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The coefficient of dislocation gliding over the planes of easy glide depending on the
shape of the crystallization front, is determined. The regions of non-uniform distribution
of thermal field in the crystal are established. Optimized are the temperature conditions
for the growth of large-size (850x500x45 mm3) sapphire crystals by the method of hori-
zontally directed crystallization. The change of the density of dislocations and of their
distribution in the crystal bulk after correction of the technological growth conditions, is
considered. It is shown that optimization of the axial, horizontal and vertical components
of the temperature gradient makes it possible to improve uniformity of the thermal field
distribution at the crystallization front in the process of the stationary crystal growth.

OueHeHa cTelleHb BLIKJIMHUBAHWA AUCJIOKALUA I10 ILIOCKOCTAM JIENKOrO CKOJbMKEHUA B
3aBUCUMOCTA OT (GOPMBI (PPOHTA KPHUCTANIMBANMUN I10 IIUPUHE U TOJIUHE Kpucraiiaa. IIpo-
BeIeHO MOJEeNUPOBAaHLUE pACIpEIeJeHUA TEIIOBBIX II0Jeil B KpucTaliae Ijsd IBYXMEPHON
mogeaun. OnpepeseHbl YUYaCTKM HEJIMHEMHOIrO pPacIpeleJeHUsA TEIJIOBOrO IIoJsd II0 INMPUHE U
TOJINMHE KPUCTAJLIA. B pesyibTrare ONTUMHUSUPOBAHBI TeMIIEPATyPHBIE YCIOBUSA [IJid BbIDPA-
[IMBaHUA KpyIHOrabapurHbix (350x500x45 mm3) kpucramioe candupa merogom HE. Pac-
CMOTPEHO M3MeHeHNe ILIOTHOCTH IHCJIOKAIMi M UX paclpefesieHre M0 00hLeMy KpPHUCTAIIa
mocje BHECEHUS KOPPEKIMU B TEXHOJOTMUECKMI Ppe:KuM BLIpamuBanma. [loKasamo, UTo
ONITUMMUBAIUA OCEBOIl, FOPUIOHTAJLHON M BEPTUKAJLHOM COCTABIAAIOIIUX I'pPafueHTa TeMIIe-
paTyphl IPUBOAUT K YAYUIIEHUI0 PABHOMEPHOCTH paclpeneeHNs TeIUIOBLIX MMoJei Ha (PpoH-
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T€ KPUCTAJJU3aIIUU ITOCJEe CTaarM pas3pallrBaHNUsA KpHCTaJJjaa.

1. Introduction

Recent few years have seen keen interest
of the world market to large-size sapphire
single crystals, special-purpose wide-aper-
ture optical sapphire elements, as well as
functional elements for micro- and optoelec-
tronics. In this connection, one of the main
problems confronting sapphire producers is
the increase of the size of the grown crys-
tals with their high structure perfection
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and optical quality remaining unchanged
over the whole of the crystal bulk.

As is well-known [1], the structure per-
fection of corundum single crystals essen-
tially depends on the growth conditions and
orientation of the seed crystal with respect
to the crystallization front. The latter influ-
ences the degree of gliding of the disloca-
tions formed in the process of crystal
growth. This is most often observed for the
surface plane (0001). In this case the main
contribution to the evolution of the disloca-
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tions belongs to the prismatic system of
sliding. Critical shear stresses in this sys-
tem are by an order higher than those in
other systems (the basic and rhombic) [2].
The dislocations of the prismatic system
cause the formation of low-angle boundaries
which then may form a structure containing
macroblocks.

