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G H A P T S a - t 

GE«£xi&L tNTHOPuCItON 

In the r«e«nt times epi taxla l ly grovn f l i c s have 

received eueh nore attention than ever on aeooont of their 

Inereaslng ii&portanee in device applications and also 

because of the ease of preparations of s ingle crystal f i ls is 

by epitaxial tsethods. The importance of vacuus) deposited 

f i l a s in variety of purposes in research and induatries w s 

recognised long ago and th i s resulted in their vell-knovn 

applications in the preparation of reflectors, antl-refleetion 

coatings on lenses, paper capacitors, fluorescent screens, 

interference f i l t e r s , multiple beam interferrometry, memories 

in computers and in many semiconducting devices* Some of 

the specialised uses of thin films in laboratory are for 

shadow casting, replica making by carbon or si l icon monoxide 

films in electron microscopy. The wide spplicatlons of thin 

films in so many different fields have, however, been possible 

because of the development of efficient high speed vacuum 

pumps, suitable diffusion o i l s , getterihg agents, demountable 

vacuuBi systems etc* 

It i s well-known that the properties of the thin 

films and of surface layers of solid differ considerably 

from th©ae of the bulk materials. Consequently many i>hyslcal 

and other properties, s^ch as therttlonie emission, surface 
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tension, fidsorption and eatalysl* ete. are oharaetarlstlo 

of surfaoe layer a. £ven metallio eonduotora like aodluis, 

potaaalufl}, rubidiua and oeaiuic etc. when deposited in thin 

fllR fono, exhibit aeisioonduoting propertiea (Hayer, 1959, 

1961) • It isay be nentioned here that though oany of the 

physical propertiea are structvAre-sensitive, very little 

attention has been paid to the study of structures of thin 

films, crystal growth process, development of orientations, 

phase changes etc, while working on electrical anl optical 

properties of thin filns grown on active and passive 

substrates. Vaeuuio deposited films can be obtained in a 

vide variety of structures fron the irregular amorphous 

sggregates to single crystals by controlling the evaporating 

conditions, such as the rate of evaporation, substrate 

temperature, the state of vaouuai etc* It is alao feesible 

to have single crystal films grown epitaxially on single 

crystal substrates with desired orientations, shape and size 

etc. by appropriate evaporating conditions. 

The discovery of diffraction of X-raya by cryatal 

lattice (Friedrich, Knipping and I«ue, 1912) gave the first 

direct method for determining the crystal structure of 

solids. £ven though there are many advantages of this 

technique for the bulk structure« this method cannot be used 

for the study of surface layers and thin films. The 

diffrsotion of electrons by crystal lattice observed by 

Dsvisson and Germer (1927, 1928) and almost simultaneously 
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by Thomion (1928) provided a po%f«rfm tool for th« study 

of structures of surfae« layers and thin films. The 

applications and the theory of scattering of electrons heve 

been discussed by many workers (Pinch and Wilman, 1937) 

Thocison and Cochrane, 19391 Raether, 1951, 1957) Pinsker, 

1953) Vainshtein, 1964) Cowley and Hees, 1958 and others). 

X-rays are scattered by the electron shells of the 

stoms, while atomic nuclei with their positiye charges | 

resain 'invisible' to them. A picture of the distribution 

of electron density within the crystal can be obtained from 

the Fburier treatment of experimental X-ray data, the peak 

in the electron density map corresponds to the atorcs of the 

crystal lattice. Electrons are scattered by the intense 

Electrostatic field due to the atomic nuclei modified by 
I 

ihe electron clouds. The Fourier synthesis frois electron 

iffraction data provides a picture of the potential 

distribution in the lattice, the maxima again coinciding 

with the nuclei. The scattering of X-rays by atoms is 

approximately proportional to the atomic number and hence 

light atoms in the presence of heavy ones present difficulties 
ilfi resolving» particularly when the difference of atomic 

I 
niuBber is large. In thai ease of electrons the sostterinf; 

amplitude is less dependent on the atomic number and hence 

lighter atoms are more easily resolved. The average absolute 

magnitude of the stomic amplitude of scattering of X-rays 

it approximately 10* cm. and that for electrons is about 

10*^ em. Since the intensities are*proportional to the 

^ 
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•quare of the aiaplltudes, the corresponding Intensities for 

