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ABSTRA CT

The theory of turface acoustic wave propagation is reviewe d and some of the various material design para_ (~~~j a’rr /
meters ~ihich f~ t low from that theory and wh ich must be considered in making the optimum SAW device sub- / —

~ 
‘•—

strate choice are discussed. The parameters covered include SAW veloc i ty . p iezoelectr ic  coup ling con-
stant , electromechanical powe r flow angle , temperature Sens i t i v i t y ,  propagation losses , and beam steering
and d i f f rac t ion . Depending upon the device being designed and the appl icat ion , some of these parameters
are more important than others. In the design of temperature stab le , broadband, low insertion loss dev ices .
the important requirements are a ze ro temperature coefflc lent of time delay and a large p iezoe lec t r i c
coup ling constant. A l ternat ive ly, the desi gn of high frequency devices requires low loss Substrate
mater ials wi th large SAW ve loc i t i es .  The state-of- the-art  in the development of new ma ter ia l s  for these
two classes of devices is reviewed .

1. INTRODUCTION

Because of their small size and low cos t , surface acoustic wave (SAW) devices are becoming i n c r e a s i n g l y
att ractive for many applications (IEEE Proceedings , 1976). Fundamental to the optimum desi gn of a SAW
device is the proper choice of substrate material. A wis e 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 prov i de useful guide lines for the desi gn of SAW devices up to
ricrowave frequencies . The paper wi ll beg in with a brief outline of the theory of SAW propagation and the
four important factors which describe It . These include SAW velocity, pie zoelectric coup ling constant.
electromechanical power flow ang le , and temperature coefficient of time delay. This will be followed by
a discussion of various sources of material-related insertion loss , including propagat i on losses and beam
steerin9 and diffraction . The manner in wh i ch these concepts are applied depends upon the specific app li-
cation at hand . To demonstrate this, the remainde r of the paper will describe the app l ication of these
guidelines in materials related efforts to improve two classes of SAW devices: (1) temperature stable .
broad—band , low insert i on loss devices , and (2) hi gh frequency devices .

One of the major sources ~f overall device insertion lost 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 equal l y Important when , for examp le , designing filters
having particular bandpass characteristics. The experimentally determined magnitude end frequency depen-
dence of loss for several important surface wave materials wi l l be presented .

The combined effects of beam steering and diffraction are also important. Diffraction causes the acoustic
beam to lose its rectangular shape whi la beam steering results In the beam being offset from the desired
location (the output transducer) . Both contribute to device insert i on loss in a manner which is not simply
the sum of the separate constltutents . Thus , in the g.neral case , desi gn curves must be more Specific
than the universal information possible when each loss mechanism is conside red individual l y. 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 imp lies Isotrop ic diffractio n and no beam steering, wh i le a
value of - 1 imp lies minimum diffraction with increesed beam steering. These ideas will be discussed In
detail.

The design of a broad-band , low insertion loss SAW device with temperature independen t performance charac-
teristics requires a substrata material havIng large p ieso. ctr ic coupling and zero temperature coeffi-
cIent of time delay . Presently, the most readily available .J~W substr ots materials are lith ium niobate
and quartz . As can be seen i n Fig. I , lithium niobate has very large plezoelectric coup l i ng (Aviv) , which
is essential for broad-bandwidth and low insertion loss. However , it also has a large temperature coeffi-
cient of time de l ay , wh i ch necessitates the use of ovens and other schemes for temperature control . The
ST-cut of quartz (Schulz , M B  1970), on the other hand , is temperature compensated , but It has only
l/Ieoth the plezoelectric coupling of lithIum nlobate . a definite disadvantag , for low Insertion loss de-
vices . Consequently, recent deve l opments in the search for t içarature compensated materIals having plezo-
elec tr ic coupling greater than that of quartz are of interest and will b. disc ussed .

Currently the upper frequency limit of optically fabricated SAW devices operating at a fundamsntal mode is
about I GHz . The desi gn of higher frequency devices requires either electron beam f.bricetlon , advan ces
In the state-of-the-art of optical lithography (Budreau. A J  1975), or new substrate materials whose

~~~~ SAW veloci ties are larger than those of eithe r quartz or lithium niobate , both of which are about 3000
rn/sec . Certain materials like aluminum nitride , with SAW velocities of about 6000 m/sec, can extend the

(_ ,,) frequency limit of SAW devices to 2 GIss. Progress In obtain ing r.producible thin fil ~dof aluminum nitride
w ilt be sijimiarlzad .

I
2. SURFACE ACOUSTIC WAVE PROPERTIES

a
/ ~~~~~ 2.1 SAW Propagation Theory

The concept of th. generation and propagation of a surface acoustic or Raylei gh wave (RayleIgh , Lord , 1885)
is depicted In FIg. 2, The electromagnetic signal is converted to an acoustic wave it the input inter-

