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Chemical potential of gaseous medium
for corundum single crystals growth
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A method has been proposed for evaluation of the chemical potential (¢) of the medium
for corundum growth and annealing. It is based on the difference between aluminum and
oxygen chemical potentials in corundum thermal dissociation products and technological
medium. Disturbance of the anionic desstoichiometry of the crystal in the high-tempera-
ture carbon-containing medium is defined by lowered oxygen partial pressure over the
crystal surface due to the interaction of corundum thermal dissociation products with
carbon monoxide contained in the growth medium. The function [V] = f(¢) has been
determined, which makes it possible to calculate the chemical potential of the gas medium
of the process equipment on the basis of data on the violation of stoichiometry of the
grown (annealed) sapphire. Evaluated is the chemical potential of the gaseous medium for
the grown and annealing of corundum single crystals for various technological systems.

Keywords: technological gaseous medium, chemical potential, Schottky defects, single
crystals.

IIpennoxxeH MeTo[ OLEHKH XMMHUYECKOro IMOoTeHIuanaa (€) cpebl BRIPAIUBAHUA U OTXKUATA
KopyHza. MeToa OCHOBAH Ha ONpeJeJeHNH PASHUIBl XUMAYECKOT0 IIOTEHIINAIA AJIOMAHUSL U
KHCJIOPOAa B HPOAYKTAX TEPMHUUECKON AUCCOMHMAIIMN KOPYHIA M B TEXHOJOTMUYECKOU rasoBoil
cpene. Hapyuienre aHMOHHOM CTEXMOMETPUM KPHCTAJIA B BLICOKOTEMIIEPATYPHOI YIJIepOLo-
colepiKaIieil cpege CBA3AHO C IIOHMKEHHBIM IIAPIUAJbLHBIM TaBI€HHEM KHCJIOPOLA HA. IIO-
BEPXHOCTHIO KPHUCTAJJIOB B PE3YJbTATE B3AMMOLEHCTBUA HPOAYKTOB TEPMUUYECKOU MMCCOIMA-
UM KOPYHZA C OKCHUIOM YIJIEPOIa, COLEPIKAIINMCSA B radoBoil cpeiae Boipamusanns. Ompere-
aena @yernua [Vg] = f(e), dYro mosBoaser HA OCHOBAHMM JaHHBIX O HAapPyIIeHUH
CTEXMOMETPUN BLIPAIIEHHOTO (OTOMMKEHHOr0) candupa BBIYNCAUTL BeJIUYUHY XHUMUUYECKOTO
MOTeHI[MAaia Tas30BoOM Cpelbl TEXHOJOTMUECKOoTo obopymoBaumus. OleHeH XMMUUYECKUMN MOTEH-
IMajJ Tas0BOil CpeAbl BLIPAIMBAHUA M OTKUIA MOHOKPHUCTAJNIOB KOPYHIA OAA Pa3JIUNUYHBIX
TEXHOJOTUUECKNX CHUCTEM.

XimMiyHMH DOTEHIIiaJ ra3oBOro CepeJoBHINA BHPOILYBAHHS MOHOKPHMCTAJIB KOPYHIY.
€.Kpuesonocos, Jl.Jlumeunos.