the scattered tiaves of X-rays ai^ electrons will be about 
6 

iJlO . To obtain a measurable Intensity the specimen must 

be about 1 mm* In linear dimension In the case of X-rays 

and only about 10"* to 10"^ mr>. for electrons. Hbwever, In 

the latter case the thickness vln be llitlted by the Increase 

of effects due to Inelastic and Incoherent scattering, 

secondary scattering of the already-diffracted beams, 

absorption etc. Electrons with accelerating voltage of about 

50-60 KV can penetrate crystalline films of a few hundred 

angstroms thickness, depending upon the atomic weight of the 

materials, IXurlng this process electrons do not lose 

appreciable amount of energy and hence the scattering Is 

elastic and coherent. In the case of electron diffraction 

study by reflection a crystalline layer of 5-10 A thickness 

Is good enough to yield sharp diffraction patterns. The 

same film when put for the transmission pattern, electron 

beam traverses through the whole film thickness end hence 

gives the information which is characteristic of the total 

thickness penetrated by the beam, thus providing knowledge 

about the nature of the deposit as a whole. Often reflection 

patterns from the surface layers and the transmission 

patterns from the same film are different, thereby indicating 

the changes occurred during the crystal growth process. Any 

change in the crystal structure due to the change of evapora

tion conditions and other variables can all be detected by 
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this teehnlqutt. Thus slsetron dlffrsetlon Is sn Idsal tool, 

not only for the surface structure but also for the study 

of phase ehsnges, orientations, t%rlnnlng and other phenonens 

associated with the crystal growth process* 

Crystal growth 

In the ease of an Ideal crystal, atons or Ions occupy 

the minimuB potential energy configuration. Due to the 

action of the interstoaic forces the atons or ions are 

clustered together to pack themselves closely, thus foraing 

a three dlBenalonal pattern. The crystal grows atom by aton, 

layer by layer, though growth of succeeding layers may and 

Indeed generally does start before a layer is completed. 

Each atom, as it deposits on the substrate takes up a position 

compatible, in terms of potential energy with the surrounding 

conditions. The initial nuclei thus formed over the substrate 

begin to grow and further growth of the film is in general 

no longer directly influenced by the substrate. Since the 

groiirth takes place simultaneously either on the same or 

different Isyers, the atoms at the junctions are not in their 

maximum stability conditions, thus giving rise to defects 

such as dislocations, stacking faults, twinning etc. in the 

eryatal. 

Glbbs (1878) on thermodynamlcal ground suggested the 

first quantitative theory of the crystal growth process. 

Curie (1886) and WUlf (1901) followed it. The atomic theory 
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of eryatal groirth had be«n developid hy oany workers (Volner, 

1939{ iloss«l, 1927, 1928$ Stranskl, 1928, 1949} Becker and 

Doring, 1936, 1949 end Frenkel, 1945, 1946). Later on by 

taking into eonalderation the presence of lisperfeetions and 

dislocations. Burton snd Cabrera (1949), Burton, Cabrera end 

Frank (1901) developed the theory of crystal growth. Most 

recently Hirth, Hruska and Pounds (1964), Bhodln and Vtelton 

(1964), Bauer (1964) and van der Merve (1964) have discussed 

the theories for vapour phase deposit films, their initial 

nueleation, growth process and interfacial misfit etc. 

The morphology of a crystal «ay considerably be 

modified by the presence of impurities during its growth. 

Thus for example, if sodium chloride is allowed to grow from 

a neutral solution cubic crystals are obtained, but if it 

is allowed to grow in the presence of a little urea, 

octahedral crystals are formed and in the presence of 

gum-arabic dendritic growth of sodium chloride crystal is 

observed. In all the above cases, however, the atomic 

arrangement in the crystals remains the same. 

Epitaxy 

Hoyer (1928) used the term 'epitaxy* for the first time 

to signify the oriented growth of a cryatal over another. An 

epitaxial film on a crystalline substrate meana a single 

crystal film, the lattice of which has a definite orientation 

relationship with respect to that of the substrate. This 
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«ort of growth of a cpyBtulltno film over another oryatalllne 

substance Is known as oriented overgrowth or epitaxy. Hie 

•pltaxiel growth of crystals was observed In nature as early 

as 1902 by Vtellerant end 1903 by Hugge. 

Koyer studied many oases of epitaxial growth. He 

observed that the deposit atooBS or ions take up orientation 

as to follow the substrate structure such that ^ere was 

a close fit between the two->dlflienslonal network at the 

Interface of the deposit-atoms &nA the atoms of the substrate. 

It is now proved beyoivl doubt that in the case of vapour 

phase deposits the substrate and the conditions of evaporation, 

such as temperature of the substrate, rate of deposition etc* 

have great influence on the growth process of the crystal, 

Hoyer found that in the eases of epitaxy there was a densely 

populated lattice row in the deposit parallel to the one of 

th« substrate rows, provided their relative identity spacing 

did not differ by more than 16%, By treating the substrate 

as a two dimensional network, Frank and van der Herwe (1949) 

found a similar limit for the formation of epltaxM layers. 

The difference between the network spacing of the substritte 

and the deposit layer of atoms is generally expressed in 

terms of percentage misfits. The observations of Pashley 

(1956) Indicated that a measure of similarity or a eorres-

por^enoe in the adjacent atomic patterns is a prerequisite for 

an oriented overgrowth. Quantitatively the misfit may be 

expressed by 
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\Ai9r9 i « 1,2 ref«r to tvo •ultably ohosen Interfaalal 

dlreetionsy bj. and â ^ balng the normal apaoinga of oorrea« 

ponding atoM in the dlreetlon dealgnated by 1. For certain 

purpoaea the expreasion used ia 

fi • (a^ - bi)/i(«i+ bi) 

which ia nore natural vay of expreasing the stiafit aince the 

denominator ia the arithnetio mean of the apaeing in the 

direction i. 

