An original apparatus allows the growth of sapphire single crystals with complicated forms. Edgedefined

Film-fed Growth (EFG) or Stepanov method, Growth from an Element of Shape (GES)

method, as well as imaginative combined variants of those processes are available with this

equipment. Related to the growth parameters, the quality of the crystals pulled from the melt is

investigated in terms of minor gas bubbles distribution and misorientation. X-ray transmission, optical

microscopy together with light transmittance measurements are the tools to make sure of optical

applications for those products.
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1. Introduction

Sapphire single crystals are extensively used for a large number of high technology

applications. As an optical material it has a wide transmission from the UV (0.25 m) to IR

(5 m). In addition it possesses desirable mechanical characteristics such as strength,

hardness, and chemical durability.

Various sapphire shapes have been grown using several modifications of the EFG

method (Edge-defined Film-fed Growth) and crystal growth equipments:

- Tubes, ribbons, rods, etc. were produced by the EFG technique (LABELLE) with the use

of a vertical translation of the crystals.

- Crystals with various cross-section geometries (boats, crucibles, etc.) were obtained

using relative displacements of the elements of the die during the growth process

(KRAVETSKII et al.).

- Spiral tubes and threaded items were grown by rotating the seed around a vertical axis

(ZATULOVSKII et al.).

- Sapphire disks (ALYAB'EV et al.) and dome blanks (LOCHER et al.) were obtained by

rotating the seed around an horizontal axis.

Although great advances have been done, the problem of growing sapphire of complex

forms still remains actual. This paper deals with a new step in the field, using a special

apparatus design. On the basis of a Czochralski furnace cavity, the pulling shaft of this

installation presents one more degree of freedom (Figure 1): an X-axis translation is added

to the usual vertical and rotating movements This special design does not only allow to

perform many of the shapes published up today, but also original ones. Considering the high

thermal and mechanical resistances of the material, its optical properties and chemical

inertness, possible applications of the resulting sapphire products are numerous.
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Fig.1: Schematic of the growth installation

with the horizontal

movement of the pulling shaft.

2. Experimental procedure

Sapphire shaped crystals were grown from the melt in the [0001] orientation by the EFG and

GES (Growth from an Element of Shape) methods. These experiments were performed in a

8 KHz induction furnace, with the heated graphite susceptor radiating on the molybdenum

crucible, dies and thermal shields. The relative position of the die top with respect to the

radiation shielding was an experimental variable, affecting the temperature gradient at the

solidification interface. The atmosphere was high purity argon. The feed material was high

putity alumina from crushed Verneuil boules.

2.1 Modified EFG crystals

The EFG technique utilizes capillary rise from a melt source to the top surface of a wetted

die. For this technique the outer edges of the die determine the shape of the meniscus, and

thus the section of the growing crystal (LABELLE). The additional displacement, namely the

X-translation, was used to alter the traditional EFG pulling of tubes, ribbons and rods

(Figure 2). Using various ratio between vertical and horizontal translation rates, the crystals

might have a variable geometric axis whereas any cross-section parallel to the die top

surface remained constant and nearly equal to the latter. Application devices for the

resulting bended forms such as special windows, vacuum lamps, light guides, or complex

reactor tubes for high temperature furnaces and chemical sintering are possible. Available

for severe using conditions, such shaped crystals are not obtainable by any other method.

The video control of the process made possible to appreciate an interesting transient

evolution of the menicus shape during the reversal of the X-translation. As can be seen in

Figure 2b, for sapphire crystals with a small cross-section the crystallization front tended to

remain normal to the growth direction. Due to the semi-transparency of the material, any
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change of this direction was clearly visible on the meniscus height and shape. When

reversing the X-translation, the highest point of the meniscus droped, whereas the lowest

one rose. The normal growth required a meniscus height roughly estimated to 0.1 mm.

a) b)

Fig.2: Sapphire single crystals grown by the modified EFG method:

a) Bended tube, ribbon and rod;

b) In-situ view of the pulling angle on a sapphire rod of 4mm in diameter. The meniscus (deep contrast at the

lower part of the crystal) tends to remain normal to the growth direction. ec et ed (5mm) are the characteristic

dimensions of the cristal and die respectively.

We used vertical translation rates from 0.1 mm/min up to 1 mm/min, and slightly smaller

horizontal rates. Simple geometrical considerations confirm the fact that the horizontal die

allowed only relatively small pulling angles. Large values led quickly to the absence of

meniscus catching on the die, with no more control on the crystal shape.

2.2 Crystals grown by the GES method

The GES method has been developed on the base of Stepanov method (STEPANOV) and its

main principles were described by ANTONOV et al. It consists in pulling a shaped crystal

from a melt meniscus which is only a small element of the whole transverse cross section of

the growing crystal. That small liquid volume is continuously solidified after combined

displacements of the seed relative to the die, in order to produce crystals with complicated

shapes. During the growth, the displacement may be applied to the seed or the die, or to both

simultaneously (NIKIFOROV et al.). Sapphire tubes and other hollow revolving bodies have

been first grown by BORODIN et al.

