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Preparation of Therrnodcctric  Materials from Melts

I’hc most common methods to prepare semiconductors arc based on use of melts or vapor
phase. A strong tendency to use thin film structures in moclern scmiconducting  devices
brought a variety of technologies based on vapor phase deposition. 1 Iowevcr, in case of
thermoelectric materials the bulk ingots are used almost  always and the stage of melting
the materials is nearly inevitable, Manufacturing of the most common thermoelectric
materials (bismuth-antimony tellurides,  si]icon-gcnnanium  alloys) is based on cold- or
hot-pressing of the powders but the powders arc prepared from the ingots of melted
down and crystallized elements. Thus, the methods of preparation of materials from
melts remain vital especially in technology of thermoclectricx.

Synthesis/Alloying

Modern  thcrmoc]cctric  materials, from a technological point of view, can be roughly
divided into three categories: low-tcrnpcrature materials (c. g., group V chalcogenidcs
based on lli2Tc3), middle-tcmficraturc materials (e.g., group IV chalcogenides  based on
Pbl’c),  and high-temperature materials (e.g., Si-Gc solid solutions). The melting points
and approximate total pressures of volatile elerneiits  ovel  the melts of the major phases
arc shown in Table 1

Table 1. Melting Temperatures and Total Vapor Pressures of
Major Thcrmoclcctric Materials
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‘1’hc preparation of chemical compounds and solid solutions from a melt begins with
melting the clcmcntal  constituents togcthe~,  a process that can bc called synthesis or
alZoyiHg.  It is essential to usc high-grade clcmcnts of guarantmd  purity and to take all
ncccssary precautions to prevent contamination during handling, synthesis, and crystal
growth. A common way to perform a synthesis ofthc chalcogcniclcs  is to use scaled clear
quartz ampoulcs  of up to 25-mm bore. ‘]’hc preweighed  materials arc placed into the
tube, followed by a quartz plug. The tube is then pumped down to bctwccn 10-5 and 10-6
torr and scaled circumfcrcntia]ly  with a hydrogen torch.

Most of the high-purity commercially available elements arc oxiclizcd on the surface, and
it is csscntia] to remove the oxides from the ingredients before synthesis. This can bc
done by etching or by reduction of the element. For example, lead placed in an alumina or
graphite boat can be rcduccd at 700°C in a stream of pure. hydlogcn.  The prcscncc of
ox ygcn causes the solidifying ingot to stick to the quartz walls duc to a chcmica] reaction
bctwccn  l’bO and silica. ~’his introduces stresses into the rnatcrial and can even break the
ampou]c  and expose the hot ingot to the air. In addition, any oxygen in the chalcogcnidcs
changes the electrical propcrt i cs of the final prociuct. To prevent sticking alone, quartz
containers can bc coated with carbon by pyrolitical]y  cracking acctonc  or toluenc.

The synthesis (alloying) of Si-Gc alloys is a more complicated procedure. The most
cfficicnt thermoc]ectrics  in this systcm,  both n- and p-types, contain about 800/Oat of Si
and 200/Oat of Gc (Si80Gc20). ‘1’hc high licpridus  point of this composition, 1350°C,  dots
not allow the usc of vacuum-scaled silica tubes for processing. “1’hc quartz glass softens
at 1250° to 1300°C, resulting in collapse of the ampoulc.  Also, duc to the very large gap
bctwccn the liquidus  and solidus  points of this composition (1 350 1280==70”C)  and very
low diffllsion  rates in the solid alloys, a heavy segregation occurs during crystallization,
resulting in separation of the solid Si-rich and Ge-rich grains. “j’he usual nletall~]rgica]
homogenization by annealing cannot bc performed in a reasonable period of titnc.
Additionally, the extremely high affinity of silicon for oxygen makes unreasonable a
preliminary etching oftl}c  Si. As soon as Si is exposed to air or water after etching, a thin
film of oxide forms on {hc surface immediately. Therefore the usc of large picccs of Si
(and Gc) to minimize the surface area is recommended.

