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The technological possibilities of the growth of optical-quality sapphire rods with a
diameter of 12...20 mm and a length of 500...1000 mm by the Stepanov method. The
influence of crystallization rate and crystallographic growth direction on the optical
quality of the crystals was investigated. The technological procedure of "cold” narrowing
of the growing crystal at the beginning stage of seeding was proposed to improve crystals
structure. It was shown that heat treatment of the grown crystal in a gas environment
with neutral chemical potential leads to destruction of optical color centers and scattering
foreign-phase inclusions in its volume. It was shown that the main reason of color and
scattering centers foundation in sapphire is anionic stoichiometry violation and the pres-
ence of uncontrollable impurities in the melt. To obtain long sapphire rods of optical
quality the crystallographic oriented growth [1120] is preferred. In the process of growing
a rod with a diameter of 14 mm, the depth of the surface-adjacent defective layer does not

exceed 0.4 mm and the small-angle optical scattering doesn’t have to be greater than 0.01 em™1.

PaccMoTrpeHBl TEXHOJOTMYECKHE BO3MOMKHOCTH BBIPDAIUMBAHWUSA CTEPIKHEH camupa OITH-
yeckoro kauecrsa muamerpom 12...20 mv m gumuoir 500...1000 mm meromom Cremanosa.
HccnemoBano BinmsAHNE KPUCTALIOIPA(UUECKOr0 HAIPABIEHUS POCTA U CKOPOCTH KPUCTAJJIN-
3aIMM HA ONTUYECKOEe Ka4eCTBO KPUCTAJIOB. IIpemsosKeH TEXHOJOIMYECKHII MeTOox ~ XOJOJ-
HOM IepeTsaKHu PAacTyIlero KPUCTAJLIA Ha 9Talle 3aTPABIEHUA AJId YJIYUIICHUA ero CTPYK-
TYPHOT'O coBepiieHcTBa. IlokasaHo, 4To TepMooOpadoTKa BBIPAIIEHHOI'0 KPUCTAJIA IPU HEN-
TPAJIbHOM XUMHUYECKOM IIOTEHIIHMAJE CPeAbl OTMUra II03BOJSAET PAa3PYIIUTL OITUYECKUE
HEeHTPHl OKPACKH U paccemBaioiiue NHOQA3HbIE BKJIOUYEHUA B ero 00béMe. ¥YCTAHOBJIEHO, UTO
OCHOBHOII mpuuuHOl 00pasoBaHusd IEHTPOB OKPACKN M PACCEMBAIOIMX IEHTPOB B camdupe
ABJASETCA AHWMOHHAS PACCTEXMOMETPHS DACIlIaBa M HAJIWYKWE B HEM CONYTCTBYIONIMX He-
KOHTPOJIMPYeMbIX mpumeceii. lid moaydyeHus IINHHOMEPHBIX CAll(UPOBBLIX CTEPIKHEN OIITH-
YeCKOr0 KadecTBa IIPeANIOYTUTEJbHBIM KPHCTAJIOTpadUYecKHM HalpaBiIeHHeM POCTa SBJA-
ercs [1120]. Ilpm BbIpaIUBaHWM CTEPMKHS IUAMETPOM 14 MM TOJIIWHA IIPUIIOBEPXHOCTHOTO

nedexTHOrO crost He mpesbimaer 0,4 MM, a MAIOYIJIOBOE OIITHYecKoe paccesrue He Gouee 0,01 em 1.

The Stepanov method (EFG) allows to
grow the crystals of preset profiles, and
this essentially decreases loss of the mate-
rial caused by mechanical treatment in the
process of manufacturing sapphire articles.
However, due to high density of structure
defects, these crystals are mainly used as a
constructional material. The obtaining of
optical-quality crystals with a length ex-
ceeding 500 mm will permit to widen the
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application field of sapphire. In the frame
of this research technological potentialities
of the Stepanov method for the growth of
long (up to 1000 mm) optical-quality sap-
phire crystals with a diameter of
12...20 mm were investigated.

The crystals — 14 mm in diameter and
800 mm long — were grown in Mo crucible
in argon medium at high-frequency (8 kHz)
heating. The heater (a hollow graphite cyl-
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inder) was insulated from the inductor by
graphite cloth and quartz shell. Thermal
field was formed in the crystallization zone
by means of a system of screens made from
molybdenum and porous "Olcarb”-type
graphite-containing material. Fragments of
sapphire crystals grown by the Verneuil
method were used as a raw material. Con-
tent of impurities in the raw material, ppm:
Fe — 50, Si — 30, Ti — 20, Mg — 15, Ca — 5,
(Cu, Ni, Mo, V, Mn, Cr) — < 5.

