IEEE TRANSACTIONS ON ELECTRON DEVICES. VOL. 36, NO. I,

NOVEMBER 1989

2645

Array Concepts for Solid-State and Vacuum
Microelectronics Millimeter-Wave
Generation

RUEY J. HWU, C. F. JOU, NEVILLE C. LUHMANN, JR., M. KIM, W. W. LAM,
ZOYA B. POPOVIC, anp DAVID B. RUTLEDGE, MEMBER, IEEE

Abstract—There is an increasing demand for compact watt-level co-
herent sources in the millimeter- and submillimeter-wave region. The
approach that we have taken to satisfy this need is to fabricate two-
dimensional grids loaded with oscillators and multipliers for quasi-op-
tical coherent spatial combining of the outputs of large numbers of low-
power devices. This was first demonstrated through the successful fab-
rication of monolithic arrays with 2000 Schottky diodes. Watt-level
power outputs were obtained in doubling te 66 GHz. In addition, a

imple tr ission-line model was verified with a quasi-optical reflec-
tometer that ed the array i e. This multiplier array work
is being extended to novel tripler configurations employing blocking
barrier devices. The technique has also been extended to oscillator con-
figurations where the grid structure is loaded with negative-resistance
devices. This was first demonstrated using Gunn devices. More re-
cently, a 25-element MESFET grid oscillating at 10 GHz exhibited
power combining and self-locking. Currently, this approach is being
extended to a 100-el t monolithic array of Gunn diodes. This same
approach should be applicable to planar vacuum electron devices such
as the submillimeter-wave BWO and vacuum FET.

I. INTRODUCTION

HERE is increasingly more need for watt-level

sources in the 60-600 GHz region. Although elec-
tron-beam devices such as traveling-wave tubes (TWT’s),
backward-wave oscillators (BWO’s), and gyrotrons can
readily supply the power requirements, their size, ex-
pense, and lifetime have limited their applications. The
approach that we have taken is to employ solid-state mi-
crofabrication techniques to reduce the cost. To satisfy
the size and lifetime constraints, we have thus far con-
centrated on solid-state power sources. To provide the re-
quired power levels, we have employed quasi-optical spa-
tial power combining of the outputs of large planar arrays
of devices. Here, it should be noted that this approach to
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Fig. 1. Schottky-diode doubler array.

power combining significantly reduces the losses as com-
pared to conventional waveguide approaches.

The solid-state array concept was first verified by fab-
ricating monolithic arrays (up to several thousand ele-
ments) of Schottky diodes and antennas that served as a
planar frequency multiplication surface [1]. This ap-
proach permits the use of readily available lower fre-
quency pump sources. Recent work involves the use of
more advanced blocking barrier structures to form natural
tripling configurations [2]. In addition to nonlinear fre-
quency multiplication surfaces, we have also successfully
demonstrated the use of the concept to integrate a large
number of negative resistance devices as a means of com-
bining the power of solid-state oscillators [3]. This ap-
proach is attractive not only because the combining is done
in free space but also because the active devices have been
shown not to require an external locking signal.

In the following, we first review the above solid-state
array results. We then describe possible configurations
employing new vacuum electron-beam devices such as the
vacuum FET [4], [5] and the planar BWO [6], [7].

II. ScHOTTKY-DIODE-GRID DOUBLER ARRAY

The concept of a monolithic diode-grid doubler array
was implemented in a proof-of-principle experiment with
Schottky diode grids fabricated on GaAs wafers [1]. Fig.
1 shows the grid design for the Schottky-diode doubler
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Fig. 2. Quasi-optical diode-grid doubler configuration.
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Fig. 3. Computer-controlled reflectometer for characterizing diode grids
at millimeter-wave region.

array. The grid period is chosen to about half the dielec-
tric wavelength to avoid exciting substrate modes. The
vertical metal strips are inductive leads for the diodes,
while the horizontal strips permit biasing the diodes. Fig.
2 schematically illustrates the quasi-optical diode-grid
doubler design. Power incident normally on the grid
pumps the diodes. The nonlinear capacitance of the diodes
generates harmonic output power. The function of the
quasi-optical filters is to select the desired harmonic. The
dual dielectric slabs serve as impedance turning elements.
Watt-level output power was achieved at a frequency of
66 GHz.

III. CHARACTERIZATION OF DIODE GRID

We have also developed a quasi-optical reflectometer
technique to characterize the diode grid [8]. Referring to
the experimental arrangement depicted schematically in
Fig. 3, the incident beam reflects from the varactor diode
grids, located in an aperture cut in the absorber. The ref-
erence beam for the computer-controlled reflectometer is
obtained from the small reflection from the absorber sur-
face. An extremely important result of the reflectometer
studies was that a simple transmission-line grid model,
together with the measured low-frequency parameters for
the diodes, were shown to predict the measured perfor-
mance over the entire capacitive bias range of the diodes,
as well as over a wide range of frequencies from 33 to
141 GHz. Together with a large-signal multiplier analysis
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of the nonlinear varactor impedances [9], [10], this trans-
mission line model is used to predict the multiplier per-
formance and to facilitate detailed comparison between
theory and experiment.

