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1. INTRODUCTION

This report describes work performed at the Harry Diamond
Laboratories (HDL) to establish fabrication techniques for the
production of series-transducer acoustic delay lines. The work was

supported by the U.S. Army Armament Command as a Materials, Methods, and
Techniques Effort (MM&TE), Project AMC 5753061, APA 4932, with the title
"Series Array Acoustic Delay Line Fabrication." Appendix A furnishes a
detailed account of the materials and processes used during the course
of the program and gives a step-by-step explanation of the fabrication
techniques.

Important applications exist for devices which provide an exact
amount of delay for -electrical signals. For these applications,
acoustic techniques provide low-cost, gun-rugged delay devices which
have replaced bulky transmission lines. Some applications include
electronic fuzing, target simulation, radar calibrators, and electronic
countermeasures. For the past several vyears, the need has been
satisfied by devices which utilize piezoelectric thin films placed on
suitable crystalline substrates in rod form. The form of the device to
be considered 1in this report consists of a crystal delay medium with
thin-film piezoelectric transducers and matching networks ruggedly
integrated onto each end of the crystal. The first transducer converts
an electromagnetic signal into a microacoustic wave which propagates
through the crystal at the speed of sound (10" times slower than the

electromagnetic waves). The signal is then reconverted into an
electromagnetic signal by the transducer on the other end, and it
emerges with a time delay proportional to the crystal length. Such
devices furnish a low-loss, very compact delay device in the

submicrosecond region, several orders of magnitude smaller than the size
and weight required for transmission lines.

The project had as-its principal purpose the solution of production
problems which were responsible for the relatively high cost of
bulk-wave devices. Prior to commencement of this project, the necessary
research and development had been completed on a new approach to the
critical problem of achieving an eler*rical match with the delay line.

Up to this point, extensive wor’ sen performed on piezoelectric,
bulk-wave transducers operating at vave frequencies.* In 1973, a
new concept was developed at HDL «liminated the tedious and costly

matching processes used at that time by others. Crucial support was
found in a publication by Weinert and de Klerk'! which showed that each

lp. w. Weinert and J. de Klerk, A Thin-Film Mosaic Transducer for
Bulk Waves, IEEE Trans. Sonics Ultrason., SU-19 (July 1972), 354.
*For background literature, see the Selected Bibliography.




transducer is independent and that the acoustic beam generated by each
transducer does not interfere with its neighbor. The MM&TE goals were
set up to refine the manufacturing processes for this new concept.

2. DELAY LINE AND CONVENTIONAL DEVICE COMPARED

The confiquration of a typical bulk microwave acoustic delay line is
shown in figure 1. Matching loss is present due to the difficulty in
achieving a good match between the transducer input impedance and the
input signal. Tuned insertion 1loss depends strongly upon the tuning
network employed and upon contact losses. In the past, the required
matching to a 50-ohm line was accomplished by a variety of techniques,
all of which failed to meet one important criterion-~small size. For
example, a quarter-wave transformer is about 1 in. (2.54 cm) at 2.0 GHz,
which means that the matching section far exceeds the usual length of
the delay medium. A two-element network was described? in 1969 that
used lumped circuit elements and required only a fraction of the space
needed by the transformer approach. However, it was still external to
the delay medium and demanded tedious adjustment during manufacture,
which increased the cost. A novel solution developed at HDL® provided
that the matching circuit be placed on the end of the rod itself. This
proved to require very high precision during fabrication, including
close control of piezoelectric film thickness and exact dimensioning of
thin, metallic-stripe inductances.

Finally, a breakthrough design was originated at HDL which achieved
matching to a 50-ohm line by depositing an array of single transducers
in series and placing a suitable inductance in series with the
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Figure 1. Typical bulk microwave acoustic
delay line.
2r. Reeder and D. winslow, Characteristics of Microwave Acoustic
Transducers for Volume Wave Excitation, IEEE Trans. Microwave Theory
Tech., MMT-17, No. 11 (November 1969), 932.
3s. Lieberman, Matched Delay Lines with Solderable Transducer
Electrodes, U.S. Patent 3,688,222 (29 August 1972).




combination. The number of single transducers introduced into the array
and the inductances required were determined from previous knowledge of
the parameters of a single transducer. The configuration adopted is
shown in figure 2, as delineated by the ground electrode pattern.

