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I. INTRODUCTION AND SUMMARY

During this interval we made several advances and consolidated our
understanding of the acoustic microscope. It is now possible to image
small changes in the elastic properties of a surface with good contrast.

We have gained more insight into the source of this contrast and why it is
increased as the spacing between the lens and the object is varied. This
is a feature unique to acoustic microscopy and the technique reveals more
and more as we continue with the study. The experimental results presented
here in Section II will be analyzed in the coming months with computer
plots pertaining to the actual object now under study. We have done addi-
tional work on the lens design for it is the key element in the microscope.
We are receiving an increasing number of inquiries from others intending

to enter this field and it is the detailed understanding of the lens design
that is their first interest. The work presented in this report is a full
treatment of that problem. We have continued our work on photoacoustic
imaging. There we heat the sample under study with a focused laser beam
modulated in amplitude with a frequency in the microwave range. The radiated
acoustic energy is picked up with our standard acoustic lens and the object
is scanned to form the image.

Perhaps the most significant advance made during this interval is
described in the last Section (II.5). We are now able to penetrate the liquid
solid interface and focus the beam to a diffracted limited waist deep inside
the solid. To achieve this we use liquid gallium with a rather high velocity
for longitudinal waves (-~ 3 X 105 cm/sec). At the liquid-solid interface we

convert to shear waves and for those materials such as 8102 where the shear




wave velocity is less than the wave velocity in gallium we have found that
abberations can be suppressed to a degree where they are no longer trouble-
some. Under these conditions the diameter of the beam at the waist which

is located inside the solid is less than the wavelength of shear waves. This
point is important for the wavelength of shear waves is almost a factor of
two less than that of longitudinal waves. Thus the mode conversion at the
liquid-solid interface has two advantages, (1) it reduces the aberrations

and (2) it provides us with a shorter wavelength in the solid.
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II. TECHNICAL CONTENT

1. Material Studies

Our work on material studies was reported at the ARPA/AFML Review of
Progress in Quantitative NDE Conference held in La Jolla, California in July.
Here we review those results and in addition we will include the recent work
that gives us new insight into the defects of the silicon-on-sapphire devices
that we introduced in our last report.

The material — a-brass — has proven to be interesting for this study
since its elastic properties are anisotropic and this anisotropy can show
up in the acoustic micrographs. The example that we have chosen is shown
in Fig. 2.1. The polished surface as it appears in reflection in the optical
instrument is shown in the upper figure. The grain boundary (lower right) is
evident in this image as well as the straight edges of the twins. However,
there is little contrast in the image and what there is comes from the resid-
ual surface contours that result from dissimilar polishing rates. The field
of view in this image is 55 X 90 um.

In the lower figure we show the same field as it appears with reflected
acoustic waves (2500 MHz). The grain boundary (lower right) is clearly de-
lineated since there is large contrast between the two grains. We attribute
this to the difference in elastic constants that result from the different
orientation of the two grains. The twins also show up in the acoustic micro-
graph with excellent contrast. In fact the boundary that shows up as the
diagonal line in the upper right of the acoustic micrograph is so faint in
the optical image that it is easily missed. In fact in the first optical
images it was not seen. We had to return to the optical instrument and

knowing where to look we were able to adjust the focus to find it.




F1G. 2-1. Optical (a) and acoustic (b) comparison
of polished brass surface. Field of
view is 55 x 90 um.
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A second material has also proven to be most interesting in this study —
namely, an alloy of Cobalt-Titanium. The material was polished and carefully
studied with the optical microscope. The optical reflectivity was fairly |
uniform over the surface; the surface contours which result from nonuniform
polishing rates were, of course, visible in the optical micrographs.

In the acoustic micrographs all of the features apparent in the optical
images show up with high contrast in the acoustic reflectivity. The important
point that we want to emphasize here is that we found additional information
in the acoustic micrographs. They were bright points that appeared with
increased acoustic reflection. Thus these regions of enhanced acoustic re-
flectivity represented regions where the elastic properties were distinctly
different from the surrounding areas. The optical micrographs were uniform
and revealed nothing in the way of detail in these paraticular points. We
were able to prove all of this when we chemically etched this surface and
found pits in the etched surface at each point where we found the bright
spots in the acoustic micrographs. From this we conclude that these areas
represented either 1) small voids beneath the surface, or 2) small regions
with excess oxygen content which is known to increase the rate of etching.

In either event we feel that it is an important step in demonstrating the
power of acoustic microscopy in material studies. The full details of this
study will be included in the proceedings of the 1979 ARPA/AFML Review of
Progress in Quantitative NDE Conference held in La Jolla in July.

We will now return to the silicon-on-sapphire devices that were intro-
duced in the last report. There we described our work with field effect

transistors (SOS) as furnished to us by Bill Ham of the RCA Laboratories.



The study was limited to the gate region of these transistors and we were
attempting to distinguish those gates that were defective. The defective
gates exhibited high leakage current from source to drain when the gate was
reversed biased. There were indeed differences in the acoustic images but
a suitable criteria for distinguishing the defective gates were hard to
establish.

We recall from the previous report that the acoustic information can
be presented in two forms; first a normal micrograph of the surface which
we record with an x-y scan in the lateral plane with a constant distance
between the lens and the sample; second, a single line scan in the x-direction
as compiled with various values of lens sample spacing. This gives informa-
tion on the elastic properties beneath the surface. An illustration of these
two forms of imaging is given in Fig. 17 of the last report (G.L. 2956).
Figure 2.2 includes similar images for a second device (device B). The six
micrographs (a - f) each for a different focal position show how the appear-
ance of the gate changes with this variation. We want to concentrate our
attention on the last figure (g). This is the x-z scan which is not an image
but rather a presentation of the variation in a single line scan as the focal
position is changed. We see that the horizontal line marked 'a' corresponds
to the same focal position as does the image in the upper left marked (a).
The gate region is marked at the top of (g) with the double arrows. In
Fig. 2.3 we have assembled the x-z scans for 10 different gates on the SOS
wafer. Each of these has been characterized with electrical measurements
at the RCA Laboratories and it is known devices in (a) and in (b) are defective.
The important point is that these two devices can be easily distinguished by a

casual untrained observer from the remaining eight (which are all good). The
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feature is in the gate region (marked by the arrow at the top) about midway
down the figure (marked by the horizontal arrow on the right). We see the
vertical extent of the blackened region within the gate is much less for the
two defective gates than it is for the good devices.

We don't yet understand the full meaning of these differences but we are
now in a position to build a theory for acoustic reflection from layered

structures and this theory should permit us to explain these observed dif-

ferences.
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2 Theoretical Considerations

Our theoretical effort has been devoted to the two problems that were
defined by the experimental observations recorded above: 1) the buried

inclusions in the Co-Ti alloy, and 2) the elastic inhomogeneities in the

layered structures in the region of the transistor gate.

For the study of the buried inclusion we have modeled this, as a
first step, in the form of spherical cavity located just beneath the liquid-
solid surface. We have, to date, set up the computer program for calcu-
lating the scattering coefficients for this cavity and we are now proceed- ;
ing to incorporate this into our theory for the behavior of acoustic waves
in the acoustic microscope. We will in time be able to calculate the re-
sponse of the transducer as the focused beam is scanned across the buried
cavity and correlate this with our measured values.

In the second problem we are confident that we can calculate the re-
flectivity from each of the various layered regions that make up the
transistor and correlate this with the variations in the line scan that we
have now measured. Much of this work is in hand for we have previously
solved different parts of the problem. But we were sidetracked in this
work for a period. We thought that the evidence indicated the problem with
defective gates to be at either edge of the gate. The calculation of the
acoustic reflectivity when the beam is covering the edge of the gate is
very difficult. The evidence, as in Fig. 2.3 now indicates that the elastic
inhomogeneities in the central region of the gate may be the source of the
problem. This region is much easier to treat in a theoretical model and

that is what we are now setting out to do.
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3. Acoustic Components

A. Introduction

The critical component in our version of the acoustic microscope is
of course the lens-transducer combination., We have been asked with {n-
creasing frequency about the details of this design and in this section we
want to record these details. The work has extended over a number of
months but was completed during the interval of this report. The lens
design with its associated theory and the techniques for putting ft all

together, was crucial to the realization of our high resolution instrument

operating near 3 GHz.




