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ABSTRACT
The reproducibility of successive growth of Bi12T1020 (BTO) single crystals using a top-seeded
solution growth (TSSG) pulling method was evaluated by measuring the lattice constants and their
standard deviations. A substantial phase diagram in the region close to the stoichiometric BTO was
established experimentally for this purpose, and the existence of a retrograde solid solution close to a
BTO was clarified. It was emphasize that a starting solution, with a 10.0~10.1 mol% TiO,
concentration, results in large single crystals with a highly homogeneous lattice constant of within +
1X10~4 A, when the solidified fraction of the grown crystal is less than about 45%.
A wavelength dispersion of refractive index was measured for the first time, and it was verified that

the refractive index of BTO is larger than that of BSO (Bi;,S5i0,), allowing the voltage sensitivity of

EOS higher than the case with BSO as a probe head.
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1. Introduction

A high-impedance electro-optic sampling (EOS) prober has already become a standard tool in

measuring the ultrafast electrical signals in printed circuits and multi-chip modules now being applied

to mobile communications and data transmission!?.  More recently, a novel handy-type, high-
impedance probing system consisting of an electro-optic Bi;,SiO,, (BSO) crystal was developed for
measuring multi-GHz signals?.

However, its voltage sensitivity must be further improved in practices. The shot-noise-limited

expression for the minimum detectable voltage V., in the EOS technique?) is expressed as

n
Vinin, =4V, /7 - \/—q/iavg ’ ¢y
where V_ is the half-wave voltage of the electo-optic crystal, q is electron charge, and iavg is the

average photocurrent of the system's photodetector. Because V. is inversely proportional to n3r,

the product of electro-optic constant r and refractive index n, the sensitivity can be increased by using

an electro-optic crystal with a larger r,; and n than those of a BSO crystal.

Then, we turned our attention to Bi;,TiO,, (BTO) single crystals for use in an EOS probe head,
because they have the largest electro-optic constants ry; among sillenites so far reported?d), although
the precise value of their refractive index is unknown.

According to the phase diagrarh of the Bi,03<TiO, binary system reported by Bruton®), BTO melts
incongruently at 873~875°C, decomposing into liquid and BisTizO,, associated with a peritectic

reaction and the single phase BTO does not have any solid solution. . Therefore, BTO single crystals

are usually grown using the top-seeded solution growth (TSSG) pulling method from Bi,O;—rich

solutions of less than about 12 mol% TiO,, far from the stoichiometric BTO (14.285 mol% TiO,

composition) 6:7:8:9.10) However, a standard method for growing BTO single crystals has not yet

been established.
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This paper primarily discusses a phase relation in a BiyO;—rich region from the stoichiometric
composition and BTO single crystal growth using the TSSG method based on a substantial phase
diagram.  The phase diagram reported earlier” was renewed experimentally.  Moreover, a

wavelength dispersion of the refractive index was measured for the first time and a sensitivity
improvement in the EOS system, using a BTO crystal, is discussed briefly in comparison with the

case of a BSO.

>2. Experimental

Ultra-high purity raw materials of Bi,O3 (99.9995%) and TiO, (99.995%) were used throughout
this work. In drawing a substantial phase diagram close to the stoichiometric BTO (14.28; mol%
TiO,), a differential thermal analysis (DTA) of binary compounds with different TiO, concentrations

close to the stoichiometric composition was carried out in order to reexamine the peritectic reaction
and eutectic temperatures.  Heating and cooling rates were 1°C/min.  To clarify the peritectic
composition experimentally, TSSG pulling was cafn’ed out with solutions that varied between 10.25
and 11.25 mol% TiO,.

To examine the existence of a solid solution range close to the stoichiometric BTO phase, mixed
binary compounds with 13.3~14.7 mol% TiO, were calcined at 830%5°C for 20 hr in air, and the
lattice constants of the BTO phase in each ceramic were evaluated. The calcination temperature of the
ceramics was very close to the determined eutectic temperature described hereafter, resulting in
sufficient precipitation of the BTO phase. They were analyzed by X-ray powder diffractometry
~ using K « ; at room temperature with Si powder as a reference and were calculated by means of the -
Nelson-Riley approximation method using all peaks indexed to the cubic sillenite BTO. The
measurements were carried out more than 3 times for each compound, and measurement accuracy
was estimated to be less than 1x1074 A .