Delay 1lines were fabricated to this design, and they proved to be
remarkably broadband (nearly 1 octave at 3 GHz) and to have acceptable
insertion loss. Since the necessary research and development had been
recently completed, the production of this device became the subject of
the present MM&TE, which was initiated in August 1973.

An equivalent circuit for a delay-line transducer can be represented
as shown in figure 3. As can be seen by inspection, the circuit models
each layer of the transducer as an acoustic transmission line with its
own characteristic impedance. The various individual components of the
model were combined,” and the resulting equations were solved on a
programmable calculator. A listing of the program is available upon
request. Lieberman details the model, program, and process.

Figure 2. Mask for ground-
layer metalliza-
tion (early model) .
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Figure 3. Equivalent circuit for transducer.
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From the experience gained In producing the engineering
samples, a number of important conclusions were drawn, and the critical
processing parameters were identified:

a. Rod cleaning and preparation
b. Masking techniques, including correct registry
c. Resist techniques
d. Substrate metallization (ground electrode)
(1) Metal to be used
(2) Temperature of substrate
(3) Thickness control
e. Zinc oxide deposition
(1) Sputtering parameters
(2) Thickness monitor

f. Top layer metallization (same parameters as for ground
electrode)

3.2 Commentary on Each Identified Critical Processing Parameter

Rod cleaning is extremely important, and an effective method
was evolved which included special cleaning fixtures. These are
individual hollow Pyrex glass spheres having several small holes in the
surface. By means of an attached handle, the sphere is lowered into the
cleaning solution after it is loaded with a rod. Cleaning is done
immediately prior to use. The steps are these:

a. Degrease the sphere and rod with Freon, trichloroethylene,
and acetone, scrub gently with a cotton swab.

b. Soak for 1 hr in a hot acid of three parts H;S0O,, one
part H,0,, and one part distilled water.

c. Rinse in running distilled water for several minutes.

d. Soak in distilled water until ready for use.

e. Before use, blow with dry nitrogen and insert rods into the
evaporation fixture. Use clean tweezers for handling.




The rod material chosen was crystalline quartz, Z-cut
(longitudinal propagation). These are the rod specifications:

Material: 2Z-cut (longitudinal propagation) crystalline quartz

Orientation: Angle between rod axis and optic axis not to
exceed #30 min (*1/2 deg)

Diameter of rod: 0.250, +0, -0.002 in. (0.635, +0, -0.005 cm)
Length of rod: ©0.124 £ 0.002 in., (0.315 * 0.005 cm)

Parallelism of end faces: Best effort to achieve 15 to 20 s,
not to exceed 30 s

Flatness of end faces: 1/10 wavelength

Surface finish: Must meet specification of 20-5 or better (no
blemish can exceed 0.020 in. (0.05 cm) long or 0.0005 in. (0.0013 cm) deep)

Ends perpendicular to body: 20 min or less

End bevel: Slight bevel, approximately 0.005 in. (0.013 cm)
long, as shown:

bevel

The foregoing are comparable to the standards needed for laser
work and are obtainable from several commercial sources. Experience
showed that best transducers were associated with high optical polish on
the end faces of the rods. End-face parallelism is important, as well
as the crystalline orientation in respect to the rod axis. As an
example of the effect of misalignment between the rod axis and the
crystal axis, a simple calculation shows that a misalignment of 43 s
at the sending transducer causes the acoustic beam generated on
one side of the delay line rod to miss about 50 percent of the area of
the opposite receiving transducer, for a transducer 0.010 in.
(0.0254 cm) on a side and a rod 0.4 in. (1.016 cm) long.

4. TYPICAL METAL MASK APPROACH

Masking with photoresist led to the concept that it would be
desirable to have an alternative process to the wet-chemical procedures
used with photoresist. The first masks were made by cutting patterns on
rubylith. These were photographed and reduced in size, and the
resulting patterns were transferred to glass plates. A modified mask
process was next adopted. Line drawings for the desired pattern were




1
prepared and furnished to the Buckbee-Mears Co., St. Paul, MN, for
processing. That company produced a set of metal evaporation masks
shown in figures 5 to 8.
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Resist techniques used for delineation of patterns were adopted
from standard semiconductor processes. Material most frequently used
was Shipley positive resist AZ-1350, applied by using a spinner rotating
at 6000 rpm. One drop was applied within the first 5 s. Each side was
done separately, followed by a 5-min bake at 70°C and then a final bake
of 15 min. Units were then stored in a clean, covered aluminum dish.