3anponoHoBaHo MeToH OLiHKM ximiubHoro moreHmiany (€) cepemoBuIla BUPOIYBAHHS Ta
Bigmmany KopyHay. Merox 6asyeTbcs Ha BM3HAUeHHI pisHuil ximMiuHOoro moTeHIIiany aJaroMi-
Hil0 1 KHCHIO y NPOAYKTAax TepMiuHoil mucoriaimii KOpyHAY T4 y TEeXHOJOriYHOMY Ia30BOMY
cepepoBuiri. [Topymenus amionuol crexiomerpil Kpucrasa y BUCOKOTEMIIEPATYPHOMY BYyTJIe-
[eBOMY CEPEeJOBUILl IOB’A3aHO 31 BHMUMKEHHM IApIiaJbHUM TUCKOM KHCHIO HAJ IIOBEPXHEI0
KPUCTAJiB 3a paxyHOK B3aeMoJii IIpoayKTiB Tepmiunol mucorriamii KOPyHAY 3 OKCHUIOM BYI-
JIemio, IO MICTHTBCA y rasoBoMy cepemoBuini pocry. Busmauermo dymrmiro [Va] = f(€), mpo
Jlae 3MOTy Ha TifcTaBi mopymieHHs cTexioMeTpii BupomieHoro cand)ipy BUPAXOBYBATU BeJIU-
YUHY XiMiUYHOTO TOTEHI[iaJly TA30BOTO CEPEAOBUINA JJs TEXHOJOTIUHOTO KPUCTATi3aIifiHOTO
Ta BiANAJIIOBAILHOTO OOJIATHAHHS, € BUKOPUCTOBYETLCA HarpiBau i TeXHOJIOTiUHe ocHAaIleH-
Ha 3 rpadity. Oninenuit xiMiuHUI MOTEHITiam Tra30BOTO CepefOBUINTA BUPOIIYBAHHSA 1 Bigmamy
MOHOKPHUCTAIIB KOPYHAY MJS PisHUX TeXHOJOTIYHUX CHUCTEM.
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1. Introduction

At present, corundum single crystals
have found wide application in different
fields of science and engineering. The pres-
ence of pin-defects in the crystal matrix and
activator ions define important operating
characteristics of corundum, such as its
mechanical reliability and ray strength [1,
2], radiation stability [3], optical absorption
[4], as well as generation characteristics of
the solid laser active elements [5]. Nowa-
days, a direct influence on the crystal prop-
erties caused by the Schottky defects, viz.
the vacancy disturbances of the crystal pat-
tern order, is of a special interest, because
this type of defects is more sensitive to the
reduction and oxidation (redox) properties
of the growth and annealing medium. At
present corundum single crystals are grown
by various technological methods. This de-
fines the use of process gaseous media with
different oxidation-reduction chemical po-
tentials, which significantly affects the
stoichiometry of the crystal and the charge
state of the activator ions. Therefore, con-
trol of the chemical potential of the techno-
logical medium is an urgent task when
growing high-quality crystals. The aim of
the present work was to estimate the redox
chemical potential of the high-temperature
technological medium and to study its rela-
tion to the stoichiometry of corundum sin-
gle crystals.

2 .Influence of the gaseous
medium chemical potential on
the crystal matrix stoichiomelry

The chemical composition of the growth
(annealing) atmosphere of a single crystal
defines the stoichiometry of the latter and
the charge state of the activator ions. Since
high-temperature technological medium (for
crystallization/annealing) is neutral to the
crystal with thermodynamically equilibrium
oxygen and aluminum atoms between the
crystal and technological medium, the redox
chemical potential of the medium (€) can be
expressed through the chemical potentials
of these atoms in the corundum thermal dis-
sociation products (%, %) and in the
technological medium “*AI’ “*O [6]:

S =§-(u9\|— Mi‘\l)—@% - u6)= 1)

el 2 (2]

Functional materials, 25, 3, 2018

where R = 8.3 (J/mol-K) is the universal
gas constant; T, the technological process
temperature (K); PO, PY, the equilibrium
partial pressures of aluminum and oxygen
vapors in the corundum thermal dissocia-
tion products of the stoichiometric composi-
tion; P*a, P*o, the partial vapor pressures of
Al and O in the high-temperature techno-
logical medium.

The thermal dissociation products of co-
rundum crystals consist mainly of atomic
aluminum and oxygen vapors, their content
being defined by the equilibrium constant of
aluminum oxide dissociation:

A0z & 2A1LT + 30,4T; Ky = (Pa)? - (Pp). (2)

The lower aluminum oxides AIO, Al,O,
Al,O, arise due to chemical interaction of
the main components and exert no influence
on the potential &, since their content is
substantially lower in the dissociation prod-
ucts of AlLO3 [7].

