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Comparison of the quality of Bi;,GeO,, (BGO) crystals grown by the conventional and
low-temperature-gradient Czochralski techniques is carried out. The crystals were grown
along the <111> direction under close process parameters except for thermal gradients,
from the same initial components. Dependencies of morphogenesis and crystal quality on
growing conditions were described. Comparison of macro-defects was carried out, the
density of dislocations was evaluated, and the homogeneity of optical density was surveyed
for the crystals grown under the conditions of low and high termal gradients.

IIposeneno cpaBHeHHme KadecTBa KpucTanaos Bi;,GeO,, (BGO), BripameHHBIX Tpazuiu-
oHHbIM (Cz) u HuUsKorpagueHTHHIM (LTG Cz) metomom Hoxpanbckoro. Kpucranabl BeIpaniu-
BaJuch B HamnpasjeHuu <111> mpu GAMBKUX IapaMeTrpax Ipoliecca, 3a WCKJIOYEHUEeM TeM-
MepaTypHbLIX IPAUEHTOB, U3 OLHUX U TeX Ke MCXOMTHBIX KOMIOHeHTOB. OmucaHbl 3aBUCHMOC-
i (opMooOpasoBaHUsA U KauyecTBa KPUCTAJJIOB OT YCJOBUIl BhIpaluBaHus. IIpoBegeHo
cpaBHeHNEe MaKpoJedeKTOB, OlleHeHa IJIOTHOCTh AWCIOKAIUN U OAHOPOJHOCTH ONTUYECKON
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IIJIOTHOCTU KPHUCTAJIJIOB, IIOJIYYEHHBIX B YCJIOBUAX HU3KHUX M BBICOKUX I'DaJHUE€HTOB.

1. Introduction

Crystals with sillenite structure are still
of interest due to a combination of practi-
cally valuable properties: piezoelectric, elec-
tro- and magneto-optical, optical activity,
photoconductivity and photorefraction. Sil-
lenite crystals are used in piezosensors, fil-
ters and delay circuits for electromagnetic
signals, electro- and magneto-optical field-
strength meters, space-time modulators ete.

The main growth method of BGO is the
conventional Czochralski (Cz) technique [2].
One of the major problems for growing the
compounds with sillenite structure under
the conditions of high thermal gradient is
to obtain crystals with high optical homoge-
neity [3—12]. Two most characteristic types
of "optical” defects in these crystals are dis-
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tinguished: inclusion of extraneocus phases
and the presence of regions with increased
optical density in the volume of crystal. The
existence of the regions with increased opti-
cal density in crystals with sillenite struc-
ture may be exhibited as the growth bands
and the so-called growth column [2]. In the
opinion of the authors of [8-10, 13], the
appearance of a growth column and the ef-
fect of selective decoration in the form of a
three-blade propeller during growing along
<111> direction are due to the anisotropy
of growth rates and differences in the coef-
ficients of distribution of "photochromic™
admixtures for polar {110} and non-polar
{100} faces present at the crystallization
front. The appearance of the regions with
increased optical density also may be a con-
sequence of the coexistence of the normal
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Fig. 1. Schematics of furnace of HX620 crystal growth setup: a — original setup, b, ¢ — remodeled

setups.

and layer-by-layer growth mechanisms at
the crystallization front [14]. The sources
of optical heterogeneity in the case of the
layer-by-layer crystal growth mechanism, as
the authors of [13] suppose, are the possi-
bility of deviation of the crystal composi-
tion from the stoichiometric one within the
homogeneity region and variation of the
concentration of admixtures during tem-
perature fluctuations. According to [15],
the reason of the variation of the optical
density of sillenite crystals is the possibility
for the conditions leading to the formation
of metastable phases in these systems. Ac-
cording to [2], the density of dislocations in
BGO single crystals varies from 1.10%2 em 2
in the defect-free region to 5104 ecm™2
the region containing inclusions.