3. B. Diffraction

The complex distribution of the acoustic field amplitude at the
back focal planc of the acoustic lens will affect the resolution per-
formance of the acoustic lens as was outlined in the previous chapter.
It is possible to increase the high spatial frequency response of the
acoustic lens by {lluminating the outer regions of the acoustic leas
more strongly than the central regions, but the price for this is
higher side-lobe levels in the focal plane beam response.  These
apodization schemes are difficult to accurately implement, and in
general, a relatively uniform back focal plane distribution is desiv-
able. Due to diffraction effects within the lens clement it is not
possible to uniformly illuminate the lens without having a sieguifi-
cant portion of the acoustic encrgy fall outside the aperture of the

lens. 1In order to understand the imaging properties of the acoustic

be properly designed. The eoffects of this diffraction ave also of

importance in calculating the efficiency of the piczoclectric trans-

sidered more fully in Section D of this chapter.
The diffraction of sound in isotropic media has been considered
- 3.1
by several authors for various geometries. In particular, Zemanck

has calculated results for piston radiators as a function of dis-

tance from the radiator. The basic geometry consideved {s shown {un

lens and to minimize the loss of acoustic power, the diffraction within

the lens element must be understood so that the lens and transducer can

ducers that are used to illuminate the lens. These effects will bhe con-

Fig. 3.1. 1In his analysis Zemanck treated the diameter of the radfator

3
normal {zed by the acoustic wavelength as a varviable parvametov. Atalav




dy | //

Plane of the transducer -

FIG. 3.1--Geometry for diffraction calculations. For the isotropic

case the wave vector k and the power flow direction will
be collinear.
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applied an improved version of Zemanek's computational algorithm to
the case of the acoustic lens, but an isotropic media was assumed.
In this section the theory of Watetman3'3 and Papadakis3'4’3'5'3'6
is utilized to account for the crystalline anisotropy of sapphire.
For the geometry shown in Fig. 3.1 and considering an isotropic
media (i.e., wavevector and energy flow are collinear), the acoustic

field at a plane a distance z from the transducer is given by,(3 »1)

jpck j(wt k r)
P(z,r) = ———v———- dy (3.1)
1/2
where j = (-1) . Uo is the peak amplitude of the transducer

particle bolocity, p 1is the density, c¢ 1is the velocity of sound,
ko"Zﬂ/X is the wavevector, A {is the acoustic wavelength, Rt is
the radius of the transducer, ww 1is the frequency of operation, t
is the tiﬁc and r is the distance from a point on the transducer
(0,y) to the field point of interest (z,r) . The distance r'

is given by

1/2 (3.2)

Y = (r2 + 02 - 2ro sin O cos {)

where all the quantities are shown in Fig. 3.1. Thus the field at a
given point P(z,r) is found by breaking the transducer into a large
number of infinitesimal sections and summing the contribution of each.
This technique is adequate when the wave vector and the energy flow
are in the same direction as for an isotropic medium. This condition

will not be met for arbitrary directions in anisotropic media, and

- il -
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therefore one must consider the deviation between power flow and

wavevector as a function of the crystalline direction in order to

calculate the acoustic field at arbitrary planes in front of the
transducer. For non-symmetry directions in an anisotropic media
this calculation would be quite tedious. Fortunately the case con-
sidered here is simplified by the fact that propagation is along the
c-axis (6-fold axis of symmetry) of a hexagonal crystal.

It has been shown by Papudakis3'6 based on work by Waterman,

that for propagation along a principle axis Eq. (3.2) can be modified

to;

2m r

R
jpck . AT oJ [we-k e 11+b(Q1 - 75)02)]
P(z,r) = —2 v, odo/ 0 - dy .
o o

(3.3)

Thus the anisotropy can be approximated by incorporating a shift within

the phase term of each infinitesimal radiator., This is accomplished by
adding an angular dependence to the wave vector [fi.e., k= ko(]+b(]~2b)0?)] .
The proportionality constant is b(l-2b) where b is a measure for

anisotropy in the crystal and is given by Watvrman3‘3 as,

(co.-¢c,.=-2¢c,,)(c, ., +c_ )
v ow o3 S8 TRt e g (3.4)

2eq5(eqymcyy)

for near c-axis propagation in a hexagonal crystal. The cij's in ‘E
the above are the elastic constants of the material and for sapphire l

|
b = 0.1612 . The validity of the approximation of Eq. (3.3) will de- '

pend on how well the parabolic phase shift models the anisotropy of




the crystal as a function of the angular deviation from the c-axis.
For the geometry considered here this angular deviation will be small
(less than 10 degrees) and thus the approximation should be valid.

A computer program was written to calculate the acoustic field
at various distances for both the anisotropic and isotropic cases.
This program is only a slightly modified version of a program developed
by Atnlar3'2 for the isotropic case. Caulculated results for a frequency
of 1 GHz with Rt = 105 um and z = 2 mm are shown in Fig. 3.2. The
result based on an isotropic assumption is also shown (normalized to the
same center value). For the isotropic case it can be seen that the 3 dB
point of the acoustic field intensity is at a radius that is only 25% of
the radius of the transducer. This "self-focusing'" effect was observed
by Zemanek to occur at a distance of one Fresnel length (Ri/\) from the
transducer which is applicable for this calculation. When the anisotropy
of the crystal is included this "self-focusing'" effect is greatly reduced.
This is exactly what one would predict for sapphire by studying its
slowness surface. Energy is guided preferentially along the c-axis and
thus the effects of diffraction are reduced. Also shown in Fig. 3.2 is
the phase of the acoustic field at the plane of interest. The phase change
is important to the lens response if it is large (greater than a few
radians) or irregular, but the phase changes for the cases here are not
significant.

The above analysis can be used to pick the appropriate transducer
size and crystal length to insure that the back focal plane of the lens

will be properly illuminated. 1In general the crystal length and top

- 16 -
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FIG. 3.2--Comparison between diffraction calculation for an anisotropic
(solid 1linc) and an isotropic (dashed line) solid. The cal-
culation {s for Ry = 150 pm, z = 2000 pm, A = 11.1 ym and
R:IA-2027 ym .
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dot radius will be selected such that at the frequency of operation

the lens will be 1 to 4 Fresnel lengths from the transducer. By

keeping the crystal length at least 1 Fresnel length long it insures

a smooth phase distribution at the lens. Also, by keeping the length
from being much greater than 1 Fresnel length it allows one to work with
a relatively large transducer radius as compared to the lens aperture.
This proves convenient for fabrication purposes, especially for the
small aperture acoustic lenses where it is desired to illuminate a

circle of 30 um radius or less.
C. Beam Steering and Top Dot Alignment

It has been implicit in the preceding calculations that the c-axis
of the sapphire is accurately aligned with the geometric axis of the
acoustic lens. If this is not the caéo anisotropy will cause the acous-
tic beam to be displaced from its geometric shadow as depicted in Fig. 3.3.
If this displacement is on the order of the lens aperture then the illumi-
nation of the lens will be severely asymmetrical.

For propagation near the c-axis the amount of beam steering ¢
will be proportional to the angle between the geometric axis and the
crystalline c-axis. If this misalignment of the two axes is © , then
it has been shown3'3 for propagation near the c-axis of a hexagonal
crystal that;

(c,,+c,.)(2¢,, ~c, . +¢c,.)
¢ - 2333 48 5 0 (3.5)

Cy3(Cy3=Cyy
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the material. For sapphire it is found that ¢ = C.32206 for small

where ¢ are the appropriate elastic constants for

values of 0 . Consequently the beam displacement for a crystal of

length 2 will be;

d = 2 tan (0.3220) . (3.6)

Thus if O 1is one degree and 2 is 2 mm then d will be 11.2 um.
This much beam displacement can be a substantial fraction of the lens
aperture and would result in back focal plane asymmetry. In order to
minimize this effect the sapphire used is required to have its c-axis
accurately aligned with the geometric axis of the lens. This align-
ment can be measured using x-ray techniques and the sapphire is not
utilized unless this alignment error is less than 0.5 degrees. Thus,
in worst cases, the error for a 2 mm long crystal would be less than
6 ym.

Even if the c-axis is perfectly aligned it is still difficult to
ensure that the lens will be symmetrically illuminated. With large

lenses where misalignments of 25 um or less are tolerable, it is

possible to use mechanical masking techniques to center the piezo-

electric transducer with respect to the lens. However, with lens

apertures of 50 ym or less this error is not acceptable. 1In order !

to minimize the mechanical alignment problem an optical technique was i
developed. Before starting the transducer fabrication a thin (~ 500 ’) H
silicon dioxide layer is deposited on the back surface of the acoustic

lens. Using a projection photolithographic technique that is described

below, a hole is cut in this oxide that is mechanically centered directly




above the lens and is of the appropriate diameter for the transducer.
The transducer is then fabricated by evaporating and sputtering the

appropriate materials over this hole. The rim of this hole is used

in the final step to define the top dot for the transducer.

