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1.0 INTRODUCTION

The objective of this program is to develop low phase noise Shallow Bulk
Acoustic Wave (SBAW) oscillators, stabilized directly at L through X bands,
with emphasis on higher frequency of operation, improved temperature
stability and good long-term aging behavior. This first annual report
describes the technical progress of this program for the period of
September 1981 through August 1982. The major activities for this period
were the SBAW device investigation, SBAW device fabrication, and examination
of system applications and considerations for SBAW oscillators. System
implementation of SBAW oscillators is examined in Section 2. Section 3 dis-
cusses results of the device investigation, where emphasis was placed on
parameters governing SBAW device performance at frequencies above 2 GHz.
These parameters include material aspects, metallization effect, transducer
configuration, equivalent circuit, and harmonic operation. Section 4
describes the device fabrication, mounting and packaging. Section §
describes preliminary SBAW oscillator circuit design, and Section 6
presents conclusions and future plans.
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2.0 SYSTEMS STUDY

Recent years have seen the development of weapon systems with sophis-
ticated tracking and targeting capabilities. To obtain high resolution, most
of these systems employ infrared or laser sensors. With the increasing capa-
bilities at millimeter wave, many systems are being designed or redesigned
using millimeter wave sensors. These sensors provide better performance in
adverse weather and bad visual conditions than the current sensors.

A key requirement for many millimeter wave systems is a stable frequency
source. In the interests of minimizing the inevitable 20 log n phase noise
degradation caused by frequency multiplication, it is highly desirable that
the stable frequency source operate at as high a frequency as possibie. Co-
herency is also an important requirement for many of these systems. This makes
it necessary for the frequency source to meet the systems stabili v require-
ments.

SBAW oscillators meet all of these requirements. They are le
frequency sources since they are based on a crystal technology. W
oscillators are being fabricated at frequencies up to 10 GHz, yi : ; a

40 dB improvement in phase noise over a multiplied 100 MHz fundamental mode
crystal oscitlator. SAW and SBAW voltage controlled oscillators can be
built to lock to system requirements with current implementation methods.

2.1 IMPLEMENTATICN j

Performance requirements for SBAW oscillators depend on their implmenta-
tion into systems. For the systems discussed, these can be broken into
coherent, noncoherent, MEDFLI, and ANA implementations.

A conventional frequency source under consideration for coherent systems
such as HAWTADS, WASP, SRHIT and STARTLE is seen in Figure 2-1. The stable
source is a 100 MHz crystal oscillator. Phase noise is considerably
increased by the multiplication factor required.

Contrasted with this is the SBAW-based frequency source shown in Figure 2-2.
A 7.8 GHz SBAW phase-locked oscillator has replaced the transistor phase-locked
oscillator. This maintains coherence, while improving the phase noise per-
formance. This is illustrated in Figure 2-3, which shows the relative phase
noise performance of the conventional and the SBAW-based. Use of this SRAW-
based source would improve the system performance of coherent millimeter wave

weapon systems.
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Another comparison that may be of interest is examining the phase
noise of a state-of-the-art 10 MHz commercially available quartz bulk
oscillator, shown in Figure 2-4. The 10 MHz oscillator is referred to
3.5 GHz, resulting in the familiar 20 log n increase in phase noise of
a multiplied source. It has a noise floor of roughly -110 dBc. The 3.5 GHz
SBAW oscillator has significantly poorer close-in phase noise, but a noise
floor of -141 dBc, based on the assumptions of 30 dB loop gain (implying a
device with insertion loss in the range 26-27 dB) and an amplifier with a
3 dB noise figure. The T/fm2 dependence ends at a frequency f_ = 1/2nt, 1
where +t is the group de]ay.| Here, a Q of 1000 was assumed, giving
fT = 1.75 MHz. The "flicker" noise region, shown by the dashed 1ine, has
a 'l/fm3 dependence, and occurs in the close-in region. It must be deter-
mined experimentally, and the line on the graph represents an educated
guess based on phase noise measurements of a 3.4 GHz SBAW oscillator
developed at TRW. 2 Clearly, for high-frequency microwave sources, SBAW
oscillators, perhaps injection-locked by a bulk oscillator, represent a

significant improvement where phase noise is concerned.

Frequency sources for noncoherent systems are easier to implement than
those for coherent systems. In fact, free running oscillators are used,
or expected to be used, in many noncoherent systems such as SADARM. This
provides acceptable performance, but SAW or SBAW oscillators provide the
performance improvement of frequency stable, low noise sources at a small
additional cost in quantity production.

The MEDFLI system provides many opportunities for SAW/SBAW implemen-
tations. In the front end, a stable LO is required for millimeter wave down
conversion. Frequency synthesizers, both at 3-17 GHz and fast-hopped at
2.5 to 3 GHz also can be based on SAW/SBAW technology. Finally, the 2.01 GHz
LO could use SAW/SBAW technology.

Figure 2-5 shows the proposed millimeter adapter for the automatic
network analyzer. The two phase-locked sources would be implemented as SBAW
phase-locked oscillators at 7 GHz, followed by X5 multipliers. Since this
is a measurement system, high stability and lTow phase noise are required.
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3.0 SBAW DEVICE INVESTIGATION

The activity in this area investigates key parameters governing SBAW
device performance at high frequencies. These parameters include material
aspects, metallization effect, transducer configuration, equivalent circuit
and harmonic operation. The result of this investigation provides design
techniques of optimum SBAW devices for stable high frequency oscillators.

