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The theory of surface acoustic wave propagation is reviewed and some of the various material design para-(Z;;/

meters which follow from that theory and which must be considered in making the optimum SAW device sub-
strate choice are discussed. The parameters covered include SAW velocity, piezoelectric coupling con-
stant, electromechanical power flow angle, temperature sensitivity, propagation losses, and beam steering
and diffraction. Depending upon the device being designed and the application, some of these parameters
are more important than others. (n the design of temperature stable, broadband, low insertion loss devices,
the important requirements are a zero temperature coefficient of time delay and a large piezoelectric
coupling constant. Alternatively, the design of high frequency devices requires low loss substrate
materials with large SAW velocities. The state-of-the-art in the development of new materials for these
two classes of devices is reviewed.

| &8 INTRODUET ION

Because of their small size and Jow cost, surface acoustic wave (SAW) devices are becoming increasingly
attractive for many applications (IEEE Proceedings, 1976). Fundamental to the optimum design of a SAW
device is the proper choice of substrate material. A wise decision concerning this choice requires an
understanding of the various material factors and tradeoffs inherent in the design of a SAW device, These
elements will be discussed in an attempt to provide useful guidelines for the design of SAW devices up to
microwave frequencies. The paper will begin with a brief outline of the theory of SAW propagation and the
four important factors which describe it. These include SAW velocity, piezoelectric coupling constant,
electromechanical power flow angle, and temperature coefficient of time delay, This will be followed by

a discussion of various sources of material-related insertion loss, including propagation losses and beam
steering and diffraction, The manner in which these concepts are appiied depends upon the specific appli-
cation at hand, To demonstrate this, the remainder of the paper will describe the application of these
guidelines in materials related efforts to improve two classes of SAW devices: (1) temperature stable,
broad-band, low insertion loss devices, and (2) high frequency devices.

One of the major sources of overall device insertion loss at microwave frequencies is propagation loss or
attenuation. Not only is the magnitude of this phenomenon important for predicting absolute insertion loss
and dynamic range, but its frequency dependence is equally important when, for example, designing filters
having particular bandpass characteristics. The experimental)y determined magnitude and frequency depen-
dence of loss for several important surface wave materials will be presented,

The combined effects of beam steering and diffraction are also important. Diffraction causes the acoustic
beam to lose its rectangular shape while beam steering resuits in the beam being offset from the desired
location (the output transducer)., Both contribute to device insertion loss in a manner which is not simply
the sum of the separate constitutents. Thus, in the general case, design curves must be more specific

than the universal information possible when each loss mechanism is considered individually. A quantita-
tive measure of the extent of both beam steering and diffraction is provided by the slope of the power flow
angle. A value of zero for this parameter implies isotropic diffraction and no beam steering, while a
value of - 1 implies minimum diffraction with increased beam steering. These ideas wil) be discussed in
detail,

The design of a broad-band, low insertion loss SAW device with temperature independent performance charac-
teristics requires a substrate material having large piezoe’ ctric coupling and zero temperature coeffi-
cient of time delay. Presently, the most readily available .AW substrate materials are lithium niobate

and quartz. As can be seen in Fig. 1, lithium niobate has very large piezoelectric coupling (Av/v), which
is essential for broad-bandwidth and low insertion loss. However, it also has a large temperature coeffi-
cient of time delay, which necessitates the use of ovens and other schemes for temperature control. The
§T-cut of quartz (Schulz, M,B,, ... 1970), on the other hand, is temperature compensated, but it has only
1/k0th the piezoelectric coupling of lithium niobate, a definite disadvantage for low insertion loss de-
vices, Consequently, recent developments in the search for temperature compensated materials having piezo-
electric coupling greater than that of quartz are of interest and will be discussed.

Currently the upper frequency limit of optically fabricated SAW devices operating at a fundamental mode is
about 1 GHz. The design of higher frequency devices requires either electron beam fabrication, advances
in the state-of-the-art of optical lithography (Budreau, A, J,, ... 1975), or new substrate materials whose
SAW velocities are larger than those of either quartz or lithium niobate, both of which are about 3000
m/sec, Certain materials like aluminum nitride, with SAW velocities of about 6000 m/sec, can extend the
frequency limit of SAW devices to 2 GHz., Progress in obtaining reproducible thin filmsof aluminum nitride
will be summarized.

2, SURFACE ACOUSTIC WAVE PROPERTIES
2.1 SAW Propagation Theory

The concept of the generation and propagation of a surface acoustic or Rayleigh wave (Rayleigh, Lord, 1885)
is depicted in Fig. 2. The electromagnetic signal is converted to an acoustic wave at the input inter-
digital transducer (I1DT) (White, R,M,, ... 1965) by means of the piezoelectric effect. The delayed acous-
tic wave is then converted back to an electromagnetic signal at the output i0T. The energy of the SAW
decays exponentially into the material and is generally confined to within a few acoustic wavelengths of
the surface. T e S s S i QY I |
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A quantitative description of this process requires solution of the problem of acoustic wave propagation

on an arbitrary anisotropic piezoelectric medium. That problem has been solved (Campbell, J,J., ... 1968)

(Jones, W.R., ... 1969), and an outline of the solution follows, The coordinate system used to define the

problem is shown in Fig. 3. The thin conducting plane shown is used to calculate an estimate of the piezo-
electric coupling constant, as will be discussed further in the next section.

