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Single crystals of Bi;,Si0,( were grown from the melt by the Czochralski tech-
nique. The critical crystal diameter d, = 10 mm and the critical rate of rotation @, = 20
rpm were calculated by equations from the hydrodynamics of a melt. The rate of crystal
growth was experimentally obtained to be 5 mm/h. The crystal growth was in the [ 111]
direction. The lattice parameter a = 1.0096 nm was determined by X-ray powder diffrac-
tion. The reflectance spectra were recorded in the wave numbers range 20-5000 cm™! at
different temperatures. For all the recorded spectra the values of the vibrational TO and
LO modes were found using the Kramers-Kronig analysis (KKA). Twentyfive TO and
LO modes were found at 70 K, and eighteen at 295 K. The obtained results are discussed
and compared with published data.

Keywords: bismuth silicon oxide single crystals, Czochralski technique, critical diame-
ter, critical rate of rotation, optical properties.

INTRODUCTION

Crystals with the nominal chemical formula of Bij,MO»(, where M is Si, Ti, Ge,
Mn or some other four-valente ion, or a combination of two ions are known as sillenites.
Lars Gunar Sillen uncovered Bi1,Si05¢1941, in Durango, Mexico and latter the whole
group were named after him. All compounds with the BijoMO» structure crystallize in
the cubic system with 123 space group.!

Bismuth silicon oxide (BSO), due to its photoconductive and electro-optical proper-
ties, has found application in a number of technologically important optical devices. It dem-
onstrated unique properties for use in Pockels Readout Optical Memories (PROM).2 As the
material with the highest known photorefractive sensitivity, it has found application in
read-write volume holographic storage with an associated high-quality image reconstruc-
tion,3 real-time interferometry, image amplification,> etc. Bij»SiOy also belongs to the
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family of isomorphic compounds that could find broad application in integrated optics.®
These applications demand the most stringent requirements on the optical quality of the ma-
terial, including refractive index homogeneity,’ uniformity of the optical density and free-
dom from light scattering defects such as inclusions. Bij»SiO» crystal are produced mainly
by the Czochralski technique,8-12 but recently also by the Bridgman method.!3 However,
intrinsic defects such as core, striations and inclusions appear during crystal growth, de-
grading their optical quality and, thus, requiring a means for their elimination. The aim of
the research presented here was to obtain high quality single crystals and determine their op-
tical properties.

EXPERIMENTAL

Bi1,S105 single crystal were grown by the Czochralski technique using a MSR 2 crystal
puller controlled by a Eurotherm. The temperature fluctuations were typically lower than 0.2 °C. The
crystal diameter was set and automatically kept constant by an additional weighing assembly that
continuously monitored the crucible weight. The absolute value of the deviation from the given diam-
eter was below 0.1 mm. The melt was contained in a platinum crucible (& 4 cm, 4 cm depth), which
was placed in an alumina vessel on zircon-oxide wool. The whole system forms a kind of protection
against excessive radiative heat loss. To reduce thermal gradients in the crystal and the melt, a cylin-
drical silica glass afterheater was installed around the system with the crucible.!4 The crystals were
grown in an air atmosphere. An iridium wire was used as the crystal seed for the first experiment. A
seed cut from the produced. Bij2SiOg crystals was used for the next crystals.

All crystals were grown from synthesized BipO3 and SiO;. The starting materials were mixed
together in the stoichiometric ratio (6:1), or 14.28 mol % SiO;. Various pull rates were examined and
the best results were obtained using pull rates in the range 5—6 mm/h. The rate of crystal rotation was
calculated to be 20 rpm. The crucible was not rotated during the growth. After the growth run, the
crystal boule was cooled at a rate of about 50 °C/h down to room temperature.

All the obtained crystal plates were checked in polarized light to reveal strains.

The chemical compositions of the products were determined by the XRD powder technique. All
samples were examined under the same conditions, using a Philips PW 1729 X-ray generator, a Philips
1710 diffractometer and the original APD software. The radiation source was an X-ray LLF tube with
copper radiation and a graphite monochromator. The radiation was ACuKo; = 0.15405 nm. The anode
tube load was 40 kV and 30 mA. Slits of 1.0 and 0.1 mm were fixed. The samples were pressed into stan-
dard aluminium frames and measured in the 20 range from 4° to 100°. Each 1/50° (0.02°) was measured for
0.5 s. The MPDS program and JCPDS (ASTM) card files were used for product identification.