Alloying of SigOGczO  is done in an RF furnace]. The large picccs (10 to 20 mm) of Si and
Gc, together with dopant, 11 for p-type and P for n-type matelials,  are placed into an
open quartz crucible. lmprovcd n-type alloy can also bc doped with GaP. The crucible is
inserted into a graphite susccptor in the furnace chanlbcr, and the chatnbcr  is vacuum
pumped. After purging of the chamber by Ar, a slight ovcrpressurc of Ar is established
(1. 1 atm), and the tcmpcraturc is raised to between 1370° and 1400”C  within 2 to 3 hours.
l;ddy currents develop an intensive stirring motion s() that the homogenization of the melt
can bc done in 40 to 50 minutes at maxitnum tcmpcraturc. After this, the melt is cast
inside the chamber into the water-cooled copper mold, resulting in 12.5-mtn-diameter by
10()-mm-high ingots with fine grains. The bulk wet chemical analysis of the ingots shows
reasonable agrccmcnt  with nominal composition. An example is shown in Table 2.
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Table 2

Comparison of nominal and actual SiGc bulk precursor composition

Co~llposition\Illclllcllt

z

Si
— . .——

Nominal j at.% 77.5
. — . -—.

Actual, at.% 77.5
— .

——— ——-—

‘:=:F=R=18.5

19.0 1.75 1.75
— . —  .  ._—— —

‘1’his material, with still scgrcgatcd  microstructure but fine grains, serves as a precursor for
the homogeneous ingot preparation.

Crystal Growth

‘1’o allow good characterization ofthc material, the s])ccimcm need to bc as free of defects
as possible. Onc of the major obstacles to achieving that {:oal is grain boundaries. The
only way to eliminate these defects is to grow single clystals. The alternative is to
minimize thcm by growing polycrystallinc  ingots with very large grains.
Crystal growth, which is the next step in material preparation from the rnclt, can bc
performed in many different ways. ‘1’hc same material can hc grown by different methods
with different ICVCIS of SUCCCSS.  Bearing in mind pI cparation  from melts, wc divide all
possible proccsscs  into two large categories for convenience of consideration, with the
understanding that this categorization is not absolute.

Category 1: Growth from stoichiometric  melts, i.e., froli~ melts with the composition
of certain stoichiometric  compounds, rcsulti~ig  in a crystal of the same (or
nearly the same) composition.

Methods of growth to be considered for this category arc:
● Bridgman method (Br)
● CJradiC1lt  Freeze (G17)*
● Czochralski method (Cz)
● Zone Melting (ZM)

Category 2: CIrowth from nonstoichiomctric  melts, i.e., from melts with composition
that dots not correspond to the grown matcl  ial. ‘1’his process may equally
result in either stoichiomctric  (e.g.,  chemical compound) or
nonstoichiomctric  (e. g., solid solutio]l) cIystal g OW[l I.

Methods of growth to bc considered for this category arc:



● Gradient Freeze (GF)*
● %3ne l,cvcling  (Z].)*
● liquid l%asc Iipitaxy  (LP1;)*
● Traveling Solution Method (TSM)*

All methods listed above arc well known and wc arc not going to dcscribc their principles
here. Many of them (marked with asterisk) were intcnsivel  y used at JPI, in the past years
for different thermoelectric materials preparation. We arc going to concentrate on JPL
results bccausc  they were published in different journals or conference and meeting
proceedings and arc not easily available for scientific community everywhere.

Gmiictt  t Frcczc  (GF)

l’hc gradient frcczc process eliminates any moving parts in the apparatus, ampoule,  or
furnace. lnstcad of lowering the crucible through tllc temperature gradient (Fig. 2), the
.fiazen temperature gradient extended over the whole ampoule  length, is moved
electronically, rather than physically, in contrast to the typical Bridgman  apparatus.
Correspondingly, the liquid-solid interface is tmnslated  up and crystal growth occurs.
Such a system can be used not only vertically, but horizontally as well, and is sometimes
called horizontal Bridgman (1 lB).

