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Abstract—This paper describes circuit, packaging, and device
techniques used in the development of tunable CW mMpATT diode
oscillators in the 170-260 GHz range. A quartz standoff package
with optimum values for parasitics has been developed. A tuning
range of nearly 30 GHz has been achieved with an iMpATT diode in
such a package.

INTRODUCTION

ECENTLY, significant progress in output power and
Rconversion efficiency has been achieved with IMPATT
diode oscillators in both the CW and pulsed modes of
operation at frequencies above 200 GHz. A CW output
power of 50 mW at 202 GHz with a 1.3-percent conversion
efficiency and a peak pulsed power of 520 mW at 214 GHz
with a 2.6-percent conversion efficiency have been reported
separately by different research groups [1], [2]. At these
frequencies, because of the very short wavelength involved,
chip-level circuit design is required. This paper describes the
application of such a design approach to the development of
CW IMPATT oscillators at Y-band (170-260 GHz) frequen-
cies [3]. Circuit and package development, as well as diode
design and characterization, and RF tuning characteristics
of the oscillators are described.

DEvVICE DESIGN AND FFABRICATION

The diodes used in the present work have an ion-
implanted double-drift-region (DDR) p*-p-n-n* doping
profile. The profile is formed by growing epitaxially a thin n
layer on an arsenic doped {111} Si substrate wafer. The
p-type region is fabricated by overcompensating with im-
planted boron ions [4]. The p* contact layer is formed by a
shallow low-temperature diffusion of boron. These steps are
processes normally used to fabricate millimeter wave IMPATT
diodes. For Y-band frequencies, special attention must be
given to substrate thinning and to minimizing unswept
active regions.

At high frequencies, the RF loss of the device due to then ™
substrate can be significant. This loss results from the series
resistance of the substrate due to skin effects [S]. The
substrate series resistance R| is given by

_ ot
Re= 250 —9)
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Fig. 1. Diode doping profile.

where p, is the resistivity of the substrate, ¢ the thickness, &
the skin depth, and D the diameter of the diode. At 225 GHz,
for example, the skin depth is 3.4 um. Taking D to be 25 um
and p; to be 0.001 Q - ¢cm, a thickness of even 10 um will give
a series resistance of 0.43 Q. This is comparable to the diode
negative resistance at 225 GHz and, therefore, must be
minimized. For this reason, both chemical etch and syton
polishing have been used to thin the substrates of diodes to
approximately 5 um.

Another important contribution to loss is due to the
unswept active regions of diode. Because of the very high
frequency of operation, the total active region of the IMPATT
diode is only about 0.25 um wide. The realization of the
desired doping profile, and the elimination of the positive
resistance associated with the unswept epitaxial region at
the device-operating level are difficult, even with state-of-
the-art technology. The accuracy required for determining
the diode-doping profile approaches the resolution of the
capacitance-voltage (C-V) method commonly used in
profiling the diode. In order to achieve diodes which are just
at punchthrough at the operating current level, the profile
design for the devices was initially based on standard transit
time considerations and was optimized empirically by vary-
ing the doping level of the active regions and by adjusting the
diffusion time of the p* region. The doping profile C-V data
has been gathered from those lots which have shown good
RF performance. Fig. 1 shows a DDR doping profile of a
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Fig. 2. Calculated and measured equivalent total doping versus space
charge width of the Y-band diodes.

Y-band diode as obtained from measurements on the epitax-
ial layer doping, and an estimation of the implanted p-type
profile. For a DDR device the C-V method can only be used
to measure an effective profile N given by

Ng'=Np'+ Nji! (1)

where N, and N, are, respectively, the donor and acceptor
concentrations at the edges of the depletion region formed
by the application of the specified voltage. No information
on N, or N, individually can be deduced from C-V
measurements. Fig. 2 shows a plot of N (the “calculated”
curve) based on the profile in Fig. 1 and equation (1). The
plotted points in Fig. 2 are values of N obtained from the
measured C-V data. The agreement is quite good.