The infrared spectra were recorded on a Bomem DAS Fourier-transform spectrometer. A new hy-
per splitter was used for the far infrared region (from 20700 cm-1) and a standard KBr (4005000 cm-1)
beamsplitter for the infrared region. All the spectra were obtained for a near normal incidence configura-
tion at different temperatures (7="70 K, and 295 K). A Globar (SiC) source was used in both regions of the
infrared spectra. All measurements were performed using a Janis STDA 100 cryostat, which enabled the
precise exchange of the sample and the mirror in the same position of the cold finger. At the lower temper-
ature, a polyethylene (far IR) and ZnSe (mid IR) window were used. Liquid nitrogen (LN>) we used as the
coolant. The temperatures below 77 K were obtained through additional pumping-out of N,. A Lake
Shore 330 temperature controller provided a temperature error within 0.1 °C.

RESULTS AND DISCUSSION

The hydrodynamics of a melt are governed by buoyancy-driven convection, by
forced convection due to crystal rotation and by thermo-capillary surface convection.
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Three dimensionless numbers can describe all these flows, where the Grashof number
(Gr) depends on the depth of the melt, the Reynolds number (Re) on the rotation rate of
the crystal and the Marangoni number (Ma) on the temperature gradients over the sur-
face of the melt act. The Ma number will not change significantly if a small temperature
gradient exists over the surface of the melt, and can be neglected. So, the hydrodynam-
ics will be governed mainly by the Re and Gr numbers. These dimensionless numbers
can be written as

Re = d%/4v, (1)
Gr=gPBATR3v2, (2)

where ® — rotation rate in rad s—!, d — crystal diameter, v — kinematic viscosity, g —
acceleration due to gravity, B — volumetric expansion coefficient of the melt, AT =
Terucible — Tmps R — crucible radius. 15,16

As has been pointed out by different authors,!1:17 the crystal rotation rate and the
axial temperature distribution are two very important parameters which affect the shape
of the crystal/melt interface and these two growth parameters must be taken into ac-
count in order to understand the shape of the crystal/melt interface. Conduction and
convection caused by pulling are included in the crystal and rod pull rod. To simplify
the current analysis, if was chosen to neglect the effects of internal radiation through the
crystal. It was presumed, as Carruthers!8 did, that there was no change in the kinematic
viscosity at the interface melt/crystal during the growth process and that there was equi-
librium Gr = Re?. There is, during this time, a flat crystal/melt interface with a critical
rotation rate ¢ and a critical diameter d;.. According to published data for the physical
properties of BSO, ! the critical rotation rate o and the critical diameter d, were found
to be 10 mm, and 20 rpm, respectively.

It has been found!? that crystals up to 15 mm in diameter can be grown from the
melt without inclusions provided that the growth rate is always less than 6 mm h-1- and
that for larger diameters a lower growth rate is needed. If the diameter changes rapidly,
there is a possibility of inclusions forming in the center of the crystal. It was supposed
that crystals with 10—12 mm diameters would be suitable for crystal growth at a growth
rate of 5-6 mm h~1. They should not have inclusions in the centre of the crystal.

Bi12Si0y crystals grown by Bridgman method!3 were initiated on seed crystals
oriented along the [001], [110], [111], or [112] directions, where a core appeared when
grown along the [001] and [110] directions. This is in accordance with published data20
where different facets for various growth directions were observed. Recently it was
found?! that the core is formed when the crystal/melt interface is convex towards the
melt and the (110) and/or (100) planes are tangential to the interface. The obtained crys-
tals grew in the [111] direction and no core was observed. In this work the [111] direc-
tion was also used for crystal growth, although some authors!1:17 used the [001] direc-
tion. Before necking application was tried, as the first step in the crystal run, of extended
seed as the BSO crystals have a great tendency towards faceting. The aim was to pro-



282 GOLUBOVIC ef al.

duce an effect similar to the remove dislocations before necking in dislocation-free sili-
con when pulling the crystal in the [111] direction. Pulling the crystal from a melt by the
Czochralski technique is a process essentially governed by the shape of the meniscus
and the thermal gradients on both sides of the growth interface. It is a well-known prac-
tical fact that in order to produce a crystal in the shape of a right cylinder some kind of
regulation of the external conditions, like the supplied heating power or the pulling
speed, has to be implemented. From the hydrodynamics equations one obtaines w,
about 21 rpm, and we used a value 20 rpm, as many approximations were applied. When
a higher ¢ = 25 rpm was used, the single crystal had a core although the other condi-
tions were the same.!4 It was supposed that the solid/melt interface was not flat and
hence a core was formed although pulling in the [ 111] direction. When w¢ =20 rpm was
used, the obtained crystals were without core. These crystals were checked by taking
slices from different parts of the crystals: beneath the neck, two from the central part,
and the last one near the bottom. None had a core. As a result of these experiments, pale
yellow crystals 10 mm in diameter were produced with a length of about 40 mm. The
rate of crystal growth was experimentally obtained to be 5 mm/h. The colour of the
crystals is in accordance with published data.20:22