The GF vertical arrangement has been recently used for growth of promising new
high-temperature materials.2’3 A refractory compound, RujSiJ,  congruently melting at
1700°C (Fig. 3), has been grown. 1 Jigh-purity  Ru and Si, in stoichiometric  ratio, were ‘
p]accd in pyrolytic boron nitride crucible with pointed bottom. Heron nitride was found
to bc the most appropriate container rnatcrial for ruthenium silicide, in spite of some
dissociation and conscrluent  contamination of the melt and crystal by boron. After
synthesis of the compound at a minimum of 1765°C, the tcmpcraturc gradient of 30° to
320/cm was stabilized and growth occurred at rates of 0.8 to 3 cndday.  Single crystalline
ingots of the compound with typical dimensions of 12 mm in diameter by 20 rntn high
were obtained and their thermoelectric properties measured.
The electron analoguc  of ruthenium silicidc,  ruthenium sesquigmmanide  RU2Ge3, has been

4)5 The gcm~anidc  is a non-congruently meltingsimilarly grown in the same furnace .
compound and decomposes pcritecticall  y at 1470°C (Fig. 4) but the c~ystal  growth can be
achieved from off-stoichiornetric  Ge-rich solutions. Single cxystals  of this compound were
grown in 12 mm inside diameter graphite or glassy carbon cylindrical crucibles with a
conical bottom. ~’hc preferential direction of growth was found to be [11 O] and crystals
exhibited a rcvcrsiblc  gradual diffusionlcss  phase transformation within 400-600°C
(tctragonal  at high and orthorhombic  at low temperatures). Both of the phases were p-
typc semiconductors with bandgaps  of 0.58 and 0.71 cV, respectively. Maximum ZT
value for this material was found to bc about 0.4 at 500°C (Fig. 5).
Similar fh-nacc configuration was used to grow siJ glc crystals of some thcrmoc]ectric
compouJNls with skuttcruditc  structure, CoSb3 and RhSb36>7. Related phase diagrams (fig.



6) suggest that growth  can bc performed from Sb- rich solutions. ‘1’hc single crystals were
obtained by slow crystallization of solutions 01” Co and Rh in Sb (3-9 and 3-14 at%,
rcspcctivcly) in scaled carbon-coated quartz arnpoulcs. A temperature gradient of about
40-50°C/CnI  was maintairmd at the growth inte]  face and the grc)wth rate was about
0.7°C/hr  (I;ig 7).
All as-grown samples were p-type with Ilall carrier concentration in the 1016 to 10]9 CnI-3
range for CoSb3  and bctwccn  2 and 7x 10’g cm-3 for RhSb3.  It was found that, for the CoSbj
ingots, the 1 Ian carrier concentration of the sampl cs dccreascs from the tip to the top of
the ingots. Dccausc the ingots were grown from non-stoic.hiomctric  melts, during the
growth  the melt bccamc richer in Sb and the stoichiomctry of the samples could gradually
chatlgc along the ingot, resulting in carrier concentration variations. These stoichiomctric
deviations might bc very small and were not detected by microprobe. The addition of Tc
(bctwccn  0.1 and 0.2 at.%) into the original melts resulted in n-type electrical
conductivity.
13xccptionally high p-type 1 lall mobi]ities were obtained on R}lSb3 and CoSb3 samples.
T}]c 1 la]] mobilitics  of the two skuttcruditc  compounds are significantly higher than those
of Si, Gc and GaAs in the 1017 to 1019 crn-~ carrier concentration range. A tnaximum I Ian
mobility of about 8000 cn~2.V-’s-] was obtained for RhSb3 at a catricr concentration of 3.s
x 10] 8cm-3.
From the variations of the rcsistivity with tempcrxturc  in the intrinsic rcgitnc, the band
gap of CoSb3 and RhSb~ was estimated at 0.56 and 0.80 cV, respcc{ivcly.  The high hole
mobilitics  measured on the skuttcruditc compounds CoSb3 and RhSb3 even at high
tcmpcraturcs  make these materials interesting new semiconductors and wc arc planning
further studies to invcstisatc their thcrmoclcctric  and c]cctronic  properties.

