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Basic data for evaluating homogeneities of LiTahgle crystals for optical use are investigated by
line-focus-beam acoustic microscopy. First, the relationships among leaky surface acoustic-wave
(LSAW) velocities, chemical compositions, Curie temperatures, densities, and lattice constants are
experimentally investigated as the calibration lines for crystal evaluation u&ing-, and Z-cut
substrates prepared from three LiTa€ngle crystals grown along the crystallograplfiexis with
different Li,O contents ranging from 48 to 49 mol %. It is shown that as th® ldontent increases
around the congruent composition, the LSAW velocities linearly increase for all specimen surfaces
and all propagation directions, and the increase rate is maximuidat, Y-axis propagatingZy)

LiTaO5. Next, homogeneities of the above three crystals and a commercially available optical-grade
crystal are evaluated usifjY-LiTaO5; specimens and the obtained calibration lines. The chemical
composition variations along both the pulling direction and the diameter direction are successfully
detected as LSAW velocity variations, due to the changes of crystal-growth conditions. In the
commercial crystal, the LSAW velocity variations for the whole examined region (80 mm

X 60 mm) exhibit a maximum difference of 0.82 m/s, corresponding to the composition change of
0.026 LL,Omol%. It is demonstrated that this ultrasonic method has the unique and useful
capabilities of detecting changes of the growth conditions and of evaluating local densities and the
crystal-melt interface shape. ®000 American Institute of Physids$s0021-897€00)04808-§

I. INTRODUCTION These problems include insufficient accuracy, destruction of
the specimen, and very long measurement time. Therefore,
LiTaO; (Refs. 1-5 is one of the most useful ferroelec- although it is necessary to improve these conventional tech-
tric materials not only for surface acoustic-wal®AW) de-  njques, a technique that can perform nondestructive and non-
vices because of its piezoelectric property, but also for optogontacting evaluation with higher accuracy should be devel-
electronic devices because of its favorable acousto-optiq)ped_ We have been proposing and demonstrating line-
electro-optic, and nonlinear optical properties and high reSisrocus—beam(LFB) acoustic microscopy as a technique to
tance to optical damage. Recently, one of the most importangeet such requirements.
subjects of this crystal is to establish the growth conditions  p1aterials are characterized by LFB acoustic microscopy
for producing large-diameter crystals with optically homoge—by measuring the propagating characteristics, viz., phase ve-
neous properties. Chemical composition dependences of trf&city and attenuation, of leaky surface acoustic waves

refractive index, density, lattice constant, and Curie tempera(LSAWS) (Ref. 12 propagating along one desired direction
ture have been investigatéd:28 Also, it has been reported n a water-loaded specimen surface, throndz) curve
that the congruent composition of this crystal is about 48'52nal sis'! These measurements are \’/er accurate. nonde-
mol % in Li,O content*>® However, it is not easy to grow ysIS. : y g

' atructlve, noncontacting, and speedy. We have applied LFB

homogeneous crystals because of its high melting point an . . . .
g Y 9 ap acoustic microscopy to the fundamental studies of LiNbO

generation of lattice imperfections. Therefore, it is necessar ) . .
to precisely evaluate the lattice imperfections and composi)élnd LquQ single crystals for SAW-dev!ce use and 5"120
pped LiNbQ crystals for optoelectronic-device use:

tional homogeneities and to feed back these results to adjug : X i .

the growth conditions to resolve the above problems. LiFa0 =" eoxanjple, the area of partial multidomains in
crystals are conventionally evaluated by measuring the Curig™112°Y LiTaOs wafers, which results from an incomplete
temperature by differential thermal analy&lTA),236-8the poling process, has been successfully detected as variations

lattice constant and crystal imperfections by x-rayln ~LSAW velocity®  For  128% X-LiNbO; and
techniques;” % the refractive index by the prism-coupler 36°Y X-LiTaO; single crystals, the relationships among
method?’ the density? and so on. Also, the chemical com- LSAW velocities, chemical compositions, and densities have
position has been analyzed by inductively coupled plasmabeen investigatetf.'® These investigations have shown that
atomic emission spectrometffCP-AES), electron probe mi- the variations of chemical compositions and densities can be
croanalysigEPMA), and x-ray fluorescendg&XRF) analysis. easily detected as variations in LSAW velocity. For
However, these techniques still have some serious problemdgO:LiNbO; single crystals, the relationships among
for conducting the research and development of opticallSAW velocities, chemical compositions, Curie tempera-
grade crystals with larger diameters and higher homogeneityures, densities, lattice constants, and refractive indices have

0021-8979/2000/87(9)/4395/9/$17.00 4395 © 2000 American Institute of Physics

Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp



4396 J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Kushibiki et al.

ZnO FILM

i ~ TRANSDUCER @ T T T T T T
ACOUSTIC LINE-  _ mopmoodrm I 0
FOCUS-BEAM LENS Ia)
- #0 |#1 g
7-10
. (7 WATER Leaky <§(
SAW
Z@ WA/‘I;EH L>L| _20
WSS );. X’/ /sdLip SAMPLE;;;;E E
/ Z// /SeM/PLE ///// % LJLI -30 1 L 1 Lo
o« - -500 -400 -300 -200 -100 0
—aint Vi __ o ; 2 POSITION [um]
OLsaw = sin Visin k= Visaw (1+ joy saw)
LLI T T
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acoustic-wave mode for characterizatighgay : critical angle of LSAW, E {b) F(k)
Visaw: LSAW velocity, and e gaw: normalized attenuation factor of o 0'8_' 7
LSAW. 2 05l ]
a | Vigaw = 3317.18 m/s
§ 0.4 O gay = 1.09x 102
been investigated, and it has been shown that measurement Zo02 ]
accuracy and resolutions of this ultrasonic method are better 5 of , , ]
than any conventional evaluation methéd. z 0 05 1 1.5 2

