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C & R Technica l Note No. 100

Ul t rason ic  Surface Wave
Transdur L i o n  Techniques

I .  INTR O 1)UCTION

The wot ic conducted on Projec t E 1059 hat ; bs~~un an c x t c n ~ 1On

of tha t begun on Projects E1014 , E 1022 and cont i nued under P r oj t c t

E6044 . Pri~ t i i  i l~~, thi  ~ work has been conc.. rned wi th  the d~ ve le p—

ment of t cchn iquL .; for  tapp ing u l t r a son ic  delay l I r i t ~~. Thest

techniques u t i l i ’te t h i n  deposited conduc t ing , piezoelcct .ric , and

piezorc~~ist ivc  f i l m s  on a Pyrex g1a~~; ~.ubs L r a t e .  The mode of

propa g~i t ion  has b~ cn the surf ~ice wav ’ which provid~~ maximum

energy on the ~ur facc  and i s  free f r om di~~pcr~~ion and r cf l& ct. lorn ; .

Deta i l s  of the techniques dcvclopcd may be found in IITR 1

Technica l Note No .  02 — 3 , en t i t l ed  “Thin Film M u l t i  —T .~p I )~’l~ y L in e ”

au thored by ft. J. Ser a t in  and A.  P. van den I l euve l .

E f f o r t  on this  program h~ :; concerned it~ ;e lf  w i t h

invcs l i c ja t  ion of piezoelcc~ n c  La I~~ employing a vcr i ’ai  geometry.

A t h i n f i l~ i surface wave gencrat.or wa~; desi gned . and successfully

depos~ tcd . During the program a paper ent i t led “Mt-a ~’~urement of

St r a in  and Veloc i ty  of Ultrasonic Surface Waves ” was ~;ubm i~~L~ $

a nd aeccpt.~ d for pub l i cat ion  in the October 1967 i:a~ue

T.h _R~~~~~~~c~~~~~~9~~~~~~~._L t: r t ~ In addi t ion , a papc~:

t led “Thin F i l m  Sur face  Wav e Tra sduct ’rs ” ~~~ p~ ce- ’nt t ’d at

the  IEEE Sympos i um on Sonic’ s and Ul t rasonics  and w i l l  be

submitted for  p u b l i cat i o n  In the IEEE Transact ions.  Author L~ of

the abov e paper :; arc R. J. S e r a f i n , D. Fr ybercjcr, and M . E p s t e i n

f or the former and R. J. Seraf i n  and A.  P. van den fleuvel foi  t h e

l IT U $ E A R C H  I N S T I T U T E
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latter. A patent application has been initiated under

No. 6-23-674, “Tapping Techniques for Nonmagnetic Delay Lines.”

11. ANA LYSIS

A. S t ra in  Calcula t ion

The vertica l geometry tap takes the form of a thin

piezoelectric f i l m  sandwiched between a common lower electrode

and narrow upper electrodes which may be placed at wi l l  along

the propagation path. For piezoelectric f i lms  deposited normally

to the substrate, the piezoelectric ef fec t should also be pr imar i ly

normal to the sur face  and hence the taps should respond only to

norma l s t r a i n .  With surface wave propagation such a s t ra in  exists

as a consequence of its characteristic decay with depth into the

surf ace. The longi tudinal and transverse components of displace-

ment may be written1

u~ (x,y,t) = A sin(cot—kx) (1)

U~~(X ,Y , t )  =-A f~~(~ ) cos(u t.—kx) (2)

whete u~ is the particle displacement wave function in the

direction of wave propagation (the x direction) , u~, is the

pa:s-~ cle displacement transverse to the direction of propagation ,

and f~, are functions describing the behavior with &~pth , y,

and ar functions of depth only, o is the angular frequency,

k=2TrA , and A is a constant. Both and u~, are assumed constant

in a third spacial dimension , z~ and thus Eqs. (1) and (2)

represent. a surface wave equivalent of plane wave propagation.

1E. G. Cook and H. E. Van Valkenbrug, ASTI4 Bulletin, Vol. 196,
May 1954.

l IT R E S E A R C H  I N S T I T U T E  
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The various strains that exist may be obtained by differentiating

Eqs. (1) and (2) with respect to the spatial variables x and y.

