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Experimental investigations are conducted in order to collect basic data for evaluating
proton-exchanged LiTaO3 optical waveguides and their fabrication processes and systems using the
line-focus-beam ultrasonic material characterization system, in the frequency range 100–300 MHz.
SevenZ-cut LiTaO3 substrates are proton exchanged at several process temperatures~220–280 °C!
and times~5–30 min! in a pyrophosphoric acid solution. Leaky surface acoustic wave~LSAW!
velocities, measured for all specimens, decrease for all propagation directions. The decrease rate is
at maximum in theY-axis propagation direction, in which the measurement sensitivity to the process
conditions is highest. Thef H dependences of LSAW velocities, obtained from frequency
dependences of LSAW velocities and proton-exchanged layer depths analyzed by secondary-ion
mass spectrometry, have almost constant gradients of20.78 ~m/s!/~Hz m!. Normalized depth
distributions of the elastic properties of proton-exchanged layers are nearly equal; only the depths
differ. Also, the relationships among LSAW velocities, layer depths, process times, process
temperatures, and diffusion coefficients are experimentally obtained. Homogeneity evaluation of a
proton-exchanged, 2-in.,Z-cut LiTaO3 wafer processed at 260 °C for 14 min is demonstrated,
resulting in a maximum LSAW velocity variation of 1.3 m/s. This corresponds to a depth variation
of 7.4 nm and a temperature variation of 0.8 °C for the whole surface. ©2001 American Institute
of Physics. @DOI: 10.1063/1.1340008#
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I. INTRODUCTION

Research studies and developments of vari
waveguide-type optoelectronic devices, such as modula
and demodulators,1 switches,2 filters,3 and optical sources o
short wavelengths,4–7 have been conducted in order to me
the increasing demands of high-capacity, high-speed t
communications of recent years, using LiNbO3 and LiTaO3

single crystals for their advantages, such as electro-o
acousto-optic, and optical nonlinear effects. The perf
mance characteristics of the waveguide-type optoelectr
devices constructed are considered to depend mainly u
the following three factors:~1! homogeneity of crystallo-
graphic, physical, chemical, and optical properties of ma
rials, ~2! machining and polishing damage on the wafer s
faces, and~3! uniformity of device fabrication processes. Th
proton-exchange method6 without and with annealing is
widely used in fabricating waveguide-type optoelectronic
vices to produce optical waveguides on LiNbO3,
MgO:LiNbO3, and LiTaO3 single-crystal substrates. Fu
thermore, proton exchange followed by heat treatment7 is
used as a method to form domain inversion layers on LiTa3

crystal substrates. Conventionally, secondary-ion mass s
trometry ~SIMS! has been applied to evaluate proto
exchanged optical waveguides to determine the depths
atom distributions,8 and the prism coupler method,9,10 to de-
termine the depths and refractive index profiles.6,11 A very

a!Electronic mail: kushi@ecei.tohoku.ac.jp
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important subject for future practical use of the optical d
vices is to develop optimal fabrication processes and syst
for mass production using large-diameter crystal wafers. T
fabrication processes and systems must, therefore, be e
ated and improved by feeding back the evaluation resu
However, there are some serious problems with the SI
and prism coupler methods. The former is destructive a
lacks quantitativeness, and the latter cannot be applie
single-mode optical waveguides. It is, therefore, necessar
develop a new technique capable of nondestructive, qua
tative measurement with high accuracy, as well as to
prove these conventional means.

We have proposed line-focus-beam~LFB! acoustic
microscopy12 as a new technique applicable to these eval
tions. LFB acoustic microscopy is a technology to quanti
tively evaluate and analyze elastic properties of materials
measuring propagation characteristics~phase velocity and
propagation attenuation! of leaky surface acoustic wave
~LSAWs! propagating on the water-loaded specimen surf
with high accuracy. The system has been successfully
plied to characterize optical-grade LiNbO3, MgO:LiNbO3,
and LiTaO3 single crystals. We have also sought to establ
single-crystal growth conditions to grow homogeneo
large-diameter single crystals by investigating the relati
ships among the LSAW velocities, densities, chemical co
position ratios, and lattice constants.13,14 This ultrasonic sys-
tem is also considered to be a very useful tool for evaluat
and analyzing layered specimens such as thin films and
fused or implanted layers, as this technique employs
7 © 2001 American Institute of Physics

CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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mode of surface acoustic waves for characterization.12,15–20