A schematic diagram of the projection photolithographic system

is shown in Fig. 3.4. The lens with the SiO2 layer plus a layer of 1
photoresist is placed in the optical microscope which has an ultra-
violet filter in the optical path to prevent premature exposure of

the photoresist. The lens is mechanically adjusted such that the

back surface of the acoustic lens is perpendicular to the optical axis
of the microscope. This is accomplished by focusing the microscope on
the back surface of the lens and adjusting the tilt such that it is in
focus over the entire surface. This insures that the alignment between
the optical axis of the microscope and the mechanical axis of the lens
is no wor;e than 0.05 degrees for most cases. The acoustic lens is

then moved toward the optical lens until the front surface of the
acoustic lens comes into focus. An aperture of the appropriate size

is placed in the back focal plane of the microscope and is projected as
a spot of light that can be centered about the rim of the acoustic lens.
When thi; centering has been accurately accomplished, the acoustic lens
is translated vertically away from the optical lens until the light spot
“comes into focus on the back surface of the acoustic lens. If the
motion of the acoustic lens is truly vertical, then the spot of light

is directly above the spherical cavity that forms the acoustic lens.

At this point the UV filter can be removed and the light intensity can

=21 =



be increcased in order to cxpose the desired region of the photoresist.

Then, using standard photolithographic techniques, a hole can be cut 1in
the SiO2 at the desired location. Using this technique it is possible

to get the top dot mechanically aligned to within 2 um.

The worst case beam misalignment of 8 yum (mechanical plus beam
steering) is tolerable for lens sizes presently being used, but for
lenses with a radius of less than 20 pm it will be excessive. The
major factor contributing to this error is beam steering, and conse-
quently, it is desirable to use a material for the lens that would
reduce this problem. The most obvious solution would be to put a
tighter constraint on the c-axis alignment of the sapphire, but it
becomes difficult to verify its alignment and expensive to obtain.

A second solution is to use a material other than sapphire that has

a reduced beam steering effect. Any new material must also have a high
longitudinal acoustic velocity in order to keep spherical aberrations
to a minimum. A good candidate material is yttrium aluminum garnet
(YAG) which has cubic symmetry. YAG is a mechanically strong material
and thus not subject to scratching or chipping, and its longitudinal
acoustic. velocity of 8.56 km/sec is large enough so that spherical
aberration effects will still be low. For a cubic crystal with propa-
gation along the [001] crystalline axis, it has been shown3'3 that

the beam steering angle is given by;

(c,,+c. )(c,,-¢c,..-2c,,)
g 11-%12” “Fas’ G.7)

€11¢u " )

and ¢

where Wb

€31* €32 are the appropriate elastic constants. For
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YAG the result 1s ¢ = 0.04490 and thus the effects of beam steering
due to crystalline anisotropy are only 14X as large as for sapphire.
Thus by comparison the worst case beam steering error would be reduced

from 6 uym to less than 1 um.

D. Transducer Design and Evaluation

In order to maintain as much dynamic range as possible in the
acoustic microscope, high efficiency piezoelectric transducers are
needed to launch the acoustic wave that illuminates the lens and to
receive the weak return that comes from the object that is being scan-
ned. The microscope has been operated at acoustic frequencies from a
few hundred megahertz to frequencies above 3.0 gigahertz. In these
frequency ranges a thin film piezoelectric transducer structure where
the films. are grown by evaporation, sputtering or some other thin film
technology is desirable due to the relative ease of fabrication. Since
high conversion efficiency and large bandwidth are desired, a piezo-
electric material with a large piezoelectric coupling constant is
needed. This material must also lend itself to thin film processing
techniques. ZnO is chosen as the piezoelectric material since it most
successfully meets all the above criterion. The design of these
transducers is based on the theoretical model described in a review

.

article by Reeder and Winslow. A comparison between theoretical
and experimental results as a function of frequency is given for some
representative transducers. The effects of acoustic diffraction and

attenuation within the sapphire are included within the model. A two-

element matching network is described that can be used to tune the

- 2% -



transducers at frequencies above 3 GHz with good bandwidth. The theo-
retical response of these transducers is given for various values of

the matching elements.

The basic geometry for the piezoelectric transducer considered |

here is shown in Fig. 3.5. 1In this figure the ti's represent

thicknesses, Vi's longitudinal velocities and zi's mechanical E
impedances where 1 = 0,1,2 and d refer to the layers shown. This
is identical to the geometry considered by Reeder and Winslow except
for the bond wire which is included here in recognition of the physi-
cal reality that electrical connection must be made to the top elec-
trode. The operation of this device is straightforward. A high fre-
quency electromagnetic field is applied across the piezoelectric
material through electrical connections to the two metal electrodes
that sandwich it. This causes the piezoelectric material to expand
and contr;ct in response to the polarity of the electric field, which
in turn excites an acoustic wave that propagates into the substrate
material. The strength of this wave is dependent on the thickness (1
of the various layers and their mechanical properties. The goal of
this device, of course, is to convert as much of the incident electro-
magnetic.energy into acoustic energy as possible. To do this a reso- |
nant structure is employed, i.e., the piezoelectric layer thickness

. 1s chosen such that its response is a maximum at the desired frequency
of operation.

In order to analyze the geometry of Fig. 3.5, several simplifying 3

assumptions are made. The transducer is taken to be one dimensional,

i.e., the diameter of the transducer is much greater than an acoustic l
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wavelength and thus both acoustic and electromagnetic fields are
considered to vary only in the thickness direction. The thin layered
structures are assumed to be acoustically lossless and the top elec-
trode is approximated as a free surface. Finally, the orientation

of the pilezoelectric film and the substrate are taken to be such

that only the longitudinal acoustic mode will be excited. Based on
the above assumptions it has been found3'7-3'10 that the geometry of
Fig. 3.5 can be modeled by the electrical equivalent circuft shown

in Fig. 3.6. The region delineated by the dashed line is the famfliar
Mason equivalent circuit3'8 for the plezoelectric region. The Mason
model is found by first finding a general solution for the acoustic

Q
and electric fields within the piezoelectric matorial3'8‘3'

and

then matching these fields to the three-port terminal variables imposed.
The three ports of the device consist of the electrical port and two
acoustic ﬁorts that exist on either side of the piczoelectric film.

The procedure given results in a set of three simultancous equations
relating the input voltage and mechanical force to the output current
and acoustic particle velocity. These simultancous equations are
identical to the ones that are found by writing the terminal equations
for the Mason model.

The model of Fig. 3.6 is completed by representing the top and
bottom electrodes as transmission liuvs3'10 whose lengths are deter-
mined by the layer thickness and whose characteristic 1mpodancés are
determined by the mechanical impedance of the electrode material. The
top surface i{s assumed to be adequately represented as a free surface
and as such, {s represcented by an acoustic short circuit while the sub-

strate material is represented as a real impedance load whose value is
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determined by the mechanical impedance of the substrate. Representing

the substrate as a real impedance implies that its acoustic length 1is

long compared to the time duration of any input signal that will be

used during operation or testing of the device.

In order to make the physical connection between the Mason model
of Fig. 3.6 and the piezoelectric transducgr, it 1is necessary to re-
late the electrical component values to the mechanical properties of
the device. The following definitions are used for the parameters of

the Mason model:

Co - fﬂ is the clamped static capacitance of the trans-
o
ducer where A 1is the transducer area, € 1is the
effective dielectric constant of the piezoelectric
material and to is the thickness of the piezo-
electric layer,
vo
fo | is the frequency at which the piezoelectric layer
2t
- is half an acoustic wavelength thick,
00 = 'n’f/fo is the acoustic length of the piezoelectric layer
o at a frequency f ,
¢ = hCo can be regarded as the turns ratio of an acoustic
to electric transformer where h 1is the appro-
priate pilezoelectric constant for the material,
and
Azo ﬂ
R e e ——— is the electrical ohms equivalent of the
[ 2 2
¢ agcok

mechanical impedance of the piezoelectric
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layer where A 1s the area of the transducer,
L is the mechanical impedance of the layer,
w, - 2ﬂf° and kt is the pilezoelectric coupling

constant for the film.

Since the piezoelectric layer is of central importance to the
analysis of the transducer, it is convenient to define the following

normalized parameters;

d, = votllvlto is the normalized thickness of the top elec-

1
trode,

d, =Ve /vt is the normalized thickness of the counter

2 02 20
electrode,

r, = zllzo is the normalized acoustic impedance of the
top electrode,

r, = zzlzo is the normalized acoustic impedance of the
counter electrode and

£, zd/zo is the normalized acoustic impedance of the

substrate.
The above parameters along with the piezoelectric couplingvconstant kt’
the static capacitance Co and the half wavelength frequency fo are
sufficient to completely describe the operation of the transducer
structure of Fig. 3.5.

