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' was further studied for sensor applications. Zero first order temperature co~
efficients were found for these modes by varying the SiUE film thickness.
Surface skimming bulk waves in quartz were also examined and found to possess
the most attractive properties for continued work in acoustic wave sensor

development. >
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R83-926157

{ Research and Development of
F Subgurface Acoustic Wave Device Configurations
for Sensor Applications

1.0 INTRODUCTION

NS 8 Wt e, e g

1.1 Program Objectives and Goals

The research and development program conducted by United Technologies
Research Center (UTRC) was directed toward the theoretical and experimental
understanding of the basic propagation characteristics of subsurface acoustic
waves (SSAW) in materials appropriate for practical SSAW sensors. The
principle objectives of the program were to identify promising propagation
: mode and substrate configurations and then to experimentally determine the
{ propagation characteristics that are relevant to SSAW sensor development.

: Strain sensitivity, temperature sensitivity, coupling efficiencies, and

§ propagation losses were among the more important characteristics determined.

: Materials and modes that give rise to high strain sensitivity and low

i temperature sensitivity were sought. The primary goal of the program was to

determine one or more SSAW structures whose properties are attractive for the
development of a low cost SSAW accelerometer or other sensors.,
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1.2 Technical Approach

Surface acoustic wave (SAW) devices, in which Rayleigh waves propagate on
the surface of a piezoelectric crystal, are finding ever increasing use as
delay lines, filters and a wide range of signal processing devices. Their low
loss, small size, and the fact that the surface nature of the wave provides
access to the entire propagation path are important advantages of SAW devices.
Precision, frequency output SAW sensors have been demonstrated using these SAW
oscillators. However, because SAW devices are very sensitive to surface
contamination, their use in sensors, where a high degree of stability is
' required over extended periods of time, leads to severe packaging problems.
Subsurface acoustic waves which propagate beneath, but within a few
wavelengths of the surface, have been shown to minimize or eliminate the
contamination problem and are, therefore, an attractive alternative for
acoustic wave sensor applications. During the course of this program, the
properties of several SSAW modes have been examined, and onme of these modes is
strongly recommended for further study for sensor applications,
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A variety of different types of SSAW’s are possible. Stoneley waves,
probably the oldest known type of subsurface wave (Ref. 1), propagate along
the interface between two materials with the acoustic energy concentrated in a
narrov region a few wavelengths wide about the interface. Unfortunately, the
conditions under which Stoneley waves exist are very restrictive, and it is
only very recently that Stoneley waves have been considered experimentally for
. device applications. Yamanouchi and co-workers at Tohoko University in Japan
(Ref. 2,3) studied the propagation characteristics of Stoneley Waves in 126°
rotated Y-cut, X-propagating LiTa0; with an amorphous Si0, film overlay.
They also mentioned, but gave no results for $i03/128°YX LiNbO,.
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Acoustic waves may also be confined to the interface region between two
materials by placing a thin layer of a third material with a lower acoustic
velocity at the interface. One example of this kind of guided interface wave
is found in Ref., &4, where & study of acoustic waves guided by a thin fluid
layer between two solids is reported. Interface waves in Zn0/Au/Si layered
structures were demonstrated earlier at UTRC. In this case the Zn0 film
provided the piezoelectric coupling and the thin Au film was the "slow" layer
that confined the acoustic wave to the interface. This type of guided
interface wave is thought to exist for many material combinations and thus
should prove more useful than the Stoneley wave for sensor applications.

A third type of SSAW that is of interest is the surface skimming bulk
wave (SSBW). Discovered in 1977 (Refs. 5,6), this type of wave has since been
reported in several cuts of quartz, in LiNbO3 and in LiTa0j, (Ref. 7). The
wave is launched from an interdigital transducer (IDT) much like a Rayleigh
wvave, but propagates at a shallow angle to the surface, and may be detected by
a second IDT located downstream from the launching IDT. SSBW devices with a
zero first-order temperature coefficient have been reported for rotated Y-cut
quartz substrates (Ref. 8). The SSBW is unlike the Stoneley and interface
waves in that no dielectric film overlay is required and the waves are
launched and detected at the surface. However, unlike Rayleigh waves, SSBW's
are horizontally polarized shear waves. The sensitivity to surface fluid
loading is far less than that of a Rayleigh wave since the shear horizontal
(SH) wave does not radiate compressional waves into the surface fluid. The
level of sensitivity of SSBW's to fluid loading was studied during the
program. Figure 1-1 illustrates schematically the substrate configurations
for the three types of SSAW’s just described.

1.3 Description of Program Tasks

The program was a research effort that was divided into two major tasks.
In task I, candidate materials and propagation modes were selected. Devices
were fabricated and tested to confirm SSAW propagation. Extensive
measurements of propagation characteristics were performed in Task II. The
purpose and goals of Tasks I and II were as follows:

Task I - Selection and Confirmatjon of Candidate SSAW Configuration

Candidate SSAW configurations were selected after a careful review of
the literature and of UTRC's own work in the field. The selection of
candidates, and in particular, the determination of the appropriaste
substrate crystallographic orientations, was assisted by UTRC“s analytical
modeling capabilities. Because the guided acoustic wave mode and the surface
skimming bulk wave mode were thought to offer the most potential for
temperature compensated sensors, these modes were to be emphasized.
Nevertheless, at least one Stoneley wave configuration was to be examined.
Sample devices of each configuration were fabricated and SSAW propagation
confirmed. The effects of variations in electro-acoustic transducer design,
overlay film thicknesses, film deposition conditions, and substrate
crystallographic orientation were examined in order to develop low-loss SSAW
devices with minimum sensitivity to surface contamination. The goal of Task 1
was to identify configurations that offered promise for the development of a
SSAW accelerometer or other SSAW sensor, and, at least four (4) such
configurations were to be selected for extensive testing in Task II.
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Task 11 ~ Experjmenta) Characterization of SSAW Sensor Configurations

The SSAW propagation characteristics which are important to the
development of a SSAW sensor were determined for those configurations selected
in Task I. At least two (2) devices of each configuration were fabricated and
measured for: 1) strain sensitivity, 2) temperature semsitivity, 3) electro-
acoustic transduction efficiency, 4) propagation loss, and 5) semsitivity to
surface contamination, The use of a SSAW device as a sensor is based upon the
sensitivity of SSAW propagation to substrate strains, and in particular, to
bending strains. In view of this, UTRC s strain sensitivity measurements were
carried out using a pure bending strain configuration, and strain sensitivi-
ties were determined for strains both parallel and perpendicular to the direc~
tion of SSAW propagation. Temperature sensitivities were to be measured on
unstressed devices over the entire =50°C to +1259C temperature range. In
guided acoustic wave devices, where there is some freeedom in the choice of
substrate, metal film, and dielectric film overlay materials, variations in
material combinations were examined in an effort to develop SSAW configura-
tions with minimum temperature sensitivity., The goal of Task II was to
determine, by experimental measurement of device characteristics, one or more
SSAW configurations whose properties are attractive for the further develop-
ment of a low cost SSAW accelerometer or other SSAW sensor, and to assess pro-
totype sensor performance capabilities.

1.4 Summary of the Report

The following section describes the experimental and theoretical methods
utilized in the performance of these tasks. Sections 3, 4, and 5 describe the
detailed configurations and results achieved for several SSAW device
geometries considered. A summary and recommendations for continued develop-
ments in Section 6. This program has resulted in considerable advancement of
fundamental knowledge concerning the properties of subsurface acoustic waves
and has resulted in a clear understanding of criteria for achieving device
configurations and material characteristics suitable for sensor and other
device applications.

