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The study results are presented on technology development for forming of cylindrical
tungsten crucibles starting from tungsten fluoride by reduction WFg with hydrogen in
horizontal flow-type reactor under reduced pressure. It has been shown, that one way to
nonporous with smooth outer surface, high surface purity and high strength consists in
the deposition process realization in diffusion area at 550°C and the partial pressures ratio
in the gas mixture PHz/PWFe =10/1.

ITpuBemennl pesybTaThl MCCIEIOBAHUI 10 OTPAOOTKE TEXHOJOrnU (POPMUPOBAHUS THULJIEH
MUAJUHAPUIECKON HOPMBI u3 MTOPUIHOIO Boab(ppaMa METOLOM BOJOPOIHOTO BOCCTAHOBJIECHUS
WFg B ropusoHTaJIbHOM IIPOTOYHOM PeaKTope IPHU IIOHIKeHHOM pgasieHnu. IlokasaHo, 4To
OJHUM U3 PEKUMOB TOJYUYEHUSA MJOTHLIX HETOPUCTHIX TUTJIEH ¢ I'JIaJKOM HapysKHOUN IOBEpX-
HOCTBHIO, BBICOKOM UYMCTOTOM ITOBEPXHOCTU MaTepuajia W BBICOKON IIPOYHOCTBHIO SABJAETCS
OCYII[ECTBJICHNE IIPOIlecCa OCAMAeHUsi B AuddysunonHoil obimactu mpu remneparype 550°C u
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OTHOIIEHWM IAapUUAJIbHBIX JaBJeHUM B cMecu rasos Py /Pyr = 10:1.
2 6

Tungsten crucibles for crystal growing
have a series of advantages as compared to
similar equipment made of other materials,
e.g., molybdenum. For example, the prior-
ity of tungsten are due to its heat resis-
tance inertness against chemical reactions
with the other substances. The preparation
of such crucibles using usual metallurgy
methods is difficult because the tungsten
infusibility, problems with attainment of
high purity level and inconvenience of the
technological equipment. The gas-phase
method using, for instance, tungsten fluo-
ride, is of much better promise. The tung-
sten fluoride deposition has been studied
long ago (see, e.g., [1, 2]). The homogene-
ous and heterogeneous stages of the process
have been explored completely enough. The
originality of this work consists in what
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follows. The construction approaches to the
experiments themselves are rather original
and simple. Those include the arrangement
and design of the components involved (the
substrate geometry and arrangement, direc-
tion and flow rate of the gas mixture, ete.),
as well as the process conditions (the con-
centration ratio of the gas mixture, pres-
sure in the working chamber, the substrate
temperature, etc.). The realization modes of
the efficient deposition process are simple
and original, too. So, for instance, to pro-
vide the uniform thickness of the crucible
walls and to suppress the point effects
under the deposition, cylindrical substrate
was made with rounded edge between its
side and butt surfaces. Many others techno-
logical solutions described below were real-
ized. The deposition modes were elaborated
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in detail and optimized. As a result of this
work, the technology for preparation of
workpieces with guaranteed high quality
characteristics (the structure homogeneity,
optimum microhardness, continuity, etec.).

One more moment is to noted defining
the advantage of the gas-phase methods to
manufacture the above workpieces. At pre-
sent, there is the trend to grow ever larger
crystals for electronic engineering. To that
end, ever larger crucibles are necessary. So,
while in 1990 sapphire crystal were grown
in 100 mm diameter crucibles and in 2000,
in those of 150 mm, at present, the cruci-
bles of 350 mm and more in diameter are
required [3]. Traditional technologies of
cutting or pressing are expensive and re-
quire cumbrous equipment. The cost and
compactness of the equipment using gas-
phase methods depend weakly on the cruci-
bles size.

For manufacturing of crucible with the
wall thickness exceeding 0.5 mm, it is rea-
sonable to use tungsten hexafluoride reduc-
tion with hydrogen due to high reduction
rate and relatively low process temperature.

In this work, the study results on use of
the gas-phase method to manufacture cylin-
drical crucibles in horizontal flow-type reac-
tor under reduced pressure. The experi-
ments were done in the setup for material
preparation from gas phase described in [4].
The reactor of 200 mm diameter provided
to get the crucibles of up to 120 mm diame-
ter and 150 mm height. A cylindrical sub-
strate made of AG-1500 grade graphite was
mounted on a "rod” within the reaction
chamber in the active zone of an inductive
HF generator. The substrate dimensions,
shape, and the outer surface finish grade
conform to required characteristics of the
crucible inner surface.