The solution to the problem is obtained by solving the continuum equations of motion together with Maxwell's
equations under the quasi-static assumption, the strain-mechanical displacement relations, the piezoelectric
constitutive relations, and the appropriate boundary conditions, When the linear equations describing these
quantities (Tiersten, H.F,, 1963) (Slobodnik, A J,, Jr., 1976) are combined, the following differential
equations for the components of mechanical displacement u. and the electric potential ® within the crystal-
line medium are obtained: ;
- auj. j=1,2 3 (1
>

x3 0

=0 (2)
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OQutside the crystalline medium, Laplace's equation describes the electric potential.

v2¢ =0, -h<x, <0 (3)
In equations (1) and (2), the primed quantitiej are the elastic constants (cf. )., the piezoelectric con~
stants (e.., ), and the dielectric constants (€..) in a rotated coordinate sy&fém obtained through the
Euler traﬁi*ormation matrix (Goldstein, 1950) th which wave propagation is always along the | direction.
Note that the summation convention (over 1, 2, 3) for repeated indices is employed. Also, the dot notation
refers to differentiation with respect to time, while an index preceded by a comma denotes differentiation
with respect to a space coordinate.

Solutions of equations (1) and (2) are assumed to be of the standard complex traveling-wave form in which
v_ is the wave velocity, & the exponential decay into the crystal, and w the steady-state angular fre-
quency.

u, = B, exp [- Gux,/v’] exp [jw(t =~ x'/vs)], F=, 2,3 (&)

@ = By exp [- awxz/vy) exp [jw(t - x,/v) 1. (5)
The displacements and potentials are considered to be independent of the Xy coordinate.

Substituting (4) and (5) into (1) and (2) yields a linear homogeneous system of four equations in the
unknowns B, Bz. B, and B,. The determinant of the coefficients of the unknowns in these equations must
be zero in order that a nontrivial solution exist, i.e,,

Aaas + jA.,a7 + A606 + jAsa5 + A“a“ + jAsa3 + Azaz + jAla + Ao =0 (6)
where the coefficients A, n =0, 1, ---, 8, are purely real and a particular value of v_ has been assumed.
Since the fields must be bounded, or go to zero as x, = =, only the roots with nonnegative real parts are
allowed. |In addition, these roots are either pure laaglnary or occur in pairs with positive and negative
real parts. In general, roots occur such that four (three for nonpiezoelectric crystals) with positive
real parts can be selected, However, if for a given velocity four such roots cannot be found the possi-
bility of degenerate surface waves must be pursued. Upon obtaining the admissible values of o from equa-
tion (6), corresponding values of B; (to within a constant factor) can be found for each @ from the linear
homogeneous system cited above.

The total fields (mechanical displacement and potential) may now be expressed as a linear combination of
the fields associated with the admissible valwes of o, For X3 >0

L

o, = % 8181 exp [-G(I)wxj/vs] exp Ljw(t - x,/v)), i =1,2,3 )
1=l

@ -|i§ B(I)Bil) exp [~ a(l)wxs/vs] exp [jw(t - x'/vs)]. (8)

In the region - h < x, < 0, the potential is a solution of Laplace's equation (3). A solution satisfying
the continuity condition at X3 = 0 and vanishing at X3 = - his

g ) wh W
® -|§a 87y, ° csch ( v, ) sinh (;: (x3 + h))exp [ju(t - xI/vs)], -h< X3 <o0. (9
Mechanical and electrical boundary conditions (Campbell, J,J,, ... 1968) (Jones, W.R., ... 1969) must also

be satisfied by substituting the waveforms of equations (7) to (9) into the appropriate expressions for m
these conditions, This yields a set of homogenous equations for the so-called partial field amplitudes B é
The transcendental equation obtained by setting the determinant of the matrix ?{ coefficients of this sys-
tem equal to zero determines the surface-wave velocities for a given set of af ,

Once equation (6) and the set of B(') equations have been t%?ultlneously solved ¥ computer iterative
techniques (Jones, W.R., ... 1969) for the actT’l set of « (with associated g}'/) and the actual surface
wave velocity, the partial field amplitudes B\J/, = 1, 2, 3, 4 may be calculated to wi thin a constant
factor.

These amplitudes are used directly to evaluate the components of the mechanical displacement of equation

(7) and the electric potential of equation (8). The components of the electric field, strain, electric
displacement, and stress as functions of wx3 follow from Maxwell's equations, the strain mechanical
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displacement relations, and the piezoelectric constitutive relations, respectively (Tiersten, H.F,, 1963)
(Slobodnik, A.J., Jr., 1976). Finally, the components of total time average electromechanical power flow
are given by

Time Average Power = - Lp® Re [T,.u*] dx, + e Re[ wd*] dx (10)
2 Led ] 3724 et Lo ;

where the two terms are, respectively, the total complex mechanical and electrical power components.

2.2 Major Material Factors

The expressions derived above have been written into a computer program (Campbell, J,J,, ... 1968) (Jones,
W.R., ... 1969) which has been used extensively to study the SAW properties of many materials (Slobodnik,
AJ., Jr., ... 1973a). Using that program it is possible to calculate three of the four material factors

of interest in this paper: surface acoustic wave velocity, piezoelectric coupling constant, and electro-
mechanical power flow angle.

