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Dolh longiiudinal and shear waves can be generaled simultancolisly and efiiciently using 10° rolated Y-
eyllithiumniobale disks and lilted C-axis zine oxide thin fikm. Uy properly varying Ihe operating frequcncies,
Ihe ratio belween longitudinal and shear excitation strenglh can be adjusted.

PACS numbers: 4.1.S8.Ar, 4].88.TFx

INTRODUCTION

Ultrasonic transducers arc orl1 1111y used 10 generate eilher
tongitudinal or shear waves tn & medium. In order to oblain a high
electromechanical coupling cfiiciency of lhe desired modes, and 10
reduce spunious signals, The crystal orientation ofpiezoeleclric I
ransducer malerials, such as single crystal thium ntobate (LiNBO.))
or thin Blm zinc oxide {(ZnQ)), musl be carefully selected. H 1T is well
known that, along each slich orientation. one longil udinal (pure ot
quasi) and two shear (pure or quasi) 1110des may be excited.
Neglecting parameters such as the temperafure eocfficients and
nonlinear eQlects of the piezoeleclric ultrasonic transducers, a few
general crieria may be considered in the select ion of longit udinal
and shear wave transducers, as outlined in Table 1.

Ultrasonic  material  eharasterizalion Hnen requires the
measurement of both longiludinal and shear wave velocities. In such
cases, ultrasonic tr<tnsducers thai can gem-rale both of ihe above-
mentioned waves would be of great use. Transducers that can genera
Te bolh longtiudinal and shear waves are preferred. For example, in a
previous study of fiber acoustic waveguides/,.7 it has been shown
Ikat both shear (FIT) and fongitudinal (Lim) modes can be guided in
weakly guiding acoustic fibers. Since small shear or longitudinal
transducers must be bonded and aligned to t he tiny.fiber ends (with
a 3G0-tm diameter in general) 10 excite shear or longitudinal waves,
it is very inconvenient 10 change from onc t ransdlleer type to t he ot
her. The si 111 H It aneous gencration otlongithdilial and shear
waves using a sigle Hlirasonic Iransducer Therdore has ullllFerous
advalilages. In this artick. The design and experimentailise of Iwo
slich 'ullrasenic I rlnsduecrs, OJIC rabricated from a 10. rolated Y -
ell 1 LiNbO, single crystal and the olher from a 1 (1" I ifled C-axis
ZnQ 1 hin film, will be given.

L LITHIUM NIOBATE DISK
ULTRASONIC TRANSDUCERS

Several LiNDO-, crystal oriental ions are used commer-
cially for bulk ultrasomic longit udinal or shesr wave trans-
duccrs. For comparison purposcs, a few importan! ullra
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soniC properties thal were calculated using the com puler programs in
Ref. 3 are listed in Table II for live different crystal orienfations,
wherc I, K ,and 0" refer to the velocity, electromechanical coupling
coefficicnt, and power flow angle, respectivety. Also in the table, U
U2, LInd U {defined in Refl 3) represenlthe dircetion cosines of the
particle displaccment componcents along the cut and two orthogonally
Iransverse directions, respectively.

Judgmgby the values for five different cryslal onentations listed
in Table IL, il can be conciuded Ihal both 36°rolaled V-cut and Z-cul
LiNbO-, crystais can be wiilized as lengitudinal wave transdllcers.
Since the former has a much larger K factor, even though 0" is
slightly higher and the lopgitudinalmode is less pure, it is used more
ementhanthe laller in pract ice. For shear wave excitalions both 1637
rotated ¥ -cut and X-cut LINbO, can be chosen, Howcver, becalise of
iis zero-power now angle and higher K for SI shear waves, the X-cul
LiNBO, is produced commercially on a targer scale. Each of (he
above four cuts is employed for either longitudinal or shear wave
excit: 1iions solely.

Our ohjective WIS (0 find a particular cryslal cui that can excite
bOU Nongitlldinal and shear waves cfliciently. The selection crileri;]
were those lisled in Table 1, excepithat £
should be equal and high for the longitudinal wave and one oflhe
shear waves, bt very low for the second shear ‘wave. Using The
compuler programs developed in Ref 5, and irying many
piezoeleclric materials, it was concluded that the Z ¥ plane of
LiNB(Q, is onc of I he best choices, 1 n this parficlilal’ plane. I here is
no piezoelect rical coupling 10 Iho 82 shear wave whose polari;r.alion
is paralle] 10 the erysl<Jliine X axis. Since the longitildinal 7.} and |
he shear wave (SI) veloe

TABLIE [. Transducer seiection erilen;i.