DEgviCE CHARACTERIZATION

In order to gain understanding of the required circuit
impedance level, device small-signal admittance character-
istics have been calculated with a computer program [6].
Results are shown in Fig. 3. Several approximations have
been used in the calculation. A symmetrical double-drift
structure having a doping concentration in both the p- and
n-region of 5.8 x 10!'7 cm™? is assumed. The ionization
rates of Grant [7], and the drift velocities given by Canali et
al. [8] were used in the calculation. Two operating levels
which correspond approximately to the current densities
and junction temperatures appropriate to the CW and
pulsed modes of operation are shown in Fig. 3. A current
density of 8 x 10* A/cm? with a junction temperature of
250°C is taken for the CW operation, and a current density
four and a half times higher at a temperature of 200°Cis used
for pulsed mode. The calculation illustrates that the required
circuit impedance is quite different for the two cases. For
example, the calculated small-signal device impedance for a
diode of 1 mil diameter is approximately —0.47 — j3.6 Qfor
CW operation and — 5.9 — j3.2 Qfor pulsed case. Therefore,
the required package configuration for each case is quite
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Fig. 4. Thermal resistance versus diode diameter for Y-band diodes.

different. This will be further discussed in the section on
package development.

To achieve reliable operation, the junction temperature of
a CW mPATT diode at the operating level must be kept as
low as possible. An estimate of junction temperature can be
obtained from the diode thermal resistance and input power.
For a given IMPATT structure, the thermal resistance depends
on the diode size and composition. Thermal resistance for
the Y-band diodes has been measured. The results are
plotted as a function of diode diameter in Fig. 4. Also plotted
is a curve of calculated thermal resistance. The calculation is
based on a simple model consisting of a silicon diode chip
mounted on a two-layer (Au and Cu)semi-infinite heat sink.
(Because of the very small diode diameters, it is not possible
to ignore the presence of the Au bonding layer which is
about 4 um thick.) The total thermal resistance R ,is given as

Ry = Rg + Rys

where Rg; is the contribution due to the silicon between the
junction and heat sink and R yis the contribution from the
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Fig. 5.

two-layer heat sink. The latter contribution was evaluated
using an expression given by Board [9]. As can be seen,
the correlation between measurement and calculation is
very good.

RF Circurr DESIGN

At Y-band frequencies, several problems commonly en-
countered at lower millimeter-wave frequencies are
amplified. First, the physical dimensions of the waveguide
become inconveniently small. This feature makes the diode
mounting and oscillator assembly difficult. Additionally,
because of the very short wavelength involved, the dimen-
sions of the diode package become comparable to a wave-
length. This fact makes impedance matching between the
diode and the circuit more critically dependent on the
package parameters, which can limit the performance of
the diode if they are not properly chosen. In ‘order to
overcome this performance limitation, and to match the
device and circuit impedance properly, the package design
must be considered as an important part of the overall
circuit design. The chip-level circuit design requires a new
type of cavity to facilitate diode mounting and packaging.

The cross section of the Y-band mMpATT diode circuit
designed with the above considerations is shown in Fig. 5.1t
consists of three major sections: a tapered waveguide section
which transforms from full height to reduced height wave-
guide, a reduced height waveguide wafer section which
contains the IMPATT diode, and a mechanical tuning short
section. A photograph of the disassembled oscillator circuit
is shown in Fig. 6. The cavity design resembles Sharpless
waler-type circuits used for mixer diode applications [10].
The wafer is sandwiched between the other two sections to
form the complete waveguide cavity.

