genera-
tion, which is proportional to the product a( E) p,
depends on the value of the field E and on the hole
density p. Since the change in the density p ( t ) lags
in phase the variation of the field E ( t ) , the genera-
tion rate will also lag the field in phase. But the phase
shift between p ( t ) and dp(t) /dt is ir/2. Therefore
the phase shift between p ( t ) and E ( t ) , and conse-
quently between ip( t ) and E ( t ) is larger than TT/2.
A similar result is obtained also for the electron
current in ( t ) and the conduction current i e ( t)
= in( t) + ip( t ) . A consequence of this fact is the
high-frequency instability of the impact ionization
process, which becomes manifest, on the one hand, in

*By low frequencies are meant here those lying below the micro-
wave band, but exceeding 0.5 — 1 MHz. At lower frequencies the
differential resistance of the ATD differs from (3.7), owing to the
therma, inertia of the diode (see Sec. 7).

/ J*PJ~
FIG. 12. Illustrating the analysis

,z>of the instability in the multiplication
layer.
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F I G . 1 3 . R e s i s t a n c e a n d r e a c t a n c e o f t h e m u l t i p l i c a t i o n l a y e r

i n t h e c a s e o f h o m o g e n e o u s i o n i z a t i o n ( a = c o n s t ) .

a n e x p o n e n t i a l g r o w t h ( i n t i m e ) o f s m a l l p e r t u r b a t i o n s

o f t h e e l e c t r i c f i e l d a n d o f t h e c a r r i e r d e n s i t y i n t h e

m u l t i p l i c a t i o n l a y e r , a n d o n t h e o t h e r h a n d i n a n e g a -

t i v e v a l u e o f i t s a c t i v e r e s i s t a n c e R g .

I t m u s t b e e m p h a s i z e d t h a t t h e s e c o n c l u s i o n s a r e

v a l i d a l s o f o r a b r o a d m u l t i p l i c a t i o n l a y e r , f o r w h i c h

t h e p r e v i o u s l y - a s s u m e d c o n d i t i o n W T g / 2 < 1 i s n o t

s a t i s f i e d . A n a n a l y t i c r e s u l t c o u l d b e o b t a i n e d i n t h i s

c a s e o n l y f o r o n e h i g h l y i d e a l i z e d m o d e l - a l a y e r

w i t h u n i f o r m d i s t r i b u t i o n o f t h e m u l t i p l i c a t i o n

( a = c o n s t ) . H o w e v e r , n u m e r i c a l c a l c u l a t i o n s c a r -

r i e d o u t i n t h e l i n e a r a p p r o x i m a t i o n f o r m o r e r e a l i s t i c

m o d e l s h a v e c o n f i r m e d t h e c o r r e c t n e s s o f t h e b a s i c

a n a l y t i c r e l a t i o n s ' - 2 .

T h e i m p e d a n c e o f s u c h a m u l t i p l i c a t i o n l a y e r , c a l -

c u l a t e d w i t h o u t a l l o w a n c e f o r t h e s a t u r a t i o n c u r r e n t

i n t h e a f o r e m e n t i o n e d i d e a l i z e d m o d e l , i s s h o w n i n

F i g . 1 3 . T h e p a r a m e t e r o n t h e c u r v e s i s t h e d c d e n -

s i t y r e l a t i v e t o 1 . 4 x 1 0 3 A / c m 2 . A s s h o w n b y t h i s

f i g u r e , t h e r e s i s t a n c e o f t h e m u l t i p l i c a t i o n l a y e r i s

n e g a t i v e a l s o a t a n g l e s U T ~ 2TT. H o w e v e r , t h e c u r -

r e n t d e n s i t i e s r e q u i r e d f o r t h i s p u r p o s e a r e q u i t e h i g h .

C h a r a c t e r i s t i c s o f A T D a t L a r g e H i g h - f r e q u e n c y

S i g n a l A m p l i t u d e s

A r i g o r o u s a n a l y s i s o f t h e i n i t i a l s y s t e m o f n o n -

s t a t i o n a r y A T D e q u a t i o n s ( 3 . 1 ) , ( 4 . 1 ) — ( 4 . 2 ) f o r a r b i -

t r a r y v a l u e s o f t h e v a r i a b l e s l e a d s t o e x c e e d i n g l y

c u m b e r s o m e c a l c u l a t i o n s , e v e n i f n u m e r i c a l m e t h o d s

a r e u s e d . T h e m a i n f e a t u r e s o f t h e n o n l i n e a r A T D

c h a r a c t e r i s t i c s c a n b e e s t a b l i s h e d , h o w e v e r , b y a

s e m i - a n a l y t i c m e t h o d , b y i n t r o d u c i n g i n s e q u e n c e a

n u m b e r o f s u p p l e m e n t a r y s i m p l i f i c a t i o n s . W e n e g l e c t

t h e m o d u l a t i o n o f t h e p - n j u n c t i o n w i d t h a n d o f t h e

m u l t i p l i c a t i o n - l a y e r p a r a m e t e r s b y t h e a l t e r n a t i n g

v o l t a g e , a n d a s s u m e t h a t e i t h e r t h i s v o l t a g e o r t h e

a l t e r n a t i n g c u r r e n t i n t h e e x t e r n a l c i r c u i t a r e s i n u -

s o i d a l f u n c t i o n s o f t h e t i m e . T h e l a t t e r a s s u m p t i o n s

a r e v a l i d , i n p a r t i c u l a r , w h e n t h e d i o d e i s c o n n e c t e d

t o a r e s o n a t o r w i t h s u f f i c i e n t l y h i g h Q a n d t h e c o n -

d i t i o n / 3 2 « 1 i s s a t i s f i e d a t t h e o p e r a t i n g f r e q u e n c y

( / 3 2 < 0 . 5 i s s u f f i c i e n t i n p r a c t i c e ) . U n d e r t h e s e a s -

s u m p t i o n s , t h e m a i n f e a t u r e s o f t h e h i g h - f r e q u e n c y

A T D c h a r a c t e r i s t i c s a t l a r g e o s c i l l a t i o n a m p l i t u d e s

a r e d e t e r m i n e d b y t w o n o n l i n e a r e f f e c t s : t h e n o n -

l i n e a r d e p e n d e n c e o f t h e a v a l a n c h e c u r r e n t a n d t h e

s p a c e - c h a r g e p r o d u c e d b y i t o n t h e i n t e g r a l m u l t i -

p l i c a t i o n * ( E o ) , a n d t h e n o n l i n e a r i t y o f t h e f u n c t i o n