The aituation aa to the orientation role of the aurface 

•ajr be auaoieriaed aa : 

(•) Epitaxy of a given depoait ean occur on a variety 

of aubatratea and doea not neoeaaarily depend on a cloae 

eryatallography regiatry betveen the aubatrate and the deposit* 

(b) Oeneral underatanding of epitaxial grovtha depends 

on a detailed knowledge of the mode of nueleation and growth 

charecteriatie of each vapour-solid combination. 

Mow it ia well-known from many experimenta, that 

epitaxial growth of a cryatal can take place even if the 

lattice miafit ia aa high aa 60% (Paahley, 1956{ Qoawami, 1984) 

thua auggeating that van der Merwe'a idea that the misfit larger 

than 15^ would lead to polycryatalline deposit is not strictly 

valid. 

file:///Ai9r9
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Phaf tr»ii»ltlon and polyaorphi>a 

PolyaorphlsB Is oft«ii obaerrod tn th« ease of thin 

fllBS ev*n though ^ a taM awitanal do«« not show norphlsn 

in the bulk fom, Fineh, Wilsan and Yang in 1947 observad 

both f,c,e« and h.c.p. fonia of niekal foraod by olMtro-

depoaition. Rubidiua broaida which ha a nerMllsr M C I tjrp* 

of atrueturt w a found to &••• CaCl tjrp* of atruotur« vhan 

dapoaitad on ailTor aubatrato (Sohulx, 1961a)» tha aisfit 

baing sare« Ba alao obaarvad that oaaiun and thalliuB 

halidea in the thin film fora often poaaasaad MaCl tjrpe of 

atrueture (Sehuis 1961b}* IXuring the study of Cr, Hi, B«, 

Co ete. by aleetron diffraction Bublik (19S2) obaerved that 

the change of structure oeo\4rs due to the difference of 

thiekneaa of the filB alao. A new b.e.c. fora vea also 

reported when nickel vas evaporated on roeksalt under auitable 

conditions (Fineh» Sinha and Oosvami, 1966}. During the study 

on the reaction of sulphur vapour on copper single crystals» 

Trehan and Gosvasi (1959) observed polyoorphism in CugS. Even 

froB the cubic forms of ZnS and CdS AggarnMil and Goawaiai (19e3a} 

obtained the correaponding hexagonal phase vhcn the materials 

vere evaporated in vacuo. 

In the recent yeara immenae intereat has been shovn on 

the aelenides and teliurides of metals especially in thin 

film form because of their aemioondueting propertiea* As 

these properties are conaiderably dependent upon the structures 

and cryatal growth proceaa, a detailed study on the crystal 
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growth proo«fi8| their phase ehangei devtlopnent of orients* 

tlons, epitaxlel growth etc . hag t>een iMde on the selenldet 

end tellorides of nereury, thalllus and IndilUiB and also on 

eose Interaetallie compounds like indlun antlmonlde %diieh 

are kmvn to he aesieonductora. 



C H A P T i a • II 

EXPERIMEMTAL TECHNIQUE 

(•) Pr»par«tion of »ubftratca 

In th« pr«8«nt study th« substrates used for deposition 

were both amorphous and erystalllne naterlals, the saorphous 

substrates consisted of collodion filBs snd glasses ^beress 

the latter consisted of single crystal substrates such as 

(100), (110) and (111) faces of roeksalt and/eleairage faee of 

oioa i.e« ((X}01) face. 

The (100) face of roeksalt vas prepared by eleaving a 

roeksalt crystal vith a aharp and clean knife under slight 

pressure. The other faces, such as (110) and (lli; were 

prepared by grinding the roeksalt crystals at appropriate 

angles with different grades of emery papers down to 0000. 

These faces were etched by dipping Boaentarily in distilled 

water and then quickly pressed with filter papers. Faces 

prepared in thia way were examined by eleetron diffrectiea 

technique. Crystals were reground and reetched, if necessary, 

to get the appropriate facea. For the cleavage faeea of 

roeksalt etching was not n9e98SBry, Fresh crystal surfaces 

were always used for every fresh deposition to avoid 

contamination. 

Collodion films were prepared by putting a drop of 

collodion solution in amyl acetate on the surface of dlitlllc* 



water In a patri dish (dianeter about 10 ess) . Anyi aeatata 

avaporatad quickly and a thin ttnlfoMn oollodlon fllB was 

l e f t over the aurfaee of water, ima oollodlon f l l« vas than 

picked up on a clean and fine wire gauge. The fllaa thut 

prepared were dried In a desaicator. 

