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gram tor adfancinf the Amf« mmM »urtelllahce mi tarfet-aciptttttt» oupabil- 

Itles.   The program is carried out by a lull-time staff of spfctallste. tn pluyslcs, en- 

gineering, mathematics,, and p#ycfeoIogy at the Institute erf Science and Tecimology, 

and. by members of the teaching (acuity and graduate atudenta ol other research 

groups and laboratories of The Uaiferslty of Michigan. 

The emphaaii of the Probet i.» upon research and imagtng radar, MTI radar, 

infrared, radio location, image proceimlng, and special Investigations. Particular 

attention is given to all-weather, long-range, high-resolution iensory and location 

techniques. 

Project MICHIGAN was established by the U. S. Army Signal Corps at The 

University of Michigan in 1953 and has received continuing support from the U. S. 

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- 

able to government and industry the resources of The University of Michigan and to 

broaden the educational opportunities for students in the scientific and engineering 

disciplines. 

Documents Issued in this series of Technical .Memorandums are published by 

the Institute of Science and. Technology in. order to disseminate scientific and en- 

gineering information as speedily and as widely as possible. The work reported 

may be Incomplete, but it Is considered to be useful, interesting, or suggestive 

enough to warrant this early publication. Any conclusions are tentative, of course. 

Also Included in this series are reports of work In progress which will later be 

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

field. 

Progress and results described in reports are continually reassessed by Proj- 

ect MICHIGAN. Comments and suggestions' from readers are Invited, 

Robert L, Hess 
Director 
Project MICHIGAN 
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ttllurluj« ■by the slow-cootttg;, taper,, Btidfiniiln., »M C»c:hr*lll«l" 
methods U9 duscrlbedj the last method Is emphasized. The 
CuochraJsM method has provided large (17 mm dtameltr by 1(3 mm 
long) single crystal Ixwil«, and lends Itefllf to *t addttton ol do- 
pants during ctyitel grorth. The readj' cleavag« parallel, to th« 
c axts evidenced By teltartum erytttls .»qjiirts the us« of »petfal 
technique» for tabrlcatton of samples for optical and electrical 
evaluation. 

T 
INTBODÜCTIÖN 

1.1,   PREVIOUS WORK 

Results obtained tn the Inlrawd Laboratory in July 1957 indicated that Blngle-cryatal 

tellurium could be used as an intrinsic photoconductive detector of infrared radiation. It was 

noted [1] that single-crystal tellurium detectors have good sensitivities and short response 

times. These characteristics make them suitable for use in two-color infrared scanning sys- 

tems, for scanning systems which use matched linear arrays of detectors, and tor infrared sen- 

sors which operate under conditions ol 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 mm long' and 0.1 mm to 1.0 mm wide. 

More recent work In this laboratory indicates that doping the tellurium with small amounts, 

of certain other elements (such as 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 nonuniform in their impurity coiicentratlon; 

there may be an impurity gradient within a given crystal, and separate crystals would have 

different Impurity concentrations.   Moreover, there is no theoretical explaaaUon available 

which adequately describes the vapor-phase doping phenomenon, so that the experiments become 

time consuming, the yield is low, and It is difficult to predetermine the amourit of the added 

dopant element, that finds its way into the crystal lattice. 

  ^^^^^■^^^^^^^ ■„-B^^——a_ Uil'1-  
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It was decided that a more satisfactory method for producing iarge 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 crysUls 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 crysUls have a carrier concentration of about 10^^ per cubic centimeter. They 
are free from microscopic voids or "blowholes" and other macroscopic crystalline imperfections.

FIGURE 1. CZOCHRALSKI-GROWN TELLURIU.M 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 conuins 
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

c

neighbors are in adjacent chains and are 3.46 A apart. From these two distances we expect atoms
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along a chain to be bonded more Strongly thwi at^ms Olf adjaitent Ichatms, It happens that the 

bonding between chains is so weak that the material has perfect cleavage parallel to any face 

ol the hexagonal prism. Figure 2 shows the arrangement of the atoms in tellurium. 

Since the structure ol tellurium is most easily visualized on a hexagonal basis, it is some- 

times considered a hexagonal material. However, X-ray Laue photographs do not shoiv the six- 

fold symmetry characteristic of hexagonal utructures, but indicate instead a threefold symmetry 

resulting from the threefold screw axis. Tellurium has D* point symmetry and belongs to the 
4        6 trigonal class. The space group of tellurium may be D3 of D3 , dep«ndlng on which way the atoms 

in a spiral rotate. This results in "mirror■!• image" or enantlomorphoua crystals, On the basis ol 

Its crystal structure, one axpetts tellurium to be optically active and pieuoelectrlc. 0|ptkal ac- 

tivity has been observed [3] but no report has been made of a piezoelectric effect in tellurium. 

We should also expect that many physical, optical, and electrical properties of tellurium should 

be anlsotroplc because of the anisotropic crystallography, 01 importance for crystal growth is 

the fact that the thermal coefficient ol expansion, and thermal conductivity are highly anisotropic. 

The thermal coefficient of expansion is negative parallel to the c axis. 

Table I gives some of the properties of tellurium which are important in crystal growth, 

TABLE I, PROPERTIES OF TELLURIUM 

Melting point 
Boiling point 
Vapor pressure at 7250K 
Latent heat ol fusion. 
Molar heat capacity (solid) 
Molar heat capacity (liquid) 
Density 
Thermal conductivity 
Atomic weight 
Volume increase on melting 
Hardness (moh) 

7230K 
16630I 
0.24 mm Hg 
4.2 kcal/mole 
4.46 + 0.00546T cal/deg per mole 
SJ.O cal/deg per mole 
6.28 g/cm3 
0.015 cal./cm sec deg at 300oK 
127,61. g/mole 
*%% 
"2.5 

(Smithells, Colin, Metals Reference Book, Inteoclence Publishers, 
Incorporated, New York, |Sfi| 

1.1.:.    . _   



FIGURE 2.  STRUCTURE OF HEXAGONAL TELLURIUM [David 
Leslie Waldorf, Preparation, of Tellurium Siagie Cryatal,. MS 

TheBls, Purdue University, January 1957) 
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(see Section 3, a). .. i'. ■ I i i 

TABLE, II. aPiCTEOOWPBIC ANALiaiS Of $If ©AL 
KÖI-PttttttitWHIUM.' pwtM by Aatrttita ■ 
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!p| 

< 0.0OO1 
ND 
MO 

<aoO'üi 
ND 

< 0*0001     ■ 
ND 

ND 
ND 
ND 

< 0.0001 
ND 

ND 
ND 
ND 
ND 
ND 

99.999% by difference 

(ND indicates "now diätect«dH by standard »peclxographic 
methods) 
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Manganese 
ttaä 

Tin 
Silicon 
Chromium 
Iron 
Nickel      i 

Bismuth 
Aluminum 
Calcium 
Copper 
Indium 

Cadmium 
Zinc 
Silver 
Arsenic 
Mercury 
Tellurium 
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«tlß*tiM th«»* noi»«italliC8 leas than 1 pp».. Baron Is the omly 
tlement of tlw group listed whose Inteneiity came near belni as 
||||||;|ii| I'ppm. 

Teltortom la more eaoily ojctdized than iron and more difficult to oxidize than ^inc,  The 

»mown, oxidei are TeO, T»02, and TeOg, TeO and TeOg decompose readily to form TeO^ and 

Te.   Tellurium dioxide is quite stable and forms white or yellowish crystals which float on 

molten tellurium . TeCL decomposes somewhat at about 450oC, but apparently the decomposi- 

tion is relatively slow below 500oC, Simple vacuum distillation is not 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 HgTe 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 

a hydrogen atmosphere. 

After the oxides have been removed, toe material is further purified by vacuum distillation. 

