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Abstract

Simulation data have been presented on a process of deep refinement of tellurium based on Authors-developed refine-
ment technique implemented through analysis of the process unit thermodynamical condition using Flow Simulation
software, from SolidWorks software product. The technique put forward herein has been implemented in a plant com-
prising a vertical air-tight reaction chamber arranged inside a multi-zone thermal unit and executing a sequence of
refinement stages which use different techniques and are integrated in a single process. The experimental data which
have been the basis for calculations have allowed one to determine the boundary conditions of the mathematical model
taking into account previous operation experience of the software product used. Temperature profile calculation has
been carried out taking into account all the types of heat transfer in the system, the weight / dimensions parameters of
system units and the physicochemical properties of refined tellurium, materials of equipment fittings and reactor media.
The temperature modes of the process stages have been accepted as the boundary conditions for the thermal calcula-
tions, with temperatures being measured at equipment fitting locations at which temperature gages connected with a
PID controller have been installed. The simulation of specific refinement process conditions allowed process modes and
equipment fitting component design to be corrected. We have developed and produced test models of process and im-
itation equipment. Analysis of the thermal fields for the final model has shown good agreement with the mathematical
model. Equipment upgrading and process parameter improvement on the basis of the simulation results have allowed
T-u Grade tellurium (99.95 wt.%) refinement to a 99.99992 wt.% purity by 30 main impurities in the course of physical
experiments, the product yield being at least 60%.
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1. Introduction

High purity tellurium (Te) with a purity grade of
99,9999 wt.% (6N) or higher (6N+) finds wide applica-
tion in electronics as a raw material for 4"BV! semicon-
ductor compounds [1-4]. Achievement of good technical
parameters for various instruments including RF devices
and nuclear radiation detectors is impossible without the
use of high-purity raw components including Te [5-8].
Major current manufacturers of high- and ultrahigh-pu-
rity materials including Cd, Zn and Te are 5N Plusinc.
(Canada), Western Minmetals Co. Ltd. (China), American
Elements Inc. (US) which have the leading positions in
the world market and deliver their products to Russian
consumers, too [9]. The composition of impurities to be
controlled and their concentration in Te are determined
pursuant to the final semiconductor material requirements
and intended use and are specified by the manufacturers.
The continuous strengthening of the requirements to the
degree of refinement which imminently entails compli-
cation of refinement processes and equipment used dic-
tates the necessity of imposing limitations on the cost of
high-purity raw materials. This is necessary for gaining
competitive advantage and market attractiveness of re-
spective products used for the design of high-efficiency
devices in the fields of solar engineering, thermoelectric
products and electronic components, as well as for stim-
ulation of import substitution. Thus refinement process
optimization is quite important for cost and labor con-
sumption reduction in the high-tech industry.

The fabrication of Te with a purity of at least 6N+
includes a number of combined techniques on the basis
of distillation processes [10—-16], e.g. simple distillation
implemented in one or multiple stages or multistage pro-
cesses (rectification). The degree of refinement can be
further increased using crystallization refinement tech-
niques [17-20] which entail large operation expenses and
require more complex equipment.

ADV-Engineering, LLC has for a long time optimized
the process and equipment for high-purity Te on the ba-
sis of a distillation process (including a two-stage one) as
the basic one, combined with various auxiliary operations
including filtration, introduction of gettering impurities,
refinement with refined element oxide as an impurity
collector and vacuum degassing for solute gas removal.
Special attention has been paid to studies of the role of
process parameters (temperature of filtration, degassing,
evaporation and fraction condensation processes, mass
transport rates during volatile impurity removal and main
material fraction distillation stages, shapes and dimen-
sions of equipment components for optimum circulation
of the gaseous and liquid phases etc.) [21, 22]. As a result
a process has been developed that is implemented in a
device having a vertical air-tight reactor arranged inside
a multi-zone thermal unit and delivering a combination
of sequential stages in a single process as described be-
low [23].

1. Te melt filtration with simultaneous vacuum degas-
sing and additional refinement by contacting with a re-
fined element oxide layer, followed by transfer of molten
material to the first distillation crucible.

2. First distillation during which the evaporating ma-
terial is condensed in the area of the first distillation fun-
nel.