* ( E o ) , w h i c h c a n b e c a l l e d r e s p e c t i v e l y t h e c u r r e n t

n o n l i n e a r i t y a n d t h e m u l t i p l i c a t i o n n o n l i n e a r i t y . L e t

u s e x p l a i n t h e r o l e o f e a c h o f t h e f o r e g o i n g n o n l i n e a r

m e c h a n i s m s b y m e a n s o f v e r y s i m p l e m o d e l s .

a ) C u r r e n t n o n l i n e a r i t y . W e n e g l e c t t h e m u l t i p l i -

c a t i o n n o n l i n e a r i t y , e x p a n d i n g t h e f u n c t i o n * ( E 0 ) i n

t h e a v a l a n c h e e q u a t i o n ( 4 . 5 ) i n p o w e r s o f E ( / E b r a n d

n e g l e c t i n g t h e t e r m s p r o p o r t i o n a l t o t h e s e c o n d a n d

h i g h e r p o w e r s o f t h i s r a t i o . E l i m i n a t i n g E o f r o m t h e

o b t a i n e d e q u a t i o n a n d f r o m ( 4 . 2 ) , a n d p u t t i n g i s = T y

= 0 , w e a r r i v e a t t h e e q u a t i o n

) — ' o ( ' ) ( 4 . 1 1 )

W e a s s u m e f u r t h e r t h a t t h e c u r r e n t i ( t ) i n t h e e x -

t e r n a l c i r c u i t v a r i e s s i n u s o i d a l l y : i ( t ) = i ° + i 4

c o s u > t , a n d n e g l e c t i n t h e r i g h t s i d e o f ( 4 . 1 1 ) t h e

c o n d u c t i o n c u r r e n t i 0 ( t ) c o m p a r e d w i t h t h e t o t a l

c u r r e n t i ( t ) , w h i c h i s e q u i v a l e n t t o t h e c o n d i t i o n

/ 3 2 « 1 a n d i t - ( i d ) i = O J C V J , w h e r e V j i s t h e a m -

p l i t u d e o f t h e f i r s t h a r m o n i c o f t h e v o l t a g e V ( t ) . T h e

s o l u t i o n o f t h e o b t a i n e d e q u a t i o n u n d e r t h e i n i t i a l

c o n d i t i o n s t = 0 , i 0 = i o o , a n d d i o / d t = 0 h a s t h e f o l -

l o w i n g s i m p l e f o r m :

? o ( c o / ) = ; 0 0 e x p [ z ( 1 — c o s e o * ) ] , ( 4 . 1 2 )

w h e r e z = / 3 2 ( i 1 / i ° ) = i j / i x ^ o i C V j / i x .

A c c o r d i n g t o ( 4 . 1 2 ) a n d F i g . 1 4 , t h e a v a l a n c h e

c u r r e n t i 0 ( t ) b e c o m e s a s t r o n g l y n o n s i n u s o i d a l f u n c -

t i o n o f t h e t i m e e v e n a t r e l a t i v e l y s m a l l v a l u e s o f t h e

p a r a m e t e r z ( z > 0 . 5 ) , c o r r e s p o n d i n g t o s m a l l

v a l u e s o f t h e a l t e r n a t i n g - s i g n a l a m p l i t u d e V 4 / V D r

— 0 . 1 w T g .

T h e a m p l i t u d e o f t h e m - t h h a r m o n i c o f t h e c u r r e n t

i o ( t ) i s r e l a t e d t o t h e d c c o m p o n e n t o f t h e c u r r e n t i °

l i k e 2 I m ( z ) / l 0 ( z ) ( I m ( z ) i s a m o d i f i e d B e s s e l f u n c -

t i o n ) , a n d i n c r e a s e s r a p i d l y w i t h i n c r e a s i n g z , a p -

p r o a c h i n g 2 . T h i s c o r r e s p o n d s t o t h e t u r n i n g o f i o ( t )

i n t o a < 5 - f u n c t i o n s h i f t e d b y v r e l a t i v e t o t h e m a x i m u m

o f t h e t o t a l c u r r e n t i ( t ) a n d b y n / 2 r e l a t i v e t o t h e

m a x i m u m o f t h e f i e l d E o ( t ) .

2 0

75

F I G . 1 4 . D e p e n d e n c e o f t h e a v a l a n c h e

c u r r e n t o n t h e t i m e a n d a m p l i t u d e o f a s i n u -
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By determining the ratio of the first voltage har-
monic to the alternating current T(t) from (4.4) and
(4.12), we obtain approximate expressions for the
total resistance of the p-n junction:

(4.13)

where

f(*) = - 1L
2x

These expressions differ from the simplified formu-
las of the linear theory (4.10), taken at <r = 0 and
P2 « 1, only in that p2 is replaced by the factor
P2<p{ z), which is proportional to the ratio of the first
harmonic of the conduction current 2f ( z) i° to the
displacement current zix . At small oscillation am-
plitudes (z « 1), the first harmonic of the conduction
current increases linearly with z ( f ( z ) ^ z/2), but
with increasing amplitude it reaches rapidly a maxi-
mum value ( f ( z) — 1), so that the product p\ ( z),
and consequently also the modulus of the negative r e -
sistance of the p-n junction | R ( z) | decrease in in-
verse proportion to z. The reactance of the p-n junc-
tion approaches - l /oiC in this case.

Similar results are obtained also in the case when
the voltage V( t ) , rather than the current in the ex-
ternal circuit, is sinusoidal. The formulas for R and
X then coincide with (4.13), apart from terms of
higher order with respect to P2.

b) Multiplication nonlinearity. As indicated above,
the function * ( Eo) can be written approximately in
the form * ( E 0 ) ~ ( E 0 / E b r ) n + z ~ ( E 0 / E p r ) 6 . Us-
ing the space chage of the carr iers (the condition
P2 « 1), and assuming the diode voltage to be a sinu-
soidal function of the time V ( t ) = Vo + Vj sin wt, we
arrive at the equation

d\nt
dt

=-( -r-~ ) (1 T-asmart)6 —1, (4.14)

where a = V ^ V Q . Integration of (4.14) yields a for-
mula that relates the dc bias on the diode to the am-
plitude of the alternating voltage V 0 /V b r = A( a ) ,
and an expression for the current i o ( t ) :

In
100 0)T6

Bh (a) cos kat. (4.15)

In the last expression, the higher coefficients
amount to less than 0.3 of B( (a ) even at the maxi-
mum value a = 1, so that in a qualitative analysis
they can be neglected. The difference between (4.15)
and (4.13) then reduces only to a replacement of z
by z' = v (a) z, so that expressions (4.12) for the im-
pedance of the p-n junction remain in force. The
function v (a) and also the change in the dc bias on
the diode, are shown in Fig. 15. The minimum value
of Vo is equal to the maximum amplitude of the os-
cillations Vj max> corresponding to a = 1, and

FIG. 15. Variation of the dc
bias Vo and the coefficient v with
the alternating-voltage amplitude.

as

as
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amounts to V o m j n =* Vt m a x =* 0.64 Vb r . The values
of v (a ) lie between 0.5 and 1.