For substrate metallization-ground electrodes, initially,
chromium was used (a thin layer of about 20 to 30 nm) deposited by
evaporation. The substrate was held at approximately 200°C. A layer of
gold (70 nm) was then put on by evaporation. For each deposition, the
thickness was monitored by a Sloan thickness monitor (frequency shifts
due to mass loading of the crystal).

Titanium also was used for substrate metallization. This metal
is strongly recommended by certain laboratories because (1) it has
scavenging properties which produce a cleaner substrate and,
consequently, better adherence; and (2) it encourages the gold layer to
grow with the proper orientation (111), upon which subsequent sputtered
ZnO epitaxial growth results in an ordered layer for good transducer
action. A very thin film (20 to 30 nm) was laid down by a flash method.
A common technique used titanium wire cut into small 1lengths (a few
millimeters) and placed in a conical tungsten heater. Some
inconvenience resulted from the tendency for a titanium-tungsten
alloy to form, which led to early failure of the conical heater.

Zinc oxide was deposited by rf sputtering. Zinc oxide is
strongly piezoelectric and has been deposited as a thin film for many
applications where an electromechanical transducer is required. X-ray
analysis showed that the film consisted of many very small crystallites
with the c-axis normal or slightly tilted from normal to the substrate
surface. (ZnO in crystalline form is a wurtzite structure with
hexagonal symmetry when viewed along the c-axis.) The rf field was
applied normal to the film itself and parallel to the c-axis.
Deposition was accomplished with a mixture 80 percent of argon and
20 percent of oxygen. A substrate heater was used to establish a
temperature of 100°C before sputtering began. During sputtering,
additional heat from the discharge raised the temperature to
approximately 120°C, where it remained steady throughout the deposition
process. An rf power input was set at 300 W. Gas pressure was set at
14 ym, and a dark space of about 1/2 in. (1.27 cm) was maintained. A
typical sputtering rate of 170 a.u./min yielded good results.
Sputtering rates were continuously monitored by an Inficon controller
(mass-1loaded crystal). A typical Zno thickness of 3000
a.u. " 10 percent was deposited.




Top layer metallization followed the same procedures as for
ground electrodes and employed the same materials and equipment. Either
titanium or chromium was used with equal effectiveness. Chromium was
slightly favored because of a greater ease of handling (less of a
tendency to alloy with the tungsten heater) and a lower melting
temperature (1450° versus 1850°C). The thickness was chromium--200 a.u.,
gold--700 a.u. (as for ground layer metallization).

5. TYPICAL PHOTOLITHOGRAPHIC APPROACH

The processing steps described below are performed on both ends of
the rod.

s Step one: Put on ground pattern
(1) Clean four rods.
(2) Evaporate chromium-gold over entire end of rod.
(3) Coat with photoresist.
(4) Mount rod and photomask in hand-held alignment fixture.
(5) Expose and develop photomask.
(6) Etch gold.
(7) Etch chromium.
(8) Remove resist.
b. Step two: Put on Zn0O transducers.
(1) Sputter ZnO over entire end of rod.
(2) Coat rod with photoresist.
(3) Mount rod and photomask in microscope alignment fixture.
(4) Expose and develop photomask.
(5) Etch 2n0.

(6) Remove photoresist.




(5% Step three: Put on top electrodes.

(1) Microscopically, align metal mask on rod and mount it in
evaporation system.

(2) Evaporate chromium layer.
(3) Evaporate gold layer.

d. Alternative step three: Put on top electrodes.
(1) Coat with photoresist overall.

(2) Mount rod and photomask in microscope alignment fixture.

(3) Expose and develop photomask.

(4) Mount rods in evaporation system.
(5) Evaporate chromium.

(6) Evaporate gold.

(7) Remove photoresist.

Use of this alternative step has been limited by low yields due
to poor adhesion of the top electrodes. The trouble is thought to be
associated with the effect of relatively high temperatures on the
photoresist. There is some unavoidable exposure tc transient high
temperature from the heater filament during evaporation.

A third and final approach, a hybrid of the two above, as described
in appendix A, appears to be the most successful method thus far.

Electrical testing was conducted with the arrangement shown in
figure 9 (p 16). Typical results are shown in table I (p 16). Table II
(p 17) is a summary of the design values of transducer parameters in
common with all computer runs.

6. SPECIAL CARE AREAS
6.1 Discussion

Because the metal masks could not be made thicker than
0.001 in. (0.0025 cm), extra care was taken when a metal mask was used
in performing the top electrode metallization. The mask must be kept in
close contact with the substrate; this was done by using snap rings. Any
warpage or lifting of the mask permits metal or ZnO to diffuse under the

LS
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1 Flgure 9. Test position for insertion loss measurements.