The purpose of this article is to collect basic data for WAVE NUMBER [rad/um]

evaluating homernei_tieS of optical-grade '—iEa@'_”_g'e FIG. 2. TypicalV(z) curve measured faf Y-LiTaO; specimen at 225 MHz
crystals and to establish the proper growth conditions bya) and spectral distribution analyzed by FFT for téz) curve shown
LFB acoustic microscopy. In particular, we will focus on the above(b).

evaluation of compositional homogeneity, because of its

close relationship with optical properti&$ First, X-, Y-, and
Z-cut substrates are prepared from three LiTafDgle crys-

tals with different compositions ranging from 48 to cused position in length along the propagation directien
49 Li,Omol%. LSAW velocities are measured for each ~_: Post g g he propagat
axis direction, and about 1 mm in 3 dB width along the

crystal surface as a function of the wave propagation direc- N L
tion. Also, chemical composition dependences of LSAW Ve_unfocused directiorly-axis direction, as shown in Fig. 1.

" ) ) . Measured LSAW velocity is the averaged one over this small
locities are investigated, and a proper crystalline plane an

; T . region. Figure 2 shows the typic®l(z) curve measured for
LSAW propagation direction suitable for crystal homogene-z_gut Y-prgopagating(ZY) Lingg :Ed)the spectral distribu-
ity evaluation are selected. Next, measured LSAW velocitie% ' : .
ion analyzed by fast Fourier transforfiFT). According to

are discussed in relation to the chemical compositions, Cunﬁm V(2) curve analysis procedutéand using the acoustic

temperatures, densities, and lattice constants in order to ; :

. . o properties of pure water as the referehtthe phase velocity

guantitatively interpret measured velocities for crystal homo- : . . A

. . I, of LSAWS,V saw, is determined with the oscillation inter-
geneity evaluation. Further, homogeneities of the above crys- . }
al Az in theV(z) curve as follows:

tals and a commercially available optical-grade single crystaY

LSAWs is varied with about um (one wavelength in watgr
at the focal plane and about 5%0m at the 550um defo-

are evaluated using the obtained calibration lines. Vy
Visaw= )
\V/ 2
IIl. LFB SYSTEM \/1_( ~ Ve )
The method and system of LFB acoustic microscopy 2fAz

have been described in detail elsewher€igure 1 shows whereV,, is the longitudinal velocity of water, anilis the

the cross-sectional geometry of the LFB ultrasonic devicejltrasonic frequency. The most recent system, called the
and specimen system. Ultrasonic plane waves excited by therB ultrasonic material characterizatioddMC) system:2 is
transducer are formed into a wedge-shaped ultrasonic beagized in this study. This system can measure the LSAW ve-
by a cylindrical ultrasonic lens and focused on the specimefpcity at 225 MHz with a relative accuracy better than
surface through water as a couplant. LSAWs are excited at0.002% at a chosen point and:0.004% for two-

the critical angled saw and propagated along one selecteddimensional scanning of 75 m#i75 mm, and with an abso-
direction on a water-loaded specimen surface. The propagdate accuracy of about-0.01%?°

tion characteristics of the phase velocity and propagation at-

tenuation are determined by analyziny'@) curve, whichis  |||. SPECIMENS

the interference wave form of two wave components ofA Preparation
LSAWSs (#1) and axial waves$#0), recorded as a function of “" P

the relative distancebetween the LFB ultrasonic device and To quantitatively evaluate crystal homogeneities by LFB
the specimen surface. The material is characterized bgcoustic microscopy, it is necessary to investigate the rela-
LSAW velocity measurements in this study, employing ationship between LSAW velocities and chemical composi-
sapphire cylindrical lens wita 1 mmradius and an ultra- tion ratios to establish a calibration line. Therefore, three
sonic frequency of 225 MHz. The propagation region ofkinds of LiTaQ; single-crystal ingots, termed crystals 1, 2,
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TABLE I. Crystal-growth conditions and sizes of LiTa@rystals. Line 1
Line 2
Prepared Pulling  Rotating
Crystal  Li,O content  speed speed Length  Diameter X |y Line 3
No. (mol %) (mm/h) (rpm) (mm) (mm)
1 48.0 7.11 8 68 77 Line 4
2 485 7.22 8 66 77 Z<_<lx
3 49.0 7.33 8 67 77 (a)
C Congruent 3.81 7 79 101

FIG. 4. Sample configurations and measurement positions of LSAW veloci-
ties and chemical and physical properties.