Z]. is onc of the versions of Zone Leveling WCII described in the Iitcraturc.  As opposed to
several reciprocating zone passes, this version is performed using only onc zone pass and
is based on t}~c  phase rclat ionship shown in Figw c 8. We consider this process as a
crystallization of metal solution bccausc “dilute” liquid solution a crystallizes, resulting in
“conccntratcd”  solid solution x. It is obvious that ifthc liquid a composition, which Ioscs
component B during crystallization, is constantly replenished by B, the crystallizing
composition x is the only product of the process.

Z1, of a very difficult and most important high-tcmpcraturc  material, SigOGc20
solid solution, is a perfect example of the use of this technique. It was dcscribcd  in 19578,
investigated in more detail and applied latcr9, and more recently applied again with some
changes. 1 Figure 8 rcprcscnts the princip]c  of the process. Two precursors of SiGc arc
prepared: a(Si52,~Gcq7,~)  for 7,0nc melt, and x(SigOGczO)  for honlogcnization,  e.g.,
composition leveling. They arc loaded into the processing boat (graphite, glassy carbon,
carbon-coated quartz), scaled under vacuutn  in a quar{z tube, and zone mc]tcd (Fig. 9) at a
constant tcmpcraturc. Onc pass of the zone was usually employed. 3’WO proccsscs take
place simultaneously during the zone passing on both liquid-solid interfaces: melting of



inhomogcncous  precursor x, on the right interface, and crystallization of homogeneous
composition x, on the left interface. At each given time the quantity of crystallized
material is equal to the quantity of melted precu~sor. Therefore a constant composition
of the melt is maintained, and a perfectly homogeneous Si&czO solid-solution ingot is
yielded. It was foundE that an RF coil used as a zone heater, instead of the conventional
resistance furnace, hc]ps to avoid dcteriol-ation of the quartz ampoulc  (Fig, 10). In this
case the graphite boat (crucible) also played the role of an RF susccptor. 7’WO resistance
furnaces mounted on both sides of the RF coil maintained .sufficicntly high pressure in the
ampoulc,  when P (or GaP) was a dopant, and suppressed phosphorus deposition on the
tube wall during the process. In this case the whole heating assembly was stationary and
the ampoulc was translated. The travel rate was al~out 2 mmhr,  which was slow enough
to provide homogeneous recrystallization of the charge. Thus, intcrcrysta]line  liquation
was avoided.
One more advantage of this version of ZL should bc noted: The process is pcrfortned at a
much lower temperature than I’]iq of Si80Gc20. The processing temperature corresponds
to T’”’ of the alloy
(] 2800C) versus T]iq=-l 350°C,  and the sealed qua] tz container can easily survive even
when a conventional heater is used.

L~~fid  phase  cpitaxy  (LB

1,iquid phase cpitaxy  (1 ,1’1;) is the growth of a material epitaxially  on an oriented, singlc-
crysta]linc  substrate seed from the solution of thr material in tin appropriate solvent.
lJsuaHy the material is grown in the forlil of a thin (10 nln to 100 mm) layer over the
polished and ctchcd  wafer. The layers reproduce tllc structure of the substrate (ty~i~ay)
as in any other sccdcd crystal growth. The basics of the process are illustrated by Figure
11. A mixture of solvent and soluble is heated to ccltain tcmpcraturc. At this
tcmpcraturc, melt is brought into contact with substl ate. According to the phase diagram,
melt and substrate arc in thermodynamic equilibrium, and no changes arc cxpectcd  at this
tcmpcraturc. By ]owcring  the temperature, dissolved material precipitates from the melt
and grows epitaxiall  y on the substrate until the substrate is withdrawn from the melt. By
introducing” a dopant into the melt, the doped layer can bc grown on an undopcd
substrate.

