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Abstract

High performance double- drift Read GaAs
IMPATT diodes have yielded power levels of 4 W CW
with 20 percent efficiency at 20 GHz with a junction
temperature less than 250° C. In this paper we des-
cribe the profile, chip and thermal design of such
diodes. It is shown that further improvements in
thermal design should result in diodes giving up to
8 W CW.

Elect ricel series resistance and package parasitic
are important parameters in determining the device
performance and amplifier bandwidth. We show that

there need not be a tradeoff between thermal and
parasitic characteristics of a 20 GHz diode package.

Introduction

Gallium arsenide CW double-drift IMPATT diodes

have demonstrated excellent performance at X-band

(10 W, 21% efficiency) and at 35 GHz (3 W, 22% effi-
ciency).1 This paper describes our efforts to develop
high power CW, 20 GHz diodes.

The key elements in achieving high power and

efficiency are:

1. Development of a diode doping profile which

permits a high ratio of rf voltage to operating dc
voltage prior to negative conductance rolloff.

2. Development of a material and fabrication

technology which results in the lowest possible value

of parasitic series resistance.
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3. Development of a chip and package design
which will result in the lowest possible value of ther-
mal resistance.

Instantaneous bandwidths up to 5 percent are
often necessary in communications applications. This

puts additional requirements on the package para-
sitic and tuning elements used.

Our ongoing research program addresses each of

these points, We have so far demonstrated chip level
power output of 4 W CW for diodes on copper heat-
sinks at an efficiency of 20 percent. It will be shown
that improved heatsink technology can result in in-
creasing the power output levels up to 8 W CW.

Diode Conductance

Figure 1 shows an equivalent circuit representa-

tion of the diode and its rf circuit referred to the
chip, For a given doping profile, the negative con-

ductance (G) is a function of the clc bias current and
the rf terminal voltage, Vrf. This is shown by the
data of Fig. 1. The curves with associated values of
parasitic series resistance, Rs, have been calculated

by an analytical model.l The curves A through E
have been measured using the device in an oscillator

circuit whose impedance has been determined separ-
ately.

It can be seen that ]G] falls abruptly at a limit-

ing value of Vrf. This appears to be a characteristic
of diodes at alt frequency ranges so far studied and

is not predicted by the analytical theory. Since the

high power operating points are along the contours

tangent to the conductance knee, it is the objective of
our profile development to extend the knee to the

highest possible value of Vrf. The ratio of Vrf to the

dc bias voltage (modulation ratio) determines the diode

efficiency. Speculation on the cause of the conduc-
tance rolloff centers on the occurrence of drift zone

avalanche at the high end of the rf voltage swing or
carrier velocity desaturation at the low end. Our
profile design goals are aimed at empirically optimizing
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Fig. 1 Comparison between measured and calcu-
lated diode conductance. Cd = 1 PF.

The inset shows an equivalent circ!uit.
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Fig. 2 Power output vs. junction capacitance.
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the electric field distribution to minimize these effects.

The profiles used in our studies are double Iow-high-
low double punchthrough structures with each drift
zone thickness N 0.8 microns and avalanche zone

width ~ 0.3 microns.

Electrical and Thermal Resistance

Excess series resistance can severely reduce the

diode efficiency even for diodes with a high modula-
tion ratio. This results because the circulating reac-
tive current, B“Vrf, must 2flow through Rs producing
a power loss (+)Rs(B”Vrf) . Since B ~ 2~fCd with
Cd, the diode capacitance, the effect becomes more
severe in large area, high junction capacitance devices

for a given Rs. This is illustrated in Fig. 2 where

output power vs. junction capacitance is calculated at
a junction temperature of 250° C for a modulation ratio

of 0.5 and different values of Rs. Since Rs can be

measured separately the modulation ratio for each
profile can be calculated from measured efficiency.

The thermal resistance 13 is a function of junction

CtipEU3ihnCe, fkJcd-1i2. Hence, as the junction capac-

itance increases from zero, the dissipated (and input)
power can increase and so does the power output. In

the case Rs = O the power output would continue to

increase monotonicaHy. However, for Rs # O the ef-
fects mentioned above cause the power to fall for large

Cd. The result is an optimum capacitance as shown
in the figure. Note that higher efficiencies are a-
chieved below the optimum capacitance.

For a given junction temperature, the value of

thermal resistance at the optimum capacitance deter-
mines the maximum output power. There is thus an

intimate relationship between optimum junction capac -
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Design contours for junction capacitance
at maximum power output. Device
geometry and series resistance are para-
meters. Circuit tuning could be difficult
for Cd > 2pF.

