News of Technology

Functional Materials 12, No.3 (2005)

Monitoring of thermal fields on surface of
alkali halide single crystals grown from the melt
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Experimental data on brightness temperature distribution on the upper butt surface of
large alkali-halide single crystals grown from the melt using automated semi-continuous
method were obtained for the first time using radiation thermometry. It has been shown
that different thickness of condensate deposited on the crystal surface from the vapor
phase of the melt becomes a cause of significant mistakes at non-contact measurements.
Crystal surface emissivity value and minimal thickness of the condensate has been deter-
mined experimentally allowing one to obtain correct temperature values when monitoring
the ingot surface using infrared thermometer.

Brnepebie 0eCKOHTAKTHBIM CIIOCOOOM HA PASIUYHBIX CTALUSAX POCTA IIOJNYyUYEHBI 9KCIIEPU-
MeHTaJIbHBIE TaHHBbIE II0 PacIpeleseHHI0 SAPKOCTHOU TeMIIeparTypbl HA BEPXHEH TOPIEBOI
IMOBEPXHOCTH BBIPAIMBAEMBIX M3 PACILIABA KPYHIHOraGapHTHBIX I[eJOYHOTAJIOULHBIX MOHO-
KPUCTAIJIOB aBTOMATU3UPOBAHHLIM IIOJYHEIPEPBIBHEIM MeTomoM. IloKasano, 4To pasiauuyHas
TOJIIMHA KOHIEHCATA, OCAMKIAeMOro Ha IIOBEPXHOCTh KPHCTAJIA M3 rasoBoil (assl paclaaea,
ABJIAETCS MPUUYMHON 3HAUYUTEJBbHBIX OIMINOOK [P M3MEPEHUU TeMIIepaTyphbl GECKOHTAKTHBIM
METOAOM. OKCIEePHMEHTANbHO OIIPeIeeHbl BEJHUYNHBLI H3JIy4YaTeJbHOU CIOCOOHOCTU MCCIIe-
IyeMOl IMOBEPXHOCTH KPUCTANJIA M MUHHMAJIbHAS TOJIMMHA KOHIEHCATA, IIO3BOJAIOIHE IPHU
IEeTEKTUPOBAHNY IIOBepxHOCTH cauTKa MK-repmomeTpoM moaydaTh KOPPEKTHBIE PE3yJAbTATHI.
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Alkali-halide crystals (AHC) relate to the
group of artificial single erystals, which are
successfully used in modern materials sci-
ence. They are more plastic than silicon and
germanium, possess a sufficiently smaller
thermal conductivity and by an order of
magnitude greater coefficient of thermal
expansion. Thus, they have rather bad com-
bination of physical properties determining
an influence of thermal stresses on the
growing crystal and, consequently, forma-
tion of structural defects.

This fact creates many obstacles when
growing large AHC. Some of them have
been solved by the authors who worked out
a one of the first automated semi-continu-
ous (ASC) method modifications in the
world [1-4], applying melt feeding by the
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raw material. Currently, several genera-
tions of "ROST" type growth setups [5, 6]
work in industry allowing one to obtain sin-
gle crystals of diameter up to 600 mm and
weight up to 500 kg (ASC method is a
modification of Kouropoulos growth with
elements of Czochralsky method.).

A low vapour pressure of AHC is one of
the main difficulties of experimental and
theoretical studies of their growth process.
Evaporating melt components form a con-
densate cover on the butt and side crystal
surfaces. Gaseous phase deposition rate
and, consequently, condensate cover thick-
ness are functions of time and temperature
at certain pressure and free melt square
(F1) between the crystal and crucible. The
bigger crystal diameter, the smaller Fj
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(growing crystal gradually overlaps a part
of the free melt surface). On the axial
growth stage, a non-uniform condensate
layer deposits on the side crystal surface.

Other obstacles in experimental studies
are a high hygroscopicity of majority of
AHC requiring hermetic sealing and solving
a series of engineering tasks at rotation of
both the crystal and crucible.

Due to the abovementioned, a very small
amount of information concerning thermal
fields inside the growth furnace for both
Kouropoulos method and its modifications
and Czochralsky growth is known. Herein,
there are many works on theoretical calcula-
tions of thermal fields and stresses, and
computer modeling of thermal transfer in
melts and growing ingots of Si and Ge [7-9],
which are, unlike AHC, not covered with
condensate, so, evidently, possess another
picture of thermal fields in furnace.