Thus, the multiplication nonlinearity leads essen-
tially only to a decrease of the dc component of the
bias voltage with increasing oscillation amplitude; the
influence of this nonlinearity on the amplitude depend-
ence of the p-n junction impedance is negligible.

A more detailed analysis of Eqs. (3.1), (4.1), and
(4.3), with allowance for the carr ier space charge
(/32 not much smaller than 1) and for other factors
neglected above, leads to the following expressions
for the impedance of a symmetrical ( r p = TQ = T )
p-n junction:

aCR -= - ±- * (D (j,) [X (|) cos <p -
C k

— GlCX = 1 J--^--

sin <p],

cos ) sin
(4.16)

Here y and cp are respectively the amplitude and
phase of the first harmonic of the function ln( io/i°)
= Yo - y c o s (5 +<P), which are connected with the
amplitude z' of the external sinusoidal signal by the
relations

=z'*; tg<p = (y)
M(y)

Unlike the simplified expressions (4.13), the formu-
las in (4.16) take into account the influence of the
signal amplitude not only on the relative amplitude of
the first current harmonic (the factor <p(y)), but also
on the phase shift (IT — <p) of this harmonic relative
to the total current i ( t ) .

The ac component of the carr ier space charge
(P2 * 0) and the saturation current (a * 0) cause
this phase shift to increase with increasing oscilla-
tion amplitude from the small-signal value
•n - t a i T ' l a / d -P2)] <* w to w - tan"1 [x( 4)A( £)].
This increase reduces the modulus of the negative r e -
sistance to zero. The critical value of the oscillation
amplitude, at which R(z ) reverses sign, decreases
with increasing parameters p2 < 1 and a, as shown
in Fig. 16.

Thus the saturation current, which governs the
value of the parameter a, is one of the main factors
limiting the maximum oscillation amplitude, and is
especially significant at small values of the transit
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parameters of an ATD oscillator (ATDG), namely the
frequency, power, and efficiency of self oscillations.
For the microwave range, such an oscillator consists
of an avalanche-transit diode and a cavity resonator
coupled to the useful load. At a current value much
lower than characteristic (/32 < 0.5) and for a reso-
nator with not too low a Q, the output of such an
oscillator is nearly sinusoidal, and its analysis can
be carried out by the well known method of slowly
varying amplitudes'-2 . In particular, the stationary
values of the frequency and of the amplitude of the
self oscillations are determined by the system of
equations

X (to, z) - r Xp (to) 0,

R (to,

(5.1)

(5.2)

FIG. 16. Variation of the resistance of the ATD p-n junction
with increasing amplitude of the high-frequency signal.

where Xp and R_ are the reactance and resistance
of the tank circuit of the oscillator, referred to the
p-n junction. The tank circuit incorporates, besides
the cavity and the load, also the crystal loss resist-

angle ? < 1, when the principal role is played by the a n c e R R a n d t h e r e a c t i v e parameters of the diode
current nonlinearity. When £ ~ 1 and i s / io < 10-3
this amplitude is limited by the condition* V l m a x

- vomin ~ °-6 v b r ( t h e dashed cuves in Fig. 16).
When j82 > 1, as seen from Fig. 16, the function R( z)
may go over with increasing z from the region R( z)
> 1 into the region R( z) < 0. Such a transition is
connected with the decrease of the ratio of the con-
duction current to the displacement current with
increasing z, and takes place when )32<p{ z ) — 1. This
points to the possibility of hard excitation of oscilla-
tions in the ATD at the frequency CJ and at currents
exceeding the characteristic current for this frequency.

We have neglected above the nonlinear effect con-
nected with the modulation of the p-n junction width by
the alternating voltage. This modulation does not
occur in a p-i-n ATD, in which the breakdown voltage
greatly exceeds the voltage of through breakdown '-14 ,
but may play an important role in p-n ATD. In the
latter, the modulation of the p-n junction width leads
to an increase in its average capacitance, which can
reach 16% for a gradual p-n junction, and can also
cause additional parametric effects'-3'1 .

In addition, this modulation can, by varying the
transit angle ij, influence also the resistance of the
p-n junction. This effect can be taken into account
approximately by slightly underestimating the maxi-
mum value of the oscillation amplitude: Vt m a x

= 0.5Vb r < 0.64 Vbr-

5. OUTPUT POWER AND EFFICIENCY OF AN
OSCILLATOR USING ATD

Using the results of the nonlinear analysis of the
ATD, we can readily obtain relations for the main

body.
Since the reactance of a p-n junction differs little

from the reactance of its cold capacitance C when
p2 « 1, the frequency of the self oscillations U>Q is
determined approximately by the relation

Xp (to0) ~ (ffloC)-1 (5.3)

and depends relatively little on the working current'
and on the amplitude of the oscillations. Therefore
to calculate the amplitude, and consequently also the
output power of the oscillator, we can use Eqs. (4.16)
and (5.2), in which we put w = ajj.

The total oscillation power P e delivered by a
symmetrical p-n junction to the external circuit and
the electronic efficiency r\ e of the oscillator, are
functions of the oscillation amplitude z = i01 / i x :

*When V, > Vo, current will flow through the diode in the forward
direction.

— • ( 5 . 4 )

T h i s p o w e r r e a c h e s a m a x i m u m v a l u e P e m a t a c e r -

t a i n o p t i m a l v a l u e z = z m .