IV. BARRIER-INTRINSIC-n® DIODE-GRID TRIPLER
ARRAY

In an extension of the GaAs Schottky-diode doubler ar-
ray studies, a back-to-back configuration of barrier-intrin-
sic-n* (BIN) diodes has been developed. The BIN diode
incorporates a thin (1000 A') undoped semiconductor
layer (I) on a heavily doped layer (n*) serving as a back
contact. On top of the undoped layer there is an ultrathin
(=100 A) electron-blocking barrier layer (B) in contact
with a metal top layer. This blocking layer can be formed
by an insulator, a semiconductor with a very wide band-
gap, or a Mott barrier. The device can be switched rapidly
between two capacitance states that correspond to accu-
mulation of electrons at the barrier and depletion of the
intrinsic layer, respectively, by the applied bias. This re-
sults in a highly nonlinear capacitance-voltage character-
istic that is needed for efficient harmonic generation.

Previously, we have proven the feasibility of near-mil-
limeter-wave operation with a SiO, /Si BIN diode used in
a waveguide/whisker contact configuration as a frequency
doubler [2]. This diode had a transit time of 1 ps and an
intrinsic cutoff frequency of 320 GHz. A maximum effi-
ciency of 15 percent was experimentally obtained at 95
GHz, which is in good agreement with the theoretical pre-
dictions.

Recently, a novel concept that allows the construction
of a GaAs BIN diode entirely by selective doping during
MBE growth (Fig. 4) has been gescribed [2]. A Mott-
barrier is formed by a thin (300 A) intrinsic layer sand-
wiched between the top metal contact and a charge sheet
created by selective doping. GaAs is superior to Si due to
the higher mobility and maximum velocity, which will
reduce the transit time to about 0.3 ps and render negli-
gible the parasitic resistance of the back contact. An in-
trinsic cutoff frequency of 960 GHz can be achieved. A
tripling efficiency of 35 percent at an output frequency of
100 GHz is therefore predicted.

Due to the blocking barrier of the BIN structure, two
diodes can be operated back-to-back generating a sharp
symmetric spike in the capacitance-voltage curve, which
eliminates even harmonics and thus favors tripler and
quintupler operation. The symmetric capacitance-voltage
curve from two back-to-back connected GaAs BIN diodes
illustrated in Fig. 5 demonstrates the concept of the back-
to-back operation. The height and width of this capaci-
tance-voltage curve can, in principle, be adjusted by dop-
ing control alone. This arrangement needs no external
ohmic contact resulting in a highly efficient frequency tri-
pler. As a further bonus, the input and output impedances
are doubled.

A novel grid structure has recently been designed for
the BIN diode tripler array as shown in Fig. 6. The metal
grid consists of a columnar mesh of aluminum strips with
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Schottky electrodes on each end. The small dimensions
of the Schottky electrode area minimizes the zero-voltage
capacitance and series resistance to increase the diode cut-
off frequency. The two neighboring Schottky electrodes
are designed to provide the back-to-back configuration.
There is no need for dc bias lines in the diode-grid design.
The grid requires only one metal pattern, which greatly
facilitates the fabrication.

A quasi-optical diode-grid tripler design has been de-
veloped as illustrated in Fig. 7, where power at the fun-
damental frequency enters from the bottom, through an
input tuner. The grating (which functions as a frequency
selective filter) reflects (as a mirror) the incident pump
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power at the fundamental frequency to the diode grid on
its left, and the metal mirror behind the diode grid again
reflects all the generated harmonics back to the grating
plate. Harmonics are then diffracted in different direc-
tions. The third harmonic exists in the desired direction
passing through an output tuner. It should be recalled that,
due to the symmetric capacitance-voltage characteristics
of two back-to-back connected GaAs BIN diodes, even
harmonic currents cancel and even harmonic idler circuits
are unnecessary thereby greatly simplifying the circuit de-
sign.

The initial BIN diode structure was grown with a con-
servative fabrication design (1500- A -thick epitaxial
layer). This gives an intrinsic cutoff frequency of 640
GHz. Using the arrangement of the diode-grid tripler ex-
periment as shown in Fig. 7 for a proof-of-principle test,
a watt output power at an output frequency of 100 GHz
with a tripling efliciency of 8.5 percent has been obtained
from an approximately 4-mW incident power on each
diode. This experimental measurement is in good agree-
ment with the large-signal nonlinear circuit analysis pre-
diction (see Fig. 8). It should be mentioned that this pre-
liminary result was performed in the low input power
region. However, an optimized pumping operation prom-
ises increased performance. From the large-signal multi-
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plier analysis results shown in Fig. 8, a maximum tripling
efficiency of 24 percent at an output frequency of 100 GHz
is predicted for this particular BIN diode grid.

