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Monolithic Integration of a Dielectric
Millimeter-Wave Antenna and Mixer Diode:
An Embryonic Millimeter-Wave IC
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Abstract — A monolithic silicon integrated circuit consisting of a mixer
diode and an all-dielectric receiving antenna has been built and tested at 85
GHz. Radiation is coupled into the device optically with a coupling loss of
2.7 dB. No external metal structure is required for coupling. The design

can be used efficiently at considerably higher frequencies, and can be.

elaborated into more complex integrated circuits. From measurements of
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video responsivity the losses of various parts of the device are estimated. A
simple theory of conversion efficiency is found to agree well with experi-
ments; this theory is then used to predict the performance of improved
versions of the device. The conversion efficiency obtained with this demon-
stration device is low; it is shown, however, that acceptable conversion
efficiencies can be obtained with a more advanced diode fabrication
technology using epitaxial Si or GaAs. Infegrated millimeter-wave re-
ceivers of this kind should be suitable for short-path terrestrial communica-
tions, in applications where compactness and low cost are required.

1. INTRODUCTION
NUMBER OF different waveguide technologies are
available for use in the “near-millimeter” regime of
100-300 GHz. These include conventional hollow metal
waveguide, fin line, various strip lines, microstrip, dielectric

0018-9480,/82 /0800-1241$00.75 ©1982 1IEEE
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\\“\image guide, and all-dielectric guides. All of these guides

are-subject, to .a greater or lesser degree, to the typical
problems of this frequency range, such as the small dimen-
sions of single-mode guiding structures and the lossiness of
metals due to skin effect and surface roughness. As com-
pared with other guides, all-dielectric guides have several
advantages. They are free of metallic losses, except perhaps
for losses in small metal coupling structures. When the
dielectric is a semiconductor, guides of suitable dimensions
can be fabricated easily by photolithography. Moreover,
semiconductor devices can be constructed in the guide
material to create monolithic integrated structures. An
interesting feature of this technology is that its advantages
tend to increase with increasing frequency. As frequency
increases, fabrication of the structures becomes more con-
venient, and unit cost decreases because more devices can
be obtained from each wafer. Dielectric losses also become
less of a problem as frequency increases. Assuming that
these arise from the conductivity of the semiconductor, an
upper limit of the power loss coefficient is given by a=
o/n/e where o, u, and € are the conductivity, magnetic
permeability, and electric permittivity, respectively. Thus «
is nearly independent of frequency and the loss per guide
wavelength decreases as 1/f. (For 1000 ohm-cm silicon
a=0.5 dB/cm, which amounts to about 0.02 dB per guide
wavelength at 300 GHz.) '

It seems possible to use these dielectric guides as a basis
for other devices such as hybrid couplers, filters, and
resonators. This approach leads toward a near-millimeter-
wave IC technology: for example, it should not be too
difficult to assemble a hybrid coupler and balanced mixer
in monolithic form, and perhaps IF amplifiers as well. It
seems probable that the performance of such IC’s will be
somewhat less than the present state-of-the-art because of
fabrication constraints. In return, however, one expects to
gain advantages in terms of ruggedness, compactness, and
low cost, as has been pointed out in earlier work [1]. In the
present paper we report an early step toward this type of
integrated circuit, a monolithic assembly consisting of a
dielectric antenna, waveguide, and a Schottky mixer diode.
This is, we believe, the first monolithic integration of a
mixer diode with a self-contained, efficient antenna. The
actual performance of our device is rather poor, but this is
a consequence of the primitive diode technology that was
used. Our purpose in this paper is not to demonstrate a
finished practical device, but rather to indicate a novel way
in which practical devices can be achieved.

II. DEvVICE DESCRIPTION

A diagram of the device is shown in Fig. 1(a). The
antenna component is similar to a design described earlier
[2]. It consists of a tapered dielectric rod etched from a
silicon wafer. A V-shaped metallic coupler serves to feed
the guided radiation into the diode located at its apex. The
received polarization is that with electric field in the plane
of the V. In the earlier design the silicon membrane sup-
ported the low-frequency leads. The present design places

“the two low-frequency leads (which are in the form of
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Monolithic antenna-coupled Schottky mixer. (a) Diagram. (b)
Diagram of reverse side showing positions of V-coupler and low-
frequency leads. (¢) Photograph (U.S. dime for comparison). Diagrams
(a) and (b) are not to scale.