Other conditions influencing the struc-
tural and optical characteristics chiefly de-
pend on the growth method. The main fac-
tors which give rise to the formation of
defects in the process of crystal growth by
the method of horizontally directed crystal-
lization (HDC) in protective gaseous medium
are: 1) the purity of the raw material; 2) the
pressure and composition of the medium
over the melt; 3) the growth rate; 4) the
temperature gradients (along and perpen-
dicular to the growth direction); 5) the ori-
entation of the planes of easy glide with
respect to the growth direction (the inter-
face shape); 6) stability of the thermal
conditions during the growth [1]. The
method of HDC made it possible to obtain
corundum single crystals of high structure
and optical quality with the dimensions
200x200x35 mm?3 and different surface ori-
entation [3]. In our opinion, further in-
crease of the crystal dimensions may essen-
tially disturb stability of the thermal
growth conditions. Therefore, in the present
work the last three of the above-said fac-
tors are considered in detail.

The goal of this study was to determine
optimum conditions for the growth of large
sapphire single crystals with the dimensions
reaching 350x500x45 mm3 by the method of
HDC in weakly reducing medium.

One of possible ways for solving the set
task is a detailed consideration of the hori-
zontal and vertical components of the tem-
perature gradient in the zone of crystal
growth and, consequently, the orientation
of the planes of easy glide with respect to
the crystallization front. This will permit to
diminish the quantity of structure defects
in the crystal in the process of its growth.

The other direction of the investigation
is the simulation of the temperature fields
in the zone of crystal growth and annealing.
There exist few papers devoted to the simu-
lation of the temperature fields for the
method of HDC [4-6]. For the technology of

the growth in weakly reducing protective
medium such calculations have not been
made so far. Consideration of the shape of
the crystallization front and of the distribu-
tion of the thermal field in the grown crys-
tal will make it possible to determine the seg-
ments characterized by high probability of the
formation of structure defects and the ones
with high values of thermoelastic stresses.

2. Experimental

The investigation was performed on
350x500x45 mm3 sapphire crystals grown
under the conditions of dynamic pumping
by the method of HDC in reducing atmos-
phere (CO+H,) under a total pressure of
10-80 Pa. The seed crystal chosen for the
study had the growth direction [1010], the
side surface (1120) and the upper plane
(0001). The growth rate was 8-10 mm/h.

As mentioned above, one of the condi-
tions for the obtaining of sapphire with low
dislocation density is high purity of the raw
material. Therefore, the material used for
the growth of large-size crystals contained
minimal quantity of impurities (Table 1).

During the growth process the axial tem-
perature gradient (G?) varied from 20 to
10°C/cm. The temperature gradients per-
pendicular to the growth direction — the
horizontal (G1) and vertical (GV) — varied
from 10 to 0°C/ecm and from O to 15°C/cm,
respectively. The temperature measure-
ments were carried out using a two-beam
integral pyrometer "Marathon MR1SCSF"
and tungsten/rhenium thermocouples.

An important role in the formation and
motion of the dislocations belongs to the
spatial orientation of the seed with respect
to the crystallization front [7]. In [8] there
was introduced the parameter k (the coeffi-
cient of dislocation inheritance) correspond-
ing to the quantity of the dislocations
which remain in the crystal after the proc-
ess of dislocation gliding:

k=1-(8/D), (1

where § is the distance to the surface which
allows gliding of the dislocations from the
crystal bulk in the =zone of plasticity; D is
the crystal width.

However, at the presence of several
planes of easy glide with different angles of

Table 1. Content of main impurities in a—Al,05, mass. %

Fe

Si

Mg

Ti

Mn

Ca

Na

K

<0.0004

<0.002

<0.0002

<0.0005

<0.00005

<0.0005

<0.001

<0.002
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the slope towards the crystallization front
and different probabilities of the process of
gliding this parameter is not informative
enough [9]. But it can be substituted by
another parameter, i.e. the coefficient of
dislocation gliding (K) which takes into ac-
count all the planes of easy glide and their
location with respect to the crystallization
front in different parts of the crystal:

K=Y (8/D), (2)

where Zi is the sum taken over the planes

of easy gliding.

Under the given growth conditions, the
probability of dislocation gliding will have
different values for different parts of the
crystal. This is caused by the changes in the
crystallization front bending in the region
of the increase of the crystal size (the
change of GN) and in the slope of the front
towards the crucible bottom (the change of
GV). Thereat, the main contribution to the
dislocation evolution belongs to the pris-
matic glide system. In this connection we
considered the orientation of the planes of the
said slide system. The optimum angle of the
slope of the crystallization front towards the
crucible bottom was determined, too.

