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1.0 PROGRESS AND TECHNICAL REPORT SUMMARY

The objective of this program is to perform fundamental studies on
SAW resonators leading to improved bias stability characteristics for acceler-
ation sensors. The end goal is to develop small, low cost and moderately
accurate accelerometers for tactical guidance systems.

During the first year progress has been made in several areas which
are discussed in this report., A method of fabricating dual-resonator crystals
with absolute and differential aging characteristics has been developed.

Using a unique method of measuring process dependent shifts in resonator
frequency with time, both absolute and differential bias stability has been
studied. In conjunction with a study of crystal processing methods a study of
the surface chemistry of electroded quartz resonators using such techniques as
Auger, ESCA, and mass spectroscopy was carried out. The guantitative results
of these studies have been combined with frequency stability measurement data
to arrive at a mathematical model which explains long term frequency shifts in
terms of logarithmic rate laws associated with chemisorption, oxidation and
stress relief in surface wave resonators.

Hybrid RF circuitry for prototype dual resonator accelerometers has
been developed. Preliminary results using dual resonator crystals show
extremely good stability, typically less than 10710 for 1 second averaging
times. Noise levels due to electronic circuitry are consistent with a SAW
sensor dynamic range of 1x106, Tests were also performed on integrated noise
levels for simulated guidance system mission times, For a mission time of 3
min the cumulative displacement error rate was typically less than 1 meter/hour
and for simulated mission times of 20 min the cumulative displacement error
rate was less than 20 meters/hour, This data is to be compared to a typical
error rate for a moderately accurate accelerometer of 1 nautical mile per hour
or 1851 meters/hour. These results are encouraging and during the second year
further studies of SAW accelerometers will be performed.

1
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2.0 TECHNICAL PROBLEM

Accelerometers are transducers which convert sensed acceleration into
! analog or digital signals. They are used in a wide variety of applications,
such as in sensing seismic and vibrational motions; but the most stringent
requirements for these devices occur in their applications for guided missiles.

The development of guided missiles in the 1940's required the
development of accurate accelerometers for steering and stability. This led
to the development of accelerometers for autonomous inertial navigation of

l missiles, aircraft and ships. They are also used for autopilots and smoothing
for navigational mechanizations using satellite data.

The technological approaches for accelerometers of the 1940's are
still in use today., These include integrating gyroscopic accelerometers of
the type used on the German V-2 rockets (R-1). Refinements to these approaches
have improved these instruments in many respects, but they have not made them
less expensive. They require precision machining and assembly of many
mechanical parts, which cannot be accomplished at low cost. Typical unit

costs for accelerometers used in inertial navigation range from a few thousand
dollars to tens of thousands of dollars,

There is a constant need for less costly accelerometers, especially
for applications such as cruise missiles and tactical missiles, for which
large numbers of accelerometers are required. Many technological approaches
have been proposed for meeting this need. These include vibrating string
(R-2), laser (R-3), piezoresistive (R-4), piezoelectric (R-5), and acoustic
(R-6,7) accelerometers. All of these approaches use a 'proof mass' which is
connected to the host vehicle by means of a stress sensor. The stress sensor
measures the force applied to the proof mass, which is proportional to the
sensed acceleration of the host vehicle. These are 'open loop' sensors,

because the force is not applied by a precision servo loop, as in the case of
the gyroscopic and pendulous accelerometers,

2
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The surface acoustic wave (SAW) resonator transforms strain input to
frequency output (R-8,10). When used as an open-loop accelerometer without a
rebalance servo loop, the SAW oscillator functions as a solid-state digital
accelerometer with the desirable characteristics of low power consumption, low
weight, small size, and potentially very low cost. In order to meet perform-
ance requirements for moderately accurate inertial navigation systems, the
frequency stability must be high. Because SAW resonators operate well into
the UHF range, SAW sensors are normally configured as dual resonator controlled
oscillators and one resonator acts as a frequency reference or standard. In
this case the differential frequency stability determines the noise level of
the accelerometer output.

The objective of this program is to perform fundamental studies on
SAW resonator processing methods that yield stability characteristics which
successfully meet the bias stability requirements of inertial navigation
accelerometers., The technical problems involved are SAW resonator fabrication
methodology, surface chemistry of electroded single crystal quartz, absolute
and differential aging measurements, design and characterization of high
frequency oscillator circuitry, and common mode noise rejection including
temperature effects. During the first phase mathematical models for predict-
ing and explaining frequency shifts in SAW resonators configured as acceler-
ation sensors were compared with experimental data. Statistically valid
measurement methods were developed in conjunction with improved SAW sensor
crystal fabrication methods.

80 ,es
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3.0 TECHNICAL RESULTS

During the first year of this program, the specific technical tasks
were the following:

1. To develop methods for experimentally evaluating single and
differential bias stability in two-resonator crystals. This problem involved
the use of automatic data-acquisition hardware and software for measuring long
term frequency shifts.

2. To develop mathematical models for predicting frequency shifts in SAW
resonators based upon the known behavior of physical processes. This model
was used to interpret the experimentally measured aging data.

3. To perform studies of the chemical interactions which take place
within and on surface wave structures when sealed under specified environ-
mental conditions. The problem is to explain the kinematics of chemical
interactions in sealed crystal packages and relate these effects to the
surface chemistry of the quartz crystal and metallic surface wave electrode
structure,

4, To design and construct hybrid rf circuitry for prototype SAW
accelerometers. The circuitry must be Tow in cost and power, and provide long
term stability. The technical problem was to operate two oscillators from a
single crystal, without experiencing lock-up of the oscillators to a common
frequency.

5. To assess the inertial errors of prototype SAW acceleration sensors
in terms of the integrated velocity and displacement errors. This required
integration of the SAW sensor digital output twice, once to derive velocity
and once to derive displacement from velocity. The inertial errors were
studied as a function of mission time at constant temperature.

4
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3.1 SAW Resonator Fabrication

The surface acoustic wave resonator is a planar electrode structure
photolithographically defined on a suitable piezoelectric material. The SAW
resonator functions in much the same manner as a conventional quartz oscil-
lator crystal. Acoustic waves are confined within a cavity whose boundaries
are accurately maintained. The Q of the cavity is determined by the material
losses and cavity leakage. The same excellent frequency control properties of
bulk wave quartz resonators is also achieved by the SAW resonators provided
the fabrication techniques are closely controlled.

The planar electrode pattern of a SAW resonator contains an inter-
digital transducer which provides electrical-to-mechanical as well as
mechanical-to-electrical signal transduction., Shown in Fig. 1 is a photograph
of the resonator geometry used in this study. The interdigital transducer
contained 40 electrode finger-pairs with a periodicity of 8.3 microns. On
either side of the input/output transducer are two gratings which contain 400
reflecting stripes with a periodicity slightly less than in the transducer,
The gratings act as mirrors when the acoustic wavelength is approximately
equal to twice the grating periodicity. In this frequency range all of the
surface acoustic wave energy is confined within the cavity formed by the two
gratings,

The complete SAW resonator fabrication process used in this study is
shown in Fig., 2. The starting material is Y-cut single crystal quartz purchased
from Valpey-Fisher with an ultrafine polish on one surface. Typically the rms
surface roughness is less than 50 angstroms. The first row of Fig. 2 represents
the photolithographic process used to define the SAW electrode pattern of Fig. 1.
A photomask with over 100 resonators covering a two inch square area is used to
define and etch the electrode pattern in a vacuum deposited aluminum film. In our
work three types of metalization systems were used, (1) electron-beam evaporation
of chrome (50 A) and aluminum (1000 A), (2) sputter deposited pure aluminum
(1000 A), and (3) sputter deposited copper-doped (4%) aluminum (1000 A).

5
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Photomicrographs of SAW resonator structure used in absolute
and differential aging study.
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After the metal electrode pattern has been delineated the metal thickness is
evaluated for the desired value as well as a check of metal thickness
uniformity. Uniformity of the deposited metal was important to achieving
resonators closely matched in frequency. An rf probing technique was used to
measure the resonator frequencies prior to any other processing of the
wafers. The frequency sensitivity of aluminum electrode thickness was
typically 1.67 kHz/A at nominally 375 MHz. In the early fabrication runs the
frequency variation was typically 1000 ppm. It was necessary to the maintain
a deposition uniformity of less than 5% in order to achieve runs with less
than 200 ppm frequency variation,

In order to achieve high Q in SAW resonators efficient surface wave
reflection in the grating regions of the resonator must occur. This is
accomplished in the next step (second line in Fig. 2). A photoresist (AZ1350)
is spun onto the wafers and patterned such that windows are opened in the
reflecting grating regions of the resonator. Following this a freon (CF,)
reactive ion etch of the quartz substrate material was performed. The photo-
resist prevented any etching of the transducer regions and the aluminum in the
grating regions acted as an etch mask allowing only the quartz between the
gratings to be etched. This produced grooves between these electrodes which
enhanced the surface wave reflection at the groove edges and also lowered the
resonant frequency of the gratings to coincide with the transducer frequency.
This dispersion was accounted for by designing the photomask with different
periodicity in the gratings and transducer. After plasma etching the resist
was removed and the resonators again rf probed. A rework cycle was used to
place the resonators within a prescribed frequency range. Typically the total
frequency change due to plasma etching was 1% and resonator Q's were nominally
10-15,000 at 375 MHz.

After plasma etching the wafers were diced and probed. The dicing
procedure was designed to yield chips with two resonators on the same chip.
This structure was termed the 'dual crystal' resonator and was used exten-
sively in our testing of stability and aging. After dicing the chips were

8
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mounted using a polyimide epoxy which was cured at 350°C. Following mounting,
typically to a T0-5 header, the individual resonators were wire bonded and a
pre-test of the resonator characteristics was performed. Pre-testing of the
resonators yielded device frequency, Q, and resistance before sealing.

Sealing was performed in a controlled glove box environment. The
controls included an automatic pressure controller and a gaseous dri-train
system for removal of all water vapor and oxygen from the glove box enclosure.
A capacitance-discharge resistance weld was used to seal the T0-5 crystal
enclosures. Input and output vacuum load-looks were used to transport the
resonators through the sealing system. The input load-look chamber was also a
vacuum oven and a 24 hour pre-seal bake at 200°C was routinely performed.
After this vacuum bake but prior to actual sealing, each crystal was
calibrated to a desired frequency using a short plasma etch in freon. The
calibration system was installed inside the glove box and is shown in
Fig. 3. The etching geometry is of the parallel-plate type with the SAW
resonator attached to the anode and rf power applied to the cathode.
Provisions for monitoring the resonator frequency were made using rf feed-
throughs to the vacuum chamber. The SAW resonators could be tuned by as much
as 1000 ppm without degradation and could be placed to within +10 ppm of the
desired frequency.

The sealing operation itself was carried out under a vacuum of 10-7
torr. After sealing the devices were bombed with helium and leak checked with
a mass spectrometer. Those devices which showed no leakage were then put
through a series of tests to determine their long term frequency stability
under various environmental conditions,

3.2 Surface Acoustic Wave Resonator Aging Measurements

The quantitative determination of resonator aging was a major task of
this study. The amount by which a quartz resonator, bulk or SAW, changes with
time is very small, Measurement accuracies of 0.1 ppm or less are required

9
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over time periods ranging up to one year, Because the resonator is a passive
device the conventional method is to build oscillator circuitry with the
resonator as the frequency feedback element., However, when considering the
large numbers of resonators to be test:d this approach was not practical.
Instead, a method of determining the individual resonator series resonant
frequency periodically with an automated network analyzer system was developed.
In this technique absolute frequency accuracy was obtained by phase locking
the network analyzer to an external frequency standard, such as a frequency
synthesizer locked to a rubidium clock. 1In practice the rubidium standard was

ot - i e oo

not needed for time periods less than 1 year.

The system which was first built, successfully monitored the
frequency stability of 12 resonators in two ovens, Each oven was fitted with
a single pole, 6-throw, coaxial switch which selected which resonator was to
be tested. The coaxial switchs were driven by an HP3495A scanner digitally
programmed by an HP9825A desktop calculator. The coaxial switch outputs were
connected to the A and B ports of an HP 8505A, 0.1-1300 MHz, network analyzer,
also controlled by the desktop calculator via an IEEE-488 data bus. The
network analyzer was phase locked to an HP8660C frequency synthesizer which

acted as the system frequency standard as well as the primary scanning

frequency source for the network analyzer. The crystal ovens were controlled

at a temperature of 85°C, 0.1°C. All of the aging data taken in the first

two quarters of this study was obtained using this prototype measurement

system, '

Software for the aging measurements was designed to control the system
hardware and take measurements periodically. This was accomplished by using a
real time clock within the desktop computer. Resonator aging data was not
continuously taken, but rather a system of interrupts was used. Whenever the

real time clock generated an interrupt, the controller automatically directed
the scanner to step through the crystals and the network analyzer to determine
the scattering parameters of each crystal., Impedance characteristics and series
resonant frequencies were then derived in software and stored on magnetic tape.

