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Evaluation of the annealing effect of proton-exchanged
LiTaO3 optical waveguides by the line-focus-beam ultrasonic
material characterization system
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~Received 1 April 2002; accepted for publication 30 May 2002!

We established an experimental procedure and collected basic data to evaluate the annealing process
and effects for proton-exchanged LiTaO3 optical waveguides using the line-focus-beam ultrasonic
material characterization~LFB-UMC! system in a frequency range of 100 to 300 MHz. Twelve
Z-cut LiTaO3 substrates were proton-exchanged at 260 °C for 14 min in a pyrophosphoric acid
solution and annealed at 420 °C for various periods from 10 sec to 24 h. The leaky surface acoustic
wave ~LSAW! velocities were decreased by the proton exchange, and were then increased and
recovered by annealing in all propagation directions as the annealing time increased. TheY-axis
propagation is most useful for an evaluation. The LSAW velocities decrease with an increase of the
productf H, obtained from the frequency dependences and proton-diffused layer depths analyzed by
secondary-ion mass spectrometry. Gradients of thef H dependences of the LSAW velocities become
gentler with increases in the annealing time, corresponding to the concentrations and distributions
of hydrogen and lithium ions in the proton-diffused layers. The relationships among the LSAW
velocities, proton-diffused layer depths, relative concentrations of hydrogen ions at the specimen
surfaces, and the annealing times were experimentally obtained. The measurement resolutions of the
LFB-UMC system at 225 MHz to the proton-diffused layer depth, the relative concentration of
hydrogen ions, and the typical annealing time for 1 min were estimated to be 4 nm, 0.2%, and 0.6
sec. © 2002 American Institute of Physics.@DOI: 10.1063/1.1496122#
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I. INTRODUCTION

The line-focus-beam ultrasonic material characterizat
~LFB-UMC! system can quantitatively evaluate and analy
the elastic properties of specimens by measuring the pr
gation characteristics~phase velocity and propagation atten
ation! of leaky surface acoustic waves~LSAWs! excited on
the water-loaded specimen surface.1–11 We have proposed
the system as a characterization and evaluation techno
for fabrication processes and systems of waveguide-type
toelectronic devices.3–5 We used the fabrication process
proton exchange in a pyrophosphoric acid solution for o
cal waveguides12–15 and experimentally related the LSAW
velocities measured for as-proton-exchangedZ-cut LiTaO3

optical waveguides to the depths of the proton-exchan
layers and the process parameters of the proton exch
~temperature, time, and diffusion coefficient!.5 We success-
fully demonstrated that this ultrasonic method yields e
tremely high-measurement resolution for the proto
exchanged layer depths and the process parameters.3,5 It is
necessary to anneal as-proton-exchanged LiTaO3 substrates
in the fabrication processes of LiTaO3 optical waveguides
with low-propagation loss by the proton exchange metho13

In this article, we apply the LFB-UMC system to th
evaluation ofZ-cut LiTaO3 proton-diffused layers fabricate
by proton exchange and annealing and collect basic dat
evaluate the annealing conditions and effects. The specim

a!Author to whom correspondence should be addressed.
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were proton-exchanged at 260 °C for 14 min and then
Z-cut LiTaO3 specimens with proton-diffused layers we
prepared by changing the annealing time as a process pa
eter under a constant annealing temperature of 420 °C
consideration of the usual fabrication conditions for seco
harmonic generation~SHG! devices.13–15 LSAW velocity
measurements by the LFB-UMC system for these specim
were compared with analyses of the depth profiles of hyd
gen and lithium and the depth measurements of prot
diffused layers by secondary-ion mass spectrometry~SIMS!.

II. LFB-UMC SYSTEM

The measurement principle of the LFB-UMC system
described in the literature.1,2 Figure 1 shows a typical trans
ducer output V(z) obtained by changing the relative distan
z between the ultrasonic device and the surface of aZ-cut
Y-propagating (ZY) LiTaO3 substrate. Oscillation interva
Dz is obtained from the V(z) curve shown in Fig. 1, accord
ing to the analytical procedure of the V(z) curve.1 The
LSAW velocity is accurately obtained by substitutingDz
into the following equation:

VLSAW5
VW

A12S 12
VW

2 f •Dz
D 2

, ~1!

whereVW is the longitudinal velocity in water andf is the
ultrasonic frequency. The waves reflected from the bott
surface of the specimen in the measurement for thin sp
1 © 2002 American Institute of Physics
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mens could affect the LSAW velocity measurements, res
ing in significant measurement errors.16,17 We used an ap-
proximated method in this article to obtain the differences
LSAW velocities measured before and after each proces
avoid this problem.3–5