Previously, we carried out the work [16,
17] aimed at growing BGO crystals using
the Low Temperature Gradient Cz technique
and studied the quality of the grown crys-
tals by means of interferometry and X-ray
topography. However, no direct comparison
between the crystals grown under radically
different conditions with respect to thermal
gradients was made. The present work
aimed at the growth of BGO ecrystals by
means of Cz and LTG Cz from identical in-
itial components under identical growth pa-
rameters, and with comparison of the ob-
tained crystals.

in
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2. Experimental details

We described BGO crystal growth using
the LTG Cz technique in detail previously
[16, 17]. In the present work, growing BGO
under the conditions of the high thermal
gradients, we used similar growth parame-
ters and the setup (HX620M). The crystals
were grown from a platinum crucible
70 mm in diameter and 150 mm high,
placed in a three-zone furnace with inde-
pendent temperature control contours. In
the usual configuration, when the crystals
are grown under low thermal gradients, the
crucible with the cap is placed in the three-
zone furnace equipped with thick heat-insu-
lating layers from above and from beneath
(Fig. 1a). An increase in thermal gradient
was achieved due to changes in the design
of separate units of the crystallization cell
of the growth setup without changing the
furnace in whole. The upper heat-insulating
layer was made thinner. Platinum cap, that
had been playing the part of thermal screen
and diffusion barrier, was removed. By in-
creasing the height of the support, the cru-
cible with the melt was lifted relative to
heaters in the furnace. The melt level was
even higher than the end of the upper
heater as shown in Fig. 1b. Such a configu-
ration provided strong heat sink from the
open surface of the melt. The growing crys-
tal was inside the region of high thermal
gradients. Temperature difference between
the heater and the crucible was several de-

Functional materials, 17, 4, 2010



V.N.Shlegel, D.S.Pantsurkin / Comparison of the ...

Fig. 2. BGO crystals grown by: a — LTG Cz
technique, b — Cz technique.

grees in the growth cell arranged as shown
in Fig. la, while in the case shown in Fig.
1b, ¢ this difference reaches 250°C. Power
required to keep the charged mass melted is
1.5-2 times lower in the case shown in Fig.
la than in a similar case for the open sys-
tem (Fig. 1b, c).

Evidently, the axial and radial thermal
gradients for the modification of the heat
unit presented in Fig. 1b, ¢ are substan-
tially higher than those occurring in the
original design of the heat unit. A
stoichiometric mixture of Bi;O; and GeO,.
was used as the furnace charge. The proce-
dure of melt preparation was the same as
that described in [16]. In both cases, melt-
ing and homogenization proceeded without
any specific features. An essential differ-
ence was noticeable evaporation of the melt
under the conditions of the high thermal
gradient. Exposure of the melt at a tem-
perature of 945°C for 24 h caused a mass
loss from 5 to 30 g (0.25-1.5 mass.% of
the charge mass).

Seeding was carried out using a BGO
seed oriented along the <111> direction.
Rotation frequency was constant in all the
processes and equal to 20 r.p.m, crystal-
lization rate was varied from 0.5 to
3 mm/h.

Crystals 30-50 mm in diameter, with the
length of 70 to 100 mm, were obtained
using both growing techniques. Growth
regularities and the appearance of BGO
crystals obtained under the conditions of
low gradients were described in detail in
[16]; a typical crystal shape is presented in
Fig. 2a. The crystals grown using the Cz
technique were shaped as a cylinder with
crystallization front as a rotation figure,
most frequently as a cone (Fig. 2b). With
definite process parameters, crystals with
weakly convex, almost flat crystallization
front were obtained. As expected, unlike for
the LTG Cz technique, under the growth
conditions with the high thermal gradient
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Fig. 3. BGO crystals grown using: a — setup
Fig. 1b, b — setup Fig. lc.

we did not encounter such complications as
the formation of a parasitic crystal at the
bottom and/or wall of the crucible and a
drift of the crystal off the rotation axis.
However, in the case of the high thermal
gradient, more essential problems in obtain-
ing the crystals of satisfactory quality ap-
peared.

