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Millimeter IMPATT Sources for the
130-170-GHz Range
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Abstract—Device and circuit design of silicon IMPATT sources in
the 130-170-GHz range is discussed. A 170-GHz source has been
developed with 16 mW at the isolator output having an AM double-side-
band noise-to-signal ratio of —115 dB per 1 kHz beyond 70 kHz from
carrier.

1. INTRODUCTION

HE potential for very-high-frequency operation using

silicon IMPATT devices has been recognized since
the early development period. Not long after the first
demonstration of IMPATT operation, pioneering work by
Bowman and Burrus led to achievement of operation up to
300 GHz in the fundamental IMPATT mode, albeit in
pulsed operation [1]. With improved device fabrication
technology, CW operation using diffused p*-n IMPATT’s
was observed up to 151 GHz with 3.5-mW output power
[2]. Recently, advancement in device technology, including
the advent of the ion-implanted double-drift region
IMPATT structure [3], and increased interest in ‘milli-
meter systems applications have given impetus for further
work to advance the power and frequency capabilities of
these solid-state sources. Recently reported achievements
include the generation of 85 mW with 2.8-percent efficiency
at 161 GHz using diffused junction single-drift n-type
diodes [4].

The present paper describes the development of IMPATT
sources for operation up to 170 GHz, primarily for use as
parametric amplifier pump sources. This activity has con-
centrated on the development of techniques for fabricating
the DDR structure with good doping profile resolution.
The circuit development has concentrated on performance
optimization using these devices in a single-quartz-stand-
off package. This work has led to the achievement of 28-mW
CW output at 170 GHz.

II. DEVICE DESIGN AND FABRICATION

The DDR IMPATT profile for the devices used in this
work were formed in thin n on n™ silicon epitaxial material
grown on arsenic doped <111) substrate wafers. The
lightly doped p region is fabricated by overcompensating
with implanted boron ions. Further detail on the implanta-
tion technology is published elsewhere [5]. The p* contact
layer is formed by a shallow low-temperature diffusion.
After profile formation, an array of inverted mesa diodes
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Fig. 1. IMPATT doping proﬁie designed for 150-170-GHz range as
determined from C-J measurements.

is fabricated from the wafer on a large-area bonded copper
heat-sinking disk. The diodes are separated by a gang
punch operation on the copper disk which provides each
diode with a copper heat-sinking pedestal.

The profile design for the devices was initially based on
standard transit-time consideration and was optimized
empirically. The estimated profile for one of the better
device lots is shown in Fig. 1. This profile was derived from -
capacitance-voltage (C~¥) measurements on the epitaxial
material before and after implantation. The profile approx-
imates a symmetrical p*-p-n-n* structure with slightly
over 4 x 10”7 cm™> net doping density in the lightly
doped regions away from the graded p-n junction region.
The calculated small-signal characteristics of the active
region associated with this profile are shown in Fig. 2 for
both room temperature and an operating temperature of
250°C at a current density of 60 kA/cm?. A current density
near this value was required to achieve operation near 170
GHz. The avalanche coefficients reported by Grant were
used to calculate these characteristics [6]. The results of
Fig. 2 suggest that the optimum frequency. range of opera-
tion under the indicated operating conditions is 130-170
GHz: Based on the curve for 250°C junction temperature,
the small-signal device impedance for a diode of the size
required for 170-GHz operation is approximately (—2—j11)
Q. This estimate is for a device diameter of 20 um. This
estimate does not include the parasitic series resistance due
to the contacts or the undepleted current path through the
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Fig. 2. Admittance characteristics for profile of Fig. 1 at 60 kA/cm?
at junction temperatures of 23 and 250°C based on Grant’s rates.

silicon to the active junction region which reduces the real
part of the device impedance to an even smaller value.

" To achieve the desired device/circuit match, the package
and circuit configuration in the proximity of the silicon chip
must transform the impedance to a higher level more
compatible with the characteristic impedance of the guiding
structure; in this case, reduced-height rectangular wave-
guide. In lower millimeter bands this can be accomplished
by properly designing the package dimensions to allow the
quasi-lumped package network to act as an impedance
inverter in the frequency range of interest. Above a certain
frequency, the effective lead inductance required to do this
becomes too small to reahze in a conventional package
arrangement.