During the course of the program, a paper entitled “Surface and Interface
Acoustic Waves In $i0,/YX-LiNb0O3" has been submitted to Applied Physics
Letters and is included in this report as Appendix A. Presentation of initial
results was made at the 1982 IEEE Ultrasonics Symposium in s paper entitled "
"Investigation of the Strain Sensitivity of Subsurface Acoustic Wave Modes".
Further material contained in this report is being considered for additional
publication,




2,0 Experimental and Theoretical Methods

2,1 Selection of Device Configurations

A review of the relevant literature showed that the group at Tohoko
University (Ref. 2,3) have been the only researchers to investigate Stoneley
. waves in piezoelectric materials, and that there have been no reports of work
on guided interface waves in any configuration of interest. Surface skimming
bulk Baves have been studied extensively, but primarily for high frequency
. oscillator applications. Their sensitivities to substrate strain and surface
fluid loading, two pieces of information necessary for sensor design, are
not available in the literature.

| The only known material configuration that is piezoelectric and satisfies
; the Scholte (Ref. 9) Stoneley mode existance conditions (see Fig. 2-1) is the
: $i02/126°YX-LiTa03 structure. On an earlier AFWAL program (Contract No.

‘ F33615-80-C-2044) this structure was examined at UTRC and the results of Ref.
2 and 3 confirmed at Si0y thicknesses of h = 2A/3 and h =2, Strain
sensitivities both parallel and perpendicular to the direction of acoustic
wave propagation were measured and found to be very low. In addition, the
LiTa03 substrates were costly and very difficult to process due to their high
sensitivity to thermal gradients and susceptability to brittle fracture at low
strain levels. As as result, this configuration is considered unsuitable for
sensor applications.

It would appear, from Fig. 2-1, that the LiNb0Oj slow shear-wave velocity
configuration, Si02/128°YX-LiNb03, analogous to the above LiTa03 structure,
does not quite fall into the allowed region for Stoneley waves. However,
small changes in the S§i0) film density or shear modulus could shift the point
in Fig. 1-2 to within the allowed region. Also, the Scholte existence
conditions were derived for isotropic media and, therefore, do not strictly
apply in the present case. In an early abstract to Ref. 3, it was stated that
this LiNb0O3 structure exhibits acoustic modes similar to those found in the
LiTa0 3 devices. As a result, it was decided to investigate the $i0,/128°YX~
LiNbO 3 configuration for Stoneley waves.

Reports in the literature on guided interface waves in the solid-liquid
film-solid configurations and early success at UTRC with Zn0/Au/Si devices
gave rise to the hope that such waves could be obtained with a wide variety of
material combinations. In that case, the materials could be chosen to
opsimize the device for high strain sensitivity and low thermal sensitivity.
From work at UTRC (Ref. 10) and elsewhere (Ref. 11) it is known that a zero
value of the first-order temperature coefficient (TC) can be obtained with SAW
devices by overlaying the SAW substrate with a dielectric film. The
dielectric material is chosen to have a TC that is opposite in sign to that of
the substrate, and at the proper film thickness, the TC can be reduced to
zero. Since there is no prior knowledge of how to maximize strain sensitivity
in these layered structures, it was decided to investigate a substrate-film
combination with TC“s of opposite sign. The zero TC film thickness would be
found and the strain sensitivity determined at that point. The combination
of a Y~cut~-LiNb03 substrate and a $i02 film, with an intervening Au film as
the "slow" layer was selected. Other materials could have been chosen for
this study, however, of the common crystalline piezoelectrics, only LiNb0j,
quartz, and possibly GaAs can be considered suitable for sensor applications
where mechanical properties are important considerations. LiNb0O3 was chosen
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for the guided interface wave study because of its very high piezoelectric
coupling coefficient and because it was assumed that a zero TC could be
obtained with the Si02 film-LiNbO 3 substrate combina<ion.

For an investigation of strain sensitivity and surface fluid loading in
SSBW devices, quartz was the obvious choice. It is the only SSBW crystalline
material which exhibits a zero first order TC, and its mechanical properties
are unsurpassed as evidenced by its wide use in crystal oscillators and other
electro-mechanical devices.

2.2 Measurement of SSAW Propagation Characteristics

The properties of SSAW devices that are most important for sensor design
are strain and temperature sensitivity. We have sought configurations that
produce high strain sensitivity and minimum temperature sensitivity. Also
important are the electroacoustic properties such as transducer coupling ef-
ficiency and propagation loss. Excessive losses in any portion of the device
are, of course, undesirable. Above all, the SSAW device must be unsensitive
to conditions on the surfaces of the substrate to be considered for sensor
applications.

Because SSAW devices are similar to SAW devices as far as the measurement
of their characteristics is concerned, it is unnecessary to describe here the
standard techniques used to measure electroacoustic properties. Measurement
of temperature sensitivity is also straightforward. There are several ways to
make these measurements, and one that has been found convenient and reliable
is to form an oscillator with the acoustic device and track the oscillator
frequency versus temperature. Such measurements are performed routinely at
UTRC with a computer controlled facility dedicated to characterizing devices
versus temperature and/or pressure. The sensitivity of SSAW propagation modes
to surface fluid loading was determined by immersing the device into a
silicone o0il and monitoring the change in insertion loss.

The strain sensitivity of a SSAW device can be thought of as a sum of two
effects: 1) the physical change in the length of the propagation path, and
2) the change in the SSAW propagation velocity with substrate strain. To
first order, the strain dependence of the SSAW velocity can be written

v =uv, (1+ Yjsj) (2-1)

where S; are the strains in abbreviated subscript notation, v, is the velocity
in the unstrained state, and y . are the set of stiain coefficients for the
particular SSAW configuration.” The 8] and S; components of normal strain are
taken to be the strain in the plane of the substrate parallel and transverse
to the direction of SSAW propagation while S, is the strain perpendicular to
the surface of the substrate. Since shear strains must vanish at a free sur-
face, and the S3 component of normal strain is usually quite small compared to
S1 and 82, the strain dependence of SSAW waves will be represented by

v = Vo (1 + Ylsl + stz) (2-2)

Values of Y; are known for bulk acoustic waves in many solids and for SAV
wvaves in a few materials.
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The strain sensitivity of SSAW devices was measured using a technique
adapted from earlier work on SAW devices (Ref. 12). The experimental setup
for these measurements is shown schematically in Fig. 2-2. A pure bending
state of strain is created in the substrate in the region between the inner
set of dowel pins., The 2:] ratio between the width of the substrate and the
distance between the two central dowel pins insures that the state of strain
in the central portion of the substrate is truly one of pure bending (Ref.
13). Substrates fitted with strain gages were used to experimentally check
the state of strain. The results showed: 1) that the bending strain at the
surface could be deduced from a knowledge of the geometry of the substrate and
the loading fixture and the magnitude of the applied load, and 2) that there
were no measurable transverse strains.