and 3, were grown from the melt of the starting materials of

48.0, 48.5, and 49.0 L® mol %. A commercially available, composition among the four crystals were observed. Further-
optical-grade LiTa@ crystal (crystal Q with a nominally  more, it is obvious that the analyzed values are less than the
congruent composition was also prepared with an optionarue values considering the result of the previous réfort
requirement of higher solidification to obtain a longer crys-that the congruent composition must be close to
tal. The crystal-growth conditions and sizes are summarized8.5 Li,O mol%. The lower values may be due to the
in Table I. These crystals, obtained from the Yamaju Ceramehemically insoluble properties of LiTaQwhich prevent

ics Co., Seto, Japan, were grown along the crystallographipreparing a solution suitable for ICP-AES while maintaining
Y-axis direction by the CzochralskCZ) technique X-, Y-, the exact composition ratio. In XRF analysis, the intensities
and Z-cut substrates about 3 mm thick were taken as specisf fluorescent x rays for Ta in the crystals were measured.
mens from each crystal ingot, and prepared with both surThe proper differences in composition among them were
faces optically polished, as shown in Fig.¥3cut substrates probably not detected because the magnitudes of the differ-
were taken at the middle position along the pulling direction.ences were within the measurement errors. In DTA, the Cu-
Figure 4 shows the configuration of each substrate. The crysie temperatures were measured. As the prepared content of
tal center line passes through the position markedxbgn  Li,O increases, the Curie temperature increases monotoni-
the Y-cut substrateZ-cut substrates prepared were takencally. In our experimental investigation, we estimated the
about 10 mm from the center. The mark and dotted lines resolving power in DTA to be about 0.8 °C around 600 °C,

in Fig. 4 show the measurement positions for LSAW veloci-and the chemical differences among the four crystals were
ties and some other crystal properties in the following dis-clearly obtained. Therefore, the data of the chemical compo-

cussions. sitions obtained by DTA were used in this article. TheQui
contents were determined from the measured Curie tempera-
B. Chemical composition tures by using the relationship between the chemical compo-

The physical properties depend upon the chemical COm§|t|ons and Curie temperatures, which was reported by Sato

i ) . . et al® These results are shown in Table Ill. The analyzed
position ratios>®8To obtain basic knowledge and data for Y

- o Li,O contents approached the congruent composition
characterizing crystal homogeneities and the growth condi-. 2 PP g P

. 0 :
tions, it is fundamentally important to know the chemical (around 48.5 LjOmol%) as compared with the prepared

- . : Li ntents:® From this study, the chemical composition
composition ratios exactly. We conducted chemical compo- 20 contents® Fro y b

sition analyses of crystals 1, 2, 3, and C using ICP-AESOf crystal C, which is a commercially available LiTa0rys-

o . : . tal grown nominally with the congruent composition, was
which is useful for measuring Li and Ta concentrations, XRF a9 y 9 P

. . . estimated to be around 48.52,0imol % at the middle of
analysis for Ta with the capability of stable measurements
SR o .“the crystal.
and DTA, which is widely used for the composition analysis
of LINbO; and LiTaG; crystals. OtheiY-cut specimens next N .
to the specimens employed for velocity measurements werg- Densities and lattice constants
used for chemical analyses. The results are shown in Table T4 continue the investigation, it is also necessary to

Il. In the results by ICP-AES, no significant differences in now some other physical properties, as well as the chemical
composition properties. The densities and lattice constants
were, therefore, measured. The results are presented in Table

TABLE Il. Results analyzed by ICP-AES, XRF analysis, and DTA.

ICP-AES XRF analysis DTA
Prepared

Crystal Li,O content Li,O TaOs  Taintensity Curie temp.

No. (mol %) (mol %) (mol %) (kcps (°C
1 48.0 47.75 52.25 843.77 596.7
2 48.5 47.83 52.17 843.86 601.7
3 49.0 47.79 52.21 843.91 607.9
C Congruent 47.76 52.24 844.07 602.5

FIG. 3. Sample preparation.
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TABLE Ill. Chemical and physical properties of the grown LiTa€ingle crystals.

Prepared Analyzed Curie Lattice constant
Crystal L,L,O content Li,O content temperature Density a c
No. (mol %) (mol %) (°C) (kg/m®) A) (A)
1 48.00 48.37 596.7 7463.4 5.154 08 13.784 35
2 48.50 48.50 601.7 7460.6 5.15383 13.783 75
3 49.00 48.66 607.9 7457.9 5.153 63 13.783 22
C Congruent 48.52 602.5 7460.7 5.15382 13.783 74

[ll. Lattice constant® andc were measured foX- andZ-cut  lected along the principle axes, or along the propagation di-
substrates by x-ray diffractometry using the Bondrection, where the power flow angle becomes zero.
method?®?! These measurements were made at the positionBurthermore, the direction selected should be most sensitive
marked byX in Fig. 4. Average densities were measured forto the chemical composition change. Considering these
Y-cut substrates by the Archimedes metfdds the L,O  points, LSAWSs propagating along theaxis direction on the
content increases, the Curie temperature increases monotodicut plane are most suitable for evaluating crystal homoge-
cally, and the density and lattice constants decrease monaeity in the following investigations.

tonically, as reported in previous work$®® The change

rates are +38.8°C/LbOmol% for Curie temperature, B. Calibration lines

;13,53 gf/gl_/'rnz’;/ugloo/mcf)l %I t for ?er::ty, q :ég The LSAW velocities on eacBY-LiTaO; shown in Fig.
% 10‘3A/L! 20 mol (y° forl ?t' Ice conts a: f’ an th I'. 5(c) were compared with the chemical and physical proper-
12 Mol for fatlice constant, from the fin- = e shown in Table 111, Figure(@) shows the obtained rela-
early approximated lines using Fhe least-squares method fq{onship between the LSAW velocities and,Oi contents:
the data of crystals 1, 2, and 3 in Table lil. Fig. 6(b), Curie temperatures; Fig.(®, densities; and Fig.
6(d), lattice constants andc. The straight lines shown in
IV. EXPERIMENTS AND DISCUSSIONS