Before and after the correction of the
growth conditions there were determined
the dislocation density and their distribu-
tion in the bulk in three main segments of
the crystal. The dislocation density was
measured by the method of selective etch-
ing. The density of isolated dislocations was
calculated on a MIC-4 microscope and then
averaged over 10 fields of view (the area
of each field was 2 mm?).

3. Results & discussion

High values of the axial (G?) and hori-
zontal (G') temperature gradient compo-
nents at the onset of the growth exclude
spurious nucleation.

Thereat, the angle between the tangent
to the crystallization front and the plane
(1010) reaches 50° (Fig. 1). Later on the
growth of the erystal without changes in its
size (stationary growth) is realized at a flat
or slightly convex interface. Therefore, the
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Fig. 1. Horizontal and vertical bending of the
crystallization front in the process of crystal
growth (y is the angle between the tangent to
the crystallization front in different seg-
ments of the crystal and the plane (1010); £,
the region of plasticity; AL, displacement of
the crystallization front; D, the distance
from the center of the crystal to its side
surface.

radius of the curvature of the crystal-
lization front in the triangular crystal seg-
ment changes (Fig. 1).

The coefficient of dislocation gliding was
determined with respect to six {1010} and
six {1120} planes of easy glide according to
the formula (2). Since the slopes of the
basis and rhombohedral planes towards the
crystallization front remained unchanged in
this case, they were not taken into account.
The calculations were made for the angles
formed by the tangent to the crystallization
front and the plane (1010), with a step of
15° (0°, £15°, +30°, £45°). For qualitative
estimation of the gliding coefficient such
calculations are sufficient. Moreover, there
were taken into account the probabilities of
dislocation gliding in each of the considered
planes [9]. The calculation results are pre-
sented in Table 2.

As seen from this Table, the highest co-
efficient of dislocation gliding corresponds
to the case when the plane (1010) is parallel
to the interface, i.e. when the crystal-
lization front is flat (Gh = 0). This is ob-
served in the region of the stationary crys-

Table 2. Estimated coefficients of dislocation gliding at different angles between the tangent to

the crystallization front and the plane (1010)

Angle, deg. -45 -30 -15 0 +15 +30 +45
Coefficient of dislocation gliding, a.u. 8.6 9.2 8.6 11.94 8.6 9.2 8.6
Functional materials, 20, 1, 2013 113
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Fig. 2. Pattern of temperature field in the system “crystal — melt — raw material” calculated

using the program ELCUT (a); temperature distribution along the axis of the crucible in the process
of crystal growth (b); temperature distribution along the crystallization front (c): I — at the onset
of crystal growth, 2 — before the stationary growth at a distance of 1mm from the crystallization
front, 3 — before the stationary growth at a distance of 20 mm from the crystallization front. The
length of the grown crystal segment is 145 mm, the length of the annealing zone is 350 mm.

tal growth. However, in the segment where
the crystal size varies the front is convex,
and the curvature radius varies
(0<Gh<10°C/cm). As show the data from
Table 2, the coefficient of dislocation glid-
ing is the lowest when the tangent to the
crystallization front does not coincide with
any of the planes of easy glide (the angles
15° and 45°). At an angle of 45° the dis-
tance to the side surface of the crystal is
small, and this raises the probability of dis-
location gliding. Therefore, at the growth
of sapphire crystals in the direction [1010],
in the segments where y= 15° (especially
with low values of G® and G") the formation
of structure defects has the highest prob-
ability. Such a situation occurs in the region
of the change-over to the stationary growth.
Thereat, the growth rate must be lowered to
extend the time of the stay of the given crys-
tal segment in the zone of plasticity.