TABLE |. TYPICAL ELECTRICAL PERFORMANCEZ
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3.26 [ 39 48 54
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| FF 3.32 5 47 | 48 38
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1 3 38.5 4L8.5 51
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|
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All data wore taken without external tuning.
bafter removal of parasitic Au on side of rod.
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TABLE 11. SUMMARY OF SERIES TRANSDUCER
DESIGN PARAMETERS

mask edges and thus creates problems with continuity. As an example,
! figure 10 illustrates a side view of the transducer geometry. It can be
seen that if ZnO is permitted to deposit beyond the 0.002-in. (0.005-cm)
separation between ground electrodes and to cover a portion of the
adjacent ground electrode, then a high series resistance or capacitance
is added. This is seen also in the top view shown in figure 11. A high

Au

| Zn0O
. / ‘ | /I~ ’
| 4 ' A e

| Pl el 1 ]
! / /
1\ Au CrOR T
! QUARTZ
; Figure 10. Side view of transducer geometry.
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Figure 11. Top view of transducer geometry.
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series resistance increases the loss uniformly with frequency. Series
capacitance, however, detunes the overall transducer circuit, as shown
by computer simulation in figure 12.

LOSS (dB
|
|
|
]
|
|
|
]
/
250 U ) (SO

FREQUENCY (GHz
NOTES. (1) CURVE 1 TUNED LOSS
 (2) CURVE 2 DETUNED LOSS FROM CONTACT
C=273pF RESULTING IN SERIE CAPACITANCE =
42x27 3=065pF (ZnD THICKNESS=18 B8nm AT
CONTACTS)

Figure 12. Calculation of detuning effect
due to series capacitance.

A contrasting aspect of the diffusion problem is associated
with an occasional tendency of the top metallization to develop a
discontinuity at the edge of the ZnO. This is a well-known effect that
sometimes results from deposition over a sharp-edge substrate. In our
case, a tendency for the 2Zn0 to diffuse under the mask causes a
gradual slope at the ZnO edge, decreasing the chance of a discontinuity
in the top electrode.

The topography of the deposited 1layers was monitored by
interferometer techniques for measurement of the thickness of the
component layers of the transducer. In the main, interferometry was
used to measure the thicknesses of the various transducer layers.
Supplementary thickness measurements included magnetically sensed stylus
measurements of the surface steps of the transducer and microgram
balance weighings of sample layers.

Since these latter techniques were used only to verify the
accuracy of the interferometer measurements for this report, only the
interferometric techniques are reviewed in detail. Two general types of
interferometric measurements were used: (1) contour line fringes and
(2) interference between the upper and lower surfaces of the transparent
ZnO0 films (within-the-film interferences).

The basic instrument was a noncontacting interferometer of
the Michelson-Morley type consisting of a Watson-Barnet 16-mm
interference objective which replaced the objective of the microscope.
The optical paths involved in the formation of the fringe system are

18




shown in figure 13. The fringe system is formed as follows: The input
light beam is split by the half-silvered mirror; half the 1light is
directed downward to the sample; the remainder passes through the
half-silvered mirror to a totally reflecting mirror. The interference
fringes are formed at the half-silvered mirror by the combination of the
light reflected from the sample and the totally reflecting mirror. To
obtain the desired fringe system, there are three modes of motion
associated with the totally reflecting mirror--translation along the
direction of the original input beam and two rotations around axes
normal to this direction. The first determines the fringe existence and
contrast, and the latter two determine the fringe spacing and direction.

For a metallic layer, the fringe system is always formed
between the upper metallic surface and the half-silvered mirror;
however, when a transparent layer (film) is involved, the fringe system
can be viewed as being formed within a narrow wedge consisting of the
half-silvered mirror and the sample. When monochromatic illumination is
used, a dark fringe occurs every time the total (up and down) optical
path changes by half a wavelength. A beveled (nonprecipitous) step in
the substrate results in a closer spacing of the fringes (fig. 14).
When this step in the substrate is rotated in its plane 90 deg, a fringe
pattern, shown in figure 15, is obtained. The configuration shown in
figure 15 (fringes crossing the substrate step at approximately a right
angle) is most useful in determining the step heights. The height of
the step is calculated by multiplying the shift in the fringe pattern
observed in crossing the step by half the wavelength of the light used
to form the fringe system.
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Figure 13. Optical paths in formation of
fringe system.
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Our analysis to this point has considered only interference
fringes formed at the upper surface of the substrate. For a step in a
transparent film (Z2nO in our case), two fringe systems are formed, one
from interference at the upper surface and a second from interference at
the lower surface. The relative strengths of the two fringe systems
are determined by the optical reflection coefficients of the two




interfaces. The reflection coefficient of the interface between two
lossless dielectrics having indexes n; and n; is given by