A. Effect of chemical composition change on elastic

roperties 80T
prop 33005_(8) X-cut _E
First, to examine the effect of compositional change on s50F L0
the elastic properties, we measured the angular dependences 32005_

of LSAW velocities at the center of th¥-, Y-, and Z-cut

specimens of crystals 1, 2, and 3 at 225 MHz. All measured 8150¢

LSAW velocities were calibrated according to the LFB sys- 3100F 3
tem calibration method using a gadolinium gallium garnet 3050Eas iy 1001yt 1]
(GGG (111) single crystaf® Figure 5 shows the results for (9() 30 60 (92(; 120 150 1&?
each crystalline surface. The propagation directions of 0° and

90° for theX-cut specimens in Fig.(8) correspond to thy 3300
and Z axes, respectively; those for thécut specimens in F (b) Y-out High

Fig. 5b), to theX andZ axes; and those for th&cut speci- 3250:.
mens in Fig. &), to theX andY axes. The velocities on each

crystalline surface vary significantly with the propagation di-

Liy0 L

3200F

LSAW VELOCITY [m/s]

rection, reflecting the crystal symmetry, although the appar- 3150
ent LSAW velocity changes on th¥-cut specimens were ; ]
obtained in the range from 110° to 140°, due to the effect of 3100 e o T20 150180
another propagation modéeaky psuedo-SAWs(Refs. 12 (X) (2) X
and 23 on the presenV(z) curve analysis procedufé?!? 3400

Also, as the LjO content increases, the LSAW velocities (c) zeut
increase monotonically for all propagation directions on each 3350 . High ;
crystalline surface. The velocity increase rates due to the 3300} Li,O 3

chemical composition change, calculated by the linear ap-
proximation, depend upon the propagation direction. The ;
maximum  value for the X-cut plane s 3200¢ 3
+24.5 (m/g)/Li,Omol% in the 48.7Y direction; for the ]
Y-cut plane,+23.8 (m/9)/Li,Omol% in the X-axis direc-
tion; and for thez-cut plane,+30.9 (m/g)/Li,O mol % in the
Y-axis direction.

_ _\Nhen this SYStem is applie_d to evaluate crystal homogerg. 5. Angular dependences of LSAW velocities for LiTahgle crystals
neities, the propagation direction of LSAWSs should be sewith different compositions.

3250F

31 50: T IS S B R R 3
30 60 90 120 150 180
v) X

—
e

DIRECTION [deg]
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__ 488 —r———— TABLE IV. Sensitivities and resolutions to chemical and physical proper-
% 4870 (@ g ties for ZY-LiTaO; by LSAW velocity measurements.
é 48.6 - ] Sensitivity Resolution
i 4851 ] LSAW velocity +0.07 m/s
O 484t 0.032 mol%/(m/s) | Li,O content 0.032 mol %ih/s) +0.002 mol %
r Curie temperature 1.25 °@h/9 +0.09 °C
Q.483p ] Density —0.623(kg/m¥)/(m/9) +0.04 kg/n?
— 42l —— L Lattice constana —5.01x 10 ° A/(m/s) +0.4x10 °A
9810 3315 3320 3325 Lattice constant —1.26x10°* A/(m/s) +0.9x10°5 A
LSAW VELOCITY [m/s]
O 615 — .
g stof ® +0.07 m/s around 3300 m/s. This ultrasonic method should
= 605k be a useful evaluation technique for developing and analyz-
& ‘ ing optical-grade LiTa@ single crystals because the sensi-
% 600 1.25 °Cl(m/s) tivity and resolution shown in Table IV are much better than
F 5ot ] those of the conventional methods, especially in quantitative
% ] detection of slight compositional variations of main atomic
300 5315 3320 3325 elements, viz., Li and Ta, in LiTagsingle crystals.
LSAW VELOCITY [m/s]
C. Evaluation of crystal homogeneities and growth
7466 ' ' conditions
"E rae4r \ © 1 1. Along the pulling axis
g:::i_ 0628 (ghm/(m's) Using the obtained calibration lines, crystal homogene-
5 ities were evaluated by LFB acoustic microscopy. Here, we
4 7458 first directed our attention to homogeneities along the pulling
0 74581 direction because inhomogeneities in crystals grown by the
7453%'10 T o 205 CZ technique often occur along this direction and are of
LSAW VELOCITY [m/s] primary importance.

Samples 1, 2, 3, and C weicut substrates prepared
<€ 5.156 - - 13785 < from each crystal as shown in Table I. LSAW velocities
,E" ot A & ,2" propagating along thér-axis direction were measured in-
< 5.155 Yt (m s). {13784 £ these four specimens in 1 mm steps along the pulling axis
) I . caxis | ] (line 1), as shown in Fig. &). Figure 7 shows the results. In
S sasa b a-axis 1 413783 9 each crystal, the LSAW velocities varied linearly with the
& ?O_mms)\‘\ ) 5 positions from the crystal top to the bottom. The change rates
E P E were obtained by linear approximation using the least-
5 B T e 782 5 squares method. The rates ar8.02(m/s/mm for sample 1

LSAW VELOCITY [m/s] and +0.03 (m/9/mm for sample 3. The rate for sample 2 is

less thant+-0.01(m/s)/mm, having nearly the congruent com-
FIG. 6. !Experimental relationship_s_ among LSAW _velocitiesgﬂ_'contents position, but the maximum velocity change for the distance
(za\)('.ﬂmg te.mﬂerat”rfﬁb)’ densities(c), and lattice constantéd) for ¢ 40 mm is 0.39 m/s, which exceeds the velocity resolution
185 single crysiars. of 0.07 m/s in this method. It is clear that there are some
elastic variations. Those velocity variations are considered to

