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Presented are the results of optical and X-ray structure investigations of sapphire
crystals grown by the method of HOC in the protective (reducing) medium Ar+CO under a
pressure of 10...800 torr. The dependence of the crystals structure perfection on the
pressure of the medium is established. It is shown that high-temperature annealing may
raise the structure perfection up to the level characteristic of the crystals grown under the
conditions of high vacuum (1074 torr). Correlation of the parameters which characterize
the structure perfection, with the concentration of anionic vacancies in the crystals, all ows
to assume that at the growth of sapphire crystals in reducing media, vacancy mechanism
may play a noticeable role in the process of formation of dislocations and low-angle
dislocation boundaries.

IIpencraBieHBl pe3ysbTaThl ONTUYECKUX U PEHTTEHOCTPYKTYDPHBIX HCCJIEIOBAHUU KpPUC-
TAJIJIOB camdupa, Beipamiedabix merogoMm I'HK B samurHO (BoccTaHOBUTENBHOM) cpeme Ar +
CO B unrepsasne nasiaenuit 10...800 Topp. YcTaHOBIEeHA 3aBUCUMOCTb CTPYKTYPHOTO COBEP-
IIEHCTBA KPUCTAJJIIOB OT JaBjeHUA cpenbl. IlokasaHo, UYTO B pe3yJbTaTe BHICOKOTEMIIEPATYD-
HOTO OTJKWUTa COBEPIIEHCTBO CTPYKTYPHI MOYKET OBITH IOBBIIIEHO IO YPOBHSA, XapaKTEepPHOTO
Il KPUCTAJJIOB, BHIPAINEHHBIX B YCJIOBHAX BBICOKOro Bakyyma (1074 ropp). Koppemsamus
mapaMeTpoB, XapaKTepPUIYIOIUX COBEPIIEHCTBO CTPYKTYPhI, C KOHIIEHTpallmeilli aHWOHHBIX
BaKaHCHUIl B KPHCTAJLJIaX IIO3BOJISET IPEIJIOKUTh, UTO IPU BBHIPAIMBAHUUN KPUCTAJJIOB Call-
(upa B BOCCTAaHOBUTEJBHLIX CpPelaX B Ipoliecce (GJOPMUPOBAHUSA AUCIOKAIUN U MaJOYTJIOBBIX
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AUCIIOKAIIMOHHBIX I'PDAHUI][ 3aMETHYIO POJIb MOMKET HUI'paThb BaKaHCUOHHBIN MeXaHU3M.

The use of protective (containing the re-
ducing components H,, CO) gas media for
the growth of sapphire single crystals by
the method of horizontally oriented crystal -
lization (HOC) [1] allowed to substitute ex-
pensive constructional materials (tungsten
and molybdenum) by cheaper carbon graph -
ite, to essentially raise the method’s profit -
ability and to bring it to a leading place on
the world market of large sapphire elements
for mass application [2]. Large-size sapphire
crystals grown in CO gas atmosphere under
a pressure of 0.1...0.3 torr have high opti-
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cal quality and structure perfection which
compare favorably with the said charac-
teristics of the crystals obtained under the
conditions of high vacuum [3].

However, high rate of Al,O3 evaporation
under such conditions shortens the service
life of carbon graphite screens located near
the melt, and leads to changes in the heat -
ing regimes. This essentially reduces repro -
ducibility of the crystal growth conditions
and hinders optimization of the technologi -
cal programs. Therefore, for further rise of
the growth method profitability it is neces-
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Table. Content of main impurities in the starting material