11 i
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Extensive testing showed that this method of measuring resonator
aging was satisfactory and a larger oven with an integral rf switching matrix
was designed for monitoring the aging of 36 crystals simultaneously. By using
interchangeable PC boards, the aging of either 18 T0-5 packages with resonator
pairs, or 36 packages containing single resonators, could be monitored.
Resonator groups of six were connected to a single-pole six-throw (SP6T)
coaxial switch. The six switches were connected to a seventh in a switching
matrix arrangement, Figure 4 shows a photograph of the oven containing the PC
board into which the T0-5 packages were inserted and the coaxial switching
matrix.

The resonators were periodically interrogated through the switches by
a network analyzer, frequency synthesizer and counter, all of which were
controlled by a desktop computer as shown in Fig., 5. The resonant frequencies
were sequentially measured, the oven temperature recorded, and the time logged
from the computer's real time c¢lock. 1In this manner, the frequency/temperature
drift was tracked with time. Software computed the differential drift between
packaged pairs of SAW resonators.

Experimental data taken with the 36 crystal switching oven is shown
in Fig. 6. The plotting of experimental data was controlled by interactive
software which could be directed to simultaneously plot the frequency changed
(ppm) of all 36 crystals as a function of linear time, Fig. 6a, or as
logarithmic time (1og{T+1]), Fig. 6b., Examination of such data clearly
indicates the anomalous behavior of some crystals and more importantly shows
the overall or average aging characteristics of the entire group. Knowledge
of the latter was invaluable in obtaining a better understanding of the
functional dependence fabrication methods play in SAW resonator aging.

Breaks in the aging data curves represent times when the measurement
system was interrupted for other types of measurements or tests. Overall
stability and repeatibility was excellent. Even through the interrupt time
was several days in some cases, the curves continue without any apparent
discrepancies in aging trends. Individual or paired plots of crystal aging or

12
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MRDC81-15713

Fig. 4 Photographs of testing oven containing the RF coaxial switching
matrix. In these photographs 18 T0-5 enclosures containing 18
dual resonators are shown loaded into the test circuit board.
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Fig. 6. Aging data representative of one group of 36 resonator crystals. In
Fig. 6a the absolute aging is plotted vs linear time and in Fig. 6b
the same data is shown vs logarithmic time.
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scattering parameters could easily be obtained for more detailed study.
Examples of these types of plots as well as measurement system software are
discussed in Appendices I-IV of this report.

3.3 Surface Chemistry Related to SAW Resonator Aging

A series of ultra-high vacuum, surface analysis experiments were
carried out on the bulk materials of the SAW oscillators to evaluate the
effects of the processing steps upon the aging characteristics of the devices.
In one series of experiments the individual processing steps were investigated
to establish the level of impurities which they contribute in resonator
materials. In the second series of experiments the device materials were
depth profiled by secondary ion mass spectroscopy (SIMS) to establish the
extent of diffusion of the aluminum and chromium reflector material layers
into the quartz substrate and each other,

The investigation of the contamination levels associated with the
bulk materials and the processing steps were carried out using the techniques
of x-ray photoelectron spectroscopy (XPS) and SIMS. The XPS analysis of the
surface of the quartz substrate material generally showed little chemical
reactivity of the quartz with atmospheric gases; however, the SIMS analysis
identified a significant involvement of water in the top 20A of the surface
with the SiOH* being generated as a secondary ion under argon ion bombard-
ment. In addition to the presence of hydroxide groups on the quartz surface,
hydrocarbons at the level of 0.5 atom % were also found to be present at the
quartz metal interface.

Samples of the substrate material upon which a thin layer (40 A) of
chromium followed by aluminum had been deposited, were aiso examined for
incorporation of contaminants., XPS and SIMS analysis showed that the layers
were free from any major contaminants with only potassium and water being
observed at a level of about 0.1 atom %. These levels of contamination were
compared against those observed in singlie crystal aluminum samples exposed to
air and were found to be the same magnitude.
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Depth profiling of the deposited layers of Cr-Al upon the quartz-
substrate substrate were carried out again using XPS as well as SIMS. The
profiling studies showed the layered structure to be composed of six distinct
regions as shown in Fig. 7. The upper layer of aluminum showed no major

(4
e

1 impurities; however, the chromium substrate layer had diffused into aluminum
to a distance of approximately 100 to 300 A. The chromium layer itself was
not pure metal, containing a significant fraction of oxide. At the quartz-
chromium interface the SIMS analysis clearly identified the presence of
hydroxides, both the presence of the SiOH' ion and a marked increase in the
amplitude of the Cr* ion intensity, at the interface which is normally
associated with the presence of oxygen. The impurity layer, however, was
again clearly defined and quite thin, covering only about 10 to 20 A at the
o interface, The chromium was found to have diffused into the quartz substrate
to a distance of 300 to 600 A, showing an exponential decrease in concentra-

tion with sputtering time into the quartz.

This marked diffusion of chromium into the Al layer and the quartz
lead to the investigation of an improved reflector material made of layers of
Al containing about 4% Cu. This material was investigated on samples which
had been specifically designed for SIMS analysis and which had been exposed to
all the device processing steps. The quartz substrates were cleaned and
metalized with the Al/Cu material. Then a photoresist was laid down, developed,
and acid-etched to leave a pattern of Al/Cu rectangles on the exposed quartz
substrate., The samples were then acetone-rinsed, A-40 stripped, and nitric
acid cleaned. Some of the samples were then exposed to plasma etching in
freon gas (CF4 + 4%05).

SIMS analysis of the metalized areas clearly showed the presence of
the Cu impurity in the Al; however, no evidence was found for any residual Cu

in the exposed quartz after the etching and cleaning process. The Al surface
? before the plasma etch showed a clear A0, oxide film on the surface, This
‘ oxide layer was quite thin (10-20 A) and the bulk elemental Al could be

" clearly distinguished under the oxide by XPS, which observes only the top 30
to 50 A of the surface.

17
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Fig.7. Profile showing chemical compasition of resonator electrodes as
determined by SIMS analysis. In this case chrome is seen to migrate
both into the top aluminum as well as the underlying quartz substrate.
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Exposure of the device surface to the CFp + 0, plasma etch clearly
formed a surface layer of CF,. The layer was approximately 20 to 30 A thick
and had a fluorine-to-carbon ratio of 3 to 3.4, A marked shift in the Al XPS
lines toward higher binding energies indicated CF, was associating with the
Al, possibly as A10,CF4.  Samples of the plasma treated devices were heated to
350°C in N, and showed no marked decrease in the intensity of the XPS signals
from the fluorocarbon surface layer, demonstrating the layer to be chemically
bound and quite stable rather than simply adsorbed gas. Heating the samples
in air or oxygen as an annealing process, however, removed 80 to 90% of the
fluorocarbon; returning the surface to a dominantly A10, layer. The residual
oxide layer still contained a small quantity of the A10,CF3 type structure and
was overall slightly thicker than the original oxide film prior to the plasma
etching and annealing procedure,

Studies of the surface chemistry of electroded quartz resonators
using techniques such as SIMS, Auger, and mass spectroscopy have clearly
indicated that chemisorption and oxidation are taking place and that inter-
facial and/diffusion layers do form in these electrodes. This information was
supported by actual SAW resonator isothermal aging data. In the case of
chrome, the aging with time was 2-5 times the rate with pure aluminum elec-
trodes. The aging rate was even lower when copper doped aluminum was used.

In addition, degradation under high rf power levels was less, indicating mass
transport was less. These studies have contributed greatly to our understand-
ing of SAW resonator long term aging.

3.4 Absolute and Differential Aging in SAW Resonators

An important objective of this study was to develop mathematical
models for predicting frequency shifts in SAW resonators based upon the known
behavior of physical processes. Three types of aging models were postulated
for these processes,
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&= A log (BT + 1)
éﬁ = A1 - e'BT)
Foam®

The first model is applicable to chemisorption, oxidation, and stress-relief
(R-11,R-12). The second applies to first order chemical reactions or adsorp-
tion/desorption of physisorbed monolayers upon the substrate., The final model
has been identified with diffusion processes when B is near 1/2.

In virtually every experimental SAW resonator which had been sealed
under vacuum without significant leakage, the aging data was always of the
form predicted by the first model. This result strongly suggested that the
aging of SAW resonators was dominated by either chemisorption, oxidation,
stress-relief, or a mixture of all three. Physically these types of processes
are expected and were clearly detected during our work on electroded quartz
surface chemistry. Oxidation of the aluminum electrodes was unavoidable.
Stress induced by crystal mounting as well as electrode formation during
evaporation or sputtering was also present, Chemisorption was not easily
detected, however diffusion of metal ions, particularly when chromium was
used, was confirmed by XPS and SIMS spectroscopy.

Theoretically plotted logarithmic frequency changes based on the
first model are shown in Fig., 8a,b. A familx of four curves are shown plotted
vs linear time in Fig. 8a. The same four cufves are plotted vs logarithmic
time in Fig. 8b. The logarithmic time plots show that after a short initial
time the curve becomes a straight line. This behavior is typical of the
Togarithmic rate law and is closely supported by data (see Fig. 6). As an
example consider the typical device aging data plotted in Fig., 9a. In Fig. 9
the same data is plotted versus four theoretical values of A in the rate i
law. The best fit appears to be A=4.25 ppm and B=0.12/hr. The aging rate at
the end of one year for this crystal can be calculated from the derivative of 1
the rate law,
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Fig. 9. {a) Typical absolute aging data vs linear time for a SAW resonator.
The same data is plotted (b) vs logarithmic time and compared to rate-
law models with different A parameters.
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R = AB lggge)

Substituting for A and B, the aging rate at the end of one year is 0.000211 ppm/hour
or 1.844 ppm/year. Alternatively the time required to achieve a given aging
rate can be expressed as,

T = (AB lggge) - 1)/8

where R is the rate and T is the required time. Substituting the appropriate
data for the experimental crystal shown, the time required to reach an aging
rate of 1 ppm/year is 1.8448 years,

For large times the logarithmic law can be approximated by

25« A Tog(T)

where the controlling parameter is A. The rate of aging using this approx-
imation is simply,

R = A log(e)/T

These simple relations can be used to determine the value of A needed to
achieve a given degree of aging after a prescribed time. For example to
achieve a 1 ppm/year aging rate after 30 days pre-aging will require

A = (12 log(e))~1

Assuming the constant B does not change, this curve is plotted in Fig. 9b.
Also shown are pre-aging curves under the same conditions for 60 and 90 days
pre-aging. Since a pre-aging time of 30 days or less is desired, it is clear
that a total aging after 30 days of less than 0.5 ppm is required.

Having established the particular rate law governing SAW resonator
crystal aging a study of differential aging was made. Differential aging in
the present study was of interest since it directly contributed to differential
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bias stability in SAW sensors using dual crystals to detect acceleration. The
objective was to predict under what conditions the differential aging was
least. Assuming two resonators with the aging behavior given by,

F1

Fioll + Ay Tog(ByT + 1))

the change in their difference frequency is given by

F,.A

(8,7 + 1) 1011

&F - AFO = log Fzﬁlz
(B,T + 1)

2
where

8Fg = F10 - Fao

Two conditions are likely to occur, namely A, # Ay, and B # By. These are
plotted in Figs. 10 and 11 for hypothetical crystals. When the B constants

are not equal a small change occurs initially but after a time large compared
to BT the difference does not change, However, in the case where the two
crystals have different A constants the differential frequency change continues
to increase. This can be seen by considering the difference when Bl = Bz,

FinAy - FonA
8F - &F = 10g(BT + 1) 1071 02

and if Fio0 is approximately equal to F,pq then,
AF - oF, = Favg(Al - Ay) 1og(BT + 1)

where F
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This expression is the same as the original rate law with the A constant
replaced by the difference between the two individual crystal A constants.
From this type of analysis it is clear that for a high degree of differential
bias stability the A constants of the crystals must be closely matched. 1In
fact the desired result plotted on a logarithmic time scale is shown in

Fig. 12 and the frequency change with increasing time is zero.

An experimental result which closely confirmed this is shown in the
Appendices of this report for the dual crystal pairs #9 & #10, #13 & #14, and
#15 & #16. In these cases the individual aging over 30 days was more than
5 ppm, yet the A constants of the two crystals were sufficiently matched that
the differential bias stability was less than 0.2 ppm over the same 30 day
period. This experimental result is encouraging since it clearly demonstrates
that it is possible to fabricate crystals with low differential bias stability
due to matched A constants of the logramithic rate law.

