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Quantitative characterization of the fabrication processes
of domain-inverted layers in LiTaO 3 by the line-focus-beam
ultrasonic material characterization system
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Application of the line-focus-beam ultrasonic material characterization system was extended to
evaluateZ-cut LiTaO3 substrates with domain-inverted layers fabricated by proton exchange and
quick heat treatment~QHT!, and their fabrication processes and systems. ThreeZ-cut LiTaO3

substrates were proton-exchanged at 260 °C for 20 min; heat-treated for 30 s at 520, 540, and
560 °C, with a temperature increase rate of 80 °C/s; and annealed at 420 °C for 6 h. Slab-type
domain-inverted layers with 0.50, 1.94, and 3.26-mm depths on the2Z surfaces and
proton-exchanged layers on both the2Z and 1Z surfaces were formed. Leaky surface acoustic
wave ~LSAW! velocities for both surfaces were measured in a frequency range of 100–300 MHz
and found to exhibit different dispersion characteristics. Intrinsic LSAW velocity changes caused by
the formation of domain-inverted layers were obtained from differences in the LSAW velocities for
both surfaces. The velocity changes decreased with increases in the productfH of the ultrasonic
frequencyf and the domain-inverted layer thicknessH. Relationships among the LSAW velocity
changes, thicknesses of the domain-inverted layers, and process temperatures in QHT were
experimentally obtained. An LSAW velocity variation of 2.6 m/s for theY-axis propagation at 225
MHz was detected by a homogeneity evaluation on a specimen QHT-processed at 540 °C and
annealed. This corresponded to a layer thickness variation of 0.20mm and a QHT temperature
variation of 2.9 °C. ©2002 American Institute of Physics.@DOI: 10.1063/1.1504501#
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I. INTRODUCTION

Domain-inverted layers are formed on LiNbO3 and
LiTaO3 single-crystal substrates by Ti-diffusion1,2 and heat-
treatment just below the Curie temperature for LiNbO3,3 and
by proton exchange4 followed by heat treatment fo
LiTaO3.5,6 The physical constants in the domain-invert
layer, such as piezoelectric, pyroelectric, and electro-o
constants and optical nonlinear coefficients, which are a
ciated with the direction of spontaneous polarization in
crystals, are opposite in sign to those of the substrate reg
Many devices have been researched and developed usin
properties of domain-inversion, including bulk acoustic wa
~BAW! and surface acoustic wave~SAW! devices, pyroelec-
tric devices, and optical second-harmonic generation~SHG!
and parametric oscillation devices.3,5–15 The performance
characteristics of the fabricated devices depend upon the
rication process conditions. Domain-inverted structures
layer depths are usually evaluated by the chemical etch
method.16,17 However, this method has some disadvantag
such as time-consuming sample preparation, specimen
struction, and less accurate depth measurements.

We proposed the line-focus-beam ultrasonic mate
characterization~LFB-UMC! system18,19 as a characteriza
tion and evaluation technology for proton-exchanged opt
waveguides and their fabrication processes.20–24 The elastic
properties of materials can be evaluated and analyzed u

a!Electronic mail: kushi@ecei.tohoku.ac.jp
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the LFB-UMC system by measuring the propagation char
teristics ~phase velocity and propagation attenuation! of
leaky SAWs~LSAWs! that propagate on specimen surfac
under the water-loaded condition. The usefulness of this
trasonic method was successfully demonstrated in that
measurement resolutions of the depth and proton-exchan
conditions~time, temperature, and diffusion coefficient! were
much higher than in conventional techniques.21,24 Basic in-
vestigations into evaluating domain-inverted layers inZ-cut
LiTaO3 have also been reported by comparing the measu
LSAW velocities with calculations using an ideal structur
model.22,23

In this article, we define how to establish experimen
procedures and collect basic data to apply the LFB-UM
system to evaluate domain-inverted layers inZ-cut LiTaO3

fabricated by proton exchange followed by quick heat tre
ment~QHT! and the fabrication processes. We use the fa
cation processes of domain-inverted layers for SHG dev
using Z-cut LiTaO3 single-crystal substrates.12,13 Several
specimens ofZ-cut LiTaO3 substrates with domain-inverte
layers are fabricated under conditions with only the he
treatment temperature varied. LSAW velocity measureme
are conducted first. Next, domain structures and thickne
are observed by the chemical etching method and depth
files of the hydrogen and lithium ions in the substrates
analyzed by secondary-ion mass spectrometry~SIMS!. The
ultrasonic method of evaluating the domain-inverted lay
and their fabrication process conditions are investigated
discussed here based on the obtained results.
8 © 2002 American Institute of Physics

CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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II. LFB-UMC SYSTEM

The LFB-UMC system18,19 is used to measureV(z)
curves. The measurement principle of the system is deta
in the literature.18 The V(z) curve is the transducer outpu
obtained by changing the distancez between the ultrasonic
device and the specimen surface. Figure 1 shows a typ
V(z) curve measured at 225 MHz for a minusZ-cut,
Y-propagating~ZY! LiTaO3 substrate with a domain-inverte
layer 1.94-mm thick after the QHT process and the fin
results obtained by a fast Fourier transform~FFT!. An oscil-
lation intervalDz is obtained fromV(z) curve analysis. The
LSAW velocity used for evaluation is obtained by substit
ing Dz into the following equation:

VLSAW5
VW

A12S 12
VW

2 f Dz
D 2

, ~1!

whereVW is the longitudinal wave velocity in water andf is
the ultrasonic frequency. LSAW velocities may include me
surement errors from the influence of the reflected wa
from the specimen’s back surface when the specimen is t
Effective methods for removing the errors have be
proposed.25,26An approximated method of obtaining the di
ferences in LSAW velocities measured before and after
processes21,22,24 was used in this article to avoid this prob
lem.

FIG. 1. TypicalV(z) curve ~a! measured for a minusZ-cut Y-propagating
LiTaO3 substrate with a 1.94-mm-thick domain-inverted layer at 225 MHz
and spectral distribution~b! analyzed by FFT for theV(z) curve shown
above.
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III. SAMPLE PREPARATION

Three substrates cut from a 2 in. Z-cut LiTaO3 wafer
with both sides optically polished~optical grade, Yamaju Ce
ramics Co., Ltd., Seto, Japan!, 13 mm (X)326 mm (Y)
30.5 mm (Z), were employed for the experiments. All th
specimens were first proton-exchanged at 260 °C for 20
in a pyrophosphoric acid solution using an Al dry block ba
and a 200-cm3 SiO2 glass beaker.24 The three specimen
were then heat-treated in air for 30 s at 520, 540, and 560
This process is called QHT because of the very fast ris
rate of 80 °C/s and the short soak time of 30 s using
infrared ray gold image furnace~RHL-P610CP, ULVAC-
RIKO, Inc., Yokohama, Japan!.13 Ta thin films were sput-
tered with 30-nm thickness on all the2Z surfaces of the
specimens. The specimens with the2Z surfaces upward
were placed on a graphite plate 40 mm390 mm32 mm so
the specimens could be efficiently heated and cracks
vented during the QHT process.13 The Ta films were com-
pletely removed after the QHT process by immersing
specimens in a mixture of HF and HNO3 ~2:1 in volume! at
70 °C for about 20 s. We confirmed that there were neit
roughness nor cracks on either surface of the specimen
an optical microscope. Finally, all the specimens were
nealed in air at 420 °C for 6 h using the infrared ray furnace
Annealing is a necessary process for fabricating SHG
vices and plays an important role in reducing optical loss
optical waveguides fabricated by proton exchange.12 The
specimens were sandwiched between two thin graphite pl
in the annealing process, and the interval from room te
perature to 420 °C was 1 min. The specimens and grap
plates were naturally cooled after the heat treatment in b
the QHT and annealing processes. Domain-inverted lay
with depths of a few microns were formed on all the2Z
surfaces of the specimens by the QHT process,5,12,13 and
proton-diffused layers were formed on both the2Z and1Z
surfaces of the specimens by the series of proton excha
QHT, and annealing processes,22 as will be confirmed and
discussed later.