In the process of crystal growth in the
direction [1010] the problem of optimization
of the slope angle of the crystallization
front with respect to the crucible bottom
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will not be solved unambiguously, due to a
large number of factors which influence the
formation of the dislocations. However, as
seen from the previous estimations, the co-
efficient of dislocation gliding is essentially
higher in the case when the plane of easy
glide coincides with the crystallization
front. Therefore, it should be concluded
that the best conditions for dislocation glid-
ing will be observed at the coincidence of
the crystallization front with the plane
(1011). This is achieved if the condition
0<Gh<5°C/cm is satisfied up to the onset of
the stationary crystal growth.

The model calculations were realized by
means of the program ELCUT [10, 11] using
the method of finite elements on inhomo-
geneous mesh for the calculation of a two-
dimensional model of thermal and stress
field. At first there were estimated the
thermal conditions at the growth of the
crystals with the rectangular part measur-
ing 250x250x40 mm3. The real temperature
distribution in a standard thermal furnace
with 8350 mm long annealing zone was

Functional materials, 20, 1, 2013
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Fig. 3. Temperature field (from the left) and stress field, o, isolines (from the right) in the grown
part of the crystal at the standard shielding (a), and at the additional shielding in the region of the
change-over from the triangular to the rectangular part of the crucible (b); (¢) — the values of o,.

measured, and the obtained results were
compared with the calculation data.
Thereat, the coincidence between them
turned out to be satisfactory. The boundary
conditions at different crystal growth stages
were determined using experimental values of
the real temperature distribution in thermal
furnace, and numerical estimations of the ef-
ficiency of shielding. The final calculations of
the temperature fields were carried out for
the crystal with the rectangular part measur-

ing 350x500x45 mm3. Other parameters for
the calculations are presented in Table 3.
The results of the calculation of the tem-
perature distribution in the system "ecrystal-
melt-raw material” with 145 mm long part
of the grown crystal are shown in Fig. 2.
The calculation results show a sharp ex-
ponential drop of the temperature in the
vicinity of the crystallization front. This is
characteristic of systems with radiative
heat exchange (S-shaped temperature distri-

Table 3. Parameters of materials for model calculations

Properties of material Crystal Melt Raw material Molybdenum
Density (kg/m?) 3970 3000 2800
Specific heat (J/kg-K) 750 1560 1620 430
Thermal conductivity (Wt/m-K) 10 3.5 2 69
Radiation coefficient 0.87 0.33 0.2 0.28
Crystallization temperature (K) 2327 - - -
Functional materials, 20, 1, 2013 115
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Fig. 4. Distribution of dislocations in the crystal bulk before (from the left) and after (from the
right) the correction of the growth conditions: at the onset of crystal growth (a); before the

stationary growth (b); at the stationary growth (c).

bution in a flat layer [10]) caused by intense
heat withdrawal from the hot zone by a
flow of thermal radiation. The -crystal-
lization front is non-orthogonal with respect
to the crucible bottom. This is explained by
more intense heat supply by the heater from
above and the shielding action of the bot-
tom plate from below. As follows from the
calculations, nonlinearity of the thermal
field in the crystal is most essential at the
change-over from the triangular to the rec-
tangular part of the crystal, i.e. at the
onset of the stationary growth (Fig. 2)
where two opaque boundaries (the crucible
walls) join. Experience shows that in most
cases the formation of block boundaries is
observed just in this part of the crystal.
Non-uniform temperature distribution may
be caused by an essential variation of the
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shielding efficiency at the change-over from
the triangular to the rectangular part of the
crucible. According to the performed calcu-
lations, additional shielding in this segment
considerably reduces non-uniformity of the
thermal field and, consequently, the wvalue
of thermoelastic stresses. The required
shielding conditions were estimated on the
base of the determination of the boundary
conditions at the change-over from the tri-
angular to the rectangular part of the crys-
tal. Presented in Fig. 3 are the results of
comparative calculations of the temperature
field and stress field patterns (o, isolines)
in the grown crystal for the cases of the
standard shielding (a) and additional shield-
ing in the region of the change-over from
the triangular to the rectangular part of the
crucible (b). Fig. 8(c) shows 0, values in the

Functional materials, 20, 1, 2013
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vicinity of the crystallization front before
and after the change of the shielding. As is
seen, Oy is lower in the case of additional
shielding, especially near the crucible walls.