To determine the strain sensitivity, an oscillator is created with the
SSAW delay line and the change in oscillator frequency, f, recorded as a
function of applied load, F. Because the state of strain is uniform and
unidirectional over the SSAW path, simple equations can be derived relating
the strain coefficients v}, and Y2 to the slope of the frequency versus strain
data (Ref. 12). These relations are

1 af 1 Af
vp =1+ 28,’ and vy = ¢ 15, (2-3)

where S] and S, are the bending strains parallel and perpendicular to the SSAW
propagation direction. While the bending state of strain produced by the
loading arrangment of Fig. 2-2 is uniform over the area of the SSAW device,
the strain varies linearly with distance into the substrate. Unless the
substrate thickness is very large compared to the acoustic wavelength, or the
strain variation is properly accounted for, the experimental values of v; and
Y, obtained can be significantly in error. In strain measurements made during
this program, the substrates were typically 3021 thick, holding errors to less
than 10 percent (Ref. 14). For purposes of preliminary device evaluation,
errors of this magnitude are tolerable.

The relationship between the appplied load, F, and the strain components,
$1 and S) were arrived at as follows. Let the width and thickness of the sub-
strate be w and t, respectively, and the distance between the upper and lower
loading pins be d. The bending stress at the upper surface of the substrate
in the teglon between the two central dowel pins is then given by T =
(3d/w)(F/t2). For Y-cut or rotated Y-cut substrates, and the simple state of
strain generated by the pTre bendxng loading configuration, Tx =
C115x, Tz = C33 Sz and Tz" = cl 33 Szl where Ty, Tz are the normal stresses in
the X, Z directions for Y-cut substrates and Ty, Tz a{e the normal stresses
in the X, zl directions for rotated Y-cut aubstrates (z* is in the plane of
the substtate) The strains in the X,Z, and Zl direction are Sy, Sz and Sy
and C13, C33 and C33 are the approprxate elastic constants. For the quartz
and LiNbO3 substrates employed in this work, the appropriate constants are
given in Table 2-1,

Experimentally, this technique for determining the straim coefficients is
simple and the results unambiguous., Earlier SAW strain sensitivity measure-

ments made on quartz yielded coefficients which agreed closely with subsequent
theoretically derived values (Ref. 15).

2-3
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2.3 Interface Modes in Multilayer Media

Iheoretical Models

There are several systematic procedures for determining the velocities
and characteristics of straight-crested, guided modes in stratified
surface-wvave configurations (Refs. 16-18). From a mathematicsal
prespective, these techniques are all equivalent to finding the complex
eigenvalues of an assembly of translationally invariant structures. In one
method, the solution is obtained from a superposition of partial waves
chosen to satisfy continuity conditions at the layer interfaces and free
(or shorted) surface boundary conditions at the top-most layer. An
alternative method is known as the transfer matrix technique. In this
procedure, the eigenvalue problem is formulated in terms of a mode state
vector and transfer matrices that relate the state vector in the substrate
to its value anywhere in the layered structure. This method if preferable
because it is computationally more tractable. Regardless of the number of
layers, it requires at most the setting of a 5 x 5 determinant to zero to
satisfy all the mechanical and electrical boundary conditioms.

A clear exposition of the transfer matrix approach was given by Fahmy
in his thesis on acoustic wave propagation in multilayer media (Ref. 18),
and by B. Kennett in his recent articles (Ref. 17). A description of
the mathematical techniques are given in the following section. The
approach in the present work closely follows that of Fahmy.

ematjical F ation

Consider a multilayer structure composed of a semi-infinite half-space
(the substrate) and k layers of finite thickness anisotropic, possibly
piezoelectric, plates. These layers can be in direct contact or have
interposed a thin metallic layer. The coordinate system is aligned with
the X] axis along the direction of propagtion parallel to the interfaces
and the outvard surface normal X3 (cf. Fig. 2-3). The substrate is
defined by X3 < 0. All of the elastic and electrical properties of the
layers are expressed inthese coordinates by suitable rotatioms of the
constitutive temsors, such as the compliance, permittivity, piezoelectric
stress, etc., from crystal axes to the layer axes.

Referring to the axes xl, Xz. x3. the constitutive equations are

T1g = Cagee Yk,0 * C1y @ (2-4)

(2-5)

Dj - ejk!. uk"' - c.‘ll ‘.l




and the equations of motion and Gauss’s law become

pu; = T -
i 13,3 (2-6)
D -0
3,3 (2-7)
vhere
Tij = gstress tensor
v = displacement vector
DJ = electric displacement vector
™ =  electric potential
cijkl compliance tensor
€01 = piezoelectric stress tensor
€54 = permittivity tenso.

Repeated indices denote summations and a "comma" subscript stands for
differentiation with respect to the coordinate shown by the subscript
following it.

These equations can be made more compact by defining the following
vectors and matrices (by taking advantage of the inherent symmetry in the
constitutive relations)

Tj - [Tij] » 3 x 1 vector
St o= [cijkll » 3 x 3 matrix
» 3 x 1 vector
Ejg = le!.ij]
VA s 3 x1 vector
2-5
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Using these definitions, Eqs. (2-4) and (2-6) simplify to

(2-8)
rj-c“u,i+g“¢5£

2
~w pUsw= Tj’l (2-9)

for a time dependence of exp (~iwt). Now assume a spatisl dependence of
the form exp (A4 X{) where A is the propagation vector wave number with
components ),, i =1, 2, 3. By eliminating T! and T2 from Eq. (2-8) and
Eq. (2-9) lni noting that differentiation with respect to the "ith"
coordinate is equivalent to multiplication by 1y, we can (after
considerable algebra) cast Eqs. (2-5, 8 and 9) into a matrix eigen-
value equation:

gl - Ay) 10 = 0

3 (2-10)

vhere 13 is an 8 dimensional mode state vector,

t
13 = [T3’ D3' v, ]

and A3 is an 8 x 8 system matrix that depends on the material constants,
w and ); (if the wode varied perpendicular to the sagital plan then A
would aflo depend on Az). Equation (2-10) is equivalent to the matrix
differential equation

3 - 3
o /3X3 A3T 0 (2-11)

Since A; is space invariant, there exists a matrix exponential function
that transfers the state vector t3 from an arbitrary origin within a layer
(or the substrate) to s point h al g the X_axis. Thus the solution to
Eq. 2-11 is given by 3

) = 3m) - 13(0) (2-12)
where

$3(h) = exp [Aqh) (2-13)

is the layer or substrate transfer matrix.




Consider an infinite plate of thickness, h, at each free surfage
(open circuit) the stress and electric displacement components of T
vanish, thus

3h) = #3(h) 13(0) = 0

(2-14)

which for a non-trival solution requires
13m) =0 (2-15)

Only the upper right quarter of the 8 x 8 transfer matrix is needed in

Eg. (2-15) since the first four components of the continuous state vector

15 vanish at both interfaces. The solution(s) to Eq. (2-15), and thus the
alloved plate modes, are found by varying the propagation velocity (along

xl) until Eq. (2-15) is satisfied to within some predetermined tolerance.

In the case of a half-space (or substrate) defined by X3 < 0, it is
convenient to represent T~ in terms of a linear combination of eigemmodes.
I1f P is a modal matrix (Ref. 19) for A , then the system vector of the
substrate is given by 3

(2-16)

The 8 x 1 vector Y3 is the projection of 13 on the vector space defined
by the eigenmodes of A,. If A = P-1A P is the diagonal matrix whose
elements are the eigenvalues of A3, then

Y () = exp (A Xy Y3 (0) (2-17)

This follows from Eqs. (2~11) and (2-16) upon noting that FF1 P = I, At
the free surface, T3 and D3 vanish so that the boundary condition
becomes

13y = [Ply Y0 =0 (2-18)

where the subscript U denotes the upper half of the vector or the
matrix. For s non-trivial solution,

(2-19)

R Y et RN
-
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The modal matrix P is an 8 x 8 matrix of eigenvectors corresponding to
the eigenvalues of Aj. Generally, one only retains those eigemmodes
which decay into the substrate and thus P can be reduced to a smaller
matrix. For example, in the case of a generalized surface wave no more
than 4 eigemmodes are required to represent the mode state vector.