3.5 SAW Sensor Electronics and Inertial Errors

An objective of this study was the determination of bias stability
errors in SAW acceleration sensors., A SAW acceleration sensor, depicted in
Fig. 13, was designed using a dual crystal (two SAW resonators on a single
crystal) sensor, The dual resonator concept required two independent
oscillators locked to the resonator frequencies., The resonator crystal was
mounted such that the frequency difference between the two oscillators was
proportional to acceleration. The output from such a sensor is inherently
digital, yet quantization errors are zero since the counting processes is
continuous. Also because of the stability inherent in crystal controlled
oscillators the dynamic range is large.

Oscillator circuitry for dual resonators was designed and constructed
using hybrid chip fabrication techniques. The oscillator circuit design was
of the negative resistance type with one side of each resonator returned to

ground, The negative resistance type of circuit operated on the series resonant

frequency of each resonator and required only 3 dB of gain. This was a direct
result of using single port resonators. An additional advantage of this
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design was the minimal crystal load.ng which resulted in high closed loop Q
and overall low power consumption. Typically only 10 mwatt of power at 10

. volts supply was required. Also lock-up of the two oscillators was not a
1 problem even though the isolation between them was only 35 dB.

Frequency stability with this type of SAW oscillator was quite |
good. Shown in Fig. 14 is a typical Allan variance or fractional deviation
measured using an HP5390 Stability Analyzer. Short term stability was
inversely proportional to time for gate times less than 10 msec. For measure-
ment times greater than 10 second the long term aging and/or temperature
induced frequency fluxuations were noticable. In the range 100 msec to 10
se.ond the oscillators show a Flicker noise floor or approximately 1x10-10,
These results are only 5 to 10 times worse than the best bulk wave oscillators
and are expected to improve.

The SAW dual crystal oscillator frequency stability determines the

noise floor or bias stability of the SAW sensor. Directly related to this is
the sensor instantaneous dynamic range. The full scale output of the sensor
is typically 200 ppm and assuming a noise floor of 1x10'10, the dynamic range
is typically 1x108,

Associated with this study was an evaluation of integrated noise
floors. An important potential application of the SAW sensor is for inertial
navigation and guidance. Consider the output of the sensor being a train of

\ pulses whose count per second is proportional tc acceleration. To determine
velocity, V, from such a sensor the acceleration count must be integrated.
This is equivalent to summing the total number of counts and scaling according

to the sensor gage factor and count duration.

Shown in Fig., 15 is the actual count output of a SAW sensor when
measured by a counter with a 1 second gate time., The difference frequency was
80 kHz which has been subtracted out and only the deviation in the difference
frequency (tl1 Hz) is shown. Summing the counts results in the velocity count
(£10 Hz) as a function of time shown, This curve represents the area under
the acceleration-frequency curve. Performing another summation as a function
of time results in the curve for displacement (+4000 Hz). The scale factor
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Fig. 15. Measured count output of a SAW dual crystal sensor vs time, Total
time was approximately 18 minutes with a 1 second gate time. Also -
shown is the computed velocity from integrating once as well as the d
displacement as a result of integrating the counter output twice,
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was 200 ppm/g or approximately 769 Hz/m/sec.2 The integrated velocity error
for the 1000 second time period shown was typically less than 0.013 m/sec and
the position error typically less than 5.2 meter. As expected the integrated
error is closely related to the integration time and this is dependent upon
the actual mission time or time for which no other guidance data is available.

Sensor integrated errors for shorter gate and mission times were
readily measured. Shown in Fig. 16 is a plot of frequency deviation, velocity
error, and displacement error when the gate time is 10 msec for 1000 counts.
Theoretically this gives a data output 100 times a second. The actual rate
was somewhat slower (0.18 sec) because of dead time in the counter, nevertheless
the integrated velocity count was less than 10 Hz and the displacement count
Tess than 1000 Hz after a total integration time of 3 min. This corresponds
to a velocity error of less than 0.0023 m/sec and a displacement error of less
than 0.042 meters for a 3 min mission time,

Since the mission time was known in these tests the cumulative error
per unit time for a SAW inertial sensor can be calculated. In the first test,
the mission time was approximately 20 minutes, and the cumulative displacement
error was 5.2 meters, giving an error rate of approximately 15.6 meters/hour.
In the second test the mission time was 3 minutes and the cumulative position
error was 0.042 meters, giving an error rate of approximately (.84 meters/hour,
In perspective these results are quite good. Moderately accurate inertial
accelerometers typically have an error rate of 1 nautical per hour or 1851
meters/hour, The SAW sensor error rates are considerably below this value.
Thus the SAW accelerometer noise level is such that it can be considered as a
very good grade of moderately accurate inertial accelerometer.
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Fig. 16. Measured count output of a SAW dual crystal sensor vs time. Total
time was approximately 3 minutes with a 10 msec gate time. Also
shown is the computed velocity from integrating once as well as the [
displacement as a result of integrating the counter output twice. r




. ——————— . _ ._ pedapiing. Ll Wiy -~y -
‘l‘ Rockwell International
MRDC41082. 4AR
X 4.0 FUTURE PLANS

In the second year of this program bias stability, aging, and SAW
1 resonator fabrication related studies will be continued. 1In order to increase

the amount of data available construction of a second 36 crystal oven for
monitoring bias stability has already begun. 1In addition to these areas of
study the following tasks will be performed.

Task 1 - Characterize and mathematically model common mode rejection of
temperature related frequency shifts in two-resonator differential
sensors. Provided the structural and chemical properties of the
sensing crystal are homogeneous, common mode rejection will depend
upon mounting stresses. This investigation will model these effects
and predict their magnitude as a function of crystal mounting and
proof mass attachment. The results of this investigation will be
coupled with an investigation of stress sensitivity due to g-loading.

Task 2 - Theoretically and experimentally investigate the sensitivity of
rotated y-cut quartz surface wave resonators to acceleration
effects. The objective of this study shall be to characterize the
crystal in terms of second and third order piezo-elastic constants,
applied proof mass loading, crystal geometry, and mounting points in
order to obtain maximum sensitivity to g-loading while maintaining
common mode rejection of temperature induced stress effects.

Task 3 - To study long term bias stability on prototype SAW accelerometers.
This work will be an extension of the work performed in the first
year, however in this case the two-resonator crystals will be
combined with rf circuitry so as to provide a comparision between the
effects of crystal frequency shifts and circuit induced frequency
shifts. A goal of this task is to include these in the stability
model being investigated.
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To study the acceleration sensitivity of chemically milled surface
wave accelerometer crystals. Experimental structures and fabrication
techniques will be evaluated. Theoretical predictions will be
compared with experimental results. The goal of this study is to
develop crystal structures with improved sensitivity to acceleration
while achieving minimal or zero sensitivity to mounting stresses.

To evaluate the overall performance of prototype SAW accelerometers
and to calibrate the output in a standard accelerometer calibration
test system. These tests will be performed on completed sensors
which contain sensing crystals as well as hybrid electronics.
Calibration of the sensor will be performed by operating the device
under variable levels of vibration and comparing to a known
accelerometer standard. Also included with this study will be an
evaluation of sensor linearity over the range +10 g and a life test
(fatigue) under vibration.
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5.0 PUBLICATIONS AND PRESENTATIONS

Two papers presenting the technical results of research performed in
the course of this program were given during the last year. The first paper
entitled "“Surface Chemistry Related to SAW Resonator Aging" was presented at
the 1980 Ultrasonics Symposium in Boston on November 5-7. This paper
described the surface chemistry experiments being performed to determine which
factors involving surface chemistry contribute to SAW resonator aging., The
second paper entitled "Absolute and Differential Aging of SAW Resonator Pairs"
was presented at the Annual Symposium on Frequency Control. In this paper the
results of our aging and drive level studies were discussed and compared with
the results of other researchers in this area. For the purpose of clarity and
background information, pre-prints of these papers have been included as
appendices in this report.
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7.0 APPENDICES

7.1 Appendix I - Automatic Aging Measurement Software

This appendix shows the software which has been developed to auto-
matically determine the aging of quartz resonators using the specially
designed crystal oven containing a coaxial switching matrix. A total of 36
crystals per oven can be analyzed as a function of time. The data consists of
a frequency array, F(36,50], a string array for time, B$[50,14], and a temper-
ature array, T[50]. After each block of 50 data points has been collected the
data arrays are stored on magnetic tape (1ine 306). Time is stored as a 14
number string in the form [MM;DD;HH;mm;ss] which is read from the real time
system clock (line 112). For plotting purposes absolute time is converted to
real time (line 10).

The data acquisition is controlled by an interrupt routine {line
181). How often the interrupt occurs is programmed into the real time clock
at the beginning of the program (line 34). Upon initiation of the interrupt
routine, CYCLE TEST (1ine 95) is called. This routine sequentially begins the
testing procedure for each of the 36 crystals, For each crystal tested the
frequency of zero phase (in impedance) is determined on the automatic network
analyzer. The temperature is measured in the oven and this is also stored,

The program operates from special function keys which have been
previously defined. These keys allow interactive operation of the program
functions. After each function is complete the program asks for selection of
another key by the operator. All of the plotting routines for impedance or
aging data versus time are located at the end of the program listing.
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0: "AUTOMATIC SAW AGING PROCPAM.....EJS...7-13-80":
i 1: "Software for 36 Xtal test w/J.WISE's CVENS, trkO;file 1; Aging #5":
2:
i 3: trk 0;1dk 2
L 4: dim F[36,50),B$[50,14),T{50)
5: dim AS$(14} ,2[0:12),C$[14),DS$(14),ES[14),GS(32]),HS[36,2],X[500]1,Y[500]
3 6: 30+A[4)+A[6]+A[9])+A[11];28+A(2]
7: 0+A[0];31+A[1])+A[3])+A[S]+A[7]+A[8)+A[10]}+A[12]
8:
i 9: dsp "SELECT KEY FUNCTION";stp ;jmp O
10: "abstime AS$":0-T
11: for K=0 tc val(AS$[1,2])-1;T+A[K]*24*3600+T;next K
12: T+66400*val (2S$(4,5])-T
13: T+36C0*val (AS[7,8])+6C*val(2S$[10,11))+val(AS[13,14])-+T
14: ret T
15:
16: "PICT TENPEFATUPE DCUFPING WARM-UP":fxd 2:wrt 9,"F";:;red 9,AS$
17: se¢l 0,1000,20,80;axe 0,20,100,1;axe 1C600,8C,100,1;p1lt 10,70,-1;1E1 2SS
18: for I=1 tc 1000
i 15: cll °MEASURE TEMPEFATUFE "
20: plt I,X;dsp "temperature=",X
21: next I;pen
22: dsp "SELECT KEY FUNCTION";stp ;jmp O
: 23: {
i 24: "PERIODIC CATA ACCUISITION":0+T;ent "PFINTCUT? (YES or NC)",AS
25: if AS="YES";l+T
26: cll “INTERRUPT SET-UP’
27: wrt 9,"Unit 1 Go"
28: cll ‘DISPLAY TIME'
29: dsp "SELECT KEY FUNCTICKN";stp ;jmp O
30:
31: "CISPL2Y TIME":
32: wrt 9,"Request time";red 9,AS$;dsp AS;jmp 0
33:
34: "INTEERUPT SET-UF":
35: wrt 9,"A";wrt 9,"E"
36: wrt 9,"Unit 1= Cutput 1"
37: ert "Period (min)?",P;P*6C000+P
38: fxd O;wrt 9,"Unit 1 Period®,p,"/"
39: oni 9, "INTERRUFT";eir 9
40: ret
41:
42: "MEASURE TEMPEFATURE" :rem 722;wrt 722,"HIN6F4M3";wrt 709, "COOE"
43: wait 2000
44: red 722,R;wrt 722,"F1lHI1P2M3";wrt 709,"03E";wait 100
45: red 722,S5;1cl 722
46: 5041.6/(1n(R)+7.15)~-314.052+T;-3.9526e-7+C;3.9747e-5+E;1.2737e-8+2
47: C+RT+AT "2+V;S+V+X;:C~X+C
48: =-B/2A+y{(B"2-4AC)/2A+X
49: ret
50
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52: "PPINT DATA ARRAYS":ent "Starting device #",N

S3: N+A;N+1+B;N+2+C;N+3+D;N+4+E;N+5+F

54: fmt 38x,"CRYSTAL FREQUENCIES";wrt 701

55: fmt 14x,72"-";wrt 701

56: fmt 4x,"TIME",12x,“$",f.0,10x,"4",£.0,10x,"¢",£.0,10x,2
57: wrt 701,A,B,C

58: fmt "#",f.0,10x,"#",f.0,10x,"%",£.0,/

59: wrt 701,D,E,F

60: fmt 86"-",/;wrt 701

6l: for 1=1 tc r0;if I=36;dsp "change paper";beep;stp

62: fmt cl4,6f12.6;if I=72;dsp "change paper";beep;:stp

63: if I=r0;jmp 3

64: wrt 701,BS(I1],F(A,I],F(B,I],F(C,I],F(D,1],FI[E,I],F[F,I]
65: next 1

66: dsp "SELECT KEY FUNCTION";stp ;jmp O

69: "INITIALIZE FFEQ/CATA AFPAYS":