To improve the structure quality of the
growing crystals a special shaping unit with
centered feed of the melt and conical shape-
forming surface was used. This allowed to
form a stable convex crystallization front
and to organize rejection of gas bubbles in
the melt film at the ecrystallization front
towards the growing crystal periphery. To
avoid the appearance of inherited structure
defects in the crystal from the seed-adja-
cent region, the method of ’cold Desh neck’
was used. The shaping unit design permits
to realize such a technological procedure
without overheating the melt. Thereat, the
crystal cross-section diminishes due to the
power drop in the inductor until the diame-
ter of 2—3 mm is reached.

The influence of the crystallization rate
on the optical quality of the crystals grown
along the crystallographic directions [0001],
[1120], [1010] was investigated. The crys-
tals were annealed in saturated aluminium
oxide vapors at 1900°C [1]. The method of
optical microscopy was used to control the
presence and distribution of foreign-phase in-
clusions. The presence of the blocks was in-
vestigated in polarized light, its perfection
was examined by means of three-crystal X-ray
diffractometer with an angular resolution of
diffraction reflection curve of ~1 arecsec.
KSVU-2 spectrophotometer was used to meas-
ure the spectra of optical absorption. The op-
tical homogeneity of the crystals was deter-
mined by IKD-101 interferometer from the
quantity of interference bands and their local
distortion. The change of the crystal refrac-
tive index values in the radial direction (An)
was calculated from the formula:

_N-L g6
An = T - 10 .
where N is the quantity of interference
bands; A is the wavelength of the inter-
ferometer’s radiation source (nm); L is the
length of the crystal (mm).

The presence of light scattering at large
angles was visually controlled while passing
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He—Ne laser beam through the crystal [2].
The value of low-angle scattering (o) was
measured using US-94 nephelometer with
an error not exceeding 15 % and calculated
under the formula:

s=1. ln(1 + Loe/To Jerys [em™1],
L 1+1,./1

where (I;./Ig)erys and (I,./Ip) are the rela-
tive intensities of optical scattering of the
nephelometer beam with the crystal and
without it.

The use of graphite heater and graphite
components allows to form a growth me-
dium with reducing chemical potential [3].
Sapphire rods grown in such a medium were
characterized by anionic-type violation of
the crystal lattice stoichiometry. The opti-
cal absorption of the grown sapphire at
206, 225 and 255 nm corresponds to that
at F- and F*-centers [4—7].

The concentration of anionic vacancies
([VoD) in the grown rods increases from the
crystal nose to its tail. It takes place be-
cause of the increase of the degree of an-
ionic-type violation of the melt
stoichiometry in the process of crystal-
lization. Their quantity in the crystals was
determined by the Smacula formula [8] and
the intensity of optical absorption at 206,
225 and 255 nm as a total concentration of
F- and Ft-centers:

Vol = [F] + [F'] =
+0.167 - 0955 - 1016 =6.3 - 1017cm3,

where 0('206’ 0(,225, 0L255 — are the coeffi-
cients of sapphire optical absorption at the
wave length 206, 225 and 255 nm.

It is possible to estimate the value of
effective chemical potential of the growth
medium [9] knowing concentration of an-
ionic vacancies in the grown rods one can
estimate the value:

€ =—[2Ey + 2RT - In4a™1. [Vol - Po)l =
=-235 kdJ/mole,

where R is the universal gas constant; T is
the temperature of the technological proc-
ess; Pp is the equilibrium partial pressure
of oxygen vapors in the products of thermal
dissociation of corundum with stoichiomet-
ric composition; [V] is the equilibrium con-
centration of anionic vacancies in the crys-
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tal; coefficients Ey = 1.12:103 J/mole,
A = 5.51033 at-em™3 were determined by
the anionic vacancies concentration in the
sapphire annealed in the saturated vapor of
aluminium (under closed system condition) [3].

Some of the crystals had yellowish-brown
color. The presence and intensity of the
color depended on the crystallization rate
and crystallographic direction. Thereat, the
absence of Tyndall light scattering testified
to the absence of foreign-phase inclusions.
In these crystals color centers had optical
absorption in 3830...450 nm wavelength re-
gion with an absorption maximum at
387 nm. The rods grown along the crystal-
lographic direction [1010] at crystallization
rates of 20...27 mm/hr acquired color cen-
ters only at the initial crystallization stage
when their length was not larger than
80 mm. Whereas the rods grown along the
crystallographic direction [1120] had color
centers only at crystallization rates higher
than 25...27 mm/hr. This shows a better
ability of the crystal which grows along the
direction [1120], to reject uncontrollable
impurity contained in the melt. The absence
of color centers in the rods grown along the
crystallographic direction [1010] when their
length was larger than 80 mm may be ex-
plained by the fact that the efficiency of
impurity rejection to the crystal periphery
grows due to the increase of the axial gra-
dient at the crystallization front in the
process of crystal growth [10].