PR = nn]:

&

R= — —— °
(nl . nZID (1)

For air-ZnoO,

2
R = (1.00 - 2.022) - 0.1144.

(1.00 + 2.022)2

And for 2nO on Z-cut quartz, R = 0.185. Thus, for this situation, the
dominant fringe system occurs at the upper surface of the ZnO. However,
when gold or any other metal is the material underlying the Zn0O, the
high reflectivity of the ZnO-gold interface causes this interface to
dominate the fringe system. Tt is well known that a 180-deg phase shift
occurs at the boundary (interface) between a less dense and a more dense
optical medium. However, at the interface between a dielectric and a
metal, the situation is not so simple; the phase shift 1is a continuous
function of the wavelength. That is,

_ 2nok1
¢ = tan - (2)
2 «
n, - n - k)
where n_is the dielectric index and (n; - ik;) is the complex index of

the metal. Thus, for layer thicknesses of about a few wavelengths, this
phase shift at the dielectric-metallic boundary must be taken into
account via equation (2) for accurate thickness measurements.

A typical application of contour line fringes is shown in
figure 16, which displays the structure of one of the 42 individual
transducers comprising the series transducer. Steps involving only
upper surface reflection are straight forward; however, in those
associated with lower surface reflections, the refractive index of the
transparent ZnO must be taken into account, along with the fact that the
fringe shift being associated with the lower surface of the film is in
the opposite direction to that of the upper surface, since here the
optical path is through the transparent film. In a precipitous step in
which the path of an individual fringe cannot be traced across the step
being measured, white light was used to form the fringe system. Such a
system consists of colored fringes with a central black fringe. From
the displacement of this black fringe, the approximate number of fringe
shifts upon crossing the boundary can be determined. A follow-up
measurement with monochromatic light of a known wavelength then gives a
more accurate determination of the step height. In our measurements, a

.
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Figure 16. Structure of individual transducer
as shown by interferometry.

microscope illuminator was used as the light source to generate the
white light fringes. Interposition of a narrow-band interference filter
between this white 1light source and the 1light input tube of the
interferometer was then all that was necessary to convert to
monochromatic fringes.

Some other frequency effects associated with the nature of
these extended-area transducer arrays merit brief consideration. One
involves a stagger-tuning effect resulting from a variation in the
overlap area and, thus, transducer capacitance between the ground and
top electrode patterns (which has been seen on some units by visual
inspection). For example, heat from the hot filament during metal
evaporation can cause different relative motions of the two mask
patterns on the substrate. The reversing paths of the serpentine string
then result in alternating rows of larger and smaller capacitance and,
thus, lower and higher frequency resonance with the series inductance.
This alternation is demonstrated by computer simulation for two sets of

transducers with areas 0.003 x 0.005 in. (0.008 x 0.013 cm) and
0.007 * 0.005 in. (0.018 * 0,013 em), lifferent from the nominal
00S « 0.005 in. (0.013 * 0.013 cm) of the original design (whose loss




versus frequency characteristics are shown in fig. 17). The detuning
effect is shown over a wide frequency range in figure 18. Unlike
parallel-resonant elements which yield a double peak response as in a
back-to-back discriminator circuit, the series-resonant response shifts
to a point of minimum reflection loss as a trade-off between the ideal
matching requirements of a 50-ohm real part of the impedance and a zero
imaginary part.

Another effect results from the capacitive coupling or feed
through between the large-area input and output transducer complete with
inductors and contact regions in a two-port device. This cross coupling
can be viewed as the output transducer shunting the input through an
effective coupling capacitance and vice versa. The change in 1loss
characteristics with frequency for several values of coupling
capacitance, about a nominal calculated value, are shown in figure 19.
The effect of varving the 2n0 transducer thickness and, thus, the
electrical capacitance and acoustical resonance at a fixed coupling
capacitance 1is shown in figure 20. These computer simulations are
typical of the experimental results seen with the 0.5-us delay lines

LOSS (dB

3, SERIES R

Figure 17. Example of design variation of
insertion loss versus frequency.
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Figure 18. Stagger-tunina effect due
to variation in capacitance.




fabricated in this project. This effect 1is enhanced in shorter delay
lines and minimized with longer delays; the coupling capacitance is an
inverse function of the geometrical length of the delay rods.