The major obvious advantages of I.PI] arc: (1) LPI; can bc performed at
substantially lower tcmpcraturcs than bulk growth of the same material from a
stoichiomctric composition; (2) consequently, the vapor pressures over the mc]ts can bc
much lower during 1.1’13, thus c]iminating a big loss of volatile elements and simplifying
the process; (3) solid solutions of certain composition can bc grown. IJ’li has been so
widely used in research and manufacturing of semiconductors that a huge number of
apparatus designs have been dcvc]opcd. A horizontal configuration of I.PE apparatus is
showJ] in Figure 12.

‘1’hc usc of LP1l in thcrmoclcctric  research can bc illustmtcd  by developing of
inqmovcd SiGc material.. It has been foundl”’l 1 that Si-Gc solid solutions can bc more



heavily ctopcd w}mn crystallized from metallic liquid solutions, at lower tcmpcraturcs
than ‘l’]iq (Fig. 13). In this case the usc of a solvent, which is also a dopant, is beneficial
bccausc  the so]vcnt-dopant atoms are incorporated in the SiGc alloy, according to their
solid volubility at the tcmpcraturcs of growth. Si80(ic20  layers 10 to 100 mm thick were
grown from solution in Ga with GaP additio~l  on (111) oriented Si substrates.
Tcmpcraturcs of growth ranged from 750° to 900°C with cooling rates of 30° to 40°C/hr
(compared to Si80Gc20  T1iq= 1350°C).  These low growth tempclat urcs were used because
of the sclcctcd mch composition of Si7,7Ge.z4,8Ga67,~, which produced a Si7g,gGc1g,gGao,2
crystalline layer at 900°C (Fig. 14). LPI; experiments proved the fcasibi lit y of enhancing
the ]’-dopant  solid volubility in SiGe material in the in-cscncc of (is. l’his multip]c  doping
had improved the thcrmoclcctric  energy conversion efficiency of SigoGc20, which is widely
employed in radioisotope thermoelectric generators (RIGs).

Trawling  Solution Method  (TSM)

The traveling solution method (called somctirncs  traveling heater method, T] IM)
is onc of the Zone Melting techniques, and the process can bc clcscribcd  in almost the
same words as Zone Leveling. It is the recrystallization of a concentrated solution through
a dilute solution and is usually carried out vertically with onc pass of the molten solution
zone. ‘1’hc vertical configuration of the apparatus (}~ig. 15) provides a more symmctrica]
thermal field applied to the charge and bcttcl unifomlity  of composition and properties in
grown ingot cross sections. TSM has been successfully employed for crystal growth of
several WC]] cstab]ishcd thcrmoc]ectric  materials, resulting in high--quality samples. ]n this
case, as in Zone Lcvc]ing,  the processing tenlpcraturc  can substantially bc brought down.
At J]’]., solvents such as Ga and Sn were used for growth  of bulk ingots of s&OGC20, with
growth tcmpcraturcs bctwccn 800° and 900°C (compared to T’iq’ = 1350”C for Si80Gc20)”.

Concluding Remarks

A brief review has been given of the preparation of thcrmoc]cctric  materials from melts.
The emphasis was given to works performed at J])]., within the past 8 years. The results
were published in different Journals, Confxmce and Meeting Procccdings  and it was our
intention to put thcm together to illustrate the J] ’l, achievements.

Acknowlcclgmcnts

The work dcscribcd  in this paper was carried out by the Jet Propulsion
1,aboratory/California  lnstitutc of Tcchno]ogy,  under contract with the National
Aeronautics and Space Administration.