III. SAMPLE PREPARATION

Six quarter-size 0.5-mm thick substrates of 2-in.Z-cut
LiTaO3 wafers ~optical grade, Yamaju Ceramics Co., Ltd
Seto, Japan! were used for the experiments. The fabricati
conditions of optical waveguides for SHG devices were e
ployed as the basic conditions of sample preparation,
proton exchange at 260 °C for 14 min and annealing
420 °C for 1 min.13–15The SHG devices were also anneal
at 420 °C for 6 h in the fabrication process.14,15 Therefore,
the annealing time is taken here as a process parameter.
six Z-cut LiTaO3 substrates were proton-exchanged in a
rophosphoric acid solution using an Al dry block bath and
200-cm3 SiO2 glass beaker.5 Each proton-exchanged sub
strate was then sandwiched between two 40 mm390 mm
32 mm graphite plates and annealed twice in air at 420
using an infrared ray gold image furnace~RHL-P610CP,
Sinku-Riko Inc., Yokohama, Japan! for the various times
shown in Table I. The annealing time is defined here as
time for which the specimen temperature was kept at 420
The second annealing times were set so that the sum o
first and second annealing times for each specimen bec
the values shown in parentheses in Table I. The rising t
from room temperature to 420 °C was set at 10 sec when
annealing time was shorter than 60 min,14 and at 1 min for
all other cases. The specimens were naturally cooled afte
heating process.

IV. EXPERIMENTS

A. Angular dependences

The angular dependences of the LSAW velocities w
measured near the center of the2Z surfaces of the speci
mens in 1° steps before and after each process of the pr
exchange and the first and the second annealing to obtai
basic elastic properties of the fabricated specimens. The
trasonic frequency was 225 MHz. Figure 2 shows typi

FIG. 1. Typical V(z) curve measured for a virginZ-cut Y-propagating
LiTaO3 substrate at 225 MHz.
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t-

n
to

-
.,
t

rst,
-
a

C

e
.

he
me
e

he

he

e

on
the
l-
l

measured results for the six specimens annealed for 10 s
and 10 min, and 1, 6, and 24 h. The results measured for
virgin and as-proton-exchanged specimens are also show
Fig. 2 for comparison. In the figure, 0° and 90° correspo
to the crystallographicX and Y axes. Table II shows the
LSAW velocity changes relative to the results measured
the virgin specimen along theX and Y axes. The values in
parentheses indicate the LSAW velocity changes relative
the LSAW velocities for the as-proton-exchanged specime
The LSAW velocities were decreased in all propagation
rections by the proton exchange. We confirmed that
LSAW velocities in theY-axis direction for the six as-
proton-exchanged specimens coincided within 2.2 m/s. T
indicates that the depths of the as-proton-exchanged la

FIG. 2. Angular dependences of LSAW velocities measured for prot
exchanged and annealedZ-cut LiTaO3 specimens at 225 MHz. The spec
mens were proton-exchanged at 260 °C for 14 min in a pyrophosphoric
solution. The annealing process was conducted at 420 °C for 10 sec, 1
10 min, and 1, 6, and 24 h.

TABLE I. Fabrication conditions of proton-exchanged and annealedZ-cut
LiTaO3 specimens. The times in the parentheses are the total anne
times after the second annealing.

Specimen
number

Proton
exchange

Annealing

First Second

1 260 °C,
14 min

420 °C,
10 sec

420 °C,
29 min 50 sec

~30 min!
2 260 °C,

14 min
420 °C,
30 sec

420 °C,
59 min 30 sec

~1 h!
3 260 °C,

14 min
420 °C,
1 min

420 °C,
2 h 59 min

~3 h!
4 260 °C,

14 min
420 °C,
2 min

420 °C,
5 h 58 min

~6 h!
5 260 °C,

14 min
420 °C,
5 min

420 °C,
11 h 55 min

~12 h!
6 260 °C,

14 min
420 °C,
10 min

420 °C,
23 h 50 min

~24 h!
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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D

TABLE II. LSAW velocity changes at 225 MHz, relative intensities of hydrogen, proton-diffused layer de
and gradients off H dependences of LSAW velocities for the proton-exchanged and annealedZ-cut LiTaO3

specimens.