Single crystals of BTO were grown using a TSSG technique from off-stoichiometric solutions

with starting compositions of 4.0, 5.0, 6.5, 8.0, 9.0, and 10.25 mol%
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TiO,. Growth apparatus has already been reported elsewhere?), and only the essential growth

conditions are briefly given here: ~0.25 mm/hr pulling rate, 35~45 rpm crystal rotation rate, oxygen
atmosphere (about 2 //min flow) during the pulling, and about 350 gr total amount charged in a 40 cc
Pt crucible. In this study, the pulling axis was fixed to the [100] direction. Three to five single
crystals, typically 15~20 mm in diameter and about 25 mm in length, typically weighing about ~40
gr, were grown in succession from one starting solution. For successive growth from the initial
solution, calcined stoichiometric BTO ceramics, equal in weight to that of the previously grown
crystal, were added to the residual solution. The grown crystals were also characterized by their
lattice constants estimated with X-ray powder diffractometry and the Nelson-Riley approximation
method in the same manner. Samples were prepared from the first crystallized part immediately
below the seed crystal. Further growth experiments of relatively long single crystals were carried out

with 9.0 and 10.0 mol% TiO, solutions to examine the change in lattice constants along the crystal.

The change is discussed using the substantial phase diagram renewed here.
An accurate refractive index of a BTO has not been reported so far, so the wavelength dispersion of

the refractive index was measured by means of the minimum deviation method using a prism.

3. Results and discussion

3.1 Phase diagram
Figure 1(a) shows the substantial phase diagram drawn by the expgrimental results described

below.  On DTA curves of ceramics with different mol% TiO,, strong exothermic and endothermic

peaks were obtained, while peaks corresponding to the liquidus line were weak.” In Fig.1(a), the
peritectic and eutectic reaction temperatures observed on heating and cooling curves were plotted

against different TiO, concentrations. The eutectic and the peritectic temperatures were determined to

be 823+3°C and 85527, respectively.  Surprisingly, the temperatures corresponding to the
eutectic reaction were higher and the temperatures corresponding to the peritectic reaction were lower

than those reported by Bruton) as shown in Fig.1(b).
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Hereafter, we focus on a TiO,-poorer region than the stoichiometric BTO, because the single

crystals are grown only from hypo-peritectic solutions using the TSSG pulling.  According to

Bruton's phase diagram shown in Fig.1(b), starting solutions with a TiO, concentration of lower than

the peritectic composition (~12 mol%) provide the BTO single phase. Since clear peaks
corresponding to the liquidus temperature close to the peritectic composition could not be obtained on
DTA curves, TSSG pulling was carried out with 10.25 to 11.25 mol% TiO, solutions in order to
verify the peritectic composition. Polycrystalline boules consisting of Bi,O3, BTO and BiyTi30y5
were obtained from 11.00 and 11.25 mol% TiO, solutions, while single phase BTO crystals were
obtained from 10.25 and 10.50 mol% TiO, solutions. As shown in Fig.2(a), the boule grown from
a 10.75 mol% TiO, solution indicated by the arrow in Fig.1(a) looked polycrystalline (dominantly
Bi,Tiz0O;,), but the inside more than 95% of the lower half part shown in (b) was recognized to be a
monocrystalline BTO phase with a lattice constant of 10.17439A. This means that the first

crystallized part beneath the seed crystal was of the lamellae-type Bi, Ti;O;, phase and the BTO single

phase crystallization after the while resulted from a gradual change in solution composition passing
the peritectic composition along the liquidus curve. Therefore, we emphasize that the substantial

peritectic composition must lie close to a 10.75 mol% TiO, concentration or less to some degree.

3.2 Lattice constant of the Bi;,TiO,, phase in ceramics

Figure 3 shows the lattice constants of the BTO phase in the calcined ceramics as a function of
TiO, concentration in nominal mol%, redrawn from our early work!D).,  The measurements were-
carried out more than 3 times for each sample. X-ray diffraction patterns of samples with a TiO, of
less than the stoichiometric 14.28, mol% TiO, (hypo-peritectic region) showed the existence of « -
Bi,O5 phase, while those of the samples exceeding 14.285 mol% TiO, (hyper-peritectic region)

included relatively small signals of Bi;Ti;0;,. As TiO, concentration increased from 13.3 mol%,
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the lattice constant decreased monotonously and seemed to reach a minimum at around 13.80~13.85

