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Isothermal desorption of impurity and matrix atoms (as CO, CO,, H,, H,0) out of
sapphire bulk has been studied. A theoretical model has been proposed for diffusion
mechanism of the atoms included in gas-vacancy complexes 2Vi-M! (M! being an atom, Vi,
a neutral vacancy). According to the model, the gas-vacancy complexes are formed due to
breaking of ion-covalent bonds in sapphire. The impurity and matrix atoms that are
diffused to the surface as components of the complexes are transformed into adsorbed
state, then a fraction thereof becomes desorbed while another one becomes recombined into
molecules and then desorbed. The equations describing the diffusion and desorption have
been derived. The diffusion and desorption parameters have been determined for the atoms
and molecules.

HccemoBaHa M30TepMHUUECKAsl AeCOPOIMsS IMPUMECHBIX M MATPUUYHBIX aTOMOB U3 00beMa
candupa B cocrase CO, CO,, H,, H,O. Ilpemnosena TeopeTuueckasa MojeJ]b MeXaHHU3MAa
Iup@ysunm aToMoB B camupe B cocTaBe ra3-BaAKAHCHUOHHBIX KoMmIniekcos 2V'-M' (M' —
arom, Vi — HeliTpanbpHas BakaHcus). COrIacHO MOJeNM ras-BaAKAHCHOHHBIE KOMILIEKCH 06-
pasyloTcsi B pesyJbTaTe paspbiBa HMOHHO-KOBAJEHTHBIX CBfzel B camdupe. IlpumecHble u
MAaTPUUYHBLIE aTOMBI, TpoAu(M(GYHINPOBAB K IIOBEPXHOCTH B COCTABE KOMILJIEKCOB, IIEPEXOIAT B
aZcopOMpPOBAHHOE COCTOSHIE, 3aTeM OJHAa UYacTh UX JecopOupyeTcsd, APyras pPeKOMOWUHUPYET
B MOJIEKYJIBI, IIOCJe Uero mecopbupyercd. IloJyueHB ypaBHeHUs, ONUCHIBaiomue AuGPysmnio
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U JTecopOIuio, ompereseHbl mapaMeTphl Iu(GDysum u JecopOIUM aTOMOB M MOJIEKYJI.

In sapphire single crystals grown in gas
media by the melt horizontal crystallization in
molybdenum crucibles, microparticles of unes-
tablished composition may be formed along
with gas pockets of 2:1074 to 4-1072 cm3 size.
The microparticles have a size less than 1 um
and the number may attain 106 to 108 cm3,
depending on the pressure and composition
of the gaseous medium where the crystal-
lization occurs. In contrast to the gas pock-
ets filled with carbon monoxide and hydro-
gen that are formed under the melt concen-
tration overcooling in the intercellular
hollows at the interface [1-3], the mi-
croparticles are formed at the smooth phase

44

interface, too. Also, in contrast to the gas
pockets, the microparticle formation is in-
dependent of the raw material purity. These
experimental results form a base for as-
sumption that the microparticles are formed
either due to the melt deviation from
stoichiometry, that is, to the melt (or crys-
tal) supersaturation in certain products of
Al,O5 dissociation, or due to the impurity
metal oxides that attain the melt surface
during the crystallization. Such oxides may
be, in first turn, tungsten (molybdenum)
oxides appearing due to interaction of oxy-
gen being released from the melt (or crys-
tal) with the crucible or heat shield materi-
als of the growth chamber assembly. The
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Fig. 1. Experimental unit chamber. 1, liquid
nitrogen vessel; 2, titanium-molybdenum
wire; 3, circular electron gun; 4, crucible;
5, sampler; 6, connecting nipple; 7, RMO
omegatron sensor; 8, window.

inert gas medium seems to provide condi-
tions for the melt deviation from
stoichiometry and contamination. Since the
crystal and its melt deviation from
stoichiometry is defined by the impurity
and matrix atoms release therefrom, the in-
vestigation of those processes are of great
importance to establish the nature of the gas
pockets and microparticles. We have already
described some results of those studies [1-5].
The experimental data, however, were consid-
ered theoretically at a level insufficient to
understand the mechanism of gas diffusion
and desorption out of sapphire.