Annealing
time

LSAW velocity change@m/s#
Relative

intensity of
hydrogen

@%#

Depth of
proton-

diffused layer
@mm#

Gradient off H
dependence of
LSAW velocity
@~m/s!/~Hz m!#

X propagating Y propagating

0 sec 257.52259.3 276.42278.6 100 0.4020.42 20.811
10 sec 248.1 (19.3) 265.4 (111.1) 45 0.8760.1 20.245
30 sec 245.9 (112.0) 262.2 (114.6) 30 1.0060.1 20.190
1 min 244.2 (115.1) 259.4 (119.1) 26 1.1660.1 20.145
2 min 241.5 (117.6) 255.1 (123.3) 25 1.3760.1 20.106
5 min 235.4 (123.3) 243.3 (134.4) 18 1.8660.1 20.056
10 min 232.4 (125.3) 238.4 (138.2) 14 2.0260.1 20.046
30 min 226.1 (131.4) 228.2 (148.2) 10 3.760.5 20.020

1 h 221.5 (136.4) 222.0 (154.8) 6.9 5.860.5 20.010
3 h 214.6 (144.8) 214.4 (164.2) 2.1 11.760.5 20.002
6 h 29.4 (149.7) 29.2 (169.3) 1.2 2260.5 0.0
12 h 26.2 (152.4) 26.0 (171.8) 0.7 3860.5 0.0
24 h 23.5 (154.3) 23.5 (173.0) 0.3 .48 0.0
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the
fabricated for all the specimens were almost the same.5 The
LSAW velocities increased after the annealing process
displayed a tendency to recover in all propagation directi
with an increase in the annealing time, approaching the or
nal LSAW velocities of the virgin specimens. We found th
the LSAW velocity changes due to annealing were alm
constant in all propagation directions in the specimens
nealed for more than one hour. We suggest that velocity m
surements of LSAWs propagating in theY-axis direction are
most suitable for evaluating the annealing process co
tions, based on the fact that the LSAW velocity changes
tained here by annealing were generally maximum in theY
axis.

B. Frequency dependences

The propagation characteristics of LSAW velocities
layered media generally exhibit dispersion that depends u
the productf H of the ultrasonic frequencyf and the layer
thicknessH.1,3–5 The frequency dependences of the LSA
velocities were measured near the center of the2Z surfaces
of the specimens in 1 MHz steps from 100 to 300 MHz af
each process to determine the dispersion characteristic
the LSAW velocities caused by formation of the proto
diffused layers. The LSAW propagation direction was s
lected along theY axis. Figure 3 shows the typical measur
results for specimens annealed for six annealing times,
10 sec, 1 and 10 min, and 1, 6, and 24 h. The ordinate sh
the LSAW velocity changes relative to the results measu
for the virgin specimen, where 0 m/s corresponds to 33
m/s. The LSAW velocities measured for the as-proto
exchanged specimens exhibited dispersion that decre
linearly in proportion to the ultrasonic frequency, as d
scribed in the literature.5 The LSAW velocities became
higher after annealing over the frequency range used h
and the gradients of the frequency dependences of the LS
velocities became gentler as the annealing time increa
The LSAW velocities were almost constant in the frequen
range used here for an annealing process longer than 6 h
ownloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to AS
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consider that the differences in the frequency dependence
the LSAW velocities among the specimens reflect the diff
ences in depths and concentrations of hydrogen and lithi
as described in the next section.

C. Hydrogen and lithium profiles

The hydrogen and lithium depth profiles were analyz
by SIMS to interpret the LSAW velocity changes caused
the processes. The analyzed results are shown in Fig. 4
annealing times of 10 sec, 1 and 10 min, and 1, 6, and 2
The maximum analyzed depth in the SIMS examination w
48.4mm. The abscissa in Fig. 4 shows the distance from
specimen surface into the substrate. The relative intens
of the secondary hydrogen ions in the ordinate of the figu
were normalized by the intensity at the surface of the
proton-exchanged specimen, and the relative intensitie
the secondary lithium ions, by the intensity at the bulk su
strate region. The results analyzed for the as-prot
exchanged specimen at 260 °C for 14 min are also show
the figure for comparison. Hydrogen ions are distributed i
the substrates by the proton exchange. The hydrogen