~~~~~~ 
______ 

di gital transducer (IDT) (Whit., R.M 1965) by means of the p I.zoelectric .ffsct. Th. delayed acous-
tic wave Is then converted beck to an electromagnetic Si gnal at the output (DI. The ansrgy of the SAW

~~~~~ decays exponentially i nto the material and is generally confined to wi thIn a few couatic wavelengths of
the surface. —-
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A quantitative descri ption of this process requires solution of the problem of acoustic wave propagation
on an arbitrary anisotropic p lezoelectric medium . That problem has been solved (Campbell . J.J 1 968 )
(Jones , Wit 1969) . and an outline of the solution follows, The coordinate system used to define the
prob lem is shown in Fi g. 3. The thin conducting plane shown is used to calculate an estimate of the piezo—
elec t ric coup ling constant , as wi l l  be discussed further in the next section.

The solution to the problem is obtained by solv ing the continuum equations of motion together with Maxwe ll’ s
equations under the quasi—static assumption , the strain-mechanical displacement relat i ons , the pie zoelectric
constitutive relations , and th, 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 T within the crystal-
line medium are obtained:

c
~ .kl uk , . + ek..~~ k. 

— ~~~
‘.. J • I , 2. 3 ( I)

> 0

e.ki uk i .  - £ ik~~ki — 0  (2)

Outside the crystalline medium. Laplace ’s equation describes the electric potentia l .

- h ~~~X ’ ~~O

In equations (I) and (2), the primed quantiti e~ are the elastic constants (c
~
.kI ). the piezoelectri c con-

stants (e. ), and the dielectric constants (~ . . ) in a rotated coordinate sy4’~em obtained through the
Euler tra~,~~ormatlon matrix (Goldstein , 1950) I~ Which wave propagation is always along the I d irection .
Note that the summation convention (over 1 , 2. 3) for repeated indices is emp l oyed . Also, the dot notation
refers to diffe rentiation with respect to t ime , while an index preceded by a comma denotes differentiation
with respect to a space coordinate .

Solutions of equat i ons (1) and (2) are asstsned to be of the standard complex traveling-wave form In which
is the wave velocity. 0 the exponential decay into the crystal , and ~ the steady-state angular fre-

quency.
u. — 

~~ 
exp 1— OJix

3
/v
5] 

cap r ,~~(t x
1
/v5)]. i — I . 2, 3 (I.)

— 8, exp [ -  osx3/v5] cap :j~~(t - x
1
/v5)). (5)

The displacements and potentials are considered to be independent of the x2 coordinate.

Substituting (k) and (5) into (I) and (2) yields a linear homogeneous system of four equations in the
unknowns Bi. 82. 8 and Ø

~
. The determinant of the coefficients of the unknowns in these equation s must

be zero in order t~at a nontrivial solution exist , i .e .,

A
80f
8 

+ jA
7~
7 + A6

ar6 + JA 5
0~ + Ak

0
1
’ + JA 3

ot~ + A2
o2 + jA 1

0 + A — 0 (6)

where the coefficients An~ 
n — 0, I , ‘ ‘ ‘ , 8.. are purely real and a particular value of v

5 
has been ass umed .

Si nce the f ie lds must be bounded , or go to zero as x -. ~, onl y the roots wi th nonnega t ive real parts are
allowed. In addition , these roots are either pure i~,ag lnary or occur in pa i rs with positive and negative
real parts . In gene ral , roots occur such that four (three for nonp iezoelectric crystals) with positive
real parts can be selected. Howeve r , if for a given velocity four such roots cannot be found the possi-
bi li ty of degenerate su rface waves mus t be pursued . Upon obtaining the admissible values of ~ f rom equa-
tion (6). corresponding values of 8 , (to With in a constant factor) can be found for each o from the linear
homogeneous system cited above.

The total fields (mechanical displacement and potential) may now be expressed as a linear cae~~inat ion of
the fields associated with the admi ssible valtr s of o. For x3 > 0

u. — ~ exp t -ct~~~wx3
/vj exp tiiu(t - x

1
/v )], i — I , 2. 3 (7)

p ~ s~~~B~~ exp ~ 0(i), ,]  exp [j~ (t - x 1
/v )]. (8)

In the region — h < x < 0. the potential is a solution of Lap lace ’ s equation (3). A solu t ion satisfying
th. continuity condIt~on at x3 — 0 and vanishing at a

3 
— - h Is

~ 
~~~ 

e~
1
~e~

1) csch (
~

) sinh 
(
~h1 (x

3 
+ h))exP Cjw(t - x1

/v
5)]. 

- h < x
3 
< 0. (9)

MechanIcal and electrical boundary conditions (C.mpbell , J.J 1968) (Jones, W .R 1969) must also
be satisfied by substituting th. waveforms of equations ( 7)  to (9) into the app ropriate expressions for
these conditions . This yields a set of homogenous equations for the so-called partial field amplitudes B
The transc.nd.nt.l equation obtained by setting the determ inant of the matrix gf coefficients of this sys-
tem equ.l to zero determines the surface-wave veiocitl .s for • given set of 0’’~~.

once squatlon (6) •nd the set of B~
’
~ equations have been ~(~,ul taneou sly solved ~y computer iterative

techniques (Jones , W.R 1969) for the ac;y~l set of Ot ’ )  (with associated 8~ ’~
) and the actual surface

wave velocity, the partial field amplitude s 8~i , — I , 2, 3, ~i may be calculated to wi thin a constant
factor.