70: ent "NEW or OLD data array to start?",A$

71: if A$="CLD";gto "INITIALIZE FRCM FILES"

72: ent “"FILE TO START STORING CATA?" ,W

73: 2+r0

74: for I=1 to 36

75: fzx4 0;dsp "enter ch#",I,"” freguency":;ent "",F
76: F/le6+F([I,r0~1]);next 1

77: dsp "SELECT KEY FUNCTION";stp ;jmg O

79: "INITIALIZE FFCM FILES":

80: ent “"FILE # FOR OLD DATA START?",W

8l: rew;trk 1l:fdf w;ldf w,F(*]1,BS,T(*]

82: for I=1 to 50

83: if F(1,I1=0;I+1l+r0;jmp 2

84: next 1

85: if I=Sl;prt "FULL FILE";cll °‘FULL FILE’

86: ent "EFRINICUT STAPTING FREC “s??",AS

87: if AS#"YES";jmp 6

88: fxd O;prt "STARTING INFO:";prt "—--=---ec-—--—- "
89: prt "r0= ",r0;spc

90: for I=1 to 36

91: f£xd O;prt "1= ",I;fxd 6;prt F[I,r0-2]+F[I,r0-1};:prt BS$[r0-1]:spc
92: next 1

93: dsp "SELECT KEY FUNCTION";beep;stp ;jmp O

95: "CYCLE TEST":

96: for J=1 to 36

97: "“SET TEST TO CHANNEL 1":rem 720;wrt 720,"1"

98: "SET PFOCESSOR TO Cl1l&C2 A/R":rem 716;wrt 716 ,"ClI4C2I4E"
99: "SELECT CRYSTAL TO TEST1":fmt £.0,f.0,"E"

100: wrt 709,29+J-6*int ((J-1)/6) ,40+int ((J~-1)/6)
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102:
103:
104:
105:
1C6:
107:
108:
109:
110:
111:
112:
113:
114:
115:
116:
117:
118:
119:
120:
121:
122:
123:
124:
125:
126:
127:
128:
129:
130:
131:
132;
133:
134:
135:
136:
137:
138:
139:
140:
141:
142:
143:
144:
145:
146:
147:
148:
149:
150:
*1991

"INITIALIZE FIEQUENCY":F[J,r0~1]*le6+F

cll ‘DETERMINE ZERO PHASE FPECUENCY :F/le6+F{J,r0]
"CLEAR SCANNER":wrt 709,"C"

next J

cll 'MEASURE TEMPERATURE “;X+T[rO0]

cll 'READ TIME®

if T=1l;spc :spc

r0+1+r0;wrt 709,"C"

ret

"FEAD TIME":

wrt 9,"Request time"
red 9,AS;AS+BS[r0]
ret

"FULL FILE" :W+l+W;prt "START NEW FILE";spc ;prt "FILE #=",W
for I=1 to 36;F{1,50])+F[I,l];next 1

for I=2 to 50;for J=1 to 36;0+F[J,I);next J;next I

for I=1 to S0;"“"+ES[I};0+T(I];next 1

2+r0;ret

"SELECT FPESCNATCE TO TEST":

ent "enter # to test 1-36",N

wrt 709,"C"

fmt 1,2£.0,"E";wrt 709.1,N+29-6*int((N-1)/6) ,40+int ((N-1)/6);wait 1000
fxd 0;dsp "Cev#" ,M,":SELECT KEY FUNCTION";stp ;jmp O

"CETERMINE ZEFO PHASE FPECUENCY":

F/le9+X

"SET INSTRUMEN1SE TC FEMCTE":rem 716;rem 719;rem 718;wait 1CO0O0
"SYNTFESIZEF SET-UP":fmt 1,"/",f.0,"(","408$","00%","500C"
"SOUPCE CORVERTLE SET-UP":fmt 2,"F3M4W5SS5T108VI9EFA" ,£.0,"E"
"SOURCE/CCNVEFTER FREQUENCY SET":fmt 3, "FA",f.0,"E"
"SYNTHESIZER + FPEQ INCFEMENT":fmt 4,"/",f.0,"A"

"SYNTHESIZEF - FFEC INCREMENI":fmt 5,"/",f£.0,"B"

"CYNTHESIZEF FRECUENCY SET":fmt 6,"/",£.0,"("

"SETTING UF SYSTEM":dsp "Setting up system";beeo
“SET UP SYNTHESIZER":wrt 718.1, f(X) "’

"SET UP SOURCE/CCNVERTEP" :wrt 719.2,F/le6-1;.ait 1000

wrt 719.2,F/le6+3;wait 1000

"ZERO OUT Co RLACTANCE":dsp "Zeroing out Co";beep

“F + 1MHz++»SYNTHESIZER & SQUFRCE": (F+leb6)/le9+X

wrt 718,11, “f(X) “;wrt 719.3,(F+le6) /le6-1;wait 1000

wrt 719.3,(F+leb) /le6+2;wait 1000

"SET-UP CH 1 FOR MAG":wrt 716 ,"C1M2S5ECID2E";wait 1500
"SET-UP CH1 ZERO FET LOSS":wrt 716,"ClC4EC1D2E";wait 1500
"CET-UP DISPLAY PROCESSOP":wrt 716,"C2M3S8EC2L2E";wait 1500
"ZEFO PEASE OFFSET":wrt 716,"C2C4EC2D2E";wait 2000




———

151:
152:
153:
154:
155:
156:
157:
158:
159:
160:
161:
162
163:
164:
165:
166:
167:
168:
169:
170:
171:
172:
173:
174:
175:
176:
177:
178:
179:
180:
181:
182:
183:
184:
185:
186:
187:
188:
186:
190:
191:
192:
193:
194:
195:
196:
197:
198:
199:
200:

"READ AMP & PHASE":fmt ;red 716 ,A,B

"CHECK IF PHASE =0":if E#0;jmp -2

dsp "phase set =",B;beep;wait 2000

dsp "Resetting start frequency":;beep

"RESET START FRECUENCY":wrt 719.2,F/le6-2;wait 1000;wrt 719.2,F/le6+2
F/le9+X;wrt 718.6, f(X) ";wait 1000

red 719,A;if abs(A-F)>5e5;jmp -2

"EVALUATE PHASE SLOPE":dsp "Evaluating phase slope”

"SET Fl++SYNTHESIZER":F*2e-6/le9+X;wrt 718.5, "f(X) ";wait 1500
"READ PHASE Pl":red 716 ,A,B;cll ‘Z-parm phase’(A,B,rl)

"SET F2++SYNTHESIZER":2X+X;wrt 718.4, f£(X) ";wait 1500

"READ FHASE P2":red 716 ,A,B;cll “Z-parm phase’(A,B,r2)

if r2=rl;gto "RESET START FFPEQUENCY"

"CALC. PHASE SLOPE":(r2-rl)/(F*4e-6)+S

fxd 2;dsp "phase slcpe =",1000S8," deg/kHz";wait 2000

if S<0;gto "DETEFMINE ZEFO PHASE FFEQUENCY"

"ITEFATE TC ZERO PHASE":dsp "Iterating to zero phase”

"SET UP DO LOOP":for I=1 to 20

"SET NEW FREQUENCY":F/le9+X;wrt 718.6, "f(X) ";wait 1000
"READ AMPLITUDE AND PHASE":red 716,A,B;cll “Z-parm phase’(A,E,G)
"CHECK IF PHASE= 0":if G=0;3jmp 3

"CALC. NEW FREQUENCY":F-G/S+F

"END DO LOOP":next I

fxd 6;dsp "F=",F/le6,"MHz ","Phase= " ,G,"degrees";wait 1000
if T=1;prt "F=",F/le6;prt "Phase=",G;spc

1cl 7

ret

"INTEPRPUPT" :beep

cll °‘CYCLE TEST’

if r0=51;cll °‘FECOPD DATA’
eir 9

iret

"f(X)":
1+E;abs(X) »Y;0+2
Z+Eint(Y)+2
16(Y-int (Y))+Y
10E+E

if Y#0;jmp -3
ret 2

"PLCT DATA FILES":ent "First file to plot?",P
ent "Last file to plot?",C

ent "Multiple xtals to plct (YES/NC)?",AS

ent "Multiple duals to plot (YES/NO)?",C$

ent "Multiple diff’ to plot (YES/NO)?",E$

if AS="YES";gto "MULTIPLE XTAL PLCTS"
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201: if C$="YES";gto "MULTIPLE DUAL CRYSTAL PLOTS"
202: if E$="YES";gto "MULTIPLE DIFF CRYSTAL PLOTS"
203: "NEW XTAL":
204: ent "crystal#(or Temp=0) to plot?",X;if X=0;cll °PLOT TEMPERATURE’
205: ent "PLOT SET-UP(YES or NO)?",AS;if A$S="NO";gto "PLOT"
206: cll °PLOT SET-UP’
. 207:
! 208: "PLCT":dsp "change pen color?";beep;stp ;if E$="LIN";lim O,P-A,R,M
! 209: if ES$="LOG";lim 0,lcg((B-A)/(60*C)+1) ,R,M
210: for U=P to Q;trk l;fdf u;1d4f U,F([*],BS,T[*]
211: for I=J to 50;if BS[{I]="";pen;gto 216
212: BS[{I]+AS$; "abstime AS Y
213: if ES="LIN";plt Y-A,(F[X,I]~r(X+4))1le6/r(X+4)
214: if ES="LOG";plt log((Y-A)/(60*C)+1) ,(F[X,I]l-r(X+4))le6/r (X+4)
215: dsp "1=",1
216: next I;pen
217: dsp "File=",U
218: next U;lim
219: ent "PLOT LAEELINC(YES or NC)?",AS;if A$="YES";1+F;cll °‘PLCT LAPRELING’
220: ent "ANOTHER XTAL (YES/NO) ?",AS
221: if A$="YES";gto "NEW XTAL"
222: dsp "SELECT KEY FUNCTION";beep;:;stp ;jmp O
' 223:
: 224: "PLOT LABELINC":if E$="LOG";cll °‘LOG PLCT LABRFLING ;ret
225: csiz 3,2
226: if X=0;plt O0,R+(M-R)/2,-1;cplt -6,0;csiz 8,5,1,90;cplt -15/2,0
227: if X=0;1bl "Temperature (C)";csiz 8,5,1;gto 234
228: plt (B-A)/2,0,-1l:cplt -10,-3
229: 1bl "1 Week per Civision" .
230: plt 0,R+(M-R)/2,-1;cplt -6,0
231: c¢siz 3,2,1,90;cplt -4,0
232: wrt 705,"vC99,2,6,2,-6,-4,0,-99"
233: 1lbl "F (ppm)";csiz 4,2
234: plt .2(e-A)/2,M,-1;cplt 0,-2;if X=0;cplt 0,1
235: if flg8;ret
236: ent "plct label?",G$
237: 1bl G$
238: ret
239:
240: “PLCT SET-UP":trk 1;fdf p;148f P,F[*],BS,T[*]
241: if flg7;:;gto 265
242: 1+J;prt "STAPT TIME="
243: if BS[{l]="";prt B$[2]);2+T;spc ;jmp 2
244: prt BS[1l);spc
245: 50+r0;trk l;fd4f C;l1daf C,F[*),BS,T[*)
246: prt "STOP TIME="
247: if BS(r0]="";r0~-1+r0;jmp O
248: prt B$[r0])+E$;spc :spc ;trk 1;f4f P;1d4f P,F[*] ,BS,T[*]
249:;
250: ent "CHANGE STAFT TIME(YES/NO)?",AS
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251: if AS="YES";ent "ENTER NEW TIME (MM:DD:HH:MM:cS)" ,CS
252: if AS="NO";BS[J)+C$S

253: C$+AS$; “abstime AS$ +A

254: ent "CHANGE STOP TIME(YES/NO)?",AS

255: if A$S="YES";ent "ENTER NEW TIME(MM:CD:HH:MM:£S)",DS
256: 1if AS="NO";ES+[S$

257: DS$+AS; “abstime A$°+B

258: sfqg 7

259:

260: ent "maximum + deviation?",M

261l: ent "minimum - deviation?",R

262: ent "Y-tic interval?",D

263: ent "LIN or LCG (T+1l)?" ,ES;ent "Time Unites(min)?",C
264: dsp "set up plotter";beep;stp

265:

266: pclr;wrt 705,"VeE3"