FIG. 3. Frequency dependences of LSAW velocities measured for
proton-exchanged and annealedZY-LiTaO3 specimens.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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2864 J. Appl. Phys., Vol. 92, No. 5, 1 September 2002 M. Miyashita and J. Kushibiki
diffuse deeper into the substrates as the annealing time
creases after the initial annealing process. The hydrogen
tensity for each specimen is maximum at the substrate
face. The relative hydrogen intensities at the subst
surfaces are shown in Table II. The relative surface inte
ties monotonically decrease as the annealing time increa
The hydrogen intensity for the specimen annealed for 2
was almost constant at about 0.3%, which is slightly grea
than that for the virgin specimen over 48mm in depth. In
contrast, the lithium intensities at the surfaces for the
nealed specimens monotonically increase as the anne
time increases, but were not always minima at the surfa
The lithium intensities at the surfaces for the specimens
nealed over 30 min were clearly observed to be several
cents greater than those around the bulk substrate reg
with the minima at positions located beneath the surface.
depths of the proton-diffused layers were obtained by de
ing the position at which the hydrogen intensity becomese
of the surface intensity in Fig. 4 and are shown in Table
Errors in the determined depths of the proton-diffused lay
were estimated to be about60.1– 0.5mm depending on the
annealing time. The hydrogen ions introduced by the pro
exchange rapidly diffuse into the substrate as the annea
time increases, and the lithium ions are transported towa
the surface from the deeper region. The proton-diffused la

FIG. 4. Depth profiles of hydrogen and lithium ions for the proto
exchanged and annealedZ-cut LiTaO3 specimens analyzed by secondar
ion mass spectrometry.~a! Hydrogen,~b! lithium.
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depth then becomes deeper, and the state in the pro
diffused layer seems to approach the state of the orig
bulk substrate.

V. DISCUSSIONS

A. fH dependences

f H dependences of the LSAW velocities for the proto
exchanged and annealedZ-cut LiTaO3 specimens can be ob
tained using the frequency dependences shown in Fig. 3
the proton-diffused layer depths in Table II. Figure 5 sho
typical results for specimens with annealing times of 10 s
1 and 10 min, and 1, 6, and 24 h. Thef H dependences o
LSAW velocities for the as-proton-exchanged specimens
also given in Fig. 5 for comparison, with almost the sam
gradients of20.811 (m/s)/(Hz m). These coincide with the
almost constant gradient of20.78 (m/s)/(Hz m) in thepre-
vious work,5 conducted under broader proton-exchange c
ditions with several process temperatures (220– 280 °C)
times ~5–30 min!. In contrast, the LSAW velocities fo
proton-exchanged and annealed specimens became h
and the gradients of thef H dependences of LSAW velocitie
became gentler as the annealing time increased. The g
ents of the approximated lines for thef H dependences o
LSAW velocities in a frequency range from 175 to 275 MH
are listed in Table II. The annealing effect was that the g
dients of thef H dependences became gentler with increa
in the annealing time, exhibiting remarkably different disp
sion characteristics.

The results shown in Fig. 5 can be interpreted as follo
The Rayleigh-type LSAW propagation characteristics,
fundamental surface propagation mode, used for evalua
here are strongly susceptible to the elastic properties wi
one wavelength depth from the specimen surface. Thus,
LSAW velocities significantly decrease asf or H increases,
reflecting the relatively stronger influence of the elastic pro
erties ~with lower velocities! of the proton-exchanged an
annealed layers than those of the substrates. Therefore
f H dependences of LSAW velocities for the as-proto
exchanged specimens with different depths overlapped o
single line, as described in the literature.5 This could be in-

FIG. 5. f H dependences of LSAW velocities for the proton-exchanged
annealedZY-LiTaO3 specimens.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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terpreted by taking a simple model of a single-layered str
ture with a steplike elastic property and proton distributio

However, both the proton-diffused layer depths and
concentrations and distributions of hydrogen and lithiu
ions changed in the proton-exchanged and annealedZ-cut
LiTaO3 specimens examined here, as shown in Fig. 4. T
changes in the concentrations and distributions suggest
responding changes in the elastic properties, since the el
properties of the proton-exchangedZ-cut LiTaO3 substrate
have slower LSAW velocities than those of the virg
substrates.3,5 It can therefore be presumed that the gradie
of the f H dependences depend directly on the concentrat
and profiles of hydrogen and lithium in the proton-diffus
layers. The differences in elastic properties between
proton-exchanged and annealed specimens and the v
Z-cut LiTaO3 specimens become increasingly significa
when the hydrogen concentration becomes greater and
lithium concentration is reduced; the LSAW velocity d
creases, and the gradient of thef H dependence become
steeper. In contrast, the differences in elastic properties
reduced, the LSAW velocity increases, and the gradien
the f H dependence becomes gentler when the hydrogen
centration decreases and the lithium concentration increa
The LSAW velocities for the specimens annealed for m
than 6 h were almost constant within thef H ranges. They
showed nof H dependences because the intensities of hyd
gen distributed almost uniformly over the depth of o
LSAW wavelength, e.g., the maximal LSAW wavelength
about 33mm at the lowest frequency employed in this stud
100 MHz. However, the elastic properties were slightly d
ferent from those of the virgin LiTaO3 substrates.

