News of Technology

Functional Materials 13, No.3 (2006)

Growing of sapphire for optics
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The gas environment process formation in the furnace for sapphire growth by horizon-
tal directional crystallization equipped by a graphite heating assembly has been studied
during the evacuation and the inert gas (Ar, He) bleeding. The effect of the furnace
blowing by the inert gas on concentration of reducing components (CO, H,) and on optical
properties of sapphire crystals grown in He atmosphere at 1 to 50 Torr pressure has been
studied. The critical concentrations of the reducing components in the protective environ-
ment have been determined for growing of sapphire intended for standard optical and
optoelectronic applications.

Wsyuen mpoilecc (GOPMUPOBAHUSA I'a30BOI CpeAbl B YCTAHOBKE IS BLIPAIUBAHUA campupa
MEeTOJOM TI'OPHU30HTAJBHON HAINIPABJEHHON KPUCTAJIMBAIUKN C YrJIerpaUTOBLIM TEILIOBBIM
y8J0M B yCJOBUAX (POPBAKYYMHOII OTKAuKM M B CIydae Hallycka mHeprHOro rasa (Ar, He).
IIpoBeneHsl MCCAEIOBAHUA BAUAHUSA IPOAYBKM II€UYM WMHEPTHLIM I'a3oM Ha KOHIEHTPAI[UIO
BOCCTAHOBUTEJIbHEIX KOMIIOHEHT U OITHYECKHE CBOMCTBA KPHUCTAJJIOB camndupa, BLEIPAIIEH-
HbIX B armochepe He mpu gmasaenum 1-50 Topp. OupemesneHsl mpemebHble KOHIEHTPALMNA
BoccTaHoBUTeNbHEIX KoMmmoHeHT (CO, H,) B samuTHO# cpeje BeIpamuBaHuA camdupa mia
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CTaHﬂapTHOI;'I OIITUKX U OIITO3JIEKTPOHUKU.

To date, the gas technology has been
mastered for growing high optical quality
sapphire by the horizontal directional crys-
tallization (HDC) method in CO atmosphere
at about 1 Torr pressure [1]. The gas tech-
nology is more economical due to the use of
graphite heating assembly instead of the
tungsten-molybdenum one. This provides a
higher borrowing power in the world-wide
market of sapphire for optics and optoelec-
tronics as compared to the traditional vac-
uum technology. The growing atmosphere
in the graphite heating assembly is formed
mainly due to CO and H, regeneration reac-
tions, namely, CO, + C - 2CO and H,0 +
C - H, + CO. These processes, however,
cause an appreciable consumption of graph-
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ite, thus resulting in a reduced thermal in-
sulation efficiency and a mnecessity for
graphite shield replacement (every 5 or 7
crystallization runs). In this connection,
one possible way to further economic im-
provement of the HDC method consists in
elaboration of optical sapphire growing in
Ar or He based protective gas media (50 to
800 Torr pressure) that make it possible to
reduce considerably the melt evaporation
rate and the intensity of the regeneration
reactions of reducing components. To de-
velop such a technology, it is necessary to
determine the reducing component concen-
tration being critical for growing optical
crystals containing no light-scattering
micro-inclusions [2] and to seek for ways to
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Fig. 1. Experimental setup: 1, growth chamber; 2, measuring chamber; 3, connecting tube; 4, gas
bleed-in valve; 5, bleeder; 6, 11, nitrogen traps; 7, diffusion pump; 8, gate; 9, rod; 10, mass-spec-
trometer; 12, titanium atomizer; 13, diaphragm; 14, current bushings; 15, low-vacuum pump; 16,

graphite heating assembly; 17, crucible.

control the preset atmosphere formation in
the furnace.