The LFB system has been demonstrated to characte
proton-exchanged,Z-cut LiNbO3 and LiTaO3 optical
waveguides. It has also been shown that LSAW veloci
decrease depending on process conditions, essentially
process temperature and time, and that the system sensi
to the depth changes of proton-exchanged layers surpa
the sensitivity of any conventional method.16 Furthermore,
the LFB system has successfully characterized dom
inverted layers inZ-cut LiTaO3 single-crystal substrates b
comparing the measured LSAW velocities with the theor
cal results.17,18 There also have been reports on the propa
tion characteristics of LSAWs measured on proto
exchangedX-, Y- and Z-cut LiNbO3 substrates19 and on
LSAW velocities measured on proton-exchangedZ-cut
LiTaO3 and proton-exchanged and annealed LiTaO3.20 The
measurement results reported have shown the possibilitie
evaluating proton-exchanged optical waveguides and t
fabrication processes and systems by the LFB acoustic
croscopy system.

The purpose of this article is to obtain basic data on
relationship between LSAW velocities and proton-exchan
fabrication process conditions using pyrophosphoric a
The data could then be used as a dictionary to interpret
sults obtained by the LFB system, and to demonstrate
usefulness for characterizing proton-exchanged opt
waveguides and their fabrication processes. Here, the pro
temperature and time are taken as parameters of the fab
tion process conditions. Several specimens of prot
exchangedZ-cut LiTaO3 substrates are fabricated under se
eral different conditions. LSAW velocities of thes
specimens are measured by LFB acoustic microscopy, d
profiles of proton and lithium ions are analyzed by SIM
and the depths of proton-exchanged layers are measure

II. LFB SYSTEM

The most recent LFB ultrasonic material characterizat
~UMC! system21 is used to measureV(z) curves. Elastic
properties of materials are characterized by obtaining
propagation characteristics of LSAWs, viz., phase veloc
and propagation attenuation, from theV(z) curve, which is
the transducer output of LSAWs excited and propagating
a water-loaded specimen surface when the relative distanz
between an ultrasonic LFB device and the specimen
varied.12 The LSAW velocities are employed for materi
characterization here. Figure 1 shows a typicalV(z) curve
measured for aZ-cut LiTaO3 substrate in theY-axis propa-
gation direction and its spectral distribution, obtain
through fast Fourier transform~FFT! analysis. According to
the analytical procedure ofV(z) curves, the LSAW velocity
is determined from the following equation:

VLSAW5
Vw

A12~12~Vw/2f •Dz!!2
, ~1!

whereDz is the oscillation interval in theV(z) curve,Vw is
the longitudinal velocity in water, andf is the ultrasonic fre-
quency. When the LFB system is applied to characterize
specimens such as wafer-type substrates 0.3–1.0 mm t
Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to AS
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we have to consider the measurement errors due to the i
ence of the waves reflected from the back surface of
specimen.22 To resolve this problem, a useful method
moving-average processing of the frequency dependenc
LSAW velocities at each measurement position and an
proximated correction method, which is very useful for
great number of measurements, have been developed22,23

Here, LSAW velocity variations caused by the proton e
change can be obtained approximately by taking the dif
ences between two velocities measured at the same
quency at the same measurement point on the speci
before and after proton exchange.

III. PREPARATION OF SPECIMENS

Specimens with proton-exchanged layers were prepa
using a fabrication system consisting of a temperature c
trollable aluminum~Al ! dry block bath system~Scinics Co.,
Ltd., Tokyo, Japan!, a sample transportation system, a te
perature measurement system, and a computer for con
ling sample transportation and temperature measurem
Beakers with capacities of 200, 300, or 500 cm3 can be
placed in the corresponding furnace holes of the dry blo
bath, and a liquid solution of pyrophosphoric acid contain
in each beaker can be heated uniformly. Substrates were
mm-thick, Z-cut LiTaO3 wafers~optical grade, Yamaju Ce
ramics Co., Ltd., Seto, Japan! and were processed in
200-cm3 SiO2 glass beaker. Figure 2 illustrates the sam
preparation procedure. Each specimen is a quarter piece