First of all, growth under the high ther-
mal gradients resulted in the formation of
strained crystals. The BGO crystals grown
with the heat unit design shown in Fig. 1b
had a diameter not more than 30 mm. The
crystals of larger diameter were cracking at
the stage of annealing even with annealing
rate of 20°/h (Fig. 3a). With the heat unit
design providing less sharp thermal gradi-
ents (Fig. 1lc¢), at the crystallization rate of
0.5-1 mm/h, we succeeded in obtaining
relatively unstrained crystals with the di-
ameter up to 50 mm (Fig. 3b). At the crys-
tallization rate of 1.5 mm/h, the crystals
cracked during mechanical treatment rather
frequently, while at the rate of 38 mm/h the
crystals cracked as early as at the stage of
annealing.

The defect structure of the crystals was
studied by means of selective chemical etch-
ing and interferometry. To study the qual-
ity of BGO crystals grown under the low
gradient conditions, we used the material
obtained through crystal growth with layer-
by-layer growth mechanism in the direct vi-
cinity to the front, in the presence of
clearly formed faces, so that one could be
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Table. Behavior of etchants based on HCl and HNO; on BGO surface.

Etchant composition Components Etching conditions BGO Etching behavior
volume . . samples
s Time, min| Temperature, . .
ratio °oC orientation
HCI(5M) - <1 20-25 <100> <110>
HCI(5M):H,0,(28 %) 1:1 <1 20-25 <100> <110>, <111>
HCI(5M):NH4CI(5M) 1:2, 1:3, 7-25 20-20 <111> Nonselective dissolution of
1:4 surface, formation of not
faceted etching pits
HCI(5M):C;H5(OH),4 2:3 30-60 20-25 <100>, Surface polishing
<110>,
<111>
90 <111> Surface polishing,
formation of faceted
etching pits
HNO4(5M) - 10-30 20-25 <110> Surface unchanged
30 40-45 Surface polishing
>30 Nonselective dissolution of
surface
HNO4(5M):H,0,(28 %) 1:1 10-30 20-25 <110> Surface polishing
30 40-45 Surface polishing,
nonselective dissolution of
surface
>30 Nonselective dissolution of
surface
HNO4(5M):NH,NO4(5M)| 1:2, 1:3, 10-30 20-25 <110> Surface unchanged
1:4 30 40-45 Surface polishing
>30
HNO4(5M):AcOH(ice) 1:1, 1:2 30 45-55 <110> Nonselective dissolution of
60 “111> surface, formation of
faceted etching pits
2:1 30 <110> Formation of faceted
60 “111> etching pits

sure that we examine the crystal part grown
layer by layer. Orientation of the samples
was performed on the basis of their habit.
In the case of the crystals grown under the
high gradient, cuts perpendicular to the
growth direction were used. Deviation from
the crystallographic direction could be 2—-3°.
Examination by means of selective chemical
etching was carried out using the plates 2—
2.5 mm thick; interferometric studies were
performed with crystal sections 10-15 mm
thick. Deviation from parallelism of the op-
posite planes of the sample did not exceed
30"”. The samples were smoothed and pol-
ished mechanically, then chemically with
the solutions of hydrochloric acid in glye-
erol (Table).

Samples were etched with the solutions
based on hydrochloric and nitric acids; the
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efficiency of these solutions towards BGO
crystals is well studied. The results of the
interaction of different etchants with sam-
ple surface are presented in Table. The reli-
ability of the results of selective etching
was confirmed with the help of X-ray topog-
raphy. The data obtained in the investiga-
tion of BGO by means of X-ray topography
were reported in [16]. According to the data
of selective chemical etching, the density of
dislocations in crystal grown at low thermal
gradients in the layer-by-layer mode did not
exceed 10 em?2. During BGO etching, only
sole dislocations were exhibited on the sam-
ple surface (Fig. 4a). The density of disloca-
tions in the crystals grown under the high
gradients of temperature was 103-10% ¢m?
(Fig. 4b, c).

Relative optical homogeneity of samples
was evaluated using Jamin interferometer.