Element Ca Cr Fe

Ga Mg Na Si Ti

Concentration, ppm <5 <1 <4

<11 <3 7 <18 2...5

sary to decrease the rate of Al,O5 evapora-
tion. This may be achieved with higher
(>1 torr) pressures of a medium which main
component is a gas neutral with respect to
Al,O3 (e.g. Ar or He). Such a medium is not
only protective for W and Mo (the crucible
and heater materials), it also allows to es-
sentially increase the service life of the
carbon graphite screens. However, in this
case the optical characteristics and the fine
faulty structure of the crystals may be in-
fluenced by violations of the melt
stoichiometry in the process of crystal-
lization, due to the presence of the reduc-
ing component in the medium. The present
paper is devoted to investigation of the
mentioned characteristics of the sapphire
single crystals grown in Ar + CO gas atmos-
phere under 10...800 torr pressure.
Experimental crystals measuring
70x35x10 mm3 with the crystallographic
orientation (0001) were grown in (Ar + CO)
atmosphere under 10...800 torr pressure by
the method of HOC using an apparatus with
carbon graphite heating unit. For the ob-
taining of the crystals, there was used a
starting material with low impurity content
(Tablel). The crystals were grown from the
same starting material batch under identi-
cal technological conditions (growth rate,
temperature gradient, etc.). The rectangular
experimental samples measuring
20x10x6 mm3 with the surface orientation
(0001), (1120) and (1010) were cut out
along the growth direction from the same
tail parts of the grown crystals. The sam -
ples were oriented to an accuracy of *0.5°
and subjected to the following treatment:
flat polishing by bound abrasive, precision
grinding by boron carbide powders with dif -
ferent grain size, mechanical and chemico-
mechanical finish polishing. The roughness
R, of the sample surfaces prepared for the
measurements was ~15 E, and this fact did
not exert essential influence on the contri-
bution of the damaged surface-adjacent
layer into the results of X-ray diffraction
and optical measurements. The transmission
spectra of the samples (T(\), % ) were regis-
tered on "SPECORD-UV-VIS" spectro-
photometer in 200...800 nm spectral region.
The absorption spectra (K(A), cm™l) were
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built after a correction for reflection and
reduction to thickness units.

The concentration of F-centers in the
samples was estimated from the Smakulla
formula using the values of oscillator force
obtained in [4]. To estimate the concentra-
tion of micro-particles in the samples, there
was used MIC-4 optical microscope and the
data on the crystals’ absorption in the vis-
ible region of the spectrum. The degree of
structure perfection of the grown sapphire
crystals was studied on the multipurpose
three-crystal X-ray diffractometer (TXD) in
Cu Ka radiation. The use of TXD investiga-
tion methods allowed to exclude the contri-
bution of instrumental broadening into the
diffraction reflection curves (DRC), to
achieve an angular DRC resolution of ~1
arcsec and the rocking curve halfwidth
~3...7 arcsec, the error of the determination
of the integral reflection power IE<2 %,
the relative variation of crystal lattice pa-
rameter Ad/d ~ 10077 [6]. The shape and
angular position of DRC curve, the parame -
ters B, IR, Ad/d allowed to estimate the de-
gree of structure perfection of the investi-
gated samples adequately enough. To esti-
mate the structure perfection in the bulk of
the crystals, there was realized linear scan -
ning of the sample (at a step of 0.2...3 mm)
with respect to incident monochromatic X-ray
beam, and the characteristics B(L), IT(L),
Ad/d(L) were obtained. The shape and angu -
lar DRC position were established at a tem-
perature of 15 + 0.5°C. The crystal lattice
parameters (a, ¢) were determined using the
Bond method and the method developed by
the authors [6].

The performed optical investigations
show that, in contrast to the optical spectra
of sapphire crystals grown in CO gas me-
dium under 0.1...0.3 torr pressure [2],
those of the crystals grown in (Ar + CO)
atmosphere under a pressure of
10...800 torr have no Ti4* absorption bands,
and this is caused by high degree of Ti re-
duction. Due to the same fact the latter
crystals possess elevated resistance to UV-
irradiation (color centers are not formed in
them). The spectra of all the crystals con-
tain only the absorption bands of F-centers
(205 nm) which intensity increases as the
protective medium pressure grows (Fig. 1).
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Fig. 1. T(\) spectra of sapphire crystals
grown in Ar 4+ CO medium. Curves 1, 2, 3
correspond to the crystals obtained at 10, 100
and 800 torr, respectively. Curve 4 is meas-
ured after high-temperature annealing of the
crystals grown at 800 torr pressure. The
samples thickness is 6 mm.

The concentration of F-centers in the sam-
ples estimated from the Smakulla formula
increases from ~1016 cm™3 in the crystal
grown under a pressure of 10 torr, up to
~7...90016 ¢cm™!  in  those grown at
400...800 torr (Fig. 4d).

There is also observed low transparency
of the crystals grown under a pressure
higher than 30 torr in the visible region of
the spectrum. Such a fact is caused by the
presence of micro-particles (light scattering
centers) which formation is connected with
violation of the melt stoichiometry [2, 7].