At the sharp edge between cylindrical
wall and flat butt end of the substrate, the
deposition rate was higher than that at
other areas due to strong heating of the
edge by induction fields, as well as electro-
static "edge"” effects. The difference in the
deposition rates causes a bulged wall of the
product at that edge (Fig. la); thus, the
substrate was made with rounded edge. At
the rounding radius of 10 % of the internal
crucible diameter, a workpiece is formed
with the same wall thickness in all geomet-
ric directions (Fig. 1b).

The homogeneity of the heat field at the
cylindrical substrate surfaces was provided
by a specially designed inductor, special
substrate arrangement geometry within the
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Fig. 1. Effect of rounded substrate edge the
crucible configuration: (a), unrounded edge,
the crucible with locally thickened wall; (b)
substrate with rounded edge, the crucible
with uniform wall thickness.

reaction chamber and its rotation about lon-
gitudinal axis during the deposition proc-
ess. The uniform temperature distribution
and thus the same deposition rate at differ-
ent areas was provided also by the substrate
massiveness, its high thermal capacity and
thermal conductivity. The maximum tem-
perature difference between different sub-
strate surface points amounted 10°C at its
average temperature of 550°C.

The crucible manufacturing procedure
was as follows. Hydrogen was fed into the
reaction chamber evacuated previously to
102 Torr. The pump-out rate was adjusted
to maintain the pressure in the chamber at
30 Torr. To degas the substrate and to pu-
rify additionally its surface, it was annealed
first at a temperature exceeding the deposi-
tion one by 150-200°C. After reduction of
the substrate temperature, tungsten
hexafluoride was fed into the chamber in
required amount and the deposition process
was run till the necessary crucible wall
thickness was attained. After the deposition
process was over, the graphite core of the
workpiece was removed by drilling.

The crucible obtained was examined con-
sidering the presence of mechanical defects
(pores, holes, cracks, exfoliations, etc.);
physico-mechanical characteristics of the
crucible material defining its working per-
formance were studied also. The material
density was determined by hydrostatic
weighing. The crucible material microstruc-
ture was studied on transverse sections in
the as-made and annealed condition and its
microhardness was measured. The material
purity and quantitative content of the im-
purities were determined by chemical analy-
sis. The concentration of typical impurity
(fluorine) was measured also using nuclear
physics method [5]. The fracture character
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Fig. 2. Microstructure of fluoride-originated tungsten (x200) obtained at T, = 450°C, Py /Pyr =
2 6

50:1 (a) and at T, = 550°C, Py, /Py = 10:1 (b).
2 8

Fig. 3. Fracture structure fluoride-originated tungsten deposited at different conditions: T, =
450°C, Py /Pye = 50:1 (a, x800) and at T, = 550°C, Py /Py = 10:1 (b, x1200).
2 6 2 6

was studied using a REMMA-200 raster
electron microscope.

Physico-mechanical characteristics fluo-
ride-originated tungsten are defined by the
condensate deposition conditions, including
the substrate temperature and tungsten
hexafluoride concentration in the gas phase.

Several modes of the gas-phase deposi-
tion were studied. The substrate tempera-
ture and relative partial pressures in the
gas mixture were varied as follows: T, =
400-650°C, P|_|2/PV\,,:6 = 50/1-10/1, respec-
tively. At low-temperature deposition, i.e.,
T, 400 to 450 C and rather low WFg content
(the partial pressure ratio Py /PWF6 = 50:1),

the crucibles obtained had insufficient inner
surface finish, corresponding to that of the
substrate surface, an admissible impurity
content, as well as smooth outer surface
free of mechanical defects. The crucible ma-
terial density amounted 19.1 g/cm3. The
layer growth rate at the specified conditions
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was of 25 to 30 um/h. Under such condi-
tions, the deposition process to obtain a
crucible with wall thickness of 3 mm lasted
100 h. The metallographic studies have
shown that in those conditions, a small-co-
lumnar non-equilibrium structure is formed
characterized by irregular boundaries and
presence of separate shrubs (Fig. 2a). Such
a structure is thermally unstable and
recrystallizes itself well. So, after annealing
at  2000°C for 2 h, the primary
recrystallization was completely terminated,
the microhardness decreased herewith from
4500 MPa in the as-deposited state to
3800 MPa after the anneal.

