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A BSTRACT The Ray leigh-wave reflect ion coeff i c irr ~ of s~a~ 1o~ o~ocaes has teen neas ured on U
V - c u t  LIN bO, for waves reflected through 900 fr~~, the Z into the / d i r ectr ~ n . As in tie case of Dnormal incidence, both impedance mismatch and sto’~cn~ energy cOr r i b ute  to tie re t lec t ion  coç fi ici ent
rQ. For a shallow groove consistin g of a down-step follow ed by ar . up- e:). !~ 2r.sin 0 + £~ cos 0.r is due to the impeda-sce m ismatch and is pr oport ior~ l t t r ,~~y o  her~ rrt h .-i~)i 1e a is due ‘u tee
stored energy and is proportional to h2 . For riqf t -ui ~1e re ’~o t ron , V 0 (~~~~)/2 .~rre ’~ 

=

and w is the groove width In the propagation direct ion. Sinc e U • <  .~~~ . it ;fl o~s th .t r can be
measured using grooves of width V2 and spaced bj a wave lr ’r r~th in t~e d ire ct r on o~ o~ 3p t1on ,
and ~ can be determined with grooves of width A spaced by 2 .  T’e e3 ,~~en.•n t ~,ere r ide at 175 MHz
using arrays of 10 grooves ion etched to depths rari y ng fro~ 5000 angstrcms and inclined at
an ang le of 46.810 to the 7 direction We find that r 0 ( . 5  * .O3)~ r/~ ). For  t r e  er.erqy storage
term we measure ~/2 ( 4 . 5  + .4)(h/A )2

Introduct ion ° ih t- .’~’~~~~efle ctrcn ~~Fror’ a Groove

Arrays of grooves acting as reflective gratings F~ r ar, an~ s ot ro ro1c  med i u’~., the reflection co-
are used in several types of surface wave devices efficient of a ~r3ove 2g can be defined as foll ow s :
~~~~~~~ ~~~~~~~~~~~~~~~~ Each edge of a groove.
consisting of a down-step followed by an up-step .
reflects a fraction of the incident surface-wave 1/2
beam. For shallow grooves , most of the reflect ion fy e~~ (1)
is due to the mismatch in the Rayleigh-wave fields
on the raised and l owered sides of the step, and the in
reflect ion-coefficient due to this effect is pro-
portional to the step height . h . For norma l incidence ,~re ~~ is th e poee r ir .iden t on the groove . rout
this part of the reflection coefficient has been is the pc4er reflecte d by tne groove , and ~ is the
calculated with a boundary-perturbation tec~nique ’~ 

phase change •j u~r reflect ion. The usual definition
and has also been model3d as an impedance mismatch in term s of a~p Iitude s is iris leading Decause the
in a transmission llne ’~~ 

bean w idth i~ay cnange and because the relat ion
~~cwee’1 powe r ard amp l i tude is not tie same in the

Another Important contribution to the reflection t~
. di~ e~ t~ons. ~.e assume that the equivalent -

from a groove is the energy storage at a step dis- ne ork rnru e i ~~~ for nor ral- inc idence reflection s

continu l ty.

~~~~

e step Introduces additional degrees app~~es to t ie r~~;nt- anç le reflection. Then the
of freedom that , as the surface wave passes , some ey;-ressions or tk) rcn ection from an up-step l ,j,

of its energy ight be thought of as becoming a tn re~1e•:tion iron a down-step Fd , and the transm-
vibration localized at the vertical edge. For normal- ission coefficient - (same for up- or down-step) are
incidence reflection the energy storage has been
modeled 5 as a shunt capacitive susceptance connected 