The micro-particle concentration also de-
creases when the pressure of the medium
grows from ~104 ¢cm™3 in the crystals grown
under 30 torr pressure, up to 5...6108 cm™3
in the crystal obtained under a pressure of
800 torr (Fig. 4d). The influence of these
defects (which are not typical of the sap-
phire crystals grown in a medium neutral
with respect to Al,O3 melt) on the forma-
tion of fine faulty structure of the crystals,
is of considerable interest.

To study the crystals’ structure perfec-
tion, there were used the reflexes of the
reflection of the crystallographic planes
(0001), (2240), (3360), (3030). Presented in
Fig. 2 are the structure perfection parame-
ters B and I® for the reflexes {00012} and
{2240} averaged over ten measurements (at
scanning the samples along the growth di-
rection) depending on the pressure of the
growth medium Ar + CO (curves 1). As is
seen, the grown crystals show tendency to
an increase of the parameter B. DRC smear-
ing is mainly caused by the presence of
micro-blocks with low-angle dislocation
boundaries and 1...20 arcsec disorientation
angles. For the reflex {2240} (Fig. 2b) the
parameter values are higher than for the
reflex {00012} (Fig.2a), and this is evi-
dently bound up with the contribution of
extension-compression stresses in the bulk
of the crystal.
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Fig. 2. Behavior of the rocking curve halfwidth B (a, b) and the integral reflection power IF (c, d)
depending on the growth medium pressure after the growth (curves 1) and after additional high-

temperature annealing (curves 2).
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Fig. 3. Characteristic shapes of rocking curve for {2210} reflex: (a) — after the growth, (b) —

after additional high-temperature annealing.
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Fig. 4. Changes in the lattice parameters and the concentration of defects (vacancies and micro-par-
ticles) in the crystals depending on the growth medium pressure: (a) — the parameter ¢, (b) — the
parameter a, (¢) — the elementary cell volume V, curves 1 and 2 are measured before and after
high-temperature annealing, respectively; (d) — the concentrations of F-centers before (curve 1)
and after (curve 2) high-temperature annealing and the concentration of micro-particles (curve 3).

The DRC splitting (Fig. 3) allows to esti-
mate the cross-section of micro-blocks from
the area of the irradiated part of the crys-
tal, its cross-section, the quantity of the
peaks and their intensity in the maximum.
For instance, for the reflex of {2240} reflec-
tion the cross-section of monochromatic
beam on the sample is ~80 pm and the DRC
has not less than 8 separated reflexes of
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different intensity (Fig. 3a). The micro-block
cross-section varies within the limits 4-15 pm.
Rough micro-block structure with disorienta-
tion angles >0.1° was not observed in all the
investigated samples.

The results of the measurements of the crystal
lattice parameters ¢, E (11074 E) and a, E (300~
5 E) in the grown crystals are presented in Fig. 4
(a, b), curves 1. As is seen, the parameter
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Fig. 5. Behavior of the rocking curve

halfwidth B (a), the integral reflection power
I® (b) and the lattice parameter ¢ at scanning
the sample along the growth axis (at a dis-
tance of 15 mm from the center to the tail of
the crystal grown at 800 torr pressure of Ar
+ CO medium) after the crystal growth
(curve 1) and after additional high-tempera-
ture annealing (curve 2).

¢ increases (~50073 E) and the parameter a
slightly diminishes (~3.6(107% E) when the
pressure increases from 10 to 800 torr in
the process of crystal growth. The depend -
ence of the elementary cell volume V, E3
(250073 E) presented in Fig. 3¢ (curve 1)
was calculated from these parameters. The
observed increase of V correlates with the
dependence of the concentration of anionic va-
cancies and micro-particles in the crystals on the
growth medium pressure (Fig. 4d, curves 1,3)
obtained from optical measurements (Fig. 1).

As mentioned above, Fig. 2, 4 present
the data averaged over ten measurements at
scanning the samples along the growth di-
rection. The dependences B(L) and IE(L) for
the reflex {00012} and c(L) obtained while
scanning the sample along the growth direc -
tion (for the crystal grown at 800 torr pres -
sure of the medium Ar + CO) are shown in
Fig. 5 (curves 1). Analogous dependences
(more or less pronounced) are typical of all
the investigated samples: at the crystal tail
the amount of defects increases (there are
observed DRC widening and growth of IF),
moreover, for all the crystals the lattice
parameter ¢ increases. It should be noted
that rough micro-block structure is not re-
vealed even in this part of the crystal.
There only prevail low-angle (1...3 arcsec)
rotations, though the increase of I¥ up to
20 % testifies that the dislocation density
and other defects (including possible impu-
rities with K < 1) increase.