3. Distillate drain to the second distillation crucible.

4. Melt degassing for removal of volatile impurities
to the condenser in roughing vacuum (residual pressure
above 0.001 Tor (1 Tor = 133.32 Pa)).

5. Second distillation in dynamic vacuum during
which the evaporating refined material is condensed at
the second distillation funnel.

6. Refined material drain and casting to consum-
er-specified weighed samples for further crystallization.

Tests of the process and experimental equipment de-
veloped herein allowed producing Te with the main com-
ponent content of approx. 99.99985 wt.% from T-u Grade
Te (99.95 wt.%) in a single process cycle without materi-
al reloading stages [23]. This result is superior to earlier
ones achieved using separate process stages.

However in our opinion the technical capabilities of
the process have not been exhausted yet. The aim of this
work is to optimize the process that is currently used at
ADV-Engineering, LLC by means of Te refinement pro-
cess engineering aimed at achieving a main component
content of at least 6N+ through correcting process modes
and upgrading of equipment and fittings. Aiming at this
task, thermal processes were simulated which take place
in the vertical air-tight reactor arranged in the multi-zone
unit with individual temperature control in each zone, and
test experiments based on analysis of the simulation re-
sults and the quality of refined Te samples were carried
out.

2. Process simulation

The thermal modes of the process and the design of the
existing thermal unit comprising a reactor with graph-
ite and quartz components of fittings were optimized
through mathematical simulation of the Te refinement
processes. The simulation was based on analysis of the
thermodynamic condition of the thermal unit / reactor
system in steady state mode at the start of each specific
refinement stage. The working environment for the anal-
ysis was the FlowSimulation software from SolidWorks
software product which delivers satisfactory calcula-
tion accuracy for the thermal process simulation task in
question. The calculation was based on in-house work
experience [21, 24, 25] (boundary conditions, thermal
modes required for process stages) and specific known
temperatures at the locations of controlling thermocou-
ples connected to an OVEN TRM type PID temperature
controller. The preset boundary conditions were used
to calculate the temperature profiles in longitudinal and
lateral cross-sections, the resultant temperature profiles
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Figure 1. Reactor and fittings: «) initial design for optimization; b) upgraded design (left) for simulation and schematic diagram of
furnace with heater zones (right) (/ condenser; 2 gas and vacuum pipeline flange; 3 fluoroplastic lining; 4 input crucible support;
5 distillation funnel; 6 distillation crucible support; 7 second distillation crucible; & first distillation crucible; 9 loading crucible;

10 loading crucible cap; /1 distillation section poles; /2 distillation section flask; /3 quartz flask (reactor); /4 input crucible; /5 co-

rundum muffle; 76 heaters)

were further compared with the experimentally derived
thermal conditions and finally the reactor design was cor-
rected (upgraded). The TRM PID controller temperature
setting was corrected to deliver the optimum temperature
profile for a process providing the maximum possible
refinement degree and product output with a sufficient
yield. The analysis was carried out taking into account
the properties of the reactor and fittings materials and the
working media.

The general appearance of the working equipment be-
fore and after upgrading and a schematic diagram of the
thermal unit are presented in Fig. 1. It can be seen that
the thermal unit comprises a heater with six independent

heating zones delivering the possibility of setting the
thermal profile parameters depending on the stage of
the single process which includes the six operations de-
scribed above.

Calculation of the first process stage (Te filtration) for
the equipment design depicted in Fig. 1 a showed sig-
nificant deviations of the resultant thermal profile from
the optimum one reported earlier [19]. Selection of the
required temperature mode for the first process stage en-
tailed the need for following improvements to the reactor
design:

— the height of the distillation crucible support was
reduced and the length of the input crucible support was
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Figure 2. Simulated thermal field distribution along reactor
with fittings: (a) filtration, (b) first distillation and (c) first drain

increased in order to provide for the required positions of
the main reactor components (crucibles and condenser);

— the condenser length was increased in order to in-
crease the efficiency of volatile component condensation;

— the overall reactor length was increased and the de-
sign of the top part of the reactor was optimized, along
with the optimization of the input crucible cap and the
distillation section flask, in order to change the length of
the crucible supports;

— the design of the distillation funnels was changed
substantially in order to reduce the radial temperature
gradient and improve draining of the material.