A t s m a l l t r a n s i t a n g l e s , t h e v a l u e s o f z m a r e d e -

t e r m i n e d b y t h e s a t u r a t i o n c u r r e n t , w h i c h l i m i t s t h e

m a x i m u m a m p l i t u d e o f t h e a l t e r n a t i n g c u r r e n t o f t h e

d i o d e ( c u r r e n t l i m i t a t i o n ) . W h e n 4 > 2, t h e d e c i s i v e

f a c t o r i s t h e l i m i t a t i o n o f t h e a m p l i t u d e o f t h e a l t e r -

n a t i n g v o l t a g e ( t h e c o n d i t i o n V j < 0 . 5 V t j r ) . T o e s t i -

m a t e t h e v a l u e s o f P e m a n d r j e m , w e n e g l e c t , f o r

z s z m , t h e s a t u r a t i o n c u r r e n t , p u t t i n g i n ( 4 . 1 6 )

a = 0 a n d ip = ir; t h e n R ( z ) <* ( u C T 1 f ( y ) x ( k ) a n d

"e — ro£/ • I (.(/)' X (?)• ( 5 . 5 )

A t l a r g e o s c i l l a t i o n a m p l i t u d e s ( z , y » 1 ) w e c a n

n e g l e c t a l s o t h e r a t i o o f t h e c o n d u c t i o n c u r r e n t t o t h e

t o t a l c u r r e n t ( p u t t i n g p2cp ( y ) « 1 ) a n d a s s u m e t h e

a v a l a n c h e c u r r e n t t o b e a S - f u n c t i o n o f t h e t i m e . T h e n

w e c a n p u t i n ( 5 . 5 ) i t — O J C V J a n d f ( y ) — 1, w h i c h

y i e l d s
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v0 c (5.6)

The function X (£ ) goes through a maximum x = Xm
^ 0.73 when £ = | m =* 2.3. Therefore the maximum
of J7em> corresponding to the limiting oscillating
amplitude V l m = Vo, amounts to

T,em~0.73-^-. (5.7)

In practice, however, the condition Vj = Vo is diffi-
cult to realize owing to the modulation of the p-n
junction width. By specifying a more likely value

— 0.7, corresponding in a p-n ATD to V l m

= 0.5Vbr, we get

(5.8)

According to (5.8), the maximum electronic efficiency
of an ATD oscillator increases with decreasing rela-
tive width of the multiplication layer and can reach
50%. For an ATD with a stepwise and continuous p-n
junction we have respectively C/C' =* 4/5, r j e m =* 40%
and C / C =* 2/3, rj e m ^ 33%.

Formula (5.6) can be readily obtained also directly
by determining the energy of interaction between a
high-frequency electric field and a 6-like electron
packet leaving the multiplication layer at the instant
of time when the high-frequency electric field in the
transit section passes through zero, and changes from
accelerating to decelerating.

The results of a more rigorous calculation of yem,
carried out by means of formulas (4.16) and (5.4) un-
der the condition Vt = 0.7 Vo with account taken of
the actual form of i0 ( t) and the phase shifts due to
the parameters a and P2, are shown in Fig. 17a.

The function ??e( £ ) has a gently sloping maximum
near | - 2, the magnitude of which depends little on
a but decreases with increasing /32 from 0.45 C/C'
when /32 = 0.1 to 0.36 C / C when /32 = 0.6 (cf. (5.8)).

The useful power P ^ dissipated in the active load
R L is always smaller than P e , owing to the losses
in the cavity and in the diode. The maximum value of
this power, P L = Pi_,m> corresponding to the optimal

" * ' * ;

ll

1 a=705
\

a/5

QO5

FIG. 17a. Maximum electronic efficiency of ATD oscillator.

FIG. 17b. The function F(K).

as

47

as

as

as

ar

V

I

I

load R L = RLm in the absence of cavity losses and
for Vj < 0.5 Vb r, is determined by the approximate
expression

(5.9)

where Q s = (wCRs f
1 is the Q of the diode, K = i°/ i s t

is the ratio of the working current i° to the starting
current of the generator at minimum load is^., and
F ( K ) is a function plotted in Fig. 17b. When K > 3
and £ = 2.3 we have F ( K ) - 1, X2 - Xm - 0.52, and

~ 0,25 — Y n
r, ) Vs- (5.10)

According to (5.9) and (5.10) the total efficiency of
the oscillator, 7 ] L m = PLm/i<>vo» i s proportional to
the current, to the Q of the diode, and to the recipro-
cal of its capacitance; it reaches a maximum value at
4 =* 2.3.

6. CURRENT FLUCTUATIONS AND NOISE PROPER-
TIES OF ATD AND ATDO

A characteristic feature of avalanche-transit
diodes is the increased noise level at high frequencies
(> 104 Hz). Even in germanium diffusion ATD with
homogeneous breakdown this level is 25—30 dB higher
than the shot noise of a vacuum diode with the same
current. In silicon ATD, where the breakdown is ac-
companied by microplasma phenomena, this excess
can reach 60—70 dB"-16 . Detailed investigations have
shown that, at least in germanium ATD, the excess
noise is due not to extraneous effects, but is a direct
consequence of the statistical peculiarities of the
avalanche process of impact ionization'-*'23'24 .

The common origin of all the particles of an ava-
lanche produced by passage of an electron or hole
through the multiplication layer, and the correlation
between the succeeding ionization processes, cause
the probability distribution P ( M) of the number M
of particles in the avalanche to differ from a Poisson
distribution, and if the electron and hole ionization
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coefficients are equal the probability distribution is
given by

(6.1)

W,P _where * = J ' a dx is the integral multiplication and
- W n

Djyj are numerical coefficients. The mean square and
the variance of the number of particles in the ava-
lanche are connected with the mean value (multiplica-
tion coefficient) M" by the relations

M2 = (M)3, A ^ = M ! - (Mf^{Mf (M- i ) , (6.2)

i.e., they greatly exceed the corresponding values for
independent events, which, as is well known, are M2

= ( M)2 + M and AM2 = M.
The fluctuations of the avalanche current i0 are

made up of fluctuations of the primary carr ier cur-
rent - the saturation current is—and the fluctuations
of the multiplication coefficient M. Inasmuch as the
avalanche does not develop instantaneously but within
a time of the order of Tg In M, the latter depends not
only on AM2, but also on the frequency and on the
damping action of the space charge of the carr iers in
the transit sections. A calculation in which allowance
is made for the foregoing factors gives the following
approximate expression for the spectral density of
the fluctuations of the avalanche current Sj (co ) in a
p-n junction that is short circuited at high frequency:

(6.3)

where

B

S s (w ) i s the spec t r a l density of the sa tura t ion c u r -
rent fluctuation, and ( wj^)"1 = M r g / 2 i s the c h a r a c -
t e r i s t i c t ime, which i s connected with the avalanche
development t ime . At the values typical of germanium
ATD, M =* 102 - 104, 6 ** 10"4 - 10"5 cm, and v =* 6
x 106 c m / s e c , we have

2jt ~ 106 -f- 10s Hz

Assuming the fluctuations of the current i s to be of
the shot type and taking (6.2) into account, we get

(6.4)

we have B( w, fi1, £) — 1,

S'o (co) ~ 2ei°

At frequencies below
and Sj exceeds by a factor ( M ) 2 the densi ty of the
shot fluctuations, is not damped by the space charge,
and depends strongly on the t e m p e r a t u r e (like i"2)
for a specified value of the diode cu r r en t i°.