To that end, we have studied in detail
the gas medium composition using mass-
spectroscopy. Studied have been the atmos-
pheres formed spontaneously (under evacu-
ation using a low vacuum pump) when
growing sapphire crystals by the HDC
method in a furnace equipped by a graphite
heating assembly at the residual gas pres-
sures of 0.05 to 1 Torr. These conditions
make it possible to obtain the crystals hav-
ing the highest attainable optical charac-
teristics. Also, the growing under inert gas
blowing into the furnace up to 800 Torr
pressure was studied. The experiments were
done using a modernized experimental
growing unit [3] equipped by a ROMS-4 HF
mass-spectrometer (see Fig. 1). To take the
gas medium samples, a needle bleeder 5 was
used connecting the growth chamber (GC) I
with the measuring chamber (MC) 2 con-
taining a low-temperature titanium pump
(LTP) comprising a nitrogen trap 11 and
titanium atomizer 12. After an appropriate
vacuum preparation, the residual gas pres-
sure in the closed MC volume may be as low
as about 1079 Torr. In this investigation,
the LTP was not used, so the residual pres-
sure was 5-1077 Torr. The measurements
were done using the graphite heating assem-
bly 16 with and without the crucible 17 con-
taining granulated aluminum oxide powder.

Fig. 2 (curves 1-6) shows the charac-
teristics of the medium composition (with-
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Fig. 2. Gas atmosphere composition in the
furnace during its heating up to 2350 K. 1,
CO; 2, Hy; 3, Ny 4, H,0; 5, CO,; 6, O,
without a crucible with Al,O; powder; 7, CO
with a crucible with Al,O; powder.

out inert gas bleeding) in the furnace without
the crucible as a function of temperature that
was recorded in the heater zone using a tung-
sten-rhenium thermocouple. The temperature
rise rate was about 400 K/h. The gas medium
composition is seen to vary considerably at
the furnace temperature elevation. The at-
mosphere composition is influences mainly by
the following reactions [4, 5]:

02 + C = COz, (1)
O, +2C = 2CO, (2)
H,O + C=CO + H,, (3)
427
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Fig. 3. Experimental partial gas pressures in the growth chamber as compared to the calculated
equilibrium values: (a) without a crucible with Al,O5 powder: 1, CO; 2, H,; 3, H,0; 4, CO,; 5, O,
(experimental data); 6, H,O; 7, CO,; 8, O, (calculated equilibrium data over the graphite surface at
experimental Ps5 and PH,, values). (b) with a crucible with Al,O; powder —1, CO; 2, H,; 3, H,0; 4,

CO,; (experimental data); 5, H,O; 6, CO, (calculated equilibrium data over the Al,O; surface at

experimental Pny and P, values).

2H20 +C = 2H2 + COz, (4)

CO, + C = 2CO. (5)

According to the literature data [4, 5],
the graphite oxidation reactions (1) and (2)
start at t ~ 700 to 750 K, while carbon diox-
ide is formed mainly at temperatures lower
than 900 K and carbon monoxide being the
major oxidation product at ¢ > 1100 K due to
reaction (3). Intense interaction of water vapor
with graphite (reactions (3) and (4)) takes
place at £ > 1100 to 1300 K. Thus, the results
obtained agree well with literature data.

A characteristic feature of the medium
at low temperatures (<1300 K) consists in a
high water vapor content that is due to a
rather high sorption ability of graphite.
Above 1200 to 1300 K, the medium be-
comes a reductive one, with CO and H, as the
main atmosphere components, the relative
CO content increases as the temperature
rises. Perhaps it is caused by the fact that
CO is formed not only from water vapor (re-
action (3)) but also from chemisorbed oxygen
that is desorbed mainly as CO (reaction (2)).