Fig. 1.

coplanar strips) closer together so that they are over the
dielectric rod rather than on the supporting membrane
(Fig. 1(b)). This modification works as well as the previous
design, according to scale-model experiments at 4.3 GHz.
This suggests that electromagnetic fields are concentrated
within the acute angle of the V-coupler; moving the leads,
which are outside the coupler closer to the vertex, thus does
not significantly affect the field distribution. In microwave
simulation the antenna shows a single-lobed pattern along
the axis of the V, and this is also the case for the actual
device tested at 85 GHz. The observed pattern at 85 GHz
has beam angles full width at half maximum (FWHM) of
49° in the E-plane and 56° in the H-plane. Using the
approximate formula for the directivity [3] D = 27
000 /850, we have D= 9.9 dB. A photograph of the device
appears in Fig. 1(c).

The heart of the device is the planar Schottky diode
shown in Fig. 2. One arm of the coupler makes ohmic
contact to a heavily-doped n* region of the substrate. The
rectifying contact is made by contacting the other tip of the
V-coupler to a neighboring lightly-implanted region. The
area of the Schottky contact is made as small as possible
(about 3-10~% cm?) for low junction capacitance, while the
ohmic contact region is shaped to reduce the spreading
resistance.



YAO et al.: AN EMBRYONIC MILLIMETER-WAVE IC

Metal
(rectifying contact)
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Fig. 2. Surface-oriented Schottky diode. (a) Diagram. (b) Photograph.
(a) is a sectional view along the line AA’ shown in Fig. (b).

III. FABRICATION

The fabrication process begins with p-type (100) Si wafers
with resistivity higher than 1000 €-cm. After thermal
oxidation of the wafers the waveguide pattern is defined on
the back side. This is done by developing a layer of
photoresist, then using it as a mask for buffered-HF etch-
ing of the SiO,. The pattern is aligned with the crystal axes
in order to obtain smooth planes in the subsequent aniso-
tropic etching procedure. Using the oxide as a mask the
wafers are then etched in ethylene-diamine-pyrocatechol-
water (EDP) solution until the guides appear. The etching
rate is about 50 pm/h at 110°C. A second masking and
etching step is then used to produce the thinned region
indicated. as “silicon membrane” in Fig. 1(a), on the back
of which the V coupler will later be deposited.

The diode uses regions of different doping, side by side:
a lightly-doped region for the Schottky contact and a
heavily-doped region for the ohmic contact as shown in
'Fig. 2(a). After the wafer is cleaned and thermally oxidized,
a window is photolithographically opened on the SiO, near
the base of the dielectric rod. The opening is then im-
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planted with phosphorus ions at 100 keV and 10'*/cm?
dosage, after which there is a two-step annealing [4] which
ensures good recrystallization in the implanted region. A
subsequent drive-in process produces an n-layer with depth
about one micron and concentration 10'®/cm’, and simul-
taneously covers the window with a layer of SiO,. The
heavily-doped region, with doping greater than 10?°/cm’,
is then defined in a similar way except that; instead of ion
implantation, diffusion of impurities is used. It is now
necessary to etch a third window in the SiO, in order to
again expose the lightly-doped and heavily-doped regions
for contacting. The wafers are then ready for metallization
in a multitarget RF sputtering unit. The system is first
evacuated to the 107 ’-torr range and sputter-etching is
performed in an inert argon atmosphere to remove the
interfacial - oxide and possible contamination layers.
Without breaking the vacuum a uniform Ni film over the
entire surface is then sputter-deposited. This metal layer is
next removed everywhere except where metallization is
needed in the device. An optical projection printing system
is used to define the pattern for the V coupler on positive
photoresist, which, hardened by baking with a gradual
increase in temperature, then serves as a mask for an ion
milling procedure. Use of ion milling instead of wet etching
reduces undercutting. The hardened photoresist is then
removed in an oxygen plasma-asher. About eight identical
devices (for this frequency) can be made on a 2-in diameter
wafer; the devices are now separated with a scribing mac-
hine. The final step is to taper the dielectric waveguides by
means of mechanical lapping. Finally, the antennas are
polished by light exposure to a- HF : HNO,: CH,COOH
(3:15:5) etch. The finished antennas are about 17 mm
long, 0.21 mm high, and 1.1 mm wide at the position of the
coupler. The membrane thickness is 0.03 mm.