(2)across a transmission line . This reactive energy is r -J 2
found to add a term quadratic in step hei ght to the
reflection coefficient 5 and to decrease the velocity
of the surface wave in the gratlng~. Bulk-wave 0 

~~~ 
-j 2 (3)

radiati on is also produced at a step, but for shal low
grooves it seem s to be of l i t t le practical Importance
and wil l  not be considered here. , r2

-J ~ (4 )
The oblique-incidence ri ght-angle reflection

from Z to X on V-cut LiNbO 3 is often used in surface- r.~here r is the i :npedan ce-r~ smatch contr ibut ion
0 wave grating devices. A value for the Impedance- prr ;ort ~ ona1 to the st ep he ;3ht , h:

mismatch part of the reflection coefficient has been
reported for this geometry’. Although stored energy
at the groove edges is an important source of phase r C . (5 )
shi f ts in grating devices using right-angle ref lect ion.
no measurements of this energy at oblique incidence 

the ener r~y-s tora ge contribution proport ional tohave to our knowledge been reported .
h

Th is paper presents our measurement of the
impedance-mismatch and stored-energy contributions B — ~ 

h 2
to the reflection coefficient for the 1 to X right - 

~~ 
(
~

) ‘ (6)

L 

angle reflection geometry on V-cut LlNbO~ . Because
the measurements are performed on grooves rather
than sing le steps , the reflection coefficient of a is the wavelength of tne surface wave , and C and
groove must be derived account inc for both contributions C are pr~port iona1l ty coef’icient s to be determined
so that the data can be interpreted . b/ ou’ experiments. The expressIons (2). (3) and

( 6 )  result from expansions in which teens of order
* This won .s~~~~jó~~ed by the Department of the Army . ( h !A ) ’  and hiqher are neg lected . For weak reflections

the r~/2 terms In Eq. 4 can u sually be neglected
1975 Ultrasonics S~mposium Proceedings, IEEE Cat. #75 although it is o~ order (h/h )’ . The expression for
CHO 994-4SU r in (5) has been theoreticall y derived3’~and
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J. P~ l ngai1is. R.C.M. LI

experimenta lly verified ‘‘‘for normal-Incidence rm,a t ing with groove widths A/2(~<<l ) and period A , r is
reflection from a step on Y-Z LiNbO~. A measurement as~~ed On t~e other hand , it the width is A and
of this quantity for oblique rVflectlon through 900 le period 2A , B Is neasured . This is the basis of our
was also reported In Ref . 7. 8 as given by expression experiments.
(6) has been measured 5’’ for normal-Incidence on Y-Z
LIMbO , but not for oblique incidence. ~~mo-GROOVE / APERTUR E

GRATINGSC
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Fi g. 2 A schematic of the transducer and grating

‘ I

AL tO NM E N
MARK

l ayout on the V-cut LiNbO , surfac e. After the
gra tings and aligrisent marks have been ion-

A 1~e_j k w  Ar2I~e
_I
~~e

_ 1ht N beam etched , the transducer mask is aligned
using the transducer pads as shown In inset.

FIg. 1 A surface wave of amplitude A is incident on Exper iments
the two groove edges inclined at an angle •.
For a Z-to-X reflection on V-cut LINbO , 4i046.82*. Gratings and transducers were fabricated onThe amplitudes and phases of the parts of the several V-cut LiNbO , crystals as shown in Fig. 2.
beam reflected from the two edges are Indicated . Each crystal had 10 gratings ,ion etched in pairs to 5
To be consistent .~ith Eq. 1, the amplitude is different depths , and 27 transducers. On some crystalsdefined as the square root of the power rather the gratings had 10 grooves of 10 u~n width and 20-urnthan an actual physical displacement. period as measured in the Z-directlon to determine

r. On other crystals the gratings had 10 orooves with
The expression for r9 can be derived by using 20 urn width and 40 urn period to determine ~/2. The

Eqs. (2), (3), and (4) In following the surface-wave transducers had 6 1/2 finger pairs , a center frequency
beam as shown in Fig. 1. Thus , of about 175 MHz , and a beam width of 100). The number

of grooves was small to avoid multiple-reflection
effects.

r9 - rd + ~
2 r~ ~~~~ (7) 

The ion etching a’ t~’e groove arrays has beendiscussed previo~sly ’’ .Tfle grating s and alignment
The e jkw term is omitted because It merel y represents marks were exposed and developed in L5-2-~jm thick
propagation in the X direction. k is the wavenumnber in AZ135OJ photores ist. To control the groove width-to-
the Z direction and k’ in the X direction. Again , space ratio, w/s , the exposure has to be made with
neglectIng terms of the order (h/A) ’  and higher , Eq. 7 Intimate contact between the substrate and the con-
becomes formable chrome mask as well as the correct Intensity .

The ion-beam etching was done through an aperture

— -2j ~~~ (r sin 0 + 
large enough to expose in turn each of the five pairs

c~~ 0) (8) of gratings in Fig. 2. Depths of etch varied from
600 to 5000 angstroins.

where After a set of gratings was fabricated , it was
first characterized. The depth of grooves was measured

B ~
— + - to +150 angstrosn s using Mireau interferometry . Onekw

cry~tal was also meta llized and Tolansky Interferencefringes were used to measure the groove depths to ~ 40
Thu s, as expected , the only difference be tween Eq. 8 angstroms . The two method s of measurement agreed .
and the correspond ing normal-Incidence result’ The groove widths and spaces were measured with an
Is that w/2 enters in 8 in place of w. optical microscope at l000X magnification or l600X

~fth oil imersion in some cases. The values of w/s
Note from Eqs. 2 and 3 tha t the Impedance-mism a tch thus obta i ned are accurate to ~ 3%.

reflection alone would have a 1800 phase shift between
an up and a down step while the energy-storage ten,, To make electrical measurements, the seven trans-
wou ld not. Thus if 0 ir/2 in Eq. 8, I.e.. wo (V2) ducers in each section surroun di ng two gratings (such
fl-U /is ) then r0~ — 2r. On the other hand if O°,r, as A-G, F i g. 2) were connected to 2-mn diame ter sem i-
I .e., w — ) (l-~72rn), then Ir 9~4. Experimentally, If rigid coaxial cables positioned over the crystal
a surface wave of wavelength A Is reflected from a surface. To deduce the reflection coefficient per
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groove we assume that the reflection coefficient of Sin ce the mnea sur -e- -~ r ts Show t ir t ~/2 is at least fIv e
the grating of N grooves is N times the reflection times smaller than r fur the ru~~e depths used , t I r
coefficient of i sing le groove . The magnitud e ~f the seco nd te rm is  a t mos t 1% , and we equate J r /2 w i t r