IV. EXPERIMENTS

A. Angular dependences

The LSAW velocities were measured around the cen
of both the2Z and 1Z surfaces of the specimens befo
and after each process to clarify the changes in the b
acoustic properties of theZ-cut LiTaO3 specimens by each o
the fabrication processes and as a function of the LS
propagation direction in 1° steps at 225 MHz. Figure
shows the measured results after the QHT process, and F
shows the measured results after the annealing proces
Figs. 2 and 3, 0° corresponds to the crystallographicX axis
and 90° to theY axis. The results measured for the virgin a
proton-exchanged specimens are also shown in Figs. 2 a
for comparison. The proton exchange caused the LSAW
locities in each specimen to decrease in all the propaga
directions. The angular dependences of the LSAW veloci
for all the processes exhibited symmetrical cycles of 6
reflecting the crystallographic symmetry of aZ-cut LiTaO3

single crystal, and slower velocity characteristics than th
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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for the virgin specimens. The changes in LSAW velocit
for both the surfaces caused by all the processes were m
mum in theY-axis propagation direction and minimum in th
X-axis propagation direction. TheY-axis direction is most
suitable for evaluation of the fabrication process conditio
of domain-inverted layers, as for evaluations of the
proton-exchanged layers21,24 and the proton-exchanged an
annealed layers.21,27 The changes in LSAW velocities be
tween the processed and virgin specimens in theY-axis di-
rection are listed in Table I.

Figure 2 and Table I illustrate that the changes in LSA
velocities due to the proton exchange are almost the sam
both surfaces. According to the literature,24 this indicates that
both surfaces are proton-exchanged under almost the s
conditions and that the depths of the proton-exchanged
ers formed on both surfaces are also identical. The LS
velocities for both surfaces are increased in all the propa
tion directions by the QHT process. The LSAW velocities f
the 2Z surfaces decrease significantly as the QHT temp
ture increases. In contrast, the LSAW velocities for the1Z
surfaces increase slightly as the QHT temperature increa
The LSAW velocity changes due to the QHT process dep
differently on the surfaces.

The LSAW velocities for both the2Z and1Z surfaces
further increase in all the propagation directions in Fig. 3 a
Table I after the QHT and annealing processes, compa
with those after the QHT process shown in Fig. 2 and Ta

FIG. 2. Angular dependences of LSAW velocities measured for pro
exchanged and heat-treatedZ-cut LiTaO3 specimens at 225 MHz.
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I. The differences in the LSAW velocities for the2Z sur-
faces become greater depending upon the QHT temperat
The LSAW velocities for the1Z surface were always faste
than those for the2Z surface in each specimen, as shown
Figs. 2 and 3, and the LSAW velocities were almost the sa
after annealing.

B. Frequency dependences

LSAW velocities exhibit dispersion characteristics a
depend on the productfH of the ultrasonic frequencyf and
the layer thicknessH when LSAWs propagate on layere

-FIG. 3. Angular dependences of LSAW velocities measured for prot
exchanged, heat-treated, and annealedZ-cut LiTaO3 specimens at 225 MHz.

TABLE I. Domain-inverted layer thicknesses and LSAW velocity chang
for the ZY-LiTaO3 specimens at 225 MHz relative to the results for t
virgin specimens. Values in parentheses indicate the LSAW velocity cha
by each process.

QHT
temp.
~°C!

Layer
thickness

~mm! Surface

Differences in LSAW velocities~m/s!

Proton
exchange QHT Annealing

520 0.50 2Z 289.1 251.2 ~38.0! 221.8 ~29.4!
1Z 289.1 247.1 ~42.2! 217.3 ~29.8!

540 1.94 2Z 290.5 263.9 ~26.5! 243.9 ~20.0!
1Z 290.4 242.0 ~48.0! 218.0 ~24.0!

560 3.26 2Z 289.4 275.9 ~13.6! 258.5 ~17.3!
1Z 289.4 239.6 ~49.9! 219.2 ~20.4!
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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media.18,21,22,24LSAW velocities for theY-axis propagation
were, therefore, measured before and after each process
MHz steps from 100 to 300 MHz to clarify the dispersion
the specimens. Figures 4~a! and 4~b! give the results mea
sured after QHT and after annealing. The results in the o
nate provide the LSAW velocity changes obtained by tak
the differences between the processed and virgin specim
the value of 0 m/s corresponds to an LSAW velocity of 33
m/s on a virginZY-LiTaO3 substrate.