The use of a Sharpless wafer to mount the IMPATT diode
has previously been demonstrated in a varactor-tuned oscil-
lator [11]. For the varactor-tuned oscillator a varactor diode
in a Sharpless wafer was mounted adjacent to the IMPATT
wafer so that the relative coupling between the MpPATT diode
and the varactor diode could be adjusted by varying the rel-
ative position of the two diodes in the plane of the cross sec-
tion of the waveguide. Thus the advantage of using wafers to
mount both MMPATT and varactor diodes is to achieve
optimum coupling between them. For the Y-band mMpATT
diode oscillator, the use of the wafer-mounted modular
circuit permits the variation of the circuit configuration at
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Fig. 6. Disassembled oscillator circuit left-output section with tapered
waveguide transition; center wafer for mounting mpatT diode; Tight
tuning short section.

BIAS PIN

ECCOSORB
BIAS CHOKE

O & S GOLD WIRE
N/
L—] F ALIGNMENT HOLES
iMPATT DIODE ON HEAT SINK
SCREWS

Fig. 7. Details of wafer-mounted IMPATT module.

the chip level. This is particularly important for the develop-
ment of the diode package which is described indetailin the
next section.

Fig. 7 shows the details of the wafer module. The MpATT
diode is soldered to a heat-sink slab which forms the lower
wall of the waveguide slot. A bias pin is used to contact the
diode which can be either packaged or unpackaged. The bias
pin is inserted through a choke in the top of the wafer. In
order to eliminate any low-frequency instabilities, a bias
network has been carefully designed as described in the
following. ‘

Bias CirculT DESIGN

IMPATT diodes exhibit negative resistance over a wide
range of frequencies which usually approaches an octave.
Matching circuits with proper impedance characteristics
within this frequency range work sufficiently well at small
signal levels. However, at large RF levels, these circuits often
produce secondary effects [12]-[18] such as excessive noise,
premature saturation of output power, low efficiency, or
diode burnout which seriously limit diode performance. It is
apparent that the circuit impedance characteristics far out-
side of the negative resistance region of the diode have a
significant effect on the stability of oscillators. For stable and
low-noise operation, the load impedance should be well
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Fig. 8. 'SEM photograph of the bias choke with lossy material for elimin-
ating low-frequency instabilities.

controlled, from dc, up to, and above the operating
frequency.

One particular source of instability often comes from the
inadequate impedance characteristics of the bias network.
For stable oscillation at high RF levels, a sufficiently high
impedance level must be presented to the diode at all
frequencies except where oscillation is desired. This often
proves to be a difficult task for oscillators even at microwave
and lower millimeter-wave frequencies [19]. For Y-band
frequencies, adequate circuit-impedance characteristics
must be presented to the diode over a very wide range of
frequencies. This difficult task is compounded by the fact
that only a stabilizing network of very small size can actually
be incorporated into the thin wafer circuit. A bias choke
which is made of anodized aluminum is modified by incor-
porating two sections of lossy material (Eccosorb') as
shown in Fig,. 7. The two tiny tube-shaped Eccosorbsections
are recessed into the back of the bias choke. Thus the circuit
impedance presented to the diode at the operating frequency
is not directly affected by the lossy load but the low-
frequency circuit impedance is very high. This condition
eliminates the bias instability. Fig. 8is a SEM photograph of
the bias choke with the lossy material, This bias network
design works well even when the IMPATT oscillator is biased
at a very high current level. No low-frequency instability was
observed with oscillators which employ this bias network
design. This is particularly important for low-noise LO
applications of the oscillator.

PACKAGE DEVELOPMENT

In order to properly transform the relatively high circuit
impedance to the low device impedance, package parasitics
must have optimum values. In addition, one particularly

! Manufactured by Emerson & Cuming, Inc.
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Fig. 9. Direct-contacted IMPATT diode with bonded contacting pad for
Y-band frequencies.

important design factor for any solid-state source in CW
operation is the efficient removal of heat due to the power
dissipation in the diode. The operation of IMPATT diodes at
these frequencies is largely thermally limited in output
power and effictency.