V. GUNN-DIODE-GRID OSCILLATOR ARRAY

Power combining has been demonstrated with Gunn
diodes [3] and MESFET’s [11]. The oscillator configu-
ration is shown in Fig. 9. The active grid, which is fab-
ricated on a dielectric substrate, is placed in a transverse
plane of a Fabry-Perot resonator. One of the reflectors of
the resonators is partially transparent and serves as the
cavity output coupler. When the devices are biased in their
negative resistance region, they start oscillating at differ-
ent frequencies, but the cavity provides feedback, and the
devices couple through the cavity and oscillate in a single
resonator mode. It is important to realize that the locking
does not require an external signal. This configuration is
analogous to a laser, where the active medium is the two-
dimensional grid, rather than the more familiar volume
gain medium. Proof-of-principle measurements were per-
formed on a 9-Gunn-diode grid [3], shown in Fig. 10.
The devices exhibited self-locking and power combining
between 10 and 13 GHz. The total power was found to be
proportional to the square of the number of devices.
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transistor

Fig. 11. Photograph of the 25-MESFET oscillator grid at 9.7 GHz.

Fig. 11 shows an X-band hybrid model of a 25 MES-
FET grid fabricated on a quarter-wavelength thick micro-
wave substrate [11]. Simple scaling should apply for
higher frequencies. The oscillator configuration is the
same as in Fig. 9. The vertical lines connected to the tran-
sistor gate and drain terminals support the RF current
flow, and the radiated electric field vector is parallel to
them (the measured cross-polarized field was more than
20 dB below this polarization). The horizontal lines are
used for dc bias. The maximum effective radiated power
relative to an isotropic source (ERP) was 37 W at 9.7
GHz. The actual radiated power from the grid was 464
mW, which is 25 times the power typically generated with
these MESFET’s in single transistor microstrip circuits.
The dc-to-RF conversion efficiency was 14.5 percent.

VI. VacuuM ELECTRON-BEAM ARRAY
CONFIGURATIONS

The above described experimental studies have pro-
vided a stable foundation for the planar array concept of
millimeter-wave power generation. More recently, we
have begun to investigate the suitability of vacuum elec-
tron-beam devices for incorporation in planar arrays. Thus
far, the two most promising concepts for such integration
appear to be the vacuum FET [4], [5] and the planar sub-
millimeter-wave BWO [6], [7]. Both of the above devices
are planar and are fabricated using available solid-state
processing techniques. In the following, we briefly ex-
amine their suitability for array applications.

The silicon vacuum FET in its planar realization em-
ploys an interdigitated gate-source metallization arrange-
ment with the substrate serving as the source. This device
is therefore ideal for incorporation in oscillator arrays as
described above since the structure so closely resembles
the familiar MESFET. Other possible modes of operation



HWU er al.: ARRAY CONCEPTS FOR MILLIMETER-WAVE GENERATION

include a quasi-optical amplifier surface as well as a fre-
quency multiplier making use of the device nonlinearities
and negative differential resistance for high efficiency. The
small interelectrode spacings result in transit times of less
than 100 fs. However, before predicting arbitrarily high
operating frequencies, one must account for actual input
capacitance and transconductance values. For example,
we have calculated that a 7500-tip thin-film field-emitter
cathode array would yield C,; = 2.8 pF, 7, = 0.08 ps,
and g,, = 30 mS. This results in a figure of merit of g,, / Cys
= 10.7 GHz. For comparison purposes, a 0.5-um-gate
MESFET has g,, = 30 mS, C,; = 0.12 pF, 7, = 2.5 ps,
and g,/ C,; = 250 GHz. Currently, we are investigating
configurations that will improve the vacuum FET param-
eters and permit a vacuum FET to be used as a radiation-
hard millimeter-wave source.

The planar submillimeter-wave BWO concept being
pursued under a NASA Lewis-University of Utah-Lin-
coln Laboratory collaboration [6], [7] is an ideal candi-
date for incorporation into planar oscillator arrays. This
approach employs a interdigitated fundamental backward-
wave slow-wave structure on a diamond substrate above
which a planar-sheet electron-beam propagates. Opera-
tion in the fundamental spatial mode results in increased
interaction impedance and reduced operating voltage as
compared to the standard vane-type structures (which do
not readily lend themselves to array configurations). The
arrangement we conceive will closely resemble the quasi-
optical Gunn and FET oscillator configurations shown in
Figs. 10 and 11. Here, a planar-sheet electron beam will
propagate perpendicular to the surface of an array of slow-
wave structure attached to planar antenna structures. The
remainder of the configuration will be identical to that
employed for the solid-state oscillator arrays.

VII. SuMMARY AND CONCLUSIONS

Theoretical and experimental studies of both frequency
multiplier and oscillator arrays have demonstrated the vi-
ability of the quasi-optical spatial power combining ap-
proach. Current directions include the study of advanced
blocking barrier multiplier structures, monolithic Gunn
oscillator arrays, and the use of vacuum electron-beam
devices.
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