These amplitudes are used directly to evaluate the components of the mechanical disp l acement of equation
(7) and the .l.ctrlc potential of equation (8). The components of the electric field , strain , electric
disp l acement , and Stress as functions of 5*3 follow from Maxwell ’s equations , the strain mechanical
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displacement relations , and the p iezoe l ectric constituti ve relations , respectively (Tiersten , H ,F ,, 1963)
(Siobodnik . A ,j, , Jr ., 1976). Finally, the components of total tim e average electromechanical power flow
are g iven by

Time Average Power — - Re 
~~~~~~ 

dx
3 + ,~ 

. Re~~ó~~ dx
3 

( 10)

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

2.2 Major Material Factors

The expressions derived above have been w r i t t e n  into a computer program (Campbell , J , J 1 968) (Jones .
W ,R 1969) wh i ch has been used extensivel y to stud y the SAW properties of mans mater ia ls  (Siobodnik .
A ,J ,, Jr l973a) . Using that program it is possible to calculate hree of the four m aterial factors
of interest in this paper: surface acoustic wave velocity, p iezoelectric coupling constant, and electro-
mechanical power flow ang le .

Beside being necessary in the calculation of the temperature coefficient of time delay , as shown be l ow , the
SAW ve locity influences the choice of substrate material depending upon the app lication . For dela. lines
and other devices requiring large time delays and small package size , low ve l ocity materials are at tractiv e .
On the other hand , for hig h frequency devices , hi gh velocity materials are useful for reducing fabrication
resolut ion requirements (Hartm ann , C .S 1975).

The p iezoelectric coupl ing constant nv/v is def ined (Campbell . J .J 1968) for p i ez o e le c t r i c  m,~t e r i a l s
as the percentage difference in velocity between free surfaces (,i, — ‘~) and su,faces coated w ith an
i n f in i tes ima l l y  thin perfect conductor (~ h — 0). The validity of this definition as an estimate of the
surface wave coup ling to an interdig ital transducer has been demonstrated several tines both experimen-
tally (Collins , J .H 1968) (Schulz , il.B 1972) and t”ieoretica ll y (lngeb ri gsten . c ,A . . 1969)
(Coquin . G .A 1967). Note that fo~ the purposes of this paper p iezoelectric coup ling is described
directly in terms of tv/v and not the k coupling parameter . roup ling informat ion is of utmost importance
in the desi gn of broad-band , low insert ion loss dev ices , It has been Shown that for a g iven maximum a l low -
able amount of inser t ion loss , the maximum attainable fractional bandwidth is proportional to the square
root of the coup ling constant (Hartmann , C.S 1975). Hence , because the coupling of l i th ium niobate
is about forty times as large as that of quartz (See Fig .i ). devices on lithi u m niobate have about six
times the fractional bandwidth as devices on quartz , for the same amount of insertion loss (Hays , R .M~
1976), This exp lains the popularity of lithium niobate for broad-band appl cations.

The power flow angle p is defined in Fi g, ~. as the angle between the time average electromechanical powe r
flow vector and the direction of propagation (phase velocity vector). Unless identicall y equals zero
(defined as a pure-mode axis) , the condition of beam steering Is said to occur . The slope of the power
f l ow ang le , that is ~p/a8, is a highly important quantity, its magn i tude determi nes the amount of beam
steering resulting from a g iven unintentional misali gnment from a pure-mode axis , and its magnitude and
si gn determine the extent of surface-wave diffraction , A later section will deal with these subjects in
deta l .

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

1 ~‘r I I 
~ 

i 1 ~l I ~v5 II)
‘r~~I kv )  ~T \ v / l ~~T v  ~~~~~~ V ~T

where l/v 5~ v5/~T is the velocity temperature coefficient , 1’ — I/v is the delay time , I is the distance
between two material points , and ~ is the coefficient of therma l ~xpan s ion . To calculate the temperature
coeff icient of time delay, the velocity temperature coefficient in equation (ii) is approximated by

I I 1v5(35°C) — v (l5 °C)1
‘V~

” ‘
~T~~ V (25°C) 20°C J (12)

and the program described above is used to calculate SAW ve loc i t ies  at the various temperatures. Tempera-
ture sens itivity is Important in many app lications. For example . it has been shown that the princi pal
limitation on the application of surface wave encoders and decoders to multip le-access secure camiriunica-
tions system s is the degradation of the peak—to— si de lobe ratio of the autocorrelation function due to
temperature d~~ferences (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.

Si nce SAW mater ia ls are an iso t rop ic , the four quantities discussed above are generally calculated for vari-
ous crys talline orientations as continuous graph I cal functions of either direction of propagation in the
p la ne of a plate (plates) , as fun ctions 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
p lots of those four quantities as a function of th. direction of propagation for the X cut of bar li nite
(Carr, P.H l976a). They were obtained by f ix ing the Eule r engles ~. and ~s a t 90.0 degrees and varying
the ang le 8.

3, PROPAGAT I ON LOSS

The optimum design of a surface acoustic wave device requires an adequate knowled ge of the many sou rces of
overall device I nsertion loss. The relationsh i p of insertion loss and fractIonal bandwidth to the p iezo-
elect r c  coupling constant was discussed in the pr .vlou s section. Other sources of device insertion loss