.-

Rc.ferences

l. A.130rsllcllcvsky,  J.-I' .l~lcLirial, J. W. Vandersandc,  C. Wood
“1’rcliminary  results on zone leveling ofmultidoped  SiGe thcrmoclcctric alloys”, 7th
Symposium on Space Nuclear Power Systems, Transactions, Albuc~ucrquc, N. M., USA,
1990, p. p.229-233
2. T. ohta, C. B. Vining,  C. IL Allcvato
“Characteristics of a promising new thermoelectric material: ruthenium silicidc”,  I’roc. 26
lntcrsoc. lhcrgy  COIN. conf., Amer. Nucl. Sot., 1991, v.3, p. 196
3. C. B. Vining,  C. V. Allcvato
“Intrinsic thermoelectric propcrlics  of single crystal RuzSis”, Proc. X lnt. Conf.
Thcrmoclcctrics,  Rowe, D. M., lid., Cardiff,  UK, 1991, p. 167
4. A. Borsbchcvsky, J-P. IJlcurial
“Ru2Gc3:  c~ystal  growth and some properties”, J. Crystal Growth 137 283-288(1994),—- J

No.1-2
5. J-P. Flcurial, A. Borshchcvsky
“Properties of scmiconducting  Ru2Ge3”,  Proc. 12th lnt. Conf. cm ‘1’hcrmoelcctrics,

Yokogama, Japan, 1994, pp. 236-241 (Inst. of Elect~  ical Engineers of Japan)
6. A. Borshchcvsky, T. Caillat,,  J-P. Fleuria]

“’1’wo-zone Bridgman  furnace with sharp thermal gradient”, NASA 3’cc1) Briefs, NASA,
LJSA,18,  68(1 994), No.3
7. ‘I’. Caillat,, J-l’. Flcurial,  A. Borshchevsky
“llridgman-solution  crystal growth and characterization of the skuttcruditc  compounds
CoSb3  and RhSb3”, lnt. Conf. Cryst. Growth, 1995, ‘l’he Ilaguc
8. B. I’. Mitrcnin et al
“1’ossibility of 1 lomogcnious  Si-Gc alloys preparation by zone melting”, Voprosy
Mctallurgii  1 Fiziki Poluprovodnikov (in Russian), l~d.  D. A. l’ctrov, AN SSSR, Moskva.
1957, p. 59
9. J. 1’. Disnmkcs, 1.. Eckstrom
“1 Iomogcneous solidification of Si-Ge alloys”, Trans. Met. Sot. AIMfi, 233,672, 1965
10. J.-P. Flcuria],  A. Borshchcvsky
“Si-Gc-Metal ternary phase diagram calculations”, J. Elcctrochcm.  Sot. ~, 2928-
2937( 1990),N0.9
11. A. Borshchcvsky, J-P. blcurial
“Growth of heavily doped SiGc from metallic solutions”, J. Cryst. Growth, ~, 331-337
(1993)

Figures

1. Vacuum furnace for Si-Gc precursors preparation (schematic)
2. ‘l$wo-zone furnace for gradient freeze process



3. Ru-Si phase diagram
4. Gc-Ru phase diagram
5. Calculated ZT values vs temperature for In-doped RU2GCS samples
6. Co-Sb and Rh-Sb phase diagrams
7. CoSbl ingot
8. Zone leveling
9. Temperature profile for zone leveling
10. Zone leveling apparatus
11. Liquid phase cpitaxy  (boat schematic)
12.1,1’13 system
13. Calculated Ga volubility in Si-Gc solid solutions
14. LPli-grown Si-Gc layerson(111 ) Si
15. Travclling solvent method (apparatus schematic)



Vacuum Furnace for Si-(;e
F)recursors Preparation

(schematic)

r—.— .—— ___

Figure 1



Two-zone Furnace for
Gradient Freeze

Process

I

I
I

.------ ---.-.<

1 m
“E

~~
Temperature

.

r-

upper
heat m

er

1

I Vibrtitor

Figure  2



.