The following set of equations can be written for the Mason equiva-

lent circuit contained in Fig. 3.6.

a JF -

TR



v R cot 0 R csc 6 1/wC I

1 o o o o [ 1
V2 - -4 Ro csc 00 Ro cot 60 l/uco I2 (3.8)
V3 Ll/wCo I/wCo I/wCOJ ‘-13

The impedances seen at the two acoustic ports can be easily found by
applying lossless transmission line theory.to the geometry of Fig. 3.6

and are given by;

VI/I2
. e = Jr. tan O (3.9)
1 1 1
R
o
and
v, /1 r.cos0, + jr_ sin 0
g = -2 . 42 2 2 (3.10)
Ro r, cos 02 + jry sin 02

where O = nd f/f and 0, = nd f/f are the acoustic lengths of
1 1 o 2 P o

the respective layers. Simultancous solution of Eqs. (3.8) - (3.10)
for the input impedance at the electrical port gives;
1 P(f)

. s, = V, /I, = + (3.11)
3 33 Juc R (ue )>
o (] o

where

2§ (1 - cos 00) + (zl+zz) sin 00
P(f) = . (3.12)
(+ zlzz) sin 00 - j(z1+z2) cos 00

By considering the real and imaginary parts of P(f)/Ro(mC )2 to
(8]
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represent the recal and imaginary parts of the acoustic impedance of
the transducer, it is possible to draw a simplified equivalent cir-

cuit of the transducer as shown within the dashed region of Fig. 3.7.

| The real part of the impedance R. is known as the acoustic radiation
l resistance, while the imaginary part X‘ represents a reactive term.
The capacitor Co is the static clamped capacitance of the trans-
ducer and is shown independent of the acoustic reactance. Also shown
in Fig. 3.7 is an electrical matching network that consists of a series
: and a shunt inductor. The series resistor Rse is included in the

: realization that there will be a finite contact resistance to the top

electrode and Rs is the source resistance of the signal generator.

Typically Rse will be a few tenths of an ohm and Rs will be 50 ohms.
For the transducers considered for use with the acoustic micro-

scope, the acoustic radiation resistance will be 0.5 to 5 ohms while

the reactive part of the input impedance (Xa - lleO) will be on the

order of 50 ohms capacitive. The two inductors act to transform the

impedance scen by the source such that it matches the electrical imped-
ance of the source at the desired frequency of operation. This is

important since the untuned two-way insertion loss will typically be

/A

30 dB while the tuned insertion loss can be as low as 6 dB. ’
The two-way insertion loss of the transducer is mecasured by using

the pulse ccho technique. From the model of Fig. 3.7, ignoring the

matching network, the untuned two-way iIinsertion loss in decibels can
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ZZ~Simplificd equivalent circuit
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FIG. 3.7--Simpilified equivalent circuit for the transducer with a
two inductor matching network shown. With the matching
network in place:

w2L2 (R +R )
SH™ a se
R = = —

2
tn (R_+R_)" + X"
a “se
and
wL_. (R +R )2 + K[sz L. +uwl (Y - (1/wC ))]
X =_—35H a se E se SH ‘SH\ "a ‘o
in ' b 2
(R +R )™ + X
a se
where w 1is the radian frequency and
= + - = :(
X ste + uﬂSH Xa (I/mCO) |
|
By adjusting L_, and L it is possible to make R, = R

se | s
with Xy, = 0 .” Under thiéSe conditions the maximum améﬁnt

of power is transferred to the load. i
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be easily shown to be;

Power Available
UIL « 20 log ( )

Power to the Load (Ra)

2 2
(R +R _+R )" + [X - (1/wC )]
- 20 log{——=2¢_24 a 0 (3.13)

4R R
s a

while the two-way tuned insertion loss (i.e., the input to the trans-
ducer 1is matched to the source impedance) is given by;
R + R

TIL = 20 log —2¢—-2%& (3.14)

R
a

The above losses contain only the effects of the electrical properties
of the transducer. Due to the measurement technique and the physical
propertieg of the transducer there will be other expected losses.
These include diffraction losses, attenuation losses and losses due
to the top surface not truly being free over the entire area of the
transducer.

The effects of acoustic diffraction on the measured properties of
the transducer can be calculated by employing the results of Section B
of this chapter. If a substrate material of length & is used to
measure the response of a transducer with the pulse echo technique,
then the measured response will be reduced due to diffraction effects
which take place over a length 22 . 1In order to calculate the magni-
tude of this effect, the field at a distance 2¢ from the transducer
can first be calculated using Eq. (3.3) and then this field can be

integrated over the transducer area to give the output voltage of the
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transducer, i.e.,

2n R:
vout “/ / P(22,r)rdrdd (3.15)
o o

This can be compared to the result that would be obtained without
diffraction in order to see how diffraction affected the measured
response. By calculating vout as a function of £ {1t 1is possible
to plot diffraction losses for a circular transducer as a function of
the crystal length. In Fig. 3.8 the results of this calculation

for a typical transducer are shown for both the isotropic and aniso-
tropic sapphire case. The isotropic case is in good agreement with

13 It can be seen that the diffraction

the results of Seik1.3'
effects for the isotropic case are stronger than they are for sap-
phire. This is expected since the anistropy of sapphire tends to
minimize ;he effects of diffraction by directing energy flow parallel
to the c-axis. The losses due to diffraction should be added to the
electrical losses predicted by Egs. (3.13) and (3.14) before a com-
parison between experimental and theoretical results is made,
Additional loss will be observed in the measurement due to
acousticﬂattenuntion within the various materials. As part of the
analysis the thin films that comprise the transducer were considered
lossless, but clearly any acoustic attenuation within these layers
will result in additional insertion loss. Also, attenuation in the

sapphire rod will result in reduced measured efficiency, but this

effect can be casily predicted. Longitudinal acoustic waves in
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FIC. 3.8--Diffraction loss correction curves (or plezoclectric transducers

measurcd using the pulsce ccho technique. Solid line is for the
fsotropic case while the dashed curve is for sapphire.
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sapphire are attenvated 0.3 dB/cm at 1 GHz and the loss will increase
with the square of the frequency.3'12 Thus at a frequency of 3.0 GHz
with a crystal length of 0.2 cm there will be an additional 1 dB

measured insertion loss due to acoustic absorption in the sapphire.

A final loss mechanism within the transducer structure is con-
cerned with the electrical bond made to the top surface of the trans-
ducer. This bond disturbs the assumed free surface for this elec-
trode over the area of the bond and provides a path through which
acoustic power can "leak out" of the transducer structure. If the
arca of the transducer 1is much greater than the area of the bond,
then this effect will be negligible. This is true for most cases
considered here. The effect of this bond could be calculated by con-
sidering the transducer structure to consist of two devices in parallel;
one has an area cqual to the transducer area minus the bond area and
can be considered to have a free surface, and the second has a size
equal to the bond area and a surface with an acoustic load of r, »

b

where Ty is the normalized mechanical impedance of the bond material.

The analysis of the second transducer would be the same as the first

except now Eq. (3.9) would become;

v,/1 r, cos O, +3jr, sin 6
Rad o . b 1 1 1 : (3.16)

1
Ro r, cos 614-jrb sin 91

1

In order to calculate the additional insertion loss of the device due

to the bond, one would have to first calculate the insertion loss of
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the parallel structure and then determine how much of the power is going
into the bonding wire rather than into the substrate material. Even
for the smallest transducers considered here, the bond area should
never exceed 25% of the transducer area and thus the additional loss in
the transducer due to this bond should not exceed 1-2 dB.

Based on the preceding analysis of the transducer a computer pro-
gram was written to calculate both the tuned and untuned insertion loss
for transducers used in the acoustic microscope. The effects of acous-
tic diffraction and attenuvation are included within this calculation.

A listing and brief description of this program is given in Appendix D.

In Fig. 3.9 a comparison between a theoretical and experimental
transducer design is shown for both the tuned and untuned response.

The ZnO was assumed to have a kt of 0.20 (as compared to the bulk
value of 0.28) and the series loss resistance Rse was 0.5 Q. The
experimental measurements were made using the pulse echo technique.