This technique is very effective because of the large difference of the vapor pressure of tellu- 

rium and common impurity elements. Our apparatus is a long glas« tube with three tempera- 

ture asoiies. The molten tellurium (at 460oC) is at one end. Tellurium and volatile impurities 

vaporte, and the tellurium condenses at the center of the tube at about 440oC. The volatile 

 o.     
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, sarlace öl the (»It, We swpwt tWip tq: l^e.Äftea, an oxidu/oir an. Itaorphoprlb» of mirim* 

A ^c,|c .aniiorpliou!»/<i;rm;:0* Mhtim haa to« f«jxirt^ many tilke«Jbrt Weis to*»!«»4tIt* 

proprtiea,' fNia p4wl*r te:remo?tf(J toy »«ittg^a (ieed tuite welt an«l iaolWiWidhg M ««a» 

ol »he melt, fh« ^p 1« tten withdr^n and wwoved frdn| lh# appanatu»* the refiultlng »fit is 

wmpiettli (ret of anjr otee^ÜHj iWuuHöM and cäi» be mi^l m'l^t i&t Mow toe nim^i 

polJit o* i|l|i^ toitorejotldiWcation taljÄs^^ce.. toltditflpftijo:)! I||| h iff^ Mlaiwlag: i^i 

disturbing tte pujling apparataa, flalldiflcatton is tfy n^w» of idtiidrltlfl 1»«^, the TApld^y of 

rtich d^pendi on ^he 4»* t of; ffulflc^iltni, ;| 1J|dip^ Ictwl cfoiidltloi^ ^ofldWcatitj^ ot^e ißi^m i 

melt has, taten piact ytth thrie ptof«v^r» Soafste t* lee^nj? «»clealitoft. :" :: ' 

Wefd«l [4] repoTtaJWaotte relnttidil WtttttjrtM «ndtitsttttty oltellurtua.' Umnt, 

Bkkemore etal |i]' have reported/that »»© refining increaaea the carrier liftltme, 

Shvartaenau f 6j reports reaulta ol sone reflnlDg tellurturo with up to niae pasaef of tlie 

molten Mue. He reports purity greater than 99.99991 Our experience Indicates that the zone 

refining of tellurium reaults in no change In the conductivity and that, becauae of the high ?apor 

pressure of tellurium, Improvement by zone refining of commercially available 99.999% pure 

tellurium Is much more difficult than improvement by vacuum distillatloa. It ahould be noted 

that when single crystals are prepared by the CzochralsW technique, the material Is ellectively 

zone refined to the extent of one pass. Since the distribution coefflcieats for tmpurltlea In tellu- 

rium are not known, we do not know to what extent this one pass can benefit the material. 

3 
CHYSTAL OHOWTH 

Single crystals of tellurium have been prepared by the Czochralskl method [4, % 8], by the 

Bridgman technique (9], by condenaatlon from the vapor (1], and by zom melting [10]. No re- 

ports on crystal pttwttt by the floating-stone technique, crystalliaatlon from soluttona, hydro- 

thermal techniques, or electro-deposition are know. 
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The Caochrtlsltt crystal» Save been pppared wtth career Mnc»tratlons of lees thatt^ 
: 1014/wn3 and etch-pit densities m loW ae'103/cm2.': thesi crystals havei been Used ^o meas- 

ure Jinany ol the electrical and optical profcertlte» of tellurium, 

Tellurium has been doped with aatlraohy and bismuth, the halogens [U], and aeWnlum [12] 

We have doped tellurium with selenium, sulfur, phosphorous, arsenic, and stiver. V*ry little 

is knom about the solubility of Impurities In tellurium. Weldel [4] report* a distribution 

coefficlemt of 1/2 tor antimony in tellurium. 

|: i|p|li||i ['il hasirtported the use of slow oooling to produce sinile-clrystal tellurium.^ A 

:1?jm tplft, Hlbd' wltte^etlurlum and helium, was suspended in molten KNDg. It was found that 

II to ID' ittltM'tttfef tlto: i mm or less, single crystals were formed on cooling. 

:| ::We mi |ip|iM single crystals by slowly coaling molten tellurtom-ln a hydrogen aimoa- 

phere*   I?v« maWal was placed in a shallow 30-cm3 quartz crucible. The material was 

&|i| if! yilÄitll heater until melted and then allowed to cool slowly. Solidification took ■ 

place from thß top down. The ingot thus formed was removed and broken. It was found that 

the crystal grain size was 5 to 10 mm on one edge. Some triangular prisms wet* deaved from 

these grains. Several crystals with perfect cltava# were oibtalaed. Tlwse prlsmrt werft iBttb- 

sequently used as seeds for the growth of larger crystals by the Cwchralskl method (see 

Section 3.6). 

3.2. BraDGMAN TECHNIQUE 

Caldwell [9] has reported growing single crystals of tellurium by lowering a tube of molten 

tellurium through a temperature gradient In such a way that soliditlcatlon takes place from the 

bottom upward. This, basically, is the vertical Bridgraan technique. It was found that, even lor 

tapered tubes, the maximum inside diameter for slnifle-cryatal growth was 6 mm. 

We have observed crystal growth during zone purification in what Is essentially a horizon- 

tal Brldgman apparatus. A molten zone is passed along a slender boat filled with tellurium. 

Crystals are usually in the form of rods several cm long and a lew mm in, diameter. No attempt 

was made to perfect this method. 

3.3. VAPOR GROWTH 
The technique used by the Infrared Laboratory for vapor growth of tellurium crystals was 

used by Suits [1] during vacuum distillation of tellurium.   The equipment consists of a Pyrex 
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^ImAW: q«to»^( jp] to ^ tot*«1 <il;^ ff***t,s ^MM: |li l*;*»»*|» fplf ||iii:!||||f f^ 
$«ivitel Itpif'qf »«böiitos^ D| »r* *Wltöd «rfet Ifte alwrtimWi (töWÄlt, Simtll itafrin^rtiililioWai 
E, »rt dHUH BWtöi* the wbdtags. The beatfer 1s *ied by öperaltig' for B*«fal dftys ata lew 

temperature,  ä 

j| f|cwta pi»«W |8 qptmectcd to one end of the tube, iwhich extends about six inches out of 

the heatei-, TeUurium ts placed in the hot portion of the tube, and vajwrn condense along the 

pooler length of the tub«. 

Figure 3 shows aewal regions in the tube where tellurium is deposited. In region F, a 

black deposit ol amorphous tellurium is formed. Adjacent to the amorphous material is a de- 

UM G, f(t#Hurlum. whtch is very thin and gives the appearance of a silvered mirror. Needle- 

::iltti ifl!tS^4l»f«fl« frreilions H, J, and K.   The crystals in region. H are less than I mm an an 

edge and dewwly packed together. The crystals to regions J and K are not closely packed and 

are much lOWger than those in regions H. Region L Is a portion of the tube which Is at a tem- 

perature above the melting point of tellurluni but i« .«till 4ooler than, the .molten material in re- 

gion M, Liquid drop» therefore form in region U ' 

More than a hundred runs have been performed with varlowi modification» of this tech- 

nique. Crystals about a millimeter in diameter andacentlmeter 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. This crystal was 4.7 cm long and 7 mm in diameter. 

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 tellurtam in it, was evac- 

uated 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 sealed off. The effect of hydrogen gas 

on the crystal-growth was investigated. We found that, with our apparatus, the largest crystals 

were obtained with an initial hydrogen pressure of aJwut 10"  mm of Hg, and that the growth 

rate slowed down as the hydrogen pressure Increased. The effect of hydrogen la to »low down 

the transport of tellurium vapor from the hot section to the cool section, It ts also quite prob- 

able that hydrogen gas transports Iwat, via convection, from the growing crystal. 