FIG. 1. TypicalV(z) curve measured forZ-cut, Y-propagating LiTaO3 at
225 MHz ~a! and spectral distributions analyzed by FFT for theV(z) curve
shown above~b!.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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2-in. LiTaO3 substrate. A specimen is set on a sample hol
made of SiO2 glass and then placed in the furnace hole fo
300-cm3 beaker in the Al dry block bath to preheat the spe
men to the temperature for the proton-exchange proces
beaker containing approximately 380 g~200 cm3! of an un-
diluted solution of pyrophosphoric acid~concentration ex-
ceeding 93%, Kanto Chemical Co., Inc., Tokyo, Japan! is set
in the 200-cm3-beaker furnace hole. The beaker, pyroph
phoric acid solution, LiTaO3 substrate, and sample hold
are simultaneously heated through the Al dry block bath w
the heater built in. They are kept heated until the tempera
of the pyrophosphoric acid solution, which is monitored by
thermocouple sealed in a small SiO2 glass tube, reaches th
desired temperature and sufficiently stabilizes~within
0.4 °C!. The LiTaO3 substrate set on the sample holder
then transferred by the transportation system into the be
with the pyrophosphoric acid solution and undergoes pro
exchange. The specimen is placed at the center of the be
about 20 mm above the bottom, where the temperature
tribution of the pyrophosphoric acid solution is nearly un
form. After the required time period, the LiTaO3 substrate
and sample holder are pulled out, cooled naturally, a
rinsed with pure water to remove residual pyrophospho
acid.

The depth of the proton-exchanged layerH depends on
the proton-exchange process timet and the diffusion coeffi-
cient D(T) and is expressed as follows:6,11

H52At•D~T!, ~2!

whereT is the temperature of the proton-exchange proce
And the diffusion coefficientD(T) is related as

D~T!5D0 expS 2
Q

RTD , ~3!

whereD0 is the diffusion constant,Q is the activation en-
ergy, andR is the universal gas constant. Thus the proc
time and process temperature are chosen here as the pr
exchange process conditions. Following the experime
procedure described above, seven proton-exchanged s
mens were prepared using process times and tempera
shown in Table I. These parameters were chosen in ac
dance with the process conditions for fabricating opti
waveguides of second harmonic generation~SHG! devices
~for 14 min at 260 °C! and for fabricating periodically
domain-inverted layers by proton exchange and heat tr

FIG. 2. Sample preparation.
Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to AS
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ment to form quasiphase matching~QPM!24 ~for 20 min at
260 °C!.25 A new material of pyrophosphoric acid as the pr
ton source is used to prepare each specimen.

IV. EXPERIMENTS

A. Angular dependences

To investigate the relationship between the process c
ditions and elastic property changes caused by proton
change, angular dependences of LSAW velocities were m
sured near the center of the negativeZ surface of each
specimen in 1° steps before and after the proton excha
The ultrasonic frequency was set at 225 MHz. Figures 3~a!
and 3~b! give the measured results for specimen Nos. 1
which were prepared at a fixed temperature of 260 °C w
process time varied, and for specimen Nos. 2 and 5–7,
pared for a fixed period of 14 min with process temperat
varied. The crystallographicX axis andY axis correspond to
0° and 90° in the figures, respectively. For each specim
the proton exchange causes the LSAW velocities to decre
in all the propagation directions, and the LSAW velociti
decrease as the process time and temperature increas
seen in Figs. 3~a! and 3~b!. The LSAW velocities exhibit
symmetrical cycles of 60°, reflecting the crystallograph
symmetry of aZ-cut LiTaO3 single crystal. However, as th
process time or the process temperature increases, the d
ences between the relative maxima and minima decre
These changes in elastic properties are induced by the pr
exchange because the acoustical physical constants~elastic
constant, piezoelectric constant, dielectric constant, and d
sity! of proton-exchanged layers differ from those of the su
strates, and proton-exchanged layers have the elastic p
erty of lower LSAW velocities as reported on LiNbO3 and
LiTaO3.26,27The LSAW velocity changes are 35.7–48.6 m
for specimen No. 1, 59.1–78.3 m/s for specimen No.
69.0–90.8 m/s for specimen No. 3, and 84.2 to 110.0 m/s
specimen No. 4 in Fig. 3~a!, and 23.0–31.8 m/s for specime
No. 5, 37.0–50.1 m/s for specimen No. 6, and 88.3–11
m/s for specimen No. 7 in Fig. 3~b!. The LSAW velocity
changes were observed to be the largest in theY-axis propa-
gation direction and the smallest in theX-axis direction for
both sets of specimens prepared with either the process
or temperature varied. Therefore we conclude that theY-axis
propagation direction is the best choice for evaluat
proton-exchanged layers and their process conditions

TABLE I. Fabrication conditions and parameters for proton-exchang
Z-cut LiTaO3 specimens.