A comparison of the experimental data
with thermodynamic consideration of proc-
esses running in the C-gas atmosphere-
Al,O3 system has shown that the furnace
gas medium is not equilibrium up to pre-
melting temperatures and its composition is
defined predominantly by gas desorption
(Fig. 3). At low temperatures, the O,, CO,,
and water vapor exceed considerably the
equilibrium values over graphite that would
be observed for experimental Ppn and Py,
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values (Fig. 3a). At 1440-1500 K, the par-
tial pressures of those atmosphere compo-
nents decrease gradually and at about
1800 K drop under the measurement sensi-
tivity threshold and approach the equilib-
rium values over graphite. The presence of
a crucible with Al,O5; powder does not effect
appreciably the atmosphere composition up
to pre-melting temperatures (Fig. 3b). Only
an increasing contribution from CO is ob-
served at ¢ > 1800 K (Fig. 2, curve 7) when
the influence of Al,O5 evaporation and its
vapor interaction with graphite becomes ap-
preciable. The CO, and water vapor pres-
sures do not increase up to equilibrium val-
ues over Al,O5 as the temperature increases
up to 2100 K. At those temperatures, the
Pon and Py o values are outside of the
2 2

measurement sensitivity, both in the pres-
ence and in absence of a crucible with Al,Os.
The melt exposure to a constant temperature
of about 2350 K for 24 h results in a further
furnace degassing and a decreased relative
content of hydrogen down to about 4 vol %.
The relative H, content is reduced also when
the low-vacuum pumping-out rate decreases.

Thus, the mass-spectrometric measure-
ments and thermodynamic analysis of the
data obtained have shown that the composi-
tion of gas medium being formed in a
growth furnace during the temperature rise
is defined mainly by water vapor and oxy-
gen desorption and the interaction thereof
with the graphite heating assembly ele-
ments. At high temperatures (>1800 K),
the interaction of Al,O5 and its vapor with
CO, H,, and graphite is also of an impor-
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Table 1. Composition of protective media formed in a graphite furnace (without inert gas

blowing)
Growing medium formed in the growth fur- CO+H, partial pressure, Torr Pyy/Pco
nace
CO, H, (under low-vacuum pumping-out) 0.1 0.1
Ar, He + (COH,), 50-100 Torr, no blowing 1-3 0.3
Ar, He + (COH,), 800 Torr no blowing 7-10 0.5

tance. At a long-term exposure of melted
aluminum oxide, it is just carbon monoxide
that becomes the major component of the
low-vacuum (0.1 to 1 Torr) gas medium.
However, as hydrogen is a more active re-
ducing agent than CO, its influence on the
crystal optical characteristics may be con-
siderable and thus requires a further study.

The studies of the medium compositions
formed spontaneously in the working vol-
ume under inert gas bleeding have shown
that in this case, the concentration of re-
ducing components exceeds considerably
(Table 1) the critical value that, at a first
approximation, can be assumed to be of
about 0.1 Torr, that is, the CO pressure
under low-vacuum pumping-out. That value
is confirmed also by the calculations carried
out before [7]. Thus, it can be assumed that
the growing of optical quality crystals using
an inert gas to reduce the melt evaporation is
possible only under forced decrease of the par-
tial pressure of reducing components (CO, H,)
below the critical level. This can be attained,
under alia, by an intense blowing of the fur-
nace by a pure inert gas [8]. In this work, the
atmosphere formation under inert gas blowing
has been studied and the admissible content of
reducing components in the growth chamber
has been determined in experiment.

The concentration of reducing compo-
nents in the furnace depends on the accu-
mulation rate thereof that is defined by the
flow balance:

dN
dt

A S (6)

where J, is the formation rate of the reduc-
ing components and J,7, the removal rate
thereof from the chamber. Assuming the gas
in the chamber to be intermixed, we can write

p
- 7
Jy=d  —, (7)

where P, is the partial pressure of the re-

ducing components; P, total pressure in the
growth chamber; J, total gas flow from the
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chamber. If the total pressure is kept con-
stant, the following equality is valid:

J:Jr+Ji’ (8)

where oJ; is the inert gas inlet flow. Then,
combining the Eqgs.(6)—(8), and taking into
account the relationship P, = N.kT/V (V is
the growth chamber volume; T, gas tem-
perature; k, the Boltzmann constant), we get
an equation for the partial pressure of reduc-
ing components in the growth chamber:

ap, Popr kT 9)
@ Tty Iy =0

Assuming the flows and temperature are
constant and P, <<P, the Eq.(9) can be con-
sidered as a homogeneous linear differential
equation. Let Pr0 be the initial content of
reducing components; then the solution of
(9) has the form

" t " 10
P, .=(P)- Py exp(—?) + Pr, (10)
«_ P (11)
Py = ) 7
T,
. PV (12)

"=
(; + J kT

It is seen from (10) that when the growth
chamber is blown through with a pure inert
gas, the content of reducing components
after a time ¢* attains a stationary value Pr*
that is defined by the flow ratic of the me-
dium components and depends heavily on its
pressure (see (6)). If P, is the critical con-
tent of reducing components, then, to grow
the sapphire crystals containing no micro-
inclusions, it is necessary to provide the

flow rate
g (i - 1} . (13)

That is, using the blowing, it is more diffi-
cult to purify a medium of a higher pressure,
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other conditions being the same. The time t¢*

to attain the stationary medium is defined by
the gas flows, pressure, and volume.

Using (13), we have estimated the critical
inert gas flow for various growth medium
pressures (Fig. 4). The results obtained are in
agreement with those reported before [2]
where only a relatively intense blow-through
at J,> 200-300 dm3/h provided a reduced
micro-inclusion concentration when the Ar at-
mosphere at about 760 to 800 Torr pressure
was used. It follows from Fig. 4 that at the
medium pressure of <100 Torr, a substantially
lower gas flow of about 50 dm3/h is required.

The melt evaporation rate is another pa-
rameter of importance that characterizes
the gas atmosphere protective properties.
The measurements of the evaporation rate
as a functions of the protective medium (Ar,
He) pressure have shown that an apprecia-
ble reduction (by a factor of 2 to 3) is ob-
served already at pressures above 30 Torr.
The inert gas pressure range of 50 to
100 Torr can be assumed to be optimum at
the crystallization chamber blowing with
inert gas and growing of optical sapphire.

We have studied the optical properties of
sapphire crystals (90x50x300 mm3 size)
grown in He atmosphere under 1 to 50 Torr
pressure in a furnace with graphite heating
assembly. Fig. 5 shows the transmission
spectra for the initial and middle zones of
the crystals grown under pure helium blow-
ing (50 dm3/h) as compared to those ob-
tained in low-pressure CO + H, medium
(about 0.1 Torr). The spectra are seen to
contain absorption bands at 205 and
230 nm wavelengths corresponding to F and
F' centers, respectively, the concentration
and ratio thereof are known to be defined
by the growth medium reducing potential,

Ji, Ith

300

200

100 |

1
500 Pt

1 1
100 300
Fig. 4. Dependence of the inert gas critical
flow rate on the growth atmosphere pressure
(J, = 0.1 dm3/s at P, = 0.5 Torr).

as well as by the impurity content and
charge state. The He blowing results in a
decrease of the medium reducing potential
(see Fig. 5b, He 1.2 Torr). To estimate
qualitatively the growth medium reducing
potential, the CO and H, concentrations
were measured in the course of growing
using a mass-spectrometer. To that end, the
instrument was connected to an industrial
crystal growth unit. The measured data
(Table 2) show that the growth chamber
blowing with helium provides the hydrogen
concentration reduction and hinders the
carbon monoxide accumulation (<1 Torr).
The blowing efficiency drops as the medium
pressure rises.