Figure 19. Effect ot variation of feedthrough

capacitance on loss.
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Figure 20. Feedthrough loss versus ZnO thickness.
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Chud Environmental Tests

Temperature tests were conducted in a Statham chamber. Four
unmounted, but completed, units were kept at 80° * 2°C for 5014 hr. The
units were periodically removed from the test chamber and allowed to
cool to room temperature. Tests of insertion loss were carried out, and
the units were returned to the test chamber. The total elapsed time of
removal was about 3 hr for each -electrical test. The change in

insertion loss was AI.L. = +2 dB.

From the total accumulated hours, T = 5014 hr, in the test
chamber without failure, one can predict a lower limit for the mean time
between failure (MTBF). By the chi-square test formula,

2 )
MTBF = ~ '

where P equals unity minus the fractional confidence level (CL), r
equals the number of failures, and ' “ is a statistical function of P and
(2r + 2) evaluated from tables in any statistics handbook. Since r =1
(and 2r + 2 = 4) for some time 1, this lower limit is given by

MTRF > i

n

Sl

for values of P = 1 - CL. The results are shown in tabular form for
several values of confidence level:

Confidence J MTBF

levei (%)

_(hr)

b L 27 755

90 TR 19 1289

80 5.989 1794

70 4.878 2056

50 3.357 2978

6.3 Air-Gun Tests

Mechanical tests were conducted with a 6-in. (21.24-cm) air
gun. Tests were carried out at an average of 12,500 g, applied over

1 ms and performed at the Motorola Corp., Phoenix, AZ. Very short
8. G. Ireson, Reliability Handbook, McGraw-Hill Book Co., New York
(1966), 7.




f

duration peaks to about 15 kg also can be expected to occur during 1 ms.
Performance remained unchanged within the range of measurement
repeatability.

This test is conducted by firing into a marine plywood target
("mitigator"). Measurements of the initial lergth and crushed length
give the stopping distance. An average acceleration is calculated and
compared with high-speed streak photographs taken to determine the
acceleration profile. A forecast of extreme gun ruggedness can be made,
based on air-gun experience with wunits having similar construction
features (a thin metallic film and ZnO on quartz rods) which survived
tests of 76,000 g.

7. CONCLUSIONS AND RECOMMENDATIONS

This project demonstrated production techniques that can produce
delay lines using a self-tuned array of microwave acoustic transducers.
Two fabrication techniques were demonstrated, plus a third which
combined elements of the first two. The new delay lines are physically
smaller because of the absence of matching pads, lighter in weight, and
highly shock resistant. Assembly requires fewer steps than previous
devices, the most beneficial change being elimination of the adjustment
needed for external tuning. The lower cost, smaller size, and lower
weight now make possible a number of fuze and radar applications not
seriously considered earlier. It 1is recommended that this useful
technology be introduced into industry as rapidly as possible. Complete
information 1is available for translation into a mass-production
facility.
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A-12
A=13
A-14
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FIGURES (CONT'D)

Sputtering module with rod fixture and substrate heater

Photomask for deposition of zinc oxide

. ..

Alignment microscope bench with vacuum chuck and
ultraviolet light source
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Top electrode metal mask, shown in contour projector
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A~1. PRELIMINARY COMMENT

The delay 1line device shown in fiqure A-1 was fabricated by the
steps presented here, which are t!

1w00se followed during the
months of the Materials, Methods, and Techniques Effort of the U.S Army

Armament Command. The initial method was restricted to the
photolithographic process. The entire sequence of art work anc

photomask fabrication was carried out within the Harry Diamond
Laboratories (HDL).

igure A-l. Example omp | ed u

e A A SO,
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A second approach used fine-line, stainless steel, metal masks.
Master patterns for these were made at HDL, and these were then

furnished to the Buckbee-Mears Co., St. Paul, MN, who fabricated them

(fig. A-2, A-3). The all-metal mask approach was initially thought to

i tui
ist. However, it did prove somewhat difficult juring the

’
ctive since it eliminated the wet chemistry required in handling
3 g in ]
ion step. This difficulty resulted from the present state of the
n