Figs. 6a)—6(d) were calculated by linear approximation; the

gradients in the same figures measure sensitivities of this 3325 e ——— :
ultrasonic method to the relevant properties. The relation- _ Sample3 1487 _
ships among the LSAW velocities and the above crystal g e s %:
properties were linear around the congruent composition, 53320- Sample C {486 E
and the increase of LSAW velocity reflects the increase of o (solid line) | E
Li,O content and the decrease of density and lattice constant. % r——— 485 E
Therefore, crystal homogeneities can be evaluated by mea- > aa15l ﬁ',ao'{,‘&'f,?ne) 8
suring LSAW velocity variations in a crystal, and by using A N sample 1 484 o
these relationships as the calibration lines. Table IV shows o -l
the measurement sensitivities and resolutions of this ultra- astol— . . 1483
sonic method for the chemical and physical properties of a (T% ) 20 40 60 (B%?tom)
LiTaO; single crystal. The resolutions were calculated from P POSITION [mm]

the Obtaineq sensitivities and the relative accuracy fOEG. 7. LSAW velocity variations along the pulling axis f@-LiTao,
LSAW velocity measurements;0.002%, corresponding to specimens with different compositions.
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7465————1——1— sented in Fig. 8 as dotted lines for crystals 1, 2, and 3, and a
F . solid line for crystal C, using the measured LSAW velocity
_ B gample 1 variations in Fig. 7 and the calibration lines in Figcp The
1= Sample 2 . measured density values agree well with the estimated val-
2 (dotted line) ues, and it is obvious that the LSAW velocity distributions
> 74601 SamIpIeC_ presented in Fig. 7 correspond to the distributions of the
a; . (solid line) T chemical compositions and densities along the crystal pulling
g R S 1 direction. This demonstrates that this ultrasonic method can
Samgles evaluate density variations on the specimen in a small re-
- gion.
74550 : 2'0 . 4'0 : 6'0 80 Here, we discuss the relationship between the velocity
(Top) POSITION [mm]  (Bottom) variations in Fig. 7 and the crystal-growth conditions. In Fig.

7, the LSAW velocity variations observed can be understood
FIG. 8. Variations of measured and estimated densities along the pullingys the Lio content variations. Considering that the compo-
axis for LiTaGO; single crystals with different compositions. Symbols indi- sition ratio of a crystal depends on that of the melt. the
cate measured values; dotted and solid lines, estimated values from LSAW, . . . . . '
velocity variations shown in Fig. 7. chemical composition variations in Fig. 7 show that the melt
composition was gradually changing while the crystal was

growing. The cause of this change in the melt composition

be evidence showing the detailed chemical compositioff@" Pe explained as follows. In Fig. 7, for sample 3 theoL i

variations in a crystal, referred to the calibration line showncontent around t?e position of 10 mm is estimated to be
in Fig. 6. The chemical composition ratios in the crystals@20ut 48.64 mol% and less than the melt composition of

from the upper parts to the lower parts vary linearly with49-0 Mol %. This is because the crystal is going to grow so as
change rates of 0.7x 10”3 Li,O mol %/mm for sample 1, to approach the congruent composition given in Table I,
+0.2X10°3 Li,0mol%/mm for sample 2, andt1.0 and means that LO in the crystgl grow’;h was consumed at.
X102 Li, 0 mol%/mm for sample 3. For sample C, the less than the prepared composition ratio. When the crystal is

variations in LSAW velocity along the pulling-axis direction 9rown at the position 30 mm from the crystal top, theQ.i
are quite similar to the results for sample 2 in Fig. 7, result:content in  the ~melt is considered to exceed
ing in an almost monotonical increase from the upper part§9-0 LkOmol%. In fact, the LjO content of the crystal

of the crystal to the lower parts with a maximum deviation of 9"OWn at this position was estimated to be about 48.66 mol %
0.54 m/s(0.017 mol % in LyO concentrationand almost the and exceeded the JO content of the crystal grown at 10

same composition changing rate. The differences betweef™- It is interpreted that the 4D concentration in the melt

the measurement values and the curves approximated by%@dually increases during the crystal growth so that the

third-order polynomial expression, applied to the four Speci_crystal contains more LD concentration at the bottom parts
mens, are less thart0.15 m/s. These investigations thus than at the top parts. o
revealed consecutive composition changes in the melt re- N the case of sample 1, the,0 concentration in the

corded in the crystal as acoustic variations along the pulling™€lt gradually decreases during the crystal growth due to the