At frequencies l a r g e r than wjyj we have approxi -
mately

In this case the function Sj (i°) goes through a maxi-
mum equal to

(6.6)

at a current determined by the condition

i ( 4 if I •<- n>
P ' m ^ d i ' - x T ^ ! s

( 1 if I i- IT.

According to (6.6), the quantity S1 > 2ei° does not de-
pend on the saturation current (and consequently on
the temperature), and when | ~ ir it changes in inverse
proportion to the frequency.

At low frequencies (< 104 Hz), generation-recom-
bination and flicker noise is superimposed on the shot
noise. These types of noise have essentially the same
character in ATD as in diodes of other types (see, for
example, [25]).

If the diode is shunted by an impedance Z- (w ) ^ 0,
the current fluctuations are accompanied by voltage
fluctuations sV( o>) on the p-n junction. Since the
ATD is usually fed from a dc source to prevent
thermal breakdown, we get at low frequencies Zp ( 0)
» Z ( 0). The current fluctuations are then suppressed
and the voltage fluctuations reach their maximum
value

Sv (0) ~ Sl (0) • Z* (0) ~ Sl (0) • (6.7)

B K p«, £) ~ (j^'f (g) -\ p* • (6.5)

where Ro is the differential r e s i s t ance of the p-n
junction. The fluctuations S ^ w ) and S v ( w ) a r e the
main causes of noise in ATD osc i l l a to r s and ampl i -
f i e r s .

The theore t ica l value of the noise figure of an ATD
amplif ier for the cen t imete r band is approximately
25—30 dB. The calculated value of the ra t io of the
signal power to the power of the amplitude noise in an
ATD osci l la tor at frequencies within the pa s s band of
the osc i l la tor tank c i rcui t i s 145—155 dB/Hz.

7. RESULTS OF AN EXPERIMENTAL INVESTIGATION
OF ATD CHARACTERISTICS

Exper imenta l invest igat ions of the e lec t r ic c h a r a c -
t e r i s t i c s and a check on the deduction of the ATD
theory were c a r r i e d out with diffusion germanium p-n
ATD with symmet r i ca l p-n junction and breakdown
voltages 10—40 V by V. L. Aronov and A. I. Mel'nikov
in 1960—1962. In par t icu la r , they measu red the i m -
pedance of the ATD under working conditions in a wide
range of frequencies, from the lowest ones to m i c r o -
waves.

At low frequencies (< 1 MHz) it was observed that
the impedance of the diode, which i s equal to i ts dif-
ferent ial r e s i s t ance R j , is two or th ree t imes l a r g e r
than the value of Ro given by (3.7), and d e c r e a s e s with
increas ing frequency. It turned out that this effect is
connected with heating of the p-n junction by the flow-
ing cur ren t , accompanied by an inc rease in the b r e a k -
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down voltage V b r . At high frequencies, when the
period of variation of the current is much shorter
than the thermal relaxation time, the temperature of
the p-n junction has no time to change within the
period of the oscillation and its differential resistance
coincides with Ro. On the other hand, if the period of
the oscillations is large compared with the time of
thermal relaxation, then the temperature T of the
p-n junction is determined by the instantaneous value
of the diode current i ( t ) . The differential resistance,
measured in the static mode or at very low frequen-
cies ( « 1 MHz) is equal not to Ro + Rs, but to

JT/
fl.. (7.1)

Recognizing that V b r ( T) = V b r (To) [ 1 + d (T - To)],
with d =* 10"3 deg"1 for germanium diodes, and putting
T - To = RTi°Vb r , we get

Rst = Ro+RsJrcPVlrIiT. (7.2)

By measuring R s t a t , Roi and the R^ ( w ) dependence,
we can obtain an important parameter of the ATD -
its thermal resistance R T , and also the time of
thermal relaxation, which determines the maximum
permissible value of the diode current in the continu-
ous and pulsed modes.

The values of the product (RoC)exp> obtained from
measurements at frequencies on the order of 1 MHz,
are close to the calculated value T / 2 , but are always
somewhat larger: For good diodes, as a rule,
(R 0 C) e x p =* (1.2 - 1.5) T / 2 . This discrepancy is ap-
parently due to the fact that the breakdown encom-

jGHz

FIG. 19. Change in the characteristic current of an ATD with
changing frequency.

passes only part of the area of the p-n junction: Sj
< S, with Sj/S ~ (T/2)(R 0C)i i p .

At current densities exceeding 104 A/cm2, for
ATD with V b r — 30 V, one observes as a rule a mono-
tonic increase of Ro with increasing current, in ac -
cord with the theory (see (3.3)).

Typical plots of the small-signal impedance of the
ATD p-n junction against the diode current and
against the frequency, in the microwave band, are
shown in Fig. 18. Comparison of Fig. 18 with Fig. 10
shows a good qualitative agreement between the ex-
perimental and theoretical curves. From the quanti-
tative point of view this agreement is characterized
by Fig. 19, which shows the calculated and the experi-
mental values of the characteristic current as a func-
tion of the square of the frequency. Within the limits
of the measurement errors , which are indicated by
the vertical bars, the experimental dependence agrees
with the calculated one ix( w) ~ w2. However, the ab-
solute values of the characteristic current are larger
than the theoretical ones. This discrepancy exceeds

w

2O 40 SO SO i,,vaK

FIG. 18. Experimental plots of the resistance and reactance of
the p-n junction of an ATD vs. the diode current.

FIG. 20. Experimental plot of the impedance of the ATD p-n
junction vs. the amplitude of the high-frequency signal. Compari-
son with calculation.
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FIG. 21. Spectral density of ATD current fluctuations (ieff

= sj/2e).

the measurement error, and its reason is unclear.
Plots of the resistance and reactance of the ATD

vs. ij of the microwave signal are shown in Fig. 20.
Here, too, satisfactory agreement is observed between
the experimental data and the theoretical ones.