In the absence of the thermodynamical
equilibrium (e#0), the Schottky defects and
the corresponding stoichiometry disturbance
(destoichiometry) of the material are formed
in the crystal bulk. The redox processes are
described by quasi-chemical reactions with
the corresponding equilibrium constants:

— the process of corundum reduction:

0 & O T +VE; Ky=Pg-[VEl,

0" + 2AIg < 2AIF + 3VE; (4)
Ky =(Pp)2 - [VEPs
— the process of corundum oxidation:

0% Vi + AT, Ky = (Py- VKL (9)

0" + 80, & 30% + 2V¥;; (6)
K¢ = (Po)3 - [VX1%

where 0° denotes the crystal matrix of the
stoichiometric composition; O*;, Al¥, are the
oxygen and aluminum ions with zero effec-
tive charge in the matrix; V*,, V¥, the
Schottky defects (cation and anion vacancies
with zero effective charge); [V¥pl, [V¥al,
the Schottky defects concentration; K,...Kj,
the equilibrium constants of the correspond-
ing quasi-chemical reactions; Pp, P, the
partial pressures of aluminum and oxygen
vapors in the thermal dissociation products
of the growing (annealed) crystal.
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The described process of defect formation
under the influence of the high-temperature
medium terminates when the potential € be-
comes equal to zero:

2
z (7)

P
RT -1 A R .
Pai Py

Generally, taking into account the con-
stant of aluminum oxide thermal dissocia-
tion, we can write the redox chemical poten-
tial € in the form:

P € V< (e F
Pg - (PR3
= 2p7 .1 PR (Po)”
3 PY - K}/3

The functional relationship between the
potential of the high-temperature medium
and the equilibrium concentration of the
Schottky defects in a crystal being grown
(being annealed) is of practical interest.
When the crystal is in thermodynamic equi-
librium with its environment, the partial
vapor pressures of aluminum and oxygen in
that environment are equal to those in satu-
rated thermal dissociation products of the
crystal under annealing (P*a = Pp, P =
Pgy). By using Eq. (2), this allows to sim-
plify mathematical expression (8) to:

K 0
¢ = 2RT - 1| 22| = Apr . 1 22| 9)
PO

3 Pia
and to transform:
P = PY - exp(e/2RT); (10)
Py = PY, - exp(—-8¢/4RT).
Egs. (3)-(6) and Eq. (10) testify to the
existence of a functional relationship be-
tween the potential € and the equilibrium

concentration of anionic and cationic vacan-
cies in corundum crystal:

K
[V&] = P—03 -exp(-e/2RT) = D)
o}

1/3

= K, °(P)"" - exp(~e/2RT);

K
[VK] = =g - exp(3e/4RT) = (12)
Py

1/2

= Kg (P%)3/2 - exp(3e/4RT).
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Using the known values of the coeffi-
cients K...Kg we can practically apply ex-
pressions (11) and (12) while estimating the
redox potential for the high-temperature
technological medium at the given value of
stoichiometry disturbance for the real crys-
tal, as well as for predicting the Schottky
defect concentration in the crystal at the

given potential value €.

3. Analysis of neutral synthesis
conditions

Depending on the technology for the ob-
taining of corundum single crystals, there
are used gaseous media with different
chemical potential. As a rule, sapphire is
grown in a neutral medium, i.e. in vacuum
or inert gas (Kyropoulos method, HDSM),
activated corundum crystals are grown
either in oxidative (Verneuil method) or in
reductive (Czochralski method, HDSM)
gaseous media.

Vacuum is a conventional medium for
the growth and high-temperature annealing
of corundum single crystals in apparatuses
in which molybdenum components and tung-
sten heater are used. Based on the results
of the investigation of high-temperature
gaseous medium composition in the systems
Mo-Al,05 and W-AI,03) [8], calculated were
the values of € for the conditions of vacuum
annealing of corundum single crystals. The
obtained results (Table 1) allow to conclude
that, within the temperature interval from
2000 K to 2300 K, vacuum annealing of co-
rundum realized by means of technological
equipment with tungsten and molybdenum
components is weakly reductive
(e = -25...4+25 kdJ/mol). The value of the po-
tential € does not depend on the tempera-
ture of technological treatment.