axis direction. opposite process, so that the crystal contains moy@ ton-
These results also indicate the variations of densities angentration at the top parts than at the bottom parts.
lattice constants along théaxis pulling direction, according . o
to the interrelations among the LSAW velocities, densities2- A/long the diameter direction
and lattice constants presented in Fig. 6. Next, we try to examine the homogeneities of samples 1,
To verify these evaluated results, we measured densit, 3, and C along the diameter direction. LSAW velocities in
variations along the pulling axis using the Archimedesthe Y-axis propagation direction were measured in 1 mm
method. ThreéY-cut substrates from crystals 1, 2, and 3, andsteps along lines 2, 3, and 4 in Figic# For each crystal,
five Y-cut substrates from crystal C were selected at differenlines 2, 3, and 4 are selected for samples 1, 2, and 3 at the
positions in the crystal length direction shown in Fig. 3 andpositions of 10, 32.5, and 55 mm from the top of the crystals,
prepared as specimens. Figure 8 shows the results measurtd for sample C at 10, 37, and 64 mm. The results are
as the average value for the whole speciniérior crystal 1;  shown in Fig. 9. The dotted line in Fig. 9 shows the results
O, for crystal 2; ¢, for crystal 3; andA, for crystal C. The obtained by the second- or third-order polynomial approxi-
densities of crystal 1 increase from the top to the bottom withmation. For each crystal, LSAW velocity changes in the
a maximum difference of 0.7 kgfnwhile those for other whole crystal associated with the chemical composition
crystals decrease with maximum differences of 0.4 Rgom  variations, as seen in Fig. 7, were clearly observed depend-
crystal 2, 1.1 kg/mfor crystal 3, and 0.5 kg/ffor crystal C.  ing upon the specimens and the positions, including the ve-
Thus, even in the density measurements, the composition&city changes along the pulling-axis direction. Concerning
variations in crystals are clearly detected along the pullinghe velocity variations along the diameter direction, the ve-
axis. This can be easily understood from the fact that the Llocities for sample 1 are greater around the center on all
atomic weight of 6.941 differs largely from the Ta atomic measurement lines with a convex shape in distribution. The
weight of 180.9479. For comparison, the estimated densitgame is true for sample 3 but with a concave shape, while
variations in the crystals along the pulling direction are pre-velocities for sample 2 are less and almost flat as compared

Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Kushibiki et al. 4401

3323.0 ¢ shape. As we can similarly explain the velocity profiles for
33925F P J4s6s lines 3 and 4, the interface shape is supposed to be convex
asonof Sample3 during the Whgle time of growing crys'FaI-3 with the starting
onahedp e 3 4866 melt composition of 49.0 LD mol %. Similarly, we can de-
33215} duce from the velocity variations in Fig. 9 that, for crystal 1
sa10f v 2] 48.64 with a starting melt composition of 48.0 4O mol %, the
_ ¥ ! _ crystal-melt interface shape was also convex toward the melt
£ sasol {4854 2 during the growth, but the degree of convexity at the inter-
> E Samplo2 § face depends upon the specimens and the pgsﬂpns because
g3317.5- e ‘ . 1%z of the different velocity distributions shown in Fig. 9. In
§ 3317.0L m 3| 48_50% crystr_:tl growth py thg CZ technique, the shape of thg crystal-
= ast65h 2 | 3 melt mterfacg is mainly affected by the crystal rota-tlon rate
= ’ 1 48.48 O and crystal diameter, and crystals must be grown with a con-
- = i - vex interface formed at a crystal rotation rate below the criti-
33135 Samplel 1 cal value, associated with a balance of natural and forced
3313.0 " P 1 48.38 convection in melt*#? Although the rotation rates of
3312.5 148.38 samples 1, 2, and 3 are the same as shown in Table I, the
‘ ] degree of convexity in the crystal-melt interface is different.
3312.0 H48.34 This is caused primarily by the different melt compositions.
33115 . Lo For sample C shown in Fig.(8), some interesting
-0 25 0 25 50 changes in the velocity profiles with rather complex shapes
POSITION {mm can be seen. The LSAW velocity profiles measured along
33185 I lines _2, 3 a_nd _4 remgrkably differ from eac_h _other. The
g () Sample C 854 ® velocity distribution of line 2 has the large variations, espe-
= 3318.0 P | g cially around the positions-25 to +10 mm; that of line 3 is
'6 33175 ' 48.52 E almost flat; and that qf line 4 shoyvs that thg velocities gradu-
9 ‘ ] w ally decrease to the right-hand side. The differences between
L3370 48.50 Z the measured values and the approximated curves are within
2 33165 8 —0.27 to+0.13 m/s, which is greater thah0.1 m/s for line
RN SO . 14848 = 1. It should be understood that there are not only relatively
50 25 0 25 50 smooth composition variations as presented by the approxi-

POSITION [mm] mated curves, but also abrupt variations along the diameter
_ o _ o _ direction, and that there are higher,Qi concentrations, es-
FIG. 9. LSAW velocity variations along diameter directions I0-LiTa0s; — naciglly in the lower parts of the whole crystal. Considering
specimens with different compositions. Solid lines indicate measured val? .
ues: dotted lines, approximated curves. that the measurements for lines 1-4 were performed at the
same frequency on the same substrate surface, polished uni-
formly enough, and along the same wave propagation direc-
hj[ion, the relatively greater velocity variations than the mea-

nique a crystal is grown by rotating it and pulling it from the surement resolution of 0.07 m/s should be interpreted here to