After modeling and estimating the prob-
ability of dislocation gliding, the tempera-
ture gradients (G2, G" and GV) and the pull-
ing rate were changed in the process of crys-
tal growth, an additional shield was used in
the region of the change-over from the trian-
gular to the rectangular part of the crystal.

The results of selective etching of the
crystals realized before and after varying
the growth conditions testified that before
the onset of the stationary growth essential
distinctions in the density of the disloca-
tions and their distribution were not ob-
served (Fig. 4, a, b). Thereat, the disloca-
tion density monotonously increased. Dur-
ing the stationary growth under unchanged
thermal conditions the dislocation density
continued to rise. The segments with low dis-
location density interchanged with those con-
taining pronounced dislocation aggregations
(Fig. 4, c), but the distribution of dislocations
over the crystal was chaotic. After the correc-
tion of the thermal growth conditions the dis-
location density remained unchanged, but
there were observed some changes in the dis-
location distribution in this part of the crys-
tal. The dislocation aggregations were located
along certain directions (Fig. 4, c).

4. Conclusions

The performed investigation allowed to
establish the optimum values of the axial,
horizontal and vertical components of the
temperature gradient (G2, G! and GV) at the
growth of large-size sapphire single crystals

by the method of horizontally directed crys-
tallization, as well as to correct the crystal
growth rate. Using additional shielding,
there was reduced non-uniformity of the
thermal field distribution in the crystal, es-
pecially in the region of the changeover
from the triangular to the rectangular seg-
ment. The obtained results made it possible
to grow 350x500x45 mm3 sapphire crystals
with the surface orientation (1012) which
did not contain macroblocks. The structural
characteristics of the crystals with the sur-
face orientation (0001) were improved.
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OnTumizanisa TeMmmepaTypHMX YMOB IPH BHPOIIYBaHHI
BeJUKOoradapuTHux KpucrajigiB candipy meromom I'CR

JI.0.I'puns, O.T.Byonixoe, H.C.Cudenvniroéa,
I''T.Adonkin, B.B.Bapanos

OujineHo cTymiHb BUXOAY AUCJIOKAIIM 3 KpucTaja 3a ILIOI[MHAMHI JEerKOro KOB3aHHSA B
sasieskHOCTI Big opMu (PpoHTy KpUcTaTisallii 3a MIMPUHOI TA TOBIIMHOI Kpuctasia. [IpoBemeno
MO/E/JIOBAHHS POSIIOALIEHHA TeMIEPATYPHOIO IIOJA Y KPUCTAJL A ABOXBUMIipHOI Mozmesai. Bus-
HAYEHO YYACTKU HeJiHifHOrO POSIIOAiIeHHS TEILIOBOTO IIOJH 32 IIMPUHOI TA TOBIUHOIO KPHC-
Tasa. OnTruMisoBaHo TeMIlepaTypHi YMOBU AJIsi BUPOIIYBaHHA BeaukoradaputHux (350x500x45
mm®) kpueranie candipy meromom I'CK. PosrnsmyTo smimeHHS wiinbHOCTI mueioraniit ta ix
posmogiieHHs 3a 00’eMOM KPHCTAJA MicJsd BHECEHHS KOPEKIil y TeXHOJOriyHuM pPesKuM BHUPO-
uryBanua. Ilokasano, Io omTMMisalliida 0ChOBOI, MOPH30HTAJBHOI TA BEPTUKAJLHOI CKJIAJOBUX
rpajgieHra TeMmIieparypyd IIPU3BOAUTDL A0 HOKPAIEHHS PiBHOMIpHOCTI POSIIOAiJIEHHS TEIJIOBOTO
moJusi Ha (ppoHTi Kpucragisamii micas cramii pospolyBaHHSA KpucTaJa.
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