Process conditions
Depth of proton- Diffusion

Sample Temperature Time exchanged layer coefficie
No. @°C# @min# @mm# @mm2/h#

1 260.3 5 0.243 0.176
2 259.9 14 0.411 0.176
3 260.1 20 0.465 0.176
4 260.0 30 0.603 0.176
5 220.2 14 0.160 0.027
6 239.7 14 0.248 0.066
7 280.8 14 0.638 0.436
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Z-cut LiTaO3 substrates by the LFB system, since it is mo
sensitive to changes of the process conditions.

B. Frequency dependences

In general, propagation characteristics of LSAW velo
ties in layered media are dispersive,12,15 so LSAW velocities
were measured near the center of the negativeZ surface of
each specimen in 1-MHz steps from 100 to 300 MHz for
Y-axis propagation before and after the proton exchan
Figure 4 shows the frequency dependences of LSAW ve
ity changes extracted by taking the differences between
velocities measured before and after the proton excha
Figure 4~a! is for specimen Nos. 1–4, and Fig. 4~b! is for
specimen Nos. 2 and 5–7. In each specimen, the LS
velocities decrease nearly linearly as the frequency increa
Since the depths of the proton-exchanged layers formed
the specimens increase as the process time or temper
increases, the LSAW velocity decreases more distinctly,
hibiting a steeper slope and presumably more strongly
flecting the elastic properties of the proton-exchanged lay

FIG. 3. Angular dependences of LSAW velocities for proton-exchang
Z-cut LiTaO3 specimens.~a! Results for the specimens processed for 5,
20, and 30 min at 260 °C.~b! Results for the specimens processed at 2
240, 260, and 280 °C for 14 min.
Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to AS
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C. Hydrogen and lithium profiles

Profiles of hydrogen and lithium as a function of di
tance from the surface were analyzed by the SIMS metho
examine the depths of the proton-exchanged layers form
on the specimen surfaces. The results are shown in Fig.~a!
for specimen Nos. 1–4 and in Fig. 5~b! for specimen Nos. 2
and 5–7. In the ordinate of the figures, secondary-ion int
sities of hydrogen were normalized by the intensities at
surface position as the surface intensities for all specim
were almost the same within the measurement errors, w
those of lithium were normalized by the intensities in t
bulk substrate region. In every specimen, the proton
change causes hydrogen to diffuse into the substrate an
distribute over some distances to the boundary between
proton-exchanged layer and the bulk substrate, and
secondary-ion intensity gradually decreases as the dist
increases. Around the boundary, the hydrogen intensity
creases abruptly as the distance increases further. Lithiu
secondary-ion intensity exhibits an abrupt increase aro
the boundary and saturates to the value of the bulk subs
as the distance increases further. The position at which
secondary-ion intensity of hydrogen reaches 1/e of the sur-
face intensity is determined as the depth of the prot
exchanged layer, and the results are listed in Table I. Er
in the determined depths of the proton-exchanged layers
given by the sum of the depth measurement errors by

,
,
,

FIG. 4. Frequency dependences of LSAW velocities for proton-exchan
Z-cut LiTaO3 specimens.~a! Results for the specimens processed for 5, 1
20, and 30 min at 260 °C.~b! Results for the specimens processed at 2
240, 260, and 280 °C for 14 min.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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stylus profiler system~Dektak 3ST, Veeco Instruments Inc
New York! and the depth resolution by the SIMS syste
~PHI SIMS 6600, Physical Electronics, Inc., Minnesota!, and
are estimated to be60.03mm. As the proton-exchange pro
cess time or the process temperature increases, hydr
ions diffuse into the substrate as lithium ions are transpo
from the deeper area of the substrate toward the surface
diffuse out from the substrate surface, thus decreasing
intensity at the surface and forming a deeper proton la
The proton-exchanged layer depths thus clearly depend
the process conditions. The diffusion coefficients given
Eq. ~2! are also listed in Table I.