In our experiments, an ultrahigh vacuum
unit was used including a chamber shown in
Fig. 1. The chamber has been made of stain-
less steel with copper-sealed flanges, the
gaskets allowing the chamber heating up to
700 K for degassing. The chamber contains
a low-temperature pump made of titanium
and consisting of a vessel 1 for liquid nitro-
gen and a titanium atomizer from titanium-
molybdenum wire 2; a circular electron gun
3; a crucible 4 made of titanium single crys-
tal; and a sampler 5 to feed the crucible
with spherical samples of single-crystalline
sapphire of 3.6 to 4 mm in diameter. The
measuring chamber is defined by the elec-
tron gun case cooled with running water
and connected by a nipple 6 to two omega-
tron sensors for gas partial pressure meas-
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Fig. 2. Spectrum of gases in the analyzing
chamber after the crucible degassing.

urements. The measuring chamber was
pumped-off through holes of less than
10 cm? total area connecting it with the
low-temperature titanium pump. The gases
released from the sapphire and its melt
were recorded using a RMO sensor and a
IPDO-2 partial pressure gauge. The gas re-
lease rate was calculated as
z
4% _ (P - Phynj, 1)

where P!, P} are the partial pressures (mm Hg)

of gases being desorbed ocut of sapphire inside
and outside the measuring chamber, respec-
tively; nj, the number of particles in 1 em? of

a gas at P =1 mm Hg and 7 = 800 K; wi, the
gas pumping-off rate that is defined by the
flow capacity of the holes in the measuring
chamber, cm3/s. The isothermal gas desorp-
tion was studied using the following proce-
dure. The sampler was loaded with spherical
sapphire sampler. Then the chamber was
pumped-off using a diffusion pump pro-
vided with water and nitrogen traps down
to 1078 mm Hg under simultaneous heating
at 600 K for 3—4 h. After the chamber wall
degassing, the vessel I was loaded with liq-
uid nitrogen and the titanium vaporizer 2
was switched-on. The spongy titanium film
formed at the vessel walls provided at 78 K
absorption of all gases except for inert
ones. The hydrogen pumping-off rate was
about 107 em3/s. The residual gas pressure
in the measuring chamber was lowered
down to about 10710 mm Hg. Then the elec-
tron gun was switched-on and the crucible
was degassed under slow temperature eleva-
tion. The degassing was over at T = 2800 K.
The temperature was measured by a tung-
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Fig. 3. Time dependence of isothermal

desorption rate for CO (1), O, (2), CO, (3),
H, (4). T, = 1480 K, T, = 1650 K, T3 = 1700 K,
T,=1990 K, T, = 2120 K. The calculated
curve for CO is also shown (1a).

sten-rhenium thermocouple and by an opti-
cal pyrometer (the shutter of window 8 was
opened periodically using a magnet). The
spectral composition of the gases after the
crucible was degassed is shown in Fig. 2.
After degassing, the crucible temperature
was lowered to the preset value and a sap-
phire sample was dropped to the crucible
using the sampler.

Fig. 3 presents the isothermal gas desorp-
tion out of sapphire. At T' = 1380 K, the iso-
thermal desorption rate of CO increases
sharply in the moment when the sample
drops into the crucible (curve 1) and then
decreases to a minimum, then increasing
slowly up to a value close to the maximum.
An appreciable release of oxygen (curve 2)
starts after an interval of about 2-103 s.
The oxygen release rate increases from zero
to a value close to the maximum within
time interval 0 < ¢ < 4.8:103 s, the maxi-
mum exceeding considerably the evapora-
tion rate of oxygen being the Al,05 dissocia-
tion product at the sapphire surface. Since
neither oxygen atoms nor other ones are
dissolved in interstitials of the sapphire hcp
crystal lattice, it is just the matrix oxygen
that is released from sapphire. After an
about 2.4:102 s long pause, CO, release
starts (curve 3). The initial rate of the CO
isothermal desorption and the pause dura-
tion up to start of O, and CO, desorption
have been found to depend on the surface
purity of the sapphire sample. Thus, the
initial section of the curve 1 is defined by
CO desorption that is not connected with
the release of carbon atoms out of the sap-
phire bulk. It is defined by desorption
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Fig. 4. Time dependence of isothermal desorp-
tion rate for CO (1) and CO, (2). T, = 2250 K,