Beside being necessary in the calculation of the temperature coefficient of time delay, as shown below, the
SAW velocity influences the choice of substrate material depending upon the application. For delay lines
and other devices requiring large time delays and small package size, low velocity materials are attractive.
On the other hand, for high frequency devices, high velocity materials are useful for reducing fabrication
resolution requirements (Hartmann, C.S., ... 1975).

The piezoelectric coupling constant Lv/v is defined (Campbell, J.J,, ... 1968) for piezoelectric materials
as the percentage difference in velocity between free surfaces (wh = =) and su:faces coated with an
infinitesimally thin perfect conductor (wh = 0). The validity of this definition as an estimate of the
surface wave coupling to an interdigital transducer has been demonstrated several times both experimen-
tally (Collins, J.H., ... 1968) (Schulz, M.B., ... 1972) and theoretically (Ingebrigsten, K.A,, 1969)
(Coquin, G.A,, ... 1967). Note that fOE the purposes of this paper piezoelectric coupling is described
directly in terms of Av/v and not the k“ coupling parameter. ‘oupling information is of utmost importance
in the design of broad-band, low insertion loss devices. |t has been shown that for a given maximum allow-
able amount of insertion loss, the maximum attainable fractional bandwidth is proportional to the square
root of the coupling constant (Hartmann, C.S., ... 1975). Hence, because the coupling of lithium niobate
is about forty times as large as that of quartz (See Fig.1), devices on lithium niobate have about six
times the fractional bandwidth as devices on quartz, for the same amount of insertion loss (Hays, R.M
1976). This explains the popularity of lithium niobate for broad-band applications.

The power flow angle ¢ is defined in Fig. 4 as the angle between the time average electromechanical power
flow vector and the direction of propagation (phase velocity vector). Unless ¢ identically equals zero
(defined as a pure-mode axis), the condition of beam steering is said to occur. The slope of the power
flow angle, that is 39/38, is a highly important quantity. |ts magnitude determines the amount of beam
steering resulting from a given unintentional misalignment from a pure-mode axis, and its magnitude and
sign determine the extent of surface-wave diffraction. A later section will deal with these subjects in
detail,

The fourth important material factor is temperature sensitivity as measured by the first order temperature
coefficient of time delay. This quantity is given by

lz_L"g(L.lﬂ-L&_(,_Lfﬁ an
L1 Ve A\ vg USr s S 7 vg o
where 1/v_3v_/3dT is the velocity temperature coefficient, T = 1/v_ is the delay time, | is the distance

between two material points, and @ is the coefficient of thermal axpansion, To calculate the temper ature
coefficient of time delay, the velocity temperature coefficient in equation (11) is approxjmated by

i v, ! [vs(35°C) - vs(|s°c)]

ekt . g
v, a1 | v (25%) 20°C

(12)

and the program described above is used to calculate SAW velocities at the various temperatures., Tempera-
ture sensitivity is important in many applications. For example, it has been shown that the principal
limitation on the application of surface wave encoders and decoders to multiple-access secure communica-
tions systems is the degradation of the peak-to-sidelobe ratio of the autocorrelation function due to
temperature differences (Carr, P,H,, ... 1972). Also, in SAW bandpass filters the temperature stability of
the center frequency is a direct function of the temperature coefficient of time delay of the substrate.

Since SAW materials are anisotropic, the four quantities discussed above are generally calculated for vari-
ous crystalline orientations as continuous graphical functions of either direction of propagation in the
plane of a plate (plates), as functions of the direction of the plate normal (boules), or for simultaneous
rotation of both the plate normal and direction of propagation (cylinders), As an example, figure 5 shows
plots of these four quantities as a function of the direction of propagation for the X cut of berlinite
(Carr, P.H.,....1976a). They were obtained by fixing the Euler angles \ and  at 90.0 degrees and varying
the angle 6,

3. PROPAGATION LOSS

The optimum design of a surface acoustic wave device requires an adequate knowledge of the many sources of
overall device insertion loss. The relationship of insertion loss and fractional bandwidth to the piezo-
electric coupling constant was discussed in the previous section. Other sources of device insertion loss
include bidirectionality loss, electrical mismatch loss, parasitic transducer conduction loss, matching
network loss, apodization loss, spurious mode generation loss, substrate propagation losses, and beam
steering and diffraction. Discussions of the first six of these subjects can be found in references

(1EEE Proceedings, 1976), (Hartmann, C.S.,...1975), (IEEE Trans. MTT, 1973), and (Wagers, R.S., 1976).
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Substrate propagation losses are considered in this section, and beam steering and diffraction will be dis~
cussed in the next section.

Total propagation loss is a superposition of three different mechanisms (Slobodnik, A J., Jr.,...1970)
(1) Interaction with thermally excited elastic waves. (2) Scattering by crystalline defects and surface
scratches. (3) Energy lost to air adjacent to the surface. The first mechanism is an inherent crystalline

property, the magnitude of which can be predicted using viscosity theories (King, P,J,, ... 1969). The
second is, of course, highly undesirable and, fortunately, can be made negligible by proper crystal growth
and polishing techniques (Slobodnik, A.J,, Jr., ... 1970). The final mechanism is caused by the surface

wave being phase matched to a longltudinal bulk wave in the air which results in a leaky-wave phenomenon.
This so-called air loading can be eliminated by vacuum encapsulation or minimized by the use of a light
gas (Slobodnik, A.J., Jr., 1972).

