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Analysis of the Frequency and Power Performances
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Summary—This analysis shows the order of magnitude of the
highest frequency and power to be expected from a single tunnel
diode generator. An optimization on the circuit level indicates how to
make the best use of a given device. The influence of the dimensions
and the geometry is considered and relates the performances of the
circuit with bulk and junction properties of the semiconductor. On
the basis of empirical data, a correlation between bulk and junction
properties is established and relates all of them to the doping level
and the basic semiconductor used. Numerical data show the physical
limitations to be expected with germanium and gallium-arsenide in
relation with two idealized cavity geometries. As dimensions cannot
be arbitrarily reduced, nor the impedance be arbitrarily low, they in-
troduce other limitations which prevent in some cases the possibility
of optimum performances and show comparable merits of the two
geometries. It is concluded that a power output of 5 mw at 30 kMc
for 2 GaAs tunnel diode generator is an optimistic figure close to the
technical limit.

I. INTRODUCTION

HORTLY AFTER the discovery of the tunnel
S diode by Esaki [1], it was realized that one of the

important applications of this two-terminal device
would be the generation of high-frequency oscillation
[2]. More recently, many authors have reported success-
ful operation in the kMc range. Some of the highest
powers obtained so far (as of April, 1962) are summa-
rized in Table I.

As time goes on, it is likely that these figures will be
improved and the questions naturally arising are 1) what
limitations of theoretical nature do exist, and 2) accord-
ing to these limitations, what the geometries and ma-
terials permit reaching the highest powers and frequen-
cies? The present report is an attempt to answer these
questions, and especially to widen the scope of previous
studies [4], [7] by including geometry and material
considerations.

TABLE I

HicresT PowER QUTPUT REPORTED IN THE LITERATURE FOR
SINGLE TUNNEL DIODE GENERATORS

ulg ;2_ 7 Power P| fP » Wafer Refer-
q(koy) (uw) | (McXw)| (ma) Material ence
2.8 700 1.96 37 Ge [3]
10.0 200 2.0 2.0 Ge 4]
1.6 15,000 24 200 GaAs [4]
6.0 4,000 24 GaAs [5]
17 50 0.85 3 p—GaAs [6]
S50 25 1.25 3.5 n—GaAs 6]
920 2 0.18 1.8 n—GaAs 6]
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The following assumptions are made throughout this
study:

1) The distributed parameter aspect of oscillators can
be approximated by lumped frequency-independ-
ent parameters up to the highest frequencies. Skin
effect is neglected. Multimode operation is not
considered.

2) Except for the junction voltage-current character-
istics, all other elements are assumed linear. The
voltage-dependence of the junction capacitance is
neglected.

3) The junction voltage-current characteristics are
assumed to be instantaneous (no delay effect due
to finite tunneling time, indirect transitions, or
minority carrier storage) and is represented in a
unified way by a cubic characteristic matching the
experimental curve at the peak and valley points.

4) The device works at room temperature.

11. CircuUlT ANALYSIS AND OPTIMIZATION

Two circuits will be considered in this article, the
parallel circuit and the series-parallel circuit. In both,
the tunnel diode will be decomposed in a nonlinear ele-
ment with instantaneous current-voltage characteristics
and in linear lumped elements. The load and the losses
in bulk material will be represented by linear resistances,
and the resonant circuit by a linear LC combination.

A. The Parallel Circuit

The parallel circuit (Fig. 1) is the simplest tunnel
diode oscillator circuit. It consists of a linear inductance
L,, a linear capacitance C, a linear load conductance
G, and a nonlinear element N assumed to have a
frequency-independent characteristic I,(V) in series
with a dc voltage source E. Such a circuit can be realized
with a good approximation at low and medium fre-
quencies, as long as the reactive parameters of the tunnel
diode can be neglected. The nonlinear /,(V) character-
istics of a tunnel diode need a large number of pa-
rameters in order to be defined accurately. It has been
shown elsewhere [8] that once the peak and valley
points have been defined, the maximum power and the
frequency are not much affected by local changes of the
shape. Consequently, in an analysis such as this one,
where orders of magnitude only are of interest, the
simplest possible mathematical expression will be used
to represent the characteristics, namely a cubic curve,
the extrema of which are the peak and the valley
(Fig. 2). The advantage of a continuous approximation,
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Fig. 2—(a) Tunnel diode experimental characteristics (Ge); (b)
Cubic approximation having same peak (V,, [I,) and valley
(Vs I,) points. The cubic approximation is antisymmetrical with
respect to the bias point ( Vs, I).

compared to a limited linear characteristic, as assuimed,
for example, by Dermit [7], is that the amplitude of os-
cillation is not assumed @ priori, but evolves as the
stable periodic solution of the system equation.