3.1 MATERIAL ASPECTS
3.1.1 SBAW Materials

Shallow bulk acoustic waves are essentially bulk waves which propagate
along the crystal surface.? They can be launched and detected with inter-
digital transducers (IDTs). In rotated Y-cut quartz, the wave is a pure
shear plane wave with polarization parallel to the surface and perpendicu-
lar to the direction of propagation. While the group velocity vector must
be parallel to the surface for most efficient transmission, the phase velo-
city vector generally points in another direction.

On doubly rotated cuts of quartz, the acoustic field is more complica-
ted since the longitudinal and two shear bulk modes are usually excited
simultaneously. SBAWs have been found on doubly rotated cut quartz; an
example is the ¢ = 10°, 8 = +34° cut with propagation in the Z direction,
which presents three modes having velocities of 1873, 2521, and 3177 m‘/s.a'6
Doubly rotated cuts may provide improved temperature stability and thermal
stress compensation for SBAWs as they do for bulk waves in the SC-cut.
While SBAW propagation has been observed in doubly rotated cut quartz, a
full understanding of its properties has vet to be established.

Berlinite has the same symmetry as quartz and can be analyzed
similarly. Other substrates, such as LiNbO3 and LiTa03, require different
orientations for SBAW propagation.3 Also, they do not have good tempera-
ture stability for frequency source applications.
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Of the four materials discussed, only quartz and berlinite have
the required temperature stability. The wave velocity of SBAW on quartz
is approximately 1.2 times higher than that of berlinite, and the crystal
quality of berlinite is presently not suitable for device applications.
Quartz is therefore the logical choice. The SBAW in quartz has been

exfensive]y investigated, and it has been shown that for good tempera-
ture stability the available quartz SBAM substrates are near 35.5° and
-50.5° rotated Y-cut quartz. Table 3-1 compares the properties of these

two substrates.
3.1.2 SBAW Viscous Attenuation

The viscous loss for bulk waves in rotated Y-cut quartz has been
given by Slobodnik.” This loss was calculated theoretically from the
wave strains through the viscosity tensor. The predicted attenuation for
AT-cut quartz is less than one-third (in dB) of that for SAWs on ST-X
quartz. Viscous loss (in dB) is proportional to frequency squared. For
a SBAW delay Vine on AT or BT-cut quartz with a total nath i2ngth of 500
wavelencths, the viscous attenuation at various frecuencies is shown in
Table 3-2.

Table 3-2. SBAW Viscous Attenuation in
AT- and BT-Cut Quartz

AT-Cut Quartz BT-Cut Quartz
SBAW Loss at SBAW Loss at
Frequency Attenuation 500 Wavelengths Attenuation 500 Wavelengths
1 GHz 0.87 dB/ys 0.44 d8 2.0 dB/us 1.0 dB
2 GHz 3.5 dB/us 0.85 dB 8.0 dB/us 2.0 dB
5 GHz 22 dB/us 2.2 dB 50.0 dB/us 5.0 dB
10 GHz 87 dB/us 4.4 d8 200.0 dB/us 10.0 dB

This calculation shows that, in terms of material parameters: SBAW devices

are feasible at very high frequencies.

10
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3.1.3 Static Stress on SBAW

Crystal relaxation is a very important aging mechanism for SBAW devices
as well as SAW devices. The rate for this aging mechanism, will, of course,
depend on the crystal cut. For material selection, the stress effect on
SBAW device aging has been calculated assuming an isotropic film stress on
rotated Y-cut quartz. The result is shown in Figure 3-1. A stress of
lx]O.l6 N/m2 will produce a frequency variation of about 2 ppm on AT-cut
* quartz. As shown in Figure 3-1, SBAVs on AT quartz are only one-sixth as
sensitive to isotropic film stress as SAWs on ST-cut quartz and one-twelfth
as sensitive as shear waves in AT or BT bulk quartz resonators.

ey A et T s s g

From the above discussions, it is clear that near +35.5° cut quartz has
the advantage of high wave velocity, high coupling coefficient, low wave
attenuation and low static stress effect. The only disadvantage is its sen-
sitivity to the metal loading effect, which will be discussed in Section 3.2.
However, this sensitivity to metal loading can also be an advantage since it

. provides a means for frequency trimming. The -50.5°, on the other hand, has
the advantage of better temperature stability and potentially better device
aging characteristics because it has a smaller mass loadina effect. The over-
all properties of the 35.5° cut make it a more attractive substrate for high
frequency device application unless the applications require high tempera-
ture stability. For this program, the primary candidate, therefore, will
be a substrate with a rotation anqle near +35°,

3.2 METALLIZATION EFFECT ON SBAW PROPAGATION

The theory of SBAW propagation on the free surface of quartz has been
analyzed at TRW.3 The analysis ignored electrical and mechanical loading
effects of interdigital transducers. Good agreement between theory and
experiment has been obtained for low frequency SBAW delay lines operating
at frequencies up to several hundred megahertz. However, metal films,
either on top of the surface or embedded in grooves, are necessary for '1
interdigital transducers. In high frequency operation, the effects of
these metal films cannot be ignored. They are known to convert a SBAW into
a shear horizontal surface wave and to slow the wave, pulling it more
closely to the surface and improving coupling. In addition, they alter
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the device temperature characteristics and cause diffraction at the ends
of the transducers. A detailed understanding of the metallization effect
is therefore essential for the design of SBAW delay lines.

