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Abstract
The application of the VLSI-techniques
molecular beam epitaxy (MBE) and X-ray

lithography for the fabrication of monoli-
thic integrated millimeter-wave devices on
high resistivity silicon has been investi-
gated. Process compatibility and the re-
tention of high resistivity characteris-
tics were measured using the spreading
resistance method and Hall measurements
after various process steps. Ring- and
linear microstrip resonators were fabri-
cated on 10 000 Ohm cm silicon. For linear
microstrip resonators, the attenuation was
found to be less than 0.6 dB/cm at 90 GHz.
A 95 GHz impatt oscillator has been inte-
grated on a highly insolating silicon
substrate in a combined monolithic-hybrid
technique. The oscillator needs no tuning
elements. From preliminary experimental
results 8 mW output power with 0.2 %
efficiency at 95 GHz oscillating frequency
has been obtained.

1. Introduction

Highly insulating silicon is
ising as the base material for future
applications in planar millimeter-wave
circuits /1/. These circuits may be mono-
lithic integrated as well as hybrid-mono-
lithic integrated. For frequencies above
40 GHz and a resistivity of the substrate
material greater than 2000 Ohm cm, the
dominant loss mechanism is the skin effect
in the conductors (Fig. 1). Therefore, the
use of highly insulating silicon as the
dielectric of planar circuits will not
degrade the circuit performance. Of spe-
cial interest is the frequency band from
90 GHz to 110 GHz where the integration of
complete transmitters or receivers in-
cluding antenna structures, 1is possible.
The problems involving silicon are that it
must be highly resistive and that this
high resistivity should be preserved
during various processing steps. During
the first investigation on silicon for
monolithic microwave integration it was
found that silicon undergoes resistivity
changes during high temperature processing
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steps and the attenuation for microstrip
lines increased to untolerable values /2/.
Generally it was believed that the pro-
cessing temperatures must not exceed
800°C. This was fulfilled by a group at
RCA using ion implantation and laser an-
nealing /3/.
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Fig. 1: Calculated attenuation coefficient
of microstrip lines on silicon
substrate

With the VLSI technique of molecular beam

epitaxy (MBE) for the growth of active,

monocrystalline films at moderate tempera-

tures /4/ (550-750°C) and with X-ray 1li-
thography for lateral patterning of sub-
miecron lines /5/, modern technigues are

avallable to us for a promising monolithic



integration on high resistivity silicon.
To prove this, extensive investigations
have been made concerning the behaviour of
high resistivity silicon using these
techniques. Also, extremely pure silicon
was investigated after high temperature
processing steps (thermal oxidation at
1100°C) to verify the results of /2/ and
after various state of the art processing
steps (wafer preparation, pyrolitic oxida-
tion, wet chemical etching, plasma
etching, deposition and patterning of
metal films) to show process compatibi-
lity.

2. Behaviour of high resistivity silicon
The
was

change in electrical characteristics
investigated with the spreading re-
sistance method and Hall measurements.
Spreading resistance (SR} is a known me-
thod for dopant profiling. Because the SR
probe senses the resistivity in a micro-
scopic sampling volume immediately under
the probe tip, one can angle lap a silicon
structure and then probe down the bevelled
surface obtaining a resistivity vs depth
profile.

Investigations were made on commercially
available 2"-silicon wafers with a speci-
fic resistance greater than 10 000 Ohm cm.
The following results have been obtained:
The starting wafers may show surface state
charges but by proper wafer preparation
these can be avoided. Hall measurements
gave a specific resistance of greater than
10 000 Ohm cm, a residual hole concentra-
tion of 1.6 x 10'2 cm™? and a hole mobili-
ty of about 380 cm?/Vs at 300 K. Pyrolitic

oxidation performed at 420%¢ (14 min) can
reduce the surface state charges so that
the high resistance of the bulk material

is preserved.

The epitaxial growth of active layers with
the MBE method at temperatures between
550°C and 750°C and a foregoing thermal
cleaning process at 900°¢ produced no
change 1in the electrical characteristics
of the high resistivity silicon bulk mate-
rial.

Performing a standard BN-diffusion process

at  950°C, 20 sec yielded the expected
diffusion depth profile with preservation
of the high gquality of the inner bulk
material.

The high temperatgre thermal oxidation
processes at 1100°C of Battershall and
Emmons /2/, in which resistivity changes

from 1400 Ohm cm p-type to 1-10 Ohm cm n-
type were observed, were repeated. SR
showed that even after 6 hours of thermal
oxidation at 1100°C, the high resistivity
of the bulk material is preserved. How-
ever, depending on the cleanliness of the
oxidation process a more or less deep
doped layer near the surface is observed
(Fig.2). Hall measurements in some cases
showed n-conductance with a resistivity of

94

100 Ohm cm. According to the SR measure-
ments this is due to a contamination layer

at the surface, the high resistivity of
the bulk material is preserved. The con-
ducting contamination layer, however, may
increase the attenuation to intolerable
values.