The voltage and current V and I, in Fig. 1 are the
superposition of the variable voltage and current v and
2 and of the bias voltage and current 1"y and /7, assumed
to be in the middle between peak and valley. The non-
linear characteristic is:

i = G + Gypd. (1)

The coefficients Gy and G; are chosen for coincidence of
peak and valley points between analytical and experi-
mental characteristics:
3 1,—1, I, — I,
Gi=—— ——<0; Gy=2——2>0. (2)
(Vv - Vp)s
G, is the slope of the analytical characteristics at the
bias point. The slope of an experimental characteristic
generally has a higher absolute value in its steepest part.
The differential equation representing the system has
been derived by many authors who followed essentially
the same way as did van der Pol for triode oscillators

[9]:

2

v di dv
LPCE;—}—LP E‘+Gp—t —'I—'I)—O.

y (3)

Now (1) is introduced into (3) and the change of vari-
ables is made:

B — (G, + G,
t =7/ L,C; v=x/‘/—*———(l+ 2

3Gy (4)
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Eq. (3) reduces to the van der Pol equation

M=
where
L,
A= — (G G, — 6
G+ G g/ (6)

This equation has been intensively investigated in the
literature. It is known [10] that a stable limit cycle or
stable periodic solution exists for all positive values of
. This solution is reached asymptotically for every ini-
tial condition. For small values of \, the periodic solution
is nearly sinusoidal and its period is 27. For large values
of A, the periodic solution is of the relaxation type and
its period is nearly proportional to A.

In the following, emphasis will be given on the har-
monic solutions corresponding to low values of A. The
following approximate values of the oscillation ampli-
tude ¢ and of the angular frequency € will be used
[10], [11]:

&=2; Q=1 W

The amplitude expression is accurate to within 1.5 per
cent in the entire range of value of X as can be compared
with direct calculations [12]. Q is correct within 2 per
cent [12] for

A < 0.57. (®

Van der Pol [9] showed a direct relation between fre-
quency £ and harmonic content of the voltage, whereby
a low harmonic content always calls for a small devia-
tion of © with respect to 1. For this reason, the case
A =0.57 will be called barmonic limit. From (2), (4) and
(7), the mean ac power into the conductance G, is

Pac = %(Vv - Vp)([p - I"))k(l - k) (9)
with the matching coefficient
k= — Gp/Gr. (10)

B. The Series-Parallel Circuit

In the series-parallel circuit, the resistance is in series
with the inductance. This circuit is useful in determining
the frequency limit of a tunnel diode oscillator, where
the only capacitance is the junction capacitance, C;, and
where the bulk material resistance is represented by Rp
(Fig. 3). The load resistance R and the series inductance
L, have to be chosen such that a high power output is
obtained at high frequency.

Strictly speaking, the circuit of Fig. 3 cannot be re-
duced to a parallel circuit (Fig. 1) nor can it be expressed
by the van der Pol equation (5). But under the assump-
tion of a nearly sinusoidal periodic solution (a fairly low
value of N\), a series-parallel transformation can be used,
which is accurate for the basic angular frequency w of
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the oscillation. Within the range of validity of (7) we get

Ry -+ Rp\?
B n (M)
wl,

L
o~ (11)
L, — (R, + Rp)*C
_ (Rr + Rbp)
? (wL)? + (RL + Rp)?
C
>~ (R + Rp) Z . (12)

L3

Recently a direct analysis of the series circuit by
Miranker [13] proved the identity of the first approxi-
mation with the indirect approach taken here. A better
approximation of the amplitude and of the frequency as
in (7) would not give a better accuracy after the trans-
formation. A similar observation has been made by
Schuller and Gartner [14] in comparing an exact com-
puter solution with an approximate method involving
the van der Pol equation.