Experimental investigations of the current fluctua-
tions and noise of ATD at high frequencies have con-
firmed the main deductions of the theory. Typical
curves describing the variation of the spectral density
of the ATD current fluctuations with frequency, diode
current, and ambient temperature are shown in Fig.
21. In accordance with the theory, the function SJ( i°)
goes through a maximum Sm( u>) at a diode current
*m' w n i c n increases with frequency. The value of
S m ( o>) exceeds by 2—4 orders of magnitude the usual
level of shot fluctuations 2ei°, decreasing with in-
creasing frequency.

The spectral density of the fluctuations at high
frequencies W/2TT > 10 MHz is practically independent
of the saturation current and of the multiplication co-
efficient. This is evidenced, first, by the small dif-
ference between the values of S1 (w ) for different
diodes whose saturation currents differ by 1—2 orders
of magnitude, and second, by the weak dependence of
S1 ( « ) on the ambient temperature: the relative
change of S1 (a>) with change in temperature does not
exceed 0.02 dB/deg at these frequencies.

Perfectly satisfactory results are obtained also by
comparing the experimental and theoretical values of

the main parameters of ATD generators. An illustra-
tion is Fig. 22, which shows the theoretical and ex-
perimental values of the output power of a single-loop
generator, for a large number of ATD, as obtained by
I. M. Martirosov. In the calculation use was made of
formula (5.9), in which the experimental value of the
ratio of the working current to the starting current
was substituted. All these data lead to the conclusion
that the initial ideas concerning the operating mecha-
nism of the p-n ATD, and the theoretical deductions
based on these ideas are all correct.

Recently, reports were published of experimental
investigations in the USA of the Read diode and of
ATD on the basis of Si and GaAs [15»le.26:1. The Read
diode was designed for 180 MHz. The measured
values turned out to be in satisfactory agreement with
the calculation'-15-'. In , the linear parameters of
the equivalent circuit of the p-n junctions of several
epitaxial silicon p-n ATD were calculated with allow-
ance for the real structure of these diodes. The ex-
perimental data are in qualitative agreement with the
calculated ones, the quantitative discrepancy in them
not exceeding 50%.

8. ACTIVE DEVICES WITH ATD

Besides theoretical and experimental investigations
of the operating mechanism of the ATD, comprehen-
sive technological and design work was done in the
USSR in 1962—1964 on the construction of avalanche-
transit diodes and active microwave devices based on
them, intended for their use in miniaturized and
economical microwave apparatus ^3>4-'*.

The best results were obtained with germanium
diodes. As a result of improvements in the diffusion
technology[27], ATD were developed with breakdown
voltages Vk r from 10 to 60 V, with capacitance C v b r

- 0.05 - 0.5 pF, a time constant RSC - 0.5 =* psec,
and a thermal resistance 50—100 deg/W. These
diodes were used to construct generators of coherent
oscillations (ATDG) of different types, quartz-con-
trolled multiplication networks, regenerative ampli-
fiers for the centimeter and millimeter bands, and
miniaturized microwave noise sources.

25

zff

75

70

5

" 5 70 75 2O P.. _w

theor' mw

FIG. 22. Comparison of experimental and theoretical values of
the power of an ATD generator.

c
'A °-

Generators of Coherent Oscillations for the
Centimeter and Millimeter Wave Bands

Miniature generators for the centimeter bands
(3—15 GHz) deliver in the continuous mode an output
power from 5 to 50 mW at 3—7% efficiency when fed
with a current of 10—20 mA and a voltage 20—70 V.

*The technology of ATD production was developed by a group
headed by A. V. Krasilov and V. M. Val'd-Perlov, while active de-
vices with ATD were developed under the direction of the author
by engineers A. I. MePnikov, A. V. Skidan, A. D. Khodnevich,
A. M. Tsebiev, and others.
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FIG. 23. ATDG with a large range of mechanical frequency tun-
ing.

The oscillation frequency is determined by the reac-
tive parameters of the diode and of the external c i r -
cuit. An ATD with this value of Vk r can operate ef-
ficiently in a frequency interval on the order of one
octave. With increasing VDr> this interval shifts
(owing to the increase in the transit angle) towards
longer wavelengths. The indicated interval can be
covered by a single generator with a coaxial-type
tank circuit (Fig. 23) [28]. An example of the band
width characteristic of such a generator is shown in
Fig. 24.

Generators with a small tuning range can be con-
structed in miniature form using the intrinsic tank
circuit of the ATD, made up of the p-n junction
capacitance and the inductance of the diode body [29]

Photographs of such generators with coaxial and
waveguide output lines are shown in Fig. 25.

The maximum oscillation power is limited by the
allowable temperature of the p-n junction and by the
maximum dissipated power. Using a quasicontinuous
supply mode or cooling the diode to a temperature
-50 to -100°C it is possible to increase the output
power by a factor of 2 or more. An appreciable in-
crease in the ATDG power can be obtained also by
connecting several diodes in one resonant circuit. By
arranging, for example, the diodes symmetrically on
a circle near the side wall of a cylindrical resonator,
it is possible to ensure effective addition of power
from 4, 6, and more diodes with a suitable increase
in the output power of the generator to 100 mW and

more in the continuous mode [30]
Electric tuning of ATD generators is effected

FIG. 24. Variation of the output power and of the frequency of
ATDG when the coaxial plunger is displaced.

either by varying the diode current (in a narrow
range), or with the aid of an additional varactor diode.
In the latter case, the interval of electric frequency
tuning of a generator in the centimeter band can reach
3—5%. One variant of a generator of this type is
shown in Fig. 26; its pass band characteristic is
shown in Fig. 27.

The large contents of harmonics in the spectrum
of the avalanche current makes it possible to use
cm-band ATD to produce mm-band generators .
The resonator of such a generator is best made of the
two-loop or three-loop type in order that one of the
loops, which is not coupled to the useful load, be tuned
to the fundamental frequency in the short-wave part
of the centimeter band (10—15 GHz), and the others
to higher harmonics of this frequency. Lowering of
the breakdown voltage to 10—12 V makes it possible
to construct generators with a fundamental frequency
lying in the millimeter band. Generators of this type
have in the upper part of the millimeter band an out-
put power on the order of several milliwatts (in the
continuous-wave mode). The oscillation spectrum of
a reflex klystron, although at frequencies sufficiently
far from the center of the spectral line (by 0.1 MHz
and more), where the main noise source are shot
fluctuations of the avalanche current, the spectral
density of the amplitude and frequency fluctuations of
the ATDG are 15—20 dB higher than in the better r e -
flex klystrons.

a) b)
FIG. 25. Minatunzed ATDG, a) coaxial, b) waveguide.
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F I G . 2 6 . A T D G w i t h e l e c t r i c f r e q u e n c y t u n i n g

S y n c h r o n i z a t i o n o f A T D G b y a n E x t e r n a l S i g n a l a n d

Q u a r t z C o n t r o l l e d M u l t i p l i c a t i o n N e t w o r k s

T h e l o w n e g a t i v e Q o f A T D a n d t h e f a c t t h a t s e l f -

o s c i l l a t i n g s y s t e m s w i t h t h e s e d i o d e s a r e n o t i s o -

c h r o n o u s m a k e s p o s s i b l e e f f e c t i v e s y n c h r o n i z a t i o n o f

t h e g e n e r a t o r s b y m e a n s o f a n e x t e r n a l s i g n a l a t

either the fundamental frequency of the self oscilla-
tions or at its harmonics or subharmonics '•s*.