If the substrate is overlaid with k layers of finite thickness, then
it follows from the preceeding discussion that

k 3

3 3 -
1 n +PY =0 (2-20)
[ Free Surface]U ( 11 0110
and for non-trivial solutions
(1 € -l
n ), " P =0 (2-21)
.1 17U

This determinant, which is 4 x 4 in this case, is a complex transcendental
function of the frequency f, the wave velocity v and the attenuation .
Equation (2-21) takes the form

F(f, 2) =0 (2-22)

vhere z = iwlfvoll) is a normalized complex wavenumber and v, is a
judicious guess at the value of the wave velocity v. The entire problem
is now reduced to determining the complex roots of Eq. (2-22). The roots
are found by searching about z = 1 for the minimum of

W(f,z) = |Re(F)| + |Im(P)| (2-23)

since the zeros of W are the zeros of F. Moreover, the maximum modulus
theorem states that all concave upward regions in the surface W contain
zeros since the function has no minimum other than W = 0.

The transfer matrix technique is a powerful general method for
anslyzing elastic waves in complex layered media, and was employed in the
investigation of such structures in the present program.

In Section 3, 4, and 5, detailed experimental and theoretical work is
described for the several SSAW configurations investigated.

2-8
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Table 2-1

Elastic Constants
f’
) ' 6 .

Material Cut Angle c 1 €4 c 33(xlO psi)
Quartz -36 12.6 14.1

-42,75° 12.6 10.9

-]

LiNbo, 0 29.4 35.5

128° 29.4 28.6

ok
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3.0 Surface Skimming Bulk Waves in Quartz

Figure 3-1 shows the quartz substrate configuration which: 1)
supports a surface skimming bulk wave (SSBW) acoustic mode, and 2)
exhibits a zero first order temperature coefficient. This configuration is
defined by the Y-crystalline axis having a 36° rotation relative to the
surface normal. SSBW propagation is perpendicular to the X-direction. The
SSBW is a type of subsurface acoustic wave (SSAW) which is radiated at a
shallow angle into the substrate. The acoustic particle motion is shear
horiztonal (SH). Unlike surface waves or guided wave modes, the SSBW wave
motion versus depth into the substrate is determined by the launching
interdigital transducer (IDT) electrode pattern and its depth into the
substrate increases as the wave propagates. Thus, the wave is actually a
bulk shear wave which, because of the crystalline orientation, is launched
into the substrate with a field distribution similar to that determined by
an end-fire array, i.e., the IDT. A calculated far-field SSBW radiation
pattern (Ref. 20) is sketched in Fig. 3-1.

The frequency response of a SSBW delay line is shown in Fig. 3~2 where
the insertion loss at the fundamental frequency and third harmonic
frequency of a representative device are presented. As in the case with
surface waves, double electrode transducers have nearly the same efficiency
in launching fundamental and third harmonic SSBW’s and operation at the
third harmonic may be desirable from a strain sensitivity standpoint as
will be explained below.

Several delay line designs were used in the present program and Table
3-1 lists the important parameters of the various designs. The data for
Fig. 3-2 was obtained from a DLl type device. Because the DLl pattern was
not optimized for SSBW’s, the insertion loss (IL) minimum in Fig. 3-2 is
rather high (30 dB). Values of IL as low as 8.2 dB were obtained with SSBVW
devices fabricated using the DL1l pattern, and even lower IL can be
obtained if required. A portion of the follow-on effort will be devoted to
optimizing the SSBW IDT design.

Examples of the sensitivity of the IL characteristic to surface fluid
loading are given in Fig. 3-3. The double exposures of IL versus
frequency show the increase in loss that occurs upon immersing the entire
delay line in a silicon oil. Because a SSBW is a horizontally polarized
shear wave, and since shear waves cannot propagate in a non-viscous liquid,
it was conjectured that the losses resulting from immersion of a SSBW
device in a low viscosity fluid might be acceptable. Figure 3-3 shows a
A= 16 ym, DL11 device which incurred an additional loss of 11 dB when
immersed in oil and a longer wavelength DL1 deice whose IL increased by 4
dB. The maximum increase in IL due to fluid loading for all SSBW devices
tested was 12 dB. For a SSBW device with an initial IL of about 10 dB or
less, which is easily achieved, the additional loss due to oil immersion
is quite tolerable. From an IL standpoint, practical sensors may be
achieved with SSBW delay lines.
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The temperature characteristics of SSBW devices on 36 ° rotated Y-cut
quartz substrates are particularly attractive for sensor development.
Figure 3-4 shows the measured frequency versus temperature behavior of such
a device. An acoustic wave oscillator is formed with the SSBW device in
the feedback loop of an amplifier controlling the frequency of oscillation.
Such an oscillator is then placed in a temperature chamber and the
frequency recorded as a function of temperature. Figure 3-4 shows that the
device has a zero first order temperature coefficient of delay at Tgp =
39.03°C, and that the second order coefficient @ = 7.5 x 10-8(°C)-2. This
means that, to control the oscxllator frequency to 1 ppm, the temperature
must be held to within 3.65°C of T., or to control the frequency to 1
part in 108, the temperature must be stabxlxzed within 0.365 °C of Tg. The
value of Ty may be varied from below 0° C to above 100°C by changing the
angle of the crystal cut from 35° to 38°. An even lower value of o may be
obta1ned with quartz crystals whose Y-rotation angle is in the vicinity of
-50.5°, i.e., very near the BT cut angle (Ref. 20).

The strain sensitivity of SSBW devices was measured for both ST cut
quartz and 36° rotated Y-cut substrates. Table 3-2 is a summary of the
results of these measurements. The coefficients Y,-1 and Y, are equivalent
to the Gage Factor (GF) used to describe ordinary resistance-type strain
gages., For these gages, the GF typically has a value near 2. While
the larger acoustic wave strain sensitivities are only about half as
great as the GF of resistance-type gages, it should be borne in mind that
the stability of the sensor and the degree of accuracy with which the
sensor output can be measured weigh in favor of the frequency output
acoustic wave devices. As a result, sensitivities of 1.0 or even less are
considered very encouraging and deserving of further investigation. The
results on 36° quartz are particularly attractive in view of the low
temperature sensitivity. The good transverse strain sensitivity
(Y2 = 1.0) and the very small parallel semsitivity (Y;-12Z -0.05) will
make this configuration easy to design into a practical sensor. The ST
cut SSBW devices have higher strain sensitivity than the 36 cut, but the
hxgh temperature coefficient for SSBW’s on ST quartz (- -31 ppm/ C) rules
in favor of the 36° quartz.

3 Note, in Table 3-2, that the strain sensitivity of the 40 um
wavelength B38-L deice is only about half as great as that of the

A =13 and 16 ym devices. The same dependence upon wavelength is also

seen in the ST-cut devices. The angle beneath the surface at which the
SSBW°s are launched depends upon the wavelength with the shorter wavelength
(higher frequency) waves being launched at a more shallow angle. Since the
bending strains are highest at the surface and decrease linearly with depth
into the substrate, it is believed that the larger strain sensitivity of
the higher frequency waves is the result of these waves propagating through
regions of greater strain. A quantitative understanding of this behavior
will be sought in the follow-on program through a perturbation theory
analysis of the strain sensitivity problem.