R Ls Rg

R

Fig., 3—Series-parallel tunnel diode circuit.

The effect of the diode series resistance Rp is to dissi-
pate some of the ac power. The ac efficiency 7 is defined
as the fraction of the ac power P, available to the load
R; as output power P, It is related to the series
resistances:

P, Ry,
LA T (13)
Pac RL + RD
From (9) the output power is
P,=3TV, = V), — L)k(1 — k)y. (14)

Two diode parameters are introduced here which are
important for high-frequency applications: the junction
time constant 7' and the relative diode resistance r.
They are defined by

T=— _-,'/Gl; r = — RpGi. (15)

Both quantities are positive as Gy is negative. The pre-
ceding relations for matching and frequency are related
to T, 7, kand 7 in the following way:

T2
“1‘”=;c (16)
1 /R(1 — 1) TE
YA RSO
/ ZTT/‘/ 7 /‘/ 1—79 (17)

The harmonic limit (8) defines the range of approxi-
mate validity of this equation. According to the de-
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pendence between f and A, we see that the upper bound
of \ sets a lower limit to the frequency:
1 -k 1 -k
© 2eAT T 1.14xT

>

(18)

C. Choice of the Parameters for Optimum Performances

For a given diode the load resistance Rz and the series
inductance L, can be chosen arbitrarily in principle. The
first one will affect » (13), the second one k (16). For
maximum output power [15], B=1, n=1 (14), an in-
finitely large inductance is required, the frequency is
zero. For maximum frequency (17), =1, n=0, there is
no available output power, this case corresponds to the
cutoff frequency [16].

In practical applications, both power and frequency
should be large, and, in the following, our criterion for
optimum performance will be the maximum of the
power-frequency product. Assuming the second term
under the square-root sign in (17) much smaller than 1,
this square root, developed in a Taylor expansion, re-
duces to the first two terms. The optimum conditions
are easily found by equating to zero the partial deriva-
tives of the P,f product with respect to the parameters
n and k. This optimum case will be designed with the
index m:

3 2
by = ? 5 Nm = ? (19)
P,, =012V, — V), —1,) (20)
0.0712 ____
fo = —}\/—; V1 —1.8r (21)
T2
Lon =75 e (22)

Under these conditions, the optimum power is about
64 per cent of its highest possible value, and the opti-
mum frequency 45 per cent of the resistive cutoff fre-
quency. The limitation on A, in this case, leads to

< 5 > 0.11 (23)
¥ -3 m = T
-2 T
I1I. GEOMETRY, DIMENSIONS AND
INTRINSIC PROPERTIES

The preceding relations were limited to the case
where the diode was given. If no specifications are made
on the dimensions and geometry of the diode and of the
oscillator, their influence on power and f{requency
should be investigated and the way should be defined
to make the best use of given material and junction
properties. The quantities of interest here are the bulk
resistivity p, the peak current density J,=1I,/4, the
capacitance per unit area y=C/A, the valley to peak
current ratio { =17,/I,, and the peak and valley voltages,
Vpand V,. The junction time constant is also a quantity
independent of dimensions. It is related to the figure of
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merit /,/C often found in the literature:

2 Vo= Vy 2 (Vo= V,) C
31—, 3

24
(1_0 ]p ( )

In order to give concrete figures, it is necessary to make
precise assumptions about the geometry. We shall as-
sume a cvlindrical cavity of height %, outside diameter
ds, with a central column of diameter d; in which the pn
junction is located (Fig. 4). Such an assumption seems
to reduce severely the generality of this discussion, but
it is felt that this geometry is fairly representative in its
simplicity. On the other hand, no assumptions are made
a priort on the dimensions, so that they can be chosen
in order to provide the desired effects. Only later will
limitations be considered in order to define a techunical
limit of feasibility. It should be noted that, in previous
studies on tunnel diode oscillators, no explicit assump-
tions on geometry are stated, because experimental
diodes are used for the numerical evaluation, so that
actual diode geometry is considered as granted, and no
room is left for improvements by new fabrication
processes.
The cavity inductance is [17]:
wolt ds

Ly =—1log,— -
271’ g d]

With pe=4w X107 henry/meter (mks units). The
order of magnitude of L; is not much affected by large
variations in the ds/d; ratio. Let us assume dy=10 d,.
Thus we get

Ly 22 0.37uh. (25)

Two different cases will be considered, for which the
losses are concentrated in definite areas, whereas the rest
of the cavity is assumed perfectly conducting [18].