Another approach is to prov1de a low impedance dis-
tributed matching transformer section between the diode
and the circuit element that provides the coupling to the
waveguide. We have developed a package and circuit
configuration which is relatively simple to construct for
use in IMPATT sources above 100 GHz. The diode is
packaged as follows.

1) A quartz standoff is bonded next to the diode mesa
on the large-area- -bonded heat sink.

2) A preformed, tapered ribbon lead is bonded between
the diode back contact and the top of the standoff.

3) A silver button is bonded on top of the standoff to
protect the ribbon.

A scanning clectron micrograph of a device packaged in
~ this manner is shown in Fig. 3. The ribbon is tapered to
minimize the effective lead inductance. A close-up of the
silicon diode chip under the ribbon, after it has been trim
etched to the diameter required for 170-GHz operation, is
shown in Fig. 4. The active junction region of the device,
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Fig. 3. Scanning electron mlcrograph of the quartz—standotf packaged
: 170-GHz IMPATT.

Fig. 4. Scanning electron micrograph showing a close-up of the
silicon double-drift IMPATT trim etched to the size required for
170-GHz operatlon (~ 20-um diameter).

located at the base of the silicon chip, is approximately
20 pm in diameter. With our present technology, this
represents an approximate lower limit on the device size
that can be reliably fabricated and packaged.

HI. Circurt DESIGN AND EVALUATION

To obtain efficient low-noise operation as an oscillator
from a solid-state active device such as an IMPATT diode,
a low-loss microwave circuit must be provided that is
designed to ‘present a circuit impedance to the diode
terminals at the chip level which will optimize the power
generation at the desired frequency. Both the real and
imaginary part of the circuit impedance must be properly
designed to match the deviee characteristics in the frequency
range of interest. The frequency of operation is determined
by the imaginary part and the generation efficiency is
optimized through proper choice of the real part.

At very high frequencies, the dominant element in the
imaginary part of the circuit impedance presented to the
silicon chip is the effective inductance of the lead ribbon in
the quartz-standoff package. Although every effort has
been made to minimize this inductance, the value remains
too large to achieve the proper device/circuit matchmg to
the reduced-height waveguide section. Therefore, to optimize
the power performance of a source at 130-170 GHz, it is
necessary to provide -additional impedance matching
between the.package and the reduced-height waveguide

load. The bias-pin resonator circuit was conceived to
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Fig. 5. Bias-pin resonator waveguide circuit conﬁ;guration.

provide the required impedance transformation. A sche-
matic cross section of the bias-pin arrangement is given in
Fig. 5. The key element in this circuit that differentiates it
from conventional circuits of this type is the relatively large
bias-pin diaméter. The IMPATT diode is contacted near the
rear edge of the pin. In this conﬁguratlon the lower face of
the bias pin forms an open cavity with the lower broad wall
of the wavegulde which, at the cavity resonance, provides
a matching function between the IMPATT diode and the
waveguide load. The use of this bias-pin resonator also
minimizes the effective lead inductance of the tapered ribbon
connecting the diode to the standoff by placing the ribbon
between two conducting planes. The distributed capacitance
between the ribbon and the bias pin on one side, and the
ground plane on the other, minimizes the effective induc-
tance. An additional benefit of the bias-pin resonator con-
figurdtion is the ease of circuit fabrication.
A, Cifcuit Oprimization

Choice of the design parameters has been accomplished
through an intuitive understanding of the circuit behavior
and us¢ of empirical design information gained by testing
a diode in several circuits for which a parameter is system-
atically varied. The primary circuit design parameters are
waveguide height and width, bias-pin dlameter, and diode
contact position. A series of experiments were conducted
to observe the effects on oscillator operatlon of varying
each of these parameters.