i nclude b l d l r s ct i onality loss , elec trical mismatch loss , parasi tic transducer conduction loss , matching
network loss, •podization loss , spurious emde generation loss , substrate propagatIon losses , and bees
st.erIng and diffract ion . Discussions of the first six of these subjects can b. found in references
(IEEE ProceedIngs , 1976) , (Har tm.nn , C.S 1975), (IEEE Trans . MIT, 1973), and (Wagers . R .S,, 1976).
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Substrate propagation losses are considered in this Section , and beam steering and diffraction w i l l  be dis-
cussed in the next section ,

Total propagation loss is a superposition of three different mechanisms (Slobodnik , A ,J., Jr l9’O)~
(I) 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 cr y stall ine
property, the magnitude of which can be predicted using viscosity theories (King. P.J 1969). The
second is . of course, hi ghly undesirable and , fortu nately . can be made neg li gible by prope r cry sta l growth
and polishing technique s (Slobodnik , A .J ., Jr 1970). The final mechanism is caused by the surface
wave being phase matched to a longitudinal 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 li ght
gas (Slobodnik , A .J., Jr ., 1972).

Propagation losses can be determined by directl y probing the acoustic energy with a laser (Slobodnik . A ,J ,,
J r 1970). In this method , the surface wave deflects a small fraction of the incident li ght . Which is
detected with a photouiultiplier tube and measured with a lock-in am plifier . The deflected li ght is direct-
l y 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
I 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 load i ng component.

Frequency dependence of vacuum attenuation and air loading for three popular SAW substrates (Siobodnik , A .J ,.
Jr 1970), (Slobodnik a A ,J., J r 1972), (Budreau , A ,J 1971). are illustrated in Fi gs . 6 and
7. Note the approx i mate f dependence of the vacuum attenuation and the linear dependence of the air load-
ing. This allows an emp irical expreSsion for propagation loss to be derived from the data .

Propagation Loss (dB/~s) (VAC)F
2 

+ (AIR)F (13)

where F is in GHz. The coefficients VAC and AIR are tabulated for popular substrates in reference (Slobodnik .
A .J.,Jr ,.l976). Equation (13) would be used , for example , When desi gning filters having particular ba,~d-
pass characteristics.
4. BEAM STEERING AND DIFFRACTION

4.1 Parabol ic  Di f f rac ti on Theor y

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 , i t is the slope of the power flow ang le
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 usef u l theory for calcula ti ng diffraction fields when the velocity an i sotropy near pure-mode axes can be
approximated by a parabola has been developed by Cohen (Cohen. M ,G ., 1967). By using a small angle approx i-
mation . he showed that fo r ce rt ai n cases , the hi gher orders of the expression for the velocity could be
neg iec ted past the second order. That Is ,

( 1 4)

where y — 
~ç
/
~
9 and 9 is the angular orientat i on of the puresnode axis , By comparing these approximations

to an exact solution ?or electromagnetic diffraction In uniax ially anisotropic media , Cohen showed that the
diffraction integral reduces to Fresnel ’ s integral with the following change

i’ — 2 ~ i + y L  . (15)
Szabo and Slobodnik (Sza bo, I.L 1973) in troduced the absolute magnitude si gns to ac~ount for those
materials havIng V — 1 and the hatted terms to stand for wavelength scaled parameters (2 — 2/It). In
other words , diffraction is either accerierated or retarded depending on the value and si gn of y. Excel-
lent agreement (Szeb o,T.L 1973) between this parabolic theory and experiment has been obtained when-
ever a good parabolic fit to the ve l ocity is possible, In some cases , however , a more general theory is
required.

4,2 Angular Spectrum of Waves Diffraction Theory

I n order to solve the most ganeral homogeneous an l sotrop ic problem , Kha rusi and Farnell (kharusi , M .S 
1971) applied the angular spectrum—of—waves technique to surface—wave diffraction . Their theory is valid
for both the near and far fields , and fo r any direction including off—axis orientations. Its only limita-
tion is the requ i rement of accurate knowledge of ve locity values for the surface of inte rest. In imple-
menting their theory the following integration is performed numerically fo r each f ie ld  poi nt :

• si n K1L/2A(X ,Z) —~~f . expj ((K1 x + K.3 (K 1) IZ I ) )  dK 1. . (16)

Here K and are the projections of the wave-vector K along the 2 and X axes , respectively, or In general ,
along ~i r.ctioni, psroendicular to and paral lel to the transducer. The effect of introducing a laser probe
in th. prof i le measurements can be accommodated (Szabo,T.L 1973) by inserting

si n It p/2

K1 P/2 
( I l )

(In Wh ich P is the probe diameter) Into the precedIng in tegral (Eq. 16).

The real power of th, exact an i sotropic theory can be Illustrated by its ability to prad lct even the fine
structur. of a diffraction pattern on a highly nonparabollc velocity surfac e , inc lud ing p r o f i l e  asymmetry
due to beam steer ing . An example is shown In Fi g. 8. Th. case studied (Szabo ,T.i. 1973) conrerns
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surface waves laun~hed close to the Ill-axis of 211 -cut gallium arsenide at a frequency of 280 ieiz. Trans-
ducer widths were 1. • 51 . This orientatIon was chosen (Szabo , T.L 1973) because the velocity is non-
parabolic and changes very rap idly with directio n . The first column of Fi g. 8 shows profiles for waves pro-