7Y

in fabricating fine-line metal masks since the patter spacing
uired for the present design 1limited th thickness of the mask.
thin masks also proved difficult to keep consistently in close
contact with the substrate during deposition, and this inconsistency

1C

tended to allow diffusion sputtered Zn0O under the mask. As a result,

some areas had poor depos




Figure A-3. Metal mask and fixture

The final method, described here, was a combinatior
two earlier ones. Photomasks were used for both the jrour itter:

metallization and the Zn leposition step, and a metal mask wa 15¢
the top electrode metallization only. A description f the pr

steps now follows. The transducer wers fabricated I rectar Y

polished quartz rods ince thi nfiguration best ite 1
fabricated test fixture, ind a pe ible applicatior wh i ty
nimum det i wa & :




a R
11 Preparatior Lapping sta t 7 ¢
. WI Y tal Ytz , .250-1in. ik -
liameter circular rods, Z-axis oriented and polished, ire lappe t
rectangular configuration. hese rod:s e ground approximatel t
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c. Mount a sample evaporation microscope slide on the
shutter.

d. Check the water flow on the Sloan thickness-monitor
sensor.

e. Start the evaporation vacuum system pump-down stage.

f. Turn on the substrate heater after 1/2 hr, and slowly
increase the Variac setting to 200°C (75 to 80 V). The substrate heater
is of the radiant type consisting of a sealed quartz lamp.

g. After the overnight pump down (or equivalent time) at
200°C, check the pressure reading. (It should be 1 * 107" mm Hg or
lower.)

h. Check each item on the checklist and select the proper
electrical connections in the control box.

i. Before actual evaporation of metals (chromium and gold),
outgas all sources and filaments thoroughly with the shutter in a closed
position.

j. Evaporate some evaporant material on a closed shutter
prior to opening the material to the heated substrate to reduce the
chances of contamination of metallized layers.

k. Evaporate 2 to 4 ym of chromium in a few seconds to 25 s.
Monitor the thickness on a Sloan gauge (crystal quartz oscillator).

1. Evaporate 7 ;m of gold on top of the chromium layer.

m. Flip the evaporation fixture over 180 deg using the vacuum
feed-through flip-over device provided, and evaporate the chromium and
gold on the second side.

n. After completing the evaporation run, cool the substrate
for 1 hr and remove the fixture holding the rod from the vacuum system

for further steps. T'.is completes the evaporation step for the ground
electrode.

A-2.4 Step 4--Application of Photoresist

These procedures pertain to photoresist equipment shown in
figure A-8.
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g. Insert the crystal rod into the fixture first side up
using tweezers, and gently tighten the two small set screws.

h. Blow the mounted crystal surface dry with clean tank
nitrogen.

i. Use a small-bore medicine dropper or glass syringe to
apply 2 drops of GAF PR-425 positive-working resist while spinning the
crystal at 6000 rpm.

j. Remove the crystal, and place it in a clean, covered
aluminum dish. Be careful not to disturb or touch the resist-coated
surface.

k. Bake the first side (top) at 75° to 80°C for 20 min in &
clean air oven.

1. Repeat the photoresist coating procedure on side two.

m. After coating side two, perform the final bake at 75° to
80°C for 1 hr.

n. Remove and store the crystal in a clean container.

The photoresist surfaces are unexposed and should be kept in
a dark container free from dust and normal room light.

A-2.5 Step 5--Ground Electrodes: Alignment and Exposure

a. Use the special hand-held alignment fixture shown in
figure A-9.

b. Check the fixture for accurate parallel alignment of the
top and bottom contact photomasks wusing the contour projector
(shadowgraph) .

E c. Insert a single metallized, crystal quartz rod in the brass
alignment fixture, and return the vertical sliding top mask to contact
the rod; lock the thumb screw readies on both sides for the first
photoresist exposure step.

d. Expose each side separately to the ultraviolet 1light
source for 25 s; by merely inverting the hand fixture without removing
or disturbing the crystal's position, expose the second side.
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A-2.7 Step 7--Etching Ground Pattern (Chromium and Gold)

a. Mix the gold etch preparation of 100 ml of deionized
water, 100 g of KI, and 4 g of iodine.

b. Soak the crystal in the gold etch solution for 1 min in an
ultrasonic bath at room temperature.

c. Rinse the crystal in running distilled water for 1 min or
more.

d. Mix the chromium etch preparation of 0.95 liters of
deionized water, 43 cm’® of 70 t> 72 percent H;Cl03, and 170 g of CeNOH.

e. Soak the crystal in the chromium etch solution for 1 min.

f. Rinse the crystal in distilled water, blow it dry with
nitrogen, and inspect it.