The untuned insertion loss measurements agree well with theory, and
therefore, the choice of kt = 0.20 seems to be valid. The measured
tuned ;nsertion loss agrees well in form to the calculated values, but
the bandwidth is somewhat reduced and typically the measured result is
2-3 dB ;reater than the calculated one. The minimum two-way insertion
loss was 5.5 dB for this device at 1.0 GHz,

Results for a similar device designed to work in the 1.8 - 2.8 GHz
frequency range are shown in Fig. 3.10. The minimum two-way tuned
insertion loss for this device was 11.0 dB at 2.0 GHz. For the theo-
retical calculation kt was taken as 0.20 and Rse as 1.0 ohm. Rea-

sonable agreement between theory and experiment was obtained for
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frequencies between 1.8 and 2.4 GHz, but at the higher frequencies the
measured loss was significantly higher than predicted (as much as 7 dB).
This indicates that the bandwidth of the device is somewhat restricted,
but it also reflects the fact that it is more difficult to tune these
devices at the higher frequencies,

The tuned insertion loss measurements Qoscrihed above were all
made by tuning each point individually using double stub tuners. The
bandwidth of these devices is typically 10 MHz, and therefore, not
adequate for matching the short pulses that are used in the microscope.
For this reason the matching network shown in Fig. 3.7 {is used to match
the transducers used with lenses. The tuned theoretical response for
a transducer designed to operate at 2.8 GHz is shown in Fig. 3.11. Also
shown are two theoretical response curves for two matching network con-
figurations. The first curve {s for use = 0.1 nH and LSH = 0.55 nh
This matching network results in a nearly perfect match over a bandwidth
of 300 MHz, however, it is difficult to implement due to the extremely
small series inductance required. A more realistic design is shown in
the second curve vhere Lse is 0.25 nH and LSH is 0.4 nH. Inductors
this small are difficult to realize, but it is possible to do so by uzing
the sclf-;nductanco of the gold wires that ave bonded to the top dot and

the counter electrode. For a 2 mil gold wire the self-inductance is

approximately 1 nll/mm and thus lengths less than 1 mm are necessary. In

order to tune the lenses at {requencies above 2.0 GlHz using this technigue

it 18 necessary todo all work under a microscope. A 50-ohm micro-strip
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transmission line is run to within 0.25 mm of the top electrode and l
the series and shunt inductors are connected using silver epoxy. The ‘

inductors are varied using a toothpick until the input pulse to the

device is well matched. The device 1is considered to be well matched

if the power level of the input pulse 1s reduced by 10 dB or more.

The resulting bandwidth can be checked to see if it is adequate to
pass the short pusles used in the microscope by examining the first
i echo from the lens surface. If it is not spread in time duration as
compared to the input, then the bandwidth is sufficient. A more

3 thorough examination can be performed if a network analyzer is avail-

able in the appropriate frequency range. Bandwidth is usually not a

problem with these matching networks since only 5-10% 3 dB bandwidth
is required.

In conclusion, transducers with two-way insertion loss of 6 dB
can be designed and fabricated at frequencies around 1 GHz. At fre-
quencies above 2.0 GHz the two-way insertion loss increases to approxi-
mately 11 dB, and the fabrication of matching networks becomes more
difficplt due to the small size of the inductances required. At fre-
quenciés above 4.0 GHz it will be extremely difficult to form elec-

trical matching networks using the techniques described here.
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E. Acoustic Matching Layers

At the lens liquid interface there is an acoustic impedance
mismatch which can result in a large acoustic reflection coefficient,
and consequently poor power transfer across the boundary. Since this
will reduce the dynamic range of the microscope it is desirable to
minimize the reflection coefficient. This' can be accomplished by
using a material of intermediate acoustic impedance to act as an
acoustic transformer between the lens and the liquid. The analysis
of this transformer is difficult for the geometry of the acoustic lens
since the problem must be solved as a function of the incidence angle
and the integrated effect over the entire lens must be considered. In
this section the design, fabrication and evaluation of acoustic match-
ing layers are considered. In particular a single layer of boro-
silicate glass (9741 from Corning Gla;s Works) sputtered directly on
the lens surface is found to yield an excellent matching layer. This
film exhibits good adhesion to the sapphire lens and excellent mechan-
ical stability. The properites of this glass are evaluated and its
predicted matching efficiency is compared with experimental results
for the normal incidence case. The transfer function of the acoustic
lens 1s calculated in the presence of this matching layer for various
glass profiles. It is found that the matching layer reduces the two-
way insertion loss across the boundary by up to 15 dB and its thick-
ness profile can be used to modify the spatial frequency response of
the lens.

The motivation for using an acoustic matching layer can be

readily appreciated by considering the simple geometry of Fig. 3.12A.
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FIG. 3.12--(a) Reflection of acoustic waves at a solid-liquid boundary.
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FIG. 3.12--(b) Reflection of acoustic waves at a solid=liquid boundary
with an antiveflection coating.
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Here a longitudinal acoustic wave is normally incident onto a solid-
liquid interface. The mechanical impedance of the solid is zg
g/cmz-sec while the liquid is zy g/cmz-sec . If the incident wave

has amplitude A then the reflected wave in the solid will have an

amplitude |[p|A wherc3'13
z, -z
lo] = dB] . (3.17)
Z, t 2
L s

For a sapphire-water interface z = 44 .0 x 10S gm/cmz-sec and
z, = 1.5x 10S gm/cmz—sec , and thus |p| = 0.934 . This means that
87% of the incident power will be reflected. For the acoustic lens
this boundary must be crossed twice which implies only 1.6% of the
incident power would return even if no other loss mechanisms were
present. This results in a two-way insertion loss across the bound-
ary of 17.9 dB.

Now consider the geometry of Fig. 3.125 where an intermediate
layer of material with mechanical impedance z is included between
the liquid and the solid. Using the results from lossless trans-
mission line theory (this is acceptable since the electromagnetic case
is a diréct analog to the case considered here), the impedance seen at
the solid-matching layer interface looking toward the liquid is given

3.13
by;

z, cos BL + § z_ sin RQ
¥ oe o |2 g (3.18)

z cos BR + ] zy sin B
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where B8 = 2w/A , X 1is the acoustic wavelength in the matching layer
and £ is the matching layer thickness. The reflection coefficient

at the boundary will now be

. (3.19)

If 2z = . then all the power can be transmitted into the liquid.

This can only happen if 2z’ is real and not equal to z, , and there-

L
fore, can occur only if £ = n)/4 and R vz,z where n {is an

L's

odd integer. Thus in order to effectively match the acoustic energy
across the boundary, a material whose mechanical impedance is thke geo-
metric mean of the mechanical impedance of the solid and the liquid
is needed. This material must be compatible with thin film growth
techniques since from bandwidth considerations the matching layer
should be A/4 thick. It must also be mechanically hard so as not
to be subject to scratching. For a sapphire-water interface a
material with an acoustic impedance of 8,12 X 105 gm/cmz—sec is re-
quired. Unfortunately it is not possible to find a material that
meets all of the above criterion simultaneously. In fact it is dif-
ficult to even find a material with the desired mechanical impedance.
Figure 3.13 summarizes the velocity, donsity’nnd mechanical impedance
of several matcrials.3'16 It can be seen that the region around a
mechanical impedance of 8.0 X 105 gm/cmz—soc is empty. There is some

3.16

evidence that czn:bon3'15 and glass™"° films can be sputtered in

such a manner that the mechanical impedance of the film will present
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a better mechanical matching layer than their bulk values would indi-
cate.
It is possible to use multiple matching layers to compensate

for the fact that no single material ideally suits the requirements

of a sapphire-water boundary. These layers must adhere well to the
sapphire and to each other and must meet the same mechanical tough-
ness standards that are imposed on a single layer. A good candidate
structure for a two-level matching network is a A/4 coating of gold
(z = 61.3 x losg/cmz-sec) followed by a A/4 coating of glass

(z = 11.6 x 105 g/cmz—sec). By repeated application of Eq. (3.18)

and use of Eq. (3.19) it is found for this case that |p| = 0.028 .

This results in 99.9% of the energy being transferred across the

boundary, i.e., almost a perfect match. These layers have adhesion

problems, but with the appropriate interface layers they would make

excellent matching layers. Of course, the above calculations are for

a flat surface and the matching properties for a lens will not be as
f good. The price for multiple matching layer geometries is smaller

bandwidth and added fabrication difficulty. It is also necessary to

accurately control the thickness of the two layers.
Very little is gained (approximately 1 dB) by using a double

matching layer as opposed to a single layer when considering the

power transfer through the acoustic lens. The motivation for going
to a double layered structure is to greatly reduce the amount of i*
power reflected from the lens liquid interface. It would greatly

|
|
fa
simplify the pulse electronics of the microscope if this reflection l
could be reduced by 30-40 dB below its current value. This nearly i

i
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ideal match could be obtained by using either a multilayered acoustic
transformer, or by attempting to control the fabrication parameters

of a single layered transformer such that the appropriate mechanical
impedance is obtained. The acoustic impedance of a material is given

by the product of its acoustic velocity and its density. If a thin

film is fabricated at a high rate onto a cold substrate it tends to

have reduced density3'16 and thus lower acoustic impedance if its
velocity is not greatly affected. In Fig. 3.14 is shown the calcu-

lated return loss from a flat surface with a A/4 acoustic trans-

former whose mechanical impedance is allowed to continuously vary.

It can be seen from this that if an additional 30 dB of return loss

is desired, the effective impedance of the acoustic transformer

(either a single or multilayered structure) would have to be between

8.05 x 10S and 8.20 X 105 g/cmz—sec. ‘This is a narrow range, but it
should be attainable with the appropriate fabrication of a gold-

glass transformer.