The LSAW velocities for both surfaces in each specim
in Fig. 4~a! became slower as the frequency increased.
LSAW velocities for the2Z surfaces are decreased by t
proton exchange and increased by the QHT process, bu
come slower as the QHT temperature increases. The LS
velocities for the specimens heat-treated at 520 and 54
decrease linearly as the frequency increases. In contras
gradients of the frequency dependences of the LSAW vel
ties for the specimen heat-treated at 560 °C become ge
with increases in the frequency. The LSAW velocities for t
1Z surfaces increase as the QHT temperature increase

The LSAW velocities for both the2Z and1Z surfaces
shown in Fig. 4~b! were increased by annealing, and t
gradients of the frequency dependences became gentler
QHT temperature dependences of the LSAW velocity f
quency characteristics in the2Z surfaces were similar to
those before annealing, as shown in Fig. 4~a!. However, the
LSAW velocities became considerably faster as the Q
temperature decreased, and the differences in the LSAW
locities among the specimens became greater as the

FIG. 4. Frequency dependences of LSAW velocity changes.~a! Results
measured for proton-exchanged and heat-treatedZY-LiTaO3 specimens.~b!
Results measured for proton-exchanged, heat-treated, and ann
ZY-LiTaO3 specimens.
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quency increased. The LSAW velocities in the1Z surfaces
decreased slightly with increasing frequency, and the dis
sions were almost the same, independent of the QHT t
peratures. The elastic properties for all the specimens
reportedly almost the same, mainly due to the annealing
fect at 420 °C for 6 h.27 These experimental results indica
that the LSAW velocities forZ-cut LiTaO3 substrates with
domain-inverted layers exhibit different dispersion charac
istics in the2Z and1Z surfaces regardless of the anneali
process. This implies that different surface layers on the2Z
and 1Z surfaces were formed by the proton-exchange a
QHT processes.

C. Layer thickness determination

The specimens were cut along theX axis after all the
processes to observe the domain-inverted layer structure
to determine the thickness. Cross-sectional2Y faces that
were polished and etched in a boiled mixture of HF a
HNO3 ~2:1! for about 5 min were examined by an optic
microscope.16 Figures 5~a!–5~c! show the cross-sectiona
photographs of the2Z surface sides for the specimens he
treated at 520, 540, and 560 °C. The domain-inverted lay

led

FIG. 5. Cross-sectional photographs of domain-inverted layers formed
proton-exchanged, heat-treated, and annealed2Z-cut LiTaO3 specimens.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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formed almost uniformly over the whole2Z surfaces of the
specimens. The thicknesses of the domain-inverted la
were estimated to be 0.50mm at 520 °C, 1.94mm at 540 °C,
and 3.26mm at 560 °C. The thickness error was about60.1
mm. The thickness increased as the temperature increa
The gradient of an approximated straight line fitted to
measured results by the least-squares method was 0.069mm/
°C.

D. Hydrogen and lithium profiles

Proton-diffused layers must be formed on both the2Z
and1Z surfaces, since the entirety of both the2Z and1Z
surfaces was processed without any protection masks in
proton exchange. Both surfaces of two specimens h
treated at 540 °C with and without the annealing process
analyzed by SIMS in this section to obtain basic data ab
the proton-diffused layers before chemical etching to obse
the domain-inverted layer structure and thicknesses in S
IV C. The analyzed results of depth profiles of hydrogen a
lithium ions for the specimens are shown in Fig. 6. The
sults for the as-proton-exchanged specimen are also sh
in Fig. 6 for comparison. The solid~dotted! lines in Fig. 6
represent the results for the2Z(1Z) surfaces. The absciss
shows the distance from the specimen surface.
secondary-ion intensities of hydrogen in the ordinate w
normalized by the intensity at the surface of the proto
exchanged specimen, and those of lithium, by the inten
around the bulk substrate region. Hydrogen ions introdu
by the proton exchange diffused deeper into the substr

FIG. 6. Depth profiles of hydrogen and lithium ions forZ-cut LiTaO3 speci-
mens analyzed by secondary-ion mass spectrometry. Solid lines indica
results for2Z surfaces, and dotted lines, for1Z surfaces of the specimens
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due to the QHT and annealing processes, and the rela
intensities at the surfaces decreased to about 13%–14%
2%–3%. In contrast, lithium ions diffused towards the s
face from the deeper region due to the QHT and anneal
and the surface intensities increased. The depths of
proton-diffused layers, defined as the position at which
hydrogen intensity becomes 1/e of the surface intensity in
Fig. 6, were determined to be about 0.4760.05mm after the
proton exchange, about 3.560.3mm after QHT, and about
2160.5mm after annealing. The proton-diffused layer dep
then became deeper, and the state in the proton-diffused l
seemed to approach the state of the original bulk substra

It appears in Fig. 6 that the profiles of hydrogen a
lithium ions for the2Z and1Z surfaces differ slightly even
after QHT and after annealing. The slightly different dep
profiles of hydrogen and lithium ions may reflect the slig
differences in the following heating conditions for the2Z
and 1Z surfaces. The2Z surface was coated with Ta film
and the1Z surface was in contact with the graphite pla
particularly in the QHT process, as explained in Sec. III.