The formation of the thermal unstable
structure is due to presence of a consider-
able amounts of the impurities. The meas-
urements have shown that in fluoride-origi-
nated tungsten obtained in the above condi-
tions, the total impurity content is about
4.1072 mass%. Among the main impurities,
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the highest is the molybdenum concentra-
tion (~5.8:1073 mass %); in smaller amounts
iron (~4.2:1073 mass %), copper (~3.9-1073 %
mass) and aluminum (~3.7-1073 mass %) are
present. Oxygen, nitrogen and silicon are
present in about the same concentration of
3.1073 mass %; the content of other ele-
ments does not exceed 1073 mass %.

Under low temperature and low WFg con-
centrations, the fluorine presence in con-
densates of fluoride-originated tungsten is
due mainly to binding of lower fluorides. As
a rule, the fluorine content in the deposits
is maximum in this case. The nuclear-physi-
cal measurements have shown that the fluo-
rine concentration in the deposited crucible
material is significant and amounts ~7.5-10~
3 mass %.

The mentioned impurities, including
fluorine, are interstitial ones; their content
exceeds the solubility limit in tungsten. The
impurities are arranges predominantly
along the grain boundaries, they are weakly
bound with the matrix and weaken consider-
ably the grain cohesion in the material. The
grain boundaries become the most fragile
structure element, defining the general brit-
tleness of the workpiece. This fact is con-
firmed by Fig. 3a showing the fracture mi-
crophoto where the predominant inter-crys-
talline fracture character is seen.

Increasing substrate temperature at the
same contents WFg in the gas phase
(P|_|2:PW|:6 = 50:1) results in a significant in-
creased deposition rate. Fig. 4 shows the
temperature dependences of the process rate
for this case (curve I).

It is seen in Fig. 4 that in the studied
temperature range, the deposition rate in-
creases continuously and exceeds 100 um/h
at T, > 550°C. However, a deterioration of
the material quality occurs in this case. Al-
ready at T~500°C, the surface "globuliza-
tion” starts to occur and the microstructure
non-equilibrium increases; the latter be-
comes shrubby, its microhardness increases.
As T, increases further, the dendritic
growth character becomes predominating,
the structure loses compactness, the conden-
sate density decreases considerably.

Depending on the tungsten deposition
mode from hexafluoride (the operating pres-
sure, concentration ratio in the gas mix-
ture, the substrate temperature, etc.), the
process may run in both kinetic and diffu-
sion regions, which, in turn, are differenti-
ated into smaller stages, characterized by
their own particularities [6]. At low tem-
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Fig. 4. Dependences of the tungsten layer
growth rate on the deposition temperature at
different WFg; content in gas phase:
PHz/PWFe = 50:1 (1), PHz/PWFe =10:1 (2).

perature and hexafluoride concentrations,
the process in kinetic region is limited by
molecular adsorption, but at high values of
the parameters, by the desorption phase. At
intermediate temperatures and high
hexafluoride concentrations, the transport
of the operating gas to the substrate is de-
fined by diffusion. In the diffusion stage,
the deposition results in a higher quality
structure of the condensate material. The
morphology of the growth surfaces in diffu-
sion region is characterized by a high order-
ing of separate crystals without essential
distortion of growing pyramid faces, as well
as by a weak dependence of the structure
growth rate on the substrate temperature.
In experiments at increased WFg content
up to Py /Pyr = 10:1 in the interval T|
range of 450 to 650°C, a dense nonporous
material is formed with smooth outer sur-
face. The workpieces are similar in appear-
ance to the crucibles got at lower concentra-
tion of hexafluoride and low substrate tem-
perature (i.e. in the mode described above),
but differ considerably in the material char-
acteristics. The temperature dependence of
the deposition rate for this case is shown in
Fig. 4, curve 2. The slope decrease of the
curve 2 at temperature T, above 530°C evi-
dences the process running in diffusion re-
gion. The crucibles got at such WFg concen-
trations exhibit a high material density of
19.2 g/ecm® close to theoretical one, that
evidences the absence of micropores. The
microstructure is columnar, the column size
increases with elevating temperature from
20200 uym to 380x250 ym. The material
structure is close to equilibrium one, ther-
mally stable, does not recrystallize under
annealing at T = 2000°C for 2 h. The micro-
structure type of the fluoride-originated