pagating exactl y along the pure-mode 11 1-axis , a direction corr~,sponding to ~ — 0. Also note that the
smoothing effect of the laser probe has not yet been included (P — 0), For the second column a misali gnment
of 0.60 from the ill-axis has been introduced , and the waves begin to take on the asynsnetric behavior and
beam steering of the experimental measurements (shown in the ri ght-hand column) obtained using the laser
probe (Slobodnik , A .J ., Jr 1970) technique . The third column introduces the same amount of angular
misa l i gnment as column two but , unlike the previous columns , Includes the effect of a laser probe diameter
of — 5.3 wavelengths. The agreement between thi S 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 requ i res precise
velocity surfaces as input data . Civen a certain material , then , the desi gner must have guidelines from
wh i ch he can choose the simp lest 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 1 973)
for variou s materia,ls by using a least squares fit with relative velocity values computed to seven si gnifi-
cant places within a range of ± 5

0 of (8 - 8 ) — 0. The maximum deviation of the fit from the velocity sur-
face can be defined in terms of the quantity °I6~ l . For comparative purposes , this deviation

5
is expressed

as a percentage of the actual velocity and , for convenience , is m ulti p lied by a factor of 10 , i .e..

— Jv
y i~ 

- V

j 
x io~. (18)

A complete study of diffraction loss using the exact theory on many velocity surfaces not perfectly para-
bolic resulted in the following conclusion . Anisotropy nay be conveniently grouped into two categories -
parabolic (0< tM~ ~~2.O) and nonparabo lic (2.0 ~~ < m), Hi gher order terms discarded in the approx i-
mation of (Eq. II.) become si gnificant (Szabo, T.L 1973) for nonparabo lic surfaces.

However for velocity surfaces having 
‘~ M ’~ 

2.0, the parabolic diffraction theory yields hi ghly accurate re-
sult s . Thus for all materials meeting this criterion , diffraction patterns are exactly equivalent in form
and merely scaled in distance by the factor I + V allowing universal diffraction loss curves to be cal-
culated (Szabo

2 
T.L 1973). One suc,h curve shown in Fig. 9 is a plot of diffraction loss verSus the

parameter (Vt ) I I  + y . This curve allows the determination of loss for any combination of transducer
width and separation for all parabolic anisotropic veloc i ty surfaces . It was calculated by integrating the
comp lex acoustic amplitude over the aperture of the receiving transducer for i dentical unapodized input and
output transducers (Szabo, T.L 1973).

In the Fresnel region the loss neve r exceeds 1.6 dB, which is the loss at the far—field length , ZF
(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

2
3 dB — l.769ZF (19)

where now A2
L 

, (20)
F

In the far f ie ld , the loss mechanism is the spreading of the beam w i t h  a slope of ID dB/decade, The far-
fiel4 loss can be approx i mated by ILoss (dB)— — 10 log y— . (2 1 )

4 ,2 Minimal Diffraction Cuts

One extremely important imp lication of the parabolic diffraction theory is that since it reduces to the
isotrop ic theory scaled by the factor j I + V . no diffraction spread i ng occurs for ideal parabolic sur-
faces having ~ • - I . Material Orientations approaching this ideal have, in fact , been discovered (Slobodnik .
A ,J ,,Jr l973b) . A set of experimental SAW pr ofI les for the 1.0.04 minima l diffraction cut (MDC) on
bismuth germanIum ox i de are presented in d y .  ID. Experimantally, diff r act ion is suppressed by a factor of
100. These MDC orientations are allowing a new class of highly apodized acoustic surface-wave filters and
lo ng-time-delay devices to be realized .

4.5 The Beam Steering Diffraction Tradeoff

As mentioned at the outset of this s.ction , there is an inherent tradeoff between beam steering and diffrac-
tion. In anisotroplc materials , beam steerIng occurs when.v.r transducers are misaligned from a pure-mode
axis 8 , even though they may be perfectly aligned with each other . Beam steering is the pulling away of
the acSustic beam from the transducer propagation axis by an additIona l angle , p — 

~ 
(e - 

~ 0).  as shown in
Fi g. 4. Let us discuss this tradeoff In more deta i l .

DIffractIon is a fixed phsnom.non for a g i ven material , whIle beam steering can be controlled by precise
X-ray alignment at the expense of increased device cost. Both , however . infl uence the choice of SAW sub-
st ra te  (Slobodnlk . A ,J .,Jr 1974). An example of how the cotr~ ined loss of bees steerIng and diffrac-
tion varies among mat e rIals Is I l l us t ra ted  (Slobodnik , A ,J ., Jr 1974) in Fi g . II Where the loss is
given as a function of ry
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For Fig. II the acoustic aperture is — 80 wavelengths , the distance between input and Output transducer
is 2 — 5000 waveleng~hs , and the misalignment from the desired pure—mode axis , or the beam steering (BS1
ang le , i s BS ~ — 0. 1 . In order to use these data for practical situation s, it is only necessar~ to r sert
the slope of Ihe power flow angle appropriate to the type and cut under considerat i on, It is also usetul
to note that t — tf; where t is the tine delay and f the frequency of the device of interest

Several important features can be noted with reference to Fig. II. Diffraction loss goes to 0 for those
materials having V — - 1 .0 and , as expected , the combined loss curve agrees exactl y wi th the beam steering
loss curve. Those materials having y 0 correspond to locally i sotropic cases and beam Steering goec to 0.