Since an IDT produces a periodic electrical and mechanical Toading
effect on the substrate surface, it is extremely difficult to obtain an
exact solution regarding its loading effects. Therefore, an approximate
IDT model, assuming a layered surface of effective thickness H,. as shown in
Figure 3-2 was used for the ana1ysis.8 This approach is valid only i< the
propagation path between transducers is very short, as in the case of sincle
mode delay line oscillators, or layered with a metal film as an enerav
trapping structure. This subsection therefore describes calculated and
experimental results for metallization effects on SBAW devices.

{
3.2.1 Phase Velocity b
x

The method of theoretical analysis of shear horizontal surface waves
is given in Reference (9). The calculated phase velocity on rotated Y-cut
quartz is shown in Fig. 3-3 for an aluminum layer with H/x = 0.01 (where
H is the aluminum thickness and A is the wavelength), and Figure 3-4 shows
the velocity change AV/Vm for H/» = 0.01, where AV = VSBAH - Vm .

The velocity change near AT-cut quartz is larger than that near PT-cut
quartz. For quartz, a metal film at high frequéncies is a much stronger
perturbing force than the electrical boundary conditions alone. The SH

surface waves produced under the metal film of an IDT at high frequencies
are therefore stronger, significantly slower, and more closely bound to the

surface than the B-G waves generated by line charage excitation on a free
surface.

The slowing of the SH surface wave by a metal film affects the overall
device frequency. Figure 3-5 shows theoretical and experimental results
relating device frequency to metal thickness in a nominally 2 GHz delay
line oscillator with recessed fingers. The theory was calculated with an
approximate IDT model. The difference in theory and experiments is attribu-
ted to uncertainty in transducer film thickness, groove depth and finger
aspect ratio. At high frequencies, film thickness control is therefore critical
in achieving the desired frequency of operation.
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It is known that one important aging mechanism for SBAW devices is
stress relaxation of the electrodes. Metal film stress can be minimized
by the use of gold film, which has low intrinsic stress. Thus, the mass
loading effect of gold film was calculated in an attempt to employ gold film

transducers for low aging delay lines.

Figure 3-6 shows the calculated phase velocity of SH surface waves as a
function of rotated angle on quartz with gold film thickness of H = 0.01x. It
is seen that the mechanical loading effects of a gold layer are very large com-
pared with those of Al, because the shear wave velocity of gold (~ 1250 m/sec)
is very low, and the density of gold is very large. The velocity change
AV = VSBAw - Vm is about 13% near 36° rotated Y-cut quartz. This large
mechanical loading effect makes gold film not suitable for high frequency
SBAW devices. For example, Figure 3-7 shows the frequency response of a 1 GHz
SBAW delay line using gold film transducers. The resul* shows that the inser-
tion loss is about 10 dB higher and the center frequency is about 20 MHz lower
than those of identical delay lines using aluminum film transducers.

3.2.2 Temperature Stability

As in SAW devices, a metal film also alters the turnover temperature of
SBAW devices. This effect is due to the temperature dependence of the
film's elastic properties. Figure 3-8 shows the calculated temperature-
frequency behavior of a SBAW device on 36.75° rotated Y-cut quartz with
thin aluminum films. It is seen that the turnover temperature shifts from
T = 55°C at H/x = 0.012 to T = 22°C at H/» = 0.024 (solid lines). Also
shown in Fig. 3-8 are the previously measured and calculated results
(denoted by dots and dashed 1ine). The temperature-frequency behavior was
measured using a 2 GHz SBAW oscillator, while the calculated result (dashed
line) was for a free surface alone. Good agreement between theory and
experiment was obtained when metallization effect was included in the model
(dots and solid line). The turnover temperature is seen to be lowered by
as much as 30°C for a 2 GHz oscillator.

The turnover temperature of a SBAW delay line depends not only on
transducer metallization thickness, but also on the aspect ratio of finger
width and gap spacing. This is because the effective film thickness is a
function of transducer aspect ratio, as illustrated by the approximate IDT
model shown in Fig, 3-2 ., The turnover temperature as a function of alumi-
num film thickness H/: is shown in Fig. 3-9 for devices on 36.75° rotated
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Y-cut quartz. It is seen that the turnover temperature varies over 100°C
as H/x varies from 0.01 to 0.03. Thus, control of the aluminum film
thickness as well as the aspect ratio of transducers is critical in
achieving the desired frequency-temperature behavior.

Figure 3-10 shows the turnover temperature as a function of rotated
angle for H/x = 0.015. This H/x value corresponds to a transducer having
aluminum thickness of 500 K and aspect ratio of 0.5 for a 3 GHz delay
Yine  (x» = 1.6 um). Note that 36.25° rotated Y-cut quartz has a turnover
temperature near room temperature and will be used for 3 GHz SBAW delay
lines.

For completeness, the effect of gold film on turnover temperature was
also calculated as a function of rotated angles in Fig. 3-11 for H/» = 0.01
and 0.015. It is seen that the change in turnover temperature is quite
large for only a small change in gold film thickness. This effect also rules
out the use of gold film for high frequency devices.

3.2.3 Propagation Loss

The propagation loss due to viscous attenuation increases when metal
films are involved. Metals have considerably higher propagation loss than
quartz. The effect of this high material loss on overall propagation loss
will depend on the fraction of acoustic power flow that passes through the
film. Since the choice of optimum delay time for the SBAW delay line
depends critically on the propagation loss, the propagation loss must be
evaluated in structures which simulate the actual structure of a SBAW
transducer.