Primarily as a fabrication convenience only single layered
acoustic transformers are presently being used in the microscope.
Borosilicate glass has been utilized in this work due as much to its
mechanical stability and toughness as to its relatively close acoustic
impedance match to the desired value. With a A/4 coating of this
‘glass the reflection coefficient drops from 0.934 to 0.342 for the normal
incidence case. Under these conditions 88.4% of the energy will be trans-
mitted across the boundary and the two-way insertion loss will be 1.1 dB;
a reduction of 16.8 dB from the no-matching layer case.
The above calculations are based on the measured bulk properties of

the glass and it is not assured that the thin film properties will be
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the same. In order to check the properties a piezoelectric transducer
was fabricated on one end of a sapphire rod and a MA/4 coating of
glass was deposited on the opposite end. The glass was deposited by
RF sputtering from a circular glass target. Using a pulse echo tech-
nique, the magnitude of the first reflected pulse from the sapphire-
glass interface was measured as a function of frequency for both the
case where the glass layer was loaded with air and with water. For the
air case |p] = 1.0 while for the water case at the A/4 condition
|p| = 0,342 , and therefore, it is expected that the addition of the
water under these conditions should result in the reflected signal being
reduced by 9.3 dB. In Fig. 3.15 a plot of this return loss measurement
as a function of frequency is shown along with the theoretically pre-
dicted value. It can be seen that the theoretical result is in agree-
ment with experiment, and thus the bulk properties of the film seem to
be a good approximation to the thin film properties.

All evaluation to this point has been based on a flat interface,
but the matching layer must be used on the curved surface of the lens.
Therefore, the efficiency of power transmission should be calculated as
a function of angle of incidence with respect to the spherical lens
surface and the integrated effect over the entire lens evaluated. This
is a complicated problem, but it has been solved by Brekhovskikh3'l7
for an arbitrary number of layers. A computer program based on this
analysis was developed by Lemons3'18 and it has been used to calcu-
late the transmission function of the acoustic lens under various con-

ditions. Due to the fabrication technique used for the glass layer, its
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thickness will vary approximately as the cos(0) where 0 1s the

angle between the lens axis and the perpendicular to the plane of }
tangency of the lens surface. In Fig. 3.16 the transmission func- ‘
tion of the acoustic lens {s shown for 4 cases. Case 1 {s with :j

no matching layer at all. 1In case #2 the glass thickness is

chosen such that {t {s X/4 at the center of the lens while in
case 4 the glass thickness is  A/4  thick at the outer edge of the
lens. Finally, fn case #3 a compromise between cases #2 and 4 is
selected with the glass thickness chosen to be 0.31N at the lens
center with the result that ft is 0.2 at the outer edge of the lens
(assuming a maximum opening angle for the lens of 50°).

In Fig. 3.17 the resulting lens focal plane distribution for
cach of these lens transmissfon functions {s shown normalfzed to the
same value. The focal plane response for case #1 is also repeated
without normalizatfon. It can be scen by comparing case #1 without
normalization with casce #2 that integrated over the lens surface the
matching layer results in a two-way transmission fmprovement of 13.9 dB.
The best matching layer from a power transmittance point of view s
case 3 which results {n a two-way fnscrtion loss fmprovement of 15,2 dRB,
This is .cu:;lly understood from the lens transtfer function for this case

which fs shown In Fig. 3.16. Although this transmissfon is less than

for case 1 at low angles, {t {s higher at the larger angles where most

of the lens area {s located. Case #4 results {n only an 11.2 dB power

transfer fmprovement over the no matching layer case, but in most

R—

instances it is the best chofce from an fmaging point of view. By
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having the best acoustic match at the outer edge of the lens it is
possible to compensate for the effects of diffraction which results

in reduced power density in this region. As can be seen from

Fig. 3.17, the 3 dB focal beam width is 0.8\ for case #2 while it

is reduced to 0.65\ for case #4. This width is approximately 0.75)
for both the no glass case and the 0.31) case. Thus it is possible

to reduce the beam width by approximately 15% if an additional 4 dB

of acoustic loss is accepted. Alternately, the acoustic frequency
could be increased by 15% to accomplish the same thing but the addi-
tional acoustic absorption would be much greater than 4 dB. For
instance, for a liquid whose acoustic absorption increases with fre-
quency squared and assuming an initial liquid absorption of 60 dB,

the additional loss to get a 15% resolution improvement would be 19.4 dB.
The additional price one pays for using the lens transmission function
of case #4 is an increase in side-lobe levels as shown in Fig. 3.17.
However, these side-lobes are still down by-16 dB from the main lobe

and should present no difficulty.

F. Lens Design

This section has been concerned with the various phenomena that
affect the design and operation of the acoustic lens. In this section
-two typical lens designs are presented in an effort to bring these con-
cepts together. In designing the acoustic lens it is desirable for its
focal width to be as small a fraction of an acoustic wavelength as pos-
sible without incurring unrcasonable acoustic losses due to diffraction
effects. Ignoring for the moment the factors that affect the general-

ized pupil function of the acoustic lens as described in Chapter II,
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the focal width of the acoustic lens will be proportional to the
F-number of the lens. This number is given by the focal length
of the lens divided by its aperture diameter (i.e., F-number =

F /2r, sin® where F_ 1is the focal length, r, 1s the
o max o

L L

lens radius and Omax is the maximum opening angle of the lens).

Due to spherical aberration effects and the desire to maintain work-
ing space between the lens and the object to be studied, the maximum
opening angle for a sapphire-water lens is usually limited to 50
degrees. Thus the F-number for the lens is set at 0.75. In Fig.

3.18 is a diagram of a typical acoustic lens. The lens radius usually
determines the maximum frequency at which the microscope can be oper-
ated while the transducer radius E, and the crystal length d will
be determined by diffraction effects. The parameters ci the piezo-
electric transducer (to,tl,tz) will be determined by the frequency of
operation as will the glass thickness tg which can be chosen to cor-
rect somewhat for the effects of diffraction.

When designing an acoustic lens to operate in water one would
normally start with some resolution performance in mind. With an
F.75 lcnf. 0.7X resolution is reasonable to expect and thus the reso-
lution requirement will set the acoustic wavelength which in turn
determines the frequency of operation. In order to specify what
radius acoustic lens will be neceded it is necessary to know what
total acoustic loss can be tolerated in the water path and the tem-
perature at which the microscope will be operated. The total
loss nccoptablo in the liquid path will be determined primarily

by the electronic detection scheme utilized, but it will also be
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affected by losses within the lens element and signal-to-noise require-
ments for the image. The temperature at which the water can be utilized
will be dependent upon the samples examined. It is advantageous to heat
the water as much as possible if the samples are compatible with the
elevated temperatures. If the total loss (T.L.) is specified in decibels
and the maximum temperature of the water is given such that the minimum

Figure of Merit (FM) is known, then the maximum lens radius is approximately
given as;
T.L. X (FM)2

r = — HUm (3.20)
. 0.460 % f2

where f 1is the necessary frequency of operation normalized by 1.0 GHz.
Unfortunately lens design is usually dictated by the availability
of the acoustic lens and thus r is known a priori. The maximum
frequency of operation f is selected using Eq. (3.20) such that the
total liquid losses will not exceed the desired limit under the imposed
operating conditions. Once the frequency is known it is possible to
spec;fy the crystal length d and the transducer radius r, by examin-
ing the lens illumination under various circumstances. The crystal
length is typically chosen as 1-4 Fresnel lengths (ri/%) and Te
is generally 1- 2 times as large as the radius of the lens aperture.
These dimensions are more precisely defined by calculating the beam
profile for a few cases using the diffraction program of Appendix C.
Typically the design is such that the outer extremities of the lens

receive 3 dB less power density than the central regions. The design

of the transducer does not usually require a computer solution although
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the computer program of Appendix D can be quite useful in finding the
necessary values for the inductances used to electrically match the

transducer. The thickness of the Zn0 is approximately given by;

i 1.6/f um

where f 1s the center frequency of operation normalized by 1 GHz.
The gold contact electrodes are selected to be electrically thin with
0.1 ym usually taken as a lower limit. Finally, as described in Sec-
tion E, the glass thickness can be selected based on the frequency of
operation and it is generally between 0.3 and 0.39 acoustic wave-
lengths thick at the lens center.

Referring to Fig. 3.18 it can be seen that the front end of the
lens element is beveled to a point that is approximately twice as large
as the lens aperture. This keeps the body of the lens element away
from the object under study and makes it casier for the operator to
sce how close the lens is to the object. The flat region around the
spherical cavity that constitutes the lens itself is usually rough
ground in order to act as a scattercer of any acoustic energy that
falls outside the aperture of the acoustic lens. This minimizes the
amount of energy that passes through the flat region, reflects from
_ the object and returns to coherently interfere with the information
return.

The diamcter of the lens element (D) is usually 0.25 inches.