1. Case 4 : Cavity with Resistive Central Column

The losses are assumed to occur here (Fig. 4) in the
central column. Its resistivity p is assumed to be much
higher than in the top and the bottom of the cavity.
Consequently, the diode series resistance is

i
R, = "

y (26)

The relative diode resistance is found independent of the
junction area 4 =wd;%*/4

3 J,(1 =)ok
2 (Vo — V)

(27)

By elimination of L,, a geometrical relation is found for
the optimum case:
10’)’P(Vv - Vp)

dy? ol
I‘(Jp(l — )

IR

(28)
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In the optimum case, dy is practically imposed by ma-
terial and junction properties. The optimum output
power is also determined by these factors, as can be seen
easily:

py(Ve — Vp)?
P =0.032T,(1 — OV, — Vp)dlz%—<~m—£— - (29)
Mo
The optimum frequency is given by
. 0.06161/Jp(1 —Ez
" v p(Vy = Vi)h
T, =)ok
.1/1_2.7_1’(__2”7. (30)
Vo —Vp

Neglecting the effect of the second square root, which
has to be near unity for a harmonic solution, it appears
that a large variation of the height % is required to
produce a small variation in frequency.

B. Case B: Cavity with Resistive Bottom

According to some fabrication techniques, where a
junction is obtained by alloying a dot of metal on a
semiconductor wafer, the series resistance is likely to be
distributed in the bottom of the wafer, whereas the
resistance of the column and the top of the cavity can
be neglected. A simple expression of the series resistance
is found in the geometry of Fig. 5, where the junction

P JUNCTION

CAVITY

Fig. 4—Case A: Cavity with resistive central column.

d cavITY
b : -
vy vy ¢
7 TN 7
g/,// W L M A B
A
5
>

JUNCTION

Fig. 5—Tyvpe B-geometry: Cavity with resistive bottom,

is a half sphere, and both outside diameter and thick-
ness of the wafer are large with respect to the sphere

diameter d; [18]

p
Rp= .
7I'd1

(31)

The junction area being 4 =wd,2/2, the relative diode
resistance is now proportional to the junction diameter:
3 PJp(l - g.)dl

Yy = —

32
4 V,—V, (32)
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Optimum power and frequency are given by

P, = 0.67T,(1 — O)(V, — V,)di2
o 0.1234/ T, =7
Ty p(Vy— Vy)d:

Jo(1 — $)pd
. 1/1 —1.35 JL‘_f .

(Vv - Vp)
The interesting feature in this geometry is the fact that,
for a given material, power and frequency are both re-
lated to a single dimension, the junction diameter. As

before, the requirement imposed on the inductance
comes out as a geometrical condition:

(33)

(34)

_ 2.8vp(V, — Vp) .

d.h —
#0]20(1 - f‘)

(35)

C. Limitations

Besides the assumptions made at the beginning and
the limitations already considered on A (8), other limits
of more practical character have to be considered.

The junction diameter and the cavity height are
limited towards low dimensions by practical considera-
tions. The characteristic impedance has to be higher
than a minimum value in order to keep losses at a
reasonable level and permit good matching to the load.
The power dissipated per unit area has to be lower than
a maximum permissible value. The doping level has to
be kept below the value where a compound starts to be
formed. These last two conditions are practically ex-
pressed by setting an upper limit to the peak current
density, J,.

IV. MATERIAL CONSIDERATIONS

The parameters entering (20) and (21) are functions
of the semiconductor material, the doping level at both
sides of the junction, the abruptness of the junction,
and of some other less controllable factors. In practice,
all that is known are the semiconductor materials and
the doping on the wafer side of the junction. The other
factors, in particular doping of the recrystallized region
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on the dot side, are not known and contribute to a
spread of the data. For this reason, relations between
p, v and J, are subject to statistical variations.