 ;- " 
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FWÜBK 1' VAPOR ÖWWTH OF TELLUBIÜM CRYSTAiS. A, Ceramic t»| U, Kanthftl 
Wi»-1« Aluiidum: Cmmii b* Aabeato«-; E, ^hermocouplf^öksj/l, iipwpl plipP 
mmki tWlu.rtu'm MirHr legion; H:, >i I/Crystlilllrtttott »«1«; te WWl(l.d:rqP'Hegtonj 

Crystals grow at Wertnt rate« alongiihe iMgth'ol ttetttbe. C:rjr|*l8 j^M;|o#)f r«-; 

gion» J and K (SM Fi^re 3] jr^ at the Wtö of 1 cm per Ay; th* growth rate, mmw, ^0 

not uniform. Nudeation In region K do« mt occur (or wp to 10 hour«. CMwth pros«*" rapWly 

for 10 to 20 houw u#i| |hepm^B smith: t^U U LKiuld^rop^wUl ttoa farm * the «dw 

of the crystals. 

n* «tire Pyrex W» Iß gradually pulled out of' tl» Heater to permit continued crystal 

gsovfih in region K. fm was done dtacontinuously-l.e., approximately 2 mm every hour. 

Eventually smaller crystal» start to grow around the ba«e of the larger crystals. Unte« the 

procew is modified, therefore, the si» of the crystali H the K region Is limited. 

As the tube is withdram, the liquid drops In the L region solidify and become nucleatlon 

sites for new crystals. These crystals may interfere with the growth of larger crystals in the 

K region. 

Hollow crystals of tellurium have been grow by sublimation.   Figure 4 is a photo- 

micrograph of such a crystal in cross section. These crystals were always formed In a re- 

gion where the temperature gradient in the substrate wa* large. 

A Pyrex tube 25 mm in diameter was placed in a tube heater one loot long and held at a 

temperature of B00oC. The tube extended six Inches out of the heater; this caused a large 

temperature drop near the point where the tube entered the heater. Bollow crystals were 

formed by sublimation In this region of dra-tlc temperature change. The crystals were usually 

in the shape of hexagonal needles, one or two centimeters In length and from OJ, to 2, mm to 

diameter. The wall thictaess was always small, about 0.01 to 0.1 mm. No variation in wall 

thickness was observed along the length of the crystals. This was determtaed by breaking the 

crystals at sevend points along their length. 
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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 were the 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 c 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
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<!ieiiiilratiöri,öf teliflUMpi, tftpbi f1itWiit.1Jihi» eoriciMiiiiir'mliill ttii»«|öfl!!ljii l|»#'|ili« »«^«««»tifatto 
of tellurium vapor suirounttog the ««rface.. This should encourage the surface to pro« faster 

li ten ft« bulk and make the concave hole even deeper. Once this condition i» reached, one 

aho«M observe ojily 'hbüow (ntj/iiid grawth. 

This last argumeitii wptwttad by th» incomipltie face* on the larger cifptali. It t» ffltely 

that th« side of ttctfiiltil toclmg the vapor■aotüree »jijid grow c<»pl*ti]f whtreaa the hack face 

would be shielded from the vapor source and. thereto» would not grow as rapidly as the front 

fact« 

Figure 5 illuBtratts another apparatus wlicl wa» used to. tie fapor growth of tellnrium 

crystals,  The upper fcmlh Is a one-liter flasfct. two heaters were constructed.«that teUurlwn 

could be vaporlxed ia the tow«r atctlon. and,allowed to condew*» tlthln ft* Pftm bulb. A. "cdld 

finger" with cool air Imptaging on Its tip concentrates the growth In a »mall area. The crystal 

growth can be observed through a small port fa the large heater. 

The apparatus wa» desiped 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 

flow rate of the air Impinging on the tip of the cold finger. Eleven, runs were made with this 

apparatus; needle growth was never observed nor were hollow crystals formed. However, this 

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

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

small crystals were formed. At low cooling rates, these crystals continued to grow with the 

c axis parallel to the walls of the cold linger. At the same time crystals start to form in iso- 
3 

lated spots on the walls of the bulb. Growth is slow (about 1 mm per day). 

The temperature of the large heater may be increased so that nueleation will not occur on 

the walls of the bulb. An increase in the air flow is then necessary for crystal growth, on the 

cold finger. Under these conditions, a large number of nuclei appear on the tip of the cold 

finger: a solid layer then forms, from which larger crystals grow. Crystals 3 mm across 

and 5 ram 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 observed. Branching was never ob- 

served except lor the platelets described earlier. Work on this technique was discontinued in 

order to concentrate on the growth of tellurium crystals from the melt. 
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hollow cryotdl» grown la W tul» fttrnaet. 

3.4. HECRY8TALLIZATION 

An evacuated tube coataining amall crystal* ol tellurium was placed in a tube furnace tt 

420oC. This tube had no cool sectlona. After oiii »eeit, the tobe wm oootod $mlf «ud re- 

moved. The «mall cryntals had grown, togetlier and te«:y«Wii«m«i had taten plact. Tit 

original crystal had Increased In sisse from am average of I mm to an average st» ol 10 mm . 

Crystals in the shape of heiagonal prisms started to grow radially from the »urtace. All of 

this growth had taken place where the original crystals were placed. 

It seems likely that «on» of the masi transport had taken .plac* through, the vapor and 

that sublimation took place with the original crystal« actlnf as muciei. Some recrystallutatloi 

had probably taken place also by self diffutlo» (rom, one' crfStalllte I» 11» other, since the 

largest crystals were over 100 mm and would not hafe reached thl« »i» without encountering 

smaller crystals with a different orientation of the crystallographic «is. 

3.5. DENDRITIC GROWTH 

Figure 6 is a photo-micrograph of tellurium dendrttes obtained by seeding a sutacooled melt 

and then rapidly withdrawing the seed. Figure 6 also shows dendrltes formed by allowing the 

surface of a molten bath of tellurium to solidify and then rapidly withdrawing' the entire surface 

from the subcooled melt, ft can be seen that typical dendritic growth had taken place. Dendrttes 

grew with the length of the main spine parallel to the   c  axis. Branching took place from the 

main spine at 120° intervals; this Is characteristic of the threefold symmetry of tellurium. 

Sub-branching also took place, as can be seen in the figures. These dendrttes were about 1 cm 

long, and the spine was about 0.05 cm 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 dendrite«. 

Other dendrites were grown in the following manner. Tellurium was melted in a 50-cc 

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 tellurium drained through small holes in the bottom ol the shell, 

which was then carefully broken. The crystals shewn in. Figure 7 were grown In this manner, 

This technique is similar to decantation, except that the shell has be« nucleated with, a single 
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crystal seed. The growth takes place in the form of three-dimensional crystaU similar to the 
tips of the previously described dendrites. There is no 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. DENT)RITIC TELLURIUM CRYSTAL GROWTH

15
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FIGURE B. SCHEMATIC OF CZOCHRALSKI CRYSTAL-PULLING APPAMTUS 

Figure 9 shows the equipment used in this laboratory for the p »pa rat ion of single crystals 

by the Cisochralsfci technique, 

The container has an OD of 90 mm, Is U inches, long;, and has a wall Üiickiiess of 2 mm. 

Either Vycor or Pyrex tubes aay be used.  F'or growing tellu.riiun crystals, a Pyrex tube vtith a 
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FIGURE 9. CZOCHRAL5KI CRYSTAL GROWTH APPAR.ATUS
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h« at ex prevent § iubtimÄtton onto the tobe and urn provides a. mm* tot c*iit:ro:ili,n|f the temper- 

«.(in,!'« f»4i(imifi ttihiit %$ piüMg. 40n0m., ,   ; " 

The htgh'ijurtty carbuti crucible (type CCH) was obtamed from the Katiaral, Carbon Com- 

pany. It Li 46 mm tjy 66 mm In diameter. A cavity was milled in this cyiicder lor a 50-ml 

tapered quartz crucible; thi« crucible is 36 mm high and 56 mm in diameter at the top.  The 

crucible support is 1-inch, thin-walled, stainless steel tubing. The cooltng; gas tube and doping 

tube are quartz.  The pulling shaft Is 0.25-irich stainless steel. The pulling rate and the rota- 

tional rate of the seed can be larled continuousJy and independently. 

