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Abstract

Single crystals of ZnWO, were grown successfully in the [100], [010] and [001] directions using the

Czochralski method. The growth parameters and the formation of slip plane in ZnWO, crystals were studied. ZnWO,
crystals had a cleavage plane of (010). The dislocation density on the (010) plane at the center of the crystal was lower
than that of the edge region. It was inferred that the high density at the edge of the crystals was caused by the thermal
gradient during crystal growth. The etch pit arrangement revealed the (100) slip plane to be most active during crystal

growth.
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1. Introduction

ZnWO, is one of the most important inorganic materi-
als, which has the monoclinic wolframite-type structure
with the space group P2/c. There are two formula units
per primitive cell with lattice parameters of a=4.69263 A,
b=5.72129 A, ¢=4.92805 A and p=90.6321° [1]. In
recent years, ZnWQO, has attracted considerable atten-
tion for potential applications as a scintillator, maser,
luminescent material and photocatalyst [2-7]. The physi-
cal, chemical and photochemical properties of ZnWQO,
were dependent on the manufacturing method. To enhance
the applications of ZnWQO,, several processes have been
developed over the last decade. ZnWOQO, is prepared by
processes, such as solid-state reaction method [8], co-
precipitation method [9], molten salt [10], combustion
[11], mechano-chemical [12] sol-gel [13], hydrothermal
reaction [14-16].

For high quality applications, ZnWO, single crystals are
generally grown by the Czochralski method [7, 17-19].
However, the crystal growth mechanisms of ZnWO, are
complicated and are still a challenge for commercial
applications. Therefore, for improved applications, a more
detailed study of the growth parameters and characteris-
tics of ZnWQO, single crystals by the Czochralski method
are needed.

In this study, single crystals of ZnWO, in the [100],
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[010] and [001] directions were grown successfully by
the Czochralski method. The growth parameters in the
[100], [010] and [001] directions were examined as the
function of the rotation speed, pulling rate and diameter
of the grown crystals. Subsequently, the formation of
slip plane in ZnWO, crystals were studied in detail.

2. Experimental Procedure

The equipment for the Czochralski method was fabri-
cated using a furnace assembly. The ZnWOQO, melts were
prepared from polycrystalline ZnWQO,, placed in a plati-
num crucible. The platinum crucible was heated in a
furnace fabricated with SiC resistive heating elements,
and the temperature was monitored and regulated using
a controller and thyrister(Eurotherm Co.). The polycrys-
talline ZnWOQO, was prepared from stoichiometric amount
of the mole ratio of 1: 1 for zinc oxide and tungsten tri-
oxide. The mixed powders was pressed and calcined at
800, 900, 1000 and 1100°C for various times.

The single crystals were pulled along the crystallo-
graphic axes with a diameter of 0~3.5 cm at pulling rate
of 0~100 mm/h and a rotation speed of 0~68 rpm. The
temperatures were controlled precisely with the meas-
urements on the surface of the ZnWO, melts between
1230~1235°C during growth. The rotation speed was
fixed to 40 rpm, and the pulling rate was 0~10 mm/h.
The maximum diameter was 1.9 mm and the crystal had
a red-brown color. Seed crystals were fabricated with a
length and diameter of 2.5 cm and 0.2 cm, respectively,
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Table 1
Typical growth procedure and parameters of the grown ZnWO,
single crystals

Parameter ~ Temperature  Pulling rate  Rotation speed
procedure  (°C) (mm/h) (rpm)

Melting 1235 0 60

Dipping 1233 5 60

Necking 1234 8 60

Crowning 1231 35 60

Growing 1230 8~10 60

Tailing 1233 10 60

and employed for crystal growth along the crystallo-
graphic direction after identifying the crystal orientation
by Laue back reflection. The ZnWO, single crystals were
grown using the typical growth procedure and parame-
ters listed in Table 1. The temperature was controlled
between 1230~1235°C, the rotation speed was fixed to
60 rpm and the pulling rate was between 0~10 mm/h.
The microstructure of the etch pits were observed by
optical microscopy. The dislocations in the cleaved slices
were examined by chemical etching. The etched sur-
faces were obtained from the boiling a 2 molar NaOH
solution. The (010) surface was etched in a boiling solu-
tion for 4 min, whereas the (001) and (100) surfaces
were etched for 2 min. The orientations of ZnWO, sin-
gle crystals in [100], [010] and [001] directions were
identified from the Laue back reflection patterns.

3. Results and Discussion

For the Czochralski growth of single crystals with a
specific orientation, a seed crystal was fixed properly to
the pulling rod. Platinum wires were used to obtain seed
crystals employing the capillary action from the melt.
The platinum wires were dipped into the melt and the
temperature was adjusted, a small crystal was grown
inside the hole of the four platinum wires by capillary
action. The temperature at the hole of the platinum
wires was lower than the surface of the melt, so that
nucleation occurred at a lower temperature. This crystal
consisted of two crystals, due to heteronucleation dur-
ing the dipping procedure at a lower temperature.

The grown crystals showed perfect cleavage in the
(010) plane, and the thin sections were found to cleave
along the (101) plane. The (100) twin appeared to be
the most common along the (101) plane. Fig. 1 shows
the grown single crystals of ZnWQ, in the [100], [010]
and [001] directions, which corresponds to Table 2 (A),
(B), (C) with the growth direction, rotation speed and

(2) (b)

Fig. 1. The grown single crystals of ZnWOQO, in (a) [100], (b)
[010] and (c) [001], which corresponds to Table 2 (A), (B) and
(C) with the growth direction, rotation speed and diameter.