mol% TiO,. From this minimum, the lattice constant increased rapidly to about a maximum value at
around 14.2 mol% TiO, and again decreased for 14.7 mol% TiO, through the stoichiometric
composition (14.28, mol% TiO,). This strongly indicates the existence of a non-stoichiometric solid

solution range. Besides, we noticed that the lattice constant of the stoichiometric compound was

necessarily smaller that that of the BTO phase in the 14.2 mol% TiO, compound. Such a non-linear
relationship between the solution composition and the lattice constant of crystals was also discussed
in Bi;,S8i0, (BSO)!2, where the composition of a crystal grown from x~11.6 melt composition in
the formula of Bi, SiO, s, ,, showed the minimum13),

It can be readily supposed that there exists a solid solution in the hypo-peritectic region. Bruton's
phase diagram (shown in Fig.1(b)) indicates that a BTO crystallizes as the primary phase from a

Bi,O;-rich solution in the hypo-peritectic region and the crystal composition is independent of the

solution compositions. However, a rapid increase of lattice constants in the hypo-peritectic region
suggests that the stoichiometry of the primarily crystallized BTO must be influenced by a starting
solution composition. Figure 4(a) shows the calculated lattice constants of BTO single crystals

grown in succession from each starting solution of 4.0, 5.0, 6.5, 8.0, 9.0 and 10.25 mol% TiO,,
where one point data of the crystals grown from 10.10 and 10.75 mol% TiO, (see Section 3.1)
solutions are added. The Jlattice cbnstant decreased monotonously with an increased TiO,
concentration, but those of crystals grown from a 9.0 mol% TiO, solution show the minimum.
Noticeably, the lattice constants of crystals grown from 8.0 and 10.25 mol% TiO, solutions are larger
than that grown from a 9.0 mol% TiO, solution and are almost the same. This means that the crystal
compositions grown from 8 and 10.25 mol% TiO, solutions must be very close to each other, and

this strongly suggests that a solidus curve must be retrograde, regardless of point defects such as

BiTi3+—antisites 14)| vacancies and/or oxygen deficiency.
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3.3 Retrograde phase relation of the solid solution

The standard deviation of calculated lattice constants of the single crystals grown from each solution
was taken into account in drawing the solidus line of a solid solution.  This is because the
composition of the primarily crystallized phase corresponds predominantly to the solidus line in phase

equilibrium. As shown in Fig.4(b), the deviation of lattice constants of the crystals grown from the
9.0 mol% TiO, solution showed a minimum value of 2.67x10_5 A. This means that the
corresponding solidus line changes its slope (dT/dCs, where T is the temperature and Cs is the TiO,

concentration) from a positive to a negative one. On the other hand, the lattice constant deviation of
other crystals became larger to some degree, which implies a gentle slope of the solidus line,

especially that from a 10.25 mol% TiO, is relatively large. Therefore, it can be said that the crystal
composition grown from a 9.0 mol% TiO, solution must correspond to the turning point of a

retrograde solidus curve, even when the starting solution composition changes to some degree by the
successive adding of a stoichiometric compound equal in weight to that of the previously grown
crystal. This proves the minimum deviation of lattice constants of the crystals grown from the 9.0

mol% TiO, solution.

Together with experimental results and the expected considerations described above, it is possible to
draw the relevant part of the phase diagram in the hypo-peritectic region close to the stoichiometric

composition of a BTO (14.284 mol% TiO,). Figure 5 shows arenewed, substantial phase diagram

with a plausible rétrograde solid solution close to the stoichiometric BTO. We can consider that the. 5.

turning point of the retrograde solidus curve lies around 13.80~13.85 mol% TiO,, because the
minimum value in-Fig.3 lies around 13.80~13.85 mol% TiO,. This retrograde characteristic can

explain qualitatively the lattice constant variation shown in Fig.3, and is very similar to that in the

solid solution regime of congruently melting BiIZSiOzou), and will be clarified in Chapter 4.