Fig. 4 Electron micrographs of chips used in our

studies. (a) The single mesa diameter is
approximately 0.006 in. ; (b) Each of the
four mesas is approximately 0.003 in.

diameter.

itance, and electrical and thermal resistance. This is
shown in Fig. 3. The capacitance for maximum power

is plotted for four thermal designs under study. At
a junction capacitance of 1.3 pF the four designs give

the following thermal resistances: single mesa diode/
copper heatsink (14 OC/W); 4 mesa diode lcopper
heatsink (11 OC/W); single mesa diode ldiamond heat-
sink (9 OC/W); 4 mess diode ldiamond heatsink
(6 OC/W).

The 4 mesa diode on diamond heatsink is pres-

ently under development. The thermal resistances

quoted for the other three designs have already been

achieved in our laboratory. Scanning electron micro-
graphs of the single mesa beam lead and 4-mesa diodes
are shown in Fig. 4. In the 4 mesa case the mesas
are connected in parallel by a bonded wire mesh.

The advantages of 4 mesa3 chips and diamond

heatsinks4 are evident in Fig. 3. The lower thermal
resistances permit larger area diodes since the associ-

ated higher bias currents increase G relative to
B2R5. For realistic values of Rs = 0.15 ohms, it can
be seen that 9 W CW can be obtained from the 4 mesa
diamond heatsink chip. This estimate must be tem-
pered somewhat by circuit tuning limitations since it
might prove difficult to match a 20 GHz diode with
Cd > 2 pF. At 1.3 pF the power output would be
about 8 W at Tj = 250° C with 19 percent conversion
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efficiency. We have again assumed a modulation ratio

of 0.5,

The performance levels achieved to date in a
Kurokawa circuit 5 are summarized in Table 1. l?ower

levels quoted are corrected to account for the mess-

ured circuit efficiency (% 70%). Circuit efficiency is
defined as the ratio of the power delivered to the
external load to the power at the reference plane of

the diode chip. The 9E diode profile had lower series
resistances but had modulation ratios below 0.4. The
9A profiles had higher values of Rs but modulation

ratios ~ 0.6. Enough circuit tuning conditions were
tried that we are reasonably sure that the different

modulation ratios were due to doping profile rather

than circuit tuning.

Package Parasitic and Amplifier Bandwidth

As noted in the Introduction, IMPATT diode
communications amplifiers can require bandwidths up

to 5 percent, This requirement could dictate a re-
striction on the package used if excess ~arasiti{c
reactance prove-to b; bandwidth Iimitin& - -tuning ele-
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Fig. 5 Equivalent circuit and mechanical drawing

of a packaged diode in a waveguide mount.

ments. It was considered that in the ceramic package
designs of Fig. 5, the 4 mesa diode with 0.025 in,
center to center mesa spacing requires a ceramic! inside

diameter of 0.050 in. while for the single mesa chip
this can be reduced to 0.014 in. If the parasitic
associated with the large package were too great,
diodes of the lowest thermal resistance could not be

used in a broadband amplifier. To test for this limi-

tation each of the two packages and circuit mount
parasitic in a Kurokawa test circuit5 were represented

by a double L-network. The lumped elements were

determined by curve fitting broadband S-parameter

measurements using known transformers. The results
are shown in Table II.

The effects of these parasitic reactance on am-
plifier bandwidth can be eeen from the impedance loci6

TABLE 11

,.4...4., C“...cm,f,,.,,..

L-

. See Fig. 5 for definitions

x m)

— CHIP

-lo

!

.0.5.“*

4

,s., w,

~z,w _ LARGE

– 15 -zC.* - PACKAGE
K!.sallz

1ss w.

_*ol

COMPARISON OF THE EFFECT OF PACKAGE PARASI’TICS

ON BANDWIDTH FOR THE SMALL AND LAR13E PACKAGES

Fig. 6 Impedance loci for chip and circuit at the

reference plane of the diode cap for the

two packages under study.

at the reference plane of the diode cap aa seen in
Fig. 6. The gain is inversely proportional to the

vactor separation of the diode and measured circuit
locus . For both the large and small packages, the
frequency dispersion in this data is dominated by the

Kurokawa cavity reeonance and not the dispersion due

tO the package ~arasitics. Indeed, much of the dis-
persion in the diode characteristic is due to the chip

capacitance itself. It is concluded that there need not
be a tradeoff between amplifier bandwidth and thermal
design.
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