The absence of a core was confirmed by viewing polished crystal slices in both nor-
mal and polarised light. The polarised infrared reflectance spectrum of a Bij;SiOy( single
crystal in the region from 1000 to 2000 cm™! revealed several small peaks for the sample
which had a rotation rate of 25 rpm. !4 These peaks disappeared in the spectrum of the sam-
ple with rotation rate of 20 rpm and it was concluded that these peaks originate from the core
in the Bi},SiOx single crystal.14 The reflectance spectra of Bij2SiOx( single crystals in the
region from 400 to 2000 cm! for both rotation rate are given in the Fig. 1. Fig. 2 represents a
magnification of the region from 900 to 1800 cm 1.
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The observed peaks between 1000 and 1800 cm™!, denoted by arrows at Fig. 1
and magnified in Fig. 2, are in direct correspondence with the appearance of a core in
the crystal. The nature of these peaks is not clear. It is obvious that the presence of a core
in BiSiO single crystals does not change the normal phonon structure. To the best of our
knowledge, the appearance of these peaks in IR spectra has not been noticed previously.

The structure properties were obtained using X-ray analysis of powdered sam-
ples. A Philips PW 1710 diffractometer was used in the 20 ranges from 4° to 100°. The
unit cell of bismuth silicon oxide was calculated by the least square method using 32 re-
flections including more Koy for 5 reflections. All reflections correspond to Bi»SiO»
crystals with the parameter of the cubic I-centred cell a=1.01067 nm. Some divergence
from the compared results can be explained by the fact that X-ray powder diffraction
analysis gives a statistical result. Our calculated result for the lattice parameter is a =
1.0096 nm, which is in good agreement with published data.l920.23 An X-ray
diffractogram for powdered Bi{»SiO, was given in a previous article.4 It has been re-
ported?4 that only almost perfect single crystals can split X-ray reflections into Koty and
Koy and the presence of doublets is one more confirmation of the high quality of the
produced crystals.

The infrared reflectance spectra of the Bi»Si05( single crystals at 70 K and 295
K in the region 30-900 cm™! are presented in Fig. 3.

The spectra were recorded in the wave numbers range from 20 to 5000 cm™!, but
are only presented in the range from 30 to 900 cm™!, as below 30 cm! the noise level
was large, and above 900 cm ! the reflectance curve were almost flat. The small peak at
3451 cm! belongs to the stretching mode of OH groups, as the Bij»SiOy single crys-
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tals were grown in an air atmosphere. The position of the OH group at 3451 cm 1 is in
accordance with that found in the literature.2

Crystal Bi12Si0;¢ has a cubic unit cell with parameters ¢ = 1.01067 nm, Z = 2
(two identical motives in the unit cell), and space group 123 (T3). Factor group analysis
yields:26

I =8A + 8E + 25F 3)

Among these modes, only the F modes are infrared active.

After Kramers-Kronig analysis of the spectra of a Bi1,SiO» single crystal at 70
K and 295 K (Fig. 4), the positions of TO modes were obtained. This analysis of the 70
K spectrum gave all 25 infrared active modes, which were predicted for the mentioned
symmetry relation (3). At295 K only 18 TO modes were revealed. In the literature,27 10
active modes for a Bi13Si0, single crystal at room temperature were reported and our
results for Bi1,Si0» single crystals could be very useful for understanding of the as-
signment of the normal modes and the overall characterization of these crystals.

The values of TO and LO modes at 70 K and 295 K are presented in Tables [ and
11, respectively.
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The positions of the TO modes at 49.5 and 394.5 cm™! are not entirely reliable. In
comparison with the TO modes of a Bij2GeO, single crystal,28 the TO mode at 49.5
cm! has its corresponding well-defined mode at 52 cm™!, and the mode at 394.5 cm™!
has the mode at 352 cmL. For this reason these not absolutely defined modes were in-
cluded. It should be pointed that we revealed 20 TO modes at 70 K in our previous arti-
cle,29 but after more precise measurements of both the infrared reflectance spectra and
the Kramers-Kronig analysis, the mentioned 25 TO modes were obtained.

Comparing with previous results2® on the infrared spectra of Bij2GeO»(, the main
difference concerns the modes at 680 cm! (BijpGeO»q) and 825 cm! (Bi12Si05(). Ac-
cording to the literature,25 these vibrations consist entirely of Ge-O (Si~O) vibrations. This
assumption can be confirmed using the simple formula for a diatomic molecule.:

®

Si-0 _ rﬁGc—O =1.14 (5)
Oge 0 | Mgio

. Taking oge_o = 680 cm™1, one obtains wGe.o = 775.2

Mpo o M

Ge(S 0
where ® = <)
Meysy T M

cm~!, whichis in fairly good agreement with the experimental value at 825 cm™1,
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TABLE I. The transverse (TO) frequencies of the optical phonons of Bi12SiO29 single crystal in the
range 30-900 cm™! at 7=70 K and 7= 295 K

Number of Position of phonon mode at Position of phonon mode at
phonon mode T=70K/cm! T=295K/cm’!