V. DISCUSSIONS

A. fH dependences

f H dependences of the LSAW velocities were obtain
using the proton-exchanged layer depths in Table I and
frequency dependences shown in Fig. 4. Figure 6~a! shows
the f H dependences of the LSAW velocity changes
specimen Nos. 1–4, and Fig. 6~b! for specimen Nos. 2 and
5–7. For all the specimens, the LSAW velocities decre
linearly with their f H having nearly equal gradients an
overlapping each other. The gradients of the approxima
lines obtained for the results of thef H dependences in Figs

FIG. 5. H and Li depth profiles for proton-exchanged,Z-cut LiTaO3 speci-
mens analyzed by secondary-ion mass spectrometry.~a! Results for the
specimens processed for 5, 14, 20, and 30 min at 260 °C.~b! Results for the
specimens processed at 220, 240, 260, and 280 °C for 14 min.
Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to AS
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6~a! and 6~b! by the least-squares method are20.789 and
20.774~m/s!/~Hz m!, respectively, in the measured region

In general, the propagation characteristics of Raylei
type LSAWs, the fundamental propagation mode, stron
reflect the elastic properties of the specimen within o
wavelength beneath the surface. Consequently, asf or H in-
creases, the propagation characteristics of LSAWs decr
more significantly because they more strongly reflect the
elastic properties of the proton-exchanged layers than th
of the substrates.16 Therefore the fact that thef H depen-
dences obtained for each specimen resulted in a single
by overlapping each other indicates that depth distributi
of the elastic characteristics in the proton-exchanged lay
normalized by the layer depths are equivalent, although th
are obvious differences inH. This also corresponds to th
fact that the H and Li profiles as a function of normaliz
depth obtained from Fig. 5 are almost the same for all sp
mens and that only the layer depths are different. We
take a simple measurement model of a single-layered sp
men with a step-like elastic property change, and can e
mate the proton-exchange process condition changes
depth changes in the measured region from the specific
dient value of20.78 ~m/s!/~Hz m! in the f H dependence of
LSAW velocities for pyrophosphoric acid.

FIG. 6. f H dependences of LSAW velocities for proton-exchanged,Z-cut
LiTaO3 specimens.~a! Results for the specimens processed for 5, 14,
and 30 min at 260 °C.~b! Results for the specimens processed at 220, 2
260, and 280 °C for 14 min.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp



2022 J. Appl. Phys., Vol. 89, No. 4, 15 February 2001 J. Kushibiki and M. Miyashita
FIG. 7. Experimental relationships
among LSAW velocities at 225 MHz,
depths of proton-exchanged layers~a!,
process times~b!, process tempera-
tures~c!, and diffusion coefficients~d!
for proton-exchanged,Z-cut LiTaO3
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B. Relationship between LSAW velocities and process
conditions

The LSAW velocities obtained in Sec. IV can be relat
to the conditions of process time and temperature and
measured depths of proton-exchanged layers in Table I.
ure 7~a! shows the relationship between the LSAW veloc
changes and the depths. Figures 7~b!–7~d! show the relations
of the LSAW velocity changes with the process times,
process temperatures, and the diffusion coefficients.
LSAW velocity changes obtained for theY-axis propagation
at 225 MHz were used. The temperatures at which the sp
mens were prepared are indicated by circles~220 °C!, tri-
angles~240 °C!, squares~260 °C!, and stars~280 °C! in the
figures. The solid straight line in Fig. 7~a! is the line approxi-
mated by the least-squares method, represented by the e
tion

H520.00574DVLSAW20.0349, ~4!

whereDVLSAW is the LSAW velocity change. The relation
ships of the LSAW velocity change to the process time, p
cess temperature, and diffusion coefficient are given by s
ing Eqs.~2! and ~3! and using the relation:

DVLSAW520.783f H24.72, ~5!

which is the approximated line by the least-squares met
for all the measuredf H dependences of LSAW velocit
changes shown in Fig. 6. The solid lines in Figs. 7~b!–7~d!
are the calculated results. The measured relationships
tween the LSAW velocity changes and each of the para
eters agree well with the calculated results. The LSAW
locity decreases in proportion to the proton-exchanged la
depth as the process time increases and the process tem
ture increases. Table II shows the sensitivities and res
Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to AS
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tions to the depth, fabrication process time and temperat
and diffusion coefficient. The resolutions were calculat
corresponding to the resolution at an LSAW velocity
60.002%~60.1 m/s around 3300 m/s! measured at a single
chosen point by the LFB system.28 Therefore by measuring
the LSAW velocity distributions at a single frequency a
using the relationships given in Fig. 7, both depth distrib
tions of the proton-exchanged layers formed on the surf
and distributions of fabrication process conditions duri
proton exchange, which depend upon the fabrication proc
procedures and systems, can be evaluated with very
resolution.