The aim of this paper is development of
the non-contact temperature measurements
method, as well as obtaining of brightness
temperature distribution on the upper butt
of the ingot at different stages of the
growth using this method. The data ob-
tained are an initial stage in determination
of full picture of heat transfer processes
between the crystal, melt and furnace walls.
The results of the measurements are valu-
able data for numerical modeling of heat
transfer in the system. They open possibili-
ties for infrared thermometers utilization in
automated growth control system in order to
optimize the technology of production of
large alkali-halide crystals with improved
structure and scintillation properties.

A one of appropriate methods of tem-
perature studies in such conditions is non-
contact measurements based on monitoring
of infrared radiation emitted by heated ob-
jects [10-12]. For this purpose a Raytek
Marathon MA2SC infrared thermometer (py-
rometer) were chosen (working wavelength
1.6 pm, range of measured temperatures —
350-2000°C) with accuracy not worse than
0.3 % from the registered value. Measured
data being transferred to PC and utilized
using a Raytek Multidrop software.

Infrared pyrometry is used in tempera-
ture measurements of bodies that are
opaque in IR region or have a known ab-
sorption value at the pyrometer working
wavelength. It is known that Csl(Na) single
crystals possess a high transmittance in IR
band [13], so, direct pyrometric measure-
ments inside these crystals are impossible.
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Fig. 1. Brightness temperature distribution
on the upper butt of Csl(Na) crystal on the
radial growth stage: I — crystal radius
75 mm, 2 — 100 mm, 3 — 110 mm, 4 —
115 mm, 5§ — 120 mm, 6 — 135 mm. Above
— photos of the upper butt of ¢ growing
crystal with illumination from outside (left
part) and without it (right side).

To measure crystal surface temperature,
it must be opaque to radiation at the py-
rometer working wavelength (1.6 pm). Due
to the fact that determination of a conden-
sate layer transmission on the ingot surface
is impossible at this stage, quartz glasses
were placed in the growth furnace, and con-
densate layer of different thickness being
deposited upon them. Measurements of
transmission of theses layers (Hitachi 330
spectrophotometer) show that it transmits
less than 1 % of radiation at the 1.6 pm
wavelengths at layer thickness not less than
200 pm, i.e., in such conditions we measure
real but not brightness temperature. In
agreement with our observations, a major-
ity of the crystal surface fulfill these re-
quirements (see photo Fig. 1), except the
region of 1-2 em width (independently on
crystal radius and length) near the crystal-
lization front and, on some ingots (at
higher growth rates this region exists, at
smaller rates, presumably, this region
"overgrows”), near the seed on the upper
butt of crystal, below the hotwell (Fig. 2,
position 10).
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Fig. 2. Scheme of the experiment: I — illu-
minators, 2 — quartz window, 3 — pyrome-
ter, butt (4) and side (5) studied surfaces,
6 — rotating crucible, 7 — rotating crystal
holder rod, 8 — seed coupling nut, 9 — tele-
scopic shield, 10 — hot well.

Condensate cover is an undesirable factor
accompanying ingot growth. At the same
time, this opaque cover is necessary at in-
frared thermometers utilization. On a crys-
tal surface with less than 200 pm sublimate
layer thickness, some kind of brightness
temperature is measured which is affected
by temperature of the melt and crucible
(due to the high transparency of the crystal
and radiative heat transfer). Determination
of absolute temperature in this case is a
troublesome problem and was not carried
out in this paper.

Correct determination of emissivity € ac-
counting for radiation of external objects is
the most important stage in pyrometric
measurements. Emissivity values for differ-
ent materials in handbooks [10-12, 14] (for
Csl(Na), unfortunately, such data are ab-
sent) can serve only as checkpoint and
strongly depend on the surface morphology,
geometry of the experiment, current tem-
perature value, working wavelength, etc.

Under the circumstances it was necessary
to determine € of the condensate cover on a
Csl(Na) crystal. For this purpose we used
methods of comparison of temperatures ob-
tained with pyrometer and thermocouple,
and calibration by the crystal melting tem-
perature. But the main tool was a calibration
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using cavities as blackbody models [10, 14].
To create such cavities we drilled a series of
holes with depth more than 6 times larger
than their diameter. Walls of the every hole
we covered with graphite dust to make them
opaque. Then, the ingot being placed inside
the growth furnace, heated up to the melting
temperature, and € value being measured.

