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Inversion layers of Zum and 30um thickness were formed at the negative dipole-ena) face

of aZ-cut LiTaG; crystal plate by proton exchange followed by heat treatment. The phase velocities

of leaky surface acoustic wavdsSAWSs) on both the positive{ c) and negative { c) faces of the

plate were measured by line-focus acoustic microscopy versus the angle of propagation, at a
frequency of 225 MHz, and the results were compared with theoretical predictions. It is shown that
for an inversion layer of 3@m thickness the phase velocities of LSAWSs on the and —c faces

are the same, and almost equal to the velocities of the virgin plate. This suggests that the material
constants, which are decreased due to the proton exchange, are restored to the original values by the
heat treatment. €1997 American Institute of Physid$$0021-897@7)03910-§

I. INTRODUCTION optical waveguide on the surfaces of the plate after the heat
treatment at about 590 °C. Since the fabrication of the inver-
sion domain of LiTa@ is based on the proton-exchange/heat

have been investigated in some detail in recent yEarm t ¢ s | fant to K the infl f
the inversion regions, the odd rank tensors, which represerttrt?a ment process, 1t Is important to know the nfiuénce o
this process on the acoustic properties of the inversion re-

piezoelectric, pyroelectric and nonlinear optic constants, .

. . . : ions
change sign. This feature offers the possibility of appllca-g : . . .
tions of domain inversion in various fields, such as piezo- Line-focus acoustic microscopFAM) is a useful

electric and surface acoustic wave deviééoptical second technique to determine the elastic constants of bulk materials

. . . 25 . .
harmonic generation device® and pyroelectric detectord, ~2nd thin films deposited on a sgbstr%&ez, and t(f)@:%vesu-
For LiTaG;, the local ferroelectric domain inversion oc- gate the elastic properties of piezoelectric wafers. The

curs at the-c face of the plate when the plate is subjected totechnlque is based on the measurement olfl&) curve,

proton exchange and then heat treated at temperatures beIéfW'Ch is the transducer outqu voltayfeas a functllon of the
the Curie poinlz.'3 Proton exchange is known as a method fordlstance between the focal line and the specimen surface.

fabricating optical waveguides on LiNBOand LiTaG, Both the ph_ase velocity and the attenua?ion of a leaky sur-
crystalst?'3 The process results in a layer of a new crystal-face acoustic waviL.SAW) can be determined from the pe-
line structure, HLi; ,NbO; or HLi, TaOs, with a large riodic variation of theV(z) curve. As reported in this article

’ —X X —X ’

increase of extraordinary refractive index. It has been reJ—[he phase velocities of the LSAWSs @kcut LiTaG; plates

ported that the proton-exchange process leads to a Iar%(\éith an inversion layer were measured by LFAM to investi-

change of the velocity of surface acoustic wa@aWs) on ate the acoustic properties of the inversion regions.
LiNbO; (Refs. 14—18 and LiTaQ.'® Specifically, it has
been reported that the elastic constants of the protory. THEORETICAL CONSIDERATIONS
exchanged regions of LiNbQare decreaséd'®and the pi-
ezoelectric property is reduced to near zero Yacut
LINbO; (Ref. 15 and to 39% in 128°-rotatedy-cut A V(z) measurement model for nonpiezoelectric
LiNbO3.'® However it has also been reported that annealinganisotropic-layer/anisotropic-substrate configurations for the
restores the piezoelectric property and results in changes dihe-focus acoustic microscope was described in Ref. 28. The
the acoustic velocity?**>*®but that saturation occurs after model showed excellent agreement with experimental
abou 1 h of annealing timé?® Tadaet al?® have shown that results?® According to theV(z) measurement model, the
for LiTaO; the variation of the refractive index changes to aoutput voltage of the transducer may be expressed as
Gaussian profile after annealing' ¥ h at 400 °Csimilar to o
that of proton-exchanged LINbQO V(z)zf L1 (ko) Lo(ky) R(ky) exp(i2k,z)dk,, )

In this article, a proton-exchanged LiTa(plate is o
_heatec_j to a higher temperature, which gives rise to doma'Wherekzz \/Evzv__kz andk,, is the wave number in the cou-
inversion on the—c face of the plate. We investigate th_e pling fluid (wated. HereL,(k,) is the angular spectrum at
related changes of the acoustic properties by the use of lingne focal plane in water generated by an acoustic wave in the
focus acoustic microscopy. It can be shown that there is @ ¢er rod, L,(k,) is the voltage response of the transducer
when a plane wave insonifies the lens, d&d,) is the re-
dElectronic mail: achenbach@nwu.edu flectance function of the fluid-specimen interface.