Here , diffraction accounts for the total loss. Diffraction loss alone is symnetric about y — — 1 .0 and
beam steering loss about ‘j — 0 . while the combined curve is clearly nonsymetric. Universal beam steering
plus diff raction lose curves are not possible.

The results illustrated in Fi g. Il are of major importance in choosing a materia~ for a particula r ap ol ica —
tion . For examp le , where diffraction is potentiall y a very serious problem . as in hi ghly ap zdi zed filters .
a material having y — l .0 would be most desirable .

Fi gure 12 illustrates (Slobodnik , A J ., Jr l 9 71~ combined beam steer ing and diffraction loss versus
the time-de l ay-frequency paramete r ~~. It is of interest to point out that the loss is very hi gh f~ r the
2—  75 000 curve near — - 1.0. For this large distance beam steering is very important , especiall y for
narrow undiffracted beams , and some beam spreading is to be desired . (The same is true it inaccurate X-ray
orientation must be tolerated .) Since Z is proportional to frequency (for fixed time delay), Fi g. 1 2 also
illustrates why beam steering and diffraction are considered UHF and microwave frequency desi gn problems
Si gnific ant losses and material tradeoff considerations exist at the hi gher frequencies and , of course , a lso
for very long time delays.

5. H IGH COU PLI NG , TEMPERATURE COMPENSATED MATERIALS

5, 1 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 lntr~duct ion ,
neither quartz nor lithium niobate i5 adequate for such devices . This has resulted in a search for substrate
materials tha t are temperature compensated and have p lezoelectric coupling greater ‘‘~an that of ST cut
quartz (Schulz , P1.6 1970). One material which has been extensively stud:es is lithiu m tantelate
(LiTaO 3). Althoug h 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 F i g. I shows ,
the piezoelectric coup ling and temperature coefficient of tine delay for lithium tantalate represent a
reasonable compromise between the hi gh coupling and poor temperature coefficient of lithi um nlobata and
the very low coupling of temperature compensated quartz. Of particular interest is the minimum diffraction
cut (MDC) of lithium tantalete , which has 1/20th the diffraction spreading of an isotropic material
(Slo bodnik , A .J ,, Jr 1975), The LiTaO3 mini m um diffraction cut has very low coupling to bulk waves ,
a very important property for low spurious response filters (Siobodnik , A ,J ., Jr 1975) end delay
lines (Carr , P,H 1976b).

A major contribution to the search for improved materials has been the development of a phenomenolog ical
model (Newnham , R ,E ,, 1973) which exp lains why known materials are temperature compensated . According to
that model , temperature compensated materials possess either of the fol l owing anomalous properties: (I) a
positive temperature coefficient of velocity or elastic constant or (2) a negative coefficient of thermal
expansion . Quartz , fo r examp le , is temperature compensated because the temperature coefficient of C66, the
elastic constant for shear propagation along the Z axis , is positive (Newnham , R. E,, 1973 ).

5,2 B erl i n l te

Ber li nite , (A1PO4) , is structurally similar to quartz with larger p iezoelectric constants . A recent inves-
tigation (Chang, Z.P 1976) has shown that for bulk waves ber li nite is indeed temperature compensated
along orientations similar to the AT and BT cuts of quartz , but with 2.5 tine s larger p iezoelectr ic coup l ng.
Mot i vated by these results for bulk waves and the fact that the temperature coefficient of ore of ber l inite ’s
elastic constants Is positive (Chang, Z,P 1976). Studies have recently been conducted to investigate
the behavi our of surface acoustic waves on berl in i te (Carr , P,H l976a), (O’Connell . R,M 1977a),
(O’Connell , K M  I977b) . That investigation has produced several temperature compensated cuts with
more than four times the p iezoclec tric coupling of ST cut quartz (Carr , P,H 197 6a) (O’Connel l , R H ,,

1977.). Hi gh 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 veloc i ty, the piezoe lectric coup ling , the e lectromechanical power flow angle ,
and th. first order temperature coefficient of time delay for several standard crystal lographic cuts
(O’Co nneii , R .M i977b).

Resul ts for the X cut of berlinlte are shown In Fi gure 5. These and other initial results (Carr , P,H 
i976a) showed that berllnite is temperature compensated with four times the piezoelectric coup li ng of ST
cut quartz . Howeve r, all of those in Itia l ly reported cuts had non-zero electromechanical power flow angles ,
and consequentl y suffe r from beam steering. Subsequent calculations produced two singly rotated cuts and
two doubly rotated cuts , all of wh ich have zero electr omechanical power flow ang les (O’Connell , R.M 
l977a) . Th. moSt pr~~l ising of the sing ly rotated cuts is the X axis boule 80.1. Cu t , a direct analog of
the ST Cut of qu.rtz. The two cuts are coepared In Table I. Note thet the piezoelectric coupling , AV/V .
of the X-a xls boule 80.40 Cu t is more than four tIme s as large as that of ST quartz , a distInct advantage.
Other calculations have been meds to Investigate the behaviou r of pseudo surface acoustic waves on ber-
Unite (Jhunjhu nwala , A 1976.).

Table 1 also shows that the slop, of the power flow angle , ~~~~~ is larger for the X axis boule 80.40 cut
of ber l init. than it Is for the ST cut of quartz. According to th. theory of SAW diffrection discussed in
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Section 4, this means that ST cut quartz has better diffraction properties than the X axis boule 8O .~~