The diodes made in the above procedure have an esti-

* mated zero-bias capacitance of 31 fF. From the static -V

characteristic we find that the series resistance is 350 @ and
the ideality factor is 1.4. The large ideality factor probabil-
ity results from the high doping used in this nonepitaxial
device. The series resistance can of course be greatly re-
duced if epitaxial material is used.

"IV. PERFORMANCE

The design center frequency of the device was 100 GHz;
however, testing was performed at 85 GHz because of
availability of a source at that frequency. Since the design
is highly insensitive to frequency, performance should be
little affected. (At 85 GHz we are near the lowest frequen-
cies at which this kind of device is expected to be useful;
earlier work [2] showed that the antenna/waveguide part
of the device worked well at frequencies as high as-2500
GHz.) The responsivity of the Schottky diode component
can be expected to roll off as w2 above a cutoff frequency
determined by the details of its fabrication. In the present
device this cutoff frequency is relatively low, but other
workers have demonstrated planar surface-oriented diodes
in which the zero-bias cutoff frequency 27R,C)~" (where
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R, is the dc series resistance and C the zero-bias junction
capacitance) is several hundred times higher, in the range
3200--4500 GHz [5].

The 85-GHz klystron radiation source was calibrated by
means of a Hughes type 44895H thermistor mount with
Hewlett—Packard 432A power meter. (The manufacturer’s
rated worst-case accuracy for this calibration is 6 percent.)
Measurements were then made of video responsivity. Three
different methods of in-coupling radiation were tried. In
method a), radiation was emitted by a 25-dB standard gain
horn and the test device was placed at a distance of 35 cm
so that it would receive a nearly plane wave. In this case
the power received by the device is expected to be P = 4,1
= N*DEIl /47, where 4, is the antenna’s effective area, E
its efficiency, and I is the incident intensity {6]. In method
b), the tapered dielectric antenna was simply inserted into
an untapered section of WR-12 waveguide, so that it
became a crude waveguide-dielectric coupler. In method c),
an f/1 TPX lens, with diameter and nominal focal length
each 5 cm, was placed far from the horn to focus the
radiation onto the device, which was positioned near the
focus for maximum response. Methods a) and b) gave
similar maximum responsivities of 33.5 V/W and 35 V/W,
respectively. For method ¢), one would expect signal volt-
age to increase over method a) by a factor we shall call p.
Clearly the upper limit of p is p,,,, =TA,; /4., where 4, is
the area of the lens and T is its transmission.

In practice p will be less than p,,, because a uniform
incident plane wave does not couple ideally to the nonuni-
form pattern of the dielectric antenna. In our experiment
spherical aberration was also present, increasing the size of
the lens’ focal spot. To study the problem of lens coupling
efficiency, additional measurements were performed, using,
for convenience, bismuth bolometers [7] in place of Schot-
tky diodes. The transmission of our lens was found to be
about 75 percent, giving p,.. = 59. The observed value of p
was 31. Measurements of the focal spot made by scanning
a 2-mm-diameter pyroelectric detector across it gave a
good fit of the focal intensity profile to the function
e /% where a=3.29 mm. (This is the value of a after
correction for the finite diameter of the pyroelectric detec-
tor.) If the lens were ideal, the 1 /e point of its Airy pattern
would occur at r =2.61 mm.