Schematic diagram of the existing reactor design with
fittings was corrected for calculations in order to opti-
mize the design before passing on to the following pro-
cess stages. The upgraded design of the reactor section
with the new design of the nearby-located thermal unit
comprising six heating zones is shown in Fig. 1 b. The
heating zones are shown in Fig. 1 b relative to the reactor
in a way they would be seen if the reactor was arranged in
the full-sized thermal unit.

Thus the calculation of the first process stage allowed
us to optimize the mathematical model, the thermal unit
of the equipment and the design of the fittings and to
avoid (minimize) the effect of negative parameters on the
refinement process without carrying out numerous ex-
periments or measurements. Further analytical work was
carried out for the improved model wherein the device
was arranged not in the thermal unit but in a corundum
muffle (for calculation simplicity) which was divided into
six heating zones as shown in Fig. 1 b.

The key process stages were simulated for the cases
of empty fittings (without material) and with Te inside
the fittings. Figures 2 and 3 show typical arrangements of
heat fields throughout the process in a stage-wise manner
for a single temperature range, from 340 to 570 °C. One
can see temperature profiles both in the solid material and
in the flowing media. The software used allows generat-
ing and measuring dynamic changes of temperature pro-
files for specific processes.

Figure 4 shows curves of axial temperature distribu-
tions for individual Te refinement process stages as shown
in Figs. 2 and 3. The curves shown in Fig. 4 are in a good
agreement with experimental thermal profile settings that
were made before for all process stages [21, 23].

One can conclude that the equipment design and ther-
mal profile settings can be calculated with a high accu-
racy thus tangibly reducing the labor consumption of
preparation works for process development and startup.
The above approaches can be used for equipment opera-
tion, e.g. after thermal unit replacement or after material
changes (degradation) of the unit’s electrical or thermal
parameters.

Radial temperature cross-section profiles were stud-
ied at key locations of the fittings (e.g. at the distillation
funnel for the distillation stage) for each process stage in
order to determine the scatter of the temperature profiles
in the lateral section of the system. The studies showed
that the profile scatter in these sections is within 1 °C,
i.e., there is no radial gradient. However, there are slight
bends at the edges of the “plank™ caused by the fact that
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Figure 3. Simulated thermal field distribution along reactor
with fittings: () vacuum degassing, (b) second distillation and
(c) second drain
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Figure 4. Axial temperature distributions for tellurium refine-
ment process stages: (/) filtration, (2) first distillation, (3) first
drain, (4) degassing, (5) second distillation and (6) second drain

the temperature in the muffle (heater) section is higher.
However, this did not affect the quality of refinement.

It is of interest to calculate the effect of the introduction
of refined material (Te) on the thermal conditions of the
process. Figure 5 shows the distribution of temperature
profiles across the reactor unit charged with Te in vacuum
during second distillation and the axial temperature dis-
tribution in the reactor at that stage, in comparison with
the axial temperature distribution under the same bound-
ary conditions without the refined material. This process
stage (second distillation) was chosen because the effect
of the refined material in the reactor is the greatest at this
stage since the refined material forms an additional shield
at the second funnel thus strongly smoothening the tem-
perature profile along the reactor axis above the funnel.
Noteworthy, the presence of the refined material at these
stages dramatically changes the pattern of the curves
shown in Fig. 4 in the sections where the material is locat-
ed. In this case there is an additional axial heat sink, i.c.,

heat radiation from the melt surface during distillation or
from the surface of crystallized material collected at the
funnel at an early stage of draining.

This situation, however, is not the case for the other
process stages: the axial temperature distributions at the
other process stages are almost similar for the empty re-
actor and for the reactor with refined material. This sim-
ilarity shows itself primarily in the smoothening of the
temperature front across the axis of graphite equipment
components and therefore the introduction of a material
having a lower or comparable heat conductivity affects
the temperature profiles but slightly.

Depending on process stage, the calculations were
carried out taking into account the presence or absence
of a gas atmosphere with allowance for residual pres-
sures that are required for the process. Analysis of gas
flow dynamics in the reactor was carried out for different
gas pressures. The temperature distribution along the gas
flow was determined both for the gas media and for vac-
uum in the reactor cross-section, and deficiencies in the
design of the reactor fittings that affect the gas flows in
the reactor were identified. Some process openings (slots)
in the quartz components of the fittings were redesigned
(e.g. in the condenser, in the distillation crucible supports
and in the input crucible support) in order to improve the
process.