Several types o£ seed holders are used. The simplest seed holder is a, platinum wire 

looped around the seed. A Jacobs chuck Is also used; however, this type of holder deforms 

the seed. It was found that if a long seed (usually one inch in lenfth) is used, this deformation 

doe(t ftotiaterfere with, crystal growth, or crystal perfection. 

Bath ends of the Pfmx eontata« are attached with «po«y resin, to water-cooled steel flange«. 

Steel caps are bolted to these flanges. "0" ring' seals between the cap and the flange pro?id.e 

a vioftim-tifht system. The pulllnf rod is guided through the top cap by a modified "O" rlmg 

seali,. the steel caps and flanges are chrome plated. 

3..6.i. TEMPB'RATURE COHTROL. The-melt is rf heated. Power is supplied by a model 

0-9-J Ecco rf geaeratot rated at $ Ina. The melt temperature is controlled toy a Minneapolis- 

Honeywell electronic «trip chart propoxtioaal controller [14J. .An iron-constanta» thermocouple 

with an ice-water reference junction Is used, as tt» temperatuTe-senBing' derlce. This thernw- 

couple is Imbedded in a hole drilled in the carbon crucible (see Flpre 6). This System permits 

the temperature of the carton crucible to be controlled to ± O.^C. Under ideal coodftkas, the 

temperature lluctuatlons are held Is utO.OÄ. 

In order to grow single crystals of unilom diameter, It was found that the temperatufe 

fluctuations must I» less than .iß.l0C.  The crystal shown in Figure I was grown with 

temperature fluctaations of less than ,;t0.05oC. Abrupt '"steps" on a cr 

change» by the operator. If the operator purposely lowers the temper; 

ts an abrupt change in the diameter of the crystal. Figure 1.0 shows '"I 

which were caused by this procedBre. 

18 

ystal are tl» result of 

atare OÄ:1, the result 

steps" on. several crysials 

, J  ■ -■ " ■ 



ImtHuto of Scionco and Tochnology Tho Univortity of Michigan

A
A

FIGURE 10. CZOCHRALSKI-GROW'N TELLURIUM CRYSTALS

The liquid-solid interface during outward gro'wnh is convex toward the liquid. This was 
determined b>- manually withdrawing the crystal from the melt during outward grouih.

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 immediately, however. 
Instead, the solid-liquid interface is raised above the melt until surface tension can no longer 
suppon the liquid meniscus. In this case, the interface was found to be concave toward the 
liquid.

The shape of the solid-liquid interface during constat-diameter groinh was not deter­
mined. For most of the crystals~grown in^this laboratory, it is assumed that the solid-liquid 
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 crysUI with 
hydrogen gas. Electrolytic hydrogen U used after being purified by passing the gas through 
a "Deoxo" catalytic hydrogen purifier, then a 25-mni 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 OO quarU 
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 cooled 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. ThU 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 materUl. 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 crysUl 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 flew 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 attempte were made to grow crystols in other directions. The seeds were regular trianguUr 
prisms which were cleaved from larger boules. The Jacobs chuck seed holder and the natural 
cleavage faces provided excellent seed orienutlon.

It was found that misorientation of the seed by more than 1° resulted in radially asymmet­
rical single crystals. With a misorlented seed, one face of the crystal would grow more rapidly 
than the other laces. Eventually, this caused unstable growth and the crystal growth process 
terminated.
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Small iUnfile cryiitalfi.'lt-sartJun 0,25 inch xti diameter .und less than one IntH lort*:;, cotiU 

}m gCD'wn nan 111.the eeea »s mlKtirmtited by ßeverai degifeeB. 

JJJ.&;: ■INITIAL (SROOTH.^Tbe «.itwlcoawict oi tins wed with We melt ii mide after Ih* 

meU:ihas heen preheated at 4550C for one hour.  Duriag this time the seed Is rating about 

0.25 Inch above the melt, and the cooling gas is flovlhg on botii the wed aad die center of flit 

melt.. 

, . ||!||! rrpow^r j# (fAWifiMfldiiBo tliat the melt t» molmg toward a teaiperatare sltgMlj above 

the: iMltlag point1 of tAllurlum. The «ed Is lowered dtout 1/6 inch tnto fte melt. Tlie tip of tie 

seed"*«!!» ai«| || toiwiKiurt' tpirifif at)ff* the melt. 1l;t|ie te»|jer&tiire ij tiio Spi the seed will 

■ loae1 «ontaä: |Atta;ititi*i*i aadnrtuWi 'tae: reöipped. ffi IJj«, Ä«lt iM> v» mlä tie wmi?««m« QI 

::thie: f «lH **«: ¥ in««ft$«d Hatll,«; mehlacai» i« tomnti.. VMn Ifkunl tmM^om the WifMii«* • 

''wia'ittyt'ae^m' to iu'idlaBiieitet' kwiiller1 ttaii the 8e'ed: (tod can be'held l« thiijoiltscuni far' tBÄipr 

.twaly'mliKitetv -•' i !! 'j!!'1; > !!i:ii!l;i, i;;,,,,; 

■ Lh« i»edi ■iB.ölowii' raised mä i tolid "seed" will lorm. Tbe eKtiniStoi&fif th# WW :is 'Bj»*; 

ally much smaller than the original aeed. The beat rtitilts axe' flbWaed ifteinihiu kieBiilöii Is 

at least 0*9 inch toag;. 

Alter the extension has bee« grown, the melt temper attire li lowered *sd the top of th* 

single cryüttai boule iß formed- In, most of our MIS, all tariables except the melt, tennperatare 

are held constant. The outward growth is therefore dependent on the''rate at -which the .melt 

temperature li lowered. 

The outward growth can be stopped, abruptly by tncreasing the melt lemperatare. The crys- 

tal will then stop growing oatward. If the temperatare is too Mil. tie cryetal diameter will 

eventually decrease. Instead of increasing: the melt temperature at tils point, and therefore 

stopping the outward groirth,. the crystal can be allowed to come to a "batutrar epllibrtuaj 

diameter. 

In either case, the melt temperature must be adjusted if one desires a crystal with, a con.ita.nl 

diameter. This Is due to the lad that the level of the melt is dropping and the crystal is increas- 

ing In length during the pulling operation. 

3J..6. SEED ROTATION. Small temperature gradwnts in the melt, and In tie pulling 

apparatus cause the crystal to have a tendency to grow toward the cooler regiims, Ir; srder to 

encourage symmetrical growth, tie seed, the cracible, or both are rotaied. In ur apparatus 

only the seed Is rotated. 
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It, was- (outid that is th* j-otobnal speed vm incrtiwed, tiia »Uurium orptal« btoam* ■ 

more circular in ■croM section.. That Is lo my, Ihe mmtn ol tt* hemaional crosb secüori ■ 

roundtd. off a» the routlonal Kp^d ww IncKast-d, Eelc* three rpm- ** cryatal to» (iharip 

Corner?!.   From three to ten rpm the corners are rounded out th* cryutal Mtiil hau» dtätir.ct 

faces. Above ten rptn (the «act speed depend on toe crystal d1ia.m.eler/ eddy curreßts ctvit-l-jij 

' mround the erfstail, Thtfii*1 «dd:|r'<:ttrr«attt cia«« th* cryital lac«i io b*mm« |Ä|*|iiil| mi 

disto'rted., Umally, »'»Ingle «ddi i» fcrmetl'beMnd each ot the .»IK leading «Ip* ol the ...rotating: 

Qrjrstttl,, ' A« the rotattotnil'fliieert ii' tacreMedl, th« fluid (IM trmod the cryatal becoiniiB inort' 

complicated.. At about 20 rpm, the eddies no lonsier travel *1th the crystal. 

The above di$cu$$ion Hü tor a typical fj.5-i.nch diameter crystal. For srnalii dlaraeter cryi- 

lials, laminar lie1*' Is observed lor the rotational speeds available, whereas for lariitr diamtter 

boulefi, the transition (rom laminar to turbalent flo-*1 around the tfryätal oews at lo-j|»r rm- 

tlona! speeds. It was lound that more stahlt growth conditions «re obtained! when the rota- 

tional speed was low, so thai no eddies were present. 

As the length of the crystal increases, the diameter tail slowly decrease mlms some 

adjustment is made in the operating conditions. It wtjj fwid that by decreasiag- tae te-tipera- 

tu re of the melt »lowiy, a crjslal ilth uailora» diameter could be produced. The temipitrittu« 

of the carbon, crucible was decreased in a. stepwise manner, about O.Ci5rjC every tea arliMte». 

This was. at the discretion ol the operator. During' one run, the tetaperature was .held coMtaat 

(±0.oa0Cl) for two hours 'with only a 1 mm decrease in diameter over a. one-Inch length.. Aay 

change in other parameter», such as the gas flow or drafts ICTM» the pulliag apparatas, can 

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

a crystal with abrupt changes In the diameter, 

The crystal growth is usually terminated 'by Increastag' the temperature of the' melt and in- 

creasing the pulling rate. The crystal will usiaally decrease in diameter sllghuy and then break 

contact with the melt. A small drop of liquid will, usually cling: to the bottom of the boule. This 

can result in the crystal being deformed in the rifkm around the dtoplet. 

In order to eliminate this, many of the crystals were slowly "nected derm" to a. small di- 

ameter (usually less than 1/6 inch). Then a small cryBtal,, similar toil» seed, mas g'wwu 

before breaking contact with the melt. The small drop of liquid which, clings to this section will 

not. deform the large single-crystal boule. 

3.6.7. POLYCRTSTALLINE GROWTH. For tellurium,, as. well as other materials., most 

polycrystallif» boules are the result oi either an imprfed seed or a poor weld wten initial 
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(tontecl i» madö betw^n. M m4 md Urn mli. Mt«r z g;«4 *'«ltl U& t»en mtdfe, tte mm\kt 

rj.r üif; toul* jiimj mcreast ui decraaw withioa intrortucmar MW «ristül«, H^wefer, II tte dl- 

»raeter inc:r«iusefj t(» rapidjy, derulndie growth will tato f^lwa attbe corMCs'af the tex^&».l 

l»ui«, iMally the growth at thrt-it ol the corners will proceed at tlw exfjenwe of tbe grerti at 

the lacsB ol the boil«. Eventmally, a trianguJir botle vrttJi tfjinca-« facts ^.ll. ^r», 

II! th«' diflitidrtttc groi'tli oconrfl' wtan tl» fJ|a«*ter ol öie itauk Imt «nail, tti« liiicti »ill 

''IlllJi'* tnid: a,b«j(agor»l \KM\% ■will famu TWs »li«fs rei*ltii la |xri|«Titollli» «attrlai. The 

'ctOM.«ectiofi oli fcs boule;■fiirbe% rtplM heagwh. 'Very lint llaeisi «illappear on t« lac*;» 

of the. iwalt. fltiall ta:m|?i mm. *wmr ,»4 the \>m\* will diwtlaf p» faas« 11 tt« ftwüi til cou.- 

I!i||ii||i|t|| ■«'veral ioom ' tlie^taihllJlfil^poiftb imptiiiilliiiiioi lliil l»i* »•cotiiitis'püiiycryi- 

talllne. TJjal IB, it.'Is ralall'veli' caay'to pbie a uiriiforiii flli:|»el:er poiorcryiKiliilltoe Iwolirijl: 

teHurlttm, 

\ v; ::ii|i-cirj»^lifli:t«li!iJ.riiöÄ rftusled:ill UirMlowtag «ay,, aiaalJ, <:r|S'ta,ls li! lelltirtwa imm 'U •■ 

,||i«j yap« abote th«f :IJWÜ,: tlWAIlidt« ö|;:|i|l fri« tlitllaciKii M'Mm* t^tmi$m'mf lie *- 

mrvM daring grttwtb- Mast of these cryntallites apiparently lall back tnlo the Melt: .and du» iwt 

iuttrlnre^ift^g-rfl'mth. O'fwailbuiallsr a *ryisi»llttt '»till re«* tie' iiollidiliiiirtil iaiii'lk:» at: tl# 

clrcumlteirwce of the boule aad attacii ttaelf .«to' the «yslal, Tlie br;w.le ttien bilipiiit i. til- 

ery stal T'he crystallite .may "grow ttoell oltllt,|■|, if this «011x1 dariB« tta1 mtmxi pvwtb of tlie 

biwle. It was standartl. priwflttc« to difl-cüatinue the growth of my bottle in which 1. iurfac* bltn.- 

ish. occurred, 

3JJ. lEDIPPIN'G. A boule one Inch, la length atid fcjl Sidii fa dlameteT iiiiftii e:it:ra,cted. 

from the .melt. The boule was then lowered Into the melt. The raell temperature was iKreased 

in order to melt about l/l of an Inch from the length of the boule. The teraperature iii again 

lowered and growth, was coatinued, will the crystal was two inches in Jeagth, The diameter of 

the boule was increased about 1/16 inch, at the new weld,, The crystal was clewed at room 

temperature (see Section I),   Perfect cleavage was ohtaiBed across the new weld. He» alga of 

poly crystalline .material was obiienWid, Various etches (see Seirtion 4) did .r»t rtTeal the re- 

weld bouadaxy. 

SiTfrtl other atteniipts were made to estabillsh a wild on a large diameter ■crystal,. One 

boundary rerealed small bubbles.. In another crystal a large Imhble was found. »Ml» biwndary.  

It Is concluded that If a large crystal Is »dipped,, the boule must be melted back and held at a 

high temperature until any entrapped glasses are eliminated from the iateriace. 

3.6.9. TEE EFFECT OF MPURiTIES OH GROWTH. Siagie crystals of telliriim were gmm 

from a melt contafaing seleninin .or' silrer. One percent by wetglht of the impurity was introduicedl 
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!ltMB:ftn WiOlto'tttfarlu^ hSfcttki« (ifBiltit««, cottiiltrtolj M«, i| 

''for Mhkikmm m'tllm:t,% rtnjttbibliSi'.tihfiini« la iht gnnrtifc r/roeeiu itas dbsuffWii.' 

f I» !|f||li| :tii« had I* ilwrdiswwAied Irorartt» taml UM- to 0.1-1«* pr honur rat« to 1/i ktb 

pet Mm,,. It 'wm not fMrtlsite to grm a itogj* tryami boule larger, tlaa flJS tocli li ditaiai«ter„ 

"With selMtum, Ü» boole lacte became very planar and the com« »harp. The uroith tem- 

perature was higher Um no'rmal even timtigb sel«nil»j,ai lo-wer» the ineltiiig point of ■tellttriii.«. 

The «tingle cryftaJ» with fflelenltua m m tmiwrttj' wer« darker' an,d more brittle than. i»re 

tellurium.. The .«Uwr-doped BrjÄijtl cleafed and had the »arne atiijpeafaiiice »» pure tilliairiunn, 

Elftctrtcai m.eas:u.remea.ts indicated that both lelenlium pml ii'lf«? had IJlii laciOfiKwaled intfji. 

t:hö tellurlam crystal.. 

FABBICATIOII' 

Once the crystal 1» frown, thert remali» th.e rather rJUflcoIt proWem oil prepartaa a sample 

for m$ In optical or Electrical BieasuiAjnents, 

4.1, SHAPING' 

Slabs «ay be eitmted from, a tellurium boule by ciitT|ii| id* tracturtng:, smiag, etchtiiig, 

or »and bias ting. 

Tellurium lias perfect cleavage parallel to any lace of the hexagional prtim. The material, 

will fracture along any other plane parallel to the c-axls„ F'raeta» also omm perpendic-jlar 

to the c-axts. No other cleaifage or fracture plan*« have been, lound. 

Large area slabs of teUurium 2 mm. thick haw been cut with mechanical saws. Tellurium, 

slabs as thin as 1 mm have been prepared by an acid, string: saw which, .tod a platinuni ttrug, 

CP4-A was used as the acid. Large area slabs have been prepared by sand-blasting-; however, 

it is difficult to make an even out over a large area. Ultrasonic grindiiig has been used with 

poor results. The sample usually splinters along dearage planes... Once a. »lab las been ex- 

tracted, either sand-blasting or etching: can be used to form totrtcate shape:».. 

All of the mechanical techniqiies mentioned above introduce imperfectioias into the crystal. 

It is therefore desirable that etching ttdhniqiie» be used if possible. Cleaving and fracturtng: 

should be performed at low temperaturesi. 
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iniiiitiiiinifltnai, 1). C IIMIII 

.li.TTM: AMIICIi-iril 

TJi-lili       Bilnn;««', Hal. lit Artiif llncliiiiwr 
I&SIII*I«III|| hillelUp at I* lliilf J*« "i"'"1"' * * f;*"*«""»* 

Adiiiiinirj 
fion M iilr,. Vlifijil.tiilni 

(Bll ATTM:; itiM'J.liUliii«;«1 Diinlmliiini 
iJIMjl ATTM1; BiBiwint i *IIII;II.I|;IIIIII« iDiliiiliiBiii» 
.fSiO ATT'!';  Illlfilililfl« lUiriH»«« IHii'iililiaintfll'&SM-fii 

iBl           Ow«fciir, (ill. pi. rtllif CnU II«I(;I«UIIII 
HiirtiaiK* * EJiilllniiiMiiii« lj±Bif;miiH"ir 
I», ft. Illiii JO 
IS.ii. ;i«!:r, IIIlM' ll!liUB|;iilliiii.ri:' 

H -«1       DiniiolaJ*, 0. ill.. Armaf' EntlliMicrii 
iMiiiRii * l)n"Bii,.liBpiiiii*«iil LiilwniiiiB'j1 

I'tirt Bitliiriaaia'. Viantiiiii.ii 

|;|||>MI|I .Ml»; Oiiiirf. Bi«iiB:rt!i;»,Elft!!l<«rt:na«illl 
IIM.-llHil ATTH: THIIICIIIBJIMIJ. liwiaiiaiBiBiUi Ostut 

«it CMmiiaiiailiiaiif iMüit*!!1,. 13.. 111. Ann; ( BmiiHia rl OIBili« [EnrtaJBil 
Mi; ■CM,. OIIIIIIII liniBim 
tokn, iiirtl iCiyriilllii« 

ATI'S:  Claud liBliainmliiMi froemiumi QIIiic« 

Ci:iiii«»auiili.B«|: iC*tiiEr»J, U. ft. Ama1 lifctiüintl iCmiBsiiiiMitJ 
Wathiinitiaiai, D. C.  llMlli 

ATT«; AMCtD-IB-n-I 

Armif Hetfi!ii.ii;aai«ni liai::t:a.«fa;;i|i CtcBmr 
blU« Sl.r«!! 
Nilick, Mi.B.»ii;.li««1.ii 

ATTMa TBia:la.Bii:aia.l UlamT 

-ff       CUef, L". S, Arnij BmiiiirUji ^IIBIKJI 

ArUiapfiri Ha.LI lUIJiln« 
ArUnU'ia« tt, Vai'iiliai.« 

'I«) ATIN; TectaiiaaJ eitnajiiiJUiil 
'|**;i ATTN; AOafS, D»iM*fiiniii«t» 
[;M) ATTN; Iiepiatif I'Teiiadiiimi IFSJiSA BMIBI! 

m-in ATTti: ACiafi, G-J 

iCi^iiiiiraaaiBBlliBiifli GaiiBBirai.II 
C. S, AMBIT CiinBltimi. Dn'fliailin««« Ejaniruaiiiaiemaiao; f>ailieir 
Fsir il-hraai. iC;ail,i.faraiB.a; 

.'I'IT1 Fii atiic-oi: 

Eii.rii-i-:.::ir. BLima;:;: Jaadi.a«rm. Laiaiiiaä-iaa:,rt 
Allmf**« ffTniiiBlinf ISniniiiiiJ 
Aii;«!ir'alii!'*,:i:.. Ärptoill 

CiaBaBBliailliBa^ceüiHT 
.ai.i;iH::r'i!lii-iaa: Pnl'vaiaj: ijana.BaiiCl., Maa'ar^B:.!! 

ATTS. .fareiU'-iJis-ft 

CtraiiBiniiiitiBai:, t. A. Ar Buy '"i'1 'CoÄ'lia? 
Cu' tia.)« BtUTidaii, Pe U'li'li-iiiBan 

ATTSil:   Ejlairiltrf 

U Ci:t»Jiiiiiiiitl:iB(: «ii« r. 11. S. Aiami 
CIMIIIIIKII D« «'.liBiaiBiei.ti. Oianaptasiaii* 
A.tr ttedaiiM Agieacj', Ri« Bilim« 1*, TKD.» 

m - M       Ciammiaaidmj: OdiBiW «1, 0. il fc m UtHmutr 11111*«.*! C ill"«""« 
IMaiiBB» Amiaai. jUnlittinn 

ATTN:: Techanci! Lilararir 

::ii;;;c,.a;;:i;l;:i.:i[;: 00 '. I'- S. Aaansir 
CaiBltim: I'M iilnniiiis»!1 iiiui: iC'sajaiBauii!.. IilfaiBCrj .tUBincj 
riairi BBiaiiiiiK, i;i«airi|;;U 

OliBiilBmiiiliiiig CIIOIPIIW, IB. SI. Araaaj1 

CiBBitm Ii*<«ili;«p«»«iiBliäi CiaBatiiianiiiS, Ajaiaiir iliitiniiii1]! 
pDirt lltoiiiiiii, KBIBHUBBT *tru,l 
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lTf|TflMn!ln"n|nTi!  

II   'l** 

IffliitlM» #f MMMt'iMl t«chn#llwgy 11* ^UWifirilif wfAirUl^M 
WW'M |tli|iliiMHHiiHltliti||Hl4wHtl jjiiiililt i |iiii|ilt|i|i|ii)|iiiiii|liiiiiiHiili!iJi| || ill|ilipi|||t||iii||||i||i|i|l|i|i|||||i|ii|i|ii||i|i|,|iiH|. 

fK&im' nicm^immmmn um mmi»täi} 
CltPf (*.   Aftl««««» mm. P' WläH!«!«» 

■:»■■■:* 

CMUUwUiiif {mm1, 111 1. Amt 
ClHlW: ttmwJiWMiim.i CMIIUIHMH *rtUtorf Mmef 
Art «III, omirmm 

Aran VA iinwii* 

,4»« 1,111*111 CDIIUMMIIIIII, 1,1,, ill. Anii'f Alf ftii(«ni#t Jtmlwcl 
fan Bäm, WH* 

CntiiimjiniilM:!, IJ, J„ Airnir Uiintlninwe iBaitottll 
fort ai'Ju'irtr, Vii'iiiuli, 