T, = 2800 K. The calculated curve for CO is
also shown (3).

either of CO adsorbed from atmosphere or
of CO formed at the sapphire surface as a
result of chemical reactions, e.g.,

Al,O5 + C = 2AI0 + CO (2)
AGp = 36300 + 2.5T1gT — 118.08T

between Al,O; and carbon present as an impu-
rity at the surface due to diamond grinding of
the samples. The pauses in O, and CO, desorp-
tion can be explained by the fact that oxygen
atoms diffusing out of the bulk are consumed
to eliminate the oxygen deficiency in the sap-
phire surface layer (2AI0 + O = Al,O5) that re-
sults from the reaction (2). The increased
desorption rates of CO, CO, and O, in the
interval 103 < ¢ < 4.8:10% s is defined mainly
by diffusion of carbon and matrix oxygen
atoms out of the bulk to the surface followed
by the recombination thereof into CO, CO,
and O, molecules. It is seen from Fig. 8 that
every next jump-like elevation of the sap-
phire temperature results in increased iso-
thermal desorption rates of the gases while
the time intervals required to attain the
maximum desorption rates are shortened.
Similar results were obtained when studying
the isothermal desorption of gases out of
aluminum-yttrium garnet [3].

During the heating, some sapphire sam-
ples are subjected to failure that is accom-
panied by a sharp and relatively short-timed

Functional materials, 13, 1, 2006
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Fig. 5. Time dependence of evaporation rate
out of Al,O5 melt for CO, (1), CO (2), O, (3),
H, (4). T; = 2320 K, Ty = 2500 K, T3 = 2540 K,
T, = 2570 K, Ty = 2630 K. The onset of sap-
phire melting is indicated by arrow.

increase of the CO desorption rate [3].
When the sapphire temperature is in-
creased from room to pre-melting one
(2000 K and higher), then, in contrast to
the case of T = 1380 K, not only CO and
H, desorption rates but also that of CO,
increase jump-like in the initial time period
(Fig. 4). The desorption rates of the gases are
lowered appreciably as the sapphire is melted,
perhaps due to reduction of the free surface
of the melted sample (Fig. 5). As the melt
temperature is elevated step-by-step, those
rates increase stepwise. At T = 2540 K, the
isothermal desorption rate of oxygen in-
creases in time (curve 2). The melt seems to
"boil” visually, the "boiling” is accompanied
by pulsations of CO and CO, partial pres-
sures, while those of hydrogen and oxygen
do not pulse. The melt "boiling” and CO
and CO, partial pressure pulsations can be
assumed to be connected with destruction of
gas bubbles filled with the gases emerging
to the melt surface. At lower temperatures,
the CO and CO, molecules seem to form
clusters suspended in the melt, that is why
the melt does not "boil” and the partial
pressured do not pulse. At the final evapo-
ration stage, the isothermal desorption
rates drop to zero relatively fast. The hy-
drogen release after the melt evaporation
(curve 4) is explained by its release out of
the crucible where it was dissolved during
the melt evaporation.

Using the graphical integration of areas
under dn/dt vs. t curves (Fig. 5), concentra-
tions of carbon and hydrogen atoms in sap-
phire have been determined to be C¢ = (2.2 to
2.4)1019 em™3 and CH = (1.8 to 2)-1019 cm™3,
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Fig. 6. Temperature dependences of isothermal
desorption maximum rates for CO (1) and O,
(2) and the O, evaporation rate (3). The calcu-
lated curve for CO is also shown (4).

respectively. The dn!/d#(T) dependences for
the desorption rates close to the maximum
ones are shown in Fig. 6. The temperature
dependence of the oxygen desorption rate has
been calculated without taking the tungsten
oxide formation, thus, it is underestimated.
The same Figure illustrates the tempera-
ture dependence of the evaporation rate of
molecular oxygen (Al,O; dissociation pro-
duct) at the surface (curve 3) calculated as
i%2 = o - 8.5 - 1022 (MO2T) ¥2PQ28 where o is
the molecular condensation coefficient, o = 1;
P92, the O, vapor equilibrium pressure, mm
Hg; S, the sapphire sample surface area,
em?. It is seen that at T < 1900 K, the oxy-
gen evaporation rate due to Al,O5 dissocia-
tion at the sapphire surface, even at o =1,
is negligible as compared to its release rate
out of the sapphire bulk.