Using these methods we determined the
emissivity value for Csl(Na) condensate as
0.91. It is important to emphasize that this
value is correct for the given geometry of
experiment, inside the "ROST" type growth
furnace that itself is a cavity, i.e., a rather
good blackbody model. In other words, €
values for condensate cover situated outside
the furnace, evidently, would be suffi-
ciently lower.

Sighting on the object studied in "ROST"
type units (Fig. 2) was conducted through
the side and upper removable quartz win-
dows (2) (four illuminators in the growth
furnace (2 on the side and 2 above) are
designed for control above the growth proc-
ess and for growing crystal illumination
from the outside) with transparency 89.5 %
at the wavelength 1.6 pm. Minimal diame-
ter of the measured spot on the ingot sur-
face is 2.3 mm. The distance between the
measured object and pyrometer lens can be
varied from 650 mm till infinity. As one
can see in Fig. 2, monitoring of the upper
crystal edge (4) using a pyrometer (3) can
be done both from the top and sideways.

Temperature measurements on the side
surface of the ingot (5), platinum crucible
(6), crystal holder rod (7), seed coupling nut
(8), telescopic shield (9), hot well (10)
should be carried out using the side illumi-
nators.

Simultaneously, we made photos of the
object in "own" light (radiation of the
heated ingot, melt, and crucible elements)
and with illumination from outside.

Monitoring of thermal fields on the sur-
face of large Csl(Na) crystals were carried
out (Fig. 1). One can see that on the radial
growth stage the brightness temperature
distribution on the upper butt of the crys-
tals is nonlinear with sharp minimum.
Herein, as the crystal diameter increases,
the minimum on the dependence of tempera-
ture vs. crystal radius deposes closer to the
crystal edge and stabilizes at R = 0.7—
0.75R,,. At crystal diameter 240 mm the
brightness temperature in this region de-
creases at 35°C (Fig. 1, curve 5). On the
photo (Fig. 8, at the upper left) one can see
that in this region the condensate layer is
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Fig. 3. Below — brightness temperature dis-
tribution on the upper butt of Csl(Na) crystal
after the end of the radial growth stage.
Above — photo of the upper butt with illumi-
nation from outside (left part) and without it
(right side).

the most thick, providing the best isolation
from the thermal radiation (Fig. 3, at the
upper right) emitted from within the crys-
tal.

At the same time, ingot surface bright-
ness temperature near the seed remains al-
most constant and close to the melting one
during the entire radial growth stage. This
effect, in our opinion, is connected with the
several factors. As we mentioned above, the
basic role is played by a small thickness of
the heat insulating condensate cover on the
ingot surface. In this case, pyrometer moni-
tors the radiation not only from the spot on
the ingot surface, but from the melt and
heated crucible elements behind the spot.
Moreover, existence of this overheated re-
gion can be connected with reflection of the
radiation from the hot well above the crys-
tal (see Fig. 1, and Fig. 2, position 10).
Other factors are not excluded too.

It is worth to pay attention on the visual
correspondence between the temperature
data and the qualitative picture on the pho-
tos obtained from the opposite sides: from
the illuminator side (left side of the photo,
with outside illumination) and from the
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Fig. 4. Brightness temperature distribution
on the upper butt of Csl(Na) crystal on the
axial growth stage: 1 — end of radial growth
stage, 2 — crystal height 5 mm; 2 — 10 mm,
3 — 20 mm, 4 — 125 mm; 1' — curve I
superposed with curve 2 at smaller radii.

melt side (right side of the photo, glow of
the heated bodies in the furnace without
outside illumination, it seems to us, the pic-
ture without illumination will be similar
from the both sides of the crystal butt sur-
face). It is seen that they qualitatively re-
peat the general picture of the heat trans-
port through the upper butt of the crystal.