The enlargement of the focal spot is probably due to
spherical aberration. We calculate from the observed inten-
sity profile that the ratio of the intensity at the center of
the focal spot to the intensity of the unfocused beam is 41.
The value of this same ratio, measured by comparing the
output of the small pyroelectric detector with and without
the lens, is 35. The enlargement of the focal spot due to
aberration undoubtedly reduces p. Furthermore, the angu-
lar beamwidths of the antenna pattern (43° in the E-plane,
38° in the H-plane at the half-power points) are compara-
ble to the angle subtended by the lens (53°), so that some
“spillover” occurs. Our conclusion is that the increase of
signal using the lens is less than p_, primarily because of
spherical aberration, and secondarily, because the numeri-
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(b)

Fig. 3. Circuit models for the Schottky mixer. (a) 85-GHz input circuit.
(b) Low-frequency output circuit.

cal aperture of the lens is too small. The value of p can
probably be increased considerably by replacing the lens
with an off-axis parabolic reflector.

A circuit model for the device is shown in Fig. 3. Fig.
3(a) shows the 85-GHz circuit and Fig. 3(b) the output
circuit relevant to dc or the IF frequency. Here R , is the
antenna source impedance (assumed to be real), Rg the
diode series resistance, R, the load resistance and R is the
Jjunction incremental resistance, and C the junction capaci-
tance, both measured at the bias point. The voltage respon-
sivity from this model is expected to be

_ 2q RAR2
¥ nkT (R4 Rg+R,) +w*RX(Rs+ R, )*C?
RL
‘R,rR, 7R

(where n is the junction’s ideality factor). It is difficult to
measure R ;; its design value [2] is 100 € and we shall
assume it has this value. With the values of the junction
parameters given in the preceding section and using C
=/(geN,)/(2(V,,—V —kT/q)) [8] with ¥, = 0.53 V (the
best fit value) we predict voltage responsivity as a function
of bias to be as shown in Fig. 4. In this figure the
theoretical curves have been multiplied by an efficiency
factor E for best agreement with the experimental points
obtained using coupling method b). Best fit is obtained
with —10 log,, £ =2.5 dB. The components of this loss
can be estimated. Assuming that dielectric loss arises en-
tirely from the (1000 2-cm)~! conductivity and occurs, on
the average, over half the 1.7-cm length of the antenna, the
dielectric loss is approximately exp [—(1 /2)0‘/,1L—/e ], or
0.35 dB. The electromagnetic coupling loss of the V cou-
pler, according to the microwave simulation of [2], is on the
order of 1.0 dB. The difference between the experimentally
observed of —10 log,,E, which is 2.5 dB, and the sum of
the approximate dielectric and coupling loss, which is 1.35
dB, presumably arises from ohmic loss in the metal V
coupler; thus ohmic loss amounts to about 1.15 dB. It is




YAO et al.: AN EMBRYONIC MILLIMETER-WAVE IC

A - Expersmental
~—- Theoretical x E
£=056
40
z
<
2
> 30 4
=
2
wn
§ 20 |
% (2}
w
o
10
' 1 1
° 102 107! 10° 10!

I(uA)
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Fig. 5. Total conversion loss as a function of bias; theoretical curve and
experimental points.

difficult to estimate how this loss will vary with frequency,
owing to the complicated geometry. We note that in our
experiment the thickness of the metal film composing the V
coupler (100 nm) amounts to only one-fifth of the skin
depth.

Measurements were also made of heterodyne conversion
efficiency. The output of an 85-GHz local oscillator klystron
was combined with the ninth harmonic of another klystron
by means of a hybrid coupler and applied to the device
using method b). The IF output power at 20 MHz was
measured with a calibrated IF amplifier chain. The power
of the local oscillator was 10 mW. (Conversion efficiency
was near saturation at this power level.) The results are
shown in Fig. 5. In order to analyze the performance of the
device as a mixer, we need a convenient method for
estimating conversion efficiency as a function of the vari-
ous device parameters. To do this we shall use an ad hoc
method that has not been demonstrated rigorously but
which does seem to give good agreement with our experi-
ments. We note that the “intrinsic” conversion loss L, the
conversion loss that would be obtained with perfect input
and output matching, no parasitics, and adequate LO
power, is typically around 4 dB [9]. To this loss must be
added the input mismatch and parasitic loss L,, and the
output mismatch and parasitic loss L,. The former, which
we take to be the ratio of the power dissipated in the
junction resistance R to the power available from the
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antenna is given by
L = 4RARX§
' RYR,+Rg)+ X:(R+R,+Ry)