Domain inversion phenomena of LiNgGand LiTaG

A. V(z) measurement model
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E=—e¢,, (7)

6 I
TTRVA whereT;; are the stress componeni, the electric displace-
Water :Xz(Y) X (X) ments, S; the strain components arif; the electric field
N components in the quasielectrostatic approximation. The
(c e & Pa h general solutions of Eq$2) and (3) are
(e &p)g ° ,
%) U= 2 AnBin eXHiE(Xa+ apxa—vt)], ®)
(a) 8
0= 2, AnBan eXHIE(X1 T anXg—vt)], ©)
Water -c face n=1
ﬁps Inversion layer h Whe_re§_= kW_ sind, v=v,/sin 6, andé«, is_the wave num-
ber in directionxs, 8;, are constants associated with, and

[lp LiTaOgsubstrate

A, are unknown coefficients that will be determined by
boundary conditions. Upon substitution of E¢8) and (9)

into Egs.(4)—(7), the displacements, the stress components
+c face on a surface normal tr;, the electric potential and the nor-
mal electric displacement in the layer may be written as

(b)

FIG. 1. (a) Incident wave and geometry of water-loaded single-layer/ sub-
strate configuration(b) Water-loaded LiTa@ substrate with an inversion
layer (Ps: spontaneous polarizatiopn

A detailed description and discussion bf(k,) and
L,(k,) can be found in Ref. 28, where integral expressions
as well as numerical calculations were presented.

B. Reflectance function of layered piezoelectric solids

For fluid-loaded nonpiezoelectric anisotropic substrates
and for fluid-loaded layered nonpiezoelectric anisotropic
substrates, Nayfeh has proposed a numerical approach to ¢

o F AL
U Az
Ug As
L2 - As
Tss =[M"(xa)]| A5 |- (10
Tis As
Tas Az
Ds Ag

Beginning with Eq. (10), the term exfié(x;—vt)] was
omitted. In the substrate, using the same procedure, the cor-
g(f_sponding relations are

culate the reflectance functid®(k,).?° That approach is ex- " U] " B,
tended here to calculate the reflectance function for a water- 1
: . : . ; B,
loaded piezoelectric layer deposited on a piezoelectric uz
substrate, as shown in Fig(al. A plane wave with wave Ug Bs
vectork,, and phase velocity,, is incident on the specimen B
. .. . E () 4
with an incident angled. The elastic constantsy =[MS(x3)] (12)
. i . . . 3 0
(i,j,k,1=1,2,3), piezoelectric constanés;, , and dielectric Tas
constantse;;, are transformed from the crystal coordinate Tis 0
systemX, Y, Z to thex,, X,, X3 (Or X,y,z) coordinate system 0
H T23
by a Euler transformatiot?. 0
In the piezoelectric medium the differential equation for Ds
displacementsy;, and the electric potential, are given as ST ST
follows3t Here [M'(x3)] and [MS(x3)] are 8<8 matrices that can
£ . easily be derived from Eqg4)—(9), but they are not listed
Cijii Uk i +€ij ¢ ki = pU; (2 here for brevity. The coefficients, (n=5,6,7,8) are set
ST _Sﬁ(kai:o. 3) equal to zeroin order to satisfy the outgoing wave condition.
_ _ o _ The terms in column vectors on the left-hand sides of Egs.
The piezoelectric constitutive equations are (10) and(11) do not all have the same physical dimension.
T :Cﬁklskl_ekijEkv (4) TheL dimensions cs)f the corresponding terms in the matrices
[M=(x3)] and[M>(x3)] are, however, such that the actual
Dizeik|Sk,+sﬁEk, (5) equations corresponding to Eqg6l0) and (11) have the
and proper dimensions on both sides of the equality signs. It
might be added that in the numerical work all quantities are
Sj=3z(up+u; ), (6)  made dimensionless.
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FIG. 2. Comparison of calculated and measux&@) curves for virgin
ZX LiTaO; (f=225 MH2).