cut of ber linite. The desire to find temperature compensated cuts of ber i in te havin g better diffraction
properties than the singly rotated 80.40 cut motivated consideration of doubly rotated cuts. In particular .
the ~ — 900 p lane of an orthogonal coordinate system having the three Euler ang les \, ~~, and e as its basis
was ca ref u l ly sea rched . The ~ — 90.0 plane was of particular interest because it contains four of the stan-
dard crystallographic cuts , including the X cut and 2 axis c~ iind e r , for wh i ch temperature compensated ori-
entations were found earlier (Carr , P.M 1976a),

The results are shown in Fi gure 13. The dashed and solid curves represent , respectively, the loci of Euler
angles for which the electromechanical power flow ang le and the temperature coefficient of time delay are
zero. As can be seen in the blown up portion of the Fi gure . the loci intersect in a total of twelve places
throughout the plane . Because of crys ta l syninetry . however , only two of the points are i ndependent , and
those circled in Fi gure 13 are listed in Table I . Notice that while they have about the sane p iezoe lec t r ic
coup ling as the

0sing ly rotated 80.40 cut , the slopes of their power flow ang les are smaller than those of
either the 80.1. cut or the ST cut of quartz , g iving them the added advantage of less diffrac tion spreading .

5.3 ~—Eucr yptit e

Another material which has been the subject of recent attention (Barsch , G.R 1975) is 8-eucryptite ,
(Li Al SiO4). This material is interesting because of its large negative coefficien t of thermal expansion
in the direction of the hexagonal C axis . According to the above-mentioned phenomenologicai model for ex-
plaining why Certain materials are temperature compensated , this may g ive rise to temperature compensation
even though the temperature coefficients of the elastic constants are all negative (Barsch , G.R 1975).
Using the theoretical computer mode l and data from references (Barsch , G .R 1975), (Humne i . F .A ., 1951 ),
(Schulz . H ., 1974), and (Bohm , H ., 1975), calculations of the SAW properties of 6-eucryptite produced both
singly rotated and doubly rotated temperature compensated cuts, A sing ly rotated cut was found (O’Conne ll ,
R .M 1977c) at X cut 690, and is listed in Table I which shows that although the piezoe lectric couplin g
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 X — 0.00 pl ane (O’Connell , R ,M .

l977c), as shown in Fi gure 14, As can be seen in the Fi gure , the loci intersect in a total of four
p laces throughout the plane. A gain , because of crystal synsnetry, only ore of the points is independent ,
and it is listed in Table I where it can be seen that , unfortunately, the piezoe lectric coup l ing of this
doubly rotated cut is only about half as large as that of ST quartz. Perhaps the nost attractive feature
of this material is that it has the highest SAW velocity of all the temperature compensated materials list-
ed in Table I , 3662 rn/sec.

5. 4 Other Temperature Compensated Materials

“he sulfosalts are a class of materials of the form T1 3BX 4, 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 compensated wi th
si gnificantly larger p iezoelectric coupling than ber li nite (Wei riert , R ,W 1975). (lsaacs , T.J 
1976). One particular cut of TI 3 VS 1., for example , has four tines the piezoelectric coupling of beriinite
(Wein e rt , R ,W 1975). As shown in Table I , however , this cut has the disadvantage of a rather larqe
electromechanical power flow angle , about — 1 7 degrees. Another cut of the same material and one of
113 Ta Se4, having zero electromechan ical power flow angles , have also been found (Jhunjhunwala , A 
1976b). As the data in Table 1 shows , the p iezoelect r ic  coup ling of these cuts is not as large as that of
the first cut dlscussed , but it is s t i l l  more than twice as large as that of berl in i te .  The table also
shows that the SAW velocities of the sulfosalts are onl y about 1/3 as large as that of berl in i te . This is
a disadvantage for high frequency app lications , but an advantage for long delay lines and low frequency SAW
f i l te rs ,

A composite material , consisting of a film of silicon dioxide on lithium tantalate , has also been shown to
be temperature compensated (parke r , T .E 1975). This material has , as shown in Table I , a very small
electromechanical power f low angle , a p iezoelectr ic  coupling of about .007, and a r e l a t i ve l y  large SAW
velocity. The most attract ive feature of the material is that i ts second order temperature coefficient of
t ime delay is nearly an order of magnitude smaller than that of ST cut quartz. Des p i te these positive
attributes , the composi te has seve ra l drawbacks due to the S i0 2 f I lm , Including : (I) its thickness must be
very accurate ly controlled , (2) it is very lossy at hi gh frequencies , and ( 3 )  it i s d is persive .

Besides those materia ls which have been shown to be temperature compensated , there are several others which .
for various reasons , may prove to be. For example , nepheline , (KAIS 1 O4) ( N a A l S i O 4)3, shoul d have tempera-
ture compensa ted orienta t ion s because the temperature coefficients of the elastic constants C 11 and C66
are positive (Bonczar , L .J 1975) , Als o, lead potassium niobate (Pb 2IQ4b5O15). which has pIezoelactric
coupling fac tors of the order 0.7 for bulk waves , shows promise of being temperature compenseted because it
possesses opposi te si gns for the temperature coefficients of the bulk wade resonance frequency for different
v ibrational modes (Barsch , G.R 1 976).

6. FAST VELOCITY MATERIALS