The crystals grown along the direction
[0001] even at a rate of 15 mm/h had gray-
ish-black inclusions in their bulk over the
whole of the rod length. Tyndall light scat-
tering of the laser beam pointed to foreign-
phase nature of the inclusions. X-ray strue-
ture analysis could not establish the nature
of such foreign-phase inclusions due to their
low concentration, and no absorption bands
characteristic of such defects were revealed
in the optical absorption spectra.

Annealing of the crystals in saturated
vapors of the thermal dissociation products
of aluminium oxide (¢=0 kdJ/mole) at
1800...2030 E°C allows to destroy the de-
fects and to achieve transparency of the
crystals in the visible region of the spec-
trum. The kinetics of the destruction of the
foreign-phase inclusions and color centers
at such an annealing has a diffusive charac-
ter. The crystal becomes transparent start-
ing from its surface and then transparency
extends into its bulk in the process of an-
nealing (Fig. 1). This allows to conclude
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Fig. 1. Distribution of foreign-phase inclu-
sions in sapphire rod with a diameter of
14 mm: I — before annealing; 2 — after

8-hour annealing; 3 — after 12-h annealing;
4 — after 15-h annealing.

that the foreign-phase inclusions and color
centers with an absorption band at
330...450 nm are based on the complexes
formed by impurity ions and anionic vacan-
cies. The foreign-phase inclusions appear in
the crystals with anionic-type stoichiometry
violation when the impurity concentration
is higher than a critical value. Annealing of
the crystals in a medium with a low chemical
potential (—50 kdJ/mole < ¢ < +50 kJ/mole)
reduces the degree of the stoichiometry vio-
lation and favors the destruction of the for-
eign-phase inclusions and color centers
based on the impurity-vacancy complexes.

Localized in the surface-adjacent part of
the crystal is a layer of gas inclusions with
a depth of 0.2...2.4 mm which consists of a
defect-free zone and zones with elevated
and low defect densities (Fig. 2). Certain
critical erystallization rate each crystal-
lographic direction there exists for higher
rate a sharp increase of the depth of the
defective surface-adjacent layer is observed.
For the crystals grown along the directions
[1120] and [1010] the critical growth rate is
24-26 mm/h and 18-20 mm/h, respectively.
In the crystals with [0001] orientation the
surface-adjacent defective layer has a depth
of 0.2...0.4 mm in the vicinity of the seed,
however, their critical growth rate is limited
by foreign-phase inclusions observed even at
15 mm/h crystallization rate.
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Fig. 2. Surface-adjacent defective layer of the
sapphire rod with a diameter of 14 mm
grown by the Stepanov method using conical
shaper at growth rate of 40 mm/h. I —
low defect density zone; 2 — high defect den-
sity; 3 — defect free zone.

As a rule, the depth of the surface-adja-
cent defective layer decreases when the tem-
perature gradient between the shaper and
the crystal increases. Such an effect appears
with the increase of the length of the crys-
tal (Fig. 3). As it follows from the dynamics
of the change in the heater power in the
process of growth, it may be assumed that
the temperature gradient at the crystal-
lization front will increase by 5...6 % after
seeding at a crystal length of
100...130 mm. This increases the critical
crystallization rate which at a crystal
length of 100 mm makes 29-31 mm/h and
25—-27 mm/h for the crystals grown along the
directions [1120] and [1010], respectively.

No rough macro-block structure was re-
vealed in the grown crystals. This is also
confirmed by examination of the crystals in
polarized light. Smearing of the diffraction
reflection curves of the samples is mainly
connected with micro-blocks with a cross-
section of 100...200 um and disorientation
angles of low-angle dislocation boundaries
running into 10 arcsec. The use of "Desh
neck” essentially improves the structure per-
fection of the crystals which is evident from
the fact that the half-width of the diffraction
reflection curve decreases by 3.5...4 times.

Intense rejection of the impurity towards
the crystal periphery and its localization on
low-angle block boundaries leads to the ef-
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Fig. 3. The depth of the surface-adjacent layer
of the sapphire rod grown by the Stepanov
method depending on the crystallization rate:
— [1010] growth direction, crystal nose (1),
crystal tail (I¥); — [1120] growth direction,
crystal nose (2), crystal tail (2%).