Synchronization of ATDG at the fundamental fre-
quency is attained at synchronizing-signal powers P s

which are lower by 40—60 dB than the power of the
free self oscillations (Fig. 28a). In the case of syn-
chronization at the harmonics of the self oscillations,
at low harmonic numbers n = wg/o)0 — 3—4, the power
of the synchronizing signal can also be lower than the
power of the self oscillations of the ATDG by 10—15 dB
(Fig. 28b). This makes it possible to use ATDG for
frequency division in the millimeter band.

ATDG can be synchronized by a low-frequency sig-
nal (at the subharmonics of the self oscillations)
either by applying a low-frequency signal directly to
the ATD, or by using an additional multiplication stage
with a varactor or some other multiplying diode. In
either case, for effective synchronization of ATDG in
the centimeter band, by means of a signal in the
meter band (at subharmonics 30—60) the required
power of the latter does not exceed 200—300 MW.
This principle can be used to construct miniature
quartz-controlled multiplication networks with output
stage consisting of an ATDG in the centimeter band
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v a r a c t o r v o l t a g e

F I G 2 8 L i m i t s of A T D G s y n c h r o n i z a t i o n b a n d v s r a t i o of t h e

s y n c h r o n i z i n g - s i g n a l p o w e r P s t o t h e f r e e s e l f - o s c i l l a t i o n p o w e r

P g a t d i f f e r e n t v a l u e s o f t h e l o a d e d Q of t h e g e n e r a t o r Q L ( c u r v e s

1 , 2 , 3 ) a ) F u n d a m e n t a l f r e q u e n c y (OJS = co0), b ) t h i r d h a r m o n i c

( G J S = 3 C D 0 )

a n d w i t h l o n g - t i m e r e l a t i v e f r e q u e n c y s t a b i l i t y 1 0 7 —

1 0 " 8 a n d a l o w l e v e l o f p h a s e f l u c t u a t i o n s . S u c h s t a b l e

m i c r o w a v e - s i g n a l s o u r c e s a r e s u p e r i o r t o t h e p r e s -

e n t l y k n o w n m u l t i p l i c a t i o n n e t w o r k s w i t h v a r a c t o r s i n

t h a t t h e n u m b e r o f i n t e r m e d i a t e s t a g e s i s m u c h

s m a l l e r , t h e c o s t i s l o w e r , a n d t h e r e l i a b i l i t y i s h i g h e r .

T h e s i m p l i c i t y a n d e f f i c i e n c y o f e x t e r n a l s y n c h r o n i z a -

t i o n o f A T D g e n e r a t o r s a n d t h e i r s m a l l d i m e n s i o n s

m a k e i t p o s s i b l e t o u s e t h e s e d e v i c e s t o c o n s t r u c t

m u l t i - e l e m e n t a c t i v e t r a n s m i t t i n g a n d r e c e i v i n g

a n t e n n a a r r a y s . I n t h e t r a n s m i t t i n g a r r a y s , t h e u s e o f

a l a r g e n u m b e r o f c o h e r e n t A T D G r a d i a t o r s s y n c h r o -

n i z e d b y a n e x t e r n a l s i g n a l m a k e s i t p o s s i b l e t o s h a p e

t h e r a d i a t i o n b e a m a n d t o e f f e c t e l e c t r i c s c a n n i n g o f

t h i s b e a m i n s p a c e b y v a r y i n g t h e p h a s e d i f f e r e n c e s

o f t h e o s c i l l a t i o n s o f t h e d i f f e r e n t g e n e r a t o r s . I n r e -

c e i v i n g a r r a y s , t h e s y n c h r o n i z e d A T D G c a n b e u s e d

a s c o h e r e n t h e t e r o d y n e s .
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FIG. 29. Frequency dependence of the gain G of an ATD ampli-
fier, a) For single-loop amplifier, b) for two-loop amplifier.

ATD Regenerative Amplifiers

ATD can be used not only for generators but also
for generative amplifiers. At 25—30 V and 2—5 mA,
a single-loop 3-cm amplifier provides in the continu-
ous mode a stable gain G = 20—30 dB in a bandwidth
up to 50 MHz (Fig. 29a). The use of two-loop reso-
nant systems makes it possible to broaden the band
of the amplifier to 100—150 MHz (Fig. 29b). The
amplitude characteristic of the amplifier remains
linear at an input-signal power P m lower than
10"6 W (Fig. 30). A feature of a regenerative ATD
amplifier is small size and simple construction, but
its application is limited by the large value of the
noise figure, of the order of 25—30 dB, due to the
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high level of shot fluctuations of the avalanche cur-
rent.

Besides the ordinary regenerative negative-re-
sistance amplifier, the specific features of the ATD
make it possible to effect amplification which can be
called autoparametric. The self oscillations in ATD
generators are accompanied by modulation of the
p-n junction capacitance, which can, if the microwave
tank circuit is suitably tuned, give rise to parametric
regeneration at frequencies different from the self-
oscillation frequency. An autoparametric amplifier
constructed on this principle provided a gain exceed-
ing 20 dB at an operating frequency of GHz and at a
self-oscillation frequency of approximately 10 GHz'-31^.

Noise Generators ^

According to formula (6.6), at frequencies w > wĵ j
the high spectral density of the avalanche-current
fluctuations does not depend on the saturation current
(multiplication coefficient M) and is determined only
by the value of the frequency and of the current of the
diode. This points to the possibility of using semi-
conductor diodes of the ATD type, in which the ava-
lanche breakdown develops uniformly over the area
of the p-n junction, as sources of stable white noise
of high intensity.