For the growth of doped corundum single
crystals by Czochralsky method, inert gas
(argon) is used as a gaseous medium. In this
case the chemical potential of the growth
medium is defined by the mass transfer of
the products of melt dissociation in the
crystallization zone. The flow of the prod-
ucts of 0—Al,O5 dissociation into the me-
dium is described by the equation [9]:

o- (PO - PP (13)
Ji = —(ml 131 , part - em2 . s‘l,
(1/B" + 1/B%)

where o is the coefficient of accommoda-
tion; i, the component of the vapor (Al, O,
Oy, AlLO, Al,O3); P9, the pressure of the
dissociation products over the melt (Torr);

Functional materials, 25, 3, 2018
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Table 1. Chemical potential of high-temperature medium for technological systems at vacuum
annealing (residual pressure of about 0.015 Pa) of corundum single crystals

Technological system Temperature of gaseous medium

2000 K 2100 K 2200 K 2300 K
AlLLO, Py (atm) 9.9.107° 4.6:1078 2.83.1077 1.2.10°6
Py (atm) 6.7.1079 21078 9.5.1078 7.9.1077
W-AIL,O4 Pg (atm) 8.3.1078 9.7-1078 1.9.1077 8.0-1077
P, (atm) 8.0.1078 9.8.10°8 2.4.1077 9.3-1077

€ (kJ/mol) 26 24 -7 -16
Mo-Al,O, Py (atm) 9.8107° 5.2.10°8 9.6.10°8 5.8.1077
Py (atm) 9.8.1079 5.0-1078 2.0-1077 9.71077,

¢ (kJ/mol) 0 3 -32 -28

P>, the pressure of the dissociation prod-
ucts beyond the diffusion zone (Torr).

In the calculations it was assumed that
a=1 and P,°> P/; the P,° values were
taken from [7]; B, and Bid, the kinetic
evaporation coefficients of the vapor compo-
nents in molecular and diffusive regimes,

respectively:

B = (14)

=3.518-1022. \/]\JI—T’ part. - torr'! - em™2 - s
.

-1°

B¢ = (15)

D, :
=0.656-1018. 5_71" part. - torr1 . em 2. g1

where M; is the mass number of the disso-
ciation product for Al,O3 melt (Al, O etc.);
T, the temperature, K; 8, the diffusion
layer thickness, cm; D;, the diffusion coeffi-
cient of the particle (Al, O ete.) in the me-
dium (Ar), ecm?2/s.

The value of D; was determined from the
relation [10]:

D, = (16)
N1/M,+1/M
Pm0(2k_ * QD

3 .
=1.8583-1073 T m em2s1’

m)

where P, is the total pressure of the me-
dium, atm; O(k-m) the intermolecular dis-
tance; Qp, the integral of collisions. For

calculating O(k-m) and Qp there used the
reference data [10, 11].

It is obvious that at p™ >> 4. Eq. (13)
describes diffusion of the melt dissociation
products through the medium (Ar), whereas
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at P™ << B? it corresponds to the highest
theoretical rate of evaporation that can be
achieved in vacuum. The influence of the
medium pressure becomes noticeable at
pressures higher than the equilibrium pres-
sure of Al,O5 vapor. On the basis of calcula-
tions is it possible to conclude that the
value of reducing potential of the medium
is practically neutral (¢ = —10...—15 kJ/mol)
at the inert gas pressures P, =2 10 Pa.