267: if flgl;wrt 705,"IP1100,7700,3600,9700";cfg l;ato 273
268: if flg2;wrt 705,"IP46060,7700,7100,9700";cfa 2;gto 273
269: if flg3;wrt 705,"I1P1100,4700,3600,6700";cfg 3;gto 273
276: if flod;wrt 705,"1IP4600,4700,7100,6700";cfg 4;gto 273
271: if flg5;wrt 705,"1P1100,1700,3600,3700";cfa 5;gto 273
272: if flg6;wrt 705,"IP4600,1700,7100,3700";cfg 6

273: if E$="LCC";gto "LCGC CET-UP"

274: scl 0,E-A,R,M

2759: wrt 705,"“TL1,1";xax C,60*C,0,BE-A

276: wrt 705,"TLO0,1";xax M,60*C,0,E-A

277: if X=0;fxd l;csiz 5,5;jmp 2

278: fxd 0O;cesiz 2,2

279: yax B-A,C,R,M;wrt 705,"TL1,0";xax R,C*6(C,0,B-A;yax C,C,R,M,1
28C: "CETEFVMINE REFEPENCE FFECUENCIES":

281l: for I=1 tc 36;F[I,J)»r(I+4);next I

282: ret

283:

264: "LCC SET-UP":

265: scl 0,log((B-A)/(60*C)+1) ,R,M

2b6: wrt 705,"TL1,1";xax 0,1,0,log((B=-A)/(60*C)+1)

287: wrt 705,"TLO,1";xax M,1,0,log((B=A)/(60*C)+1)

288: fxd O;csiz 2,2

289: yax log((B-A)/(60*C)+1),r,F,M

296: wrt 705,"TL1,0";xax K,1,0,log{((BE-A)/(6C*C)+1);yax O0,C,F,NM,1
291: gtc "DETEFVMINE REFEFENCE FRECUENCIES"

292:

293:

294: "PLCT TENMPEFATURE" :ent "REF TENMP??2?",r99

295: ent "PLCT SET-UP (YES/NC)?" ,AS$;if 2$="YES";cll °PLCT SET-UP’
296: for U=P tc C;trk 1l;fdf U;14f U,F[*]),BS,T(*]

297: dcp "change pen color?";beep;sto

298: for I=J to 50;if BS$[I]="";pen;jmp 3

299: BS[I]+A$; “abstime A$ Y

300: plt Y-A,T[1]-r99

*4007

45




301:
302:
303:
304:
305:
306:
307:
308:
309:
310:
311:
312:
313:
314:
315:
316:
317:
318:
319:
320:
321:
322:
323:
324:
325:
326:
327:
328:
329:
330:
331:
332
333:
334:
335:
336:
337:
338:
339:
340:
341:
342:
343:
344:
345:;
346:
347:
348:
349:
350:
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next I;pen

next U

ent "PLCT LABELING(YES or NQ)?" ,AS;if RS="YES";gto "PLCT LABELING"
gtc 204

"FECCRD LCATA":

if W=l;rew

trk 1;£4f w;recf W,F[*),BS,T[*)
W+l+W

for I=1 tc 36
F(I,50]+F{I,1]

for J=2 to 50

0+F[I,J]

next J

next I
T([50]+T[1);RS[S0]+ES[1]
for 1I=2 to 50
O+T[I];""+ES$[(I]

next I

2-r0

ret

"TEFMINATE PROGRAM":

wrt 9,"Abcrt timers”

fxd O;prt "STCRING PATA";prt “CN FILE# ",W:spc
trk 1;£4f wWi;rcf w,F(*],BS,T(*]

rew

wait 5000

dsp "EFEMCVE TAPE FROM CALCULATOF";beep;stp ;jmp 0

"exdiv":p372+p4"2+p7; (plp3+p2rcd) /p7+65; (p2p3-rlrd) /p7+pb;ret

"Z-parm phase":

tn"(pl/20) +r4

pd4ccs (p2) »C;pédsin(p2)+»C

cll ‘cxdiv’(l+c,D,1-C,-C,A,E)
atn(B/A)+p3

ret

"LOG PLCT LABELING":csiz 3,2

plt log((B-A)/(60*C)+l1)/2,0,~1;cplt -11,-3
1kl "Logrithmic time, hcurs"

plt 0,R+(M-R)/2,-1;cplt -6,0

csiz 3,2,1,90;cplt -4,0

wrt 705,"vC99,2,6,2,-6,-4,0,-99"

1bl "F (ppm)";csiz 4,2

plt .1*log((B-A)/(60*C)+1) ,M,-1;cplt 0,-2
if flgl or flg2 cr flg3 or flg4 cr £1g5 or flg6 cor flg8;ret
ent "plot label?",C$

1lbl G$




351: ret
: 352:
‘ 353: "MULTIPLE XTAL PLCIS":
k 354: ent "PLCT SET-UF (YES/NO)?",AS
355: if AS$="YES";cll "PLCT SET-UP’

356: if ES$="LOG";lim 0,log((B-A)/(60*C)+1) ,R,M;jmrD 2
357: lim O0,B-A,R,M

358: ent "Number of xtals to plot”,N

359: for I=1 to K;ent "Xtal # 2" ,HS[I);next I
360: for U=P to C;trk 1l;14f U,F[*],BS,T[*]

36l1: for Z=1 to N

362: val(HS$[Z])+X

363: for I=J3 to S50;if B$[I]="";pen;gto 368

364: BS[I]+AS$; “abstime AS »Y

365: if ES="LIN";plt Y-A,(F[X,I]~r(X+4))le6/r(X+4)
366: if ES="LOG";plt lcg((Y-A)/(6C*C)+1) ,(F(X,I]l-r(X+4))1leb/r (X+4)

367: dep "I=",I

368: next I;pen

369: next 2

370: next U

371: lim

372: ent "PLOT LABELING (YLS/NC)?",AS$;if AS="YES";1+R;cll 'PLOT LAPELING’
373: desp “SELECT KEY FUNCTION":;beep;stp :jmg O

374:

375: "MULTIPLE DUAL CRYSTAL PLCIE":

376: cfg 7;sfq l;sfg 2;sfg 3;sfg 4;sfqg 5;sfqg 6;sfg 8

377: ent "Number of xtals to plct(l2 max)",N

378: for I=1 tc N;ent "Xtal # ?",HS$[I]);next I

379: for Z=1 to N by 2

380: pen# 4;cll “PLOT SET-UE’

381: if E$="LCG";lim 0,log((B-A)/(60*C)+1),R,VM;jmp 2

382: 1lim O0,B-A,F, M

383: pen# 3

384: for U=P to (C;trk 1l;14f u,F[*),BS,T[*]

385: for G=Z to Z+1l;val (HS[G])+X

386: for 1=J to 50;if BS$[I]="";pen;gto 391

387: BS[I]+A$; abstime A$ »Y

388: if ES$S="LIN";plt Y-A,(F(X,I]-r(x+4))1leb/r(X+4)

38S: if ES$="LOG";plt log((Y-A)/(6C*C)+1) ,(F[X,I}-r(X+4))1leb/r(X+4)

390: dgsp "1=",1

391: next I;pen

392: next G

393: next U

394: lim

395; ren# 4

396: cl1 “FLOT LABELING’ ,
397: £fxd 0;1bl “"#",val(HS[Z]),” & #",val(HS[2+1))
398: next 2

399: dep "SELECT KEY FUNCTION';Leep:;stp :;jmp C
400:

*4480
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401:
402:
403:
404:
405:
406:
407:
408:
409:
410:
411:
412:
413:
414:
415:
416:
417:
418:
419:
420:
421:
422:
423:
424:
425:
426:
427:
428:
429:
430:
431:
432:
433:
434:
435:
436:
437
433:
439:
440:
441:
442:
443:
444
445:
446:
447:
448:
449:
450

"MULTIPLE DIFF CRYSTAL PLCTS":

cfg 7;sfqg 1l;sfg 2;sfg 3;sfg 4;sfqg 5;sfg 6;sfg 8
ent "Number of xtals to plot(1l2 max)",N

for I=1 to N;ent "Xtal # 2" ,HS$[I];next I

for 2=1 to N by 2

pent 4;cll °PLCT SET-UP’

if E$="LOG";lim 0,lo9((B-A)/(60*C)+l) ,R,M;jmp 2
lim 0,B-A,R,M

pern# 3

for U=P to Q;trk 1l;1d4f U,F[*],BS,TI[*]
val(HS[2])+X

for I=J to 50;if BS[I]="";pen;gto 420

BS[I]+AS; “abstime AS +Y
(FIX,I]-r(X+4)-F[X+1,I]4r (X+5))1e6/((r (X+4)+r(X+5))/2)+F
if ES="LCG";gto 418

plt Y-A,F

gto 419

plt lcg((Y-A)/(60*C)+1) ,F
dsp -n I=|| ’ I

next I;pen

next U

lim

ren# 4

cll “PLOT LABELING’

fxd 0;1bl "#",val(HS$[Z]))," & #",val(HS$[Z2+1])
next 2

dsp "SELECT KEY FUNCTICN";beep;:;stp ;jmp O

"MULTIPLE DUAL XTAL PCLAP PLCT S-PARM":

cfg 7;sfq l;sfqg 2;sfqg 3;sfg 4;sfq 5;sfqg 6;sfqg €
ent "Nurber of Xtals to plot(rax 12)?2",N

for I=1 to N;ent "xtal #7?" ,HS[I];next I

ent "File for reference freguencies?",U

trk 1;14f U,F[*],BS,T[*]

dsp "Set up 2Analyzer ";beep;stp

for B=1 to N by 2

pen$ 4;cll ‘Polar Flot Set-up’

peng 3

for G=B to B+1l;val (H$[C])+X;wrt 709,"C"

if G=B+l;pen# 2

fmt 1,2£.0,"E";wrt 709.1,X+29-6*int((X-1)/6) ,40+int ((X-1)/6);wait 1000
F(X,1]*le6+F;F/le9+X;rem 716;rem 719;rem 718;wait 1000
fmt 1,"/",£.0,"(","408","CO%","500C"

fmt 2,"R3M4WS5S5T108VI9EFA" ,£.0,"E"

fmt 3,"FaA",f.0,"E";fmt 4,"/",£.0,"A";fmt 5,"/",£.0,"B"
fmt 6,"/",£.0,"("

wrt 719.2,F/le6-1;wait 1000;wrt 719.2,F/le6+3;wait 1000
(F+le6) /le9+X;wrt 718.1, f(X) ";wrt 719.3,F/le6;wait 1000
wrt 719.3,(F+le6)/le6+2;wait 1000

*24330




451:
452:
453:
454:
455:
456:
457:
458:
459:
460:
461:
462:
463:
464:
465:
466:
467:
468:
469:;
470:
471
472:
473:
474
475:
476:
477:
478
479:
480:
481:
482:
483:
484:
485:
486
487:
488:
489:
490:
491:
492:
493:
494:
495
496
497:
468
499:
500:
501:
502:
S03:
*7452

wrt 716, "CIM5S2EC1D2E" ;wait 1500
wrt 716,"C1D4ECID2E";wait 1500
wrt 716 ,"C2M6S2EC2D2E";wait 1500
wrt 716 ,"C2D4EC2D2E";wait 2000
fmt ;red 716,A,T;if T#0;jmp -1
cll “Zero Phase slope’

wrt 719.2,F/le6-2;wait 1000;wrt 719.2,F/le6+2

F/le9+X;wrt 718.6, "f(X) ";wait 1000
red 719,A;if abs(A-F)>5e5;jmp -2
wrt 719, "W4E"

wrt 718 'u/u' n4l$u' uos%n

wrt 714,"EF";wrt 714 ,"P3";wait 3000

for I=1 toc 250;red 714 ,X(I]);red 714 ,Y[{I];next I;1lcl 714

for I=1 to 250;plt X[I]/250,Y[I]/250
next I;pen

csiz 3

if G=B;plt -1.24,.9,-1;fxd 0;1bl "#",val(HS[G])

if C=B+l;plt -1.24,.9,-1;cplt 0,-1;£fxd 0;1bl "#",val (H$[G])

next G
next B
pen# 0
dsp "finished";beep:stp

"Polar Plot Set-up":

if flg7;gto 479

dsp "set up plctter";beep;stp ;sfg 7
pclr;wrt 705,"vs3”

if flgl;wrt 705,"1P1100,7700,3600,9700";cfg
if flg2;wrt 705,"1P4600,7700,7100,9700";:cfg
if flg3;wrt 705,"1IP1100,4700,3600,6700";cfg
if flg4;wrt 705,"1P4600,4700,7100,6700";cfg
if flg5;wrt 705,"1P1100,1700,3600,3700";cfg
if flg6;wrt 705,"I1P4600,17G60,7100,3700";cfg
scl -1.25,1.25,-1,1;csiz 2

xax 0,.1,-1,1;yax 0O0,.1,-1,1;rad

l;gto
2;:;ato
3;qto
4;qto
5;qto
6

for I=0 to 27 by n/100;plt cos(I),sin(I);next I

ren
ret

"Zero Phase slope":

wrt 718,"/","418","06%";wrt 719,"W4E";1+2
wrt 716 ,"C2M3SBEC3M2E"

fmt ;red 716,2,A,A

wrt 719,"FCOlE";wait 200;fmt ;red 716,A,Y[1],R
wrt 719,"FC99E";wait 200;fmt ;red 716,A,Y[2],2

if abs(Y[1l])-¥({2))<.2;gt0 501

if Y[1]>Y[2]);fmt "C30",£3,0,"E";Z2-1+Z;wrt 716,Z;9to 495
if Y({11<Y[(2];fmt "C30",£f3.0,"E";Z+1+2;wrt 716,Z;gt0 495

wrt 719,"FCS50E";wait 200;wrt 716,"C2D2D4EC2D2E"
wrt 716 ,"C2Li6S2E" ;wrt 718,"/","408","00%";wait 1000

ret
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7.2 Appendix II - Impedance Characterization

This appendix shows example plots of the impedance of a typical group
of 36 SAW resonators. The impedance data is plotted as scattering parameters
(Smith Chart transformation). These are automatically measured and plotted
using the measurement software presented in Appendix I (program line 429).