No significant correlation between peak voltage,
valley voltage and valley to peak current ratio on one
hand, and current density on the other hand, has been
found in practice. Consequently, V,, V, and { will be as-
sumed as functions of the semiconductor material only.

Empirical data on the relation between v and J, ob-
tained from a survey of tunnel diodes made in this
laboratory by different techniques are reported in Fig. 6
for Ge and GaAs [19]. An empirical curve fitting the
data as well as possible is drawn and is extrapolated up
to J,=10% A/cm? for Ge and up to J,=10° A/cm? for
GaAs.

On the other hand, v is related to the doping. Due to
the lack of experimental data, the theoretical formula
will be used, assuming the wafer has a doping concen-
tration N much smaller than the regrown region near
the dot, and assuming an abrupt junction [20].

Measurements of resistivity vsimpurity concentration
at room temperature have been published both for Ge
[21] and GaAs [22]. All these relations have been used
to compute v, N, p, and T as a function of J, for #- and
p-type Ge and GaAs. The experimental values on which
this computation is based as well as the results are given
in Table I1. Stars indicate values obtained on the basis

S
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CAPACITANCE PER UNIT AREAIN /.LF/sz

|
1o 102 10® 10* , 10
PEAK CURRENT DENSITY J,IN AZem

Fig. 6—Capacitance per unit area vs peak current density
of experimental Ge and GaAs tunnel diodes [11].

TABLE 1II
TyprcaL TuNNEL D1oDE PARAMETERS
. v 7 T NX101 pX10¢ pX10¢
Material 2 Va ¢ 2 g Yo - (Qcm) (Qcm)
(V) (A/cm?) (uf/cm?) (ps) (cm™3) N-doping P-doping

Ge 0.07 0.32 0.12 103 2.85 540 1.245 14.1 22.7

104 3.95 74.8 2.39 9.5 15.1

105 5.45 10.3 4.55 6.5 10.1
108 7.6* 1.44* 8.85% 4.4% 6.8*

Ga-As 0.15 0.55 0.08 103 1.35 391 0.923 4.8 70*

104 2.35 68.1 2.80 2.1 30.5%

108 4.7* 13.6* 11.2%* 0.75*% 10.6*

* Values obtained by extrapolation of empirical data.
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of an extrapolation of empirical relations and are to be
considered with caution. ¢ and 7" are subject to a statis-
tical variation by a factor 2, N and p by a factor 4.

V. NUMERICAL EVALUATION OF TUNNEL
DiopE GENERATORS

The preceding analysis is used to compute power and
frequency graphs for Ge and GaAs. The material proper-
ties are taken from Table I1, and the limitations are set
to the following values:

Gmin = 10 pm; Imin = 10 pm; Zmin = 1 ohm.

Current densities J, of 10%, 10°* and 10° A/cm? are con-
sidered to represent respectively the actual state of the
art, an upper present limit and a likely absolute tech-
nical limit. The two geometries will be considered

separately.

A. Case 4

Both power and frequency will be represented as a
function of current density. As the junction diameter is
fully determined by the required inductance (28),
the optimum output power is a function of current
density only. Fig. 7 shows the optimum power for #- and
p-doped Ge and GaAs. An immediate conclusion of these
diagrams is the lack of flexibility of this kind of geome-
try. The power is only slightly dependent on current
density for GaAs, and almost independent of it for Ge.
P-doped material gives higher power than # type, due
to its higher resistivity. Large energy gap and large
capacitance per unit area are further useful for large
power applications. Lower powers are easily obtained
by changing the matching coefficient & but higher
powers are not possible without a serious drop of the
frequency. Fig. 8 and Fig. 9 represent for Ge and GaAs,

[N T YT [T [T
5l _
- —
EJ
2l
2 P-TYPE GaAs N
5 10"} S = .
8 r | =
g L P-TYPE Ge 4
e e ol SR _
= [ n-TYPEGe | [ TTTT==o
2 2F =
=
3 .
= 10 =
2 E 3
Z 50 n-TYPE GAAS \ -
o [ i
3
2 —
163 [ |1i1_1_11 I l!lllll | ll[llll
3 4 5 &
10 2 5 10 2 5 10 2 5 [9)

PEAK CURRENT DENSITY Jp IN A/em?