In crystals grown in He (50 Torr) under
50 dm3/h blowing, the micro-inclusions (1
to 5 um) are contained at a concentration of
<104 em™3 that is substantially lower than
at growing in Ar (760-800 Torr) being
<10% em 3 [2]. Since the formation thereof is
due to the melt anionic non-stoichiometry [9],

Table 2. Composition of sapphire growth medium (under blowing)

Gas Low-pressure reducing He blowing, 50 dm3/h (about | He blowing, 50 dm3/h (about
atmosphere (about 0.1 Torr), 1.2 Torr), Torr ( vol %.) 50 Torr), Torr ( vol %.)
Torr ( vol %.)
1 2 1 2 1 2
H, 1.51-1072 3.12:1078 5.95-1073 1.7-1074 1-1071 -
(2244) (5£1) (0.540.2) (0.0510.05) (0.240.2) (<0.1)
He 0 0 1.1 1.05 (87.8+0.2) 49.45 49.4
(91.610.2) (98.940.2) (98.810.2)
co 5.1.1072 6.75-1072 9.37.102 1.4.1071 4.5:1071 5.5.1071
(78+4) (95£1) (7.940.2) (12.150.05) (0.940.2) (1.1£0.2)

Note: 1, at the growing onset; 2, at the growing middle stage (20 h later). The sum of other
gases (CO,, N,, etc.) did not exceed 2 vol %. in the low-pressure reducing atmosphere; <0.2 vol
% . under He blowing (about 50 Torr) and <0.05 vol % . under He blowing (about 1.2 Torr).
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Fig. 5. Sapphire transmission spectra for the initial
under various gas media (the sample thickness 5 mm);
2 — He (1,2 Torr); 3 — He (50 Torr).

it is obvious that a reduction of the micro-
inclusion concentration is possible at a fur-
ther decrease of the reducing component
(CO, H,) partial pressure in the growth at- 2
mosphere below the critical level. The com-
parative optical quality analysis of crystals
and the growth medium composition shows

that the critical concentrations are about 0.1 3.

to 0.5 Torr for CO and about 0.01 Torr for

4
H2.

Thus, it is possible to prepare sapphire 5
for standard optical and optoelectronic ap-
plications in He atmosphere (1 to 50 Torr).

The results obtained can be used also to 6.
develop a technique for growing of the opti-
cal quality crystals under protective gas at- 7

mospheres under 800 Torr pressure that is
the most prospective for a considerable im- 8
provement in economic characteristics and
borrowing power of the HDC method at the 9
large-scale sapphire market.

(a) and middle (b) parts of crystals grown
1 — low pressure CO+H, medium (0.1 Torr);
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BupomyBanusa cangipy AJs ONTHKH 1 ONTOEJNEKTPOHIKH
metomom I'CKR y 3axucHuiit armocdepi

0.41.]anvro, C.B.Hincanroecvruii, B.M.Kaniues,

H.C.Cidenvnurxosea, I''T.Adonkin,

B.M.Ily3ixoe, JI.O.'puns

Hocaig:keno mpoliiec (popMyBaHHS TrasoBOT'O CepemoBUINa B YCTAHOBI[L IJIs BUPOIIYBAHHS
candipy MeToJOM rOpMU30OHTAJIBLHOI CIIPAMOBAHOI KpHCTaNisdalil 38 ByrierpadiToBUM TENJOBUM
BY3JIOM B yMoBax (popBaKyyMHOI BiJKaUKM Ta y BHUIAAKY HamycKy iHeptHoro rasy (Ar, He).
ITpoBemeHo mociimkeHHS BOJIWBY NMPOAYBKU Iedi iHEPTHUM rasoM Ha KOHIIEHTPAIiI0 BiHOB-
mux xommnoHnentiB (CO, H,) ra omtwumi Bractusocri kpucranis camdupy, mo BupomeHi B
armocdepi He mpu Tucky 1-50 Top. BusHaueHo rpaHnYHi KOHIEHTpPAIil BiJHOBHHUX KOMIIO-
HEHTIB y 3aXHCHOMY CEPEeIOBHIIi BUPOIIyBaHHSA camdipy IJsA CTAHZAPTHOI ONTHUKU i OIITO-

eJIeKTPOHIKH.
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