As is expected from Figs.4 and 5, we can clearly understand that the standard deviation of the lattice

constants of crystals grown from a 9.0 mol% TiO, solution had the lowest (2.67x1075 A ), while
those grown from lower TiO, mol% solutions were larger than 5x10~ 5 A. This means that a very
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high reproducibility of the crystal composition from the 9 mol% TiO, solution is to be expected. We

achieved reproducible growth of high quality BTO single crystals (relatively ﬂxe same lattice constant)

by adding stoichiometric ceramics equal in weight to that of the previously grown crystall®,

4. Growth of long single crystals

As was discussed in Section 3.3, an about 9.0 mol% TiO, solution was determined to be the best
starting solution for the reproducible growth of relatively small single crystals, resulting in almost the
same lattice constant. In the case of TSSG pulling, the starting solution composition changes
gradually along the liquidus line as a crystal grows up. Then, the variation of the lattice constant
along the crystal length was investigated by growing long single crystals.

First, an about 55 mm long and 147.7 gr weighed single crystal was grown from a fresh 9.0 mol%

TiO, solution, as shown in Fig.6.  Lattice constants at the top and bottom were measured to be
10.1738, and 10.1747A, respectively. The latice constant of the primarily crystallized top
cofresponds well to that of crystals grown from the 9.0 mol% TiO, solution and that of the bottom is
close to that of a crystal grown from a 6.7 mol% TiO, solution, as is deduced from Fig.4(a). This
tendency accords fairly well with the retrograde solidus curve; the TiO, concentration in the solution
becomes gradiially poorer along the liquidus line as the crystal grows up, and the corresponding TiO,

concentration in the crystal becomes richer along the solidus line, resulting in an increase in the lattice
constant, as shown in Fig. 4(a).

Second, an about 53 mm long and 123.9 gr.weighed single crystal was grown from a 10.0 mol%
solution. Figure 7 shows the as-grown crystal, where the lattice constants of @ the first crystallized
part, @ the upper part of the boulé, @ the lower part of the boule, and @ the bottom part were

evaluated to be 10.17414, 10.1739j, 10.17455, and 10.17525[\, respectively.  This change in

lattice constants along the growth axis follows the retrograde solidus line shown in Fig.5 reasonably

well. The lattice constants of the parts

9.
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D, ®, @, and @ correspond to crystals grown from 10.00~10.1 mol%, ~9.8 or 8.6 mol%, ~7.1
mol%, and ~6.1 mol% TiO, solutions, respectively, as are deduced from Fig.4(a).
The single crystal grown from the 9.0 mol% TiO, solution had a solidified fraction of 65.8%, since

a total amount of solution charged into a crucible was 373.72 gr from which a BTO crystallizes 224.3

gr in weight. On the other hand, the crystal grown from the 10.0 mol% TiO, solution had a

solidified fraction of 49.7%, since the total amount of solution was 370.4 gr from which a BTO
crystallizes 249.2 gr in weight. In referring to Fig. 4, single crystals grown from solutions with

TiO, concentrations of between ~7.5 and ~10.0 mol% have a lattice constant deviation of less than
~1.0X10~4A. Consequently, it can be said that a starting solution with a 10.0~10.10 mol% TiO,

is very practical for growing relatively homogeneous single crystals whose lattice constants are within
+1x10~4 A over the whole crystal boule, as indicated by the shadow bar in Fig.5, when a solidified

fraction is at least less than 45% for this purpose.

5. Refractive index measurement

Figure 8 shows wavelength dispersion of the refractive index of the thus grown crystals. ‘This is
the first result on the refractive index of a BTO single crystal. The dispersion fits well with the single

—term Sellmeier's relation

Yy
w

n2—1=S,4 2/ 11— (A ¢ 2)?, 1)

where S is the average oscillator strength, and A (is the average oscillator position. Using a

straight—forward approximation, Sy and A, were determined to be 94.1265 and 0.227135;

respectively. We can then express Eq.(1) as

n?2—1 = 4.8560,,[1—(0.22714/ A )?]. @

As far as we know, this is the first report of the wavelength dependence of the refractive index of a

BTO single crystal. The value is larger than that of a BSO!9), and then the product n3r41 (A=6.328

-10-



TSSG-pulling of sillenite Bi;zTiO» for EOS application 237

nm) of a BTO was estimated to be more than 1.3 times that of a BSO, although the wavelength
dependence of the electro-optic constant is unknown. Knowing the correct refractive index is very
important because of its use in preparing anti-reflection coating and high-reflective coating mirrors on

either end of an EOS chip.