Ola88 auhatratea were sade by cutting nleroacope allde* 
2 

to Biz99 about 1 X 2 cm , Their aharp edges were ground rnoA 

the alldea were washed with nitric acid, running tap water 

and then dipped in acetone and dried in an oven at about 80^C* 

For Bios (0001) face, a freshly cleaved mica was used, 

the size of the nica pieces used for deposition being the 

sane as those of the glass pieces. 

The aubstratea used were always handled by twees«»t 

to avoid poasible grease contamination. 

(b) Method of deposition 

The aethod of deposition of filiss over the substrates 

as BWitioned before was frost vapour phase. The evaporatlea 

was carried out in a pyrex glass tube about 50 CBS. in l«Bg|li 

and 6 CBS. in diametdr. The filsBent terminals were sadi 

of copper rods (about 1/8" diameter), which were put through 

a rubber stopper fitted tightly with the glass tube, ^ e 

other end of the tube was closed with a siallar rubber 

stopper fitted with a tube, which was connected to the puap 

for evacuation. The stoppers used were initially boiled in 

NaOH solution for a few hours to reaove sulphur and other 
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la]^urltl««« Tttn£9t«n, niehrone or ksnthal wires w«r« us«d 

as flXasents, fron whloh the eottpounds were evaporated* 

The seleetlon of the fllasent wee sade. acoordins to the 

Belting point of the eoBtpouads to be evaporated. Evaporatiea 

was carried out by passing a eurrent through the filaaent, 

the eurrent being eontrolled bjr a dinoierstst and a step*dowa 

transforaer (26 volts-10 asps*). The substrates were usually 

put 4 to 5 OSS, away froB the fiiaaent. In sose esses thsy 

were put just below or far awey from the filament» depending 

upon the nature of ezperiaents* The systen was oontinuously 

evaeuated -br^ir--Bdiiards*-"twp-siege jwteiy"|imy> r Oil diffusion 

pUBp was used when higher vaeuoa was iiseesisry. ^ • l shows 

the eveporetle>ii assMibly used. 

(«) Beating of the substretes 

.„,II»-Jl»liiti«|_j^ substrati 

tenperatureay ranging fron roon twaperature to a aazimui of 

about 400 C. The tenperature of the substrates was •aintained 

by a tubular furnaee Bade by winding resistanee wire on • 

siliea tube. The diaaeter of thia ailiea tube was slightly 

bigger than the outer diaaeter of the pyrex tube used as 

vaeuuB ehanber, ao that it eould be elided over the vaeuua 

chaaber. The length of the furnaee waa^-^16 eas. The furnaee 
o 

was designed to resoh a aaxiaua teaperature of about 4fi0 C* 

The heating of the furnaee was eontrolled by a variae. Before 

deposition the substrates were put inside the ehaaber in sueh 

s way that the crystal faees would reeeive the deposit at an 
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Ineliiwd angle. The chiaber vas th«n evaeoated for a long 

tine and tha furnaee vaa » d a on and kept at the daaired 

teaperature for about an hour and a half. The tenperature 

Inaide the vaeuua chanber waa meaaured with a thenaocouple 

put Inalde the ehanber, 

(d) Benoval of the depoait filga froa the auhatratea 

To atudy the aurfaoe atrueture by reflection nethod 

the aubatratea along with the depoalta were put directly 

In the electron diffraction camera« after cooling thea doim 

to the rooB teaperature in Taeuo and the electron beaa waa 

allowed to grace on the depoait filaa. \iihen the file wta 

to be atudled by tranaaisaion aethody it vaa reaoved froa 

the aurface in the following way. 

Distilled water was taken in a petri diah and the 

cryatal waa held gently by a tweeser in such a \mf that the 

fila aurface would be nearly horizontal. The cryatal waa 

slowly dipped in the diah of water allowing the rockaalt to 

diaaolve and the file to float on the surface of water. 

Uaually a bigger petri diah waa uaed with sufficient water 

to avoid aodiua chloride contaaination. Theae filas were 

then picked up over the nickel wire gauge ovmr whieh a thin 

fila of collodion waa previoualy placed and dried aa 

deacribed before in paragraph (a). Theae filaa %rere then 

dried in vacuo in the diffraction caaera. 

file:///iihen
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(e) Examination of the specimen 

The electron diffraction camera used In the present 

Investigation was of cold-cathode type (Finch and Wllman, 

1937). Ihe accelerating voltage used was of the order of 

50-60 KV, The camera lengths were 50 and 25 cms. The 

deposits were generally first studied by reflection and 

subsequently by transmission after removing the films from 

the substrates as described before. Deposits on glass and 

mica were always studied by reflection only whilst on 

collodion by transmission. 

The bulk materials after preparation were first 

studied by X-ray powder method to know their bulk structures 

and then evaporated from the filaments as described before 

in paragraph (b). 