~~~ ref lection coeff ic ient per groove I r ~ I was obtained r . g
from the electrical measurements in three ways : 

- -- - - -

1) Impulse response . An incident pulse ~f one cyc le
of 175 MHz RF with 5V peak-to-peak amplitude is in
turn applied to transducers A and C. Let V~ be thepeak of the triangular A-to-B delay-line response , V~ 

-
be the peak of the triangular C-to-D delay-line response, ..•

and yR be the peak of the reflected si gnals , (either .
~~

,. / °‘ .-
.... - -

A- to- D or B-to-C) .  Since the transducers have 6 1/2 /
/ \ ‘ 

~~~ 
.1

finger pairs , we have - - ,,~~~ • .  
/ “- 

-

2V 
- 

~~~~~ 
°
~~~~~

~ 
(9) / y .6.5 c . ( V V )  - -- - -z x  .

where • is the aperture loss incurred because the / • 
~~~~~ ~~

. 
~~projection of each groove on the transducers is less 

~~~~ / . ~~ , 1 .
~than their full width. In our case - . 0.82. (When -

the period is 2) , the factor 2 does not appear in the
numerator of Eq. 9). 

~~~ ~~~~~~~~~~ ~~~~~~~~ o,.~ 
- - -

~ 2) CW (long pulse) ampl i tude response at 175 MHz. A
constant, say, I ~S, RF burst is connected to trans-
ducer A (Fi g. 2) and an amplitude V is ~measured at B Fig. 3 Tic impedance misr :atch ~art r o~ t-.e ref~ec :i ,
on a wide-band oscilloscope . Likewise Vx is measure d coefficient ~f a step for 900 refl~ ctr Fr ,
from C to D. Let VR1 be the ampl i tude measured on the 7 t~, X on V-cut LiNbO 3 plotted vs. nor -ili zec
oscilloscop e when the signal is reflected from the groove dert h. T~e inset shows a portion of t
grating in the path A to 0, and 

~R2 
be the ampl i tude gra t i ng ( top view and cross sec t ion) .  Tr.e

measured when the path is C to B. The reflection wavelength of 20 :nr is equal t.~ the pcriod of
coefficient of one groove is then the gratin g in the Z d ir co ti on . The ~ -

~~tf of
1/2 the grooves is equal t~ half of the wav elen 0tr

~ Rl VR2) The slope of the ;tr aight line drawn throu~ r
J r 112 (10) the points is .51 .

N (V ‘ V • )
2 Y 

Figure 3 shows a plot o~ the measured values of r
where N is the number of grooves , 10 in our case. If ~~ the norrna l:zed groove depth h /A .  

•
A s t ra ight  line

the reflection coefficient does not depend on whether of slope .51 is drawn through the points , thus
the surface wave Is Incident on the grati ng from
the left or from the ri ght , then the transducer con- 

-version losses cancel in Eq. 10. In other words , the r - 
~~. ~~ 

0.3
conversion losses of the two Z-dlrec ted transducers do
not have to be equa l nor do the losses of the two X For the deepest (4900 angstroms) gratmngs.the
direc ted transducers have to be equal , as is implicitly loss i n  signal t ransmitted through the grating is ~~~assrred in writing Eq. 9. (This geometric averaging and no longer n e g l i g i ble .  The data was corrected for
can In most cases also be used with the Impulse response, this loss.
Eq. 9. An exception occurs if a transducer has 

-several open fingers. The corresponding delay line Measure : ent of 0/2: Two cry ~ tals wi th groove
response Is then no longer triangular and Eq. 9 width (measured in the direct i cn of propagation)
does not apply anyway.) approximately equal to a wavelen gth were fabricated .