Propagation losses can be determined by directly probing the acoustic energy with a laser (Slobodnik, A .J.,
Jr., ... 1970). In this method, the surface wave deflects a small fraction of the incident light, which is
detected with a photomultiplier tube and measured with a lock-in amplifier. The deflected light is direct-
ly proportional to the acoustic power of the surface wave.

Air loading can be determined by placing delay lines in a vacuum system and reducing the pressure below
1 torr while monitoring the change in insertion loss. Vacuum attenuation is, of course, the difference be-
tween the total propagation loss in air and the air loading component,

Frequency dependence of vacuum attenuation and air loading for three popular SAW substrates (Slobodnik, A.J.,
Jr., ... 1970), (Slobodnlk2 AJ., Jr., ... 1972), (Budreau, A ,J., ... 1971), are illustrated in Figs. 6 and
7. Note the approximate f° dependence of the vacuum attenuation and the linear dependence of the air load-
ing. This allows an empirical expression for propagation loss to be derived from the data.

Propagation Loss (dB/us) = (VAC)Fz + (AIR)F (13)

where F is in GHz. The coefficients VAC and AIR are tabulated for popular substrates in reference (Slobodnik,
A.J.,Jr.,1976) . Equation (13) would be used, for example, when designing filters having particular band-
pass characteristics.

L, BEAM STEERING AND DIFFRACTION

L Parabolic Diffraction Theory

Diffraction of surface waves is a physical consequence of their propagation and can vary considerably de-
pending upon the anisotropy of the substrate chosen. |In fact, it is the slope of the power flow angle
which determines the extent of both diffraction and beam steering (Szabo, T.L., ... 1973). There is an in-

herent tradeoff between these two important sources of loss.

A useful theory for calculating diffraction fields when the velocity anisotropy near pure-mode axes can be
approximated by a parabola has been developed by Cohen (Cohen, M.G., 1967). By using a small angle approxi-
mation, he showed that for certain cases, the higher orders of the expression for the velocity could be
neglected past the second order., That is,

¥ .Y (g.g)2

i ™ 1 + 2 (8 90) (14)
o

where Y = /38 and B_ is the angular orientation of the puremode axis. By comparing these approximations

to an exact solution for electromagnetic diffraction in uniaxially anisotropic media, Cohen showed that the

diffraction integral reduces to Fresnel's integral with the following change

A

T aZ|1+vl. (15)
Szabo and Slobodnik (Szabo, T.L., ... 1973) introduced the absolute magnitude signs to acgount for those
materials having Y < - | and the hatted terms to stand for wavelength scaled psrameters (Z = Z/A), |In
other words, diffraction is either accerlerated or retarded depending on the value and sign of y. Excel-
lent agreement (Szabo,T.L., ... 1973) between this parabolic theory and experiment has been obtained when-
ever a good parabolic fit to the velocity is possible, In some cases, however, a more general theory is
required.
4.2 Angular Spectrum of Waves Diffraction Theory

In order to solve the most general homogeneous anisotropic problem, Kharusi and Farnell (Kharusi, M.S., ...
1971) applied the angular spectrum-of-waves technique to surface-wave diffraction. Thelr theory is valid
for both the near and far fields, and for any direction including off-axis orientations. Its only limita-
tion is the requirement of accurate knowledge of velocity values for the surface of interest. In imple-
menting their theory the following integration is performed numerically for each field point:

1 sin K L/2
A(X,Z) = o _L —J—K‘ cexp (KX + Ky (k) [Z]) ) ek (16)

Here K, and K, are the projections of the wave-vector K along the Z and X axes, respectively, or in general,
along alroctlon; perpendicular to and parallel to the transducer. The effect of introducing a laser probe
in the profile measurements can be accommodated (Szabo,T.L., ... 1973) by inserting

sin K,p/2

1
KT a7

(in which P is the probe diameter) into the preceding integral (Eq. 16).

The real power of the exact anisotropic theory can be illustrated by its ability to predict even the fine
structure of a diffraction pattern on a highly nonparabolic velocity surface, including profile asymmetry
due to beam steering. An example is shown in Fig. 8, The case studied (Szabo,T.L., ... 1973) conrerns
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surface waves launghed close to the lll-axis of 211-cut gallium arsenide at a frequency of 280 MHz. Trans-
ducer widths were L = 51, This orientation was chosen (Szabo, T.L., ... 1973) because the velocity is non-
parabolic and changes very rapidly with direction. The first column of Fig. 8 shows profiles for waves pro-
pagating exactly along the pure-mode 111-axis, a direction corriﬁponding to o = 0. Also note that the
smoothing effect of the laser probe has not yet been included (P = 0). For the second column a misalignment
of 0.6° from the 111-axis has been introduced, and the waves begin to take on the asymmetric behavior and
beam steering of the experimental measurements (shown in the right-hand column) obtained using the laser
probe (Slobodnik, A.J,, Jr., ... 1970) technique. The third column introduces the same amount of angular
misalignment as column two but, unlike the previous columns, includes the effect of a laser probe diameter
of P = 5.3 wavelengths. The agreement between this column and the experimental curves is excellent.