On the axial growth stage (Fig. 4) a gen-
eral decrease of upper butt temperature re-
flecting a presence of axial temperature
gradient inside the crystal is observed.
Axial gradient value increases after emer-
gence of the crystal upper edge from the
crucible. It is connected with decrease in
thermal radiation intensity from the side
crucible walls, and with increase of heat
transfer from the crystal surface to the cold
walls of the growth furnace. This fact is
confirmed by the qualitative changes in
T(R) curve shape in Fig. 4 and by formation
of the "cold” region on the very edge of the
crystal. This effect can be easily demon-
strated if to compare the shape of the curve
1’ (shifted curve 1, corresponding to the
end of the axial growth stage) and curve 2.
One can see that the difference in tempera-
tures between these curves reaches 45°C on
the very edge of the upper butt.

Accounting for our preliminary evalu-
ations, at growth rate 4 mm/h, condensate
layer of hundreds microns thickness depos-
its on the side crystal surface, e.g., layer
with thickness several times greater than
the minimal necessary one.

Thus, procedure has been developed al-
lowing one to carry out a non-contact moni-
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toring of heat transfer processes between
the melt, growing crystal surface, and envi-
ronment inside the growth furnace on the
different growth stages. Experimental re-
sults on temperature distribution on upper
butt of large Csl(Na) single crystals during
their growth were obtained. Emissivity
value of the studied surface and minimal
required condensate layer thickness have
been determined allowing one to obtain real
thermodynamic temperature values at moni-
toring the ingot surface with infrared ther-
mometer. Analyzing the obtained results,
three stages of condensate formation can be
noted: logically, temperature of the upper
crystal butt must decrease with R. In real-
ity, the situation sufficiently differs from
crystal to crystal. If to watch on the upper
butt after the end of radial growth stage
(see Fig. 3, left photo), one can see that
crystal surface near the seed remains semi-
transparent, though this part of surface
was formed earlier. Then, condensate thick-
ness increases with R, remains constant in
the range R = 0.3-0.85R,., and smoothly
increases closer to the crystal edge (conden-
sate layer thickness, other conditions being
equal, is determined by the radial growth
rate). Data of temperature measurements
qualitatively (see Fig. 3) confirm photo ob-
servations. Second stage of the condensate
formation is observed at R..> 0.85 till the
start of the axial growth stage. Then, free
melt square becomes constant, melt retreats
from the upper crystal edge, and condensate
thickness not changes there. On the axial
growth stage condensate thickness on the
side surface distributes almost uniformly

excluding a small region adjoining the crys-
tallization front.
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MOHITOPHHT TENJIOBMX IOJIiB HAa NMOBEPXHi
JY;KHOTAJIOITHUX MOHOKPHMCTAJIB, BUPOILYBAHUX 13 PO3ILJIABY

0.1].Cioneyvruii, B.I.I'opuneywvruii, 5.B.I'punvos,
B.1.Cymin, O.B.Cu3oe, M.M.Tumowenro

Bnepmie 6eskonTakTHUM CcIlioco00M Ha Pi3HMX CTALiAX BUPOIIYBAHHS OTPHUMAHO €KCIepH-
MEHTaJbHI JaHI I[OZ0 POSIOAiNY SCKPABHCTHHUX TEMIIEPAaTypP HA BEPXHBOMY TOPI IIOBEpPXHi
BEIUKOrabapuTHUX JYKHOTAJOIIHNX KPHCTAJIB, BUPOIIYBAHUX i3 PO3ILIaBy aBTOMATU30BA-
HUM HamiBOesnepepBHuM MeroxoM. Iloxasamo, 1o pisHa KiabKicTh KoHmeHCATy, IO OCAJ-
JKYETBCS Ha IIOBEPXHIO KPHCTaJa i3 rasoBol (Gasu po3liaBy, € HPUUNHOI 3HAUHUX HOXUOOK
npu 0e3SKOHTAKTHUX BUMipHOBAHHAX. BelMUMHM BUIIPOMIHIOBAJIBHOI 3ZAaTHOCTL Ta MiHimMasb-

Ha TOBIIMHA KOHIEHCATY

BUSHAYEHO EKCIePUMEHTAJBHO, IO [JO3BOJIAE€ OTPUMYBATHU KO-

PEeKTHI 3HAUEHHd TeMIIEPATYPHU IIPX MOHITOPHHIY IIOBEPXHiI 3JIMBKY 3a IOIOMOIOM imdpaue-

pBOHOTrO IIipomeTpa.
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