Functional materials, 11, 2, 2004

Thus, investigations of the structure of
sapphire crystals grown in reducing Ar +
CO gas media under pressures higher than
1 torr allowed to establish the influence of
the pressure on the structure perfection of
the crystals. The optical characteristics and
structure perfection of the samples grown
under a pressure of 10...30 torr are close to
those observed for the crystals grown in
vacuum or in CO medium under
0.1...0.3 torr pressure [3]. These charac-
teristics worsen as the pressure increases.
While analyzing these data, there must be
taken into account not only obvious effects
of dislocation density, stresses and non-uni -
form impurity distribution, but also specific
defects characteristic of the crystals grown
in reducing media. Comparison of the re-
sults of structure investigations with the
data of optical measurements shows a corre -
lation of the parameters characterizing the
structure perfection with the concentration
of defects which presence is caused by the
interaction of Al,O3; melt with the reducing
component of CO medium, i.e. anionic vacan-
cies and micro-particles (Fig. 4c).

High-temperature annealing of the crys-
tals changes both the concentration of an-
ionic vacancies (increases or diminishes it,
depending on the annealing medium poten -
tial) and the charge state of the impurities.
As established earlier, specially chosen pa-
rameters of the annealing medium allow to
equalize the optical characteristics con-
nected with the presence of these defects,
over the length and thickness even of large-
size (215x215x30 mm3) crystals [2]. In the
present paper we investigated the influence
of high-temperature annealing on their thin
defect structure.

To diminish the concentration of anionic
vacancies, annealing was realized in CO —
the medium with a reducing potential lower
than the one used for growing the crystals
— under a pressure of about 0.2 torr at
1900°C during 10 hours. Typical changes in
the optical characteristics of the samples
caused by annealing are presented in Fig. 1.
As is seen, for the crystal grown under
800 torr pressure of Ar + CO, annealing es-
sentially diminishes the absorption in the
region of F-centers, in the visible region of
the spectrum noticeable changes are not ob -
served (Fig. 1, curves 3,4). In all the sam-
ples the concentration of wvacancies de-
creased down to the level of ~21016 ¢cm™3
(in accordance with the value of the anneal -
ing medium potential), the concentration of
micro-particles remaining unchanged (Fig.
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4d, curves 1, 2, 3). The results of the per-
formed structure investigations show that
for all the crystals the halfwidth of the
rocking curve diminishes, its shape changes
(Fig. 2a, b, curves 2, Fig. 3b) and there also
decrease the integral reflection power (Fig.
2c¢, d, curves 2) and the elementary cell
volume (Fig. 4, curves 2). Within the limits
of the measurement error, no noticeable
changes of these parameters are established
at scanning the annealed samples along the
growth direction (Fig. 5, curves 2).
Analysis of the data presented above
shows that the presence of micro-particles
and non-uniform impurity distribution do
not exert noticeable influence on the struc-
ture perfection of the crystals. Despite the
fact that the concentration of micro-parti-
cles and the impurity distribution remain
unchanged, high-temperature annealing
leads to noticeable raise of the crystals’
structure perfection (practically, up to the
level characteristic of the conditions of high
vacuum [3]) as well as to equalization of the
structural characteristics over the crystal
length. Thereat, there is observed a correla -
tion of these characteristics with the con-
centration of anionic vacancies. Such a fact
allows to assume that changes in both the
structural and the optical characteristics of
the crystals are closely connected with vio -
lation of the crystal lattice stoichiometry
with respect to oxygen. Direct estimation
shows, that if the vacancy concentrations is
lower than 1017 ¢m™3, less than 300 ° va-
cancies correspond to one elementary cell. It
is obvious that such an effect is beyond the
limits of measurement sensitivity, there-
fore, the observed change in the elementary
cell volume of the order of 70072 E3 (Fig.
4c) cannot be defined by the presence of
elevated vacancy concentration only.
Though in the process of growing the
crystals by the method of HOC in vacuum
the vacancy mechanism of formation of dis-
locations and low-angle dislocation bounda -
ries is considered scarcely probable [8], one
may assume that at the growth of the crys-
tals in reducing media the action of the said
mechanism becomes more essential, since
these conditions require considerably higher
vacancy concentrations. Taking into account
such a mechanism allows to offer a plausi-
ble explanation for the obtained experimen -
tal results. From this point of view, the
fact that while growing the crystals from
the same raw material batch and under
identical conditions (growth rate, tempera-
ture gradient etc.) the structure perfection
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parameters B, I® and the elementary cell
volume noticeably increase as the reducing
medium pressure grows, can be attributed
to the increase of vacancy concentration
and to the formation of dislocation struc-
ture by the vacancy mechanism. Non-uni-
form distribution of vacancies in the crystal
bulk caused by insufficient convection in
the melt and by the duration of after-
growth annealing insufficient for equaliza-
tion of this non-uniformity, may be bound
up with the fact that the values of P for the
reflex {2240} (Fig. 2b) are higher than for
{00012} (Fig. 2a), i.e. with the presence of
extension-compression stresses in the crys-
tal bulk. Non-uniformity of the parameters
B and I® along the length of the crystals may
also be explained by non-uniform vacancy dis -
tribution. When the concentration of vacan-
cies in the crystals is reduced down to the
same level under the influence of high-tem -
perature annealing, similar decrease is ob-
served for the structure-sensitive parameters.