At the interface between the layer and the substrate,

Xz=h, the displacements;, stress componenis, electric
potentiale and electric displacemet; are continuous, that
is,

AL B,
A, B,
As Bs
A, By

[M-(h)] As =[M3h)]| o (12
Ag 0
A, 0
Ag 0

Velocity (m/s)

0 5 10 15 20 25 30
Thickness, h ( um)
(b)

FIG. 3. (a) Calculated phase velocities of LSAWs @acut LiTa0; as a
function of propagation angle froi axis, ¢, and thickness of the inversion
layer,h. (b) Variation of the phase velocity with inversion layer thickness at
=0° andy=30° (f=225 MH2).

whereR is the reflection coefficient. Neglecting the conduc-
tivity of water, the normal electric displacemeit; at

It follows that atx;=0 the displacements, the stress compo-X3=0 may be expressed by
nents, the electric potential and the electric displacement

may be written as

- " - "B,
u, 82
Us Bs
Ba
¢
| TN (13
Tia 0
Tas 0
D4 0
- - )(3:0 - -
where
[N]=[M~(0)][M-(h)]~*[MS(h)]. (14

For an incident and reflected wave in water, the normal

displacement and the normal stresxat0 are

Us cos 6 —cosé
Tas| | 0 |
X3=0

R, (15)
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By

B,
D3|x3=0=_Swf[N41N4zN43N44] B; |-

B,

(16)

whereeg,, is the dielectric constant of water.

At the interface between water and the lay&g<0)
Uz, Ti3, and D3 must be continuous, which leads to the
following set of equations using Eq&l3), (15), and(16):

[ cosAT [ Nzg Nz Nz Ngy coséq[ BT
[ Ns; Nsz Ns3 Nsg i B
0 | _| Nez Ng2 Ngz Ngg Bs
0 N7z N7 N7z Nz O B, ,
0 Ngs Ng» Ngs Ny O R

(1
where Ng,,=Ng,+&g,ENa, (n=1,2,3,4). The reflection co-
efficient R, which is the reflectance functioR(k,) for
k.= &=k, sin 6, is then obtained by solving E@17).
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TABLE I. Phase velocities of th&-cut LiTaO; plates.(PE: proton ex-

change, heat: heat treatment.

Velocity Velocity
Angle ¢ +c -C
Process Method (deg (m/s) (m/s)
Virgin calculated 0 3202.90 3202.90
(unprocessed 30 3318.46 3318.46
measured 0 3199:0.4 3199.¢:0.4
(average 30 3309.9-0.5 3309.9-0.5
PE measured 0 3125.41 3138.23
30 3209.23 3232.13
PE+heat measured 0 3197.30 3196.86
h~30 um # 30 3307.33 3306.82
measured 0 3197.44 3197.89
# 2 30 3307.36 3307.46
measured 0 3197.01 3196.53
#93 30 3306.66 3306.44
measured 0 3195.86 3195.42
(# 9 30 3306.28 3305.84
measured 0 3197.01 3196.59
# 5 30 3307.36 3306.92
average 0 319650.4  3196.7-0.5
30 3307.:0.4  3307.6:0.4
PE+heat measured 0 3194.04 3191.95
h~2 um 30 3300.44 3285.08
calculated 0 3202.90 3195.18
30 3318.46 3290.01
Heat only measured 0 3197.09 3196.98
30 3307.42 3307.37

C. V(z) curve of Z-cut LiTaO 3

Next, let us consider &-cut LiTaO; crystal with an

inversion layer of thicknesh at the —c face, as shown in
Fig. 1(b). If there is no influence of the proton-exchange and.layer and the substrafé.Similar results were also found in
heat treatment processes on the material constants of the i
version regions, then the elastic constants of the inversio
regions are identical to those of the original crystal, and th
piezoelectric constants are opposite in sign.

TheV(z) curve for a virginZX LiTaO; plate calculated

by Eqg. (1) is shown in Fig. 2 by the solid line. Material

e

Proton exchange in the plates was carried out in a melt
of benzoic acid fo 6 h at 220 °C. Theubsequent heat treat-
ment was carried out in air. To get the desired thickness of
the inversion layer, the temperature and time both for rising
to the treatment temperature and for treatment were varied,;
see Refs. 2, 3, and 33. In this study, specimens with an
inversion layer of about 3@m and 2xm were used. It can
be shown using a rutile prism coupler that the optical
waveguides disappear on both surfaces after the heat treat-
ment, which indicates that there is no longer a higher ex-
traordinary refractive index layer on the surfaces of the
plates.