The SBAW is a horizontal shear wave whose particle motion is in the
plane of the substrate. Laser probing of the surface for evaluating prop-
agation loss is not useful because no diffraction of the laser beam
can be detected. As a result, conventional techniques based on transducers
were used to evaluate propagation loss of SBAW. For experiments, a pair
of SBAW delay lines with the same transducer design, but different transducer
separation, was fabricated simultaneously, as shown schematically in
Fig. 3-12. The gaps between the transducers are filled with structures
simulating the SBAW transducer. Since both devices are fabricated at the
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same time, any difference in insertion loss between the two devices can
be attributed to the propagation loss.

Although the target frequencies of this program are 3 GHz, 5 GHz,
and 10 GHz, the study was done at 1 GHz, which best utilized the low-cost
photolithography process. Two trials at 1.04 GHz and t/» = 0.0115 resulted
in loss values of 8.7 and 9.3 dB/usec. This result includes loss due to
air loading, substrate surface condition and SBAW beam spreading.

Since the above result is so much higher than expected, an independent
check was desired. Weglein and OttoIo discussed a method of comparing the
designed group delay T and the measured group delay Toff O obtain the pro-
pagation loss. The resulting equation is

_ 6(1 - Teff/To)

o = 2 1

where o is the propagation loss,and 2 the center to center separation of
the transducers. Performing this calculation on existing data at 3.47 GHz,
a loss of 97.7 dB/usec is obtained, and 34.2 dB/usec at 2 GHz, in good
agreement with the values measured directly at 1 GHz. The two methods com-

bined give the data in Figure 3-13. These data have some serious implica-
tions for device design in the GHz region. At 5 GHz, propagation loss would
be on the order of 200 dB/usec, which means devices must have fewer fingers,
and transducers must be as close together as possible, consistent with mini-
minizing electromagnetic feedthrough. Also, the plotted data roughly confirm
the square-law dependence of propagation loss upon frequency.

Another point of interest is the fact that the same calculations applied

to previously fabricated SAW oscillators indicate that SAW propagation losses

are roughly a factor of 2 greater than SBAW losses at similar frequencies.

These data may also be compared to the results given above (3.1.2) for
SBAW viscous material attenuation. It can be seen that the introducticn of
metal interdigital electrodes increases total propagation losses by roughly
a factor of §..

3.3 TRANSDUCER CONFIGURATION

Several types of transducer designs have been studied for SBAW devices
at TRW. Since the thrust of this program is to construct stable SBAW

28
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oscillators at L through X-band, extensive studies were made on three
types of transducer configurations. These include fundamental, fifth
harmonic and seventh harmonic transducer configurations shown in Fig. 3-14.

i
{
i
!
i

The fundamental design employs two 2-finger/period (one up/one down)
transducer configurations. The fifth harmonic design employs two 6-fingers/
period (three up/three down) transducers. Both the fundamental and the
fifth harmonic design use the primary response of the transducer which will
be discussed in Section 3.4. The seventh harmonic device employs two
3-finger/period transducer configurations and operates at the secondary
response. These transducer configurations allow construction of high Q,
high frequency SBAW delay Tine oscillators.

3.4 HARMONIC OPERATION

Harmonic operation offers a method by which SBAW delay lines can be
made to operate in the X-band region. This harmonic operation can be

achieved with the use of a multi-electrode transducer configuration. The
analysis of the harmonic operation is similar to that proposed by Engan]]
for SAW devices. Figure 3-15 summarizes the results of various multi- f
electrode configurations and their frequency responses. The finger width
is assumed to be fixed, and only the primary and secondary responses are
shown. The coupling strength of the secondary response is much weaker
than the primary response and, although there are other higher order
responses, their coupling strength is further reduced and has no
practical application.

Figures 3-16 - 3-19 show the operating frequency of various multi-elec-
trode transcd cers on rotated Y-cut quartz, assuming a fixed linewidth of
0.4 um. The fundamental frequency of operation is denoted as Fo, and
harmonics are expressed as 2Fo, 3Fo’ etc. From these figures, it is seen that
the maximum frequency of fundamental mode operation is around 3.2 GHz near
AT-cut quartz. To obtain a higher frequency of operation with the 0.4 um

linewidth capability, one has to use harmonic operation of various multi-
electrode transducers.

3.5 EQUIVALENT CIRCUIT MODEL

The theory of SBAW excitation and propagation on a free surface,
developed at TRW, has provided a basis for modeling the time and frequency
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domain responses of the SBAW delay lines. For practical purposes, the
delta function model can be used in the modeling of the frequency response
of high Q delay lines.

The piezoelectric coupling can be calculated using this model.
Figure 3-20 shows the piezoelectric coupling constant, K 2, as a function

p
of rotation angle.

The conversion loss of the transducer at the center frequency can also
be calculated using the equivalent circuit model.2 According to this model,
the SBAW transducer at the center frequency is represented by radiation
resistance in series with the capacitance CT’ as shown in Fig. 2-21. The
insertion loss of the SBAW is the sum of four contributions: conversion
loss of the input transducer, conversion loss of the output transducer,
acoustic spreading loss given by

XCN
SL=]0]Ogm-6dB )

and the propagation loss (discussed above). Table 3-2 uses this model in

a loss factor analysis for a 3.1 GHz AT fundamenc~1 device fabricated under
this program, and Table 3-3 shows the results for a 3.4 GHz device previously
discussed in the literature.Z 1In one case, the agreement is good, in the
other, excellent. An AT 3.1 GHz device with 300 fewer fingers is analyzed
in Table 3-4. Note that the agreement is a little better, and the pre-
dicted reduction in propagation loss appears largely responsible for the
reduced insertion loss.