The calculations provided insight into the changes
of the temperature fields at different stages throughout
the whole process and allowed correcting the tempera-
ture modes for mass transport in different sections of the
reactor unit and optimizing the temperature settings for
the TRM controller as are required for the formation of
temperature fields in the working zone during the entire
sequence of process stages (Table 1).

3. Experimental

The experimental studies for mathematical simulation of
the deep refinement process and the process equipment
developed by the Authors included the following proce-
dures:

— verification of agreement between the actual axial
temperature profile in the reactor and the simulated pro-
file;

Table 1. Recommended TRM controller temperature settings for Te refinement process stages

TRM temperature setting (°C)

# Process Stage

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6
1 Filtration 560.0 540.0 510.0 470.0 405.0 345.0
2 18t Distillation 470.0 450.0 430.0 400.0 360.0 355.0
3 15t Drain 530.0 570.0 568.0 540.0 500.0 480.0
4 Degassing 460.0 480.0 500.0 450.0 360.0 355.0
5 2nd Distillation 440.0 470.0 490.0 460.0 360.0 355.0
6 2" Drain 350.0 470.0 520.0 570.0 570.0 568.0
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Figure 5. Temperature profile distribution in the reactor unit
with material (Te) in vacuum during second distillation (left)
and calculated axial temperature distribution in the reactor
(right): (1) second distillation; (2) second distillation with tellu-

rium; (3) second drain; (4) second drain with tellurium

- process testing with acquisition and analysis of tech-
nical and economic performance indicators of the process
and the impurity composition of refined Te samples.

Imitating fittings were developed and fabricated for
temperature measurement across the reactor axis inside
the thermal unit. The fittings fully replicate the configu-
ration of the standard reactor (Fig. 1 b) except that along
the entire reactor there is a hollowed channel in the form
of a quartz pipe. The channel has an inner diameter of
10 mm, and its top is soldered. The channel accommo-
dates a type B thermocouple connected to an OVEN
TRM101M metering device. After thermocouple instal-
lation the thermal unit was switched on with the control-
ler temperature settings in accordance with the calculat-
ed and corrected temperature parameters for one of the
six process stages obtained during process simulation
(Table 1). The actual temperature profile was obtained

by measuring the temperature at individual points by
moving the thermocouple at a 10 mm step after the zone
heaters reached a steady state mode (this was indicated
by a metering device readings scatter of not greater than
+0.3 °C). The TRM temperature settings for different
process stages were corrected during optimization based
on specific process parameters [21, 23]. The experimen-
tally selected temperature profiles for the reactor and the
TRM temperature after correction are shown in Fig. 6 and
in Table 2, respectively.

Comparison of the Te refinement process tempera-
ture profiles with those shown in Fig. 4 shows their good
agreement. The difference between the simulated and
the experimental temperatures in various sections of the
curves is within 6 °C which is acceptable for the process
in question. After all, one can make temperature correc-
tions, typically minor ones, for any zone as required. This
result confirms the correctness of the chosen approaches
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Figure 6. Axial temperature distribution in furnace unit for Te
refinement stages: (/) filtration; (2) first distillation; (3) first
drain; (4) degassing; (5) second distillation; (6) second drain

Table 2. Experimental TRM temperatures for Te refinement stages

TRM temperature setting (°C)

i Process Stage Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6
1 Filtration 565 548 515 470 405 345
2 15t Distillation 472 455 435 410 370 355
3 1%t Drain 530 570 570 535 500 480
4 Degassing 460 485 495 448 360 355
5 2nd Distillation 445 467 490 455 380 355
6 2" Drain 365 450 490 570 565 560
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Table 3. Material balance for Te refinement process before and after equipment upgrading

Residue (g/%) F‘”‘é;;"f““
(1]
# Processes (ilgl/&:;g)e Loadin First Second Loss (g/%)
¢ . g distillation distillation Input crucible
crucible . .
crucible crucible
1 Before upgrading 1800 181.8/10.1 340.2/18.9 271.8/15.1 995.4/55.3 10.8/0.6
2 After upgrading 1800 171.0/9.5 273.6/15.2 262.8/14.6 1081.8/60.1 10.8/0.6