This value is selected as a matter of handling convenience and
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smaller values are certainly acceptable. The gold wires shown con-

nected directly to the counter-electrode are used only on the high
frequency lenses (2 GHz and above) and are necessary due to the small
value of the tuning inductors essential at the higher frequencies.
Lemons3'18 previously described the fabrication of the spherical
cavity that constitutes the lens. The process becomes more difficult
for the smaller radius lenses, primarily due to the difficulty in
forming an initial starting hole from which the lens can be polished.
This is presently accomplished by first coating the lens with a thin

film (either metal or plastic) and then forming a small hole in this

relatively soft film to act as a guide for the tool that forms the
starting hole. Once a hole of appropriate size is formed the lens is
polished using a tungsten tip and diamond polishing compounds in the
same manner as described by Lemons.

Based on the preceding considerations two lens designs will be
considered. First a 100 um radius lens thai can be utilized at room
temperature with a maximum water loss of 60 dB is considered. From
Eq. (3.20) f 4s found to be 1.14, i.e., the maximum frequency of
operation is 1.14 GHz. The crystal length and transducer radius are
selected to be 4 mm and 100 jm, respectively, and the resulting lens
illumination is shown in Fig. 3.19. This particular design results
in approximately 3 dB of acoustic loss due to diffraction effects.
The 2n0 thickness should be 1.4 um and the transducer electrode
thicknesses are both selected to be 0.2 um. These electrode thick-

nesses are less than 1/12 of a gold acoustic wavelength and will not
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significantly affect the transducer response. The glass thickness
is chosen as 0.39 acoustic wavelengths which is 1.76 ym at this fre-
quency. The resulting focal plane distribution for this lens is

shown in Fig. 3.20.

As a second example consider a 40 um lens that is to be oper-
ated at 60°C with a maximum loss of 70 dB in the water. From Fig. 2.11
the FM at this temperature is 1.44 and thus from Eq. (3.20) f 1is 2.8.
Consequently the frequency of operation should be 2.8 GHz. Using the
diffraction program of Appendix C the crystal length and transducer
radius are selected as 2 mm and 50 um, respectively. The resulting
lens 1l{umination for this case is shown in Fig. 3.21. The transducer
geometry is given by t, = 0.6 ym , ty = 0.1 ym and t, = 0.1 ym .

The theoretical response for this transducer structure was given in

Fig. 3.11 where a matching network had already been included. The

glass is again chosen to be 0.39 wavelengths or 0.72 um for this fre-

| quency. The focal plane response for this lens is shown in Fig. 3.22.
From a comparison of Figs. 3.20 and 3.22 it can be seen that the

focal plane response for both of these designs is quite similar. In

both cases the 3 dB focal beam width is 0.65 acoustic wavelengths and

thus it is expected that the resolution should be of the same order.

_If the glass thickness was chosen to be 0.25) instead of 0.39)\ for

either of these designs, the resulting 3 dB beam width would be ap-
proximately 0.8\X. Thus, in conclusion, with the proper design of the t
transducer radius, crystal length and glass thickness it is possible l

i
to improve the resolving power of the acoustic lens by approximately i

20% over what would be obtained from a straightforward design.
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4, Photoacoustics

Photoacoustics, or optoacoustics as is often known, is perhaps the
most sensitive method for measuring optical absorption. In many instances
the absorbed radiation i{s converted to heat and the thermal expansion that
is associated with this heat gives rise to acoustic waves in the medium
surrounding the absorbing region. The intensity of the optical beam is
modulated at an appropriate frequency and the time response of the absorbing
medium is such that the temperature of the heated region can follow the
intensity variations of the optical beam. It is then the periodic variation
in temperature that generates the acoustic waves. By varying the frequency
of the optical wave it is possible to carry out spectroscopic measurements
and use this to identify material properties. Much of the work has been
done with modulating frequencies below 1 MHz. In the summer of 1978 we
carried out an experiment which demonstrated that this technique could be
adapted to the acoustic microscopc.* We borrowed a pulsed laser and used
it to heat deposited metallic films. The acoustic energy was detected with
our lens at 800 MHz and the image was formed by mechanical scanning.

Since that time the work has been more or less dormant as we went
through a planning stage. In other laboratories, however, the low frequency
work on photoacoustic spectroscopy has been active. There is now a specialist
conference at lowa State in Ames in August and we were invited to present our
work on photoacoustic imaging at that meeting.

In our laboratory at Stanford we have in this intexrval, demonstrated that

the technique can be used to the SOS devices but heating the silicon epi-layers

*
Applied Physics Letters 33, 923 (1 December 1978).
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with the optical beam incident through the sapphire substrate. We feel that
with a laser that is tunable through the bandgap of silicon and other semi-
conductors, we should be able to record some remarkable images.

During the interval covered by this report and in preparation for the
Iowa State Conference, we have worked on the theory of photoacoustic con-
version of energy from optical to acoustic with heat as the intermediate
step and this work will soon be complete. We are particularly concerned
with heat generated in solid materials and the propagation through layers
to the liquid interface with the lens of the acoustic microscope. Heretofore,

we have used pulsed lasers to achieve the modulation of the heating but this

is inefficient since the acoustic energy is not confined to a single frequency.

To remedy this we are constructing an optical modulator to cover the range of
10 — 1000 MHz. We will be using a design suggested by Ivan Kaminow of Bell
Laboratories. This modulator will allow us to lock the modulating frequency
with that of the acoustic receiver and increase the sensitivity of the overall

instrument. *
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5. Imaging with High Velocity Liquid Metals — Gallium

In the last semiannual report we discussed a system where we used liquid

gallium in the acoustic cell in place of water. This made it possible to

focus the acoustic beam inside of a solid with a diffracted limited waist.

Jipson5°1'5'2 has pointed out that this can be accomplished if we convert

from longitudinal waves in the gallium to shear waves in the solid. For many

solids the shear wave velocity is less than the longitudinal wave velocity in

gallium and it is this factor that permits us to reduce the aberrations. The

nature of these aberrations was discussed in our last semiannual report and

Since that

some calculations were carried out for a gallium-steel interface.
time we have performed similar calculations for a gallium fused quartz inter-
face and these results will be included here. We have also obtained experi-
mental results that demonstrate proper focusing of shear waves with acoustic
waves at 1 GHz after they have traveled through 75 ym of fused quartz.

The significance of these results — as pointed out in the introduction -
is as follows. The velocity of shear waves in solids 1s not much greater than
the velocity of longitudinal waves in liquids (vSh =X 105 cm/sec in fused

quartz as compared to vlong = 1,5% 105 cm/sec  in water). Therefore the

wavelength and the diameter of the waist of a focused beam are similar for

the two cases. However, the absorption coefficient for sound in gallium

5']'V.B. Jipson, "Acoustic Microscopy of Interior Planes," (May 1979);
to appear in Applied Physics Letters.

5°2V.B. Jipson, "Acoustic Microscopy at Optical Wavelengths," Ginzton
Laboratory Report No. 2980 (June 1979).
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is an order of magnitude less than it is for water. We can therefore work

at much higher frequencies with the liquid metal system and it is not in-
conceivable that the resolving power will one day exceed the value that we
have reached with water.

Before we present the experimental results we want to discuss the

process of conversion from longitudinal to shear waves at the liquid-solid

interface. Keep in mind that we are dealing with spherically converging

waves typical of the acoustic beam in acoustic microscopes.

In order to calculate the internal focusing properties of the acoustic
microscope, it is necessary to understand how longitudinal and shear waves
are excited within the solid when a longitudinal wave is incident at the
surface. This problem is readily solved by applying the acoustic boundary
conditions (continuity of normal stress and particle displacement and zero

tangential stress at the solid surface) to the liquid-solid interface. The
She!

results for the reflection and transmission coefficients are:
2 2 o
RL 3 Z1 cos 2¢S + Zt sin 2¢s -2
250 2 s
5 + 2
Z1 cos 2¢s + Zt sin 2¢s
’
5 =i 221c052¢s
L 2 g¢! in? 2¢' +2 |
Py 2y cos” 2¢ + 2z sin g !
’
A O jl 2 Zt sin 2¢s
S % ’ 2 U
4 4+ 7
p1 71 cos 2¢s 2 Zt sin 2¢S Z
5'3L.M. Brekhovskikh, Waves in Layered Media (Academic Press, New York, ﬁ
1960), pp. 15-36 ]
2




where

3 Y - Py Vo, Rs Y5
= s 1 = -————T zt = -—*' ’
cos ¢ cos ¢L cos ¢s

p2 is the liquid density, V_ 1is the acoustic velocity in the liquid,

2
p3 is the solid density, V3L is the longitudinal acoustic velocity
in the solid, V3s is the shear acoustic velocity in the solid, RL

is the amplitude of the reflected longitudinal wave (assuming the

incoming wave was unit amplitude), TL is the amplitude of the trans-

mitted longitudinal wave, TS is the amplitude of the transmitted

shear wave and from Snell's law

VZ V3L v3s

i in ¢/ in ¢’
sin ¢ sin ¢L sin ¢s

where ¢ 1is the angle of incidence, ¢L is the angle of refraction
for the longitudinal wave and ¢; is the angle of refraction for the
shear wave.