However, we considered the reproducibility in the SIM
measurements here and elected to assume that pro
diffused layers with almost the same depth profiles w
formed on both the2Z and 1Z surfaces of the specimen
regardless of the annealing process depicted in Fig. 6. T
resulted in the same wave propagation properties assoc
with the formation of proton-diffused layers for both su
faces.

V. DISCUSSIONS

A. Model and fH dependences

The experimental results in the previous section indic
that domain-inverted layers are superimposed on pro
diffused layers at the side of the2Z surfaces. For example
this is illustrated in Fig. 7 for a specimen QHT-processed
540 °C without annealing, the proton distribution for whic
is shown in Fig. 6~a!. PS indicates spontaneous polarizatio
for the substrate, and its value is affected by the proton
change and heat treatment. Thus, the LSAW velocity chan
measured for the2Z surfaces must include the velocit
changes brought by the formation of domain-inverted lay
as well as those previously reported by the formation
proton-diffused layers.22 The results analyzed by SIMS
shown in Sec. IV D, lead us to assume that the elastic pr
erties of the proton-diffused layers on the2Z and1Z sur-

the

FIG. 7. Illustrative model of a domain-inverted layer on a minus surfa
side of Z-cut LiTaO3 substrate proton-exchanged and QHT-processed
540 °C.PS : spontaneous polarization.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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faces are almost identical, since the depth profiles of hyd
gen and lithium ions in the proton-diffused layers on both
surfaces are almost the same. Therefore, intrinsic chang
LSAW velocities by the formation of domain-inverted laye
could be obtained by subtracting the LSAW velocities m
sured for the1Z surfaces from those for the2Z surfaces.

Figure 8 shows thefH dependences of LSAW velocitie
obtained by taking the differences in the LSAW velociti
measured for the2Z and 1Z surfaces of the specimens
the frequency dependences shown in Fig. 4 and using
determined layer thicknesses. Figures 8~a! and 8~b! depict
the results for specimens without and with the last annea
process. The circles, triangles, and squares in Fig. 8 indi
the 6–11 values of the measured results, designated by
lines in Fig. 4, for the specimens QHT-processed at 520, 5
and 560 °C. The LSAW velocity differences between the2Z
and 1Z surfaces monotonically decreased asfH increased
and were plotted on an identical curve. Therefore, the ve
ity differences provide information about the intrinsic velo
ity changes only by domain inversion. It can be understo
that the different LSAW velocity characteristics in Figs. 2–
measured for the2Z and1Z surfaces after QHT and afte
annealing, were caused by the LSAW velocities decreas
as the QHT temperature was increased in a tempera
range of 520–560 °C by the formation of proton-diffus
layers on both surfaces and the domain-inverted layers on
2Z surface. The solid lines in Figs. 8~a! and 8~b! indicate

FIG. 8. fH dependences of LSAW velocity changes forZY-LiTaO3 speci-
mens. Circles, triangles, and squares indicate the results measured f
specimens heat-treated at 520, 540, and 560 °C, respectively. Solid
represent the approximated curves for the measured results, and the
lines are the results calculated for an ideal model of a domain-inverted l
on aZ-cut LiTaO3 substrate.
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the approximated curves obtained in the third polynom
expression that were fitted by the least-squares method to
whole measured results, given by Eqs.~2! and ~3!:

DVLSAW55.2131028~ f H !325.3231025~ f H !2

23.9031022f H10.78~m/s!, ~2!

DVLSAW54.9731028~ f H !323.8831025~ f H !2

25.4731022f H11.78~m/s!. ~3!