A study of the performance of one dlode as a function
of position under the bias pin was conduc;ted using a special
diode heat sink constructed for this purpose. The results
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Fig. 6. IMPATT performance as a finction of diode contact point
on bias pin of circuit shown in Fig. 5. (a) Diagram defining diode
contact point X. (b) Power output versus diode contact point X.

are summarized in Fig. 6. The power output and frequency
of a diode under fixed bias conditions was measured as a
function of the distance X between the center line of the
bias pin and the diode-standoff contact point. As indicated
in Fig. 6(a), the position was varied from near the rear
edge of the pin closest to the sliding short (negative X)
to near the front edge. As can be seen from Fig. 6(b), the
position of contact is an important factor in the operation
of this circuit. Best performance is generally- obtained with
contact near the rear edge of the pin, although contacting
near the front edge can also produce clean efficient operation.
Contacting near the center of the pin generally results in
noisy output at a relatively low power. The frequency of
operation was found to be insensitive to the position of
contact. The frequency for the data of Fig. 6(b) is between
136 and 137 GHz for all points. Based on these results,
experimental circuits were designed with the diode contact
at the rear edge of the bias pin, as shown in Fig. 5, regardless
of the pin diaméter. Three parameters were varied in this
basic configuration in order to increase the oscillation
frequency. These are as follows.

1) Bias-Pin Diameter: The bottom face of the bias pin
serves as a resonant element for impedance transformation
for a pin diameter on the order of a quarter-wavelength at
resonance. By decrgasihg pin diameter, the resonant fre-
quericy increases. Of course, this is an oversimplified view
of the situation in the case of a packaged device since the

"packdge parasitics dominate the oscillator behavior.

2) Waveguide Width: One way to decrease the inductance
of the lead ribbon connecting the diode’s back contact to
the standoff is to reduce the waveguide width while holding
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Fig. 7. Tuning range as a function of bias-pin diameter for three
diodes from the same lot having different zero-bias capacitance and
bias conditions as follows. (A) 0.65 pF, I = 300 mA. (B) 0.53 pF,
I =275 mA. (C) 0.37 pF, I = 220 mA.

the lead length constant. This can be understood qualitatively
from the formula for a centered inductive post of diameter
d and length / in waveguide of width W given by

L= 21n (f‘.%/) nH/cm. 1)

T

From this it is apparent that the inductance is reduced as
waveguide width is reduced for fixed post dimensions. This
formula is derived for a centered post extending completely
across a waveguide, but qualitatively the same behavior is
observed in the 50-100-GHz range for packaged IMPATT
diodes in the conventional small-diameter-bias-pin circuit.
The relatively large diameter of the bias pin in the bias-pin
resonator circuit tends to shield the effect of the waveguide
sidewalls on the package inductance, but some frequency
tuning is still observed. .

3) Diode Area: Reducing the diode area is the most
obvious way to increase oscillation frequency. The device
capacitance is decreased in this manner, thereby increasing
the frequency at which device and circuit reactance cancel
one another. Of course, decreasing the diode area also
limits the power handling capability of the device, which is
undesirable.

Three diodes from the same processed wafer were tested
in several circuits to clearly illustrate the aforementioned
behavior. In Fig. 7 the test results are summarized in
terms of operating frequency range for a given zero-bias
diode capacitance and circuit. A mechanical tuning range is
indicated by a line with X’s marking the end points. The
diodes were chosen to have significantly different capacitances
to illustrate the effect of diode capacitance on operating
frequency. Four circuits were used to test the diodes, all of
which have a reduced-height section of 0.010 in that
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contains the diode and bias assembly. A linear taper to full
height is used for matching to the waveguide load. A movable
short is placed behind the diode in the reduced-height
section, The mechanical frequency tuning is accomplished
by moving this short. Three of the circuits were built for
G band (WR5 waveguide of dimensions 0.051 x 0.0255 in)
and one for D band (WR-7 waveguide of dimensions
0.065 x 0.0325 in). The bias-pin diameter for each circuit
is given beside each point or curve in Fig. 7 in thousandths
of an inch, i.e., G 28 is the G-band circuit with a 0.028-in-
diam bias pin.