(f) Interpretation of electron diffraction patterns 

The electron diffraction patterns obtained can usually 

be classified In the following categories. 

(1) Single crystal or two-degree (2-d) oriented 
patterns which mostly consist of spots. 
The disposition of these spots changes 
considerably when the azimuthal direction 
of the beam changes with respect to the 
deposit axes. 

(2) Ring patterns which do not change with the 
change of beam direction are no doubt due 
to the polycrystalline nature of the deposit. 

(3) One-degree (1-d) oriented patterns (generally 
of discontinuous arc-type) are also due to 
polycrystalline deposits, but with a preferred 
orientation (fibre axis). 
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Quite ofttn the observed patterns, however, eoniltt 

of e nixture of the above. 

The aethod of Interpretation of the eleetron dlffraetlon 

patterns fron the erystalllne deposits as adopted In the 

present Investigation was described bjr Flneh and Vllmn (1937), 

ThoBson and Coehrane (1939), Wllman (1948 a,h; 1949, 1962), 

Pinsker (1983), Cowley (1963, 1966), Baether (1961) and henee 

not discussed here. 



C H A P f B H - i n 

STBUCTUHS AMD CMCSfAL OBOWTH OF SELSitUffi Am 

TELLURXBE OF MEECURX 

A. THTOODOCTIOli 

II VI 
Out of A B t7p« of eovpounda, naaoly, soXonldoi 

and tollurldos of Zn, Cd and Hg, tha eoapounda HgSo and 

HgTa hava tha highaat laobllltsr aa wall aa verjr lov aetlva* 

tlon anargy, Aa a raault thaaa two eoapounda hava graat 

poaaitollitiaa for uaaa In varloua alaotronle and eptleal 

daYioaai aueh aa Hill ganaratori aagnatoBetery infrarad 

dataotor ato. Tha affaet on alaetrlcal raalatanoa of aalanlus 

dua to tha contact with natallle m^rc^xtj waa obaerrad by mngr 

workara (Uoaai 1877| Brown^ 1913) Tladala, 1918). 

Zaeharlaaan (1925, 1926} inraatigatad tha atruetura of HgSa 

and RgTa and reportad that thaaa two eonpounda eryatalllsMI 

with xinooblanda typa of atruetura. Tha lattice paraaatar 

of RgSa waa found to ba ao * 6.080 ± 0.004 A with calculated 

danalty 8.266 gB^cm^. da Jong (1926) reported the lattice 

paraaatera of tleaannlta (HgGe) and eoloradalte (HgTc) to be 

aa 6.069 ± 0.006 S and 6.43 A raapactlYely with apace group 

Fia B. The effect of aercury vapour on aelenlua rectifier 

(Wllllama and Thonpaon, 1941} and the decreeaa of therne-

electric power in the presence of aercury vapour were reported 
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(Benlseh and Frsncola 1950, 1951). An •laborate tta&y \m» 

oade on tha abova reportad phanonana by Hanlaoh and Sakar 

(1962). Salanluai roda vara kapt in contact with sereury 

vapour or liquid nereury for long tlse en! tha aerap natarial 

froK tha aurfaea of aalanlus waa axaninad by tha X*ray 

powdar aathod. It waa found that tha natarial thua foraad 

had cinc-blanda typa of atruotura with tha lattice paraaatar 
o 

ao 8 6,04 A Which vma ainilar to that for H^S« raportad by 

Wyckoff (1931, a© • 6.07 A). 

Whila atudying Sa and Ta fil»a condanaad on collodion 

aupporta by electron diffraction, Zorll (1954) obaerved that 

sereury vapour fron the diffuaion puaip in the vacuum ayatwa 

reacted with the filaa. The lattice eonatant of the 

eryatallina filna were deteroined. The valuea were 
o 

HgSe cubic, B3 type, a© « 6.074 ± 0.006 A, 
o 

HgTe cubic, B3 type, a© « 6.429 ib 0.006 A. 

FroB the X»ray povder patterna the value of a^ vea deternined 
o 

for RgSe and vaa found to be equal to 6.085 A (Svanaon, 

Gilfrich and Cook, 1957). The sethoda of the preparation 

of HgTe polycryatalline sanplea and the atudy of their 

electrical and optical propartiea vere deaeribed by Carlaon 

(1958), Lagrenaudie (1958) and Furaeron-Bodot and Bedot (1969)< 

Elpat*evakaya (1958) prepared layera of HgSe-HgTe on glaaa 

and nice aubatratea and atudied electrical propertiea at 

different teaperaturea. Black, Ku and Minden (1958) reported 

the preparation of aingle eryatal of HgTe and the atudy of 
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Hkll eo«fflel«nt and resistivity as « funotion of teaparstura 