In particular, the strain to which the taps will respond is the

normal stra in S~~, given by

S~~, = -
~~~~~~~ -A f’~(y) cos (o t—kx) . (3)

Since the taps reside on the surface we are interested only in

the values of ~~~ for y = 0. Thus we may write

S~~ (x,0,t) = —A f~,(0) cos (o t—kx). (4)

The particle velocity is given by

v~ = = A W fy (Y) sin (~~t—kx) . (5)

which again at the surface becomes

v~ (x ,0,t) = A~~f~ (0) sin (cnt—kx) . (6)

If we concern outselves only with amplitude, we may write

f ’ ( 0)
Js~~ J J v ~~J (OJ f y (0~j  

(7)

Since v~, can be measured , utilizing the kinetomagnetic technique,

a is known , and f~ and f~, are functions of the ~ubs~ ruLe and also

are known1, the magnitude of t1~~ normal strain S~~ can be easily

determined .

With the vertical geometry the temptation is strong to

consider the tap to operate simply as a conventional piezoelectric

1lb id.

lIT R E S E A R C H  I N S T I T U T E
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transducer well below resonance.* For this situation a simple

equivalent circuit as shown below may be devised.’

(
~

)
~ oc

In this  simple ci rcu i t  Ze is the electrical impedance of the

transducer and V0~ , the open circuit voltage, is given by

F ~ Z
- e_ 

‘8oc~~ 2Zm+~ 
Ze

where Zm is the mechanical impedance of the transducer s F is the

- 
- 

mechanical driving force, and ~ is an electromechanical coefficient

given by

eh.A
(9)

where ehJ is a piezoelectric stress constant , A is the transducer

area and t Is its thickness (in this case the thickness of the

film) .

In piezoelectric materials, ehJ 
relates the charge

developed per unit area (polarization) to an applied strain by

the expression

eh~
s. (10)

Since the taps are of the order of l.Op thick and a wavelength at10 MHz is o~ the order of .3 mm~ this condition is satisfied .1T.F. Heuter and R.F1 . Bolt , Sonics , John Wi ley & Sons , 1962.

lI T R E S E A R C H  I N S T I T U T E
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where 
~h 

is the polarization in the h direction due to a strain

in the j direction. From Eq. (10) we see that Chj is actually

an element of a tensor and for completeness shear as well as

longitud inal strains should be included . Since there are six

possible components of strain (3 shear and 3 longitud i nal) and

three components of polarization there arc required 18 (6 for

each polarization component) piezoelectric stress constants to

chardct~ ri?e the peizoelectric properties of a material. In

practice, i t  is usually sufficientl y accurate to consider only the

effect for h j  where the  polarization and strain are in the same

direction. In our case th is  direction is normal to the surface.

Relating Eq. (10) to the notation used earlier we have

= ~~~~~~ (11)

Glancing at Eq. (8) it is important to note that the open circuit

voltage is dependent upon the value of the electrical impedance

Ze of the transducer. This should be expected since the piezo—

electric strcs~ const -.ant relates polar iza t ion  or charge to the

s t r a i n .  The voltage developed , however, will be determined by

t he charge and the capacitance of the tap.

I t  w i l l  be usefu l  now to consider in more detai l  Eq. (B ) .

We ca n h~-~~In  by examin ing  f i r s t  Ze which is simply ~i ca~~ c it a n c t

in  para l lel  wi th  a resistance.  The capac i tance , C0~ is given by

C0 = ( 12)

where is the product. of t h e  r e l a tiv e  dielectr ic  constant of the

piezoelectric and the p erm i tt i vity  of free space . The resist~~nec

of the tap is given by

I t T  R E S E A R C H  I N S T I T U T E
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(13)

where I~ 
is the resistivity of the piezoelectric. The impedance

Ze is given by the paral le l  combination of C0 and R as

R (14)e l 4j ~ RC0

Substitution of Eqs. (12) and (13) into (14) yields

= 
p t/A (15)

e

Now , if ~~~ > “  1, Eq. (15) becomes

t 
— 

1 16)Ze~~~ j~~A
_
j~C

which states that the electric impedance of the tap is primarily

a capacitance. This can be accomplished either with high

frequency operation , large dielectric constants, or high

resistivity. In most bulk peizoelectric materials, the resistivity

is very high and Eq. (16) is valid. However, the deposited thin

film transducer may not have a resistivity high enough in order

to validate Eq. (16). For example , if we desi~ e wpc “> 1, we

req u r c

p > > .  ( 17)

For operation at 10 MHz and a re la t ive  dielectric constant  of

five, Eq. (17) becomes

>~ 5 
- -