In our work, all the available displacements on the installation were used to obtain GES

near net complicated forms for high temperature optics. For the experiments described here,

the pulling and X-translation rates varied in the range of 0.005-0.2 mm/min and the

frequency of rotation up to 30 rpm. Sapphire tubes, hollow cones, ellipsoids and crystals

with internal and external thread were grown with special attention paid to their crystalline

quality. GES sapphire are shown in Figure 3, and successive steps in the growth of a hollow

shape are presented in Figure 4.

Although complicated forms were possible, the thickness control is still a problem when

the pulling angle is modified. Problems rose from the meniscus catching that was strongly

temperature dependent at a given growth rate, and the meniscus shape varied also with the

rotation rate. Another major problem came from large GES pulling angles (Figure 4). The
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crystals underwent extreme strain rates upon cooling when leaving the die, and thermal

fatigue when repassing on it at the following round. The related thermal stresses became

high enough to lead to crack during the process. Actually, the non-symmetric mechanical

problems associated with this growth process, have to be solved in order to keep away from

the brittle-ductile transition.

Fig.3: Sapphire crystals grown by the GES

method.

1) 2) 3)

4) 5) 6)

Fig.4: In-situ view of the GES method: the successive stages in the hollow cone growth

(1, 2 - the solid cone, 3 - the initial part of the hollow shape when the horizontal translation has exceeded the

diameter of the die, 4,5 - the hollow cone, 6 - the cylindrical end part is obtained by stopping the X-translation).

3. Crystal characterization

Gas bubbles, solid inclusions and grain boundaries are widely known defects in shaped

sapphire crystals. They sharply decrease the optical and mechanical properties of the

material. Solving the problem of defects formation in EFG and GES processes is expected to

expand the application field of shaped sapphire crystals.

3.1 Gas bubbles and solid inclusions

Transverse and longitudinal cross-sections of the crystals were prepared by standard

polishing techniques for light microphotography. Simple or modified EFG crystals
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presented a peripheral distribution of gaseous inclusions. Just below (50-200 m) the

surface is a layer of micro-voids of 1-10 m in size. These micro-voids are believed to result

from impurities rejected at the solid-liquid interface being swept along this interface toward

the crystal surfaces (NOVAK et al.; LABELLE).

GES crystals grew layer by layer with each of them having a thickness determined by

the pulling and rotation rates ratio: V/ . As a consequence, GES sapphire crystals presented

regular striations and band-like distribution of voids already described by BORODIN et al. as

gas bubbles, solid inclusions and inhomogeneous doping impurities. The present work

improved the quality of GES crystals with optimal regimes that led to shaped sapphire

without striations.

The arrangement and dimension of voids in the crystal are determined by the

morphology of the solid-liquid interface, the crystallization height V/ , and the linear

growth rate (V =2 R , where R is the distance from the die to the crystal rotation axis).

Figure 5a shows a longitudinal section of a sapphire GES crystal obtained using a high

rotation frequency (15 rpm). The crystallization height V/ is sharply decreased from 130

m to 4 m. The dark background is clearly visible through transparents areas that are free

of gas bubbles, the latters being collected in the more opaque areas. The transparent layers

disappeared when reducing enough the crystallization height, whereas micro-voids with

reduced diameter make the crystal uniformly slightly opaque.

Light transmittance measurements along the C-axis are compared for GES samples with

4 m and 130 m layer thicknesses. The results presented in Fig. 6 show that when the

crystallized layer is small enough, the light transmittance for GES crystals become

comparable with GENTILMAN et al. reference data.

Figure 5b,c shows a longitudinal cross-section of a sapphire GES crystal which has been

grown using a low frequency of rotation (1 rpm). The ratio V/ is reduced (Figure 5b to

Figure 5c) downto 5 m, to obtain GES crystals completely free of voids.

a) b) c)

Fig.5: Longitudinal sections of GES sapphire crystals: a) using a 15 rpm rotation rate; b, c) using a 1 rpm rotation

rate.

3.2 Misorientations

The results from systematic observations between crossed polarizers show typical pictures

(Figure 7) of sapphire single crystals grown along the C-axis. Neither twinning nor big

misorientations were observable in those products that are free of colored centres.

Although Laue diagrams by X-ray transmission experiments accounted for the single

grain character, the expected spots were distorted (Fig. 8). This distortion measured a
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decrease in the microstructural quality; namely the mosaicity (ROBERTS). The

misorientations through 100 mm3 of the GES crystals did not exceed 3°. That mosaic

substructure must be related to constitutional supercooling at the solid-liquid interface, and

to thermal stresses related to the solidifying rate. The control of the temperature conditions

at the interface and an optimal shielding at the cristallization zone allow to decrease the

misorientations. Then they should make shaped sapphire available for high quality requiring

devices.

Fig.6: Transmission spectroscopy of asgrown

GES crystals. The thickness of both

samples is 800 m.

Fig.7: Conoscopic figure from sapphire hollow

cone grown along the C-axis (photograph taken

with crystal between crossed polarisers).

4. Conclusions

Sapphire single crystals of complex form have been produced using an apparatus that

extends the near net shaped crystals production field. EFG and GES sapphire present mosaic

substructure with a maximum misorientation running to 3° through their volume.

Appropriate growth conditions were determined to obtain sapphire crystals of complicated

shape compatible with optical applications.
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Fig.8: Mosaic substructure in a GES cone

revealed by X-ray diffraction. The crystal is

pulled with a constant rotation rate.
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