In order to develop a package configuration with opti-
mum parasitics and - good thermal properties, two
approaches have been used. In the first approach, bias
contact is made directly to the diode without the use of a
quartz standoff. Two versions of direct contact scheme have
been investigated. A direct contact scheme which makes use
of a resonant cap structure to contact the IMPATT diode
directly has been previously demonstrated at 100 GHz [21].
Directly contacted MPATT diodes with plated or bonded
contacting pads which have been used successfully for
pulsed oscillators [2] have also been investigated for CW
operation with a resonant cap at Y-band frequencies. A
SEM photograph of such a diode is shown in Fig. 9. As the
frequency is increased up to and beyond 200 GHz, the
realization of a precise cap shape to match the MpPATT diode
at CW operation becomes difficult physically.

The required circuit admittance for a diode in CW
operation is quite different from that of a pulsed device as
described in the device characterization section (see Fig. 3).
The required circuit susceptance for CW operation is ap-
proximately three times larger than that of the diode under
high-current pulsed operation. Therefore, in contrast to the
pulsed IMPATT diode which requires minimum reactive
parasitics, some inductive parasitics are indeed desirable for
MPATT diodes operated in the CW mode. The appropriate
mductance is apparently not easily realized with a gold ball
bonded on top of the diode and contacted directly by a cap
or a bias pin resonator. In addition, the scheme is not
thermally adequate for CW operation. No temperature
compensation mechanism exists between the bias pin and
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Fig. 10. Single-welded wire contacted diode.

the diode which frequently become separated from one
another after the diode is turned off from an operating state
of sufficiently high junction temperature. In view of these
shortcomings, the resonant cap direct-contact scheme was
not pursued further for CW oscillators and a second direct-
contact scheme which made use of a wire welded on the end
of the bias pin to contact an IMPATT chip has been inv-
estigated. Two variations of the wire configuration have
been developed utilizing single- and double-welded wire
contacts.

Fig. 10 shows a diode contacted by a single-welded wire
on a bias pin of 7-mil diameter. The end of the bias pin is
approximately 1.5 mil above the heat sink of the diode. This
small pin diameter coupled with the narrow gap between the
pin and the heat sink of the diode permit oscillations at very
high frequencies. Oscillation as high as 250 GHz has been
obtained in this configuration with diodes which normally
oscillate below 200 GHz in a quartz stand-off package. A
second variation of the wire configuration is shown in Fig.
11 in which an iMpATT diode mesa is directly contacted by a
wire welded at two points on the end of the bias pin. This
scheme results in less parasitics, but requires a larger pin
diameter which limits the maximum frequency of operation
to a value lower than that achievable with the single-welded
wire. Both single- and double-welded wire contact schemes
have shown a good current-tuning range which indicates
that the parasitics associated with the wire are appropriate
for CW oscillation. Moreover, the spring action of the wire
provides adequate compensation for the thermal expansion
and contraction which occur as the device temperature is
varied between the ambient and operating values. Unfor-
tunately, this technique requires rigid mechanical
tolerances.

In a second approach, the conventional quartz standoff
package previously used successfully up to 170 GHz [20] has
been improved for operation at Y-band frequencies. Fig. 12
shows one version of such a quartz stand-off packaged
mMPATT diode. It was found that the shape and size of both
the ribbon and the gold “bump” are important package
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Fig. 12. Quartz standoff packaged IMPATT diode.

parameters. Diodes with this type of package give con-
sistently good RF performance with wide tunability. This
feature indicates that the parasitics: of this package
configuration have reasonably optimized values.

RF MEASUREMENT AND PERFORMANCE

Measurement of frequency is accomplished in a relatively
straightforward manner using a multi-dip frequency meter
consisting of a tunable resonant cavity coupled to the
rectangular waveguide transmission path. A block diagram
of the test setup used to measure the frequency character-
istics of the source and to tune the source for the best output
power at each current level is shown in Fig. 13. The output
waveguide of the CW source has a WR-4 dimension
(Y-band) with a UG387 modified flange. A Y-band flange
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adaptor is used between the UG387 modified flange and a
miniature flange which is compatible with most commer-
cially available test equipment.