4. Analysis of carbon-containing
gaseous medium

The anionic sublattice of corundum is ef-
fectively influenced by the high-tempera-
ture carbon-containing medium. In this me-
dium the oxygen contained in the products
of thermal dissociation of the crystal inter-
acts with carbon oxide, whereas the graph-
ite present in the high-temperature zone re-
duces carbon dioxide [12]:

Pco, (18)

0+CO& COpy Kjg=— 2
2 I8 prog - (PFo)?2

P2 (19)
CO,+C & 2CO; Klgz( co

Pco,

where K;g and K4 are the equilibrium con-
stants of the corresponding reactions;
P'coz, P'co» P, the equilibrium partial
pressures of the gaseous medium compo-
nents.

The total pressure (P;,) of gas in the
closed carbon-containing system is defined
by the partial pressures of carbon oxide
(Pco) and carbon dioxide (Pgps). The oxy-
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Table 2. Equilibrium partial oxygen pressure (P3) in [0-CO-CO,—C] closed system and in satu-

0

rated vapors of corundum thermal dissociation products (Pg) at different temperatures (7)) and
pressures (P,,,) of high-temperature technological medium

T, K Py, atm. Pg, atm.
0.0 atm. | od%tm. | 0.8%m. | 10%m. | 18%m. | 10.65m.

1800 1.7.10714 | 1.710718 | 8.71071% | 1.7.10712 | 38.510712 | 1.7..10711 | 2.0.10710

1900 5.7.1071% | 5.6.10718 | 2.8.10712 | 5.6.10712 | 8.4.10712 | 5.6.107!! 1.4.1079

2000 210718 2.1.10712 | 1.1.10711 | 2.1.10711 | 3.2.10°11 | 2.1.10710 9.9.107°

2100 5.410713 | 5.4.10712 | 2.7.10711 | 5.4.10711 | 8.2.10711 | 5.4.10710 4.81078

2200 7.710718 | 1.410711 | 7.4.10711 | 1510710 | 2210710 1.51079 2.3.1077

Table 3. Reducing potential ¢ of annealing medium for closed carbon-containing system as a
function of temperature (T) and total gas pressure (P,,,) in working space

T, K €, kJ/mol
p,, =0.01 atm P, , = 0.1 atm|P,,, = 0.5 atm |P,,, = 1.0 atm|P,,, = 1.5 atm| P,;, = 10 atm
1800 -240 -211 -162 -142 -120 -74
1900 -319 —247 -196 -164 -162 -102
2000 -357 -281 -226 -204 -190 -128
2100 -397 -317 -260 -236 —222 -156
2200 -460 -354 -294 -268 —-254 -184
gen partial pressure in the gaseous medium 151
(P"o is negligible, therefore P, is:
12
Pioy = Pco + PCOZ' (20) _
g
The joint solution of Egs. (18-20) allows 5 or
to determine the value of partial pressure
for oxygen in the gaseous medium of the
system [O-CO-CO,—C] (Table 2). 6r
The reducing potential of the high-tem-
perature carbon-containing medium for the
closed system (Table 3) was calculated using 3r
the formula (9) provided that P"5| value was
equal to the equilibrium partial pressure of . . .
aluminum at equilibrium of [Al-Al,C3;—C] 200 250 300 % nm

system.

We were solving the problem of evalu-
ation of the potential ¢ in the reducing
carbon medium for the growth of corundum
single crystals by Czochralski method. The
leucosapphire crystals were grown from Mo
crucible in Ar-atmosphere (0.11 MPa) under
HF-heating of a graphite heater. The optical
absorption of the grown crystal in the UV-
region of the spectrum (Fig. 1) was studied
using a spectrophotometer KSVU-2. The an-
ionic vacancy density was calculated from
the Smakula formula, taking into account
the bands intensity of the optical absorption
at f 206 nm, 225 nm and 255 nm wave-
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Fig. 1. UV-absorption of leucosapphire grown
by Czochralski method in carbon-containing
medium.

lengths corresponding to the F and F' cen-
ters of the optical absorption [4, 13]:

_0.87-10'7.0-H-n_

f-(2+n22 fem®, (2D

N

where o is the absorption coefficient at the
maximum of the corresponding wave range
[em™1]; f, the intensity of the oscillator; H,
the halfwidth of the absorption band [eV];