1 35

2 43 43
3 56.5 49
4 52

5 68 68
6 79.5 79.5
7 97 92
8 103.5 102.5
9 113.5 112
10 129.5 126
11 134

12 173

13 194.5

14 207.5 203.5
15 235 228
16 285 283
17 313.5 302.5
18 353

19 394
20 458 450
21 495
22 526 520
23 574 572
24 604 601.5

N
W

825 822




Bi]28i020 SINGLE CRYSTALS 287

24 B SO, 2

184 T=70K &

Lossfundion 2.(LO)
g
=
g
g
g

V\aermber[crﬁ] Fig. 5. LO modes (o o) of a Bi;,Si0, single
crystal at 70 K and 295 K.

TABLE II. The longitudinal (LO) frequencies of the optical phonons of Bij2SiO20 single crystal in the
range 30-900 em at T7=70 K and T=295 K

Number of Position of phonon mode at Position of phonon mode at
phonon mode T=70K/cm'! T=295 K/cm!
1 36
2 46.5 46.5
3 53 53
4 58.5
5 72 72
6 82 82
7 100.5 100.5
8 111 110
9 116.5 116
10 132 165.5

167

—_
—
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TABLE II. Continued

GOLUBOVIC et al.

Number of Position of phonon mode at Position of phonon mode at
phonon mode 7T=70K/cm'! T=295K/cm'!
12 184 183
13 195.5
14 212 211
15 258 255
16 288.5 288.5
17 351 368.5
18 374
19 395
20 506.5 505
21 495
22 557 554.5
23 589.5 588
24 614.5 612
25 840 840

The found TO-LO splitting in Bij2Si05( is not very large pointing to a weak ionic
bond in this material (Table II). The values of the LO modes are presented in Fig. 5.

CONCLUSION

The conditions for growing Bi;7Si0»( single crystals were calculated by using a
combination of Reynolds and Grashof numbers. From the hydrodynamics of the melt, a
critical crystal diameter d, = 10 mm and a critical rate of rotation w¢ =20 rpm were cal-
culated. The value of the rate of crystal growth was experimentally found to be 5 mm/h.
The[111] direction is suitable for growth of'a Bij»SiO, single crystal without a core.

The values of all 25 active infrared modes were revealed in the reflectance spectra
at 70 K and 295 K by Kramers-Kronig analysis. We have some reserve about the lines at
49.5 and 394.5 cm! (TO modes at 70 K) but more precise measurements in the
far-infrared region could resolve this dilemma.

n 3 B O N1
PACT 1 OIITUYKE OCOBMHE MOHOKPUCTAUJIA Bi2SiO20

AJIEKCAHJJAP F'OJTYBOBUWH,! CTOBOJAHKA HUKOIWR,' PAJIOLI TAJUR,! CTEBAH BYPUR? n
AHJIPEJA BAJTYUR?

]I/IHClﬂuZTAleA 3a ¢usuxky, [pezpesuua 118, i. tp. 57, 11001 Keozpaod, 2Py0(tpcxo-ieoxmmxu paxyaitet, Bywuna 7, i.
ip. 162, 11000 Beozpao u 3Texmm()umo-memtmypmxu axyaitieiti, Kapuezujesa 4, 11000 Beozpao

Monokpucranu Bi12SiO2¢ cy pacnu u3 pacrona no metogu Yoxpanckor. Bpegnoctu
KPUTHYKOT IIPEeYHMKa KpucTana dec = 10 mm u KputuuHe O6p3uHe poTanuje oc = 20 o/min cy
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n3padyHare KopuirtheweM jefHaunHa JuHamuke ¢payuna. bp3una pacra kpucrana og S mm/h
je onpebena ekcnepumenrtanHo. Kpucran je pacrao y npasuy [111]. [Tomohy penarencke
nudpakIoHe aHaJIU3e CIpalIeHor y30pKa ofpeben je mapamerep pemetke a = 1,0096 nm.
Pediexcnonn cnkTpu Cy CHUMIbEHHM Ha pa3IMuUTUM TeMIepaTypaMa y OCIery TaJacHUX
6pojesa 20-5000 em’. ITomohy Kpamepc-Kponur ananuse onpebene cy spegnoctu TO u LO
MoyoBa 3a ce cnekTpe. Habeno je 25 TO u LO mogoBa Ha 70 K 18 TO u LO moptoBa Ha 295 K.
JloOujenu pe3yaTaTu cy IUCKYTOBaHH U MOpeheHn ca IuTepaTypHUM Mojanuma.

(IMpumsbeno 11. maja 2001)
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