Fig. 4. Interferogram of ordinary (I) and ex-
traordinary (2) beam of the sapphire rod with
a diameter of 14 mm and a length of 100 mm
grown by the Stepanov method.

fect of pseudo-lens and local non-uniformity
of the refractive index (Fig. 4). Therefore,
the crystals optical non-uniformity is no-
ticeably influenced by an elevated (greater
than 10 ppm) content of Fe, Si and Mg im-
purity in the raw material. The rods grown
along the direction [1120] are characterized
by higher local non-uniformity and monoto-
nous change of the refractive index in com-
parison with the rods grown along the di-
rections [1010] and [0001] (Table). This can
be explained by the better ability of the
crystal growing along the direction [1120]
to reject the impurity contained in the
melt. The lowest optical non-uniformity is
characteristic of the crystals grown along
the direction [0001] after thermal destruc-
tion of the foreign-phase inclusions in their
bulk.

Low-angle disorientation of the inter-
block boundaries and the effect of pseudo-
lens essentially limit the wvalue of optical
scattering under low angles. In terms of the
parameter, the crystals grown by the

145



News of Technology

Table. Optical non-uniformity and low-angle scattering (o) of sapphire rods with a diameter of

14 mm grown by the Stepanov method

Crystallographic growth |Crystallization| Local distortion of the | Change of refractive | g (em™1)

direction rate (mm/h) waving front (cm™1) index An

[1010] Stepanov method 20 1/20 1.63.10°5 0.008

25 A/17 1.63.10°° 0.009

30 A/17 1.96.10°° 0.004

[1120] Stepanov method 20 A/13 1.94.10°5 0.008

25 A/15 2.14-107° 0.006

35 A/16 1.81-107° 0.006

[0001] Stepanov method 15 A/45 2.92.10°° 0.011

[11§0] Verneuil method 10...15 A/8...0/25 5.10°6...1-10°4 0.025

[1150] Czochralski method 4...8 A/9...1/80 5.10°6...5-10°3 0.015
Stepanov method can compete with those References

obtained by other methods (see Table).

Thus, the Stepanov method allows to ob-
tain optical-quality sapphire rods with a
length up to 1000 mm and a diameter larger
than 12 mm. The content of impurities in the
raw material does not have to exceed 10 ppm
for each of the chemical element. The prefer-
ential direction of crystallization is [1120].
Sapphire rods with a diameter of 14 mm
grown along this direction at a rate of
30 mm/h will have optical quality if a depth of
defective surface-adjacent layer is not larger
than 0.4 mm. Color centers and foreign-phase
inclusions caused by anionic-type violation of
the crystals’ stoichiometry and uncontrollable
impurities contained in the raw material are
eliminated by after-growth annealing in a me-
dium with chemical potential -
50 kJ/mole < € < +50 kJ/mole.
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BupomyBaHHA TOBrOMipHHX CTEepP:KHIB candipy
ONTHYHOI AKOCTIi

€.I1. Andpees, C./].Buwmnescovruii, €.B.Kpueonocos,
J.A.Jlumeunosé

Posrasayro TexHoJMOriuHI MOMIMBOCTI BHPOIIYBAHHSA CTEP:KHiB camndipy omTuuHOl
arocti giamerpom 12...20 mm 1 goexumon 500...1000 mm merogom Cremamosa. HocaimxeHo
BILIMB KpucTagorpaiuyHoro HaIpsaMKy POCTY i mBUAKOCTI Kpucraaisaiil Ha onTUYHY AKIiCTh
KPUCTAIIB. 3aIIPOIIOHOBAHO TEXHOJIOTIUHMII METOJ '~ XOJOJHOTO IEPETATHEHHS KPUCTAJA, IO
pocTre, Ha eTalli saTpaBJeHHS I IIOJIIIIEeHHA HOro CTPyKTypHOI moseprieHocri. ITokasano,
o repmMoo0pobKa KpucTaia IIpu HelTpaabHOMY XimMiunomy moTeHmiani cepemoBuima Bigmasay
IO3BOJIAE SPYUHYBATH OITHUYHI IleHTpu 3abapBijeHHA i posciompoui imohasHi BKIOUEHHS B HOro
06’emi. BeraHoBiaeHO, 10 OCHOBHOI IIPUYMHOKI YTBOPEHHSA IeHTPiB 3abapBiieHHA 1 posciroBaio-
yux IeHTpiB y candipi € amiomHa poacrexiomerpid posciLIaBy Ta IPUCYTHICTH B HBOMY HEKOH-
TPONBOBaHUX Jomimok. [na orpuMaHHA KOBromipHux candipoBuX cTep:KHIB oNTHYHOI AKocTi
HeoOximuo BimmaBaTu mepeBary kpucragorpadiumomy Hanpamry pocty [1120]. IIpu supomrysanui
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CTEp)KHA miaMeTpoM 14 MM TOBIIMHA TPUIIOBEPXHEBOTO Iapy He mepebigpmye 0,4 MM, a

MAJIOKYTORe ONTUUHE PO3CitoBaHHA He 6impm mim 0,01 ML,
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