@)

where X.=(jwC)~!. L,, the ratio of power delivered to
the IF amplifier to power available from the mixer at the
IF frequency, is given by

4RR
Ly=——Ft—. (3)
(R+Rg+R,)

The quantity 3L = —10 log,, (LyL,L,E) is plotted
against bias in Fig. 5, using a value £ = 2.7 dB obtained as
described above from the responsivity measurements. (The
numerical value of E used here is slightly different because
a different device was used for these measurements.) Since
the value of V; is not known, a best-fit value of 0.53 V is
used. The experimental points agree well with the theoreti-
cal curves in order of magnitude, optimum bias, and in the
general shapes of the curves. This tends to confirm the
approximate technique being used for estimating the con-
version efficiency. For bias currents less than the optimum,
conversion loss increases because of impedance mismatch;
for currents larger than optimum, loss increases primarily
because of increasing C.

The very high conversion loss obtained in this pre-
liminary device results largely from the fact that nonepi-
taxial silicon was used. It is interesting to see what perfor-
mance could be obtained using approximately the same
processing technology, but with epitaxial material consist-
ing of a low-conductivity substrate, high-conductivity
buried layer, and a lightly-doped epitaxial layer for the
rectifying contact. Taking into account the expected geo-
metrical limitations imposed by fabrication we have esti-
mated the performance of similar structures built in epi-
silicon and epi-GaAs. These estimates are shown in Table
L. In the “specifications” column, ¢, is the thickness of the
buried layer, ¢, the thickness of the epi layer, n, the doping
of the buried layer, n, the doping of the epi, X is the
estimated capacitive reactance at 100 GHz with forward
bias, and 4 is contact area, in square microns. The IF input
resistance R; is taken to be 50 ©Q, and skin effects are
neglected. We assume L, to be 4 dB. The total overall
conversion loss, including coupling losses, is then taken as
before to be L,L,L,E. We see that the large conversion
loss of the present device can be drastically reduced. To
allow for additional fabrication difficulty and the need for
aligning several devices on the same chip, we choose a
contact area of 9 pm (as compared with 3 pm for the
present device). The epi-Si version is then predicted to have .
a more reasonable conversion loss on the 'order of 15.7 dB.
This loss is made up as follows: antenna losses 2.7 dB,
input parasitics 5.5 dB, output mismatch 3.5 dB, and
“intrinsic” conversion loss 4 dB. For comparison, the loss
of a GaAs version is expected to be about 6 dB better,
against which must be balanced the possibility of addi-
tional technical difficulties to be encountered with this
material. The use of epitaxial material requires a new



1246

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 8, AUGUST 1982

TABLE I
CONVERSION LOSSES OF PRESENT AND PROPOSED MONOLITHIC MIXERS
ohms dB
Type of ificati R X R n L EL
diode Specifications S c ] 2
Non-epi A= 3l 350 260 32.7 (theory)
silicon(present (measured) | 55 (experimental | 17 9 33.5 (exp)
device) 18, 3 optimum)
n=10""/cm
V.. = .53V(best fit)
i
- - 0.2
Proposed A= 9y
silicon epi t, =1y t, = .25y 60 60 100 55| 3.5 15.7
device 1 2
_ 1020 = 1al7
n = 10 n, 10
_ a2l
Proposed A= 9y
GaAs epi t. = to= .2 10 60 50 2.3 0.8 9.8
device 1 Tu 2 <25
. 18 _ 07
ny = 5-10 n, 10
Definitions: L0 = "intrinsic" conversjon Toss; L= loss in 85-GHz circuit;
L, = Toss in i.f. circuit; E = efficiency; IL =-101og]0 (LOL]L2 E)

fabrication step: the conductive layers must be removed or
rendered nonconductive in the waveguide regions, in order
to avoid excessive propagation loss. In silicon this would
probably be done by etching away the conductive layers.
In GaAs one could also use high-energy proton bombard-
ment to reduce the conductivity of the buried layer. To
reduce losses from the buried layer to 1 dB/cm its resis-
tivity must be increased to approximately 4800 (¢,/A)
Q- cm, where A is the free-space wavelength.