~~~ 
= 36 x 10 = 360 Qm = 36000 s2cm

2 r r x l O  x —- x l0~IT (18)

l IT R E S E A R C H  I N S T I T U T E
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Thus for operat ion at 1.0 MHz , Eq. (16) may not be used unless the

films exhibit resistivities of the order of 10~ ~2cm or greater.

Equation (18) may further be modified by noting that

F
~~~~~~ (19)

and

- 

_ _ _  (20)

Equation (19) is a statement of Ilooke’s law where c~~ is the

stiffness constant .1 Equation (20) is valid well below resonance

where the transducer is stiffness controlled .1 Substitution of

Eqs. (16), (19), and (20) into (8) y ields

H c e S t
- 

_ __vy yy yy 1oc 

~

The above agrees well wi th  i n t i u t io n , i. e., the output voltage is

proportiona l to the strain , the thickness of the film , and basic

constants of the material.

B. Results and Conclusions

The validity of Eq. (21) and the assumed equivalent

circuit of the taps has not been cstablished experimentally.

While it appears simple to measure the voltage , film thickness

and strain , a number of factors militate against drawing simple

conclusions from these measurements. First, the CdSc films,

deposited at. room temperature , have exhibited resistivities no

greater than l0~ ~2 cm . Thus, at 10 NUZ, the resistance of the

f i l m  cannot be neglected in the analysis. Secondly, the practical

I Ibid .
l IT R E S E A R C H  I N S T I T U T E
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problem of depositing successive films , even on the same substrdte ,

with identical characteristics is by no means trivial. It is also

d i f f i c u l t  to deposit an electrode s t ructure  wh ich makes good

ohmic contact to the piozoelec tr ic , hence measurement of the film

resistivity is difficult. Lastly, there is reason to bel ieve that

the f i lms , as they are depos ited, do not grow homogeneously; in

particular , strong evidence exists that the thinner films
0

(< 500 A) may not be piezoelectric at all.

One conclusion that can be drawn from the results

obtained is that the vertical geometry taps are much more

sensitive than those which use a planar geometry. Secondly, the

tap output is definitely thickness dependent, however , the exact

functional form of this dependence cannot be determined from the

data collected to date. Another result, which agrees qualitatively

with theory, has been tha t those films with the lowest resistivity

have proved to be the poorest sensors. In comparing the £

sensitivities of many of the films deposited with results obtained

by Clevite Corporation1., it is clear that an order of magnitude

or more sensitivity should be available with bet.ter films of

high resistivity. 
-

Attempts to deposit a thin film surface ~ave gener~ter

u t i li z i n g  periodic electrode structures have been successful on

a 8in gle occasion. In this case the pie~oelectric was deposited

1T. R. Sl ikcr~ ‘1Ferromagnet ic, Ferroelect.ric , and Acoustic Devices.”
First Quarterly Report , Contract No. BA 2B—043 AMC—c1359(E),
September 1965.

l IT R E S E A R C H  I N S T I T U T E
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so as to provide a component of the c-axis p ar a ll e l  to the sur face .

Over th is  was deposited an in te r leaved  comb electrode , the distance

between elec t rodes being 1/2 wavelength at 10 M H z .  This transducer

was used to successfully generate a 10 M h z  su r face  wave .  However~

the power in the wave was much lower (orders of magnitude) than

what can be obtained with the Lucite wedge transducers. Nevc’- .

theless, these results have demonstrated that the thin film trans-

ducer is feas ible .  With better f i lm s  and at higher frequencies

f such devices could indeed prove practical .  Vertica l geometry

thin film transducers have not proved to be effective generators.

This may well be due to the electrode structure employed and-must

be considered in more detail. An entirely different scheme for

sur face  wave generation would employ therma l expansion in

deposited electrodes to generate the strain pulses. Preliminary

calculations have indicated that very lar ge stra ins can be

obtained in this fashion . However , elaborate heat sinking

techniques might. be required for high frequency operation.

It appears that the largest hurdle to be cleared is

obt.aininçj high frequency operation (up to 1 kHz or more) by

developing effective surface wave generators. Deposited q~-c~cratars

and therm.1 expansion have been suggested as possibilities.

However , another possibility might employ incident shear waves in

a CdS wedge. Acoustic amplification could be used to increase the

incident energy. Also, the driving shear transducer could be

deposited CdS on the wedge thus giving an ex ce l lent  acoustic

impeda nce match. Silicon or sapphire substrates might also he J
l IT R E S E A R C H  I N S T I T U T E
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employed. These materials exhibit high acoustic velocities which

- might permit the use of incident compression waves in CdS wedge

- transducers.

‘1
l IT R E S E A R C H  I N S T I T U T E
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•~ v~~l~~c i ty  of R yleigh waves is independent of frequency, for
a f~cc~ s u r f a r : e , and is approximately 1O~ times slower than

:t ~-.~ ves /

lie ve lc -eiLy  of Raylei gh wavas may be made to vary with frequency
( t .a . ,  hecc~ :~ disp2rs .i ve) by the presence of a superficial
1.aycr  on t he propaçjab.ing surface.

The aLtenuat:ton o~ Rayleig h waves is quant i t a~ ive1y similar to
Th-~~ ~:or other f orms of sonic waves . - 



Rayleigh waves may be generated in several ways .

1. By means of mode coiivorsi.on from a bulk wave using a wedga.

V (

2. By moans of a multi—toothed comb.
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3. By means of an interdigitated electrode array on a piezo-
electric crystal. -

~ . .k~ ~~~~