Functional materials, 17, 4, 2010
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Fig. 4. Itching pits on BGO surface: a — BGO grown by LTG Cz, sample oriented along <110>
direction; b, ¢ — BGO grown by Cz, samples oriented along <111> direction. Etchant —

HNO4;:AcOH/2:1, 50°C, 30 min.

Fig. 5. Interference images of Bi;,GeO,, samples: a — typical interference image of BGO grown by
LTG Cz; b, ¢ — interference image of BGO grown by Cz.

The scheme of the instrument, measurement
procedure and the data of measurements of
the optical homogeneity of BGO crystals
grown by means of LTG Cz were described
in [17]. In the investigation of BGO samples
grown under the conditions of low thermal
gradient and containing no inclusions, the
interference images remained stable, that
is, the width and shape of interference
bands did not change, even in the ecrystal
regions formed by the vertex and face re-
gions of the crystallization front. An exam-
ple of a typical interference image of a BGO
sample is shown in Fig. 5a. In the case of
BGO Cz crystals, nonhomogeneity of bands
was observed in the interference images:
broadening between the bands and their hook-
ing (Fig. 5b). Regions with substantial distor-
tions of the behaviour of interference bands
were detected; this is shown in Fig. 5c.

3. Discussion of results

For the first time, the growth of BGO
crystals was carried out according to the Cz
and LTG Cz techniques using identical in-
itial components, at maximally similar
growth parameters. A comparison of the
density of dislocations and the homogeneity
of optical density of BGO crystals grown
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under the conditions of low and high ther-
mal gradients was carried out. It was estab-
lished that the density of dislocations in
BGO LTG Cz crystals is not more than
10 em?, while for BGO Cz crystals this
value is 2-3 orders of magnitude larger.
The comparison of the homogeneity of opti-
cal density showed that the nonhomogeneity
of the crystals grown using the low-tem-
perature-gradient Czochralski technique did
not exceed 1073. In BGO Cz crystals, this
value was not less than 8-1073. The BGO
crystals grown under the high thermal gra-
dients were found to contain the regions of
sharp changes of the optical density, which
may be an evidence of the presence of block
boundaries and the regions of strain concen-
tration in the crystals.

Technological problems were encountered
when growing BGO crystals under the high
thermal gradients. The crystals are prone to
splitting, especially at the stages of the
crystal detachment from the melt and an-
nealing. Substantial evaporation of the
melt, namely its low-melting component
Bi;O3, caused the loss of the charged mate-
rial and disturbed the stoichiometry of the
melt, which also could have a negative ef-
fect on the quality of the crystals.
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4. Conclusions

Radical decrease of thermal gradients
during the growth of BGO crystals undoubt-
edly causes improvement of their quality,
namely improvement of the homogeneity of
optical density and a decrease in the density
of dislocations.
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IlopiBranna axkocri kpucraiais Bi;,GeO,) Bupomenux
TPAAUIIHHUM i HU3BKOTPAJAI€EHTHUM METOIOM
YoxpaabChKOTo

B.H. Illnezensw, [].C. Ilanyypxin

IIposeneno mopiBHAHHA AKocTi Kpucranis Bi;,GeO,, (BGO), Bupomennx rpaguiiiaumM
Ta HUBBKOTPaZieHTHUM MeTozoMu Yoxpasabckoro. Kpucranu BuUpollyBajguca y HAUPAMKY
<111> mpu OJMBBLKUX IapaMeTpax IPOIlecy, 3a BUKJIOUEHHAM TeMIEPaTyPHUX I'PafieHTiB, 3

OOHUX i TUX icXoAHMX KoMMmoHeHTiB. OmucaHo 3ajeKHOCTI

(opMOTBOPEHHA 1 AKOCTL Kpuc-

TaJiB Bif ymMoB BupolnyBaHHdA. IIpoBeseHo mOpiBHAHHA MakpongedeKTiB, oliHeHO IIiJIbHICTH
IVCJIIOKAI[iYl Ta OXHOPiAHICTH ONTWYHOI IIiJIBHOCTI KPUCTAJNiB, IO OTPUMAaHI B yMOBaX HU3b-

KUX Ta BUCOKUX TI'PAJi€HTIiB.
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