4.3 Quantitative Choice of Theory

The versatility of the exact angular spectrum of waves theory has been demonstrated; however, this approach
is far more computationally complicated and costly than the parabolic theory. It also requires precise
velocity surfaces as input data. Given a certain material, then, the designer must have guidelines from
which he can choose the simplest appropriate theory.

The closeness of a given velocity surface to a parabolic curve can be determined by fitting the surface to
a parabola and noting any deviation. |In particular, second-order fits were obtained (Szabo, T.L., ... 1973)
for various materials by using a least squares fit with relative velocity values computed to seven signifi-
cant places within a range of + 5 of (8 - 8 ) = 0. The maximum deviation of the fit from the velocity sur-

face can be defined in terms of the quantity |6M|, For comparative purposes, this deviation.is expressed
as a percentage of the actual velocity and, for convenience, is multiplied by a factor of 107, i.e.,
v - v
fit 5
5 - 5 5 e

A complete study of diffraction loss using the exact theory on many velocity surfaces not perfectly para-
bolic resulted in the following conclusion. Anisotropy may be conveniently grouped into two categories -
parabolic (0 < |§ | £2.0) and nonparabolic (2.0 £ lénl < @), Higher order terms discarded in the approxi-
mation of (Eq. IQT become significant (Szabo, T.L., ... 1973) for nonparabolic surfaces.

However for velocity surfaces having |5 ]S 2.0, the parabolic diffraction theory yields highly accurate re-
sults. Thus for all materials meeting this criterion, diffraction patterns are exactly equivalent in form
and merely scaled in distance by the factor | 1 +vy | allowing universal diffraction loss curves to be cal-

culated (Szabo2 T B ... 1973). One such curve shown in Fig. 9 is a plot of diffraction loss versus the
parameter (T/t )|I + v [. This curve allows the determination of loss for any combination of transducer
width and separation for all parabolic anisotropic velocity surfaces. It was calculated by integrating the

complex acoustic amplitude over the aperture of the receiving transducer for identical unapodized input and
output transducers (Szabo, T.L., ... 1973).

In the Fresnel region the loss never exceeds 1.6 dB, which is the loss at the far-field length, ? = ?F

(where the final peak in the beam profile has started its descent to a far-field pattern). The distance

and transducer width at which a given loss will occur can always be given in far-field lengths. For example,
the 3-dB loss point is

A ~
Z; 4" 1.7692; (19)
where now a2
CRE] S
2F'I'+vl' (20)

In the far field, the loss mechanism is the spreading of the beam with a slope of 10 dB/decade. The far-
field loss can be approximated by

Loss (dB)= - 10 log 3 (21)

N 193

4.4 Minimal Diffraction Cuts

One extremely important implication of the parabolic diffraction theory is that since it reduces to the
isotropic theory scaled by the factor | 1 +Y |, no diffraction spreading occurs for ideal parabolic sur-
faces having y = - |, Material orientations approaching this ideal have, in fact, been discovered (Slobodnik,
A.J.,dr., ... 1973b). A set of experimental SAW profiles for the 40.04 minimal diffraction cut (MDC) on
bismuth germanium oxide are presented in Fig. 10, Experimentally, diffraction is suppressed by a factor of
100. These MDC orientations are allowing a new class of highly apodized acoustic surface-wave filters and
long-time-delay devices to be realized.

4.5 The Beam Steering Diffraction Tradeoff

As mentioned at the outset of this section, there is an inherent tradeoff between beam steering and diffrac-
tion. |In anisotropic materials, beam steering occurs whenever transducers are misaligned from a pure-mode
axis ©_, even though they may be perfectly aligned with each other, Beam steering is the pulling away of
the acdustic beam from the transducer propagation axis by an additional angle, ¢ = vy (9 = eo). as shown in
Fig. 4. Let us discuss this tradeoff in more detail.

Diffraction is a fixed phenomenon for a given material, while beam steering can be controlled by precise
X-ray alignment at the expense of increased device cost. Both, however, influence the choice of SAW sub-
strate (Slobodnik, A J,,Jr., ... 1974). An example of how the combined loss of beam steering and diffrac-
tion varies among materials is illustrated (Slobodnik, A.J,, Jr., ... 1974) in Fig. 11 where the loss is
given as a function of vy .

T
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For Fig. 11 the acoustic aperture is t = 80 wavelengths, the distance between input and output transducer
is Z = 5000 wavelengghs. and the misalignment from the desired pure-mode axis, or the beam steering (BS)
angle, is BS ¥ = 0.17. In order to use these data for practical situations, it is only necessary to insert
the slope of the power flow angle aporopriate to the type and cut under consideration. It is also useful
to note that = tf; where t is the time delay and f the frequency of the device of interest

Several important features can be noted with reference to Fig. 11. Diffraction loss goes to 0 for those
materials having ¥ = - 1.0 and, as expected, the combined loss curve agrees exactly with the beam steering
loss curve. Those materials having ¥ = 0 correspond to locally isotropic cases and beam steering goes to 0.
Here, diffraction accounts for the total loss. Diffraction loss alone is symmetric about y = - 1.0 and
beam steering loss about v = 0, while the combined curve is clearly nonsymmetric. Universal beam steering
plus diffraction loss curves are not possible.