The width-to -space ratio varied from 1.00 to 1.03.
3) Frequency response . This measurement is similar i.e. . the departure from 1.09 was barely measurable.
to the CW above except that the instrumentat Ion is Fi gure 4 shows the measured B/2 plotted vs h/A . The
diff erent . Po.~er Is measured wi th a detector and the behavior is seen to be parabolic. By f i t t ing a para-
frequency is swept. r9 1 is deduced at. say, 175 MH~ bola to the points we determine that
by anitPrsetically averaging the A-B and the C-D delay
line insertion losses (in dB) and subtracting from 

~/2 (4.5 + .4)  ( h /A ) 2 ( l 2 ~the average of the two reflected path (A-D and C-B) —

,nsert$on losses. Again transducer conversion losses tc,rr,e of the scatter of the points in Fi g. 4 is
cancel, probably due to the fact that w/s is not exactly equ .~to un ity. Plot ting 8/2 on the ver tical axis rather

Results and Discussion 
~rr,1 , , T-. /2 assumes W /S • I . If t~/5 • 1.0 * .02 ,
whic h t F~e measurement accuçacy does not rule out , thenMeasurement of r: Two crystals were fabricated + .031 r + .9995 V/2. For h/A .02, the

with groove width (measured in the direction of une~an te~1 ~i r~,t term can be as large as 18~ of thepropagation) nearly equa l to a half wavelength. The second ‘
~ term .

groove width-to-space ratio w/S varied from 1.00 to
1 .07. Tnls does not seriousl y affect our measurements. In fact,measur~ng J T ~ when w/s ~ 1 provides a
Substitutlnq the worst case, w/s • 1.07, in Eq. 8 way of determ ining the si gn of r relative to ~/2. A
(wi th 0 kw/2) we get preliminary measurement on a grating with wis • 1.3,

i.e., grooves much wider than spaces shows a reflecti0 - -Ir~I • 2( 9986 r - .053 
7

) coefficient per etlge larger than 8/2 indicating r ha~the same sign as U/2. This Is also true for normal
Incidenc e’.
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directl y the phase shift per groove edge. r rrl s is

-- - - _________ 

important , for examp le, in under stand ing ano compensating

~~~ 

for phase shifts in ref lective --array devices.

‘ I
~~~~~~~~~~~~~~~~~~~~~~~~~~~ Reflect ion coefficients of groove edges on V-cut LINbO ,:

, . 2 ~

r C(h/~), 
‘8/2 ~C (h/A )2

90°, Z to X Ref lect iun 180° Z to Z Reflectionv-cur
L N b O~ 4 ~‘~ZJ~ -1 (~orma l incidence)

SAwPL  ~
3 4 M ASuRtO eY f C C C C

-1
‘wwuisf .44 to .46 .33 (ref. 6) 21 (ref.

o • ~ow~ pues, (ref. 7) 5 or 6)
° • ~~~tOSJfNC~

O OO(

~~
i N (  S PON St .51 + .03 4.5 + .4 .33 (ref. 7)

o - ‘ o s  ~~OO’ O 00”  00*0 00* 5  0 .3
P . S

Fig. 4 The energy storage part ‘8/2 of the reflection Acknow1ed~ements
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V-cut LiMbO 3 plotted vs. normalized groove The authors wish to thank H. I. Smith for dis-
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Y cut LiNbO 3 Ray leigh-wave reflection Impedance mismatch

~O AR~ TPAC T ((,‘,h’.... .. ‘...‘ ne ,.J, 4 ..c.sa~~~ ~d a4u as*.(~ I~ 5lo~A ,u.mA.,t

The Rayleigh-wave reflection coefficient ~f shafl ,- . nc~ - s ha~ been -‘easureO on
V-cut liMbO , for waves reflected through 90° from the Z into the X direct ion. As in the case of
normal incidence, both Impedance misma tch and stored energy contribute to t~ e reflection coefficient ,
r9. For a shallow groove consisting of a down-step followed by an up-step , ‘~~02r,sin C + 5 coc e.
r Is due to the impedance mismatch and is proportional to the step height h wh ile B ~s due to toestored energy and is proportIonal to h’. For right-ang le reflection , • (kw-P.h)/2 where k •

and w Is the groove width in the propagatIon direction. Since ‘ti ~< ~~i, follows thst r can be
ired using grooves of width A/2 and spaced by a wavelength ~ in ‘.rc direction ~f propagation ,

and~~ can be determined with grooves of width 1, Spaced by 2~ . The measurorents were made a t  175 MHz
using arrays of 10 grooves Ion etched to depths ranging fro.n 600 t - 5000 angstrom s and inclined at

I f
an angle of 46.81° to the 2 direction . We find that r • ( . 5~ .O3kh/~). For tne energy storage
term ~ measure */2 • (4.5 + .4)(h/A)2
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