For each diode and circuit the oscillator performance was
tested over the full range of tuning provided by the movable
short, while the diode bias conditions were fixed. No fine
tuning was provided in front of the diode. In some cases
the frequency of oscillation could be continuously tuned
over one or more range of frequency; in other cases the
frequency was essentially fixed. The latter situation is
indicated in Fig. 7 by a single X marking the single oscilla-
tion frequency. Generally, diodes with a smaller junction
area were more mechanically tunable, as is apparent from
Fig. 7. The 0.65-pF diode tested could not be mechanically
tuned in any of the circuits by moving the short, but the
frequency could be varied over a large range by changing
the dimension of the bias-pin resonator and waveguide
width. The bias-pin dimension is less dominant in determin-
ing frequency for the smaller diodes because the frequency
can be tuned mechanically over a significant range. The
trend still exists, though, for the tuning range to shift up in
frequency for decreasing pin diameter. The power variation-
within the tuning ranges indicated in Fig. 7 is 3 dB or less
with the maximum power point generally falling near the
middle of the tuning range. To optimize power for a given
frequency requires proper choice of the pin diameter as
well as the device area. The amount of tuning we have been
able to achieve by varying the circuit parameters is sig-
nificant, but it is much smaller than can be achieved if the
package parasitics can be reduced.

B. Power Measurements

Because of the limited amount of activity in the fre-
quencies much above 100 GHz, accurate measurement of a
basic quantity such as power becomes difficult. It is therefore
worthwhile to discuss to some extent the techniques we have
used to make these measurements in the 130-170-GHz
range. Power measurements would normally be made using
a thermistor mount which can be calibrated against a more
accurate standard such as a calorimeter. Because a therm-
istor responds to changes in power relatively fast, it is more
suitable than a slow-responding calorimeter for continuous
power monitoring of a source during tuning. A Schottky
barrier or point contact detector responds rapidly also,
but the sensitivity of the detector is usually a stronger
function of frequency, making calibration difficult.

Initially, we used a Hitachi T1511 thermistor mount
constructed in WR-7 (D-band) waveguide and calibrated
from 134-145 GHz at the factory. The assumption was
made that the thermistor correction factor would increase
monotonically for frequencies above 145 GHz. Later we
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calibrated the thermistor at several points in the range 145-
165 GHz against a Hitachi Model E3904 dry calorimeter
constructed in WR12 waveguide. A transition was used
from WRi2 to WR7 for the purpose of injecting the high-
frequency power. The return loss looking into the transition
was over 25 dB. The calorimeter had been calibrated against
other standards at 60 and 90 GHz. The sensitivity at both
frequencies was measured to be 40.75 pV/mW. It was
assumed that the same sensitivity exists at frequencies
up to 170 GHz. In fact, the sensitivity may decrease for
higher frequencies due to increased losses. Our assumption
of constant sensitivity therefore yields a conservative power
calibration factor using the calorimeter. The transition loss
from WRI12 to WR7 was measured using two back-to-
back transitions. The correction for this loss lies between
0.2 and 0.3 dB over the entire frequency range of interest
(130-170 GHz). We found that the correction factor for the
Hitachi thermistor mount increases abruptly above 146
GHz. In the range above 160 GHz the correction varies
by as much as 2 dB for relatively small changes in frequency.
Because this behavior made the thermistor of little value in
making power determinations above 145 GHz, the calori-
meter was used directly to measure power. The loss in the
measurement line between the IMPATT source and the
calorimeter was measured at each frequency by direct
substitution. The IMPATT oscillator itself was used as a
source by heavily padding it to insure that the IMPATT
was not detuned during the process of substitution. An
attenuation of over 17 dB was placed between the IMPATT
“and the power reference plane. A relative measurement of
power at the reference plane, and with the line inserted
between the reference and the power detector, was then made
to determine the line loss. Performing this measurement at
each frequency insured that an error in calculated power due
to line-loss variation with frequency was not made.
Extensive performance data have been taken in the
frequency range 130-170 GHz using the calibrated therm-
istor or calorimeter directly where appropriate for power
determination. The best data are summarized in Fig. 8
where the best power achieved is plotted as a function of
frequency. In terms of power X (frequency)® product the
best point is 80 mW at 139 GHz. As the frequency increases,
the power output falls more rapidly than predicted by the
Pf? law; the dependence approximates a Pf* behavior.
The rapid drop in power and efficiency with increasing
frequency is believed to result primarily from the difficulty
in properly matching the device impedance with the present
standoff package. Because of the large lead inductance, the
device area must be reduced more than is assumed in the
Pf? derivation te increase the frequency much beyond
140 GHz.