~~~ >2~’~ ~
I/~ J)I)

I 

- 

‘
~~

Rayleigh waves with frequencies as h.igh as 1 0Hz have been
generated by method (3).

Frequencies higher than 10 0Hz should ho possible.

— 2 —  T i T ~~j

— -  — --~~.--~~~- - - ~~~—— 
S

~~~~~~~~~~~~~~~~~~~~~~~~~~~
— - —-— ~~~ — ..——--——-—~- 

.— — —



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - 
_. .

~ 

-

~~

1~

~ h aL _ :p,~~ _ i. ~~~~~~~~~~~~~~ O L  ~t ~~U I -  t I i dl. T . ~ y ( . l .  ?

tn  the 1. e51 ‘eCe of i thin l~~ ’CL , t he veloc i Ly of Ra~ I I t~h wave:;
becomes a f u n c t i o n  of Crequ~’ncy —— th i s  is ~:ee’.-.n ~~:; dl:;-.

L)’~~~5iOf l .

The magniLuda of the di:~persion d(’~)end:3 uron the i~~~~~nes:; and
nature  of the superficial  layer , and may be made po~ i1Ivo
or ne~j aLive  by se1e~ tion of materials .

Thus, a dispersion characteristic of almost any desired form
may be made by selection of layer thickness and material --
and may be varied from point to point along the surface.
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r~ I ~y ri  ni ’s? 
-

S i  ace ~.y  i.e HR wave :; ~ii:e coufi.nc i t o  I l ie ; ;nI . f ace , I hey ~:ay ho

i 1y i ~~ at a 1 ~ ~r of j ’a:; .1. L I ens ~o ma ke coded
€ i. 1. Lers of many typos

Pulse compression delay h u e s  are read Lly con~ Lrue I ed using the

ab i l [ty  to control the dispersive charactcui :;t ics .

Spur iou:; r c f l ccL  ions and multi—path propagati.on are easily
suppressed by absorbing layers .

The t~euic ~- 5tLor s and taps are readily Eabei .caLud by thin f i lm
de~ os i.t.tou techniques.

severa l . sets of taps may ho made on one delay .li~ a --— one (or

each doppler channel.

.\ surface wave delay line can have a common :substrato with other
c i rc u i t  elements or integrated circuits.
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Rayleigh waves can be amplified in at least two iiays :

1. 8y propagation on a single crystal of a piozoelectric

semiconductor such as CC1S in the presence of a drift field,

gain is obtained in a manner completely analogous to a

microwave travelling wave tube.

2. By propagation on a piezoelectric substrate on which a semi-
conductor is placed. A drift field is applied across the

semicond uctor. -

Net gains in excess of 6 db have been attained in this way for
devices less than 1 cm in length.
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2. By means of a narrow strip d eposited on the surface.

/ -

3. By moans of a narrow slot in a superficial layer.

1 .-

I

The function of Lhe~e guides for Rayleigh waves is analogous to
a dielectric ~iavcguide for electromagnetic waves.
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ic i (J l~ waves can be i~~de to per form a 1 1 the uoriua l di:; t:ri-.

b a t e d c i.rcu i t Lane  L ions , such as:

Couplers
:tsolators

• Phase Shi f ters
Mixers

Switches
Resonators
Circulators
Attenuators