389



News of Technology

Table. Microhardness of fluoride-originated tungsten condensates obtained at gas component
ratio Py /Py = 10:1 in as-deposited state and after annealing for 2 h at 2000°C
2 6

T, (°C) 450 500 550 600 650

As-deposited 3975 4045 3990 4150 4080

Annealed 3880 3850 3930 3945 3925
tungsten obtained at T, = 550°C and

Py [Py, = 10:1 is shown in Fig. 2b. Ther-

mal stability of the structure is evidenced
also by the condensate microhardness values
presented in the Table. Microhardness in
the as-grown state is independent of the
deposition temperature and changes within
3950-4150 MPa, but decreases down to
3850-3950 MPa after annealing.

The purity degree of the crucibles mate-
rial obtained in such conditions exceeds con-
siderably that attained at deposition from
gas mixture with lower tungsten hexa-
fluoride content and amounts 99.99 % to
similar characteristic of the substrate sur-
faces; the total impurity content does not
exceed 1072 mass %. The Mo (1.5:1073%), Fe
(1.1-1073 %), Cu (1.0-1073 %), Al (0.9-1073 %),
O, (1.7:107% %), and N, (0.6-1073 mass %)
concentrations are much lower. The fluorine
concentration drops to 1073 %. The reduc-
tion of the total impurity amount promotes
the formation of nearly equilibrium conden-
sate structure and hardening of the grain
boundaries. The latter is confirmed by frac-
ture photo shown in Fig. 8b, which evi-
dences the fact that the trans-crystalline
fracture fraction is higher than in the fluo-
ride-originated tungsten obtained at the
lower WFg content.

A crucible obtained at T,= 550°C,
P /[Py, = 10:1, is shown in Fig. 5.

Technological tests on sapphire crystal
growing in crucibles made by gas-phase re-
covering of tungsten from hexafluoride by
hydrogen were realized at STC "Institute
for Single Crystals™ in a "Crystal 606" HF
unit. The crystals obtained had admissible
low impurity contents, including carbides,
and the crucibles had a sufficient life time.

Thus, during the studies, technology was
improved to obtain high-quality ecrucibles
satisfying the operational requirements
from fluoride-originated tungsten. Among
the modes providing high-quality work-
pieces by gas-phase method, is the follow-
ing: T, = 550°C, P|_|2/PW|:6 = 10:1. The depo-
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Fig. 5. A crucible made of fluoride-originated
tungsten.

sition rate in such conditions is about
125 uym/h and hexafluoride fraction reacted
at each act pumping through the reaction
chamber amounts 70 % . The unevenness of
the crucible wall thickness ataverage thick-
ness of 4 mm does not exceed 0.2 mm. The
use of the gas-phase methods for manufac-
turing of large diameter crucibles seems to
be of good promise.
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Onep:xanHa TurJgei 3i ¢propmaHoro BoJabdpamy

IO.B.'openko, O.D.Kopixc, JI.A./lumeéunos,
H.O.Cemenos, M.O.Xoeancovruii, 5.M.Illupoxoé

IIpexcraBieHo pesyJsabTaTH OOCHiAiB 3 BigmpamoBaHHA TexXHOJOril (opMyBaHHS THUIJIEH
nuaieapuyaol (opmu 3i (ropumroro sombdhpamy merogom BimmoBirenHa WFg BomHEM Yy
rOPU30HTAJIBHOMY IPOTOYHOMY PeaKTOpi mpu 3HH:KeHOMYy THUCKY. IlokasaHo, 1[0 ogHUM i3
PeKUMiB OmepIKaHHA MNIiJbHUX HEIIOPMCTHUX THUIJIEH 3 IJIaJKOI0 BSO0BHIIIHLOIO IIOBEPXHEIO,
BHCOKOIO UHCTOTOIO IIOBEPXHi MaTepiansy Ta BHCOKOI MIIHICTIO € 3IiliCHeHHS IIPOIIECY OCaj-
JKeHHA y audysiiiniii obmacti npu Temnepatypi 550°C Ta BigHOIIeHHI mapliaJbHUX THUCKIB
y cymimri rasis PHz/PWFs =10:1.
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