Fas t velocity materials , such as beryllium ox ide and aluminum nitr ide , are of great interest for extending
the upper frequency limit of SAW devices. Also , the high thermal conductivity of these materials results
in a hi gh power handling capacity; for example , continuous wave power levels of 1W produced no danage to a
transducer operating at I GHz (Bud reau, A .J 1974.). Bery llium ox i de single crystals have bean grown
in centimeter sizes (Hagon, p,J 1971). The velocity of surface acoustic waves is 6500 rn/sec . The
very weak piezoelectrlc coupling (1/10th that of quartz) and the strong coupling to volume waves make this
material unattractive compared to alian i rnan nitride thin-fIlms— on—sapphire , which have unusually low cou-
p l I n g  to volume waves and a p iezoelec tric coupling up to six tImes that of ST-quartz. The veloc i ty of the
films varies from about 6000 rn/sec for very thin films to 5500 m/sec for 0.7 wavelength thick films (Liu ,
J .K 1975.). Also their temperature coefficIents vary from 47 ppm for a very thin fIlm to 25 ppm for
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a film 0.57 wave lengths thick (Liu , J .K l975b). Single crystals of aluminum nitr id t have been grown
in sizes up to only several millimeters (Ougger , C ,o, , 1974), (Slack , G .A 1976); large r crystals are
needed for measuring the unknown elastic constants.

Velocity nonuniformiti es from one side to the other of a I cm wide sample have been observed to be of the
order of 0.5% for thin films of A IN grown on sapphire by chemical vapor deposition (Budreau , A ,J 1974b)
This velocity difference is of course most critical for narrowband SAW fil ter applicat i ons . Another probl em
has been the lack of reproduc ibility of the piezo electric coupling f rom srnnp le to samp le. L iu , et al .
(Liu , J .K l975a) . (Ll u , J .K 1975b) have shown that this can be due to misali gnment of the
pyrem idal 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 , Ini tial results with films grown by reactive rf
sputtering show that they do not have this granularity; thus , this metr.’,d of growing films warrants further
investigation (Shuskus. A ,J 19114).

7. CONCLUSIONS

Clearly, the task of choosing a substrate material for a SAW device is not trivial . There are many factorS
which must be cons i dered , most of which have been discussed here . Fortunately, the relative importance of
these factors varies with the specifIc device and appp il cat i on at hand . It is hoped that the topics dis-
cusse d here in wi l l  provide the design engineer with a reasonable understanding of the many factors involved
in SAW device substrate choice , and wi th a useful set of guideli ne s for wei ghing the relative importance of
those factors in a specific desi gn.
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FIGURES

Figure 1 Temperature coefficient of time delay versus piezoelectric

coupling for various SAW materials.

Figure 2. Schematic representation of the generation arid propagation of

a surface acoustic wave.

Figure 3. Illustration of the coordinate system used to define SAW

propagation. The shorting plane will be necessary when

computing the quantity AV/v ,

Figure 1.4, Schematic representation of the profiles of a propagating

acoustic surface wave n a cr~sta1iine substrate. Angle 0

defines direction of propagation with respect to reference

crystalline axis , and angle ~ defines deviation of power

flow from phase velocity direction .

Figure 5. The variation of (a) SA’~4 velocity (b) piezoelectric coupling

(c) power flow angle , and (d) temperature coefficient of’

time delay for X—cut Berlinite.

Figure 6. SAW attenuation in vacuum as a function of frequency for YZ

LiNbO3, 001 , 110 and 111, 110, Bi12Ge020, arid YX quartz.

Experimental slopes are all approximately f
2.

Figure 7. 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 LiNbO
3 
and Bi12Ge020 .

Figure 8. Theoretical and experimental surface—wave profiles illustrating

diffraction near 111—axis of 211—cut gallium arsenide.

indicates distance for propagation in wavelengths from input

transducer , 6 gives the misorientation from 111—axis , and is

laser probe diameter in acoustic wavelengths.



Figure 9. Universal diffraction loss curve for all parabolic

A A2
materials as a function of (z/L ) 1 + )~ . To conver~

to the actual distance in wavelengths on horizontal

A
scale simply insert L, width of your transducer if l

waveleng+.hs , and ~ appropriate to your material.

Figure 10. Illustration of’ the two orders of magnitude diffra~ tior,

suppression achieved using the ho. ~4~’ Bi12Ge020 m i n i m al

diffraction cut . An acoustic aperture of = hO.56

wavelengths was used.

Figure 11. Loss due to diffraction and beam steering as a function of

A
slope of power flow angle for parabolic materials. L

A
represents width of transducer in wavelengths , Z the dist~~lcf’

between transducers in wavelengths , and BS the beam

steering angle (defined as misalignment of center line

between transducers from desired pure—mode axis).

Figure 12. Loss due to diffraction and beam steering as a function of

slope of power flow angle with distance in wavelengths

between transducers , as parameter .

Figure 13. Loci of Euler angles having zero electromechanical power

flow angle (dashed lines) and zero temperat . re coefficient

of time delay (solid lines) in the 
p 

= 90.0 plan e of

berlinite .

Figure l~4. Loci of Euler angles having zero electromechanical power flow

angle (dashed lines) and zero temperature coefficient of t ime

delay (solid lines) in the = 0.0 plane of fl—eucryptite.
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