Because of its high strain sensitivity, very low temperature
sensitivity, and tolerable fluid loading losses, a SSBW device on 36
quartz is considered a very attractive candidate for further development
for sensor applications.




TABLE 3-1

f . DELAY LINE PARAMETERS

Wavelength Type of Aperture Length Transducer
DL#  Pattern (microns) Electrodes (WL) (WL) Spacing(WL)
1 FADEC2 40 double 51 120 40
2 Sv-Ql1-38-80 40 single 51 80 67
Z 3 GAW XER-1 16 single 62 50 125
: 4  GAW XER-2 16 single 62 50 100
5 GAW XER-3 16 single 62 50 1
6 GAW XER-6 24 single 42 50 83
7 GAW XER-7 24 single 42 50 100
8 GAW XER-8 24 double 42 50 1
9 VSEXP2 24 double 50 50 87
% 10 AGWIA-1A 12 single 70 100 4
3 11 AGW1A-2B 16 single 70 100 4

12 AGW1A-4A 24 double 70 75 4

)




TABLE 3-2

STRAIN SENSITIVITY MEASUREMENTS
SSBW IN QUARTZ

Strain Sensitivity

Sample Quartz Wavelength Parallel Transverse
4 Number Cut-Angle (microns) ¥1-1 Y
Bl ~42.75 ° (ST) 40 0.31 0.63
B20~2B -42.75  (ST) 16 0.45 1.36
B38-L -36° 40 - 0.62
B4S-L -36° 40 -0.05 0.50
B45-L -36 13 -0.07 0.96
B37b-B2 -36 16 -0.04 1.02
B37b-C3 36 16 -0.05 0.97

B49~C3 =36 16 -0.06 1.05
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4,0 Acoustic Wave Modes in SiOzlYX-LiNb03

The work performed on the SiOZIYX-LiNb03 configuration during the
course of this program is presented in a paper entitled "Surface and
Interface Acoustic Waves in $i0/YX-LiNb03" which has been submitted to
Applied Physics Letters. A preprint of this paper is included in this
report as Appendix A. The investigation of the acoustic modes in this
structure will be discussed further in the following.

Figure 4-1 shows the calculated dispersion curves and experimental
data points for the allowed acoustic wave modes in the layered structure
Si0y /YX~LiNbO3. 1In addition to the Rayleigh-type surface wave, two other
modes are predicted and observed experimentally. One is a horizontally
polarized surface shear wave (SH) and the other is an interface wave with
displacement components localized at the 5i0,-LiNb0, interface. The inter-
face wave was designated as a generalized Stonely wave (GSW). Figure
4-2 illustrates calculated particle displacement components for each of
these two waves showing their distinct characteristics.

The effect of a massless shorting plane on the velocity dispersion
is seen by comparing the curves for the open and shorted interface cases
in Fig. 4-1, If the mass loading of a metal layer of finite thickness
(1% ») is included in the calculations, the result is a small reduction
(< 5 m/s) in the velocity of both the SH and GSW modes and a small increase
in the localization of the GSW wave at the metallized interface. Further
increases in the metal thickness cause additional slowing of the waves but
do not result in dramatic changes in either the velocities or displacement
profiles.

It was anticipated that a mode such as the GSW mode could be obtained
by placing a metal layer at the Si02-LiNb0O3 interface. The slower acoustic
velocity of the metal layer would tend to "trap" the acoustic energy at the
interface and produce the desired guided wave. Theoretically, the wave
exists independent of the metal layer, and the addition of a finite
thickness metal layer has little effect on the wave beyond that of a
massless shorting plane. Figure 4-3 shows the calculated displacement
profiles for the GSW wave at h = A for the open and shorted interface
cases. As seen in the figure, the addition of a massless shorting plane
leads to a reduction in velocity from 4043 m/s to 4035 m/s and displacement
profiles that are more localized about the interface. The small reduction
in velocity that is obtained by adding the shorting plane indicates that
the acoustoelectric coupling to this mode is low. The analysis predicts
a maximum value of K2 = 0.76% at h = 0.7 ),

Experimentally, the GSW mode was obsered in the IL characteristics of
all devices for which h > 0.6 A, Figure 4-4 shows the GSW and SH modes
for two devices, one with h = 0.60 )\ and Ti/Au/Ti metallization layer
thickness hy = 0.011 A, and the other with h = 0.91 X and hy = 0.016 ).
As seen in Fig. 4-4, the two modes are quite close together in frequency
and the IL of the GSW mode is between 6 and 10 dB greater than the SH
mode. The coupling to the GSW mode was observed to decrease with
increasing h/)A as seen by comparing the two samples in Fig. 4-4. Also
shown in the figure is the effect of surface fluid loading on the two
modes. In this case,the samples were not immersed in oil, but instead,
a small drop of oil was placed on the Si0, surface in the area between
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the IDTs. The result is only a small increase in the IL of the SH mode
but a severe degradation of the GSW signal. As shown in Figs. 4-2 and
4-3, the vertical shear component of displacement is the dominant
component of the GSW mode. The SV waves at the surface couple into P
waves in the fluid, and, because the amplitude of the SV component at the
surface is a significant fraction of the peak amplitude near the
interface, substantial losses due to fluid loading are expected. As a
result of this high sensitivity to surface fluids, temperature and strain
sensitivity measurements on the GSW mode were not attempted.

In contrast to the GSW mode, the SH surface wave in SiOZ/LiNbO was
easy to excite and relatively insensitive to surface fluids. As a result,
the SH mode was thoroughly characterized versus temperature and strain in
order to assess the potential of this mode for sensor applications.
Because 5i0) and LiNbOj3 have temperature coefficients that are opposite in
sign, it was expected that a zero value of TC could be found experimentally
for the layered structure. Also, since the SH wave is a true surface wave
with amplitudes decaying rapidly with depth below the surface, and the
LiNb0O3 TC has a magnitude greater than the TC of SiOz, it was anticipated
that the zero TC value of h would be less than ), Experimentally, samples
with varying values of h/) were processed and the temperature
characteristics of the SH wave measured to locate the zero TC point.
Having determined the value of h/) that results in a zero first order IC,
(h/x = 0.405), strain sensitivity measurements were then performed on
devices with h/) near the zero TC value.

For values of h/) < 0.405, the characteristic of the SH wave depends
strongly upon the conditions (electrically open or electricallyshorted) at
the Si0,-LiNb0O3 interface. As shown in Fig. 4-5, for h = 0.4 ), an open
interface results in a lossy wave that radiates shear waves into the bulk.,
A shorting plane at the interface transforms the leaky wave into a bound
mode, For h > 0.405 X, both open and shorted interfaces result in well
defined SH surface waves as shown in Fig. 4-6 for h = 0.5 A. The
experimental devices are best described by the open interface case in the
region of the transducers. As a result the velocities determined by the
frequency and wavelength (i.e., v = f)) should conform to that predicted
for the open interface. Refering to Fig. 4-1, that is seen to be the case
except in the region around h .4) where there is a significant spread in
velocities. In all instances, the experimental velocity is less than the
predicted value, presumably because of the inability to properly model the
elastic properties of the Si0 films. These films are known to be stressed
(Ref. 3) and a complete model must also take that into account.