The voltage sensitivity was measured with a 1 V, 100 MHz sinusoidal signal on a standard micro-
strip line, and a handy-type EOS system with a probe head made of a BTO crystal has 1.5 times
higher voltage sensitivity than one made with a BSO crystal® 17, Figure 9 shows the measured

result illustrating an improvement in voltage sensitivity of more than 1.5 times higher than that of a

BSO head with precise manipulation. Since the shot-noise-limited expression for a minimum
detectable voltage V, ;.. is given by Eq.(1) where V is inversely proportional to n3r, the increase in
sensitivity can be analyzed semi-quantitatively as follows, even though there is a lack of accurate
values; 149 of a BTOis 1.15~1.4 times larger®, n is about 1.04 times and e is about 0.8 times larger

than those of a BSO, that yields at leasta ~1.5 times larger n3r41/ ¢ than that of aBSO. So, al.5

times improvement in voltage sensitivity shown in Fig.9 is reasonable. In this advanced and

practical system, the use of a BTO crystal as a probe head was one of the key issues inevitable for
improvement of voltage sensitivitylg). So the reproducible growth of the single crystal described in
this paper is very effective for practicaluses as an EOS probe head, and is also very useful in

photorefractive applications.

7. Summary
For practical application of a sillenite Bi;,TiO,q (BTO) crystal to a handy-type, high-impedance
electro-optic sampling probe system, we renewed the phase diagram of the hypo-eutectic Bi,O3-TiO,

region and characterized BTO single crystals by measuring the lattice constants of crystals grown

from hypo-peritectic solutions by using the TSSG method. This study strongly proved the existence
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of a solid solution region with a retrograde solidus curve whose turning point lies around 13.80~

13.85 mol% TiO,, corresponding to an about 9.0 mol% TiO, solution. From a 9.0 mol% TiO,

solution, BTO single crystals with a minimum lattice constant deviation of less than 3x1073 A could

be reproducibly grown. A starting solution with a 10.0~10.1 mol% TiO, concentration and the

solidified fraction of the crystal of less than about 45% will result in a relatively homogeneous single
crystal whose lattice constant deviation is less than 1x1074A.

The wavelength dispersion of the refractive index was measured for the first time, and the product
n3r of a BTO was estimated to be about 1.3 times larger than that of BSO. The improvement in
voltage sensitivity in the handy-type EOS system by replacing a BSO with a BTO for a probe head
was basically associated with this increase in nr/e.

This paper presented the first experimental results showing the existence of a retrograde solid

solution of incongruently melting BTO, which is representative of the peritectic decomposition binary

system. Because the stoichiometry of these crystals should be poorer in TiO, concentration than in

 stoichiometric BTO ones, we are now investigating the crystal chemistry of off-stoichiometric BTO

single crystals grown from different starting solutions.
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Figure captions

Figure 1 (2) Substantial phase diagram based on DTA and crystal growth experiments. A
crystal boule grown from the solution (10.75 mol%), indicated by the arrow, contained
Bi,Ti3O;, phase and Bi;,TiO,, single crystal (see text and Fig.2), and (b) the phase
diagram reported by Bruton®).

Figure 2 (a) A picture of a boule grown from the 10.75 mol% TiO, solution, and (b) the inner

part of the lower half part of the boule showing single crystalline BTO blocks.

Figure 3 Lattice constant variation of the BTO phase in calcined ceramics as a function of TiO,
nominal concentration.
Figure 4 (a) Lattice constant of single crystals against TiO, concentration in solution. Each

crystal was grown from a solution by adding a stoichiometric BTO ceramic equal in
weight to that of the previously grown crystal, and (b) standard deviation of lattice

constants of single crystals against a TiO, mol% in solution. The shaded bar indicates

usable solutions for obtaining homogeneous crystals (see text).

Figure 5 Substantial Bi,O;—TiO, binary phase relation in the hypo-peritectic region of a
BTO. From the solutions of 10.10~8.0 mol% TiO,, the crystal composition lies in the
-shaded area, 13.85£0.05 mol% TiO, .
F?gure 6 Long singl; crystal (right) and a typical crystal (left) grown from a 9.0 mol% TiO,
solution.
Figure 7 Long single crystal grown from a 10.0 mol% TiO, solution from which lattice

constants at D, @, @, and @ were measured (see text).
Figure 8 Wavelength dispersion of the refractive index of reproducibly grown BTO crystals.,
Figure 9 The improvement of voltage sensitivity usinf‘; a BTO crystal head, as compared with

the case using a BSO1®),
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