B. Relationships between LSAW velocities and
process conditions

We can use the results in the previous sections to ob
the relationships among the LSAW velocity changes, ann
ing process times, depths of the proton-diffused layers,
relative intensities of hydrogen at the surface that are
quired to evaluate the annealing process by measuring
LSAW velocities with the LFB-UMC system; for example
using the results for theY-axis propagation at 225 MHz. Th
diffusion characteristics in the annealing process are do
nated by the initial proton distribution formed on the su
strate surface and the process temperature and time. T
fore, the relationships from Table II hold for an arbitra
annealing time at 420 °C under the proton-exchanged co
tions at 260 °C for 14 min in a pyrophosphoric acid solutio

It is not necessary to strictly control the annealing tim
under the annealing conditions of 6 h at 420 °Cused in the
fabrication processes of SHG devices14,15 since the LSAW
velocities are insensitve to it. The LSAW velocities and c
responding waveguide parameters vary significantly with
annealing time in the annealing conditions of 1 min
420 °C used for the fabrication of optical waveguides,13–15

with a sensitivity of 5.5 sec/~m/s! around 1 min. Therefore, i
is very important to evaluate the fabrication conditions a
sytems, to feed the results back, and to accurately contro
process conditions in order to realize optical wavegui
with the desired properties.
Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to AS
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The resolution in LSAW velocity measurements arou
3300 m/s is estimated to be within60.1 m/s, since the mea
surement resolution of the LSAW velocity is60.002% at
any chosen point.18 The sensitivities and resolutions for th
annealing times, the proton-diffused layer depths, and
relative intensities of hydrogen at the specimen surface
tained by LSAW velocity measurements are then estima
as shown in Table III. The LFB-UMC system provides e
tremely high sensitivity and resolution for the evaluation
each parameter.

VI. SUMMARY

We conducted an experimental investigation in this
ticle to collect basic data and establish an experimental p
cedure, which are required to evaluate the annealing pro
and effect of proton-exchangedZ-cut LiTaO3 optical
waveguides using the LFB-UMC system. We used the
nealing time~10 sec to 24 h! as a process parameter at
constant annealing temperature of 420 °C forZ-cut LiTaO3

substrates proton-exchanged at 260 °C for 14 min in a py
phosphoric acid solution. The LSAW velocities were me
sured for these specimens in a frequency range of 100 to
MHz by the LFB-UMC system; the depth profiles of th
hydrogen and lithium ions were analyzed by SIMS; and
proton-diffused layer depths were measured.

The measured results of the angular dependence
LSAW velocities revealed that the LSAW velocity is de
creased by proton exchange and is increased and event
recovers with an increase of annealing time in all propa
tion directions. We also demonstrated that theY-axis propa-
gation should be used to evaluate the annealing process
ditions as well as the proton-exchange process condit
obtained previously,5 since it exhibited the greatest LSAW
velocity change. We confirmed that the gradients of thef H
dependences of LSAW velocities become gentler with
creased annealing times, corresponding to the concentra
and distributions of hydrogen and lithium ions in the proto
diffused layers of the specimens. The relationships am
the LSAW velocities, annealing times, proton-diffused lay
depths, relative intensities of hydrogen at the specimen
faces, and gradients of thef H dependences of LSAW veloci
ties were experimentally obtained.

Significant changes in the acoustic constants and in
optical refractive indices and propagation losses as wel
electrooptic and nonlinear optical constants were reported
proton-exchanged and/or annealed LiNbO3 and LiTaO3

substrates.3–7,12,13,19–24We are very interested in extendin
and applying this ultrasonic method as a future study to

TABLE III. Sensitivity and resolution of the proton-diffused layer dept
relative hydrogen intensity, and annealing time by LSAW velocity measu
ments.

LSAW velocity Depth Intensity Annealing time

Sensitivity ¯ 0.042mm/~m/s! 2.0%/~m/s! 5.5 sec/~m/s!
Resolution 0.1 m/s 0.0042mm 0.2% 0.6 sec
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp



er
a

C
gh
b

ed
ld
en

d
ic
a
d
yz
in
tin
a

in

n

ol

e

ctr.

on.

t 1

ro-

ro-

rt 1

i, J.

nics
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termine the elastic properties of the proton-diffused lay
and to obtain the interrelationships between the acoustic
optical properties.

This article clearly demonstrated that the LFB-UM
system is very capable of nondestructively detecting sli
changes in surface properties in a surface treatment or fa
cation process, such as thin film layers and implant
diffused layers employed in the scientific and industrial fie
of electronics, which could not be easily obtained by conv
tional methods.
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