(I} Tligh cleelrll (,ehallic,.] clplig eolsl,,"] (L. ) for The desired WO de
hulow (or Lernl lor The other hwot\loties.

(2) SAL=IT pown now angle devialioll frehl I he desired prop<lgalion duce
Tioll,

(1) Close 10 <I 1" re Node.
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TABLE IL Ultrasoric propertios of LINDO;with five different erystal onentations.

Cut Mode  Vimfs) K 4 U o s
e L 7340 0485 47 0998  0.065 0.000
rotated S, 4000 0004 L1 0065 0995  0.000
Y-cwt S 4084 ggop 32 0000 0000 1000
L 7316 0162 00  LOOG G000 0.000
FA S I 3573 0000 85 0000 0924 0382
5 3573 0000 85 0000 0382 0924
18 L 6707 0002 23 0999 0029 0.000
somted 8y 4528 0612 49 0029 0999 0.000
Yo 5 3823 0000 9.6 0000 0000 1000
L 6572 0.000 0.0 1000  0.000 0000
Xeut 5 4795 0684 00 0000 0754 0.636
3 4079 00698 00 0000 0656 0734
WL 063 0427 100 0991  0.137 0.000
wlated 5, 4271 0436 139 0137 0991  0.000
Ycut Sz 4064 0.000 43 0000  0.000  1.000

ities are different, tn order to excite both longitudinal and shear
waves simultaneously and efficiently, a crystal orentation is to be
selected. It should be noted that the polarization of the lorgitudinal
and §, shear waves is parallel to the cut direction, and perpendicular
to both L and S, polarizations respectively.

It is well known that if the fop and bottom surfaces of a
piezoelectric ultrasonic transducer arc parallel and well polished, rot
only will the fundamental mode be excited, but also the higher-order
odd harmonics. The longiudinal () and shear wave {fJ) resonance
frequencics are given as nfi=nVi/d2 and mfy=mVy2d, where dis the
thickness, and a and m are odd and posttive infegers. In order to
excite both waves at the same frequency, nfj, must be equal to mf,
The choice of the possible combination of the lowest n and m for
LiNBOs s n =3 and m = 5.  Therefore, the ratio of ¥7./Vs should
preferably be close to 5/3 (1.667).

Figures 1 and 2 illustrate the electromechanical coupling
constants (K} and velocities (F) as a function of direction in the 2Y
plane of LiNbO;. A careful examination of these two figures
determines that the 10° rotated Y-cut (whose properties are listed in
Table 1T} meets the selection criteria reasonably well: The K factors
are high (0.43) and approximately equal for thé longimdinal (@) and
the shear waves (5y). Furthermore, both waves arc close to pure
modes, FrVs is equal to 1.654, and the Op’s arc only slightly higher
than required. I1 is noted that piezoelectric disk

et |
[ s,
."I ¥FiG. [  Electromechamical coupling
K constants (K) along the ZY plane of
2 LINbOs. Each increment of the absecissa is
) 1on.
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FIG. 2. Bulk longitudinal and shear wave
velocities along the ZY plane of LiINbO3.
Lach merement of the abscissa is 107,

transducers having a higher Op value perform better with a thinner
disk thickness (ie, a higher operating frequency) and larger
electrodes.

Ultrasonic transducers having this patticular cut and different
thicknesses were obtained from Valpey Fisher Corp., Hapkinton,
MA. A disk thickness ¢.118 mm (chosen arbitrarily) provides a
fundamental 28-MHz resonance frequency, approximately, for the
longitndinal ¢) wave and i7 Mz for the shear ) wave. The
diameter of the coaxial type top electrode is 2 mm. Figure 3 shows
the results of the reflection measurement using an HP 8754A network
analyzer. The third harmonics of f; coincide with the fifth harmonics
of ., agrecing very well with the destred design. In this particular
case, the transducer is bonded to the conter of a fused silica block
whose dimension is 10 X 25 X 25 mm. The coupling medinm is a few
micrometers thick phenyl salicylate layer. The pulse echoes measured
using a MATEC (plug-in model 760) at frequencies 17, 28, and 84
MHz are given in Fig. 4(a)-(c), respectively. Based upon the material
propertics of fused quartz, 1t can be concluded that the echo trains
shown in Fig. 4{a)-(c} arc the shear, longitudinal, and both shear and
longitudinal waves, respectively. Some smail spurious signals appear
in Fig. 4(b) but not in Fig. 4(a) and (c). In Fig. 4(c). the amplitude of
the shear wave echoes arc smaller than those of longitudinal waves
due to the higher attenuation of the phenyl salicylate thin coupling
layer for shear waves at the frequency employed. Figure 4 clearly
indicates that this particular transducer made of 10° rotated Y-cut
LINbBO; can generate longitudinal, shear, or both waves
simultancously by simple alteration of the operating frequency. It is
noted that the same type of transducers, with different thicknesses
(1.177 and 0.353 mm), perform similarly in the lower frequency
range, and that their behavior also agrees well with theoretical
expectations.