The results illustrated in Fig. 11 are of major importance in choosing a materia! for a particular apoiica-
tion. For example, where diffraction is potentially a very serious problem, as in highly apodized filters,
a material having Y =-1.0 would be most desirable.

Figure 12 illustrates (Slobodnik, A,J,, Jr., ... 1974) combined beam steering and diffraction loss versus
the time-delay-frequency parameter Z, It is of interest to point out that the loss is very high for the

Z? = 75 000 curve near y=-1.0. For this large distance beam steering is very important, especiaily for
narrow undiffracted beams, and some beam spreading is to be desired. (The same is true if inaccurate X-ray
orientation must be tolerated.) Since Z is proportional to frequency (for fixed time delay), Fig. 12 also
illustrates why beam steering and diffraction are considered UHF and microwave frequency design problems
Significant losses and material tradeoff considerations exist at the higher frequencies and, of course, also
for very long time delays

L HIGH COUPLING,‘TEMPERATURE COMPENSATED MATERIALS
51 Introduction

A good deal of attention has recently been devoted to the development of SAW devices having broad bandwidth,
low insertion loss, and temperature independent performance characteristics. As stated in the Introduction,
neither quartz nor lithium niobate is adequate for such devices, This has resulted in a search for substrate
materials that are temperature compensated and have piezoelectric coupling greater than that of ST cut
quartz (Schulz, M.B., ... 1970). One material which has been extensively studies is lithium tantalate
(LiTa0;). Although this material is temperature compensated for volume waves (Detaint, J., ... 1976). no
temperature compensated cut is known to exist for surface acoustic waves. Nevertheless, as Fig. | shows,
the piezoelectric coupling and temperature coefficient of time delay for lithium tantalate represent a
reasonable compromise between the high coupling and poor temperature coefficient of lithium niobate and

the very low coupling of temperature compensated quartz. Of particular interest is the minimum diffraction
cut (MDC) of lithium tantalate, which has 1/20th the diffraction spreading of an isotropic material

(Slobodnik, A.J., Jr., ... 1975). The LiTa03 minimum diffraction cut has very low coupling to bulk waves,
a very important property for low spurious response filters (Siobodnik, A.J., Jr., ... 1975) and delay
lines (Carr, P.H,, ... 1976b).

A major contribution to the search for improved materials has been the development of a phenomenological
model (Newnham, R.E,, 1973) which explains why known materials are temperature compensated. According to
that model, temperature compensated materials possess either of the following anomalous properties: (1) a
positive temperature coefficient of velocity or elastic constant or (2) a negative coefficient of thermal
expansion. Quartz, for example, is temperature compensated because the temperature coefficient of Cep, the
elastic constant for shear propagation along the Z axis, is positive (Newnham, R, E., 1973).

5.2 Berlinite

Berlinite, (AIPOy), is structurally similar to quartz with larger piezoelectric constants. A recent inves-
tigation (Chang, Z.P., ... 1976) has shown that for bulk waves berlinite is indeed temperature compensated
along orientations similar to the AT and BT cuts of quartz, but with 2.5 times larger piezoelectric coupling.
Motivated by these results for bulk waves and the fact that the temperature coefficient of one of berlinite's
elastic constants is positive (Chang, 2,P., ... 1976). Studies have recently been conducted to investigate
the behaviour of surface acoustic waves on berlinite (Carr, P.H,, ... 1976a), (0'Connell, R.M., ... 1977a),
(0'Connell, R.M., ... 1977b). That investigation has produced several temperature compensated cuts with
more than four times the piezoelectric coupling of ST cut quartz (Carr, P.H., ... 1976a) (0'Connell, R.M.,

.. 1977a). High coupling, temperature compensated orientations have been found for doubly rotated cuts
as well as for singly rotated cuts. |In order to investigate the SAW behaviour of berlinite, the theoretical
computer model described in Section 2 was used in conjunction with the data of reference (Chang, Z.P.,

1976) to calculate the SAW velocity, the piezoelectric coupling, the electromechanical power flow angle,
and the first order temperature coefficient of time delay for several standard crystallographic cuts
(0'Connell, R.M,, ... 1977b).

Results for the X cut of berlinite are shown in Figure 5. These and other initial results (Carr, P.H,,...
1976a) showed that berlinite is temperature compensated with four times the piezoelectric coupling of ST
cut quartz. However, all of those initially reported cuts had non-zero electromechanical power flow angles,
and consequently suffer from beam steering. Subsequent calculations produced two singly rotated cuts and
two doubly rotated cuts, all of which have zero electromechanical power flow angles (0'Connell, R.M.,
1977a). The most promising of the sing!y rotated cuts is the X axis boule 80.4" cut, a direct analog of
the ST cut of quartz. The two cuts are canpared in Table 1. Note that the piezoelectric coupling, AV/V,

of the X-axis boule 80.4° cut is more than four times as large as that of ST quartz, a distinct advantage.
Other calculations have been made to investigate the behaviour of pseudo surface acoustic waves on ber-
finite (Jhunjhunwala, A., ... 1976a).