The test setup for measuring RF output power is shown in
Fig. 14. An E-band (WR-12) dry calorimeter has been used
to estimate the output power. It has been calibrated at dc,
and at 60 GHz. It has an output-to-input conversion factor
of 65.5 uV/mW at dc and 61.78 yV/mW at 60 GHz. The
latter factor has been assumed to be valid for Y-band
operation. Another assumption involved in the RF power
measurement is the insertion loss associated with the wave-
guide sections which connect the source to the dry calor-
imeter. Since the output of the source is in WR4 waveguide
with a UG 387 modified flange, a flange adaptor and a
waveguide transition have been used to connect the source
to the dry calorimeter. The insertion loss of these two
sections of waveguide has been conservatively estimated to
be 1 dB.

Oscillators with the circuit and package designs described
above have been evaluated extensively in Y-band with the
silicon double-drift MPATT diode at a junction temperature
of approximately 250°C above the ambient. CW powers of
23 mW at 207 GHz, 10 mW at 230 GHz, and 1.9 mW at 250
GHz have been achieved.

Particular emphasis is placed on the tunability of the
oscillator for system applications. Fig. 15 shows the RF
performance of a mechanically tuned oscillator with a
quartz standoff packaged MPATT diode as a function of bias
current. The frequency of oscillation increases monoton-
ically from approximately 190 to 220 GHz as the bias
current is varied from 150 to 440 mA. It is interesting to
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Fig. 16. Mechanical tuning characteristics of a Y-band IMPATT oscillator.

point out that there are no low-frequency instabilities
observed, even though there is low-frequency negative re-
sistance induced by the combination of RF rectification
effects and space charge effects at the high current levels. The
stability can be attributed to the special bias network used.
Fig. 16 shows the mechanical tuning characteristics of an
IMPATT diode chip of 11-um diameter contacted directly by a
double-welded wire on a 11.8-mil diameter bias pin. A total
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mechanical tuning range of 14 GHz has been achieved at a
fixed bias current of 130 mA. Bias-current-tuned oscillators
have also been studied. Fig. 17 shows the bias tuning
characteristics of a double-drift IMPATT diode in a quartz
standoff package. An electronic tuning range of 7 GHz with
a maximum power of 4 mW has been achieved.

No attempt has been made to measure the noise charac-
teristics of the Y-band mMPATT oscillators. However,-a 208-
GHz 7-mW IMPATT oscillator constructed with device and
circuit techniques described here, has been used as LO for
testing a quasi-optical radiometric receiver. The noise per-
formance of the MPATT oscillator exceeds that of the best
available klystron when a quasi-optical transmission filter is
used in conjunction with the IMPATT source [22].

CONCLUSION

The development of solid-state oscillators in Y-band
frequencies has been described. Ton-implanted double-drift
IMPATT diodes with p*-p-n-n* doping profile have been
developed for operation in Y-band frequencies. Special
attention has been given to substrate thinning, and to
minimizing unswept active regions. Calculations of device
small-signal impedance have been performed to gain some
understanding of the required circuit impedance level, and
to aid package development. Characterization of device
thermal impedance to ensure reliable operation has also
been performed. A wafer-mounted MPATT module which
permits the variation of the circuit configuration at the chip
level has been adapted for this work. A new bias choke
design has also been developed and incorporated into the
thin wafer. No low-frequency instability was observed with
oscillators which employ this bias network design. A variety
of package configurations have been investigated. Both
direct contact schemes and conventional quartz standoff
packages have been developed for Y-band frequencies. A
tuning range of nearly 30 GHz has been achieved with an
IMPATT diode in an improved quartz standoff package. This
feature implies that the parasitics of this package
configuration have reasonably optimized values.
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