A-2.8 Step 8--Removal of Photoresist

All remaining photoresist residues following completion of
the chromium and gold etching steps must be removed before the
sputtering of a ZnO layer.

a. Spray or soak the rod in clean, warm acetone for
approximately 5 min.

b. Rinse the rod in running distilled water for 1 to 2 min.

c. Swab or soak the rod in GAF S-050 photoresist stripper
solution for several minutes at room temperature.

d. Rinse the rod in running distilled water for 1 to 2 min.

e. Blow the rod dry with clean tank nitrogen.

f. Inspect the rod under a microscope for any trace of
remaining photoresist. If any remains, increase the length of time that
the rod is in acetone or stripper, or it may be necessary to swab it
gently during either the acetone or the stripper stage. Use a final

water rinse, and blow the rod dry with nitrogen.

A-2.9 Step 9--Sputtering ZnO Parameters Summarized

This procedure is wused in the HDL facility shown in
figures A-11 and A-12.










i. Continue the actual 2ZnO deposition for approximately
15 min per side, depending on the rate of deposit indicated on the
Inficon digital thickness monitor used for this work.

j. Extinguish the rf discharge during the flip-over process
from the first side of the rod to the second side to improve the quality
of the ZnO. During some of the earlier 2ZnO sputtering runs, it was
observed that when flip-over of the substrate was initiated, which
required the removal of the crystal holder from the plasma and back,
often arcing was noticed. The arcing could possibly have a severe
degrading effect upon the 2ZnO sputtered layer. Extinguishing the rf
discharge during this stage of the transfer to the second side of the
substrate eliminated the arcing, and in so doing there is evidence of
improved quality transducer characteristics.

A=2.10 Step 10~-Second and Final Photoresist Step

This step follows the sputtering of ZnO entirely on both
sides of a delay rod. The details are the same as in step 4.

a. Keep the rods clean and thoroughly dry for application
of the photoresist. Store the rods in a clean container after their
removal from the vacuum system.

b. Apply the photoresist, GAF PR-425.

c. Prebake the photoresist at 75° to 80°C for 20 min.

d. Postbake the photoresist at 75° to 80°C for 60 min.

e. Store the rods in a «clean, dry area and do not expose
them to room light until the photoresist is ready for developing.

B=2.11 Step 1l1--Mask Alignment and Exposure

a. The photomask shown in figure A-13 confines the 2Zno

piezoelectric layer to areas on top of each of 42 ground pattern
electrodes.

b. Using the alignment microscope bench and vacuum chuck
shown in figure A-14, contact both sides and then expose them for 25 s
to an ultraviolet light source.




Figure A-13. Photomask for deposition of zin xide.
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electrodes, but leave a small area 0. y n. (0. 8 cm

for the final gold contact to be ompleted

evaporation.

TV

The object of this last step 1is tc
metallic contacts between
a series array of transducers.
stainless steel mask is used t«
enlarged in figure A-15.

transduc

1 - A L1 1 + 3 +
Figure A-15. P el rods etal mask howr
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a. Position a separate mask over each end of an individual
quartz rod.

b. Using precise registration indicators, align the masks
microscopically in the laboratory to conform to the already existing
ground metallization and ZnO patterns.

c. Insert the fixture into the vacuum evaporator
tEig. B=7T), and deposit chromium and gold through the masks.
Thicknesses are equivalent to those of the original ground-pattern
evaporated metal layers (10 um). A flip-over feature allows both sides
to be metallized in a single evaporation run. Deposit a very thin layer
of chrome to enhance the adherence of the gold to those portions of
crystal quartz not previously covered by chrome in evaporation of the
first ground-pattern step.

d. Cool the vacuum system for 1 hr, remove the fixture,
and number the rods to identify them in the future and to facilitate
correlating their performance with their processing history.

A-3 GENERAL STATEMENTS REGARDING EVAPORATION AND SPUTTERING

Avoid negative resist developers and strippers, since they have
a severe deteriorating effect on ZnO, especially strippers containing
H,SOy .

During sputtering, through or on a metal mask, the mask must be in
good intimate contact with the rod or wafer, to avoid sputtering
underneath the edges. In our situation, snap rings tended to alleviate
the problem. Thicker masks would be the best solution.
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