Functional materials, 25, 3, 2018
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Table 4. Main characteristics (T, POO, PB, PRI’ PZI) of high-temperature annealing medium of

corundum single crystals in

saturated vapors of metallic aluminum, equilibrium constant of

quasi-chemical reaction (K3) and anionic vacancy concentration ([V5]) obtained experimentally

T, K Partial pressure P;, atm Calculated Experimental

POO PRI PE) PZ' ¢, kJ/mol Vol em™3 K,
1973 4.711079 | 2.95.107° | 3.36-10713 | 4.63.1073 -3138 5,99.1016 | 2.135.10%
20438 1.72.1078 | 1.05.1078 | 1.85.10712 | 8,71.1073 -310 1.71-1017 | 2.805-10°
2100 4.61-1078 | 2.75.1078 | 6.82.10712 | 1.41.1072 -308 3.51-1017 | 1.898.10%
2153 1.09..1077 | 6.38.10°8 | 2.16:10711 | 2,16.10°2 -305 5.13-1017 | 8.514.108
2273 6.55:1077 | 3.65.1077 | 2.38.10710 | 5.23.10°2 -299 4.49-10'7 | 9.316.107

N, the number of the color centers in a unit
of the crystal volume [em1]; n, the refrac-
tive index of corundum calculated account-
ing the dispersion [14].

Non-stoichiometric anion vacancies are
effective electron traps if their excess
charge has no impurity compensation. They
stabilize in the corundum lattice as F- and
F*_centers. Equation (14) defines their total
density in the crystal under investigation as:

[Vol = [F1 + [F*] = (22)

+ 0.5 ct 0(255) * 1016 [Cm_3].

As a result of the low partial pressure of
the oxygen in the growth atmosphere, we
obtain anionic non-stoichiometry of the co-
rundum produced in the carbon- containing
medium. This is due to the reduction of
carbon dioxide by graphite heater and sub-
sequent interaction of carbon oxide with the
oxygen contained in the products of Al,O4
thermal dissociation. The same corundum
defects are formed in the process of its an-
nealing in saturated Al vapor. This effect
was used for determining the equilibrium
constants K3, K, and evaluating potential €
of the carbon-contained growth medium.

The sapphire samples (1.5x15x15 mm3)
were subjected to annealing in sealed Mo-
capsules in the presence of metallic alumi-
num at 2000...2300 K for 10 h. The F-cen-
ter for each of the annealed samples was
investigated using the spectrum system
KSVU-2. From the obtained experimental
data the [Vg] center concentrations for each
of these samples was determined according
to equation (22). Those concentrations cor-
respond to the equilibrium concentrations of
the anionic vacancies for specific conditions
(Table 4).
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The solution of Equation (11) for the
conditions of corundum annealing in satu-
rated vapors of metallic aluminum, and the
use of the experimentally obtained data on the
equilibrium concentration of the anionic vacan-
cies corresponding to these conditions allows to
find the coefficients K3 for 2000...2300 K
temperature range (see Table 4).

The values of log(POO), log(P0A|),
log(P*o) and log(P*Al) were calculated using
the polynomial approximation of the data
given in [7]:

log(PY) = 1.6525 - 1079T3 — 1.4258 - 10-5T2 +
+4.5302- 10727 — 54.897;

log(POn) =
=1.8606-109. 73 -1.5613-107° -T2+
+4.8069-102. T - 56.884;

log(Pg) = -2.8655- 10712 . 74 +

+2.1475-108 .73 - 7.731-10° . T2 ¢
+0.138-T-112.69;

log(P3) = -5.078- 10713 . 74 +
+5.179 - ]_0_9 . T3 - 2.095 - 10_5 . TZ +
+4.1834 - 1072 - T-35.42.