The results of temperature sensitivity measurements made on the SH
mode in Si0 /YX-LiNb0, are shown in Fig. 4-7. The zero first order TC at
20°C occurs“at h = 0.42 X and the second order coefficient at that point
is 0.21 ppmm/ocz. The TC is seen to be a rapidly varying function of h/2
in the vicinity of h/A = 0.42 and is undoubtedly strongly influenced by the
proximity to the h = 0.405) cut-off point. Controlling the processing of
these devices in order to be able to consistently reproduce the zero TC
$i02 thickness would appear to be a difficult task.
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Strain sensitivity measurements made on the SH mode proved to be dis-
appointing. The results of measurements on two devices with h = 0,42 )
gave values of y;~1= -0.,21* 0.03 and Y, = =0.31 +0.10. The maximum values
of Y1-land Y, obtained for all samples tested wasy;~I~ 0.52 and Y = 0.53 at
h/A = 0.53. As indicated by these two results, there was significant
scatter in the strain sensitivity data. While the results obtained from a
given sample were repeatable, values of Y| and Y7 obtained from devices
with similar h/A ratios were not. It is conjectured that the measurements
are strongly influenced by built-in film stresses which vary from device to
device. The highest values obtained, however, are at best a factor of 2
below the level desired. This low stain sensitivity, together with the
strong dependence of TC upon h/A in the region of the TC = 0 value, make
the SH mode an unlikely prospect for sensor application.
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5.0 Acoustic Wave Modes in §i0,/128° YX-LiNb0

Stoneley-like interface waves, or generaliged Stoneley waves (GSK), have
been reported in the layered structure Si0, /126 YX LiTa03 (Ref. 2,3).
Similarities between 126 YX-LiTa0; and 128°YX-LiNb0; suggested that localized
interface waves might also exist in the LiNb0; layered structure. Because the
acoustic energy is concentrated near the interface, the propagation of these
waves should be insensitive to surface fluid loading. If these modes can be
shown to possess the desired strain and temperature sensitivities, devices
employing such modes could be developed into precision sensors. In this
section, the results of a theoretical and experimental study of the acoustic
wave modes in SiQ, /128 YX-LiNbO; are presented.

Propagation velocities, attenuations, and particle displacement profiles
were calculated for silica films on 128° rotated Y-cut LiNb0,. Three types of
acoustic wave modes are supported by this structure: (1) a Rayleigh SAW, (2) a
horizontally polarized shear surface wave (SH-SAW), and (3) two GSW’s. The
calculated dispersion curves, Fig. 5-1, show the effect of the 8i0, film on
the various modes. In general, the silica film loads the substrate and
sharply reduces the propagation velocity. It also converts what is a
predominantly Rayleigh-type leaky surface wave at zero Si0, thickness (V =
4007.6 m/s) into a nearly pureCSH surface wave. Without the Si0, layer, the
leaky~surface wave mode on 128 YX-LiNb0; has nearly the same velocity and
characteristics as the Rayleigh surface wave(V = 3994.2 m/s), A thin film of
8i0, converts the leaky mode into an unattenuated shear mode. The particle
displacement profile of the SH-SAW mode for a h = 1.1 Si0-» layer is plotted
in Fig. 5-2. The SH mode was not strongly excited in any of the experimental
devices and so was not further ianvestigated.

Two additional modes appear in structures with thicker §10, layers. Tney
are the GSW modes whose properties are of prinicipal interest. These modes
radiate energy into the substrate (see Fig. 5-3) until the propagation
velocity is reduced by the Si0 layer below the slow shear wave velocity in
LiNbO 3 (V = 4079 m/s). As the Si0, thickness is increased, the velocity of
both GSW modes approaches the shear velocity in Si0,. Experimentally, the
lower velocity, or Type I GSW, was easily excited, The insertion loss for
this mode was as low as 10dB and less than 25dB for all samples examined. 4
The Type II mode was strongly excited only with the thickest Si0; layers
(h > 1,2 ).

The particle displacement profiles of the two GSW modes are shown in
Figs. 5-4 to 5-7 for various S$i0, layer thicknesses. The presence of a thin
conducting layer at the Si0 ,~LiNb0; interface reduces the propagation velocity
of the GSW modes (see Fig. 5-1), but does not appreciably alter the mode
profile, This can be seen by comparing Fig. 5~4a and Fig. 5-4b. As seen in
Figs. 5~4 to 5~7, the peak amplitude of the Type I GSW does not occur at the
interface but rather in the §i0, film. Also, the magnitude of the peak
amplitude is only about twice as large as the amplitude at the free surface.
The wave is not as tightly bound to the Si0,~LiNbO; interrace as anticipated,
however, subsequent fluid loading experiments showed that the losses were not
excessive. As h/) increases within the range investigated, the Type II higher
order GSW mode does become better localized at the interface. However, the
magnitude of the peak amplitude is still only about twice the amplitude at the
surface. Both of these modes might be better described as higher order
surface waves rather than GSW”s or interface waves.,

5-1
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Experiments were conducted to determine the Si0, thickness to wavelength
ratio, h/ ), required to produce a zero first order TC for the Type I interface
wave, Because the higher order interface wave was strongly excited only on
samples with the thickest Si0, layers, its temperature properties were not
investigated. Five samples with h/ A values of 0.76, 1.04, 1.16, 1.31, and
1.75 were tested versus temperature. Figure 3-8 shows the results of these
experiments. A zero value of the first order TC at 20 C can be obtained at h
= 1.24A. The sample with h = 1.16) had a zero first order TC at —12.7°C, and
the sample with h = 1.31X had a zero first order TC at 50.0°C. Figure 5-9
shows a frequency versus temperature plot and the parabolic fit to the data
for the h = 1,312 sample. The second order TC for this device was 0.044
ppm/ " at 50.0°%C giving this device the lowest temperature sensitivity of all
of the devices examined during the course of this program including the SSBW
devices on 36 Y quartz. The Type I GSW can, therefore, be temperature
compensated and 1t remained to determine the strain sensitivity and the
effects of fluid loading to fully assess the potential of this mode for sensor
applications,

Experiments to determine the effects of surface fluid loading were also
encouraging. Figure 5-10 shows the insertion loss versus frequency
characteristics for the sample with h =1.04A. The Rayleigh-SAW and the Type I
interface wave stand out clearly against a clean background signal. The
SH-SAW is seen to be very weak at this value of h/XA, and the Type 1I interface
wave is not observed at all. Figure 5-11 shows the effect of coating the
entire device with a silicone oil. The Rayleigh-SAW is totally absorbed while
the Type I wave suffers only a 10dB increase in attenuation. For values of
h/ % closest to the zero TC value, i.e. h = 1.16* and h = 1.31%, fluid loading )
losses were in the 7 to 10 dB range (see Fig. 5-12). Since the insertion
losses without surface fluids were typically 15dB for these devices, the total
losses were 22 to 25dB, well within the acceptable range. It should be noted i
that these devices have not been optimized and, therefore, the overall losses,
including fluid loading, can undoubtedly be reduced to below 20dB. Figure
5-13 shows the insertion loss and effects of fluid loading on a sample with
h = 1.75A, This is the only sample in which the coupling to the Type II GSV
was large enough to produce a clean signal, Fluid loading losses for the Type
I wave are much greater than for the Type II wave at this value of h/*., This
follows from the displacement profiles of Fig. 5-7 which show the Type II wave
to be better confined to the interface.

Measurements to determine the strain sensitivity of the Type I interface
wave wvere performed on devices with h = 0.76A, 1.16%, and 1.31A. Two devices
with h = 0.76) were examined first with encouraging results. Values of Y;-1 =
-0.66 + 0.02 and v, = 0.68 * 0,17 were obtained. These values are equivalent
to the gage factor of ordinary strain gages. Since the acoustic devices can
be used in pairs or groups of four to take advantage of the differing parallel
and perpendicular strain sensitivities and, at the same time, cancelling
deleterious temperature effects, the above sensitivities obtained with the h =
0.76 1 device are considered large enough to be useful in practical devices.