and sagnatie field* Solid soltitioiis of various conpositions 

of CdTe-RgTe were prepared (Lavson et al, 1959) and their 

eleetrieal and optical properties vere studied. CdTe*Hgte, 

CdTe-ZnTe and HgXe-ZnXe systeas were prepared for all 

eoapositions and their lattice paraneters were deternined 

(Woolley and Bay, 1960). Thernoeleetrie properties WT9 

Deasured for HgSe.HgTe systeas by Branch, Zhdanova and Lav 

(1961). It was noticed that the eleetrieal conductivity had 

a MixiBua for a 50-50JK aixture. Measureaents were Bade of 

the photo esission spectrua, eurrent-voltage characteristics 

and optical absorption by Sorokin (1961) for HgTe. Long 

wave-length photo effect was reported by Blue et al. (1961) 

for RgSe and it was found to rer^pond froa visible to IB/x, 

Single crystals of HgSe were prepared and their electrical 

prop.rtl.. «..ured b.t«..n 90° to e00°K (Gobr.eht .t .1. 

1961). It was found to possess ZnS type of structure and 

split into (100) planes. 

A phase transition was noticed (at 15,000 £g/ea^ 

pressure) for HgTe when studying electrical resistivity at 

high preasure (Blair and Smith, 1961). Bowever, no inforaation 

about the structure to which HgTe changed was given. A 

detailed analysis of Hall coefficient data obtained between 

77** and 360**K for HgSe containing exceas donor concentrations 

was reported by Haraan and Strauss (1961). Solid solutions 

HgTeĵ .jjSCjj were prepared with x varying froa 0 to 1 and their 
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• leetr leal properties were itudled between 77^ to 400°K 

(llodot, Bodot end friboulet, 1961), HgTe-CdTe solid 

solutions were prepared and eonduetlvltjr Beesureaents vere 

earrled out (Bhnelder and Qavrlshehak, 1961). 

Phase ehange for R|(Se at pressure about 7.6 K bars 

VB8 reported by JiafalBM et a l , (1962), It wes found that 

below 170 K temperature the pressure phaae was retained at 

atBK>spherle pressure. X-rey diffraction showed hexagonal 

type of structure with a s 4,3S A, e * 9.62 Â  with ealculated 

density 8.95 gm/cti^, Kruse et a l , (1962) reported long 

wave-length photo effect In HgSe, HgTe and HgTe-CdTe. The 

•ethod of preparation of very pure p- and n-type HgTe was 

described and electrical measureBients between 20^ and 300 & 

teaperatures were tabulated by Bodot and Trlboulet (1962)* 

RgSe and HgTe were escamlned under high pressure by 

X»ray and It was found that ZnS type of structure transforaed 

to distorted NaCl type (Mariano and Viarekols* 1963). The 

lat t ice parameters were reported as, 

HgSe at 15 K bars Bd 6.09 to &9 4.32 A, 9.68 A} 

HgTe at 20 K bars B3 6.44 to B9 4.46 A, 9,17 S. 

Porowskl and Galzazka (1964) reported phaae transition 
3 within*the pressure range 6 to 9 x 10 ataoapheres for RgSe. 

Measurements on electrical propertlea were reported for 

alngle crystals of HgSe (Glrlat, 1964). Single crystals 

of HgSe and HgTe were grown from vapour phase (Kruoheanu, 
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Nlkuiesktt and VankU| 1966) and X«ray •easuraiaanta vera 

earned out for both povder and single erjrstal apaeiaana, 

Lattlea paraaatera daterninad froa powder photographa were 

6.08 A and 6.445 ± 0.003 A for HgSa and HgTe reapeotiveljr. 

The authora concluded that hexagonal forva of the wurtzlte 
IT VT 

type, eharaeterlalng a nuaber of A B oompounda were 

not found in the present cases. Cruoeanu et al. (1966) 

grew single crystals of HgTe and deternined the lattice 

period as 6.466 ± 0.002 X. Electrical measurenents were 

carried out for these crystals. 

Solid solutions of systea Zn̂ Hg>|,.̂ Te were prepared 

and electrical aeaaureaenta were carried out by Cruceanu 

et al. (1966) for different coapoaitions. Koloaov and 

ShareYskii (1966) reported the aeasureaents of theraoeleetrie 

power between 14(f to 340 K. and thermal conductivil^ between 

90 to 430 IL for p-type HgTe. 

F^m the above survey of literature it appears that 

even thowigh aoae work ha a been carried out on cryatal 

atrueture and aore on electrical propertiesi no atteapt has 

been aade to atudy the crystal growth process, phase trans* 

foraation with evaporation condition, etc. for the vapour 

phase deposits of HgSe and HgTe. Since both the coapounda 

have got great prospects for application in aany devices and 

also that the electrical and optical jvoperties etc. are so 

auch dependent on the structure, defects etc. a thorough 

knowledge of crystal growth procesa on aaorphoua as well as 
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single crystal substrates Is of grsat iitportanes. With 

this viev in Bind a detailed study on erysUl growth prooess 

at different substrate teaperatures fron vapour phase has 

been undertaken. 