It appears that the TRW SBAW model, combined with the new propagation
loss data, gives good agreement with experimental reality, and can serve
as the basis for future device design.
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Table 3-3. 3.1 GHz Loss Factor Analysis

(a) Device Parameters

Finger Width

Gap Width

Aperture Width

Number of Fingers/Transducer

Center-to-Center Separation of
Transducers

Metallization

(b) Loss Factors

Conversion Loss (Transducer 1)
Conversion Loss (Transducer 2)
Propagation Loss

Resistor Loss

Spreading Loss

Mismatch Loss (Transducer 1)
Mismatch Loss (Transducer 2)

Total
Measured

0.4 um
0.4 um
100 A
1001

1000 um
400 A Al

10.3 dB
10.3 dB
14.2 dB
.7 dB
1.5 dB
.2 dB

.2_dB

37.4 dB
34.0 dB




Table 2-%. 3.436 GHz Loss Factor Analysis

(a) Device Parameters

Finger Width

Gap Width

Aperture Width

Number of Fingers/Transducer

Center-to-Center Separation of
Transducers

Metallization

(b) Loss Factors

Conversion Loss (Transducer 1)
Conversion Loss (Transducer 2)
Propagation Loss

Resistor Loss

Spreading Loss

Mismatch Loss (Transducer 1)
Mismatch Loss (Transducer 2)

Total
Measured

4)




Table 3-5. 3.1 GHz Loss Factor Analysis

(a) Device Parameters

Finger Width

Gap Width

Aperture Width

Number of Fingers/Transducer

Center-to-Center Separation of
Transducers

Metallization

(b) Loss Factars

Conversion Loss (Transducer 1)
Conversion Loss (Transducer 2)
Propagation Loss

Resistor Loss

Spreading Loss

Mismatch Loss (Transducer 1)
Mismatch Loss (Transducer 2)

Total
Measured

0.4 um
0.4 um
100 X
701

760 um
400 A A1

9.6 dB
9.6 dB
10.8 dB
0.5 d8
1.8 d8

33.2 d8

30.0 d8




4.0 SBAW DEVICE FABRICATION, MOUNTING AND PACKAGING

The manner in which SBAW devices are fabricated, mounted and
packaged has a direct impact on device insertion loss, frequency repro-
ducibility, and long-term aging characteristics. This section discusses
the methods employed, and the results obtained.

4.1 CRYSTAL PREPARATION

Two types of quartz crystal have been employed: a relatively inex-
pensive electronic-grade, high Q quartz, and premium Q-swept quartz. The
former is by no means an inferior grade of quartz--it is used in the pro-
duction of TRW's flight-qualified SAW devices, and costs on the order of
$40-50 per square inch. It is used in the various design iterations
necessary for optimization. When a design is optimized, the premium Q-swept
quartz is used. This material is grown in the Z plane; material growth in
this plane is the purest. This high Q material shows unusually high sta-
bility in radiation environments. The material is synthetically grown
and swept by Sawyer Research Products, and will be oriented within
+ 10 minutes.

The substrates are cleaned with solvents to remove contamination and
are then placed in uv/ozone after the methods of Vig, et al.]z Once this
is completed, the device is ready for further processing.

4.2 PHOTOLITHOGRAPHIC TECHNIQUES

Before photoresist is applied, a 30 R flash of chrome or titanium is
deposited on the quartz to promote photoresist adhesion. For devices with
linewidths down to 0.6 um, contact printing with a conformal mask and vacuum
holder can be used. Devices in this category include the 7th harmonic,

9.9 GHz delay line and the 1680 MHz tunable oscillator. Recently, TRW
installed a Karl Suss shallow uv contact mask aligner that can resolve
linewidths down to 0.4 ym, and this system will replace the conformal mask
and vacuum holder. In addition, a deep uv system (2200 E radiation) is
available for experimentation with PMMA resist.

Dark field masks are used to expose the patterns, which are then
ton milled. Then, metal is deposited over the device, and the unwanted
metal is lifted off. The critical step in the process is obtaining good
contact between the mask and the photoresist. TRW has successfully applied
this technique, using "regular' uv 1ight, to fabricate devices with 0.5 um
Tinewidths.
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4.3 ELECTRON BEAM FABRICATION

It is necessary to use e-beam exposure of resists to obtain the 0.4 um
linewidth necessary to fabricate oscillators with fundamental frequencies
at 3.1 GHz because this resolution is presently beyond the capability of
any mask fabricating facility that uses photolithography.

TRW's Cambridge EBMF-2 electron beam exposure system can be used either
to fabricate devices using direct writing or to fabricate quartz masks.
Efforts to date have concentrated primarily on direct writing of devices.
Dark-field patterns are written in the PMMA resist, and a thin layer of
metal (300-450 R) is deposited on the surface. (The patterns are not
embedded in the quartz because it was discovered the PMMA cannot withstanA
the ion milling. This will be discussed in greater detail in a later
section.) The unwanted metal is then lifted off, and the metal fingers
left on the surface. Figure 4-1 shows an excellent pattern on ST quartz
fabricated with e-beam direct writing.

4.4 FABRICATION RESULTS

Fabrication efforts have focused on four major areas so far: 3.1 GHz
fundamental frequency devices on AT quartz, 5 GHz 5th harmonic devices on
AT quartz, 9.9 GHz 7th harmonic (secondary response) devices on AT quartz,
and 3.5 GHz 5th harmonic devices on BT quartz.