Fig. 7—Optimum output power vs peak current density for
Case A, n- and p-type Ge and GaAs.
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respectively, optimum frequency curves vs current
density at the harmonic limit (23), for a constant diame-
ter di, a constant height % or a constant characteristic
impedance Z. Whereas a lower limit on f is set by the
harmonic condition, all other limitations set upper
limits to f. Furthermore, it is seen that for n and p-type
Ge and for p-type GaAs, an incompatiblility exists
between the harmonic and the impedance conditions
defined above, so that it is not possible to get simultane-
ously optimum conditions for frequency-power product,
harmonic operation and reasonably high characteristic

ok

)

OPTIMUM FREQUENCY fy IN ¢/sec

[oe ]

n-TYPE
p-TYPE —— —

L5

1
1
T
{
!
|
!
I
i
i
1

3 2 5
10° '04 2 5 lo5 2 5 |06

PEAK CURRENT DENSITY Jp IN A

Fig. 8—Optimum frequency vs peak current density for the Case
A, n- and p-type Ge. fmin is the harmonic limit, Z=0.01 @ and
0.1 Qare lines of constant characteristic impedance, k=1, 10 and
100 uym are lines of constant cavity height, di= 10 and 100 ym are
lines of constant junction diameter,

10°
E
Y
(=]
w
3
(2]
L
2
~N
<
=
£
E
>
Q
-4
ul
2
<
w
14
('S
Z —+—
= ]
: |
! n-TYPE
i “TYPE = = =
) | p-TYPE
o |
10 3 2 S 4 - 2 5 5 2 5 5
10 10 10 10

PEAK CURRENT DENSITY Jp IN A/cm?

Fig. 9—Optimum frequency vs peak current density for Case A,
n-and p-type GaAs. fninis the harmonic limit, Z=1Qand Z=0.1 0
are lines of constant characteristic impedance, =1, 10 and 100
wm are lines of constant cavity height, d;=10 and 100 pm are
lines of constant junction diameter.
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impedance. Relaxation of one of the conditions means
higher harmonic content and lower stability, or in-
creased impedance matching difficulty, or lower output
power. N-type GaAs, on the other hand, leaves a certain
range of frequencies where all conditions can be met
simultaneously. For example, at the limit case where the
current density reaches 100,000 A/cm? and the char-
acteristic impedance is 1 chm, an output power of 4.9
mw is expected at a frequency of 29 kMec.

B. Case B

The fact that power and frequency are both functions
of the junction diameter for a given current density
permits us to draw a frequency-power diagram where
current density, dimensions and characteristic imped-
ance are represented simultaneously. Two such dia-
grams exist for a given semiconductor, according to
whether losses occur mainly on the #- or p-side of the
junction. The diagrams for Ge and GaAs are represented
in Figs 10 and 11, respectively.

For n-type Ge (Fig. 10, heavy lines), for a given
power (below 10 mw), or a given peak current (below
100 ma), the only way to increase the frequency is to
increase the current density; a factor 10 in current
density brings a factor 5 in frequency. For a given cur-
rent density, the highest power-frequency product lies
on the harmonic limit (A\=0.57), where the {requency
is minimum. Any attempt to increase the frequency at
constant current density will rapidly lower the power
output.

Concerning the other limitations, the diagram of Fig.
10 shows that the higher power requires a prohibitively
low characteristic impedance. Even an impedance as
low as 1 ohm does not allow for output power larger
than 7 mw, and this power is obtained at a frequency of
11 kMc almost exactly at the upper point of the con-
stant current density line J,=10° A/cm?® For this
reason, this particular point on the power-frequency
diagram represents a very favorable combination. Fur-
ther restrictions are due to the minimum achievable
junction diameter, and set a lower limit to the power or
an upper limit to the frequency. For example, on the
line of constant current density, the point dy=10 pym is
very close to the maximum power point, so that the
above-mentioned point should be considered as also the
point of highest frequency. A reduction of the junction
diameter or a rise of the current density would increase
both frequency and power.

The properties obtained with p-type Ge are shown on
the same diagram (dashed lines). The slightly higher
resistivity of p-type materials has the effect of reducing
the available output power [or a given current density.