The noise generators of this type developed for
measuring purposes (ATDNG) cover the decimeter
and centimeter bands. A photograph of one version of
ATDNG for the decimeter band is shown in Fig. 31.
At a supply power 10—100 MW (voltage 10—15 V,
current 0.5—10 mA) the effective noise temperature
of these generators lies in the range from 105—106°K
in the short-wave part of the centimeter band to
107—108°K in the decimeter band, and can be smoothly
regulated by varying the diode current. The genera-
tors are characterized by temperature and long-time
stability of noise level which is sufficiently high for
measuring purposes, and permit modulation by
microsecond pulses. This property of the ATDNG
and also their small dimensions, low supply power,
and high noise level determine the significant advan-
tages of these devices over the hitherto known meas-
uring noise generators using gas-discharge tubes and
vacuum diodes.

70'3

FIG. 30. Amplitude characteristic of ATD amplifier. FIG. 31 ATD noise generator.
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From the foregoing brief description of certain
domestic microwave ATD devices we see that even
now this new device is not only of physical but also
of considerable practical interest. Microwave gen-
erators with ATD offer serious advantages with r e -
spect to size, weight, economy of power supply, and
cost both over corresponding vacuum devices - r e -
flex klystrons - and over multiplying networks with
varactors. At the present time they are used suc-
cessfully to produce miniaturized and economical
microwave apparatus for various purposes, consist-
ing entirely of solid-state elements. An example of
such apparatus is the portable communication radio
station for the centimeter band, developed in the
USRS under the direction of S. A. Peregonov, in which
the main microwave device performing the function
of both the transmitting generator and the heterodyne,
is an ATDG similar to that shown in Fig. 26.

Abroad, judging from the data published up to the
beginning 1966'-6'6'16'20'32"38-1, ATD and microwave de-
vices based on these diodes are being developed in
the USA and Japan.* Although in 1965 none of these
investigations went beyond the stage of initial labora-
tory research, they yielded many new interesting
results. The ATD used in the USA are diodes based
on silicon and gallium arsenide with a single diffusion
p-n junction, produced either in a uniformly doped
material or in a high-resistance epitaxial film. The
insufficient heat dissipation and the inhomogeneity of
the p-n junction make it difficult to operate the diode
in the continuous mode, so that most research has
been carried out in the pulsed mode. Generation was
attained in the 0.9—4 GHz with silicon planar diodes
with breakdown voltage 120 V, mounted in a coaxial
resonator, at a cw output power near 1 MW with ef-
ficiency 0.5%. In the pulsed mode the same diodes
used in a waveguide tank circuit generated oscilla-
tions in the 10—15 GHz band with output powers up to
100 MW[32]. Silicon diffusion mesa diodes with break-
down voltage 7—55 V in waveguide tank circuits of
appropriate cross section generated (in the pulsed
mode) oscillations in the range from 10 to 15 GHz at
a current from 0.15 to 1.5 A. The generation fre-
quency increased approximately in inverse proportion
to the breakdown voltage. The output power reached
350 MW at 50 GHz and 1—2 MW at 85 GHz [33].

The maximum output power obtained with silicon
diodes in the continuous mode is approximately
13 MW at 10.5 GHz and 0.5% efficiency for a simple
diffusion diode, and approximately 19 MW at 5 GHz
and 1.4% efficiency for an epitaxial diffusion diode
with p*-n-i-n+ structure close to that proposed by
Read t u ' 1 6 ] .

Parametric epitaxial gallium-arsenide diodes with
breakdown voltage 20—70 V in the avalanche multi-

plication mode generated oscillations in the 8—30
GHz band. In the pulsed mode, at a current density
103—104 A/cm2, an output power of 40 MW was ob-
tained at 27 GHz and 2% efficiency, while in the con-
tinuous mode the maximum output power reached
22.5 MW at 13 GHz and 4.25% efficiency6'34'351.

Although the main mechanism of the observed
generation has apparently an avalanche-transit char-
acter and is not connected directly with the main in-
stability in the volume (the Gunn effect '), the
latter can take place in the barr ier layer of the p-n
junction, where the electric field intensity is suffi-
ciently high. It is therefore not excluded that the
combination of avalanche and domain instability can
increase the efficiency of GaAs ATD [35-'

No detailed investigations of the oscillation spec-
trum are reported in the cited papers, and the funda-
mental-frequency line width measured with a spec-
trum analyzer is close to the value 10—50 kHz which
is customary for microwave self oscillators. In many
cases parametric excitation of low-frequency oscilla-
tions and generation of higher harmonics were ob-
served'-16'34 . These effects apparently explain the
wide range of generation frequencies observed by
different workers.

At currents below the generation threshold, many
authors observed regenerative amplification of oscil-
lations fed to the input of a resonator with ATD
through a circulator. A gain of 20 dB was obtained
with silicon diodes at a frequency 11 GHz and a band
width of 20 MHz, and a noise figure 50—60 dB [16 '361.

In Japan, microwave generation was obtained with
a germanium diffusion diode in the pulsed mode. The
oscillations were observed in a wide range of fre-
quencies, up to 90 GHz [37]*.

Comparing the results obtained with avalanche-
transit diodes of germanium, silicon, and gallium
arsenide, we can note the following. The main ad-
vantage of germanium ATD is the homogeneity of the
p-n junction, which ensures uniform development of
the breakdown over its area, and the high thermal
conductivity of the germanium, which makes it possi-
ble to lower the thermal resistance of the diode. A
shortcoming of these diodes is the small width of the
forbidden band in Ge (0.7 eV) and the associated low
values of the limiting temperature of the p-n junction
(100—120° C) and the increased saturation current.

In silicon and gallium arsenide, the width of the
forbidden band is approximately double that in ger-
manium (1.21 eV in Si and 1.32 eV in GaAs), and the
carr ier drift velocities are also higher. However, the
ensuing advantages of Si and GaAs have not yet been
realized in ATD, owing to the inhomogeneity of the

•Research work in this direction was started also in West Ger-
many [""•"].

*p-i-n diodes with breakdown voltage exceeding 100 V were in-
vestigated in West Germany. Simultaneous generation at several
frequencies from 1.5 to 6 GHz was observed with a total pulse
power of approximately 4 3 W [""].
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breakdown of the p-n junctions in these materials.
Lattice defects and microscopic inclusions, which
cause local breakdown (microplasma), greatly reduce
the permissible level of power dissipation, deteriorat-
ing the reliability and other characteristics of the
devices. As a result, the main parameters of the
germanium ATD turned out to be better at the present
time.

Further progress in ATD technology will be ap-
parently very closely related with progress in the
technology of manufacturing homogeneous p-n junc-
tions in Si, GaAs, Ge, and other semiconductor
materials.
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