4.4.1 5 GHz 5th Harmonic Devices on AT Quartz

The first devices designed and fabricated were the 5 GHz, 5th harmonic
ones on AT quartz. The transducer configuration and design parameters are
shown in Fig. 4-2. Original wafers had approximately 5500-6000 A PMMA
on the wafer, but exposure doses and development times were hard to
optimize. It was decided to go to a thinner resist. Figures 4-3 and 4-4
show test patterns exposed and developed in 3000 K of PMMA on a silicon wafer.
The Tithography was excellent, so resist thicknesses in this range have
been used. Thinner resists have not been attempted because of the
necessity of getting clean 1iftoff of the unwanted metal.

Figures 4-5 - 4-7 show responses of a 5 GHz, 5th harmonic delay line
on AT quartz. As can be seen, the response at the desired frequency is
less than satisfactory. One explanation is that the PMMA does not appear
to successfully withstand the ion milling process step. Comparison of
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(a) Transducer Configuration

Finger Width 0.4 um
; . Gap Width 0.4 um
g l No. of Fingers (3 up, 3 down) 531
. Aperture Width 132 um
%. ) Center-to-center Separation
{ Between Transducers 474.4 pym
i Oscillator Q 1400

(b) Design Parameters

] Figure 4-2. Low-Q 5th Harmonic Delay Line

faupesssand




Figure 4-3. 3K A PMMA on Silicon, 10000X
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"before” and “after” photographs distinctly show deqradation of the resist
profile and what appears to be some deformation or flow of the lines of
resist. liftoff becomes more difficult and usually is not totally accom-
plished, which leaves metal bridges at many places on the device.

The conclusion was reached that PMMA cannot be ion milled, and
embedding the transducers required another approach. Several avenues of
exploration have been considered. The first involves a two-level resist,
shown schematically in Fig. 4-8. The PC-120 resist used at TRW is also
sensitive to e-beam exposure, and withstands the ion milling better than
PMMA .

After the PC-120 is exposed and developed (b), the device is ion-milled
through the Ti, which is then used as a mask for ion-milling through the
PMMA and into the quartz. Another possibility is to avoid ion-milling, or
to simply deposit aluminum on the surface of the quartz without embedding
it. For harmonic operation, embedding is necessary, so depositing the
metal on the surface is not an option here.

A new option is using the e-beam machine to expose a quartz mask,
and then use the new Karl Suss mask aligner to replicate the patterns in
a standard Shipley resist, which withstands ion milling well. This is
currently under development.

1.4.2 3.5 GHz 5th Harmonic Devices on BT Quartz
13

It was realized recently - that it is probably not necessary to embed
high-frequency devices on BT quartz. The fact that the SBAW velocity in

BT quartz and aluminum is very similar makes this possible, but the fre-
quency of operation is lower. SBAW velocity in AT quartz is 5100 m/sec, but
is only 3300 m/sec in BT quartz. Thus, the same device design mentioned
earlier that yields a 5 GHz device on AT quartz gives a 3.5 GHz device on
BT quartz. In addition, propagation loss on BT quartz is not thought to be
as large, so the number of fingers can be increased a great deal, raising
the Q and narrowing the bandwidth. Of course, as the number of fingers
increases, so, too, will the propagation loss, and a point is reached

where adding fingers increases the insertion loss. Therefore, all designs
have an excessive number of fingers based on the reasoning that the number
of fingers may be decreased but not increased after fabrication.
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Figure 4-8. Schematic of Two-Level Resist Process Step
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Another significant advantage of using BT quartz is its lower temperature
coefficient. The device design is shown in Figure 4-9. The design has an
aperture width of 75 wavelengths of interest.

Figure 4-10 shows an untuned device of this design. Tuned, it had an
insertion loss of 42 dB. This particular device had 60% of its fingers
removed by laser trimming, and had the best response of the lot. That

suggests that perhaps the design had too many fingers, even for BT quartz.

It was thought that other apertures should be checked, so two new
devices were designed, identical to the one shown in Figure 4-9, except that
one had an aperture of 50 A, ard the other an aperture of 100 x. A test
result from a 50 A aperture device is shown in Figure 4-11. Tests have not
yet been made on the 100 ) devices.

4.4.3 3.1 GHz Fundamental Devices on AT Quartz

It is believed that embedding of transducers is not critical for funda-
| mental mode, one-up-one-down finger patterns. Therefore, these devices
1 . have used e-beam exposure of PMMA, but no ion milling. The metal is
‘ deposited directly on the surface. The device design is shown in Figure 4-12,
and test results are shown in Figures 4-13 and 4-14.

5 >
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Since the devices on BT quartz appeared to have too many fingers, it
was thought that this design might have a similar problem. The device in
Fig. 4-15had 30% of its fingers clipped, and the device in Figure 4-16 had
50% cut. Note the progressive deterioration of the wave form--a stop band
was created. This is probably due to the method of trimming fingers. They
are cut near the transducer, but not totally removed. It is believed that
reflections from the trimmed fingers formed a Tow Q resonator and distorted
the wave form, and that if the fingers had been totally removed, the insertion
loss would have improved more. Therefore, a new design was done with a reduced
number of fingers, shown in Figure 4-17. These are currently being tested.

e oo Y

4.4.4 9.9 GHz 7th Harmonic Devices on AT Quartz

A 7th harmonic, 9.9 GHz device was designed with the parameters shown
in Fig. 4-18,  to be replicated as devices using a Shipley resist on
AT quartz, followed by ion milling and metal deposition.
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- (a) Transducer Configuration
’ Finger Width 0.4 um
' ’ Gap Width 0.4 ym
No. of Fingers (3 up, 3 down) 1023
‘Q Aperture Width 132 um
i Center-to-Center Separation
3 Between Transducers 868 um
Oscillator Q 2800

i (b) Design Parameters

i Figure 4-9, High-Q 5th Harmonic Delay Line
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Finger Width 0.4 um
Gap Width 0.4 um
Aperture Width 100 X
Number of Fingers/Transducer 1001
Center-to-~Center Separation

s of Transducers 1000 um

Distance Between Transducers 200 um

Figure 4-12. 3 GHz Fundamental Delay Line
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Finger Width