melt, it can be expected that the chemical Compositiorpe dug .to the chemical composition variations as a function
changes during growth and the corresponding velocity varia®f Position, rather than problems such as surface damage
tions exhibit nearly symmetrical distributions with respect tointroduced by the slicing and polishing processes. The
the position of 0 mm. However, we can see some asymmet-SAW velocities in lines 2—4 obtained for sample C are
ric velocity variations for line 4 of sample 3 in Fig. 9. We significantly different from those for sample 2, which has a
suppose that those velocity variations reflect the shape of thHéhemical composition close to the congruent composition.
crystal-melt interface during the growth. Those slight velocity and profile changes might be evidence
We will now try to explain the process using the concavethat some serious variations of the crystal-growth conditions
velocity distribution for line 2 of sample 3. We can assume,occurred at the beginning. Further investigation is needed to
according to the literaturé;?® that the crystal-melt interface confirm this.
shape was convex toward the melt just before crystal 3 at thg  ihers
position of line 2 was grown. The part that is first grown on
line 2 is around the center of the crystal, near 0 mm; outer For sample C, the chemical composition distributions
parts are gradually grown after that. Considering that theestimated from the velocity distributions measured for lines
Li,O content in the melt gradually increases during thel—4 are shown in Table V. The chemical composition
growth of sample 3 as described above, it can be deduceghanges along the diameter direction of the crystal are esti-
that the L,O content in the melt becomes greater for themated to be 0.011 LO mol % for line 2, 0.012 LiO mol %
growth at the outer parts, so that the velocity variations meafor line 3, and 0.010 O mol % for line 4. These values are
sured on line 2 are greater at the outer parts with a concavess than the compositional distribution of 0.017%Qmol %

with the other two samples. Considering that in the CZ tec
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TABLE V. Estimated variations of chemical and physical properties along the pullindlaasl in Fig. 4c)]
and diameter directiondines 2, 3, and 4 in Fig @)] for crystal C.

Lattice constant

LSAW Li,O Curie

Line velocity content  temperature Density a c
No. (m/s) (mol %) (°C) (kg/im®) (107 A)  (107% A)
1 0.54 0.017 0.68 0.34 2.7 6.8
Maximum 2 0.35 0.011 0.44 0.22 1.8 4.4
difference 3 0.38 0.012 0.48 0.24 1.9 4.8
4 0.31 0.010 0.39 0.19 1.6 3.9
All lines 0.82 0.026 1.03 0.51 4.1 10.3

in the pulling-axis directior(line 1). The slight LSAW ve- V. CONCLUSION
locity increase from the top to the bottom in Fig. 7 is quite
similar to the measurements for LiTa@rystals pulled along This study has applied the LFB-UMC system, which en-
the X axis and the 36°-rotated-axis for SAW-device usé®  ables us to measure LSAW velocity very stably and accu-
These results for the four crystals suggest that the congruerately, to obtain basic data, and an experimental procedure
composition to give a flat LSAW velocity distribution, which for evaluating the homogeneity of LiTa@rystals for optical
corresponds essentially to chemical composition homogenetse and for establishing the proper crystal-growth conditions.
ity in the grown crystal, might contain slightly less,0, For this purpose, we prepared three Likasingle crystals
about 48.48 mol %, as the starting material under the sameith different melt compositions of 48.0, 48.5, and 49.0
growth conditions. Alternatively, the results may suggest that.i,O mol% and one commercially available optical-grade
such subtle chemical variations may be associated with somaystal, all of which were pulled along the crystallograp¥iic
special difficulties in the crystal-growth conditions of the CZ axis.
technique, especially for congruent LiTa®hich has a very Using X-, Y-, and Z-cut specimens prepared from each
high melting point of about 1620 °C. In any case, it is of crystal, LSAW velocities were measured and related to the
great interest that the causes for the results shown in Figs. ather chemical and physical properties of chemical compo-
and 9 might be related to the convection of the melt, thesitions, Curie temperatures, densities, and lattice constants.
temperature and mechanical variations in the growing systhe chemical composition of the commercial crystal was
tem, the shape of the crystal-melt interface during theestimated to be around 48.52,0imol %. It was shown that
growth, and other problems. However, further investigationsas the LyO content increases around the congruent compo-
into this anomaly are required. sition, the LSAW velocities increase linearly for all the
The corresponding variations in Curie temperature, denspecimen surfaces and all the propagation directions, and
sity, and lattice constant are presented in Table V. Theithat theY-axis propagation on th&-cut crystalline plane is
maximum deviations along the pulling axis are 0.017 mol %suitable for crystal characterization because it has the highest
in Li,O concentration, 0.68°C in Curie temperature, 0.34velocity change rate.
kg/m® in density, 2.% 10 ° A in lattice constang, and 6.8 With the calibration lines between the LSAW velocities
X 107° A in lattice constant. For the whole examined area, and the other chemical and physical properties, the LFB-
the maximum variations are 0.026 mol % inQiconcentra- UMC system was applied to evaluate homogeneities of four
tion, 0.51 kg/ni in density, and 1.03 °C in Curie temperature. Z-cut specimens of the above three crystals and one commer-
According to Atuchin’ this Curie temperature change corre- cial crystal. Different composition variations from the crystal
sponds to 5.810 ° in the ordinary refractive index, and top to the bottom were observed along the pulling-axis di-
1.2x10 4 in the extraordinary refractive index. To improve rection, depending upon the melt compositions. Change rates
the inhomogeneity, it is necessary to detect such subtlerere —0.7x 10 2 Li,O mol %/mm for the 48.0 1O mol %
chemical variations and to feed the information back to themelt composition, +0.2x10°2 Li,Omol %/mm
growth conditions. However, such requirements are not safor the 48.5 L)Omol% melt composition, +1.0
isfied by conventional analytical methods such as ICP-AES<10 3 Li,Omol%/mm for the 49.0 LOmol% melt
and XRF analyses, which cannot detect a difference ofomposition, and +0.2x10 % Li,O mol%/mm for the
0.3 Li,O mol % in chemical composition between samples 1commercial crystal. To grow homogeneous crystals in the
and 3, as shown in sec. Il B. The variations in the above alsgulling direction, the melt composition should thus be
cannot be detected by the DTA method with a measuremerhanged to around 48.48 40 mol % under the same growth
resolution of+0.8 °C or by the prism-coupler method with a conditions for other parameters. Along the diameter direc-
resolution of =2x 10" * for the refractive index® In con-  tion, the velocity profiles varied clearly with the melt com-
trast, this ultrasonic analytical method of measuring LSAWpositions: convex for the 48.0 }® mol% melt composi-
velocities has the major advantages of extremely high meaion, concave for the 49.0 D mol% melt composition,
surement sensitivity and resolution as given in Table IV;and almost flat for the 48.5 L mol % melt composition
nondestructive and noncontacting evaluation; and very fasind commercial one which were close to the congruent com-
evaluation. position. For the commercial crystal, a slight but significant

Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Kushibiki et al. 4403

velocity distribution was observed. This might suggest some'A. A. Ballman, J. Am. Ceram. Sod8, 112 (1965.
serious variations of the growth conditions while the crystal °R. L. Barns and J. R. Carruthers, J. Appl. Crystall@r395(1970.

; ; ; i ; 3S. Miyazawa and H. Iwasaki, J. Cryst. Growth, 276 (1971).
was growing. In this study, we succeeded in giving detaﬂedAC b Brandie and b. © M_”' 3 ot G wﬁwzs 432(1974
. . _ . iy . D. brandle an . C. Miller, J. Cryst. Gro 3 .
interpretations of th.e. crystal-growth proces_s.es with the dif °T. Fukuda, S. Matsumura, H. Hirano, and T. lto, J. Cryst. Gro#ghl79
ferent melt compositions, such as composition changes and;ggy).
crystal-melt interface shape during the growth, by measuringT. Yyamada, N. Niizeki, and H. Toyoda, Jpn. J. Appl. PI§s298(1968.
the LSAW velocities along the pulling-axis and diameter di- “V. V. Atuchin, Opt. Spectros®7, 771(1989.
rections. The homogeneities of the commercial crystal were’M. Sato, A. Iwata, J. Yamada, M. Hikita, and Y. Furukawa, Jpn. J. Appl.
evaluated, and the compositional variations for the whole PhYs- Part 28, 111(1989.

. . o . ®S. C. Abrahams and J. L. Bernstein, J. Phys. Chem. S@8is1685
examined region (80 mm60 mm) exhibited a maximum de- (1967) Y =

viation of 0-026_ _L§O mol %. o 103, Yasuami and T. Fukuda, J. Cryst. Grovéth 570 (1982.

The capability to evaluate the local density is very . Kushibiki and N. Chubachi, IEEE Trans. Sonics Ultrass-32 189
unique, and such an evaluation is impossible by any othelr2(1985-
technique. This ultrasonic method should be adopted as an(]i;%gampbe” and W. R. Jones, IEEE Trans. Sonics UltrdS0rL7, 71
a.n.alytlcal technique for establishing th.e CryStaI_grOWth COMvsy Kushibiki, H. Takahashi, T. Kobayashi, and N. Chubachi, Appl. Phys.
ditions and processes, and for selecting and evaluating the, . sg go3 (1991,
wafers. Furthermore, it might provide solutions for other un-14;. kyshibiki, H. Takahashi, T. Kobayashi, and N. Chubachi, Appl. Phys.
resolved scientific and industrial material problems related Lett. 58, 2622(1992).
not 0n|y to ferroelectric materials such as |_|T3'i@nd 153, Kushibiki, H. Ishiji, T. Kobayashi, N. Chubachi, I. Sahashi, and T.

LiNbOs, but also to other materials such as n0npiezoelectrigeﬁaiamh"’_‘:)"’_‘lv(_'ETEiT{)a”& ;’_'”lis‘l’”ﬁfe”Ode'ECtghFrsq-ﬁoﬁmﬁ?’ghggs-l_ .
crystals and isotropic glasses. - RUSNIDIG, 7. Kobayashi, 1. Ishii, and 1. &hubachi, Appl. Fhys. Letl

61, 2164(1992.

17\W. Kroebel and K. H. Mahrt, Acustica5, 154 (1976.
ACKNOWLEDGMENTS 18], Kushibiki and Y. Onqunpublished

19 .
J. Kushibiki and M. Arakawa, |IEEE Trans. Ultrason. Ferroelectr. Freq.
The authors are very grateful to T. Sasamata and |. Sa- Control 45, 421 (1998.

hashi, Yamaju Ceramics Co., for growing the LiTaéingle 20y | pond, Acta Crystallogri3, 814 (1960.
crystals and measuring the Curie temperatures; Y. OkadalJ. Kushibiki, J. Hirohashi, and M. Arakaw@npublished
Kougakugiken Co., Ltd., for preparing the specimens; and K?’H. A. Bowman and R. M. Schoonover, J. Res. Natl. Bur. Stand., Sect. C
Takada and M. Ishiguro, Institute of Materials Research, To 71 179(1967. ,
hoku University, for analyzing the chemical compositions by,, < Yamanouchi and K. Shibayama, J. Appl. PhS, 856 (1972.
ICP-AES. This work was supported in part by a Research S: Matsumura, J. Cryst. Grows, 41 (1983.

=9 S Supp part by ¢ 5J. Trauth and B. C. Grabmaier, J. Cryst. Growtt, 451 (1991).
Grant-in-Aid from the Ministry of Education, Science and 253 kyshibiki, Y. Ono, and I. Takanaga, IEICE Trans. Electra2-C-I,
Culture of Japan. 715(1999.

Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp



