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ities. The program is xmrrwd. mut‘ by .& Iull time staff of apecialists in phwaic.m G

gineering, mathematics, and psychology at the Institute of Science and Tenhnology,
‘i and by members of the teaching laculty and graduate stndents of other research
I groups and laboratories of The Univergity of Michigan,

i W‘ | A | ‘ The emphasis of the Project i upon research and imaging radar, MTI radar, ‘
- AN | infrared, radio location, image processing, and special {nvestigations., Particular ]54:1-
attentlon 1 given to all-weather, long-range, high-resolution sensory and location |
techniques,

| \ | Project MICHIGAN was established by the U, 8. Army Signal Corps at The

‘ ‘ “ University of Michigan in 1953 and has recelved continuing support from the U, 8,

‘ ' } Army, The Project constitutes a major portion of the diversified program of re-
search conducted by the Institute of Science and Technology in order to make avail-

3 able to government and industry the resources of The University of Michigan and to
i broaden the educational opportunities for students in the selentific and engineering
b disciplines,

1 Documents issued in this series of Technical Memorandums are published by

the Institute of Science and Technology in order to disseminate scientific and en- o
gineering information as speedily and as widely as possible. The work reported
may be incomplete, but it 18 considered to be useful, interesting, or suggestive
enough to warrant this early publication. Any conclusions are tentative, ol course,
Also included in this series ars reports of work in progress which will later be

‘ combined with other materials to form a more comprehensive contribution in the

| fteld,

Progress and results described in reports are continually reassessed by Proj-
ect MICHIGAN, Comments and suggestions from readers are invited,
Robert L. Hess

Divector
Project MICHIGAN
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INTRODUCTION e, ;

1.1, PREVIOUS WORK 1;“
Results obtained in the Infrared Laboramw in July 1957 indicated that single-crystal

tellurivm could be used as an intringic photoconductive detector of infrared radiation. It was

I

| noted (1] that single~crystal tellarium detectors have good sensitivities and short response

times, These characteristics make them suitable for use in two-color inlrared scanning syg-
tems, for scanning systems which use matched linear arvays of detectors, and for infrared sen-
sors which operate under conditions of high atmospheric attenuation,

The single crystals used for evaluation were small prisms with hexagonal cross sections. ]

{ These crystals, grown by sublimation, were 1 mm to 4 mum long and 0.1 mm to 1.0 mm wide. ‘

More recent work in this laboratory indicates that doping the tellurivm with small amounts )
of certain other elements (such 4s selenium, sulphur or arsenic) improves the sensitivity and |
decreases the response time of the resulting detector, The doping was accomplished by grow- |
ing the crystals from tellurium vapor in an atmosphere of selenium, sulphur, or arsenic. The
resulting crystals, however, have a tendency to be nonunilorm in their impurity concentration;
ihere may be an impurity gradient within a given crystal, and separate crystels would have
different impurity concentrations, Moreover, there is no theoretical explanation available
which adequately describes the vapor-phase doping phencmencn, 80 that the experiments beooome
time consuming, the yield is low, and it is difficalt to predetermine the amount of the added

dopant element that {inds its way into the cryst tal lattice.
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It was decided that a more satisfactory method for producing large single crystals of tellu-
rium was needed. The process of pulling a single crystal from the melt (the Czochralski
method [2]) appeared most promising. This technique had been used successfully in the Infra-
red Laboratory for the preparation of single crystals of such materials as germanium, antimony,
sodium chloride, potassium chloride, and indium antimonide. This method also permits the addi-
tion to the growing crystal of controlled quantities of foreign elements that may modify the prop-

erties of the resulting tellurium detectors.

Uniform single crystals of tellurium 17 mm in diameter and 70 mm long, have been grown
by the Czochralski method (see Figure 1). Resistivity and Hall measurements indicate that
these undoped crystals have a carrier concentration of about 1014 per cubic centimeter. They

are free from microscopic voids or "blowholes' and other macroscopic crystalline imperfections.

FIGURE 1. CZOCHRALSKI-GROWN TELLURIUM CRYSTAL

1.2. PROPERTIES OF TELLURIUM

The crystal structure of tellurium consists of parallel spiral chains of tellurium atoms
terminating at the corners and center of a regular hexagon. The primitive unit cell contains
three adjacent atoms in a chain so that the end projection of a chain is an equilateral triangle.
Adjacent atoms in a chain are all spaced 2.86 A from center to center. The second nearest

neighbors are in adjacent chains and are 3.46 A apart. From these two distances we expect atoms

2
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1 | | TABLE L. PROPERTIES OF TELLURIUM

L. Melting point T230K
| Boiling point 1683°K
i Vapor pressure at T250K 0,24 mm Hg
1 Latent heat of fusion 4,2 kol mole
“ Molar heat capacity (solid) 4,46 + 0.00546T cal/deg per mole
| Molar heat capacity (Houid) .0 cal/deg per mole
1 Density 6.28 g/om3
j Thermal conductivity 0,015 cal/cm sec deg at JOOOK
Atomic weight 187,81 g/mole
Volume increase on melting ~ah
Hardness (moh) w35

{Bmithells, Colin, Metals Reference Book, Interscience Publishers,
Incorporated, New York, 1955)
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dicates these nonmetallics less tham 1ppm, Boron is the only
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“Mighﬁ; 46 1) ppm“ ;

knm‘vm uxim‘ié‘a are Teo TWE, and ’1‘&0 TeO and TeO, decompase raadily m fmr*m TeO ‘ancl o
Ta. Tellurlum dioxide is quite stable and‘ forms white or yellowish crystals which float on
tmelten tellurium . T&Oz decomposes somewhat at about 4509C, but apparently the decomposi~
tion is relatively slow below 500°C, Simple vacuum distillation is net effective in removing

the oxides, since they decompose at the melting point and reform upon condensation. Distilla-
tion in a hydrogen atmosphere is somewhat effective in removing the oxides, Reduction with
hydrogen is not simple since the reaction products include HzTe along with traces of water.
Separation of these materials is difficult. Most of the oxides may be removed by draining molten
tellurium through small holes in a carbon or quartz crucible. The tellurium is then distilled in

After the oxides have been removed, the material {s further purified by vacuum distillation,
Thig technique is very affﬁbttve& because of the large difference of the vapor presaure of tellu-
rium and common impurity elements, Our apparatus is a long glass tube with three fempera-
f ture zones. The molten tellurium (at 460°C) is at one end, Tellurivm and volatile impurities
| vaporize, and the tellurium condenses at the center ol the tube at about 440°C, The volatile

|
| ; & hydrogen atmosphere,
|
|
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Weidel [4] ﬁ’apgrtm tMt 2pne mi} nmw qid hof a tm' the mnndut:i:iww of tmmmum Hc&wmrw,
Blal«:apmam etal, [&J have reported that zone mfln&ng increases the carrier Iltetima i

ﬁhmrwenau [6] reports results of zone refining tellurium with up to mne passes m’ ttm 'i‘
molten 2one. He reports purity greater than 89, §999%, Our experience indicates that the zone
refining of tellurlum results in no change in the conductivity and that, becange of the high vapor
pressure of tellurium, improvement by zone refining of commercially available 99.998% pure
tellurium is much more difficult than improvement by vacuum distillation. It should be noted
that when single crystals are prepared by the Czochralski technique, the material is effectively
zone refined to the extent of one pass. Since the distribution coefficients for topurities in tellu~ )
rium are not known, we do not know to what extent this one pass can benefit the material,

il
3 g
CRYSTAL GROWTH \

Hingle crystals of tellurium have been px*epamd by the Czochralski method [4, 7, 8], by the ‘
Bridgman technique [9], by condensation from the vapor (1], and by zone melting [10], No re- ;
ports on crystal growth by the floating-zone teahnigue, crystallization from solutions, hydro- M
thermal technlgques, or electro-deposition are known, ‘
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3.2, BRIDGMAN TECHNIQUE
Caldwell [§] has reported growing single crystals of tellurivm by lowering a tube of molten

tellurium through a temperature gradient in such a way that solidification takes place from the
bottom upward, This, basically, is the vertical Bridgman technique. It was found that, even for

tapered tubes, the maximum inside diameter for single-crystal growth was 6 mm.

We have observed crystal growth during zone purification in what is essentially a horizon-
fal Bridgman apparatus. A molten zone is passed along a slender boat filled with tellurivm,
Crystals are usually in the form of rods several cm long and a few mm in diameter. No attempt

was made to perfect this method.

1.8, VAPOR GROWTH
The technique used by the Infrared Laboratory for vapor growth of tellurium crystals wis
uged by Suits [1] during vacuum digtillation of tellurium, The equipment consists of a Pyrex
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More than a hundreci rung have baen perfc:rnwd with varioug mudificatlow of this temh~
nlque {rystals about 4 millimeter in diameter and a centimeter in length are common, The
largest crystal produced by this method grew along the wall of the tube and had three perfect
faces of the hexagonal prism. Thig crystal was 4.7 cm long and T mm in dlameter,

Crystals usually grow in the shape of hexagonal prisms with the base of the prism attached
to the wall of the Pyrex tube, The smaller crystals grow perpendicular to the wall of the tube,
and the larger crystals usually grow at an acute angle to the wall toward the hot section.

The larger crystals were grown in a closed tube. The tube, with tellurium in it, was evac-
nated to about 10"5 mm of Hg and then filled with hydrogen gas, This was repeated several
times, Finally, hydrogen was admitted and the tube was gealed off, The sffect of hydrogen gas
on the crystal growth was investigated. We found that, with our apparatus, the largest wrystals
were obtained with an initial hydrogen pressure of about 1(3”1 mm of Hg, and that the growth
rate slowed down as the hydrogen pressure increased. The elfect of hydrogen ia to slow down
the transport of tellurium vapor from the hot sectlon to the cool section. It is also quite prob-
able that hydeogen gas transports heat, via convection, from the growing crystal.
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process is modiimd therefore, the size of the crystals in the K region is limited.

As the tube is withdrawn, the liquid drops in the L reglon solidify and become nucleation
sites for new crystals, These crystals may interfere with the growth of larger crystals in the

B region,

Hollow crystals of tellurium have been grown by sublimation, Figure 4 is a photo-
micrograph of such a crystal in crogs gection, These crystals were always formed in a re-
gion where the temperature gradient in the substrate was large,

A Pyrex tube 25 mm in diameter was placed in a tube heater one foot long and held at a
temperature of 500°C, The tube extended six inches put of the heater; this cavsed a large
temperature drop near the point where the tube entered the heater, Hollow crystals were
formed by sublimation in this region of drastic temperature change, The erystals were usually
in the shape of hexagonal needles, one or two centimeters in length and from 0.1 to 3 mm in
diameter, The wall thickness was always gmall, about 0.01 to 0.1 mm. No variation in wall
thickness was observed along the length of the crystals, Thig was determingd by breaking the
crystals at several poinis along their length,

10
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FIGURE 4. CROSS SECTION OF HOLLOW TELLURIUM CRYSTALS

Hollow plates 1 mm thick by 3 mm by 5 mm were also grown under the same conditions
as werethe needles. All hollow crystals grew very rapidly. Needles one to two centimeters
long grew in three hours from the cool base toward the hot section. Growth appeared to start
on a solidified liquid drop from which several needles would then grow rapidly. Platelets would
then grow radially from this drop, nucleating on the needle and growing perpendicular to it.
Usually one face of the plate was not complete. All faces of the hexagonal needles were com-

plete except for some of the crystals larger than one millimeter in diameter.

Very little is known about hollow crystal growth. It is probable that the crystal nucleates
at a screw dislocation site on the solidified liquid drop. Several conditions thought to encourage
the growth of hollow crystals are present during the growth of these needles. The thermal
conductivity of tellurium is greater parallel to the ¢ axis than perpendicular to it. This en-
courages the crystal to grow in the form of slender needles with the heat flowing down the c
axis to the cool base. A large temperature difference at the base of the crystal enhances this

effect.

Screw dislocations have been used to explain rapid growth of crystals. The nature of growth
via a screw dislocation is compatible with, and may even enhance, hollow crystal growth. Once

any concave surface was formed on the tip of growing crystal, tellurium vapor would have to

11
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| that the side of tlw crww I%lng the vnmar swrm Wmum grow completely whereds the back face
) would be shielded from the Wpur souree ami themmm would not grow as mgptu:lly a8 the front

face, ‘ ‘

e o ~ Figure 5 mummwﬂa another apparatus wm.:m a8 uaeq in tlm vapor gmm ot wllwrium
) mrwtam. The uppmr l:mll:: iﬁ a one-liter flask. Twa mﬂmra wera cunatrwtwd mn t:lmt wllurﬂum‘

| il
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i I ‘

o j i tingar” with cool ar lmping nﬁ on it tip mmwntmm the. growth in a small area. The crwwl

! growth van be observed through a small port in the large heater,

The appatatus was designed to allow the crystals to grow toward the vapor source without

wall interference. The crystal growth rate may be varied by adjusting the temperature and
i flow rate of the air impinging on the tip of the cold tinger. Eleven runs were made with thig
apparafus; needle growth was never observed nor were hollow crystals lormed. However, thig

may be because no runs were made with the cold finger cooled drastically,

Growthon the end of the cold finger took place as follows, During the first hour, very

small crystals were formed. At low copling rates, these crystals continued to grow with the
¢ axis parallel to the walls of the cold finger. At the same time crystals start to form in iso-
lated spots on the walls of the bulb, Growth is slow (about 1 n1n13 per day).

The temperature of the large heater may be increased so that nucleation will not occur on
the walls of the bulb, An increase in the air flow is then necessary for crystal growth on the
¢old finger, Under these conditions, a large number of nuclei appear on the tip of the cold
finger: & solid layar then forms, from which larger crystals grow, Crystals 3 mm across

and 5 mm long were grown in two days under these conditions.,

None of the vapor-grown crystals showed signs of layer-type growth, and the faces were
always planar, Both right- and left-handed crystals were chegrved, Branching was never ni-
gerved except for the platelets described earlier. Work on this technique was dlscontinued in
prder to concentrate on the growth of tellurivm crystals from the melt.
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3.4, RECRYSTALLIZATION

An evacyated tube containing amall erystals of wuurlum wab plamd ina tube fu Inace aa.t
420°C, This tube had no cool sectiona, Alter oné week, the tube was cooled wlmwly and um~ R,
moved, The small crystals had grown mgmhm and mcwmta]llmtwﬂ had taken place, The
original crystal had increaged in size from an average of 1 mm:& to an average size of 10 mum”,
Crystals in the ghape of hexagonal prisms started to grow radially from the gurlace, All mf
this gmwth had taken place where the original crystals were placed,

3

It seems lely that stune of the mass trampwt lmd mkem plaw thrwﬁgh his vapor and
that sublimation took place with the original crwtalw uutlmg; 48 nww Some macrwmmmmmm
had probably taken place also by self diffusion from one wwmllim Lo the uther, since the
largest crystals were over 100 mm3 and would not have reached this slze without encountering
smaller crystals with a different orientation of ‘thm‘mr‘wsﬁ‘tm]wmpw axls.

3.5. DENDRITIC GROWTH

Figure 6 is a photo-micrograph of tellurium dendrites obtained by seeding a subcooled melt
and then rapidly withdrawing the seed. Figure € also shows dendrites formed by allowing the
surface of a molten bath of tellurium to solidify and then rapidly withdrawing the entire surface
from the subcooled melt, It can be seen that typical dendritic growth had taken place, Dendrites
grew with the length of the main spine parallel to the ¢ axis, Branching took place from the
main spine at 1200 intervals; this is characteristic of the threefold symmetry of tellurium.
Sub-branching also took place, as can be seen in the figures, These dendrites were about 1 cm
long, and the spine was about 0.05 ¢m in diameter. At the tip of each dendrite is a triangular
pyramid. These may be formed from a small drop of liquid which clings to the dendrite as it
breaks the surface of the liquid, No attempt was made to grow long dendrites.

Other dendrites were grown in the following manner. Tellurium was melted in a 50-co
Vycor crucible, The surface of the melt and the walls of the crucible were cooled slowly so
that the entire exterior of the melt solidified. A seed, which had been placed in contact with the
top surface of the melt before solidification, was raised until the entire solid shell surrounding
the melt was withdrawn. Liquid telluriwm drained through small holes in the bottom of the shell,
which was then carefully broken, The crystals shown in Flgure T were grown in this manner.

This technique is similar to decantation, except that the shell has been nucleated with a single

14
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Institute of Science and Technoclogy The University of Michigan

crystal seed. The growth takes place in the form of three-dimensicnal crystals similar to the
tips of the previously described dendrites. There isno branching, and the volume of each
dendritic spine seems to indicate that the growth took place within the molten material before

decantation.

FIGURE 6. TELLURIUM DENDRITES

FIGURE 7. DENDRITIC TELLURIUM CRYSTAL GROWTH

15
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FIGURE 8, SCHEMATIC OF CZOCHRALSK! CRYSTAL-PULLING APPARATUS
Figure 9 shows the equipment used in this laboratory for the preparation of single crystaly
| by the Crochralski technique.
|

The container hag an QD of 90 mem, is 18 inches long, and bas o wall thickness of 2 ram,
Either Vyeor or Pyrex tubes may be used. For growing tellurium crystals, a Pyrex tube with a
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FIGURE 9. CZOCHRALSKI CRYSTAL GROWTH APPARATUS
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Buth amm mf 1Lhe3 Wrm container are attached with epoxy resin to water-cooled steel f[tmwmmv |
ﬁwm cips are bolted to these Ilanges, "O" ring seals betwsen the cap and the Ilange pmvwm f i
| M
‘ } n wmdmwtmht system, The pulling rod is guided through the top cap by a modified "0 ring ;ﬂ‘}‘
% gonl. The steel caps and [anges are chrome plated. ‘ ‘ M
) ) ‘\1;“
' 3,62, TEMPERATURE CONTROL, The melt is rf heated, Power ig supplied by a model o
0-8+] Beeo rf generator rated at § kva, The melt temperature {5 controlbed by a Minneapolis- o
Honeywell electronic strip chart proportional controller [14], An iron-constantan thermocouple 'j‘
with an ice-water reference junction is used as the temperature-sensing device, This thermup- ‘
i

couple is imbedded in a hole drilled in the carbon crucible {see Figurs 8. This svetem permits \
the temperature of the carbon crucible to be controlled to + 0,19C, Under ideal conditions, the
temperature [luctuations are held o & 0.03°C,

In u:iif*dw to gromw mﬂgw crystals of uniform diameter, it was found that the temperature \
fluctuations must be less than 20,1°C. The crystal shown in Figure | was grown with ' ;
|

temperature fluctuations of less than <0.05°C, Abrupt "steps” on a crystal are the result of
changes by the operator, If the operator purposely lowers the temperature 0.2°C, the result

i# an abrupt change in the dameter of the crystal. Figure 10 shows "steps™ on several crystals
which were caused by this procedure,
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FIGURE 10. CZOCHRALSKI-GROWN TELLURIUM CRYSTALS

The liquid-solid interface during outward growth is convex toward the liguid. This was

determined by manually withdrawing the crystal from the melt during outward growth.

If the temperature of the melt is increased by 0.2°C, the crystal will decrease in diam-
eter or lose contact with the melt. Contact with the melt is not lost immediatelv, however.
Instead. the solid-liquid interface is raised above thz melt until surface tension can no longer
support the liquid meniscus. In this case, the interface was found to be concave toward the
liquid. :

The shape of the solid-liquid interface during const\m-diameter growth was not deter-
mined. For most of the crystal§ grown In this IaDOTATOry. it is assumed that the solid-liguid

interface was continuously changing from convex to concave.
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3.6.3. COOLING GAS. It was necessary to cool the surface of the growing crystal with
hydrogen gas. Electrolytic hydrogen is used after being purified by passing the gas through
a "Deoxo" catalytic hydrogen purifier, then a 25-mm tube four feet in length, filled with hot
copper filings, and finally, a liquid-nitrogen cold trap.

Figure 8 shows how the hydrogen is used in the pulling apparatus. A 0.25-inch OD quartz
tube is positioned so that the stream of hydrogen is directed toward the solid-liquid interface.
Various positions were used to grow crystals. The best arrangement is that in which the gas
exit is about 0.25 inch away from the growing crystal. This allows the gas to cool the center
of the melt during the seeding operation. The top of the crystal is being cooled during the
initial outward growth. A transition takes place as the crystal is pulled higher than the gas
tube exit. The sides of the crystal are cocled after it is about C.25 inch long.

Various types of gas tube were used. For instance, a stainless steel tube with a ring on
the end was used. This tube had ten small holes evenly spaced within the ring so that the cooling
gas was more evenly distributed around the growing crystal. Although this tube worked satis-
factorily, the small holes had a tendency to plug up with vapor-deposited material. Another
system used two separate gas flow tubes, one about 1/8 inch above the melt and the other
about 3, 8 inch above the melt. The lower tube was used during the initial growth, the upper one
after the crystal was about 0.5 inch in length. This arrangement provided great versatility in
the operation but also made the operation more complicated. No pronounced advantages of this

system were observed.

A precision needle valve with a micrometer adjustment is used to control the gas flow rate.
A calibrated flow gauge is used to observe the gas flow rate. The gas flow rate was about one
liter per minute, but both higher and lower flow rates could be tolerated by changing the melt
temperature or the ambient heater temperature.

3.6.4. SEED ORIENTATION. The normal pulling direction for tellurium is along the c axis.
No attempts were made to grow crystals in other directions. The seeds were regular triangular
prisms which were cleaved from larger boules. The Jacobs chuck seed holder and the natural

cleavage faces provided excellent seed orientation.

It was found that misorientation of the seed by more than 1° resulted in radially asvmmet-
rical single crystals. With a misoriented seed, one face of the crystal would grow more rapidly
than the other faces. Eventually, this caused unstable growth and the crystal growth process

terminated.

20
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Mtw the extension has been grown, the melt temperature is lowtred &nd lwue‘ ﬂmwp M thw#ﬂ
single «c:rrmml boulte is formed, In most of our rung, all wartables excopt the melt wmmmwm
are held constant. The outward growth is therefore dependent on the rate at which the melt
temperature 1§ lowered.

The outward growth can be stopped abruptly by increasing the melt temperature, The rrys-
tal will then stop growing wwtwar‘d.‘ If the temperature is too high the crystal diameter will
eventually decreage, Instead of increasing the melt temperature at this point, aned therednre
stopping the outward growth, the crystal can be allowed to come to & "patorel” sguilibeiumm

diametar.,

In either case, the melt temperature must be adjusted if one desires a crye tal with a constant
diameter, This s due to the fact that the level of the melt (s dropping and the crystal is noreas-

ing in length during the pulling operation.

3,6.6. SEED ROTATION. Small temperature gradients in the melt and in the pulling
apparatus cause the crystal to have a tendency to grow toward the conler reglons, I order o
pneourage symmetrical growth, the seed, the crocible, or both are rotated, noowr dppaeatss

puly the seed is rotated,
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| ture of the melt mww, 2 wvml wim unimrm ﬂ&ametw mm 14 Frw pmdwmd* TM wmwdmtww .
pf the carbon erucible was decreased in & stepwise manner, about 0,050C every 1 mhumm
This was at the discretion of the operator. During one run, the lemperature wmwz ﬂ‘lwld Mummmut
(0,00 C}l for two hours with only a 1 mm decrease in diameter over 4 one-inch length, Any
change in other parameters, such as the gas (low or drafts across the pulling apparabus, can .

force the operator to vary the crucible temperature in an erratic manner, This will result in

{ & orystal with abrupt changes in the diameter, i

The erystal growth is usually lerminated by increasing the temperamre of the melt and -
ereasing the pulling rate, The crystal will usually decrease in diameter slightly and then bresk
contact with the melt. A small drop of Howid will usvally cling o the bottom of the boule, This
can result in the crystal being deformed in the region around the droplet.

1 In order to eliminate this, many of the crystals were slowly "neched down” to & small di-
ameter (usually less than 1/8 inch), Then a small crystal, similar to the seed, was grown
before breaking contact with the melt, The small drop of lquid which clings to this section will
not deform the large single-crystal boule,

‘ 3,87, POLYCRYSTALLINE GROWTH, For tellurium, as well as other materials, most
polycrystalline boules are the result of either an toperfect seed or a poor weld when inlfial
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N boule, It was standard praciice to diwrurmnw the growth of .uu'uw bowle in wh“u oh o surfane Blem -
ish peeurred, | i

; 3.6.8, REDIPPING. A boule one inch in lemgth and 0.5 inch in diameter was extracted
from the melt. The boule was then lowered into the melt, The melt temperature was inereased [ 4
in order to melt about 1/ of an inch from the length of the boule, The temperature was again
lowered and growth was continued until the crystal was two inches in length, The diameter of
the boule was increased about 1/16 inch at the new weld. The crystal was cleaved at room
temperature (see Section 4}, Perfect cleavage was obtalned across the new weld, No sign of ‘}
polyeryslalline material was chserved, Various etches (see Section 4) did not peveal the re.

weld bwmﬂw

| Ewmul other attempts were made to establish a weld mo 2 large dlameter coystal, One

| ) ™
| boundary revealed small bubbles. In another crystel a large bubble was found at-the boundary, - i
It is concluded that if & large crystal is redipped, the boule must be melted back and held at &

high temperature untdl any entfbpped gasses are eliminated from the interface.
i [ i

3.6.8, THE EFFECT OF IMPURITIES ON GROWTH. Bingle crystals of bellurium weme o }
from a melt containing seleniom or silver, One percent by weight of the impurity was tntrodos ed
3
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Once the m,reamll w mrwm, Ehere wwmlm tﬂw rather difficult problem of preparing & sample
mr uw in mmiual m‘ mwmm mwsmw ments,

4,1, SHAPING
Slabs may be extracted from a tellurium boule by cleaving or fracturing, sawing, stohing,
or sand blagting,

Tellurium has perfect cleavage parallel to any face of the hexagora! prism. The material
will fracture along any other plane parallel to the c-axis, Fracwre alse oceours o rpeerond B T e

ty the c-axig, Noother cleawvage or fracture planes have been found,

Large area slabg of tellurium 2 mm thick have been cut with mechanical saws, Telluriym
slabs as thin as 1 mm have been prepared by an acid string saw 'w;vllmm'rtu bad a platinem steing,
CP4-A was used as the acid. Large area slabs have been prepared by sand- ~bdagting: however,
it is difficult to make an even cut over o large area, Ultrasonic grinding has been used with
povr results, The sample usually splinters along cleavage planes, Once & slalb has been ex-
tracted, either sand-blasting or etching can be used to form intricale shapes.

All of the mechanical technigues mentioned above introduce imperfections tnto the ¢ ristal,
It is therefore desirable that elching techniques be used il possible, Cleaving and Fracturing
shoudd be perlormed ab low temperatures,
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