& Ru.Si  Pham Diagr4mn

Wcigt, t Percenl SIltcon

. . . . . . . . . . . . . . . . . . . . . . . . . . !?, . . . . . . . . . . . . . . ..5!. . . . . . . . . ..7---.--...:-.

–-(Ru)

.-, r.. ,.. -.-_.  .re..._. ~w.--_  .4 -..1
10 20 40 5

so 60 70&3X
L,...  J,...l,..  A..1

— . . . . . . . . . . . . . . . . . . . . . . . ~.--..  .r

?0 6’0 90 !
Ru Atomic Percent Silicon Si

l?igure 3

I
I

———



JPL Ge-Ru PHASE DIAGRAM

WEIGHT PERCENT RUTHENIIJM
20 30 40 so 60 70 80 90 100

4~~” ~“ r’”’~

7

2334°C

1’
/

/
/

/
/

/
//

/

: EXPERIMENT
/

/
/

_Tliq= 1177°C -1475°c /

:/0 o

7, /
/“” -1:6:”C  i ,Y’\

0 /0
..&’L.___. ___... _—— —.

, / - 5 9
-/
-+t

?\ 938.3”C

~+— (Ge) (ml) ~:
iLwwLwLu&wwll. wUhQwL&LLwLLLLLLwLLwLIL

o 10 20 30 40 50 60 70 80 90 100
Ge Ru

ATOMIC PERCENT RUTHENIIJM

—--=.

1 ——
Ge3 RU2

(:)

GeRu

——..

I~igure  4



A

o
Ola)xI)m#lm Emml m)w)lcmllal

?inpman?(q

Calculated ZT values versus temperature for In-doped
RU2GC3 +mples. Results for directions II and J- to
the [110] dir~tion  of crystal ~rowth  are plotted.

Figure 5



(M CO-Sb I’}M2.W Diagram
..-

.

160

144’5~

14rl

I 2a

1121”

IOQ(

ooc

602

W’cig}][  Perccr,l  ,4r,lirtlony
10 20 30 40 24 90. ..l . . .. J4 . . . . . . . .._.l  . . . . . ..y . . . . . . . ., . . . . . . . . . . .. . ..7 . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . ..-

4

T

4 0 0  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

(2CO)

200 .--.~.T..._.—_.
0, 10

~—4: ---
20

!02-C

T\-..
x. L-’:..

‘.
‘.

‘,

. . . . . . . .
40

(Sb)-+

..wr- .-..
!

co Atomic Percent Antimony

IUI-Str P}lase Diagram

Wcig})t Percent Antimony
10

1 ‘---3’’---2”---’p--’-3  g3-TQ)”T--3g’”’-

220) ‘.-.-d.

‘..
‘.,

lam
‘.

. . .
‘.\

‘..

14C0 . . . . . . . . . . . .--.8-...

m

$

o I

L

4.3 0%

PXQ?mfk-r....-

$ f’t
al

A—.. . ...0.

o

430.TOYC
.

Sb

m 9)
. ..1 . . . . . . . . ..>.....-

1403 .-...-....l  v-. T__ . . ..T. 1.T.-I.-..-L...l.-, . . . . . . ...-.5
o 10 al 20 40 w m 70 B) m
Rt, lC

Atomic Percent Antimony Stl

3m&’c

I?igurc 6



METRic 1——

8

$!!
a)



I

I

.

Zone Leveling

(s)

.-——. —-—.—.

LKMDUS

●

- - - - -

I
I
I

I
I
I

Uiix,  ●

Solid $dulim @l$C diwUU.

-. ——.



.

Zone Leveling
(temperature profik)

i i
I

I
I I

I MELT i
1 70NE  WATER i

X)UE 1 .

i
i

I :

:“
~ ZONE l_tUNSUnON

E

—. ;
. . . . . . . . . . .

t

—_3

R&TA.UQED
MATERIAL \

PRE+WNniESIZED
MATERIAL



Zone Leveling Apparatus

. Figure 10
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I.PE System

Figure 12
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