The experimental values of the equilib-
rium constant K3 can be approximated by
the exponential law [15]:

K=A - exp(-Ey/RT), (23)

and the equation for the dependence of the
equilibrium concentration of anionic vacan-
cies in the crystal [VE] on the value of the

reducing chemical potential (¢) is written in
the form:

[VE] = A, (PY)lexp[—(2Ey, + £)/2RT], (24)
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where Ej; =1047 kJ/mol; A = 1.44.1032
[atm 1. em 3], the value of approximation 0.99.
Technical difficulties in determination of
the partial pressure of aluminum and oxy-
gen vapor in the gaseous medium of the
technological system do not permit to ana-
lytically calculate the potential € for real
technological process. Therefore, the chemi-
cal potential of the high-temperature gase-
ous medium can be estimated by the action
of the medium on the crystal [16]. The
value of the effective reducing chemical po-
tential of the high-temperature carbon-con-
taining medium can be estimated as follows:

. {ZEV 2mT I{Mﬂ 25)

Ay

Reduction potential of the crystallization
medium for the process with a graphite
heater (¢ = —285 kJ/mol. at T = 2350 K)
can be estimate using the values of the co-
efficients (Ey, A;), concentration of the
[Vol-centers in the grown crystals

(21017 em3) and equation (25).
Such a high reducing potential is due to
the low oxygen ratio in the technological

medium (PG = 3.15:1079 Pa) and it leads to

disturbance of anionic stoichiometry of the
melt and the growing crystal. In this case,
we have a uniform distribution of anionic
vacancies in the crystal what makes it pos-
sible to use these vacancies for forming the
active optical centers.

At present there is used the technology
of sapphire growing in a reducing atmos-
phere by the method of horizontal direc-
tional crystallization [17]. The optical ab-
sorption spectrum of the sapphire grown in
(Ar + CO) gaseous medium at pressures of
2-140 kPa contains the optical band of
F-centers with the absorption maximum at
the wavelength of 206 nm (Fig. 2). The in-
tensity of this band grows as the pressure
of the protective gaseous medium rises.

Concentration of F-centers in crystals
grown under pressure ~2 kPa s
[F]=1-1016 cm™3 (Eq. (22)). Concentration
increase till [F]=(8...8)-1016 cm™3 in crystals
grown under pressure 20-140 kPa. In accord-
ance with the equation (25), chemical potential
for [Ar—CO-C] open system & = —-170 kJ/mol
corresponds for the gas-medium pressure
2 kPa and & = —-250 kJ/mol for pressure
~140 kPa.
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Fig. 2. Optical transmission spectrum of sap-
phire grown in (Ar + CO) gaseous medium
under pressures of 2, 20, 140 kPa (curves
1-3, respectively); curve 4 — after high-tem-
perature annealing of the crystal grown
under pressure of 140 kPa. The samples
thickness is 6 mm [17].

5. Conclusions

Proposed is a method for evaluation of the
redox potential of the medium for the growth
and annealing of corundum single crystals. Dis-
turbance of the crystal anionic stoichiometry in
the high-temperature carbon-containing medium
is shown to be caused by low partial pressure of
oxygen over the crystal surface due to the inter-
action of the products of corundum thermal disso-
ciation with carbon oxide contained in the growth
(annealing) medium.

The chemical potential values for various
gas growth (annealing) medium can be rep-
resented as follows:

— [O-CO-CO,-C] medium in closed sys-
tem (¢ = —450...—75 kdJ/mol);

— saturated vapors of aluminum (€= —
310...—300 kJ/mol);

— [Ar—CO-C] medium in
(e = —290...-170 kJ/mol);

— vacuum (residual pressure
0.01 Pa, € = —25...+25 kJ/mol);

— argon as a gaseous medium (¢ = —15...
10 kJ/mol);

— saturated vapors of aluminum oxide
(e =0);

— air (¢ = +500 kJ/mol).

Under the known technological condi-
tions the functional dependence [V] = f(¢)
obtained on the basis of this evaluation
makes it possible to predict the crystal qual-
ity, to correct this technological process, as
well as to investigate the conditions of the
crystal structure formation in real systems.
The same approach can be successfully used
while growing other crystals.

open system

about
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