The performed optical and X-ray struc-
ture investigations of sapphire crystals
grown in Ar + CO protective medium under
10...800 torr pressures show that the crys-
tals grown under 10...30 torr pressures
have high optical characteristics and struc-
ture perfection, thus comparing favorably
with the crystals grown in CO medium
under 0.1... 0.3 torr. With the increase of
the pressure the crystal perfection wors-
ens, and the increase of the structure per-
fection parameters B, IE the elementary cell
volume testifies to this fact. High-tempera -
ture annealing in the medium with a reduc-
ing potential lower than the crystal growth
potential leads to decrease of these parame-
ters down to the same level, the crystals
acquire the structure perfection comparing
favorably with that of the crystals grown under
the conditions of deep vacuum (~107% torr).
Taking into account the vacancy mechanism
of dislocation formation and low-angle dis-
location boundaries allows to offer a plausi-
ble explanation for the obtained results.
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Oco0JMBOCTI ONITUYHUX i CTPYKTYPHHUX
XapaKTepPUCTUK MOHOKpHCTAJIB camndipa,
BUponieHux y cepemosumri Ar + CO

0.A./[anvrko, B.d.Trauenxo, H.C.Cidenvnirxosa,
B.M.ITy3ixoé6, C.B.Hiscankoécoxkuil

IIpencraBieHo pesyJabTaTH ONTHYHUX 1 PEHTTeHOCTPYKTYPHUX [OOCIHiMKE€Hb KPUCTAJIB
caundipa, Bupomenux metromom I'CK y saxucuomy (BigHoBHOMY) cepemoBuii Ar + CO B
inrepBaai tuckiB 10... 800 Top. BecTaHOBIEHO 3aJIeKHICTH CTPYKTYPHOI JOCKOHAJIOCTI KpHUC-
TajiB Bif THUCKY cepemoBuiia. IlokasaHo, IIf0 B pe3yJabTaTi BUCOKOTEMIIEPATYPHOTO Bimmaimy
IOCKOHAJICTh CTPYKTYPH MOJKe OyTH IigBUINEeHa OO0 PiBHA, XapaKTepHOTO AJA KPUCTAJIIB,
BHpOILIEHNX B yMOBax BHCOKoro Bakyymy (107% rTop). Kopenamis mapamerpip, Imo xapaxTe-
PUBYIOTH NOCKOHAJICTH CTPYKTYDPHU, 3 KOHIIEHTpAIli€l0 aHiOHHMX BaKaHCill y Kpucrajzax IO-
3BOJIAE MIPUIYCTUTH, IIIO0 IPY BUPOIINYBAaHHI KpucTaiB camdipa y BiAOyZOBHUX cepemoBUIIAX
y nporeci ¢hopMyBaHHSA AMCIOKAIilM i MAaJOKYyTOBUX NUCJIOKAIiMHMX TI'PAHUIL IOMITHY DOJIb
MOJKe TpaTh BaKaHCIMHWU MeXaHi3M.
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