If we are to calculate the energy transfer across the boundary,
we must know the partition of acoustic energy into the various compo-

nents. Conservation of energy at the boundary requires
RL + TL + TS = 100%

where RL = 100 Ri is the percent of reflected longitudinal energy,

TL = 100(2/21)(p1/p)2 Ti is the percent of transmitted longitudinal

2 T2

energy and TS = 100 (Z/Zt)(pllp) is the percent of transmitted

e - ITVeem TS Ay




shear energy.s'3 In Fig. 5.3 the partition of acoustic energy as a
function of ¢ 1s shown for a water-fused quartz and gallium-fused
quartz interface. It can be seen for the water-fused quartz boundary
that more than 60X of the incident energy is reflected as a longi-
tudinal wave. At low angles of refraction approximately 30% is trans-
mitted as a longitudinal wave and above the longitudinal critical angle
(p = 15°) up to 40% is transmitted as a shear wave. For the gallium-
fused quartz case the situation is quite different. For low angles

of incidence nearly 100% of the energy is transmitted as a longitudinal
wave and above the longitudinal critical angle (¢ = 29.7°) almost 100%
is converted into a transmitted shear wave.

The acoustic lens generates an angular spectrum of plane waves
that impinge on the object with a maximunm angle of incidence ¢ that
is approximately 20% less than the maximum opening angle of the lens.
It is obvious from Fig. 5.3 that; 1) the use of gallium in place of
water results in significantly improved energy transfer across the
boundary, and 2) shear waves can be efficiently excited if the maxi-
mum angle of incidence exceeds the longitudinal critical angle.

The acoustic transfer functions for the longitudinal (T,(O))
and shear (TS(O)) waves are utilized in the next section where the

acoustic field distribution inside the object is calculated.

Acoustic Field Within the Object

A measure of the imaging potential inside materials with this tech-
nique can be obtained by considering the geometric aberrations of Eq. (5.1).

A more rigorous approach would include the calculation of the acoustic field
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distribution inside the object as a function of depth. This is accom-
plished by using an angular spectrum approach as outlined below.

The geometry for this calculation is shown in Fig. 5.4. Assume the
back focal plane distribution of the acoustic lens (Plane 1) is given

by Ul(rl) and the effective pupil function is given by;

y cos 8

Pe(rl) = P cos 9

1

where P(rl) is the generalized pupil function for the lens. The

focal plane distribution (Plane 2) without the object present is given

by;'5.4,5.5
o Sy
Uz(rz) = exp{Jk£r2/22}1f§Pe(rl)Ul(rl)} (5.2)
p= rZ/XQfO
where ki = ZHIAQ . AQ is the acoustic wavelength in the liquid,

f, is the focal length of the lens and Jw{Pé(rl)Ul(rl)}p= rz/xfo
stands for the zero-order Hankel transform or angular spectrum of the

quantity in brackets with the spatial frequency p evaluated at rzllfo.

At the focal plane r is only significant over a radius of a few wave-

2
lengths and thus to a good approximation the exponential can be ignored.
The angular spectrum(s's) at the focal plane can thus be written as:
U, (p) =JJ’IU2(r2) ~ P Qef U, Qpf ) (5.3)

In order to calculate the acoustic field distribution within the object,

the angular spectrum must first be propagated to Plane 3 of I 5.4,

S'AR.A. Lemons, "Acoustic Microscopy by Mechanical Scanning,' Ph.D.
Dissertation, Stanford University (1975).

5'SH.K. Wickramasinghe, J. Appl. Phys. 50 (12), 664 (1979).
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i.e., a plane just inside of where the object will be positioned. At

Plane 3 the angular spectrum is:

Uy(p) = U, (p) exp z (o, - jkl)‘ll = (pxl)2 z} (5.4)

where oy is the attenuation coefficient in the liquid and the expo-

nential factor accounts for the propagation of the various angular

components.(5'5_5'6) The acoustic field distribution at Plane 3 could

now be calculated by taking the Hankel transform of U3(p) . This is
the technique that was utilized in Chapters 2 and 3 to find the "focal
plane" distribution for the acoustic lens in the presence of phase
errors due to acoustic matching layers and lens aberrations. However,
it is the acoustic field distribution within the object that concerns
us here. At this point the object can be inserted and the angular
spectrum at Plane 4 (a plane infinitesimally removed from Plane 3 but
across the liquid-~solid interface) can be obtained through multiplica-
tion of the spectrum at Plane 3 by the appropriate acoustic transfer
function for the liquid-solid interface, T(p) , as described in the
previous section. The spectrum can then be propagated within the solid
to the plane of interest (Plane 5) by multiplying each angular compo-

nent by the appropriate phase term, i.e.,
= &
i 2
US(p) = U3(p) T(p) exp {(Jks as)vl - (DXS) z } (5.5)

where ks = 27r/A8 % As is the appropriate wavelength in the solid and

5°6J.W. Goodman, Introduction to Fourier Optics (McGraw-Hill, New
York, 1968), p. 48.
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Gs is the corresponding acoustic attenuation coefficient. The acoustic
field distribution is then found by taking the zero-order Hankel trans-

form, i.e.,

Us(rs) = .W{Us(p)} (5.6)

A computer program was written to perform the above operations and

also to calculate the effective pupil function for the lens.

In Fig. 5.5, calculated acoustic field distributions are shown

for a gallium-fused quartz geometry. The calculations are based on
the following assumptions: 1) R = 200 um, 2) emax = 45°,

3) £ = 1.0 Gz, &) ap/f’ = 1.58 x 107 sec’/em , and 5) /T = 0.
seczlcm . In Fig. 5.5(b) results are shown for the longitudinal wave

case at depths of 70, 75 and 80 um within the material after the object

has been translated (in theory) 190 um inside the focal plane. It can

be seen for this case that the best focus occurs at a depth of 75 um.
The paraxial focal depth for this geometry is 91 um which is 20% larger

than the calculated focal depth. It is not surprising that the best

focus occurs at a plane considerably in front of the paraxial focal plane
since the geometric aberrations for this case will be severe. The 3 dB s

acoustic beamwidth is 0.76 A3 which is 4.54 um at 1 GHz. It is some-

L
what surprising that the beamwidth is this narrow considering the large 14
aberration effects for this case, but these effects are compensated

somewhat by the fact that the effective lens F-number for this geometry ,f

is 0.5. The low F-number arises from the fact that acoustic energy is
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incident on the object at angles up to the longitudinal critical angle.
In fact some of the incident energy is above the critical angle and
thus T(p) = 0.0 for these components. In Fig. 5.5(a) similar results
are shown for the shear wave case. The value of 7 was assumed to be
105 m. The corresponding paraxial focal plane for this geometry is
80.9 1m which is 6.8% greater than the calculated focal plane of 75.0 pm.
The 3 dB focal width is 0.64 A3s which is 2.4 ym at 1.0 GHz, nearly a
factor of two less than for the longitudinal case.

From these calculations it can be concluded that the use of shear
waves within the material for imaging purposes can result in substan-
tially improved resolution. This is true for the case discussed here

even though the effective F-number for the lens in the shear wave case

is 407 larger than for the longitudinal wave case.
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ITI. ADDITIONAL ACTIVITIES

A. A number of talks was given during this interval which attracted

a good deal of interest in this field.

1.

B. The

interval.

Seminar for the Petroleum Consortium as organized by Prof.

A. Nur.

Invited talk: American Physics Society of Chicago, March 19th.
As a result of this our work was written up in Physics Today,
page 20, May 1979,

Seminar for the Department of Material Science at Stanford.

T

Invited talk at Bell Laboratory, "Kompfner Memorial Lecture,"
May 1979,

Invited talk: Acoustical Society of America, Boston, June 1979,
Participated ia the ARP/AF Review in Quantitative NDE at

LaJolla in July. One invited talk and a poster session.

following list of visitors toured our laboratory during this

B. Heidenreich and D. Kelth - Bell Labs.
Brian Shubert - Honeywell in Denver.

W. Bruitman - Bell Labs.

Bill Ham - RCA - Princeton

Bill Livesay - Georgia Tech

Jim McCGroddy - IBM - Yorktown

Jim Kurtzig - Hewlett Packard Labs

Don Chamberlain - FMC

Bob Dynes - Bell Labs
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10.
11.
12,
13.
14,
15.
16.
17.
18.
19

20.

Kuma Patel - Bell Labs

E. Nishimma - Nekkei Electronics

B. McDonald -~ Intel

W. Webster - RCA Princeton

R. Von Guffeld - IBM - Yorktown

R. Scruby - Harmell - England

R. Scouten and B. Gethner - Exxon Labs
Larry Kessler - Sonorscan

Dave Bishop - Bell Labs.

Larry Cummings ~ Wright-Paterson

MacFulwyler - Becton - Dickenson
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