IL THIN ZINC OXIDE FILM ULTRASONIC
TRANSDUCERS

For high-frequency uitrasonic applications, thin piezoelectnc
film transducers such as zine oxide (ZnG) are the

; Iy N = [N
R T

FIG. 3. Reflection measurement using an
HP 8754A network amalyzer for a 10°
rotated Y-cut LiNbOy disk transducer.
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FIG. 4. Pulse-echo trains at operafing
frequencies of: (a) 17 MHz, {b) 28 Mt
and (c) 84 MHz for a 10° rotated Y-cut
LilNbO; disk transducers.

obvious choice. It is well known that ZnO thin film with € axs
{crystalline Z axis) and 41° #ilied C-axis crystalline orientations can
excite longitudinal and shear waves, respectively. ™ Here, "tilted C-
axis" mesns that the crystalline C axis of the Zn0O film deviates from
the direction normal to the substrate surface on which the thin ZnO
film is grown. Figure 5 shows the varation of K as a function of
direction in the ZX plane of ZnQ. In this plane, there is no piezoelec-
tric coupling to the S2 shear waves that are polarized parallel to the
crystalline Y axis. Figure 5 also indicates that, at along a C axis tilted
at approximately 16°, the K 's for the longitudinal () and the shear
(8,) waves arc about equal t0 0.25. At a 167 tilted angle, both modes
arc close o pure modes; however, the power flow angle (O,) is
somewhat high. For comparison purposes, the ultrasonic properties of
Z06) thin films with their C axis tiited at §°, 41°, and 16° arc listed in
Table 111,

Figure 6 shows a ZnO thin film with 16° tilted C-axis
crystalline orientations, This film (approximately 6 um thick) js
sandwiched between two 200-nm-thick gold electrodes, all grown
on a 3-mm-thick fused quartz substrate by reactive de magnetron
sputtering®  Because of the large attenuation and for reasons of
electronic generator and receiver performance at high frequencies,
experiments with higher-order harmonics were not performed.
Fignre 7{a}-{c) gives the experimental pulse echoes measured at
510, 45, and 350 MHz, respeciively. They clearly indicate that, by
varying the operating frequency, the ratio of the excitation strength
between the longitudinal and shear waves can be adjusted.
Experiments were also performed with a 60° tilted C-axts ZnO thin
film, and similar results to those in Fig. 7(a)}(c) were obtained. For
this tilt angle, K * is smaller

TABLE TII Ultrasenic propertics of ZnO thin film with three different tilted
C-axis angles.

[ L }

FIG. 5. Elcctromechanical coupling constants
i O v (K) afong the ZX plane of Zn0. Each
: a . inerement of the abscissa 1s 10°,

.
X

FIG. 6. Crystalline crientation of & 16 tilted C-axis ZnO thin fim.
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FIG. 7. Pulseecho tmins at operatmg
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Angle Mode Vimis) K % U, i, U,
i §371 0290 0.0 L000 0000 0.000

0° 51 2733 0.000 8.0 0000  0.710  0.705
§2 2733 0000 00 G000 0705 0.710

L 3944) 0.020 1.6 -0.999 0017 0.000

41° S1 329 0337 04 -0.017 -0999  0.000
52 2764 0000 15 0400 0000 1000

L 6247 0248 53 -0.998 0069 0.000

16° S 2921 0250 195 -0.06% -D.99%  0.000
52 2138 0.000 0.8 0000 0000 1080
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frequencies of (a) 510 MHz, (b 450 MHz
mmﬁhgnmﬁﬁM%l andq {g) 350 MHi gor a tramduce(r ?made from a
r?'ﬁﬁﬁﬁﬁﬂ TEHEN 16 tiltad Cooncis ZaC thin fim.
SRR R
rmnhmhinmnﬂmm‘:m'
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{0.1) as well as the power flow angles (2.9° for the [ mode), 13.5°
for the §; mode).

ni

CONCLUSIONS .
Piezoelectric ultrasomic transducers can be used to generate

both longitudinal and shear waves simultaneousty and efficiently
(high X 3. By properly varying the opemating frequency, the ratio
between the longitudinal and shear cxcitation can be vaned. The
experimental use of such iransducers, made from I0° rotated Y-cut
LiNbQ;, disk crystals and lfed C-axis ZnO thin films, was
demonsteated.
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