Dy combining all these funct ions, complete microwave circuits
can be constructed.
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Since the ve1. oci ty  of Rayleigh waves is 10~ L imes less than E—M

~- ,aV c~~, the wavelengths are also 10~ times smaller.
0.1 QUz 1.0 GUz 10 0Hz

E-M wave 300 cm 30 cm 3 cm
Rayleigh wave 0.003 cm 3 1.~m 0.3

An approximately similar shrinkage factor may be anticipated
for the circuit elements at these frequencies by employing
Rayleigh waves .
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In addit ion to being sma l l ., m icrowave c i rcuit s  u sing Rayleigh
waves t

1. Usc conunon substrate with delay lines.
2 • Have low power requirements.
3. Are economic to manufacture.

4. Can be integrated with conventional integrated circuitry.
S. Use same technology as existing integrated circuits.
6. Can be batch fabricated.

7. Are more resistant to hostile environments.
8. Are more resistant to E .M.P .
9. Emit no compromising radiation.

10. Are inherently rugged .
11. Are lightweight. -

12. Use basically cheap materials.
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~~ht t: a l - c u t  Al ~ !1I1~~L IOU?

‘ &he attenuation of Rayle i gh waves is ~ p~)r o x i m~la L c hy  tha  same as
that for bulk acoustic waves in the Sai:~~e medium.

For bulk waves in: The a t tenuat ion  is:
Lithium Niobate 0.2 db/cm at 1 GI-Iz.

Crystal l ine Quartz 5.7  db/cm at 0.9 0Hz.

Fused Quartz 10.3 db/cm at 1. GI-{z.

However , these f igures are for delay l ine  use.

For circuit  use , we need to know the loss per wavelength.

Lithium Niobate: 7 .5  x 10~~ db/X at 1 0Hz .
Fused Quartz: 6.6 x ~~~ db/X at 1 0Hz .

Copper waveguide or coaxial cable 5 x l0~~ db/X at 1 0Hz .

- 
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By us~.r:~j s h - ~pcd ~:osits on a su r face , R a y l e i g h waves may be:

1 . ~‘ecussed:

2. Refracted:

I - 
~~~ 

~~~~~~~~~

‘y ,  \

These elements could be combined for a spectral analyzer or

other optical transformation functions.
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What: e h n s ?

Before Rayieicjh wave:; may be employed at microwave fructuencies ,
further reseat-oh is needed to:

1. Fabricat:e and evaluate devices.

2. Develop techniques for  hi gh resolution patterns.
3. Ii~prove inse r t ion  loss and bandwidth of transducers.
4. Fabricate and evaluate guiding structures at microwave

frequencies.

5. rmptove theoretical understanding and prediction of waves
in partially layered media.

6. Evaluate new device concepts.

To perform research in this subject, contributions from the

following disciplines is necessary: 
-

1. Microwave engineering.

2. Microelectronics.

3. Solid state physics.

4. Ultrasonics.

S. Thin film technology. -

•

6. Crystallography.

7. Theoretical physics.

8. Materials.

(9. Conventional hard work.)
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