V. CONCLUSIONS

Our results demonstrate the feasibility of near- and
submillimeter-integrated circuits combining all-dielectric
antennas and waveguides with Schottky diodes. Efficient
in-coupling of radiation without the use of conventional
metal waveguides has been demonstrated. The various
contributions to conversion loss have been estimated, and
the conversion loss observed experimentally is in reasona-
ble agreement with these estimations. A similar estimation
procedure shows that use of epitaxial silicon can reduce the
overall loss of our device (power delivered to IF amplifier
=+ received radiation power) to the order of 16 dB. A
similar device made with epi-GaAs would have an overall
loss in the neighborhood of 10 dB. Better results could no
doubt be obtained with improved technology that could
provide better control of epilayer doping and thickness.

The most likely application of integrated devices like
these appears to be in short-haul terrestrial communica-
tions in the 96-, 140-, and 220-GHz bands. For instance,
suppose that due to 16-dB conversion loss the receiver
noise temperature is 12 000 K. With a transmitter power of
10 mW at 220 GHz, 10-cm-diameter lenses or mirrors, and
a 1-GHz bandwidth, a 10:1 signal-to-noise ratio is ob-
tained over a path of 20 km. Such performance should be
acceptable in exchange for the advantage of quantity pro-
duction at low cost.
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“All Solid-State Low-Noise Receivers for
210-240 GHz

JOHN W. ARCHER

Abstract —Low-noise all solid-state receiver systems for room tempéra—
ture and cryogenic operation between 210 and 240 GHz are described. The
receivers incorporate -a single-ended fixed tuned Schottky barrier diode

mixer, a frequency-tripled Gunn source as local oscillator and a GaAsFET"

IF amplifier. Single sideband receiver noise temperatures are typically
1300 K (7.39-dB noise figure) for a room temperature system and 470 K
(4.18-dB noise figure) for a cryogenically cooled receiver operating at 20 K.

I INTRODUCTION

NUMBER OF researchers have reported the devel-
opment of heterodyne receiver systems operating at
frequencies near 230 GHz [1]-[4]. However, receiver noise
figures achieved have been relatively high (typically about
10 dB). Furthermore, the lack of a convenient and reliable
local oscillator source with adequate output power has
limited the receiver performance, and in many cases neces-
sitated -the use of relatively noisy harmonic mixers or
complex dual-diode subharmonically pumped devices.
High-performance 210- to 240-GHz receiver systems have
recently become practical as a result of significant im-
provements in single-ended mixer design [5] and the devel-
opment of efficient frequency multipliers as LO sources [6].
Although receiver noise temperatures can be reduced with
mixers and IF amplifiers cooled to 20 K, in many applica-
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tions it is desirable that the receiver be readily portable and
operate at 300 K ambient without the necessary com-
plicated closed cycle helium refrigerators and vacuum sys-
tems required for cooled operation. The primary emphasis
of this paper concerns the realization of a portable low-noise
receiver for room temperature operation between 210-240
GHz. One of the prerequisites for portability was the
development of practical solid-state local oscillator sources
for this frequency range. Results are also presented which
indicate that about a factor of three improvement in re-
ceiver noise temperature can be achieved by cooling mixer
and IF amplifier to 20 K, but with a necessary increase in
complexity and reduced portability.

II. DESCRIPTION OF THE RECEIVER AND
COMPONENTS

Fig. 1 shows a photograph and block diagram of the
ambient temperature receiver. The cooled system is similar
except for the inclusion of a small vacuum dewar and
closed cycle helium refrigerator! in which mixer and IF
amplifier are mounted. )

A lightweight compact polarizing interferometer diplexer
[7] is used for LO /RF combining and filtering. The modu-
lar construction of the diplexer (each module forms an
88.9-mm sided aluminum cube) readily enables the imple-
mentation of single or dual linearly polarized receivers. The
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