To explain the results obtained and, in
particular, the increasing isothermal
desorption rates of impurity C and H and
matrix oxygen atoms (as CO, O,, CO,, H,,
H,0) out of sapphire, as well as high oxy-
gen desorption rate, especially at low tem-
peratures, a model mechanism is proposed
assuming a source of 2Vi—-M! complex for-
mation. Such a complex is a dumb-bell
shaped set including two vacancies, one of
which containing an ion while another is
free (neutral). The binding energy of ions
included in the complex with other ions of
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the crystal lattice is lowered due to polari-
zation of the medium surrounding the free
vacancy. This increases the probability of
the ion-covalent binding breakdown and the
resulting formation of atoms that are dis-
placed into the neighboring free neutral va-
cancies where the ion-covalent binding is
recovered after the time interval 1 = l/kil.

The subsequent displacement of the atom
occurs when other neutral vacancy ap-
proaches it. This process (repeating in time)
is considered as formation and diffusion of
the complexes. According to the model pro-
posed, it is just the impurity C and H atoms
and matrix oxygen and aluminum ones that
are released out of the sapphire bulk. Note
that the matrix Al atoms were not regis-
tered due to their condensation at the meas-
uring chamber surface. Therefore, the ma-
trix oxygen and aluminum atoms are as-
sumed to be released in the stoichiometric
ratio. This is confirmed by the fact that the
sapphire remains stoichiometric under iso-
thermal high vacuum exposure at T'<T,,.
The rates of ion-covalent binding breakdown
(2Vi-M! complex formation) are defined by
the following equations: for the matrix oxy-
gen and aluminum atoms

q@ =0 . cg 3)
qV = CAl. Cf/tki't,

for impurity atoms

e~ 290 _[cy e, @
Z
Ci(t) = 1 dn! v,
0
or
qiAt) = ¢k Ve‘Cvk ¢ (5)

dov = CoCHRS,

where Cy, is the initial rate of complex for-
mation; kil, the rate constant of the ion-co-
1, A = 1014 g1
the frequency pre-exponential factor sub-
stantially independent of T sil, the ion-cova-

lent binding breakdown energy [6]; CO, CA,
concentrations of matrix oxygen and alumi-
num atoms in sapphire, cm™3; 6, initial

valent binding breakdown, s~

concentration of impurity atoms, cm™3;
C¥(t), the decrease of impurity atom concen-
tration due to desorption, cm™3; C%, C§,
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concentrations of anionic and cationic va-
cancies, respectively, arbitrary units;
dn'/dt, desorption rate of impurity atoms as
CO, CO,, Hy, ete., s71; V, the sapphire sam-
ple volume, cm3. Note that, as is found, the
sapphire crystals grown in high vacuum are
stoichiometric and no other phase particles
are formed. Thus, in this case, the ratio of
released impurity and matrix aluminum
atoms to oxygen atoms released as CO, CO,,
O,, Hy0, O is equal to 2/3.

When the source of 2Vi—-M! complex for-
mation acts continuously in sapphire, the
diffusion and subsequent desorption of
atoms and molecules is described for spheri-
cal samples as

0CHrD) _ 10 [1 oCi(r, t)} al (6)
14

ot r2or|rt  or

with boundary conditions

Cfi(r,t) =0, t=0, (7N

OCL(r,t 8
) 0, r=o0, (3)
or

for desorption of molecules

3oCi(r,t) (9)
ot
OCL(r,t
= —800(8)CLy(r, t)kly — pitCd™D ), r=R,
or
for desorption of atoms
S0Ck(r,t OCL(r,t
0D e L(r, bkl — pGds
ot or

where 00(t) = CO(R,t)/CO, CO(R,t) being con-
centration of oxygen atoms at the surface, cm=3;
09(t), the fraction of active sites at the sap-
phire surface occupied by oxygen atoms re-
leased out of the bulk; §, the path length of
an atom jumping from the occupied vacancy
to the neighboring free one, cm; k, the rate
constant of recombinational desorption of
particles, s71.