B. KXPEHIMEIITAL 

Preparation of aelenide end telluride of aereury 

The selenide and telluride of aereury were prepared 

by the reaction of the conponent eleaents in vacuo, at 

teaperaturea above the aelting point of the individual 

eleaents and the coapounds. For this seleniua (99«99^) or 

tellurlua (99.99JJ) and aeroury (distilled were taken acoordiac 

to the stoiehioaetrio proportions (Itl atoaie proportion) in 

a silica tube of diaaeter about one ea, and sealed in vacuo 

(~10'^ am of Hg). The sealed tube containing Eg and Se then 
o 

slowly heated in an electric furnace upto -̂  260 G and kept 

at this teaperature for about two hours, so that seleniua 

would react slowly with aereury* The teaperature of the 

furnace was then raised step by step (by about 50 C per hour) 

to about 360 -370°C, above the boiling point of aeroury 

(306.9 C) and kept for about two hoursi 90 that ^ e reaction 

would be coapleted at this teaperature only. To get e 

hoBogeneous product of HgSe the teaperatwe of the furnace 

was further raised slowly to about 700^0 and kept at that 

teaperature for about 6 hours. The furnace teaperature was 

then lo%fered to about SOO^C and the tube was suddenly iaiMTse^ 

into cold water. 



^^.2. X'fA/ ip^owc/fcY |aaCt^eTr» o f H ^ ^ e 

^(jj."^- X - v a . y |»owHe/v pa-Ut tv^ o\ H J 3 Te, 



f A i 1 1 - I 

Analysis of the pattern (fig«5) 
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For the pr«p«ration of RgT* alaost th« saae hMtlng 

cycl« vas carried out, with the exeeption that the final 

tenperature vas kept at about 600°C. Above 460^C aueh 

alower heating rate vaa oaintalned, alnee above that tempera

ture atrong Interaction between telluriua and Mercurx takes 

place (Delves and LewlSf 1963)« For cooling also alooat the 

saae rate was Mlntalned and i^en the teaperature was about 

SOO^C the tube was plimged into cold water as before* 

The compounds thus prepared were examined by X-ray 

powder method (figs. 2 ft 3, HgSe and RgTe respectively) to 

know their bulk structures. The disposition of various 

reflections and their d-velues agreed with the sine-blende 

type of structure of the eompoui^s. These compounds were 

then evaporated in vacuo and deposited on varioua substrates 

i.e. rocksalt, collodion etc, and their aurfaees were studied 

by electron diffraction technique as mentioned in chapter-tl* 

C. BESULTS 

(a) Mercury selenlde deposits 

(1) On collodion support 

HgSe vapour condensed on collodion support at room 

temperature in vacuo yielded polycrystalllne patterns 

(flg,4) when studied by transmission methods. The i^tterns 

consisted of rings, the disposition of which showed that 

they were due to cubic type of structure. The presence of 

only all odd and all even hkl reflections suggests that the 

film had the face centred cubic structure. Further« it is 
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8«en that there are sone reflections, such as 200, 420 etc. 

which ere very weak or soaetlne absent* This suggests the 

zlno-blende type of structure of HgSe. VHien the film ves 

tilted about an axis perpendicular to the bean direction 

neither the Intensity of the Individual ring changed nor 

the ring broke Into arcs, suggesting thereby the polycrystal-

line nature of the deposits without ai^ preferred orientation* 

The lattice parameter was measured by taking IISO of graphite 
o 

ring (d,.~^ = 1.230 A) as standard. When the deposition was 
1120 

made at aubstrate temperature about lOO^C, the transmission 

patterns became sharper than before ( f ig .5 ) , no doubt, due 

to an Increase In crystal s ize, whilst the Intensities of 

different reflections remained luialtered. Table-I shows the 

analysis of the pattern. 

Intensities of hkl reflections In the ease of 

electron diffraction pattern In klnematleal cases for poly-

crystalline materials are given by the relation 

I oc F^ d^ p 

where 

^ • fee co»2TT (hu 4- kv 4- Iw)] 

+• j j fg sln2Tr (hu 4- kv + Iw)] 
2 

Here F^ Is the crystal structure factor for electrons d and p 

are the spacing and multiplicity factor respectively, f^ Is 
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th* •lectron »««tt«rlng factor for an atoa with ooordlnat* 

u,v,w and h,k,l tho Indioos of ipiifloetlona. HgSo has a 

«ino-blondo typ« of atructura. The valuaa of F^ with 

diffarant h k 1 indioaa ar* givan hf tha following eonditiona. 