Deposition of metal films, photolithogra-
phic patterning, plasma etching and wet
chemical etching show no effects on the

high resistivity silicon.
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Fig. 2: Spreading resistance as a function

of the probe tips on a 6° bevelled
silicon sample after a thermal
oxidation at 1100°C for 6 h

X-ray lithography is a promising technique
for fabrication of future submicron de-
vices. To wuse this method for the pro-
duction of millimeter-wave devices, one
has to check whether the X-ray exposure
influences the conductivity of the exposed
material. It could be shown that, even for
an exposure of 100 times the dose of a
normal exposure with an insensitive re-
sist, no degradation of resistivity takes
place. From Hall measurements, one can
conclude that the resistivity is increased
in some cases.

3. Fabrication of ring resonators and
linear microstrip resonators
Ring resonators and linear microstrip

resonators were fabricated using the above
mentioned processes and measured in the
frequency range between 90 and 100 GHz.
Fig. 3 shows the investigated ring reso-
nator structure. The line width, w, is 250
pam, the gapwidth, s, is 10 um and the mean
radius, r, 1is 3.81 mm. The measured re-
flection coefficient frequency dependence
is depicted in Fig. 4. From these
results, we have calculated an & =
9.2, This value coincides well witﬁegﬁeo—
retical calculations based on Jansens
formulae /6/. For the attenuation measure-
ments, linear strip 1line resonators of
different lengths were used. Table 1 gives
the data of the measured resonator
samples. Fig. 5 shows the measured reflec-
tion coefficient frequency dependance of a
40 mm line with a 10 000 Ohm cm silicon
substrate. From these results we have
calculated a line attenuation of 0.6 dB/cm



independent of whether X-ray or photo-
lithography was used. On the other hand,
microstrip lines on 650 Ohm cm p-silicon
substrate showed an attenuation of about
1.4 dB/cm and lines with a 100 -
200 Ohm cm substrate, an attenuation of
greater than 2 dB/cm.
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Fig. 3: Ring resonator structure
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Fig. 4: Reflection coefficient frequency

dependence of the ring resonator

Also various 10 000 Ohm cm silicon samples
were investigated in a height reduced
waveguide using a resonator method in the
frequency range 75 to 110 GHz. The rela-
tive permittivity was found to be
11,68 (+0.7%), the loss tangent 1.3 x 10~

(+30%) i;or unprocessed samples and
1.8 x 10 for a sample with an MBE layer
of 0.1 um thicknﬁgs and a doping concen-

tration of 2 x 10'® sSb/cm®.

Substrate Silicon
Substrate resistivity 10 000 Ohm cm
Substrate thickness 195 am

Conductor Gold
Conductor width 190 pm
Conductor thickness 1.5 pm

Table 1: Data of the linear resonators
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Fig. 5: Reflection coefficient freguency
dependence of the linear resonator

4, Monolithic-hybrid integrated impatt
oscillator

As the active elements for millimeter wave
generation impatt diodes may be used
/3,7,8/. For detection and mixing,
Schottky diodes will be suitable. We have
made preliminary experimental investiga-
tions on simple planar structures.

A 95 GHz oscillator has been integrated on
a highly isolating silicon substrate in a
combined monolithic-hybrid technique. This
millimeter-wave microstrip oscillator con-
sists of a planar structure on a 195 um
thick 10 000 Ohm cm silicon substrate and
a discrete single-drift impatt diode as
the active element. Fig. 6 shows the
layout of the oscillator. The planar mil-
limeter-wave c¢ircuit consists of a disk
resonator, a transmission line coupled via
a gap to the disk resonator and the dc
bias network. The impatt diode is mounted
in the center hole of the disk resonator
and bonded to the resonator via four
stripes. Fig. 7 shows the cross section
through the disk resonator. The heat sink
is a copper block with a mesa reaching
into the hole of the planar circuit. Fig 8
shows the photo of the hybrid-monolithic
integrated oscillator.

The oscillator needs no tuning elements.
From preliminary experimental results
8 mW output power with 0.2 % efficiency at
95 GHz oscillating frequency has Dbeen
obtained.



Fig. 6: Layout of the oscillator
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Fig. 7: Cross section through the disk

resonator

Fig. 8:

Photo of the hybrid-monolithic
integrated oscillator

The methods of modern VLSI silicon techno-
logy will open the way for a monolithic
integration of the whole circuit, in-
cluding the impatt diode. Fig. 9 shows the
possible configuration of a monolithic
integrated transmitter consisting of an
oscillator and a strip line antenna on a
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" ox 1" silicon chip. An antenna
structure with an area of 15 x 15 mm?
will provide more than 20 dB gain.

Fig. 9: Monolithic integrated millimeter-

wave transmitter

Conclusion

High resistivity silicon can be processed
with the VLSI-technigues molecular beam
epitaxy (MBE) and X~-ray lithography
without deterioration of the high resisti-
vity characteristics. Even after high
temperature processing steps of long dura-
tion, the inner of the bulk material re-
mains highly resistive. For microstrip
lines the attenuation was found to be less
than 0.6 dB/cm at 90 GHz. The feasability
of this silicon planar technology for
millimeter-wave circuits has been demon-
strated by the fabrication of a hybrid-
monolithic integrated 95 GHz oscillator.
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