Table | also shows that the slope of the power flow angle, 3/36, is larger for the X axis boule 80.4° cut
of berlinite than it is for the ST cut of quartz. According to the theory of SAW diffraction discussed in
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Section 4, this means that ST cut quartz has better diffraction properties than the X axis boule 80, 4°

cut of berlinite. The desire to find temperature compensated cuts of berlinite having better diffraction
properties than the singly rotated 80.4° cut motivated consideration of doubly rotated cuts. In particular,
the , = 90.0 plane of an orthogonal coordinate system having the three Euler angles A, ;, and 8 as its basis
was carefully searched. The u = 90.0 plane was of particular interest because it contains four of the stan-
dard crystallographic cuts, including the X cut and Z axis cylinder, for which temperature compensated ori-
entations were found earlier (Carr, P.H,, ... 1976a).

The results are shown in Figure 13. The dashed and solid curves represent, respectively, the loci of Euler
angles for which the electromechanical power flow angle and the temperature coefficient of time delay are
zero. As can be seen in the blown up portion of the Figure, the loci intersect in a total of twelve places
throughout the plane. Because of crystal symmetry, however, only two of the points are independent, and
those circled in Figure 13 are listed in Table 1. Notice that while they have about the same piezoelectric
coupling as the singly rotated 80.4° cut, the slopes of their power flow angles are smaller than those of
either the 80.4 cut or the ST cut of quartz, giving them the added advantage of less diffraction spreading.

5.3 B-Eucryptite

Another material which has been the subject of recent attention (Barsch, G.R., ... 1375) is B-eucryptite,
(Li Al SiOy). This material is interesting because of its large negative coefficient of thermal expansion
in the direction of the hexagonal C axis. According to the above-mentioried phenomenological model for ex-
plaining why certain materials are temperature conmpensated, this may give rise to temperature compensation
even though the temperature coefficients of the elastic constants are all negative (Barsch, G.R.,, ... 1975).
Using the theoretical computer model and data from references (Barsch, G.R,, ... 1975), (Hummel, F.A.,1951),
(Schulz, H., 1974), and (Bohm, H., 1975), calculations of the SAW properties of g8-eucryptite produced both
singly rotated and doubly rotated temperature compensated cuts. A singly rotated cut was found (0'Connell,
R.M., ... 1977c) at X cut 69°, and is listed in Table | which shows that although the piezoelectric coupling
for this cut is almost twice as large as that of ST quartz, it has the disadvantage of an 18 degree elec-
tromechanical power flow angle.

As was done in the case of berlinite, doubly rotated cuts were considered also, and a temperature compen-
sated cut having a zero electromechanical power flow angle was found in the A = 0.0 plane (0'Connell, R.M.,
1977¢), as shown in Figure 14, As can be seen in the Figure, the loci intersect in a total of four

places throughout the plane. Again, because of crystal symmetry, only one of the points is independent,
and it is listed in Table | where it can be seen that, unfortunately, the piezoelectric coupling of this
doubly rotated cut is only about half as large as that of ST quartz. Perhaps the most attractive feature
of this material is that it has the highest SAW velocity of all the temperature compensated materials list-
ed in Table 1, 3662 m/sec.

5.4 Other Temperature Compensated Materials

The sulfosalts are a class of materials of the form T13BX,, where B can be V, Nb, or Ta, and X can be S or
Se. Recent calculations have shown that at least two of these materials are temperature campensated with

significantly larger piezoelectric coupling than berlinite (Weinert, R.W,, ... 1975), (lsaacs, T.J.,
1976). One particular cut of TI VSy, for example, has four times the piezoelectric coupling of berlinite
(Weinert, R.W., ... 1975). As shown in Table 1, however, this cut has the disadvantage of a rather large

electromechanical power flow angle, about -17 degrees. Another cut of the same material and one of

Tl3 Ta Sey, having zero electromechanical power flow angles, have also been found (Jhunjhunwala, A.,...
l9;6b). As the data in Table 1 shows, the piezoelectric coupling of these cuts is not as large as that of
the first cut discussed, but it is still more than twice as large as that of berlinite. The table also
shows that the SAW velocities of the sulfosalts are only about 1/3 as large as that of berlinite. This is
a disadvantage for high frequency applications, but an advantage for long delay lines and low frequency SAW
filters.

A composite material, consisting of a film of silicon dioxide on lithium tantalate, has ‘also been shown to
be temperature compensated (Parker, T.E., ... 1975). This material has, as shown in Table 1, a very small
electromechanical power flow angle, a piezoelectric coupling of about .007, and a relatively large SAW
velocity. The most attractive feature of the material is that its second order temperature coefficient of
time delay is nearly an order of magnitude smaller than that of ST cut quartz. Despite these positive
attributes, the composite has several drawbacks due to the SiOz film, including: (1) its thickness must be
very accurately controlled, (2) it is very lossy at high frequencies, and (3) it is dispersive.

Besides those materials which have been shown to be temperature compensated, there are several others which,
for various reasons, may prove to be. For example, nepheline, (KAIS Oh) (NaAISth)s, should have tempera-
ture compensated orientations because the temperature coefficients of the elastic constants Cy; and C

are positive (Bonczar, L.J,, ... 1975). Also, lead potassium niobate (szKNb50]5)‘ which has piezoelectric
coupling factors of the order 0.7 for bulk waves, shows promise of being temperature compensated because it
possesses opposite signs for the temperature coefficients of the bulk wave resonance frequency for different
vibrational modes (Barsch, G.R., ... 1976).