Solving the diffusion equation by Fourier

method, we obtain the distribution of impu-
rity atoms in the complexes:

. r
Roghye bt s1nuncospn(ﬁj
Di u,3l

n=1

H2D1
x|1l—-e~ RZt,
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and the distribution of impurity atoms in-
cluded in the complexes:

smun (1)

C9(r,t) = 2

2DO
Hn
x|1l-e~ RZt,

where , are the roots of characteristic
ctgn, = u,/B;, B;=380C(t)RE,/ D!
derived from the boundary condition (9).

Restricting ourselves to the first item of
the sum of Eqgs.(10), (11), we can reduce the
equation for the diffusion rate of impurity
and matrix oxygen and aluminum atoms out
of the sapphire bulk to the form

\,OS},lnR

equation

dni  2BRghye Cvkitsin?y, {1 L@Dit} 12)
an’ _ - ’

= 2
dt uf F
dri  2Rgisin?p - mb (13)

The equation for the recombinational
desorption of molecules takes the form

dnt o 2R2ghye Cvkltsmplcosp.l (14)
5, = 66 d
dt Hng
WiD! .
X|1—e g t|—avil),
where
Vi(t) = 8.5-1022(M1T)1/2 Pi(y),
H%Dt ctyct
Pi(t) = Pi o[l — ¢~ g2 ]e‘Cvk1t is the pres-

sure of gas (CO) released out of sapphire.
For desorption of matrix atoms, we get

dni 2¢}R?siny cospy (15)
A _ ki, x
di Dl“l

piD! .
x|1—e gt|-avid),
where

vi(t) = 8.5 - 1022(MIT)"2Pi(t),
. , wiD't

Pi(t) =Pyl —e gz

The same equations describe the diffu-
sion and desorption of gases out of sapphire
single-crystalline plates. In this case, the
plate half-thickness £ is to be substituted
for R.

Note that the impurity and matrix atoms
from the gas phase may be re-dissolved in
sapphire only if those are released in a non-
stoichiometric ratio, that is, if there is an
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excess concentration of cationic or anionic
vacancies forming traps for the atoms being
dissolved.

The CO desorption at T = 1380 K was
analyzed for the section 1 of curve 3, that is,
at ¢t = ¢y, where the effect of sapphire surface
contamination with carbon is mnegligible,
dnCO0

dt
high vacuum Vi(¢) = 0, then, differentiating
Eqgs.(14) and (15) with respect to ¢ at £ = ¢,
we obtain for desorption of impurity and
matrix atoms

= max, 6° = max, W, = const. Since in

d(dnt (16)
dt| dt
dnt T
dt
. 2Dl H%Di
H%Dl e~ g2 w2 lhi-e R2'm
R2 wiD' ’
l-e~ph
d(dni . (17)
= 2nyi
dt( dt] ory D,
B ugDt e gz
A w0’
dr 1-e pmh

Differentiating the experimental curve 1
(Fig. 3) with respect to ¢ using the graphic
technique at ¢; = 4.8:103 s, we obtain

d (dnCO (18)
dt| dt
5o-1
2nCO =6.4-10"°s
dt
From Eq.(4), we get
C
1 Cy (19)
ctpct - —1p— o
CHER§ = tlnCC ~ CC(t)’
¢
CcO
Cipy - L [dn
o) = 3 | Tt
0
17CO
where dz is the experimental desorption

rate, s71. CC(¢) is found by graphic integra-

tion of the area under curve of d (Flg 3)

for T=1380 K, 0 <t 34.8-103 s. Substi-
tuting the experimental CC(¢) value into
(19), we get

C¢fky = 4.5 - 106571, (20)
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Using (20), we derive from (16)

{DC (21)
M 410451,
R
. .. d{dnCO)
Using the extreme condition dil ar 1= 9

we obtain the formula to calculate the time
of maximum CO desorption rate:

. _ R uzDC (22)
™ uDpC T R2C§ESE

Differentiating graphically the experi-
mental curve of molecular oxygen desorp-
tion rate with respect to ¢ at ¢t = 4.8-103 s,
we find

d(dn®2 (23)
dt| dt

-  -8.2.-105g1
dn©:
dt

and then, substituting (23) into (17), we
obtain

n§DO (24)

e 8.5 104571,

Using (20) and experimental wvalue of
[COC—CC(t)], we obtain from (4) q%=

1.06-1014 cm—3/s, and then, substituting
(20), (21), and [q% into (12), we find pl =
1.89 (54.17°). Substituting pl into (21),
(24), we obtain DC = 4.5-10-6 ecm2/s, DO =
3.9:10-6 cm2/s. An atom in sapphire crys-
tal lattice has two jump paths, i.e., from
the vacancy occupied by it to the adjacent
free one and vice versa. Therefore, the
pre-exponential factor in the formula for
diffusion coefficient is calculated using the
formula Dy = 82/21, 15 = h/kgT, where 1,
is the thermal vibration period of the
atoms in crystal lattice. Using the calcu-
lated Dy, DC, DO, we find the diffusion ac-
tivation energy for the atoms and vacancies:
€C = 21434 cal/mol, €9 = 21826 cal/mol, and

then the diffusion coefficients for other
temperatures can be calculated. Note that
the desorption rates and Cyk; values can be
calculated after each temperature jump
(Figs. 3, 4) using (14), (19) for 0 <¢ <Aty
(At; being desorption time intervals at tem-
perature T;, i =1, 2, 3...), if the carbon
atoms released prior to the temperature
jump are subtracted from the initial carbon
atomic concentration C§.

50

Table 1.

T, K Cyk,

1370 4.55-1076
1650 1.1.107®
1700 1.6.107°
1990 4.3.107°
2120 7.7-107°
2250 1.0-107*
2327 1.2.10™*

Correspondingly, using experimental data
of Figs. 8, 4, we find, using formula (19), the
Cyk, values presented in Table 1. Using the

found diffusion and desorption parameters
for carbon atoms in the form of CO, the time
t required to remove carbon from the raw
material used to grow sapphire single crys-
tals. Since it is just CO being released at the
crystal/melt phase interface that is the main
source of gas bubble formation, then, the gas
micropore formation can be excluded com-
pletely or reduced substantially by purification
of raw material from carbon.

As noted above, the desorption of impu-
rity and matrix atoms out of sapphire in
high vacuum does not cause any deviation
from sapphire stoichiometry. It follows
therefrom that cations (impurity atoms plus
aluminum ones) and anions (oxygen atoms)
are released out of sapphire in practically
stoichiometric ratio. In this connection, the
total formation rates ¢fY, ¢f} of cationic and

anionic complexes (2V¢i—Al, 2V2-0) that de-
fine the desorption of matrix O and Al
atoms and impurity ones in the form of CO
and CO, can be calculated as

CcAl
A=, P15 @)

where CAl = 9.4-1021 em 3, CC = 2.4-1019 em 3.

Note that Al, O, C and other atoms are
released out of sapphire also due to decom-
position of Al,0,C and Al,C; inclusions pre-
sent in sapphire. That process, however,
cannot be considered separately, since Al
and O atoms included in aluminum oxyecar-
bides and carbides lose their belonging
thereto after the first jump into free va-
cancy. Then those become indistinguishable
from other impurity and matrix atoms
being in substitution positions.

The experimental data on CO, CO, and
O, desorption (Figs. 3, 4) and the calculated

Functional materials, 13, 1, 2006
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Fig. 7. Temperature dependences of desorp-

tion rate constant for for CO (1) and O, (2).
gdCO = 22750 cal/mol.

diffusion parameters make it possible to de-
termine the recombinational desorption rate
constants of the gases. To that end, using
the continuity condition for flow of atoms
from the sapphire bulk to its surface and
from the surface to vacuum in the form of
molecules, we obtain:
for CO desorption at t =1,

T
20R°qycos iy
For O, desorption at ¢ >> R2/u;2D0
(DO)2NOp4 @27
For desorption of matrix atoms
D (28)

ki, =
47 SR

Hytgpy.