ATT»!  flliV-l 

Dlnwwr, l!Bi|{i(|(ii»f c«»b*ii IXimrtuiMiimii,« |lliilii«|i| 
MldlitK ]W-I,II 
fan Ri'l'wl.r, Vlr([l,nl,» 

l'r*i«ld*iu, U, ,1 Army UUmty ftmni 
Fort ftiojiitiii,, ftwirflii, 

Uni«!*«, IJ, S, Ar toy ,W;J,ll*ii »anl 
nit mi 0111*601« 

l'»»!»« i, ir„ 8. tmt AiTKk'Immt itouil 
Ftwl Bill«, Tina.« 

pHukiiiniiiti i;:i„ a, Mimij'Artiioo ticiiM 
Um MiMltiM'i AMMIII, 

I'rMliOmt, llj, l Arniij Aii'toni«, l:lMtMiii|it*ntMil|l{t«HiMl 
WartU'« Barri 

fan Hniiiii, Mortlii OMdlo» 

boMWuMUll Oll'Umr, U, ,J. ,*r,Djy Inttllliceiiiis« IliMirM 
Dewiloiimiiiml AsHniiej 

fan HoiliiliiWl, Hiirfiiiund WIM 

CoifflmnoAniB OlUetr, 0. S, ATIOIT Co«!»« llntttloipiiiMiiit« 
Co DJ nariid, lot« liijeiiM Afieiiifj1 

rsm: Hnlabiril, Hirjfcmd M'Jl» 

ComimodliiB {»lii;»r,, IJ. B. ftnimr lihelKnii« II»««»!* IkiH 
I', 0. Inn SfJfj 
UomMio '/um, MltonMi 

ATWi  ElectmHc DttaM LutairiBiinri«» 

V. S, Araj BMHüIIBüII Uttuno om«, MX- Lmonin tolmmfiloiff1 

IjäXlliiitOB 73:, MiU««,dtu«t:tt 

91-62       CKtlH!«, D« |W 1 jr ChJ* f oi »uriJ Of« rüittoo* 
De|iu,rt,riM«it of ihm Sin1)',, lie P'mUuo-n 
WuihJjijrtiJn sa, D. C, 

a 

u 

ATI'S Op- i1: 

»3-»<      OIH« of Mni «in»««'«!«, IJ»p«.rt»«iot ul *« I&uj 
tTth (l CttUtitlU«! Al'MUH!, N,*„ 
Wurtlnptn IJ, I!,, C. 

»n ATTSi Co* 463 
(«I ATTN: OaJ« «1 

K TIM Iji(r>i!frijilh*r 
U, ,S. Huj H)*«(i:r»,|;i!lil,i: (XUct 
W,ii.!ihi:'.||joi:i 15,0. C, 

ATTN; Co* 1(140 

AniHiitB Bniti«*,,, tfuithmiiilii;.« Iil»l»li;>o 
l)i,r»c<i:ir»<« at H*«««.rnilli, KV MAI 
lI«!i<l[|Mr!;t>r« tJSAF, Tlw PdOUifOia 
WMälBlilIllDIII JJS, D, C. 

»i-m   ami, mrmitimm 
anprta«!!!»; «Mi« Jtwj, ftiiidimiun Ml ft, ,(;„ 
(jiWII Alt»; OmU* IliffC 
iBrtiiiiiiseiiAiiiiil 

(l»-,l#l|l «THrtlninl»;)!««,*, 

Ill tMnm f ( MMlii »««IWIOIII 
ItelWirtiBiiMH ol tim liiiiri l( Wlii||||| , (I, |). ft, 

ATr« IMIflM 

IM-10*   (im«!«», IIJ;, i;, »iiiifU |||MiH|lH|| toiiiKjinitofi' 
HMliiiM« K, rj, c, 

ATTIli1; Cm* »M'T 

lii 

Ml 

1« 

I1»-1,1 

CiwuMoilliiif aim (I', IJ', 1 IHinif iMitHM» (jitaniidifir 
CoiroM,,, OJtlonul« 

ATTl1!;;  |H|IIIH*|I 

Coii«iiOiiUifJ;iB||( ,(>((:k:Hit (, nmeiniiir 
13. 11, .HillT)' EllianiMllldEill iJllMfHIIOifJ1 

£>>• D«i[g If, C'liMimOit, 

ATTII;  Uteai'ir 

CiiniiuminH'«', Cl. ill, ;l*i*iiiHJirdli;«iinio* ,ljil»nil!«ii"ji 
inoi« «Jii*,, lijui'dir IlinH) IIHuiltohMll 

A,rn<; TtieliiBliuiil yiliiBirjii 

IJ, II. WIM JIlMill«1 Ctiimii««1, Mllii JHOIJIII, Culilillnndii 

Jitl'lll; CitnJ« 100,, illlpm:« iwwinut Dbijiiiiiiii 
AiltHmiiinttn;* iCHiiipo.njiiBiii t 

O;iiio.iu»ii*ir, IH, II,. Jlml lOrtMiiiin Imjn litnitiii» 
CliJui Uli« CnJiiloindiii, tiHilI'T 

(IIIMJ AlTi: CoilJ» TIM 
(11*1,1 ATTJI: 'Co* ♦«illi» 

OoirJiiaiuidliiiT' till Cltliisll, iiBwH]!««!!.««,, BiOTiteiiiH: Mil Duimwiiliill 
CJIioilt Ail Fain;:«! Bai«, Hdtiinuiili;» 

11.1 

ATTIt: PllOtl 

HHIIIIIIIIJI«I.II1«
,
I,I, IMM I', 

W.U*i.l,ii(|loin,», III, if;. 

ATTH;  ilflDilfl 

u,n!ii;:nii;i^iiiiliB iiml' OlHiriBlilioini IBoifuiiliirMOWIOii 

UB ,LWfJiU;:n;lOi0lOII, O'll WHIIOIHIB' 

liHi1lB!iiii«,m :iioOii!:i,l,;iii^!tiiil;iB Aipioii;1;;! 
•«iHiiiliiipiiiii,, P. (;:„ Nllfl 

ATTM: DUiAI'-liS' 

IH-HI'   HHäiiBlijiitii.riliiiT«, "['»itiliiHi A* Cmnmoid 
IUiiitl»li IU'D, ViiTinlmii 

Nil ATTN; ,DO»Qi|IFH!i||i»il:r«iii«iiiu,|i 
1. Si I ATTN; IK»:!: iCMia iiiiiliBiiicieiiiiiii- tl«!:««!:«»! 

(IIB,-111) ATTN; iDAIOpifMOlioi» BlIinlpMl 

I IB; lour ii'lip;, 'tW'Oitliriiiiillof ii' D't'iiiHiljiliiln 
»riiflut-fanuwoiiii Aftl;,'OliBoi 

ATTN:   7B-Blllji(ll|i 

119-Nil    JJioiiBiiuho [kcilioiiiii'oiioi.tri1!; iC'Huooiinr 
CamiimiMio ÜMilioiiii 
AluitiiiBBmi, iri,i'|iioiiii 

ATTM:- TWA 

144 ■ii>illpaiBiin,l (IPBüi Arrtmim« MlnJuaJ .Bio*««1«!! 
(jitaiinniriM [IHilJI'l'fll 

V rigM ■ I'aittwoOK: Jif'Iil, ONiB 
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 MIM.MII lln ^iiiiilliiiihlikiMiinii 

ii    ;: ■ ' 

lii  j  u  

imM« of Sklem*. «mel; T«c|nblo| i th|| UnjilirtrMtjf &f Mtkifon 
 i I'l Ii| |i| m "" .i«N|>i.H.|"i1»ii....iWi.f|i* 

PROJECT MICHIGAN W3TBI.BU710M UET 2  'Lw.k.v 

ttfl I*».   .MIj'jWjIMj 

HS-l4ft   AiW>illiiti»(itlilii teg.«»» IM'dmliHi 

(Hill «t»; AUIUW) 
IM'l An*. Ai) (AIM'M»! 