Table 4. Elemental composition of Te samples taken at the initial, interim and final process stages

4 Impurity Impurity content (wt.%)
T—u grade raw Te Refined Te before upgrading [22] | Refined Te after upgrading
1 Ag 2.57-10* <1-10° <1.20- 107
2 Sn <3.94-10° <3-10° <5.56-107
3 Al 9.3-10 6-10° <6.24-10°
4 Ti 2.05-10°° <3-107 <2.89-10°
5 P — <1-10° <1.20-10°¢
6 <3.55-10° <3-10° <3.59-10°¢
7 I - <g-107 <8.00- 1077
8 Ca 3.78-10% <1-10° 6.90 10
9 Cu 3.1-1073 <1-107 <9.63- 1077
10 Cr 6.31-107 1-10°¢ <3.08- 1077
11 Fe 1.81-10% 5-10° <2.88-10°¢
12 In 3.37-107 1-10° <9.06- 107
13 Mg <3.51-10°¢ <3-107 <7.76-10°¢
14 Mn 6.31-10° 2-10°¢ <5.00-107
15 Mo <4.98-10° <2-10°¢ <7.74-107
16 Ni <4.93-10° 1-10° <5.19-107
17 Pb 1.66- 1073 <6-10°¢ <1.20-10°¢
18 Tl 3.99-10+ <6-10° <7.24-107
19 Cl — 2-10°¢ 2.00-10°
20 Co 9.68 10 1-10°¢ <243-107
21 Sb 4.63-10° <1-10°3 2.66-10°
22 Na 3.8-1073 <1-10° <5.52-10°
23 Si 1.8-1073 5-10° 1.71-1073
24 K 2.78 1073 <1-10° <3.07-10°
25 A% 9.64-1077 <3-107 <1.32-10°
26 Li <1.02-10° <1-10° <8.76 - 1077
27 Cd 3.91-1073 <2-107 <4.97-10°
28 Zn <4.67-107 6-10° <2.53-10°
29 As <3.13-10° 2-10° <8.31-107
30 Se 9.05-107 2-10° <6.14- 107
31 S — <1-10° <1.00-10°¢
Main material 99.98 99.99985 99.99992
Total impurities 0.02 0.00015 0.00008
Refinement degree — 133 250
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to the development of a combined Te refinement process
and equipment for its implementation.

The TRM temperature settings (Tables 1 and 2) for
these profiles (Figs. 4 and 6) differ significantly, pre-
sumably due to the different installation locations of the
control thermocouples in the thermal unit. For theoret-
ical calculations the thermocouple installation locations
were chosen to be at the muffle of the furnace where in
the actual thermal unit the thermocouples were installed
between heater coils in the middle of the heating zones.

Tellurium refinement tests were carried out on the
basis of the data obtained,. The raw material was T-u
Grade Te (99.95 wt.%) produced in accordance with the
TU 20.13.21-096-00194429-2020 Technical Conditions
of a Russian manufacturer. An 1800 g weighed sample
for refinement was cleaved from raw material ingots.

Combined fittings were used for refinement, part of
the fittings being made from MPG-7 Grade graphite pro-
duced in accordance with the TU 1915-051-002008510
2005 Technical Conditions of a Russian manufactur-
er (Fig. 1, 5, 7—10, 14), and the other from fused sili-
ca pipes produced in accordance with the Russian State
Standard GOST 15177-70. Maximum possible purity was
achieved by treating the graphite and quartz components
before loading in accordance with the in-house technique
(graphite components were air-annealed at a residual
pressure of max. 0.00001 mm Hg and quartz components
were treated with a mixture of mineral acids, degreased,
dried and annealed under the same conditions as above).

4. Results and discussion

Upon the completion of test Te refinement experiments
with the upgraded plant the reactor was opened and un-
loaded, and the crucible residue, the final product and the
condensate were weighed. Table 3 shows data on aver-
aged material balance for the Te refinement process be-
fore [22] and after equipment upgrading.

Test samples of the material were taken at the input QC
and from the final product. The samples were analyzed at
the Giredmet Test Center by spark mass spectrometry on
a JMS-01-BM2 double-focus mass spectrometer (JEOL)
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