The dotted lines in Figs. 8~a! and 8~b! represent the the
oretical results numerically calculated for the LSAW prop
gation in theY-axis direction for the ideal model of a2Z-cut
LiTaO3 substrate with a domain-inverted layer,7,22,23as illus-
trated in Fig. 7. Only the piezoelectric constants of t
acoustical physical constants~elastic constants, piezoelectr
constants, dielectric constants, and density! associated with
the calculations in this ideal model have signs different fro
those for the substrate, according to the physical const
recently reported by Kushibikiet al.28 The calculated results
exhibit the dispersion characteristics of the velocity chan
of the fH dependence, revealing the differences from the
locity value of 3318 m/s atf H50 Hz m. This is considered
to be caused by the electric-field short-circuiting effect at
domain boundary.7 The measured results overlap and a
plotted on an identical curve. Comparing the measured
sults with the calculated results verifies that the results co
cide well in the smallerfH range regardless of the annealin
The measured results become greater than the calcu
ones asfH further increases, but the differences of LSA
velocities between the measured and calculated results
decreased remarkably by annealing. These results sug
that the differences in the measured and calculated LS
velocities might be caused by the slightly different elas
properties for the2Z and 1Z surfaces of the proton
diffused layers created during the QHT process, as expla
in Secs. III and IV D, and the residual stresses around
domain-inverted boundary.

B. Relationships between LSAW velocity and process
conditions

Setting a constantf enables us to obtain the relationsh
between the LSAW velocity changes and the doma
inverted layer thicknesses shown in Fig. 8. In addition,
can relate the LSAW velocity changes to the QHT proc
temperatures by using the relationship between the QHT
cess temperatures and the layer thicknesses obtained in
IV C. For example, we obtain gradients of20.0858 mm/
~m/s! after QHT and20.0782mm/~m/s! after annealing by
linear approximation using the least-squares method for
data around 540 °C for 30 s in the QHT process obtained
the LSAW velocity measurements at 225 MHz. The reso
tion in LSAW velocity measurements around 3300 m/s 2
MHz can be estimated within60.1 m/s, since the reproduc
ibility of LSAW velocity measurements is better tha
60.002% for 62s ~s: standard deviation! at any chosen
point.19 Thus, the sensitivities and resolutions of the lay
thicknesses and the QHT process temperatures can be c
lated as shown in Table II for application to thickness cont

the
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of domain-inverted layers. The LFB-UMC system provid
extremely high sensitivity and resolution for evaluation
each parameter related to the formation of domain-inve
layers.

C. Homogeneity evaluation

The homogeneities of domain-inverted layer thicknes
and their process conditions are evaluated in this section.
distributions of LSAW velocities were measured for both t
2Z and1Z surfaces of a specimen heat-treated at 540 °C
1-mm steps after each process of proton exchange, QHT,
annealing, and are shown as the broken line in Fig. 9~a!. The
differences in LSAW velocities for the surfaces were me
sured for the specimens after QHT and QHT and annea
at 225 MHz in theY-axis direction to obtain information o
the thickness distributions in the domain-inverted lay
formed on the2Z surface, as shown in Fig. 9~b!. The 0-mm
position corresponds to the center of the specimen.
circles in Fig. 9~b! represent the results after the QHT, a

TABLE II. Sensitivity and resolution for domain-inverted layer thickness
and QHT temperatures around 540 °C by LSAW velocity measuremen

Annealing
LSAW
velocity

Layer
thickness

Process
temperature

Sensitivity No ¯ 0.0858mm/~m/s! 1.24 °C/~m/s!
Yes ¯ 0.0782mm~m/s! 1.13 °C/~m/s!

Resolution No 0.1 m/s 0.00858mm 0.124 °C
Yes 0.1 m/s 0.00782mm 0.113 °C

FIG. 9. Distributions of LSAW velocity changes measured at 225 MHz
the ZY-LiTaO3 specimens QHT-processed at 540 °C~circles! and followed
by annealing~triangles!. ~a! Sample configuration and~b! subtracted results
of LSAW velocities between the2Z and1Z surfaces.
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triangles signify the results after annealing. The velocity d
ferences for both processes monotonically decreased
maximum deviations of 2.2 and 2.6 m/s, respectively, as
measurement positions moved from left to right. Figure
indicates that the differences directly reflect the distributio
of layer thicknesses. The results in Table II demonstrate
the detailed thickness distributions of the domain-inver
layers could be observed with maximum deviations of 0
mm after the QHT process and at 0.20mm after the annealing
process, resulting in an excellent coincidence due to the
perior accuracy of the system.

We measured the actual thicknesses of the dom
inverted layers at positions of25 mm, 0 mm, and15 mm
by observing the cross-sectional2Y faces at each position in
the same manner as described in Sec. IV C. The layer th
nesses were 1.89mm at25 mm, 1.94mm at 0 mm, and 1.93
mm at 5 mm. The thicknesses for the specimen were e
mated to be almost uniform, with a thickness error of ab
60.1 mm. We, therefore, considered that the major cause
the thickness distributions detected by the LSAW veloc
measurements is the distribution of temperature in the Q
process, since the depth distributions of the proto
exchanged layers formed on both the surfaces were unifo
The temperature distributions in the QHT process were e
mated to be about 2.9 °C within the measurement region
10 mm, using the relationship in Table II.