C. Homogeneity in a 2-in. wafer

Homogeneity of a proton-exchanged, 2-in.Z-cut LiTaO3

wafer was examined with the LFB-UMC system. As show
in Fig. 8~a!, the LiTaO3 wafer was proton exchanged in
300-cm3 beaker. The axes of the coordinates in the figu
indicate the crystallographic axes of the specimen. The c

TABLE II. Sensitivity and resolution for depth of a proton-exchanged lay
and parameters of fabrication conditions during proton exchange by LS
velocity measurements.

Sensitivity Resolution

LSAW velocity 60.1 m/s
Depth 5.7 nm/~m/s! 60.57 nm
Diffusion
coefficient

4.931023 (mm2/h!/~m/s) 60.4931023 (mm2/h)

Process
time

6.5531023 h/~m/s)
~23.6 s/~m/s!!

60.65531023 h
~62.4 s!

Process temperature 0.6 °C 60.06 °C
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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mark shows the center of the wafer. The wafer center w
placed along the central axis of the beaker and 30 mm ab
the bottom, where the temperature distribution is nearly u
form. Proton exchange was carried out using the proced
described in Sec. III, except that a 300-cm3 beaker was used
for the proton exchange after preheating the wafer
sample holder up to the process temperature in the neigh
ing furnace hole for a 500-cm3 beaker before the proces
The temperature of the pyrophosphoric acid solution for
central position of the wafer was 260.5 °C and the proc
time was 14 min for fabricating optical waveguides. T
proton exchange was successfully carried out without rou
ening or cracking the wafer. Figures 8~b! and 8~c! show the
differences in the LSAW velocities before and after the p
cess measured in 1-mm steps along lines 1 and 2 in Fig.~a!,
which are shown by the dotted lines. The measureme
were conducted with the LSAWs propagating along
Y-axis direction at 225 MHz. The 0-mm position on the a
scissa in Fig. 8~b! indicates the center of the wafer. Th
abscissa in Fig. 8~c! represents the distance from the botto

FIG. 8. Homogeneity evaluation of a proton-exchanged, 2-in.Z-cut LiTaO3

wafer by LSAW velocity measurements.~a! Sample preparation.~b! Varia-
tions of LSAW velocities and acid temperatures along line 1, and~c! along
line 2 shown in~a!.
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of the beaker. The LSAW velocity changes are the smal
around215 mm along the diameter direction of the beak
and slightly larger but nearly flat in the right side of th
beaker, exhibiting a little asymmetry with respect to the ce
tral axis of the beaker. Only very small LSAW velocit
changes were observed in the depth direction in Fig. 8~c!,
with an anomaly at the 35-mm position, where the LSA
velocity change was about 0.8 m/s, smaller than those at
other positions. These velocity changes are much larger
the measurement resolution of about 0.1 m/s, and the ela
properties at these points differ distinctively from those
the positions around them. Although it is understood t
these changes were induced by the proton exchange, th
rect cause has not been identified. This should be clari
soon because it could be an important problem in the de
fabrication processes if the devices are to be manufactu
The distributions of the LSAW velocity changes are 1.3 m
in Fig. 8~b! and 0.6 m/s in Fig. 8~c!, except for the anoma
lies, which are seen from Table II to correspond to 7.4 a
3.4 nm in the depth variations, since it is understood from
results in the preceding section that the distributions of
LSAW velocity changes directly reflect the depth distrib
tions of the proton-exchanged layers. This depth distribut
might be mainly caused by the distribution of the diffusio
coefficient due to the temperature distribution of the py
phosphoric acid solution in the beaker. The process temp
tures were estimated from the LSAW velocity changes us
the results in Fig. 7. The temperature distributions are e
mated to be 0.8 °C in Fig. 8~b!, where the temperatures ar
lower in the left side and higher in the right side of th
beaker, and 0.4 °C in Fig. 8~c!, where the temperatures re
main almost unchanged.