Fig. 7 presents the lgki(1/T) dependences
calculated as

lgki, = 1gA — ¢i,/4.55 - T, (29)

(A being the pre-exponent in the Ar-
rhenius equation). It is seen that at
T <2100 K, the experimental points fit
rather well the straight lines, the diffusion
activation energy values for CO and O,
being approximately the same. The tempera-
ture dependences of isothermal desorption
rate constants for Al and O atoms (cations
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Fig. 8. Dependence of released oxygen and alu-
minum mass on the sapphire sample thickness.
Release of Al and O atoms at T = 2300 K (I) and
2000 K (2); evaporation of Al,Oj dissociation
products at the surface at T = 2300 K (3)
and 2000 K, gr.cm2 (4). ¢ = 3.6-103 s.

and anions) calculated using (28) are pre-
sented in Table 2. These constants are seen
to be essentially the same for Al and O
atoms released out of the bulk and 6° to be
less than recombinational desorption rate
constants for CO and O, molecules.
According to the mechanism proposed,
dni/dt depends on the sapphire block radius
(or thickness). Fig. 8 shows the mass loss of
a flat sapphire sample per 1 h due to re-
lease of matrix atoms out of its bulk as a
function of 2. The mass loss has been calcu-

lated assuming DA = DO using the formula
2hsin?y, (30)

”%NA

2 wiD
xt—h2—(1—e ,llztj,
uiD

where N, is Avogadro number; AAL AO,
atomic masses of Al and O. It is well seen

~

(q{'}' AN 4 g9 -AO) x

that AP increases with the increase of hg.
The same Figure (curves 3, 4) shows the
sapphire mass losses due to evaporation of
Al,O5 dissociation products from the sur-
face. Comparing the curves, it can be seen
that at T < 2300 K, the latter contribution
to the mass loss can be neglected. The ex-
perimental studies of AP(h) seem to be us-
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Table 2.
T, K KAl g1 k9, s7!
13870 1.7-108 1.5-108
1650 7.3-108 6.5-103
1700 9.2.103 8.4-103
1990 2.7-104 2.4-104
2120 3.8.10% 3.7-10%
2250 5.7-10% 5.3.10%
2327 6.9-104 6.5-104

gl cal/mol ~ 23625 ~ BNe

able to check the proposed model of O and
Al atoms release out of sapphire bulk.
According to the model, the gas-vacancy
complexes are formed in sapphire due to break-
down of ion-covalent bindings that are weak-
ened due to polarization of the medium around

the vacancies. If k; = Ae &/FT, Cy = e tw/ kT,
then the complex formation rates ¢i, should

depend on temperature exponentially, too. Re-
ally, it is no the case. In this connection, let the
effect of concentration and state of vacancies
on the gas-vacancy complexes formation rate be

considered. The dependence C%,(T) calculated

using (3) under assumption k; = 1014¢—2, /KT €1
= 61,000 cal/mol [6] is shown in Fig. 9. It
is seen that the concentrations of both cat-
ionic and anionic vacancies do not increase
but decrease at the temperature elevation.
Such a dependence can be explained assum-
ing that the diffusion of atoms occurs in
neutral vacancies, the concentration of the
latter drops due to ionization as tempera-
ture increases.

To check if the proposed isothermal desorp-
tion model of impurity and matrix atoms cor-
responds to experimental data, the calculated
(dni/dt)(t) curves have been plotted. As an ex-
ample, Fig. 38 presents the calculated curve la
for CO desorption at T = 1380 K. Similarly,
in Fig. 6, the curve 4 shows the calculated
temperature dependence of maximum CO
desorption rate. Both those curves coincide
with experimental ones. Thus, the model
mentioned describes well the experimental
results obtained at 1380 < T < 2100 K.

C, O and H atoms diffusing out of the
crystal and melt are released at the crys-
tal/melt interface, too. At the melt concen-
tration overcooling due to recombination of
atoms and side diffusion, the formed CO,
CO,, Hy, and O, molecules are accumulated
in intercellular hollows. Depending on size
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Fig. 9. Temperature dependences concentra-
tion of neutral cationic (1) and anionic (2)
vacancies.