For comparison, the temperature distributions in the
frared ray furnace were measured in 20-mm steps along
velocity measurement region by a thermocouple when
temperatures in the furnace were stabilized. The results
shown in Fig. 10. The position of 0 mm corresponds to
center of the furnace, which is the same position as the ce
of the specimen when the specimen was heated and
nealed. The temperatures in the furnace were maxim
around the center of the furnace and exhibited a slight as
metry with respect to the center of the furnace. The tempe
ture distributions in the region of25 to 15 mm were esti-
mated to be about 0.3 °C. The actual temperat
distributions appeared to differ even more from the resu
shown in Fig. 10. They may be relatively larger than t

r

FIG. 10. Distributions of temperatures measured in the infrared ray furn
used for the QHT and annealing processes. Circles indicate the mea
results, and the solid line is the approximated curve.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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distributions measured in the furnace under stable temp
ture conditions because the specimens underwent a very
temperature increase rate and very short soaking time in
QHT process. The LSAW velocity distributions were cons
ered to reflect the actual temperature distributions of 2.9
in the QHT process, resulting in somewhat thick distrib
tions of 0.19–0.20mm.

VI. CONCLUDING REMARKS

In this article, we applied the LFB-UMC system t
evaluateZ-cut LiTaO3 substrates with domain-inverted lay
ers and established experimental procedures to charact
and evaluate them and their fabrication process conditio
Three particular specimens with domain-inverted layers
the entire2Z surfaces ofZ-cut LiTaO3 substrates prepare
by proton exchange in a pyrophospheric acid solution, Q
and annealing were fabricated by taking the QHT tempe
ture as a parameter, i.e., 520, 540, and 560 °C under co
tions of a temperature increase rate of 80 °C/s and short
time of 30 s. LSAW velocity measurements were carried
for both the 2Z and 1Z surfaces of the specimens in
frequency range from 100 to 300 MHz. The angular dep
dences of the LSAW velocities indicated that the crysta
graphicY axis was the most appropriate direction to evalu
the process conditions in the QHT, as well as those in
proton exchange and annealing, because maximum LS
velocity changes were obtained in that direction. The LSA
velocities measured for both the2Z and1Z surfaces exhib-
ited different frequency dependences. The observation
domain-inverted layers by the chemical etching techniq
and the depth profiles of hydrogen and lithium ions analy
by SIMS enabled us to confirm that domain-inverted lay
had formed on the2Z surfaces and proton-diffused laye
had formed on both the2Z and 1Z surfaces with only
slightly different depth profiles of the hydrogen and lithiu
ions. The LSAW velocities exhibited dispersion characte
tics due to this layered structure. Intrinsic LSAW veloci
changes due to the formation of domain-inverted layers w
obtained by subtracting the LSAW velocities measured
the1Z surfaces from those for the2Z surfaces. The differ-
ences in LSAW velocities between the extracted and ca
lated results suggest that the domain structures in the sp
mens differ slightly from the ideal model of aZ-cut LiTaO3

substrate with a domain-inverted layer as thefH value in-
creases. The LSAW velocity changes were experiment
related to the layer thicknesses and the QHT temperatu
We also successfully demonstrated that homogeneities o
layer thicknesses and process conditions in the QHT pro
can be evaluated by LSAW velocity measurements.

Further investigations will be conducted to resolve pro
lems associated with the differences between the meas
and calculated results in the ideal domain-inverted la
structure obtained in this article and the physical prope
changes in the acoustic and optical properties due to the
ton exchange, diffusion effects, and the anneal
effect.4,29–36 We have demonstrated the extreme usefuln
of this ultrasonic method from a technical standpoint in
accurate and nondestructive examination, using the pro
Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to AS
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exchange, annealing, and domain inversion to fabric
waveguide-type optoelectronic devices, as well as sing
crystal materials such as LiNbO3 and LiTaO3.20,37–40 We
also established experimental procedures to characterize
evaluate the fabrication techniques and the fabrication p
cess conditions and systems. This technology can clearl
applied to evaluate other fabrication techniques of
diffused layers and SiO2 passivation films for waveguide
type optoelectronic devices.
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