It was hoped that the strain sensitivities for devices near the zero TC point
would be at least as large. This does not seem to be the case however.
Measurements to determine the strain sensitivity of h = 1,16X and 1.31%
devices showed first, that, with the thicker Si0, layers, the strain
sensitivities were low, and second, that stresses in the Si0, films were
strongly influencing the results. The frequency versus strain data for these
devices all exhibited nonlinearities, making accurate determination of the




strain sensitivities impossible. It is estimated, from the data available,
that the strain sensitivities,y; -1 and Y,, for these devices are less than
0.2. These values are probably too low for practical sensor development,
however, the effects of film stresses upon the apparent strain sensitivities
is unknown. Since it is known that deposition of Si0, films onto LiTa0, by
plasma~CVD rather than rf sputtering results in greatly improved interface
wave propagation characteristics (Ref. 3), and it is probable that this is the
results of reduced film stresses, it would be advisable to fabricate and test
LiNb0 3 devices made with plasma-CVD. The Type I interface wave has excellent
temperature properties and acceptable fluid loading losses, and an accurate
picture of the strain sensitivities should be obtained before ruling out this
configuration.
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6.0 Summary and Recommendations for Continued Development

At the outset of the program very little was known of the acoustic
properties or strain sensitivity of subsurface acoustic wave modes, or of the
substrate configurations which would support them. The principal objective of
the investigation was to identify promising SSAW modes relevant to sensor
development. Strain sensitivity, temperature sensitivity, coupling
efficiency, propagation losses and sensitivity to fluids placed on the surface
were among the important characteristics to be determined. Materials and
acoustic modes were sought that give rise to high strain sensitivity and low
temperature sensitivity with minimum perturbation by surface fluid loading of
the type required for vibration damping of a cantilever beam acceleration
sensor.

The program successfully achieved its objectives through the careful
theoretical and experimental examination of the acoustic modes supported by
several candidate configurations, Table 6-1 summarizes the principal strain
and tenperature sensitivity results. Of the several substrate configurations
and modes studied, the SSBW in 36" Y-cut quartz was found to possess the
desired characteristics meriting further development as tabulated in Table
6-2. The configuration has good strain sensitivity, very low temperature
sensitivity, and low sensitivity to surface fluid loading. Because a film
overlay is not required, this SSBW device is more readily processed and the
problems inherent to layered structures, i.e., film adherence, film stresses,
thermal expansion matching problems, etc., are avoided.

The Type I GSW in Si02/128OYX-LINbO3 was thought to have potential at one
point in the program, however, difficulties associated with stresses in the
$i0; films make this configuration appear less attractive at this time. This
mode has low sensitivity to surface fluid loading and actually has a lower
temperature sensitivity than the SSBW on 36¥~-cut quartz. Unfortunately, the
strain sensitivity also appears to be low, but has not been accurately
established due to problems associated with stresses in the Si0; films.
Methods of S$5i0, deposition that result in films with lower stress levels need
to be investigated before a final decision can be made on this configuration.

Several other configurations which initially appeared promising were also
eliminated. Configurations utilizing LiTa03 substrates were eliminated
because of the susceptibility of the material to fracture. A layered
§10,/Y-cut LiNb0O; configuration was studied and discovered to support a shear
horizontal (SH) polarized surface wave. Although a temperature compensating
8i0, thickness was found, negligible strain sensitivity was measured. This
novel result may prove important for stable oscillator applications requiring
minimal sensitivity to mounting straimns, but is rejected for the present
sensor application.

The configuration shown in Fig. 1-1C considered the use of a intermediate
thin film layer which would promote acoustic wave guiding near the interface.
This configuration proved to have no advantage over the approaches shown in
Cases A and B and was more complex to fabricate.

6-1




Another major accomplishment performed in parallel with this effort under
a corporate sponsored program was the development and refinement of UTRC s
theoretical modeling capabilities. Using the UTRC computer code, the acoustic
mode characteristics of multi-layer structures can be calculated. This code
is useful for identifying the mode type based upon the comparison of predicted
and observed acoustic velocities for surface Rayleigh waves, surface shear
waves, and generalized Stoneley waves. Acoustoelectric coupling coefficients

for these modes are also predicted by the code.
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TABLE 6-1

Summary of Principal Results

lst Order 2nd Order
Acoustic Strain Sensitivity Temperature Temperature
Device Wave Parallel Transverse Coeffig}ent Coefficient
Configuration Mode Y -1 Y, (ppm/ C) (ppm/ C2)
36°YZ”-Quartz SSBW -0.05 1.00 0.0 @40 C 0.072
STZ”-Quartz SSBW 0.045 1.36 =31 -———
i $10,/YX-LiNbO SH -.2 -.3 0.0 @ 51°C 0.21
Si02/128°YX-LiNbO3 Gsw <.2 <.2 0.0 @ 50°C 0.044
$i0,/126°YX-LiTa0,  GSV -0.2 0.1 --- ---

Z°~axis lies in the plane of the

substrate and is perpendicular to the X-axis.




TABLE 6-2

SUMMARY OF PROPERTIES OF SELECTED CONFIGURATION

Acoustic Propagation Mode
Substrate Configuration
Thin Film Overlay
Propagation Direction

Temperature Coefficient
First Order (ppm/°C)

Second Order (ppm/° C2)

Strain Semsitivity (GF)

Parallel (Yl-l)

Perpendicular (Y2)
Fluid Loading Losses

Overall Losses

SSBW
36° Y Quartz
None

Perpendicular to x-axis

0 (at 40°C)

0.072

1.0

-0.05

<12 dB

< 20 dB
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Surface and Interface Acoustic Waves

. i "
In SzOZ/YX L1Nb03

D. Cullen, G. Meltz, and T. Grudkowski
United Technologies Research Center

East Hartford, CT 06108

ABSTRACT

For Y-cut lithium niobate, a leaky shear horizontal (SH) surface wave is

known to propagate along the X-axis. When an SiO2 film is deposited on the LiNbO3

surface, the SH wave is found experimentally to have low loss and theoretical
calculations show the wave to be closely confined to the surface. Two additional

acoustic modes are observed in the SiOZ/Yx-LiNbO configuration. One mode is a

3

Rayleigh—~type surface wave and the other a generalized Stonely wave. Experimental

measurements and theoretical predictions of the wave velocities versus film
thickness to wavelength ratio (h/\) are presented. Measurements of the temperature

coefficient of time delay are given for the SH wave showing a zero first order

coefficient at h = .42). The sensitivity of this wave to bending strains is also

presented.
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Surface and Interface Acoustic Waves

In 8i0,/YX-LiNbO3

D. Cullen, G. Meltz, and T. Grudkowski
United Technologies Research Center
East Hartford, CT 06108
Substrate configurations which support acoustic wave modes having low
environmental semsitivity are of interest for achieving stable operating
characteristics. In practical device applications, thermal and mechanical
stability, related to mounting of the substrate on a rigid carrier, are of
primary concern. Generally, stable surface acoustic wave (SAW) devices have
utilized Rayleigh waves on substrates that have been chosen primarily for
their low thermal sensitivity. In the present work, the SAW of interest is
a horizontally polarized shear wave (SB) propagating on a substrate
consisting of a deposited SiO2 film on Y cut LiNb03, with propagation along
the X direction. This wave is shown to provide a zero first order
temperature coefficient of time delay and low strain semsitivity under the

proper choice of Si0O_ layer thickness. Use of the SH wave has an

2
additional advantage compared to the Rayleigh wave in that semsitivity to
surface loading or contaminants is reduced because compressional waves are
not radiated into the fluid above the free surface. In addition to the SH

polarized SAW, a Rayleigh wave and a Stoneley-like interface wave were also

observed.