Gap Width

‘ Aperture Width

: Number of Fingers/Transducer

Center-to-Center Separation
of Transducers

‘ I3
Distance Between Transducers

62

0.4 um
0.4 um
80 A

501

450.4 um
50 um

Fioure 4-17. 3.1 GHz Fundamental Delay Line




Finger Width 0.6 um

1
Number of Fingers/Transducer 188 ]
Aperture Width 40 um

Center-to-Center Separation
of Transducers 255 um

Distance Between Transducers 30 um

Figure 4-18. 9.9 GHz SBAW Delay Line




4.5 MOUNTING AND PACKAGING

The device mounting and packaging is expected to greatly affect the
aging characteristics of the SBAW device. The four-pin HC-37 can with
electrodeless nickel plating is the preferred package in which to mount
the SBAW crystals in order to ensure the highest cleanliness ‘‘hile still
satisfying the vibration requirements. Figure 4-19 illustrates how the
SBAW delay line will be mounted. A stainless-steel clip (not shown in the
picture) will be used to keep the device in place, eliminating the need for
RTV, and thus improving the aging of the device.

Direct electromagnetic feedthrough is always a problem at high
frequencies, and was checked for this package. Figure 4-20 shows the
feedthrough between 2 and 3 GHz. At 3 GHz, the feedthrough level is
already -25 dB, which would drown any of the devices fabricated to date.

Another possible package examined was the ceramic flatpack developed by Filler. !4
The electromagnetic feedthrough of this package is shown in Fig. 4-21. This
package is significantly better overall, but still not good enough, so the

HC-37 can was studied to see if it could be improved. The leads inside and
outside the package were shortened and the device was grounded directly to
the package, and feedthrough was reduced to -45 dB from 2.0 to 3.5 GHz,
rising to -40 dB at 5 GHz. A metal sheet placed inside the can on top of
the delay line should suppress feedthrough by at least 50 dB from 2 to 4 GHz,
and 45 dB from 4 to 5 GHz.

Another method to reduce feedthrough uses an overlay mask to build up
and Tengthen the electrodes on the quartz, so as to reduce the length of
aluminum bonding wire necessary to reach from the pins to the device, thereby

reducing the antenna radiation of the bond wires. Current devices are
being fabricated with this new process step added, which is expected to
suppress feedthrough another 3-5 dB. Therefore, the HC-37 package will
be satisfactory.

The package will be hermetically sealed at 10°° torr using the cold
welder shown in Figure 4-22. This cold welder has the particular feature
of combining analytical tools, such as an Auger electron spectrometer and a
mass spectrometer into the same chamber as the cold welder sealer. The SBAW
device can be analyzed for surface cleanliness and monitored for specific

contaminants before the device is placed in the cold welder and sealed.
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This system involves connectina the Varian Model 981-2001 ultra-
high vacuum surface analysis chamber to the vacuum chamber of the Asso-
ciated General Laboratories Unit. The SBAW device can be analyzed in the
Varian chamber and, if unsatisfactory, be discarded or given additional UV
cleaning. The cleaned devices will then be transferred to the cold weld
side through a manipulator and sealed. In this manner, control on the
cleanliness of the device will be established.




5.0 SBAW OSCILLATOR CIRCUIT DESIGN

The general form of a SBAW delay line oscillator is as shown in
Figure 5-1. The conditions for oscillation are (1) gain around the
loop must exceed all losses, and (2) phase around the loop must equal a
multiple of 2r radians. These conditions can be expressed as

LS(f) + Ll(f) < G(f,A) (5.1)
and
2nfys
vt ¢ = 2 (5.2)
where

fN = goscillation frequencies
£ = center-to-center transducer separation
V = SBAW velocity
¢ = phase shift through all elements except SBAW delay line
N = an integer
Ls(f) insertion loss of SBAW delay line
LI(f) = insertion loss of feedback loop components

"

G(f,A) = amplifier gain as a function of f and output level, A
A = output power level

The frequency of oscillation can be determined from Equation (5.2)
fy=1 (V- %) (5.3)
N ¢ ™ :

It is possible for multiple solutions to Equations (5.1) and .
(5.2) to exist where many solutions to the phase condition exist

within the SBAM passband. For single-mode operation, the SBAY delay

line is designed such that there is only one solution for Equation (5.2)

which is in the passband of the delay line. Such a design is shown in

Figure §-2. As a general rule, the ioss associated with the feedback loop
components, LI(f), and the amplifier gain, G(f,A), are slowly varying
functions of frequency over a hroad range around the frequency for which the
oscillator is being designed, and the SBAW response, Ls(f), is a very strong
function of frequency. The SBAW oscillator is designed so that the combination

i i
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of SRAW delay 1ine loss plus amplifier gain exceeds unity over a desired
frequency band around the desired operating frequency. As long as only one
solution to (5.2) falls within the passband response of the SBAW delay line,
single mode operation of the SBAW oscillator is guaranteed.