IV. RESULTS AND DISCUSSION
A. Theoretical phase velocities

By V(z) curve analysis, the velocity of LSAWSs can be
calculated frort*

Uw
Il (v l2fAD

(18

wherev,, is the wave velocity in wateru(,= 1490 m/$, f is
the operating frequency, ankiz is the periodic dip interval
of theV(z) curve.

The phase velocities of LSAWSs onzacut LiTaO; plate
with an inversion layer were calculated using ¥g) mea-
surement model. Figure 3 shows the phase velocities of
LSAWSs onZ-cut LiTaG; as a function of the angle}, from
the X axis, and the thickness of the inversion layer,The
calculation was carried out at a frequency of 225 MHz. For
thin layers dispersion of the LSAWSs occurs due to an
electric-field short-circuiting effect on the interface of the

Ricut LiTaO, and LiNbQ; substrates in ait>® For yy=0°
and=90° (or 30°) the velocity as a function &fis shown
in Fig. 3(b). The velocities decrease with increasmg/NVhen
the inversion layer is thick enough>25 um, the velocities
return to those of LSAWS on virgin plates. Thus, the veloci-

ties on the—c face are identical to those on thec face

constants used in this numerical calculation were taken from

the work of Warneret al*?

IIl. EXPERIMENTAL WORK

when the inversion layer is thicker than 2&n.

B. Measured phase velocities

A Honda AMS-5000 ultrasonic measurement system  The accuracy of the experimental procedure was estab-
with a line-focus acoustic lens operating at 225 MHz wadished as 0.005%; see, for example, Refs. 26 and 27. For
used to measure the velocities. Two-in.-diam and 0.5-mmwave speeds of the order of 3200 m/s, this corresponds to
thick optical-grade single-domain-cut LiTaO; crystal wa-
fers polished on both faces were used in the experimentgeneity of the materig®2” and hence the eight specimens
Eight 6 mmx7 mm rectangular specimens were sectionedoroduce slightly different wave speeds. For the virgin wafer
from the centers of the wafers. The velocity of the LSAW Table | lists the average phase velocity for the eight speci-
was measured at the center of the specimens. The curie temmens together with the maximum deviations. Thus these
perature of the wafers is about 604 °C.

For virgin LiTaO; the measured/(z) curve in theX

direction (¥=0°) is shown in Fig. 2 by the dashed line for

comparison with the calculated curve.

J. Appl. Phys., Vol. 81, No. 10, 15 May 1997

0.16 m/s. In addition there are variations due to the inhomo-

maximum deviations include both the measurement error and
the effect of inhomogeneity.

The differences between the velocities of the and
— ¢ faces are within=0.5 m/s.

Tourlog, Achenbach, and Kushibiki 6619
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V. CONCLUSION

33201 I Virgirl, : I CallculateoI
o1 T AT N\ Measured The V(z) measurement model has been extended to a
33280 ] thin piezoelectric layer on a piezoelectric substrate. The
> phase velocities oZ-cut LiTaO; plates with an inversion
£3240 i
3 layer were calculated by the model. The velocities of
L3200 o LSAWSs on both the+c and —c faces ofZ-cut LiTaO;
o plates, where the latter has an inversion layer, were measured
© 3160 L proton-exchange by LFAM. The measured velocities of the plate, with a thin
o 3120 = layer of 2 um, show differences between the velocities on
0 1' 0 2'0 3'0 4'0 5'0 (;O the + ¢ face and-c face, that confirm the theoretical values.
For a thickness of the inversion layer of 30n, the veloci-
X Angle, y (deg)

ties on both faces are the same, in agreement with the calcu-
lated values. The latter results suggest that the material con-
FIG. 4. Comparison of the measured and calculated directional variations dtants of the inversion layers formed by proton exchange
the phase velocities for the-cut LiTa0; plates =225 MH2). followed by heat treatment have not changed significantly
from those of the virgin material, and that the elastic and

piezoelectric constants that are reduced due to proton ex-
Figure 4 shows the variation of measured velocities withchange are restored by the heat treatment.

angley for one of the specimens compared to the calculated

results. Both calculated and measured velocitiesyfer0°

and ¢y=30° are also listed in Table |. The measured veloci-ACKNOWLEDGMENTS
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