Processing of devices for this work involved formation of a delay line
pattern on a LiNbO; substrate and deposition of a SiO2 film over the pat-
terned substrate. Several interdigital transducer designs were employed,

including both single and double electrode designs with wavelengths of 12,




16, and 24 microns. The transducers were defined on the LiNbO; substrate
by ion wmilling of an rf-sputtered Ti/Au/Ti metallization through a
photoresist mask. The silica film was also deposited by rf-sputtering in

an Ar stmosphere at a temperature of 200°C,

Propagation velocities, particle displacement profiles, and leaky wave
attenuations of the various ultrasonic waves supported by the layered
structure were calculated as a function of the Si02 thickness to wave-
length ratio, h/x, using a transfer matrix formulation of the multi-layer
problem.l Values of the coupling constant, K2 = 2AV/V, were also determined
analytically by computing the propagation velocity with and without a

maesless metal shorting plane at the SiOZ-LiNboa interface.

Figure 1 is a plot of phase velocity versus $i0; thickness showing the
calculated curves and experimental data points for the Rayleigh wave, the
horizontally polarized surface shear wave, and an interface wave which we
designate as a generalized Stoneley wave (GSW). The figure covers the

range h/A= 0 to 1, corresponding to the range of the experiments.

In the case of an electrically shorted interface (Fig. 1-solid curve),
a very thin 8i0, layer is sufficient to transform the SH leaky surface wave 2
into a SH bound mode. 1If the interface is not metallized (Fig. l-dashed
curve), then & much thicker lsyer (h > 0.405)) is required to load the
substrate and prevent the radiation of the veritcally polarized transverse
(8V) bulk mode. It can be seen that the coupling constant K2 can be quite

large close to the cut-off of the SH mode., Penunuri and Lakin3 also found

BPIRRIIPLY ey, 1 T




that a thin oxide film will load an anisotropic substrate and give
rise to a strongly coupled piezoelectric Love mode. As the thickness of
the oxide layer is increased, the velocity of the SE mode approaches the

silica shear velocity value of 3763 m/s.

Figures 2a and b show calculated particle displacement profiles for
the horizontal shear SAW and the generalized Stoneley wave at selected
values of h/y with a gold metallized interface surface. The SH wave
resembles a pure lLove wave with very little motion in the sagital plane,
and is tightly confined to the surface wave as indicated by the rapid decay
of amplitude with depth. The GSW, in contrast to the SE wave, is
concentrated at the vicinity of the $i02-LiNbO; interface with the
displacements dominated by the vertical shear (SV) component of
polarization. The amplitudes of the GSW at the free surface of the Si0,
film decrease in magnitude, relative to the amplitude at the interface, as
the 8i0, thickness is increased, so that the wave becomes better confined
to the vicinity of the interface as h/) increases. With a one wavelength
thick film, the samplitude of the SV component of the GSW is about three
times the surface value. Although, the Scholte Stoneley wave existence
condition|“ are nearly fulfilled for the combination of an 8i0, layer on
YX-LiNbO3, the GSW mode is not as strongly concentrated at the interface as
it is in the case of a thick 8i0, layer on rotated Y-cut LiTaOs.s The GSW
is cut-off at h/) = 0.55 with s metallized interface and at h/)= 0.66
without an electrical short at the boundary. If the layer is thinner than
the cut-off condition, then an BV bulk wave is radiated, and the large
leaky wave attenuation causes the wave to be rapidly damped. The maximum

2
G8W coupling constant K has a value of 0.76% and occurs near h/x = 0.7.
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Comparing the experimental data points for the Rayleigh-type SAW with
theory in Fig. 1 shows that the experimental velocity is alwvays less than
predicted. The theoretical curves do not take into account the loading of
the metal fingers of the transducer (TiAuTi thickness ~0.01)), When the
metal loading is taken into account, it is found that the velocity is
decreased by less than 5 m/sec and, therefore, this effect does not account
for the difference between theoretical and experimentsl values. The
discrepancy is thought to be related to stresses in the rf sputtered §i0,
filme and the inability to properly model the elastic properties of the
8i0, films. The GSW is observed only for values of h > 0.6), and
calculations show this mode to be cut-off and very lossy for thimner §i0,

layers.

The SH mode is most interesting because it can be temperature
compenssted and it has rather low strain sensitivity. Differences between
experimental and theoretical velocities in Fig. 1 can again be attributed
to metal loading and differences between the real and sssumed values of the
§i0, elastic properties., At h = 0,422, the calculated value of 12 is 7.12

indicating that the mode is easily excited.

The temperature coefficient of delay (TC) was determined experimen-~
tally for the SH mode as a function of h/\. Because of the TC’s of 8i0,
and LiNbO, are opposite in sign, it was expected that a zero value of the

TC would be found for some value of h/) between O and 1. Figure 3 shows




the results of the experimental measurements. The SH mode exhibits a zero
value of TC (at 20°C) at h = 0.42%, and the TC is seen to be a rapidly
. varying function of h/) in the vicinity of the gzero. The second order TC

-7
was found to be 2.1x10 at h = 0.42;.

The sensitivity of the SH mode to bending strain was also measured.

An apparatus which can be used to load the §i0,/LiNbO; substrate in a

cylindrical bending configuration was used in experiments to determine the
effects of strain, 8, on the frequency, f, of a 8B wvave oscillator. The
effects of strains parallel and perpendicular to the X propagation axis
vere determined. When strain measurements were made on samples with h =
0.4), the strain sensitivity, defined as (1/f)(df/dS), was found to be
quite low. The sensitivities were -0.2 for parallel strains and -0.1 for
perpendicular strains. SAW devices on YX or STX quartz have strain
sengitivities with magnitudes of 1.0 or greaters, 80 that the present

SiOZIYX-LiNbO3 SH wave delay line is nearly an order of magnitude less

sengitive to bending strains.

The reduced sensitivity of the SH-SAW to surface contamination, as
compared to the Rayleigh-SAW, was confirmed by coating the surface of the
device vith a silicone 0il and noting the change in insertion loss. While
the Rayleigh-SAW was completely absorbed, the insertion loss of the SH-SAW

increased by only 3 to 10dB for a number of samples.

it o i it i




In conclusion, we have studied the acoustic wave properties supported
by a layered 8i0,/YX-LiNbO; substrate. For the firt time, s non-leaky
shear horizontally polarized surface wave has been found for this
structure. At the appropriate 8i0, layer thickness, this wave possesses a
gsero first order temperature coefficient, high coupling coefficient, and

low sensitivity to bending strains and surface contamination, making it a

e

useful candidate for stable SAW device application.
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FIGURE 1. PHASE VELOCITY VERSUS SiOz THICKNESS FOR SiOz/YX-LiNb03
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FIGURE 2.
WAVES

PARTICLE DISPLACEMENT COMPONENTS FOR SH-SURFACE AND GSW-INTERFACE
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FIGURE 3. TEMPERATURE COEFFICIENT VERSUS Si0_, THICKNESS FOR SH-SURFACE
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