C. AM Noise Detection

- For some applications, such as parametric amplifier
pumps and local oscillators, the AM noise performance of
the source is of utmost importance. We have employed the
direct detection method to measure the AM noise per-
formance of sources constructed for operation up to 170
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Fig. 8. Logarithmic plot of power versus frequency for double-drift
IMPATT’s operated in the 130-170-GHz range in the bias-pin
resonator circuit.

GHz [7], [8]. The key element in the measurement system
is a low-noise high-sensitivity Schottky-barrier detector.
Details on the device fabrication and basic circuit con-
figuration utilized in the construction of this detector have
been reported previously [9]. The design was scaled in size
to construct a detector in WRS waveguide. At 170 GHz .
the detector constructed has a sensitivity, unloaded, of
400 mV/mW at a 0.25-mW drive level, which is comparable
in performance to millimeter detectors constructed for
the 50-100-GHz range. In the AM noise measurement, the
detector is used to mix the AM noise sidebands on the
incoming carrier with the carrier frequency to generate an
IF noise voltage which is amplified and measured. The
detector has been characterized as a mixer in the 140-
GHz range. For a local-oscillator drive level of 3 mW, a
single-sideband conversion loss of 9 dB was measured for
an intermediate frequency of 1.35 GHz. The performance of
this detector was more than adequate to measure the noise
levels present in the IMPATT source.

D. 170-GHz Source Construction

To demonstrate the feasibility of constructing practical
hardware in the 170-GHz range, an experimental pump
source was constructed for 170-GHz operation, which was
provided with an isolator at the output. This source delivers
16 mW at the isolator output and is insensitive to load
conditions. The close-to-carrier AM noise spectrum of the
source has been characterized from 1 kHz to 1 MHz from
carrier, and is plotted in Fig. 9. Beyond 70 kHz from the
carrier, the double-sideband signal-to-noise ratio referenced
to a 1-kHz window is better than 115 dB. Below 70 kHz

- from carrier the noise increases with an approximate 1/f

dependence. The noise behavior is comparable with lower
frequency millimeter IMPATT sources.
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Fig. 9. AM noise spectrum of the experimental 170-GHz source
presented in terms of double-sideband noise-to-signal ratio for a
1-kHz noise bandwidth as a function of distance from carrier.

An estimation of the mean-time-to-failure for the 170-
GHz IMPATT source can be made based on the extensive
reliability studies conducted on silicon IMPATT’s [10].
The rise in junction temperature above ambient for the 170-
GHz IMPATT biased to 185 mA is estimated to be 240°C.
This is the bias level required to generate 16 mW at the
isolator output. For an ambient of 25°C the MTFB pre-
dicted at this bias is 1.8 x 10* h.

IV. CoNcLuUsION

Utilizing highly refined, but essentially conventional,
device fabrication techniques, practical CW operation of
IMPATT sources has been extended to 170 GHz. A simple
bias-pin resonator circuit has been developed to compensate
as much as possible for the undesired package parasitics
of the quartz-standoff diode package. In this configuration,
the best power attained drops sharply with frequency beyond
140 GHz. We believe that significant further improvement
in power in this frequency range or extension in operation
beyond 170 GHz will require the development of much
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improved device fabrication and packaging technology to
reduce the parasitics. In particular, the development of a
“direct contact” configuration which eliminates the need
for a quartz standoff and lead ribbon is desired. However,
the construction of such a “packageless” configuration
must be consistent with typical mechanical ruggedness and
reliability requirements for it to be of any practical
importance.
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