For each measurement the analyzer automatically nulls out the parasitic
capacitance of the test fixture as well as the resonator. This results in
resonance characteristics nominally symmetric about zero phase as shown in the

following figures. Typically the SAW resonators possess a series resistance
of 50 ohms,
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7.3 Appendix III - Absolute Aging Results

! This appendix shows typical data output for absolute aging of a group
- of 36 SAW resonators. The data is plotted as a linear function of time for

1 all 36 crystals (program line 353). The aging data in this case has been
plotted as 18 plots, two resonators per plot. This indicates that dual reson-
ator crystals were tested. The absolute aging is also plotted as a function

: of logarithmic time in the latter three figures of this appendix. This type
of plot clearly shows the logarithmic straight line behavior indicative of J
chemisorption or oxidation.
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7.4 Appendix 1V - Differential Aging Results

This appendix shows differential aging evaluated for the group of 36
crystals discussed in the previous appendices. The data is first plotted as a
linear function of time in the first three figures and as a logarithmic func-
tion of time in the latter three figures. Analysis of differential aging
(program 1ine 401) indicates that it is possible to obtain excellent differ-
ential bias stability even though absolute stability in each crystal may not
be possible,
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7.5 Appendix V - Preprints of Publications

In this appendix preprints of two papers on absolute and differential !
A l aging in SAW resonators are shown. These papers discuss research carried out
i under contractual support from DARPA.
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SURFACE CMEMISTRY RELATED TO SAW RESONATOR AGING

J. S. Schoenwald, A. B. Harker, W. W. Ho, J. Wise and E. J. Staples

Rockwell International Corporation
Thousand Oaks, California 91360

Abstract

The electrical characteristics of surface
acoustic wave devices depend critically on the
physical and chemical properties of the device
surface as well as on the interaction between the
propagating wave in the substrate with its sur-
rounding gaseocus mecdium. The gas-surface {nterac-
tions were carried out fn a dual charder vacuum
apparatus with a SAW resonator i1solated in each
cha=oer. QOne resonator, kept continually under
vacuur, acted as a reference, while the second
resonator was exposed to a variety of gases under
controlled conditicns. The nature of the chemical
changes occurring on the surface were confirmed by
examining the device surface by x-ray photoelec~
tron spectroscopy. Experiments have been per-
formea to study the physical and chemical absorp-
tion of reactive and non-reactive gases. These
experiments are needed to understand and model the
aging mechanisms of SA< resonators. Typical
results will be presented.

1. Introduction

The electrical characteristics of surface
acoustic wave (SAw) devices depend critically on
the physical ana chemical properties of the device
surface as well as on the interaction between the
procagating wave in the substrate with {ts sur-
rouncing gaseous medium, These effects, which
previous researchers have dealt with only in t'fmi
of maximizing oscillator and f{lter performancet-
were stucdied in this investigation to establish
their relationsnip to such gas-surface phenomena
as surface oxidation, adsorption, and the interac-
tion of the electroded metallic surfaces and the
substrate with reactive and non-reactive gases,

An elementary theory of kinetic rate pro-
cesses {s then derived for the case of chemisorp-
tion, which appears to be the predominant effect
observed in the fabrication and aging studfes dis-
cussed in this paper. From the resulting deriva-
tion we obtain insight concerning the molecular
process at the device surface and how 1t brings
about 8 shift in frequency over time.

The results of several pre-aging studies con-
ducted under varying conditions s presented n
order to show the connection between aging and the
presence of reactive gases and mofsture both during
the fadbricatfon process and after hermetic sealing.

2. Gas-Surface Interlction.Studies

The gas-surface fnteraction studfes were
carried out in a dual chamder vacuum apparatus
with g SAY resonator isolated in each chamber,

The resonators were matched devices (to within
0.5%) operating at 300 MMz, One resonator, kept
continually under vacuum, acted as a reference,
while the second resonator was exposed to a varie-
ty of gases under controlled conditions. The
nature of the chemical changes occurring on the
SAW surface were confirmed by exarining the cevice
surface by x-ray photoelectron spectroscopy (ESCA
or XPS). The SAW resonator devices were fabri-
cated by first defining the device pattern by con-
ventional photolithography techniques on ST-quart:
and then forming grooves in the reflector portions
of the device via plasma etching. The transducer
is masked during the plasma etching process. The
aluminum metalization pattern of the reflector
arrays mask the substrate ang etching of the
quartz substrate takes place only in the gaps
between the metallized stripes. The resonant fre-
quency and Q of the resonators were measured with
8 HPESO5A dual channel network analyzer, & HPBESCC
frequency synthesizer and 8 HPS5345A frequency
counter. The lorg term frequency stabdbility of the
resonators were found to be better than ] ppm with
a Q of about 10,0CC. The measurement accuracy of
the frequency difference detween the twd resona-
tors was found to be about 100 Hz.

3. Results for Non-reactive Gases

The propagation of surface acoustic waves
along the boundary between the quazrtz surface and
8 gas results in the generation of bulk longitudi-
nal waves in the gas. This, in turn, causes an
fncreese 1n the attenuatfon along the direction of
propagation, wich a consequent decrease in the Q
of the resonator. It 1s notewmorthy that the shift
fn frequency as & function of gas pressure ts
always positive for the gases studied, as shown in
Figure 1. As can be seen, at a given gas density,
the diatomic molecules (N, 0;) give approximately
§ times the shift as that due to the rare gases.
The effect 45 totally reversidle, indicating mno
significant chemisorption of the gases. Since
different frequency shifts are observed for var-
fous gases at a fixed pressure, the measured
effect cannot be cCaused by mechanical distortion
or compression of the surface of the device.
Hence, 1t can be concluded that the perturbation
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of the resonant frequency s due primarily to the
coupling of the surface waves to compression lon-
gitudinal sound waves In the gases. Although
there s no existing theory for quantitatively
descriding this phenomena, 1t {3 expected that the
magnitude of the shift 13 related to the compress.
fbflity and velccity of the gas present. [t fs
therefore reasonadle to expect that diatomic gases
will have 8 larger effect than the rare gases.
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Figure 1 - Frequency Shift of St-Quartz Resonators
as 8 Function of Gas Loading at 300 Mz,

These results fndicate that great care must be
exercised fn vacuum or noble gas encapsulation of
SA4 devices since afr Teakage can result in fre-
quency shifts as large as 30 ppm.

The attenuation of the surface acoustic waves
caused by the emission of compressional waves fin
the gases was also determined by measuring the
changes 1in the quality factor Q of the SAW resona-
tors as a functfon of gas density. Typical results
of the attentuation measurements for nitrogen gas
are shown 1n Figure 2 as a function of gas pres-
sure. The data is linear in presgure ang has 8
value for the slope of 2.05 = 107° db/cm-MNz-
mnig. Similar data were obtgined for 0, which
showed a slope of 2.14 = 10°° dd/cm-MHz-mmHg. The
measurements showed good agreement for repeated
cycling of the gases. Since oxidation of fresh
sluminum surfaces 1s expected to occur in the
presence of oxygen, the absence of any non-reversi.
ble effect demonstrates that the surface s In the
form of A1,03 and no further surface reaction fs
taking place.

There are several existing theorfes descriding
the sttenuation loss fn propagating surface waves
along the boundary of a solid substrate and a
ges. These are the approximgtion approach devel.
oped by Artz and co-workers,” the continuum mechan-
ical ’pproach originally proposed by Campbel) and
Jones~ and_the perturdation formylation by Tiersten
amd stnm.s The first two epprosches have been
used by Stobodnik€ for comparison with experimental
deta odtafned with vertous monatomic gas loading on
V=cut and Z-propagating LINDO3 surfaces. Me found
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Figure 2 - Surface Wave Attenyation as & Function
of N, Gas Loading for St-Quartz SAw
Resonator at 300 MHz.

that the theoretfcal calcualtions bracketed the
experimental results with the approximate theory
giving conststently higher values for the atterua-
tion. When these same calculations are scaled to
the case for O, and N, Toadfng on ST-quarts et

300 MHz, the correct pressure dependence s ob-
tained but the absolute magnitudes are, respective-
1y, 20% and 50% lower than the experimental valges
observed 1n the present {nvestigation.

The more recent theory of Tiersten and smm.s
include the previously neglected effect of gas vis-
cosity which significantly increases the attenua-
tion. The result of thefr calculation for air
loading on ST-quartz at 300 MHz 1s, however, stil)
about 30% lower than the present results.

4. Results for Resctive Gases

Experiments were carried out to study the ad-
sorption and chemisorption of gases on the SAw
resonator surface. Since extensive previous work
has been carried out in this ledoratory on the 9ps-
surface chemistry of HC1 gas end Al1,03 surfaces,
this system was chosen for the inftlal experi-
sent. The test resonator surface was exposed to
known concentrations of NC1 with N, as the carrier
g8s in the measurement gystem. The changes in the
electrical properties of the resonator were Bee-
sured in sftu as & function of exposure time. The
resonator surface was chemically characterized by
XPS before and after the exposure.

Upon exposure of the test SAW device to WC)
g8s, the resonant frequency shifts rapidly towards
8 lower frequency. This trend then continues as @
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function of time at 8 constantly decreasing rate,
When the system is evacuated, the frequency {mmedi-
ately returns to & steady state value which {s sig-
nificantly Jower than the initial vacuum resonant
frequency for the device before exposure. Upon @
second exposure of the device, the resonant fre-
quency again decreases and shows the general behav-
{for as that during the first exposure. However,
upon evacuation, the vacuum resonant frequency s
again shifted to a lower value from that defore the
exposure.

The data from a typical run (1% NCY fn N,,
25 cm total pressure) are shown in Figure 3, ;n
which the background shift to higher frequency
caused by the N, gas loading fs corrected for via
the data shown previously in Figure 1. As can De
seen, the irreversible shift {n the vacuum resonant
frequency also decreases with each successive
cycling of the gas. When the concentration of HC)
gas s varied, 1t was found that the measured
effect scales Yinearly with H() concentration.
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Figure 3 - Resonant Vacuum Frequency Shift as a
Function of Exposure Time for 1% HC}
Concentration 1n Nitrogen Gas at 25 cm
HE Ny at Room Temperature (296K). Also
Shown 13 HC1 Adsorption Rate on Al,0
Surfaces as Determined by Wet Chem?s%ry
Analysis (note that aof 1s negative).

XPS analysfs of the SAW resonator before and
after MC1 exposure showed 8 Chlorine uptake and s
Toss of oxygen from the A1,03. The ratio of the
chlorine uptake to Oxygen ?oss was 2 to ], indi~
cating that the A1,03 was being chemically con-
verted to AICl,. }urtner confirmation that the
chemisorption was occurring on the A);03 rather
than on the quartz surface was provided by addi-
tional XPS studies made on a blank quertz substrate
before and after exposure to HC) gas under fdenti.
cal conditions. The results showed no significant
C1° present.

The electrical measurements together with the
XPS findings demonstrate that both reversidble ad-
sorption and {rreversible chemisorption of HC1 was
occurring on the A),04 surface. The observed time
dependence of the data given fn Figure 3 tndicate
that when fresh Al 04 surfaces are exposed to HC1,
an {nitial 9us-sur;ace reaction occurs which forms
8 chloride coating. This process is then followed
by adsorption of gaseous HC1 onto bound chloride
fons until equilibrium {s reached between the vapor
pressure of the adsorbed HC1 coating and the gas
phase HC1 concentration. At this point, the sur-
face HCY concentration ssturates and no further
adsorption occurs. Upon evacuation to vacuum,
desorption of a surface takes place and the shift
in the vacuum frequency of the resonator is a mea-
sure of the net chemisorption on the surface.