The loop amplifier shown in Figure 5-1 provides gain to overcome losses
around the loop - thereby meeting the first condition for oscillation
(Equation (5.1)). The amplifier is designed to have linear gain well in
excess of the loop losses. The required gain margin is a function of the
saturation characteristics of the amplifier chain, but typically must be
greater than 4 dB. Measurements made at TRW have shown that a minimum of
4 dB gain margin will provide maximum output power and minimum phase noise.
For a circuit with adequate gain margin, the oscillator output power will
equal the saturated output power of the amplifier minus the power coupled
back into the loop. The second condition for oscillation, Equation (5.2),
is met through use of the phase shifter shown in Figure 5-1. The frequency
of oscillation is set by varying ¢ in Equation (5.3).

Since the goal of this program is not only to design S-band and X-band
SBAW oscillators but to ultimately utilize them in advanced systems where
excellent frequency stability is a necessity, the oscillator electronic
circuitry and layout will be designed with emphasis on achieving this
stability. It should be noted that relative to bulk crystal oscillators,
which typically have Qs of 106, the Qs of SBAW delay lines are much lower,
typically in the thousands. Therefore, the effects of electronics drift
are several orders of magnitude more sensitive for a SBAW (or SAW) oscillator
than for a bulk crystal oscillator. As an example, the delay in a SBAW
oscillator delay line is about 1 usec, which does not truly negate the effects
of delay variation in other loop components. It is not unusual for delay in
the loop electronic components to be 20 nsec, creating a situation where a
1% change in electronic component delay would produce approximately 200 ppm
oscillator frequency variation. Similar electronic variations in a bulk
oscillator would produce only a fraction of a ppm frequency variation. It

is therefore very important in the design of SBAW oscillators on this program
to minimize variations in electronic components and circuits. Hence, the




design of the amplifier will be distributed (MIC on alumina) where feasible
to minimize lumped elements. No series lumped matching will be used since
gain and transmission phase tend to be more sensitive to variation in series
components. The lumped components which are used will be components with Tow
aging rates. Glass or NPO ceramic capacitors, and thick film resistors will
be used. Air coil inductors will not be used in matching networks. The

A amplifier design will be broadband and precautions will be taken to assure
b out-of-band stability. Often out-of-band stability is a problem in SBAW
f ‘ oscillators since the SBAW delay lines present poor out-of-band reflection
! ’ coefficients. The use of attenuators in the loop will assure stability.
By careful consideration of these principles, and screening the circuit
design, certain commercially available hybrid amplifiers can be used to

minimize development costs.

The performance specifications for the amplifiers selected are
listed in Table 5-1.

1 The power splitter will be a resistive divider since circuits of this
type are broadband in both amplitude and phase characteristics. The phase
adjustment network will be a length of transmission line which is adjustable
through wire bonding or ribbon bonding. The attenuators will be "a" or
"T" pads using thick film chip resistors. The attenuators, in addition to

! assuring stability, set the power level into the SBAW, and set loop gain

‘ margin. The gain budgets for the three SBAW oscillators are listed

I in Table 5-2.
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6.0 CONCLUSIONS AND PROJECTED PLANS

This first annual report describes the technical progress of the
program for the period of September 1981 through August 1982. The major
activities for this period were the examination of system applications,
SBAW device investigation, SBAW device fabrication, and oscillator circuit
design considerations.

Several systems have been identified in which the use of high fre-
quency SBAW oscillators will greatly improve system performance. From
the system study, it is clear that as more and more weapon systems move
to millimeter wave frequencies, there will be an increasing requirement
for stable, low noise frequency sources and precision test equipment. SBAW
technology will provide the devices which will be needed to meet this
challenge.

In the SBAW device investigation, the parameters studied were material
aspects, metallization effect, transducer configuration, equivalent circuit
and harmonic operation. This task is essentially complete. The fabrica-
tion methods described have been used to fabricate devices on both AT and
BT quartz. The 3 GHz fundamental mode delay uses a simple one-up, one-down
finger configuration, and is fabricated on AT quartz. Both the 3.5 GHz 5th
harmonic devices on BT quartz and the 5 GHz 5th harmonic deviceson AT quartz
use a 6-finger/period pattern. All three delay lines have transducer line-
widths and spaces of 0.4 um and to date have used e-beam direct writing.
Masks are being written and a process developed to use shallow uv light
contact photolithography to fabricate these devices. The 9.9 GHz delay
Tine will use 3 finger/period patterns on AT quartz and operate at the
secondary response. Its linewidth will be 0.6 um, and it will be fabricated
using the e-beam direct-writing process. The AT quartz harmonic delay lines
will use an embedded transducer structure with aluminum metallization
300-450 R. The delay lines are also predicted to have turnover temperatures
near room temperature, and will have second order temperature stability
around 50x10~9 °c? (AT),
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Mounting and packagino studies have been completed, and the HC-37
package selected for use. Delay lines meeting the program objectives will
be sealed with TRW's cold welder system, which combines surface analysis
and device packaging in one system. Then stable oscillators will be
constructed and aging studies commenced.

The oscillator circuit design process and considerations have been
outlined, and the fabrication process started. The circuits will be ready

in the near future, as the optimized delay lines are produced.

During the next reporting period, SBAW delay line fabrication will be
completed, and oscillator investigation will be addressed. Major tasks
which will be accomplished include:

o Completion of 3 GHz, 3.5 GHz, 5 GHz and 10 GHz delay line
fabrication

0 1680 MHz SBAW delay line fabrication

o Completion of 3 GHz, 3.5 GHz, 5 GHz and 10 GHz oscillator circuit

o Completion of 1680 MMz oscillator circuit.

o Construction of 3 GHz, 5 GHz, 10 GHz and 1680 MHz SBAW oscillators.

o Commencement of oscillator characterization and aging studies.
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