When the beaker contained only the pyrophosphoric a
solution, temperatures of the acid solution were measu
with the thermocouple in 10-mm steps over lines 1 and
along which the LSAW velocities were measured. The d
ferences from the acid temperature measured at the ce
position of the wafer are shown by circles in Figs. 8~b! and
8~c!. In Fig. 8~b!, the temperatures of the pyrophospho
acid solution were higher in the outer regions than in
center along the beaker diameter direction, and a maxim
temperature variation of 1.3 °C was observed. The temp
ture profile exhibits a little asymmetry, with a slight decrea
on the left side of the beaker. In Fig. 8~c!, the temperature of
the pyrophosphoric acid decreases monotonically from
bottom to the surface, with a maximum temperature variat
of 3.1 °C over the distance. The measured temperature
files might differ somewhat from the true temperature dis
butions during the proton exchange because changes of
bience such as the liquid surface rising and the convectio
the acid solution being physically and thermally disturb
when the 2-in. wafer and sample holder were immers
However, the results clearly indicate some temperature va
tions in the proton-exchange process on the wafer surfac

In fabricating optical waveguides, waveguides with d
sired depths have to be manufactured precisely and
formly for the light propagation modes depending upon
waveguide properties. According to an article by Yamam
et al.,29 a difference of 20 nm from the designed depth va
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp



on
-
io
br
e
F
ca
e
ef
io

n
en
p
at
yr
ro
w
e
le
to
g
va

ha
r-

o

n
t
en
n

e
te
e
n
ts
e
th
g
ex
es

e
a

fo

st
th

in
ng

to
s

ate
ust

cal
ical
.

de
ic
e
for

na-
n-
his
om

tt.

J.

c-

e,

e

ol.

e

trol

ro-

hys.

rt 1

eq.

n.

2024 J. Appl. Phys., Vol. 89, No. 4, 15 February 2001 J. Kushibiki and M. Miyashita
results in a 50% reduction in the intensity of second harm
ics generated in a LiTaO3 proton-exchanged optical wave
guide for a QPM-SHG device because of mode dispers
Therefore depth distributions of the waveguides to be fa
cated must be much less than 20 nm over a whole surfac
future mass production with large-diameter wafers. The L
system has very high resolution as shown in Table II and
be used to evaluate large-diameter wafers in a short tim
seen in Fig. 8. The LFB system is considered a very us
technique for evaluation and establishment of fabricat
processes and systems for mass production.

VI. CONCLUSIONS

This article reports on an experimental investigation a
discussions to obtain basic data and to establish experim
procedures required for applying the LFB-UMC system, o
erating in the frequency range of 100–300 MHz, to evalu
proton-exchanged optical waveguides prepared in a p
phosphoric acid solution as well as their fabrication p
cesses and systems. The process time and temperature
taken as typical parameters in the proton-exchange proc
and LSAW velocity measurements, H and Li depth profi
analyses by SIMS, and depth measurements of the pro
exchanged layers were conducted for proton-exchan
Z-cut LiTaO3 specimens prepared with these parameters
ied.

Angular dependences of LSAW velocities revealed t
proton-exchangedZ-cut LiTaO3 specimens should be cha
acterized and evaluated in theY-axis propagation direction in
which the sensitivities of LSAW velocity changes to the pr
cess condition changes are highest. Results off H depen-
dences of LSAW velocities determined using the proto
exchanged layer depths obtained by SIMS suggested tha
f H dependence of LSAW velocities for every specim
overlapped each other, exhibiting an almost constant cha
rate of 20.78 ~m/s!/~Hz m! for pyrophosphoric acid as th
proton source. In practice, H and Li depth profiles indica
that the elastic properties of proton-exchanged layers w
not uniform in the depth direction and had some distributio
based on the diffusion process. However, the above resul
the f H dependences support the idea that we can us
simple measurement model of a single-layer specimen wi
the f H range used here to characterize proton-exchan
specimens by this LFB-UMC system. Furthermore, we
perimentally obtained the relationships of LSAW velociti
with the proton-exchanged layer depths, the process tim
the process temperatures, and the diffusion coefficients,
demonstrated extremely high LSAW velocity resolutions
these parameters. Homogeneity of a 2-in.Z-cut LiTaO3 wa-
fer with the whole surface proton exchanged was inve
gated using these results. This investigation suggested
LSAW velocity distributions inform us of some variations
the fabrication process conditions during proton excha
that we would otherwise be unable to measure.

Many optical waveguides using either LiNbO3 or
LiTaO3 substrates are fabricated with annealing after pro
exchange in order to reduce the optical propagation lo
Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to AS
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Therefore to successfully apply the LFB system to evalu
optical waveguides and their fabrication processes, we m
collect further basic data of elastic properties in the opti
waveguides after annealing related to other data of opt
waveguide refractive indices and H and Li depth profiles
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