In order to quantitatively relate the electri-
csl measurements to the surface chemistry, the data
are compared to the resylts from a previous study
undertaken in this laboratory to determine the sur-
face absorption efficiency (the ratio of reactive
collisions to the total number of gas-surfage col-
Tisfons) of HC1 gas onto alumina particies.” In
this prior work, total adsorbed C1” on Al,0, parti-
cles were measured as a function of both ﬁ:? con-
centration and exposure time with a wet chemical
snalysis technique. the data were found to be in
agreement with the expression

dlHCY],/at = yWALHC1) /4 (1

where V {s the mean kinetic velocity of the HC1 gas
molecule, A 1s the A1,03 surface area, [HC1), s
the vapor phase concentration anc [HX1]), fs the
total adsorbed K1 on the surface. The observed
MCY adsorption as a function of time from this pre-
vious work fs scaled to the experimental conditions
of the present study and the excellent agreement in
the general ghape of the curves seen in Figure 3
demonstrates that the present experimental method
can be used for guantitative real-time measyrement
of the adsorption processes. ~

The sensitivity of the measurement method can
be evaluated by a direct comparison of the data
given in Figure 3. The result shows that the fre-
quency shift is related to the absolute §C1 agsorp-
tion via_the calibration factor, 3 = 10}/ mote-
cules/cm€ = 1 kHz, corresponding to a sensitivity
for HC1 adsorption at the level of 3 to 5 mono-
layers on the device.

Simflar experiments were conducted to deter-
mine the frequency shift caused by exposure of the
SA< resonator to water vapor under atmospheric con-
ditions. Measurements were made with a SAW resona-
tor having a clean surface as well as one which has
been previously exposed to HC) gas. It was found
that the lowering of the SAN frequency was totally
reversible for the former case, whereas a large
{rreversible vacuum frequency off-get was observed
for the latter case. The magnitude of the shifts
were consideradbly larger than that found for HC1
and the time scale for the effect was approximately
8 factor of two ghorter. The resylts from a typi-
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ca) run at 75% relative humidity ere shown in
Figure 4. The tota) observed shift was about

40 kNz and the observed vacuum offset before and
after exposure was 14 kHz. This sensitivity to
water vapor is most likely caused by H,0 deposition
over the entire device surface, rather than react-
fng specifically with the aluminum as s the case
for NC1. The experimental results obtained for the
clean surface tndicate that no chemisorption {s
taking place for water vapor on the quartz or the
oxfde-coated slumtnum surfaces. The odbserved chem-
{sorption for the device previously exposed to WC)
vapor can be attributed to the hignly deliquescent
nature of AICT; which readily forms A1C13.6h 0 1n
the presence o? water vapor.
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Figure 4 - Resonant FrequencyShift as @ Function
of Exposure Time for 75% Relative
Humidity in Air at Atmospheric Pressure
and Room Temperature (296K).

§. Rate Theory of Kinetic Processes

Parker has pointed out that frequency aging
effects due to chemisorption and ox!dation,behave
according to the logarithmic rate relation

af/f = A*log(Bt + }) (2)

where A and B are fit parameters. Equatfon (2) 1s
8 specific statement of the more generalfzed
Elovich equation, which describes catalytic oxids-
tion and chemisorption of varfous gases_on g var-
fety of metal and metal oxide surfaces.®

We will now derfve the general form of the
Elovich equation tn order to appreciate the physi-
cal basis of the parameters A andd B 1n (2). We
:;gin by first presenting the more general form of

bgit) = Yog(l ¢ t/to) (3)

q fs the number of particles chemisorbed per unit
area at time t after the deginning of the experi-
ment. t. 1s a time constant depending on the phys-
fcal conaitions and b 1s a constant appropriste to
the quantity being measured.

Suppose that at the time t = 0 we have 2 sur-
face with adsorption sftes in contact with s gas.
The nature of these sites, and their mode genera-
tion, 15 not specifiea by the theory, nor is the
smount of gas already adsorbed on the surface at
time t = 0 of importance. The sites may be due to
the properties of that part of the surface which
has not yet been covered by adsorbed molecules,
they may be produced by the action of the alreagy
adsorbed molecules on the surface, and they might
even be offered by adsorbed molecules themselves.
At this time let there be s, sites per unit area,
and let there be s sites per unit area at an arbi-
trary time t. (et there be N impacts by gas mole-
Ccules with the surface, expressed per unit area and
per unit time. Let a be the effective contact area
between 4 molecule and the surface upon collision,
0 that a*s 1s the fraction of impacts that could
be effective in trapping a molecule. One may ex-
pect a to be roughly of the order of a molecular
cross section. The probadbility that a molecuyle
sticks upon impact is proportfonal to a*s, t.e.,

p = Cas (4)

where C 1s @ constant. The number of molecules
sticking per unit area per unit time is

dq/dt = CasN . > (5)

Let b be the effective area over which sites dbecome
invalidated by the adsorption of a single mole-
cule. b {s not necessarily of the same order as a,
since 1t 1s the ares covered by an adsorbed mole-
cule (which is of the order of a) reduced by tne
area of a new site generated on top of the adsorded
molecule. This s reasonadble to expect since it s
11kely that a surface of adsorbed molecules are
1ikely to offer new sites to further adsorption.
The number of sftes fnvalidateg per unit area per
unit time {s therefore

-ds/dt = CNas*dbs . (6)
Integration yielas
$o/s = 1 ¢ CNadst . m

Solving for s, Inserting tn (S5) and solving for Q
yields




q = (100001 « (t/t ), M/t = Clabso.(a)

This s the logarithmic rate law known as the
Elovich equation. Remembering that b is the area
over which no further adsorption cen take place
because there s no catalyst, we may multiply both
gsides of (8) with a constant of our choice to
express the dependence of some quantity on the rate
of adsorbed molecules. Thus, {1f

fractional frequency shift

A® = $3soroed moTecules/unit area

then A-q = af/f, A°/b = A and (1/ty) = B as defined
by Parker 1n Equation (1).

6. Results of Aging Studies

Several lots of 375 MHz single pole SAW reso-
nators werg fabricated, using 8 process previously
described.?” The hermetically sealed devices were
maintained {n an oven at the turning point tempera-
ture corresponding to the cut of quartz and metal-
1ization thickness - typically 65-75 degrees centi-
grade. Up to six crystals could be probed via 2
coaxial rf switch., Switching between the crystals
fs accomplished by an HP34935 Scanner, which also
compares the oven thermocouple to its own internal
standard to measure oven temperature. The resona-
tors are probed by instructing the scanner to acti-
vate the rf switch to select the desired crystal.

T e entire system §s controlled by an HP9825A sys-
tem controller via an 1EEE-4B8 data bus. By compu-
ter algorithm, the system controller find the
series resonant frequency of each crystal, measures
the oven temperature and Jogs the time and data,
using the HPS6U3SA real time clock. The system can
be programmed to “wake up” on an interrupt command
from the clock and complete the cycle of measure-
ments on 811 the crystals, An HP8505A network ana-
Tyzer measures crystal return loss (Sy;) to obtain
electrical characteristics and reson.n% frequen-
cy. Data 1s stored on magnetic tape and maybe re-
trieved ot any time for plotting, analysis or
further gata reduction. Figure 5 1s a schematic of
the data collection system. With this arrangement
the crystals remain undisturbed by temperature var-
fations or vagaries of manual data collection.

Data collection can proceed in the gbsence of any
personnel.

The frequency aging results of several repre-
sentative sets of SAW resonators will be discussed
{n the remainder of this section. In the first set
of crystals, a great deal of vartation 4n the fad-
rication process tock place, even though the gen-
era) format of the process was followed, {.e., de-
vices came from different wafers, were plasma
etched individually for different perfods of time,
were subjected to repeated wet acid clean-up pro-
cedures, snd were irregularly treated with regard
to pre- and post-sealing vacuum bakeout. The frac-
tiontl shifts found to occur in these devices is
shown 1n Figure 6. The oven temperature was nom-
{nally 75 degrees C, with a characteristic
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Figure 5 - SAW Resonator aging System.

fluctuation of ¢0.2 degrees. The {nteresting
feature of Figure 6 1s not the differences, but the
similarities. All curves have the same character-
fstic shape, except for some competing mode of
aging in two of the crystals which damped out
within the first 24 hours. It was found that the
crystal with the worst aging also had the lowest C,
and comparison with the crystal's performance prior
to vacuum sealing indicates that the hermetic
integrity of the package was not maintained.

Blanks in the data collection occur because the
system controller was 4n use for other purposes,
but the trend in frequency aging s clearly evidert
for the one month period during which data collec-
tion occurred.
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Figure 6 ~ Fractiona! Shift in Frequency of Six SAW
Resonators Aging at 75°C for Four Weeks.

Mid-way through the data collection pericd the
oven was cycled off and on between continuous
i{ntervals of measurement. A nonrecoversble up-
shift occurs in all crystal frequencies due to the
temperature retrace, quite apart from the smooth
monotonic drift the crystals with time at constant
temperature. It fs also noteworthy that the crys-
tals with higher aging rates also have higher non-
recoverable up-shifts due to temperature retrace.
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As sentioned earlier, there {s strong evidence that
this shift §s due to the presence of water vapor
and oxygen or other reactive gases in the package
due to lack of hermiticity or process control.
Out-gessing of moisture diffused in the quartz lat-
tice may be a significent factor. The correspon-
dence between high device Q, low aging, and very
small shifts in frequency due to temperature re-
trace seem to be coupled to the rate at which reac-
tive chemica) processes occur at the crystl sur-
face, and these inturn are related to the partial
pressures of the gasses in the crystal enclosure.
Further evidence in support of this phenomenon will
be presented later in this paper.

The dependence of aging on environmental mois-
ture and other gasses that might contribute by re-
action or oxidation at the crystal surface was
studied by preparing a set of samples in the usual
manner, with the following exception. A 24 hr high
vacuum bakeout at 150 degrees C preceded resistance
weld sealing under high vacuum. The glove box en-
closing the champer was purged of moisture to the
extent that the dew point was -40 degrees C. In an
environment relatively free of moisture, nonre-
versidle aging effects, such as those discussed
esrlier in which resonators were exposed to mois-
ture after prior exposure to HC1, ft is expected
that aging rates should be considerably lower.
Figure 7a shows the resuylts for a set of stx crys-
tals sealed under high vacuum after a 24 hour bake-
out in high vacuum. The long term fluctyations are
caused by 24 hour cyclic fluctuations in the oven
temperature, as can be seen in Figure 7b (later
remedied), and the short term flyctuations are due
to the relative shift of the turning point for this
set of devices (50 deyrees C) from the oven tempea-
ture (73 degrees). It can readily be seen, how-
ever, that within two days, Crysta) aging subsides
below 0.5 ppm/day after temperature fluctuation
effects are normalized out. This fs an order of
magnitude improvement over aging rates for previous
devices.

Further confirmatfon of device sensftfivity to
ambient atmospheric conditions was revealed during
the frequency fine tuning procedure. The resonant
frequency of a device is tracked with an HPB660C
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Figure 7 - Low Aging Rate Saw Resonators.

synthesized signal generator, an HPB4OSA and & dua)
directional coupler. A thermocouple beneath the
TO-5 header monftored temperature. After fine
tuning the device frequency in the plasms etcher,
the chamber was repressurized via an air inlet
valve. Immedfate re-evacuatfon of the chamber,
followed by & suftadble time delay to relax tempera-
ture fluctustions during pressure changes, resulted
1n a nonreversible shift up tn frequency by 30-40
kHz for resonators operating at 375 Mnz. This
result i3 consistent with that obtained for 300 Mx:
resonators exposed to moisture after exposure to
reactive gases. No epoxy Or other mounting mate-
ria)l was used; instead, the devices were strapped
to the header using gold wire, Therefore, contam-
fnatfon from mounting material was not & factor.
The probadble cause of this effect s the removel of
at least part of the oxidized or chemisorbed layer
from the aluminized portions of the device during
plasma etching in CF,, which thins the metal film
{ratsing velocity .né therefore frequency),
followed by reoxidation in the presence of atmo-
spheric humidity (further raising frequency).

A frequency shift of this magnftude (100 ppm)
fs catastrophic 1n a device where the Q s typi-
cally greater than 10,000. Clearly, the presence
of moisture and reactive gases at the crystal sur-
face during the course of fabrication and sealing
plays a demonstrated role in the absolute frequency
and long term stability of SAW resonators. Envi-
ronmental conditions, certainly in the final stages
of fabricating a tuned sealed device, should be
carefully controlled.