The picture changes drastically for n-type GaAs (Fig.
11, heavy lines). The combined effect of a larger energy
gap and a smaller resistivity displaces the harmonic
limit towards much higher powers and the constant
current density lines towards higher frequencies. It
seems that large improvements are possible. Unfor-
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Fig. 10—Power-frequency diagram for Case B, #- and p-type Ge.
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Fig. 11—Power-frequency diagram for Case B, #- and p-type GaAs.

tunately, high powers are not possible without ex-
tremely low characteristic impedances, and high fre-
quencies without an extreme reduction of at least one
dimension. If the same restrictions as before are con-
sidered, the most favorable case is found at the inter-
section of the line Z =1 ohm with the line 2#=10 um, for
which the frequency is 27 kMc and the power 3.4 mw.
The highest possible frequency with a junction diam-
eter d; of 10 um is only slightly higher, but a reduction
of this diameter to 1 um would allow it to reach the
maximum current density of 10° A/cm? and a fre-
quency of 140 kMc at a power of 70 uw.

P-type GaAs (dashed lines on the same diagram) has
a much higher resistivity and gives results closer to
Ge. Current density (10> A/cm?) and harmonic limit
(A=0.57) are the limiting factors and lead in the best
condition to a frequency of 8.2 kMc at a power of 11.5
mw.
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VI. ConcLusioN

This analysis showed the order of magnitude of the
frequency and power to be expected in a single tunnel
diode generator. An optimization on the circuit level
indicated how to make the best use of a given device.
The influence of the dimensions of a cavity geometry
was considered and permitted to relate the perform-
ances of the circuit with the bulk and junction proper-
ties of the semiconductor. On the basis of empirical
data, a correlation between bulk and junction proper-
ties was established, which reduced the number of inde-
pendent variables to one, the peak current density, for
a given semiconductor material. Numerical considera-
tions with two idealized cavity geometries were repre-
sented on diagrams summarizing the properties of
oscillators for #- and p-type Ge and GaAs and typical
peak current densities. The first geometry, in which the
losses occur in a column having the diameter of the
junction and the height of the cavity, restricts the out-
put power to definite levels, but leaves complete {ree-
dom regarding upper frequency limit, as far as material
only is considered. The second geometry, in which
losses are distributed in the bottom of the cavity, pre-
sents both frequency and power limitations, with a cer-
tain possibility of trading between them. Besides the
material, other limiting conditions are set by the small-
est practical dimensions and characteristic impedance,
which eliminate many possibilities and control the best
over-all performances of a generator almost independ-
ently of the geometry. It was observed that an output
power of 5 mw at a frequency of 30 kMc represents an
upper limit in performance of a single tunnel diode gen-
erator unlikely to be passed without tremendous prac-
tical difficulties.

The results of this analysis are considered as being
rather optimistic due to some of the assumptions made
at the beginning. In particular, skin effect is likely to
reduce the effective current density and to increase
losses. The nonlinear junction capacitance reduces the
frequency stability and introduces supplementary har-
monics which dissipate energy at other than the re-
quired frequency. Delay effects in the voltage current
characteristics are equivalent to a supplementary
series inductance, and reduce the frequency of opera-
tion.

The coupling of the power has not been considered
here. The small dimensions of the cavity preclude induc-
tive or capacitive coupling used in large size cavities.
An ingenious solution, proposed recently by Hauer [5],
consists in adjoining a short-circuited half wavelength
line. The outside wall of the cavity is replaced by a
resistive wall which suppresses an unwanted low-
frequency mode and is located at a voltage node for the
desired mode.

On the other hand, the optimization procedure con-
sisting in evaluating the maximum of the frequency-
power product assumed a complete freedom in the
choice of the efficiency and the coupling coefficient. A
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different procedure should be adopted in presence of
each particular limitation, leading possibly to some local
improvement of the performance.

Multiple diode generators could be used where higher
power levels are required. Some additional difficulties
are to be expected from the synchronization, the low
impedance power supply and the coupling problems.
It seems unlikely that tunnel diode generators will be of
any practical interest for power outputs of 1 watt or
higher at microwave frequencies.
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