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ABSTRACT

An analysis of a realistic model of distrib-
uted IMPATT structures is described. Wave equa-
tions are solved with all losses included. The
results show that net gain is produced at frequen-
cies just above the avalanche resonance, while the
propagation becomes slow at high frequencies. The
results compare favorably with experiment.

INTRODUCTION

An IMPATT diode is an attractive source at
millimeter-wave frequencies because of its feasi-
bility of producing a large power. However, as
frequencies become higher, it tends to be difficult
to use sufficient device area mainly because thin-
ner depletion layer is required for IMPATT opera-
tion. A travelling-wave structure is one way of
efficiently utilizing larger area of the device
[1-3]. The electromagnetic wave travelling along
pn junction draws some energy out of dc current and
is therefore amplified.

The most elaborate theoretical treatment of
such a structure so far was done by Franz et al.
[4]. However, their model was still too simplified
because inactive layers were all assumed to be per-
fect conductors and the avalanche region in the
depletion layer was assumed to be infinitesimally
thin. At mm-wave frequencies, however, the effect
of the finite conductivities of these inactive
regions is important. They contribute to loss and
affect phase constants of the device.

In the present work, a complete set of differ-
ential equations governing both wave propagation
and avalanche multiplication is solved with bound-
ary conditions including the finite conductivities
of the metal contacts. Small-signal assumption is
made, and results are presented for a GaAs double-
drift IMPATT diode. Computed gain and propagation
constants are compared with experimental results
published by other authors. They are qualitatively
in agreement.

*This work was supported in part by the Joint
Service Electronics Program under Grant F49620-82-
0033 and in part by the U.S. Army Research Office
under Contract DAAG29-81-K-0053.

THEORY

The structure to be studied is a one dimen-
sional multilayered waveguide (Fig. 1), where mate-
rials change only in the x direction. 1In the fig-
ure, if a single-drift diode is considered, two
center regions (n and p) should be replaced with a
single material. In such a structure the domi-
nant propagating mode is a TM mode, which has only
the y component of magnetic field and the x and z
components of electric field. The expressions of
these componerits in the inactive regions are ob-
tained in a usual way.

In the IMPATT medium, the governing differen-
tial equations are as follows [4,5]:
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Each variable quantity is decomposed into dc and ac
(or rf) parts and solved separately. For example,
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It is reasonable to consider that only x-component
of dc electric field exists, therefore dc equations
are solved in a similar way as presented by Misawa
[6]. This also determines the thickness of the
space-charge region (active region). Using the
solution of dc equations, ac equations are solved
with boundary conditions which require Hy and EZ to

be continuous at each boundary.
RESULTS

The parameters chosen for the numerical calcu-
lations are shown in Table 1. The structure con-
sists of 8 layers and is very similar to the one
Es§d in the experiments made by Bayraktaroglu et al.

7]1.

The computed results for gain and propagation
constants are presented in Figs. 2 and 3, respec-
tively. As frequency becomes lower and approaches
to the avalanche resonance, gain increases and the
wave propagation becomes faster. In these figures,
dotted lines indicate the results for the special
case that the depletion region is replaced by a
lossless material. Propagation becomes slow wave
in this case. Each curve asymptotically approaches
to the dotted line at high frequencies, since the
device deviates from the IMPATT operation.

Fig. 4 shows the comparison of the present
theory and the experimental results obtained in
[7]. The device was used as an oscillator with one
end open and the other short. 1In the figure, white
dots (o) show the actual device lengths and the
oscillation frequency obtained in the experiment,
and black dots (e) show one-third of the actual
device length (i.e., they are considered to be
oscillating at three-quarter wavelength). Three
solid curves indicate the theoretical quarter wave-
length where net gain is produced in the device.
They are in good agreement except two black dots
where higher order resonance (3)/4) takes place and

the actual terminating condition might be more prom-

inent to affect the oscillation frequencies,

Finally, Fig. 5 shows how gain changes with
respect to the dc current. As the dc current in-
creases, the gain also increases but suddenly goes
to a large loss at certain point, This fact quali-
tatively agrees with the results of power measure-
ments for the conventional IMPATT diodes [8].

CONCLUSION

Wave propagation phenomena in the travelling-
wave IMPATT diode were analyzed numerically, and
reasonable results were obtained. It was shown
that the propagation was slow wave at high frequen-
cies, but became fast as approaching to the ava-
lanche resonance of the IMPATT medium. The mech-
anism of producing the fast wave is not yet clear,
and investigation is currently being made.
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Fig. 1 Side view of travelling-wave double-drift

IMPATT diode

Table I Parameters used in numerical calculations
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material  thickness doping level conductivity
Au 7.0 um - 4.3x107 S/m
Ti 0.1 - 1.8x106
n+ GaAs 0.2 5.0x1018/¢cp3 6.81x105
n GaAs 0.3 1.5x1017 2.04x10%
p GaAs 0.3 1.5x1017 9.61x102
p+ GaAs 0.2 5.0x1018 3.20x10%
Ti 0.1 - 1.8x106
Au 7.0 - 4,3x107
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