Batch handling of crystals through the entire
fabrication cycle except the final tuning provides
sdditional evidence that uniformity of the environ-
menta) history for al) devices results in uniform-
ity of long term stabil{ty. Figure 8 shows aging
results for a group of crystals we have recently
begun to fnvestigate. The entire group was pro-
cesses as 8 single wafer section and segmented into
chips only after the inftial plasma etch anc just
prior to mounting. No extraordinary procedures
were undertaken, such as long term high vacuum
backout. Only in the fina) tuning and sealing
steps were crystals treated individually, dut the
procedure for each was relatively uniform. The
resultant aging rates are very tightly clustered.
Low initia) aging rates was not the objective in
this study. Rather, we were concerned with the
variation that might be expected in a very untform-
1y treated set of samples, and we observe that, in
fact, the aging s quite uniform.
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Figure 8 - Preaging of Six Crystals Subjected to
Very Uniform Process Conditions.
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A compar{son with the aging Equatfon (1) for
A = 3 ppm and 1.5<B<3.5 plotted in Figure 9 shows
how closely the aging data in Figure B follows a
logarithmic rate dependence with t. *= 1/8 « 20-30
minutes deing the time constant characteristic of
the chemisorptive process occurring at the elec-
trode surface.
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Figure 9 - A In(Bt + 1) Plotted for values of A, B
that Model Aging Results Shown in
Figure 8.

7. Conclusions

We have presented results of the effects of
non-reactive and reactive gases on the frequency
and attenuation of SAW resonators. For non-
reactive gases it has been determined that the
effect of the gas is totally reversidble upon return
of the SAW resonator to a condition of high
vacuum. If complete oxidation of the aluminum
electrodes has preceded measurement, the effect of
oxygen is also completely reversible. As an ex-
ample of reactive gas effects, exposure of a SAW
resonator to HC1 gas which had previously been ex-
posed to Oxygen to allow electrode oxidation re-
sulted in a nonreversible frequency shift down.
Subsequent exposure to moisture in air results in a
nonreversible shift up. The {nftial exposure to
HC1 converts A1,0, to A1C13. Moisture then com-
dines to form A?:?,-ﬁnzo. X-ray photoelectron
spectroscopy (XPS) was used to confirm the presence
of the various compounds mentioned. Comparison
with blank substrates of quartz indicate that no
chemical process occurs 1n which chlorine 1s taken
up, from which we conclude that the aluminum {s the
catalytic surface promoting the chemisorptive reac-
tion. Wet chemistry snalysis {ndicates that the
observed frequency shifts result from the chemi-
sorptive formation of 3 to 5 monolayers on the
device.

We have presented an elementary theory of
kinetic rate processes as applied to chemisorp-
tion. This results in a molecular leve! model that
predicts the logarithmic aging rate behavior of the
SAN resonators.

We have presented the results of SAW resonator
pre-ag9ing studies under varfous conditions and have
shown the connection between environmental control
of the fadrication process and device stadility
ofter fadbrication. The effects of mofsture, catas-
1ytic oxfdation and reactive gases can be measured
and quantified. It 1s shcen that steps can de
taken to reduce the effect of these aging mechan-
fsms on the long term stadbility of SAW resonators.
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Summar

This paper examines the absolute and differ-
ential aging of SAW resonators fabricated as
pairs. Low absolute aging rates of individual SAW
resonators have been observed after hermetic seal-
ing and temperature stab lization inside 70°C pre-
aging ovens. Typical drift rates fall below
0.5 ppa/day within 48 houre and 0.1-0.5 ppm/wk
after 3 weeks. The differential drift rate
between pairs was less than 0.25 ppm/day after 48
hours and typically 0.1-0.2 ppm/wk after 3 weeks.,

The effect of drive level was studied for
devices fabricated using evaporated chromiun
(508)/aluminum (10001), rf sputtered aluminum
(10004) and evaporated aluminum + 4,5°% copper
alloy. Significant performance degradation occurs
at 75°C for power levels above +10 dBm delivered
to the crystal at resonance. Cnmparative studies
of frequency dependence on drive level show no
significant differences among the three metal-
lization systems described.

Key words (for information retrf{eval)
Surface Acoustic Wave (SAW) Resonators, Aging,
Drive Level, Fabrication, Electromigration.

Introduction

Systems requiring long term stability and
insensitivity to undesirable effects provide
strong motivation for investigating the common
mode rejection characteristics of appropriately
configured pairs of surface acoustic wave (SAW)
resonators.

Low absolute aging of individual SAW reso-
nators depends on device material composition,
process controls and cleanliness, packaging
environment and hermeticity. Extended pre-aging
appears to be necessary to reduce long term drift
below 1 ppm/yr with typical aging studies reported
in the literature now approaching the two year
mark.!”3 An objective of this study was to iso-
late as much as possible those factors contribut-
ing to the long term instability. By a study of
resonator pairs in a common enclosure, effects
such as packaging could be eliminated or deduced
by evaluating differential aging.

®*Wor« supported by Defense Advanced Research
Proiects Agency, Contract No. MDA 903-81-C-0081.

This paper will examine the absolute and dif-
ferential aging of SAW resonators fabricated as
pairs and sealed under vacuum in a common TO-5
enclosure. The design of the fabrication process
and control of the process is described. Also,
the effects of power level at which the devices
are driven and the damage encountered under sus-
tained conditions of high power and elevated
temperature are discussed.

Fabrication Process Design and Control

Reliable device performance requires a fabri-
cation process that is reproducible., Analysis
procedures were instituted at appropriate steps in
the process to monitor the condition of the SAw
substrate as it proceeded from wafer to chip and
finally to packaged environment, Figure ! is a
flow chart of the fabrication process. As pilot
wafers progress through the fabrication process
thev are subjected to a varlety of surface and
bulk analytical measurements to determine the
presence of contaminants, interdiffusion of
deposited metals, or surface chemical reactions
that may have significant consequences for device
long term stability after the package is sealed.*
This required vacuum baking prior to sealing, to
pump off molsture and accelerate short term sur-
face reactions. Also a small plasma etch chamber
for frequency calibration was {nstalled directlw
in the dry nitrogen glove box containing the
resistance weld sealer. After vacuum sealing the
packages were bombed with helium and leak tested.
Typically better than 90% of all sealed devices
indicated leak rates of less than 1 x 10710 gtd
cc/sec air equivalent,

Pre-Aging Systen

An oven was designed for monitoring the aging
of 36 SAW resonators simultaneously. By using
interchangeable PC boards, either 18 TO-5 packages
with resonator pairs or 36 packages containing
s‘3le resonators could be monitored. Resonator
gtoups of six were connected to a single pole six
throw (SP6T) coaxial switch. The six switches
were connected to a seventh {n a switching matrix
arrangement. Figure 2 shows photograph of the
oven, containing the PC board into which the TO-5
packages were inserted and the coaxial switches.

The resonators were periodically interrogated
through the switches by a network analvzer, fre-~
quency synthesizer and counter, all of which were
cortrolled by a desktop computer, The resonant
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Figure | Fabrication process flow chart.

L

frequencies were sequentiallv measured, the oven
temperature recorded, and the time logged from the
computer's real time clock., 1In this manner, the
frequency/temperature drift was tracked with

time. Software computed the differential drifc
between packaged pairs of SAW resonators.

Absolute and Differential Pre-Agiag Resul:s

Pre-aging studies were conducted on two
paired resonator configurations and two types of
electrode metalizations:

1. Pairs: two separate chips in one pack-
age; evaporated Cr/Al electrodes,

2, Dual resonators: two resondfors on a
common chip; evaporated Cr/Al electrodes.

3. Dual rescnators: same as #2 but with
evaporated Al + 4.5% Cu alloy electrodes.

Figures 3, 4 and 5 show the absolute and
differential aging for each of the three cases
indicated. In all cases, freguency drift follows
a logarithmic time dependence characteristic of
chemissrpti{ve reactions. Small oscillations in
the aging were primarily due to fluctuations in
oven temperature that occurred with a 24 hour
cycle., These frequency variations result from an
nffset between the oven operating temperature
{(70°CY and the turning point of the crystals

Figure 2 Photograph of oven showing SP6T coaxial (85°C). 1In the case of paired Cr/Al crvstals the
switches and PC board for TO-5 crystal absolute aging rates typically showed between 5
[ enclosures. and 20 ppm frequency increases within the first
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30 days. typical drift rates fell below

0.5 ppm/day within 48 hours and 0.1-0.5 ppm/wk
after three weeks. Typical differential drift
rates fell below 0.25 ppa/day within 48 hours and
typically 0.1-0.2 ppa/wk after three weeks

(5-10 ppm/year). Fabricating the devices as dual
resonators on the same crystal, Fig. 4, improved
the differenttal aging rates but absolute aging
remained high. Replacing the Cr/Al metallization
with copper alloyed alusinum remarkably fmproved
the absolute ss well as differential aging, Fig. 5.
The total pre-aging amounted to less than 2 ppm and

drift rates less than 0.1 ppm/mo were obtained after

only 3 weeks pre-aging. As expected the differen-
tial aging showed a similar improvement. A more
accurate assessment of these rates requires either
individual oscillator measurements or longer pre-
aging times, The former {8 currently under
investigation using a dual oscillator circuit.

Drive Level Studies

The effect of rf power delivered to the
resonators from a 50 ohm source at the resonant
frequency of each device was investigated and
compared for three different types of electrodes:
(1) evaporated chrome, 508, and aluminum, 1000R%,
(2) rf sputtered aluminum and (3) evaporated 4.57%
copper-aluminum alloy, 1000&. It has been
reported that excessive power levels in SAW
resonators result in drive level dependent fre-
quency shifting and degraded performance with
time.5,6

Figure 6 shows the frequency dependence on
drive level for eight resonators from each of the
metallization groups described above. From the
results of the three types of metallized devices
studied it does not appear that one type provides
better frequency stability under varying drive
levels than any other. This may indicate that the
dependence of the device frequency 1is controlled
primarily by thermal heating due to power dissi-
pation in the bulk of the quartz, and not by any
property of the metallization.

Degradation at High Drive Levels

The equivalent c{rcuit series resonant rvesis-
tance was typically 45-75 ohms for the 375 MHz SAW
resonators studled in this work and a 50 olm reso-
nator will dissipate all the power delivered to it
from 2 50 ohm frequency source. At +10 dBw drive
level, in excess of | Kw/cc is being dissipated in
the skin depth of the central region of the elec~-
trode pattern. In view of the fact that the Q of
these devices ranged from 12,000 to 20,000, and
the energy stored in the device 1is proportional to
the product of the § and the energy dissipated,
large atored energy densities are achieved, It
comes as no surprise, then, that electromigration
effecta due to large piezoelectrically induced
potentials, severe mechanical distortions and
thermal stregsses are likely to have a degenerative
effect on the structure of the device, and partic-
ularly the metal electrodes.

SAW resonators were driven for periods ex-
ceeding 15 hours at drive levels of +10 dBm.
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Figure 6 Frequency dependence of drive ievel for
Cr/Al, Cu-doped aluminum, and sputtered
aluminum metallized resonators.

Device degradation was found to be closely related
to the temperature at which the drive level mea~
surements were made. At room temperature little
or no change in the device characteristics
occurred. At 75°C, however, significant damage
was observed after prolonged active aging at

+10 dBm. Figure 7 shows the return loss magnitude
and polar response for a SAW resonator fabricated
with a Cr/Al electrode pattern before and after

15 hours of active aging at 75°C. The appearance
of spurious resonances, a shift in the resonant
frequency and an increase in the series resonant
resistance {ndicates damage has occurred either in
the acoustic cavity, the interdigital transducer,
or both.

Scanning electron micrographs of the trans=
ducer region of the SAW resonator, taken afterward
confirmed that damage had occurred. Small
hillocks, typical of electromigration damage, were
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Figure 7 Return loss degradation for +i0 dBm
drive level at 75°C,

found.® In addition, “drag” type effects were
noticeable at the edges of the electrodes, as if
aluoinun had been physically brushed or scraped in
the direction of acoustic motion. Neither of
these artifacts were present in undamaged devices.

Conclusions

The absolute and differential aging of SAW
resonators was investigated. A fabrication

process which i{ncluded techniques for monitoring
process conditions resulted in devices with low
absolute and differeatial drift rates after a
short period of pre-aging. Absolute aging rates
less than 0.1 ppuw/mo sfter only 3 weeks pre-aging
at 70°C were demonstrated. Low differential aging
rates were obtained using dusl resonator crys-—
tals. Drive level studies on devices fabricated
with different types of aluminum metallizations
have not conclusively shown that one type of
metallization {s superior to another based upon
drive level. For the purpose of long term
frequency stability however, copper alloyed
aluminum appears to be superior to chrome/aluminum
metals. Damage due to elevated drive levels for
extended periods was found to be more sensitive to
operating temperature than the drive level up to
+10 dBm.
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