Table 2
Growth conditions of the grown ZnWO, single crystals of (A)
[100], (B) [010] and (C) [001]

Crystals
Conditions i A B c
Direction [100] [010] [001]
Rotation speed (rpm) 54,40 46 63
Weight (g) 85.9 47.0 90.7
Annealing effect no 800°C, 10h  800°C, 10h
Remark crack bubble no crack

no bubble

*The crystal data of A, B, C are corresponding to the crystal in
Fig. 1(a), (b), (¢).

diameter. As listed in Table 2, the rotation speed was
between 40~54 rpm with a diameter of 20 mm for the
[100] direction in Fig. 1(a), whereas it was 46 rpm with
a diameter of 17 mm for the [101] direction in Fig. 1(b)
and 63 rpm with a diameter 23 mm for the [001] direc-
tion in Fig. 1(c). The formation of cracking in the grown
crystals in [001] direction during the cooling process
can be prevented by annealing at 800°C for 10 h.

Fig. 2 shows the structure of the ZnWO, single crys-
tal. It is based on a distorted hexagonal close packing of
O atoms with Zn and W atoms, each occupying one-
fourth of the octahedral interstices. The presence of two
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Fig. 2. The structure of the ZnWQ, single crystal. Each chain

of the ZnO, octahedra is corner-linked, and the chains of the

WO; octahedra are edge-linked, which are also parallel to
[001].

non-equivalent oxygen atoms is responsible for the pairs
of Zn-O and W-O bonds with different lengths. There-
fore, both Zn and W atoms are surrounded by six oxy-
gen atoms, forming distorted octahedral coordination.
Each chain of the ZnO4 octahedra is corner-linked, and
the chains of WO, octahedra are edge-linked, which are
also parallel to [001]. The ZnO, and WO, octahedra con-
sist of three pairs of cation-oxygen bonds with Zn and
W atoms being displaced from the center of their octa-
hedra by approximately 0.29 and 0.32 A, respectively,
along the [010] direction [9]. Since two similar atoms in
a unit cell are related by a center of symmetry, they are
off center in the opposite sense in a manner characteris-
tic of an antiferroelectric.

, @ (001
projected

@

{b) (100
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Fig. 3. The unit cell of ZnWO, projected on the (001) and
(100) plane.

Fig. 3 shows the unit cell of ZnWO, projected on the
(001) and (100) plane. For the (100) planes the oxygen
atoms are halfway between the reflecting planes, and are
located in the region of maximum field amplitude of the
anomalously transmitted standing wave. Therefore, oxy-
gen atoms absorb the transmitted wave. However, for
(001) planes, oxygen atoms are displaced from the posi-
tion of the maximum field amplitude, which means that
they absorb less than the (100) reflection. Therefore, the
intensity of the (001) reflection is approximately 2 to 3
times that of the (100) reflection. This difference in
intensity is due to the different locations of the oxygen
atoms relative to the position of the maximum field
amplitude in the two reflections.

The dislocation density of ZnWO, was obtained from
the etch pits of the surface of the grown crystals. Fig. 4
shows the etch patterns of (010) plane of the grown
ZnWO, single crystals. The dislocation density at the
center of the crystal was lower than that of the edge of
the crystal. The features of the dislocations of the (010)
plane were propagated along the [001] direction. The
etch pit arrangement shows that slip occurred along the
(100) plane, particularly near the edge of the crystal. It
is possible that a dislocation of this type grew or slipped
on either the (010) or (100) slip planes. The straight dis-
locations near the center of the crystal would suggest
that extensive cross slip had occurred in the crystal.

When slip in the (100) plane is concentrated in a slip
band, as indicated by the presence of etch pits on the
adjacent section in Fig. 4, dislocations appear in all anom-
alous transmission reflections. This probably occurs because
the strain fields of the dislocations superpose and the
edge components of these dislocations are slightly visi-

0.5 mm

Fig. 4. Etch patterns of the (010) plane of the grown ZnWO,
single crystals.
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ble in any plane not perpendicular to them. The etch pits
were similar for all crystals grown in the [001], [010],
[100] directions. When a crystal is grown in the [001]
direction, as is usual for maser applications, the (100)
and (010) slip planes are parallel to the growth direc-
tion. Existing dislocations, either in the seed or gener-
ated in the crystal, can slip, intersect the solid-liquid
interface, and then continue to propagate by growth.
These arrays coincide with the low-angle grain bound-
aries, whose tilt could be observed under a microscope.

The crystallographic orientation of ZnWO, crystal could
be also considered. ZnWO, has a monoclinic wolframite
structure in the space group P2/c. There are two for-
mula units per primitive cell with the lattice parameters
a=4.69263 A, b=5.72129 A, ¢=4.92805A and B=
90.6321°. Cleavage gives a (010) crystal face, and etch-
ing gives rise to etch pits aligned parallel to the (100)
slip plane in the [001] direction. The optic plane in
ZnWO, is perpendicular to the (010) cleavage plane.
The lattice parameter of b (5.72129 A) is longer than that
of a (4.69263 A) and c (4.92805 A). Hence, the cleavage
surface propagates on the (010) plane.

4. Conclusions

Single crystals of ZnWO, were grown successfully in
the [100], [010] and [001] directions by the Czochralski
method. The seed crystals of ZnWO, were obtained
from single crystal growth on platinum wires due to
capillary action from the melt. The rotation speed was
controlled between 40~54 rpm with a diameter of 20 mm
for the [100] direction, whereas the speed was 46 rpm
with a diameter of 17 mm for the [101] direction and
63 rpm with a diameter 23 mm for the [001] direction.
The ZnWO, crystals had a cleavage plane of (010). The
dislocation density on the (010) plane at the center of
the crystal was lower than that of the edge. The higher
dislocation density at the edge of the crystals was attrib-
uted to the thermal gradients of the growing crystals.
The etch pit arrangement shows that the (100) slip plane
appeared to be most active during crystal growth.
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