(HMiidÜ Itjlli  AMI [AV«1} 

I49-1,:W   OiiiiimiiiiiMlii», lltraiii« AJjr IXmildpiKBiil; OtiUti1 

Örtiiiiiiiii'jH'fcii»«1**»!!; iMiM 

tiim ATTlf:  MAW 
(ISilllJ A.lTlf;;  HAWK; 

051-15» ATT» .HAU« 

im AFOC (MAJ'J] 
.EiliJJn Air niilll« Bull, fjormlli 

15'! Dir«*«:«', »If Uttwuätji' UHiMrj 
lihmll Air FaKHi' Ila.iiti, itJiiiliiuain 

ATT::*: Atrw«! 

Dm %i>, AiiniiMiiiiiiiii 

J11> l.TI   JJIiidtninrjir, IIUMIIIII imnti»«««« HiiniMji'iilIp lOIKI«*' 
'Bl* (lil»«;|||«f W'iUfciillli(ki|ll! aiiiMtMiWgr. 
lllilllnrlii'W'iHliiiiiit'l'M in1««!' 
AllBSIIIUllM/inillKllllltl 

ATtf: JJiMiriii 

I'll €:lii«i tl. 1 Anil')'J utMm 
]hiHiUiiii ffld'HKsU'diilJi'iiil: 
f. 0, Bum UMI 
^«litniiidiitr, AJittiiuiiiii 

I'M Qiii!:!, i|Ji. Ill turmj ytMiljii IEIIIIIMKI JlHitiinh Ikulli 
ft fj, Bliu;. Ml 
f fiimiliilBi 'il lilinimi'«"!!', 'CjiBBiiinitii 

ITS ||J lit IIIIIHIIIIH niioiiJiuniiiJil*; litucrfriiitnilliii* CMilniiir' 
UM ütaiUmiiiiill HiiiM) 
MinM ti, ft t. 

IM CoiuiiiUiidlnJ: «f th« Muiut Carfu 
I(:||iil<|ivi;iU"Lii:ril, Dt i MsirltM' OiHf ill 
W'n.|itiJ;iiii|;'l:i:iri B, A> C. 

ATOir: Code AM 

IK Dlrtctuir, liCiirln« Corsa L« ti:ii|{ fonuii'DHmrJoiMniiini: C««««' 
Miiirlin« Ctifin IklKni'l« 
QIUIIIIIEI'CO', Vltflitiji:). 

15T-1IH    C'«Hr»l IrtniiUpiiiM! ,*pi!i:it:j' 
wo | iriiii ii ». 
WulLiniMi»!!:!, D. C. 

ATT';:   OCH Mlil Ftoom 

1«-1M'   Stleiirifuiu: * TiithiriitiJ Wteniltoo fiicUiiv 
P. 0, Box. mm 
BdttHHiii:!*, MiryiKd 

ATT I'.':   KASA R*pr«mic«äi:r.iiü 

1 (14-1SI    Nitlan«J AWMtiuitItt teil 3(a.ct Adml.rij«mitjoin 

MiriiiiB-d iiJlc* €nl% Ctnltt 

HrjiMton I, T«^;B: 

ATTIt:  Chief, f«elinilual IxJcrnuinn DIrI.«Int 

MH Cmrwii AHircirtauTLcaiJ laix.ruory, t::wp:fi.r.m\ 

WuMnflini ProiHid« Off I« 
III* Louivri PLte 
FnUfi Omrcdi ?l»flii:li« 

ATTK:  Technical: Liihnirj 

1«1 Th« HAMDC'iMiiiiorafä i 
ITU* Main Smut 
Sunta Momci, CutlfcriiL« 

ATTM;   Llhrarj 

ttl RciM'arcf'j itoiiljulu OriimraHiwi 
i:i'B5 Ai'ltnii;! i Htud 
Bftliiii'.Bit», Mirrinrad 
Wäjfjinjttii ad, DI. C, 

ATTN:  CTiwl, Itlttrmatiitrii * OwtKii Sirniuiin.« tlMalcniii 

I(19-! TO    Contli AlMiiimnUispiI Liiitomtii-j', Ii«;. 

BuiWij II, Nrti Yorl:, 

ATT'N;;  Utarirtiit 

VIA:. I»,»p«'i:t(ir ml HimJ .Manriiii 
|iM:l Mjih Stntt 
BuftalU'J,,««"«If to* 

tMli'iilMlM fcliliiiMini Liilinndii»")!, tianniln:i1 mil .■IDIIIIIJI 

ilJ'i'ibiiiiu, OUHIIJI 

iW'lli'iinls üiilnHiinii 

VIA;. 'Olira Uliiiiiiliillinil: IIHijMiilnnliiiBliiiii! 
MS lilt Ojiji*«ii:i .itmBiiiiiiii 

ll'rlbiiii»., IllliimUi 

IT'T li'iiiitillitjr Ijiifj:, niiaurj, Slcrlffi» 

DiuUiMiHun mJOeHiiiiiiiiiii||:ri|(llli|||i,, Dnjii'imili'ir <i( C'liilillmia 

An lllilninin IB, CaEiifentt 

IK Til« OllUid' IdUll« ttiilrnnniKiii,, Builiiuiri* H'iajnnfai.lluj 
IJII4 Itiuiiwiiii find: 
MM|IIMIII 11.1,10111111]' 

AIT:«: HlKiiiihirllitjrOIBiiii 

T1A.:  OMiiiuaillH', WjiiJul Allig' l|illij|ii|i|ii)iti||iiaiu Ikniiim; 

litrl,ij;:h::"'Jr1'iiiii:iiii'i'ai:i'i: ilififi Oilini 

Am*: Aana« 

Ilt-IBI    ilW I'Ti;i[|lii::ilsoi!l. tolMIHIIlfc')!' 
Clifiiirii.ui lanitliuiil* nf T«;loiidiif i 
dSIK OnliGi' te ElTirn' 
I'uiuidHrai, CiiiiiJn.n 

I Ö '.|i:!l    OÄllllliailiii::::.::;!; Oi::f;ii::i!::   ?ill:.a;l::lillll:■[l, Att'MiMd 
rj^nrii'ir, llilw JanrW'iii 

AfTS;  iiMllPA-OHril 

BiitlHiOi« IfcoiK'uiJ. tiiittta::« 
ill» IDlllii: AJI'IKII»«' 

C.I:IIIJI:I:IJ:IIMI 1, Giniii 

ATI: niACiii; 

VIA;  Ad» linciKI Bt'M'U C! i'MiiJil'tB;:!; .dipiBCj' 

Vi:ai,ii;to.i,:;u!{:i;'i:i:;; IIii, [>. il',:. 

Eliuri; mil: ;:ii: Niimu 111- iiiiin: m.. IIAi'iiimir'imni+imi nil' mltm I 

ltuiimii:ii:i:HiII;!i,i:i. c. 

ATT i ri'tiiä =:.I>':FI.E-.II 

] rl'-U'i:     Al!l';;i:l;;|lim.i:'!! C ;;r;ilii;.r;li.l;;::;;.l;. 

PiiiK Oifflliiiti« Ikni ill SB«!! 

ILIIIHI iiyifmlimm 45, iCAIiil:;;;iii.im. 

ATT1:  Utir'm,;-! T in-ic.i.;:;,!] EJi.ci.niiEitii arniiiji 

mmummtmmmmm ^^^^^^^M^a|Haaaawaaa|_aaa|||aiaH^ 
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IntliMe of Science and Twthnology ll^'fUint'^'rilli ^frt^ihifla,«' 
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PIWECT MICISGA» DpttlBIJTprf 0f I (C0(iöni«di|   

IJ* WO I'MlMl Alt' :tai;!<»«jiliiii»«iiiaii (-«iiln i1 

MTUi KumttoHr ut'tnMtiptit 

Cr^j'.lfci, .MtlrMMD 

il i|>MiaMi«Wiilli|l MliiW'j II. ll|■ll#,ltlH, 

'I'taHJiemnnilj'4( MJltHj.« 

UM mmt, IMlidiiiitiiiiii 
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