of the hollow and the gas accumulation, iso-
meric equilibrium bubbles of 1073 to 10~
2 e¢m in diameter and non-isomeric pores
are formed [1-3]. In the bubbles included
in the crystal the CO, and O, molecules
are subjected to dissociation (the dissocia-
tion energy values in brackets): CO,= =
CO+0 (£52=156000 cal/mol), O, = 20
(e92 =117000 cal/mol). CO does not dissoci-
ate essentially (50 =256000 cal/mol). That is

why only CO and H, are revealed in the bub-
bles [4, 5]. Sapphire grown in a high vacuum
is essentially stoichiometric, no other phase
particles being formed therein. The low excess
concentration of oxygen vacancies therein
(about 1016 ecm=3) seems to be defined by im-
purity atoms being in the substitution posi-
tions and having other valence than Al ones.
However, as the excess oxygen vacancies are
present in sapphire maily as F color centers, the
sapphire non-stoichiometry is thermodynamically
equilibrium. The second phase deposition at the ex-
pense of excess Al atoms in the thermodynamically
equilibrium non-stoichiometric sapphire is im-
possible, that is confirmed in experiment. The
second phase particles being found most often
in the near-bottom sapphire layer seem to de-
posit at the crystal/melt interface, perhaps due
to formation of compounds comprising Al,Oj
and impurity oxides and accumulated in the
near-bottom melt layer, possibly due to thermal
diffusion [7], ortermal convection of the melt.
To conclude, isothermal desorption of impu-
rity and matrix atoms (as CO, CO,, O,, Hy,
H,O) out of sapphire has been studied in ex-
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periment and theoretically. It has been
shown that as the sapphire temperature is
increased stepwise, the isothermal desorp-
tion rates of impurity atoms in the form of
CO, CO,, H,, HyO increase first in time up to
certain maximum values and then decrease.
The desorption rate of matrix oxygen atoms
does not attain a maximum in time. As the
temperature is increased, the time required to
attain the maximum desorption rate is short-
ened. A theoretical model has been proposed
for diffusion mechanism of the atoms included
in gas-vacancy complexes 2Vi-M! (M! being an
atom, Vi, a neutral vacancy). According to the
model, the gas-vacancy complexes are formed
due to breaking of ion-covalent (polarization)
bonds in sapphire. The impurity and matrix
atoms that are diffused to the surface as com-
ponents of the complexes are transformed into
adsorbed state, then a fraction thereof becomes
desorbed while another one becomes recom-
bined into molecules and then desorbed. The
equations describing the diffusion and desorp-
tion have been derived. Considering the experi-
mental results on the isothermal desorption
and using the equations obtained, the kinetic
diffusion parameters for atoms (vacancies), the
desorption rate constants for CO, CO,, O,
have been determined and the activation en-
ergy values for those processes have been esti-

mated. For thin sapphire samples, the re-
lease rates of cations (Al, C, H, etc.) and
anions (oxygen atoms) out of bulk are in pro-
portion to the sample thickness and exceed con-
siderably the corresponding evaporation rates
at Al,O5 dissociation at the surface.
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Audysia Ta momaanmia i3orepMiuyHa gecopoiia
IOMIIIKOBUX Ta MAaTPUYHMX aToMiB 3 candipy
Ta HOTr0 PO3MJIAaBY

M.I1.Kampuuw, O.T .Byonuros, C.I.Kpueonozos, IO.I1. Mipownuxoe

HocmimxeHo isorepmiuHy ecopOIfif0o AOMINTKOBUX Ta MATPUUYHUX aTOMiB 3 00’eMmy camdipy y
ckmamgi CO, CO,, H,, H,O. 3ampomonosano TeopeTmuyHy Mozmenb Mexamismy amudysii aromis y

candipi y ckiazni raso-saxamcifinmux kommrekcis 2Vi-M! (MP —

arom, V' — HeliTpasbHA BaKaHCis).

3rigHo 3 MO/EJII0, ra30-BAKAHCIMHI KOMILIEKCH YTBOPIOIOTHCS BHACIIIOK PO3PUBY 10HHO-KOBAJIEHT-
HuX 3B’s8KiB y candipi. Jomimkosi Ta marpuuni aromu, mpoaudyHIYBABIIN 10 [TOBEPXHi y CKami
KOMILIEKCiB, IIepexoasTh B aacOpOOBaHMII CTAH, ITCJS YOro OJHA YACTKA IX 1ecopOyeThecs, a immmia
pexoMOiHye y MOJIEKYJIH, a IIOTIM gecopbyerbea. OmepKaHo pPiBHAHHSA, 1[0 ONUCYIOTh AU(Py3io Ta
mecopOirito, BudHaueHo mapamerpu audysii Ta mecopOrrii aromiB Ta MOJIEKyI.
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