6. FAST VELOCITY MATER:ALS

Fast velocity materials, such as beryllium oxide and aluminum nitride, are of great interest for extending
the upper frequency limit of SAW devices. Also, the high thermal conductivity of these materials results
in @ high power handling capacity; for example, continuous wave power levels of IW produced no damage to a
transducer operating at | GHz (Budreau, A.J,, ... 1974a). Beryllium oxide single crystals have been grown
in centimeter sizes (Hagon, P.J., ... 1971). The velocity of surface acoustic waves is 6500 m/sec. The

very weak piezoelectric coupling (1/10th that of quartz) and the strong coupling to volume waves make this
material unattractive compared to aluminum nitride thin-films-on-sapphire, which have unusually low cou-

pling to volume waves and a piezoelectric coupling up to six times that of ST-quartz. The velocity of the
films varies from about 6000 m/sec for very thin films to 5500 m/sec for 0.7 wavelength thick films (Liu,

J.K., ... 1975a). Also their temperature coefficients vary from 47 ppm for a very thin film to 25 ppm for

e g ——————" —" e ————————
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a film 0.57 wavelengths thick (Liu, J.K,, ... 1975b). Single crystals of aluminum nitride have been grown
in sizes up to only several millimeters (Dugger, C.0., 1974), (Slack, G.A., ... 1976); larger crystals are
needed for measuring the unknown elastic constants.

Velocity nonuniformities from one side to the other of a | cm wide sample have been observed to be of the
order of 0.5% for thin films of AIN grown on sapphire by chemical vapor deposition (Budreau, A, J., ... 1974b)
This velocity difference is of course most critical for narrowband SAW filter applications. Another problem
has been the lack of reproducibility of the piezoelectric coupling from sample to sample. Liu, et. al.
(Liu, J.K., ... 1975a), (Liu, J.K., ... 1975b) have shown that this can be due to misalignment of the
pyramidal grains of the as-grown thin films. The granularity is so severe that the films must first be
polished to avoid scattering the surface acoustic waves. Initial results with films grown by reactive rf
sputtering show that they do not have this granularity; thus, this methnd of growing films warrants further
investigation (Shuskus, A.J., ... 1974).

2. CONCLUS10NS

Clearly, the task of choosing a substrate material for a SAW device is not trivial. There are many factors
which must be considered, most of which have been discussed here, Fortunately, the relative importance of
these factors varies with the specific device and appplication at hand. It is hoped that the topics dis-
cussed herein will provide the design engineer with a reasonable understanding of the many factors involved
in SAW device substrate choice, and with a useful set of guidelines for weighing the relative importance of
those factors in a specific design.
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L.

Temperature coefficient of time delay versus piezoelectric
coupling for various SAW materials.

Schematié representation of the generation and propagation of
a surface acoustic wave.

Illustration of the coordinate system used to define SAW
propagation. The shorting plane will be necessary when
computing the quantity Av/v.

Schematic representation of the profiles of a propagating
acoustic surface wave on a crystalline substrate. Angle 0
defines direction of propagation with respect to reference
crystalline axis, and angle ¢ defines deviation of power
flow from phase velocity direction.

The variation of {a) SAW velocity (b) piezoelectric coupling
(c) power flow angle, and (d) temperature coefficient of

time delay for X-cut Berlinite.

SAW attenuation in vacuum as a function of frequency for YZ
LiNbO3, Qo1, 110 and 111, X310, Bil2Ge02o, and YX quartz.
Experimental slopes are all approximately f2.

SAW attenuation due to air loading as a function of frequency
for materials listed in Figure 6. It is interesting to note
nearly identical results for LiNb03 and BileGeOQO.
Theoretical and experimental surface-wave profiles illustrating
diffraction near lll-axis of 2l1l-cut gallium arsenide. 2
indicates distance for propagation in wavelengths from input

transducer, € gives the misorientation from lll-axis, and ? is

laser probe diameter in acoustic wavelengths.




Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 1k.

Universal diffraction loss curve for all parabolic

materials as a function of (2/32)1 1+ r'. To convert
to the actual distance in wavelengths on horizontal
scale simply insert ﬁ, width of your transducer in
wavelengths, and ¥ appropriate to your material.
Illustration of the two orders of magnitude diffraction
suppression achieved using the L0.0& BilQGeO20 minimal

A
diffraction cut. An acoustic aperture of L = 40.56

wavelengths was used.

Loss due to diffraction and beam steering as a function of
slope of power flow angle for parabolic materials. L
represents width of transducer in wavelengths, ? the distance
between transducers in wavelengths, and BS 4 the beam
steering angle (defined as misalignment of center 1line
between transducers from desired pure-mode axis).

Loss due to diffraction and beam steering as a function of
slope of power flow angle with distance in wavelengths
between transducers, 2 as parameter.

Loci of Euler angles having zero electromechanical power

flow angle (dashed lines) and zero temperature coefficient

of time delay (solid lines) in the m = 90.0 plane of
berlinite.

Loci of Euler angles having zero electromechanical power flow

angle (dashed lines) and zero temperature coefficient of time

delay (solid lines) in the A = 0.0 plane of B -eucryptite.
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