(a) h k 4. Bixad F « 0 

(b) 'h k t all odd or all evan 

( 1 ) h + k + l s 4n+2 F^ » 4(fgg - fg^) 

( i i ) h + k + l = 4n ^a • '*̂ *'Hg "*• '"Sâ  

(lU) h + k-«.l * 4n - 1 f'a " '^^^g^ 'la^* 

An axeDination of tha abova eonditiona rairaala that quantita<-

tirely atructure factora for 200, 420, 600 ate. givan by 

condition b(i) will ba anall eonparad to tha atruetura faeter 

for 220, 400, 440 etc, ĵ b̂y b(il)] and 111, 311, 333 ate. 

[by b(iii)] . Thaaa eonditiona will ba further nodified by 

tha aetual value of f^ for each atos, in thia eaae for Bg 

and Se and alao on the value of (sinO)/> , ainee electron 

aeattering factor falla loonotonioally with (ainO)/;^ . 

Conaidering all theae eonditiona, aa well aa the valuea of 

d and p, it nay be aaid tiiat in the eaae of HgSe reflection! 

aatiafying b(i} will be of weak intenaity ilhereaa thoae 

given by bCii) and b(iii) will be of high intenaity provided 

(aind)/>v waa very cloae. The viaual eatination of the 

intensitiea eonforna to the above* Thua it appeara that on 

neutral collodion aupport RgSe filva retain the normal aine-

blende type of structure. 
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(2) On ••orphott* SIMBB » u b < t y f 

Deposits fornad on glass at rooB taaparature jri«li)|| 

patterns (flg*6) eonslstlng of ares symBatrloally dlstri1^ta4 

vlth reflaetlons having unusual Intansitlas lying in th» *̂  

plane of ineidenoe. The d-values of the ares sho%ied tiHit^ ^ 

these reflections were d^e to HgSe having noriaal slntt*bl«lli# 

atrueture. Further the presence of 111 and i t s higher 9!^^-

of refleetlons (with unusual intensity distribution) in tlii 

plane of ineldenee suggests that the depoaita developed 

1-d { i l l } orientation* When the depoaition vas earrled out 

at higher substrate temperature ( 100^*150^0 for thinner ' 

deposits patterna (fig.7) due to unoriented erystall ites were 

obtained. If the depoaita were thiek enought however, 

1-d { i l l } oriented patterna %rare obtained. 

(3) On rocksalt substratea 

On (100) face of roekaalt 

HgSe deposited on cleavage face of rocksalt at rotNi 

teaperature did not show any clear jMttern by reflection* 

The aaaie flis when put for tranaatisalon yielded patterns 

(fig.8) consist<̂ d̂ of rings and spots, no doubt, due to the 

foraation of both poly and single crystal depoaita* It is 

interesting to note that there were a few extra weak 

refleetiona which could not be accounted for wit^ the noraeX 

atrueture alone. However, the preaenee of these ifeak 
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rtfl««tion» could b« •xplain«d • • &vm to tho fonMtlen of • . 

niv hoxagonil ylato. 

' I- • 

I Dopositt foraed at sHbttrata tMiporature about 8 0 ^ 

ritldad pattapiw by rafloctlon conalatinf aoatly of apota, ' 

©Maalonally with faint Pinga paaaing through thaa. It wa 

nltiUad-^tlUtt î OA tlM h—m direction vaa along the ouba-adci 

dlraetlon of the pockaalt cpyatal, the reflection pattern 

of the depoait did neither shov any ayanaetrlcal pattern tior 

i t was eaally interpretable, but when the bean direction 

vaa changed by about 16** off the cube-edge direction the 

pattern vaa found to be sywBetrieal. Iba aa«» pAt^iNlifti 

ippfwted for every aaiaiuthal rotation of 8d^ with fvaptit % 

p i i direetlon i . e . aiong<:^li(^ direction of the f t^ i ia l t f 

•rsratal and 30 to i t . The aynnetrlcal pattern la iSiovn In Mi 

f i g . 9 . It vaa alao aeen that with the change of beaa direet|(^| 

Mltli reapect to the rockaalt cryatal, the pattern changed "̂  

eonalderably, vhllat the apot rowa in the plane of laaidtMe^ 

reaained unchanged. The pretence of 111 reflection and Ita 

higher orderain the plane or incidence and the fact that the 

apot pattern changed conaiderably with aziauthal change of 

beaa direction auggeata that HgSe cryatallitea deveteped 

e-d { i l l } orientation, A detailed conalderation of th« 

iiapoaition of apota (reflectlona) «heved that they vaff 

irvanged in two different rectangular networka witH tli«ir 

i i iaa in the rati« of s / T » v ^ ands/T JN/S" * 



Th«opetleal conalderatloni ahov that 2*d { i l l } 

oriented cryttall lte* by refieetion will yield s/S" ivTT 

type reetangular arrangement of spots i^en the eleotron beta 

Is along <^81l^ direction of the crystal l i tes (flg^lO). 

When the bea« direction Is changed by 30® which corresponds 

to the <^llCi> direction of the deposits, the pattern should 

be asyaaetrleal. This pattern should repeat for every 

further rotation of 60® of the speelnen with respect to tht 

bean direction. 1*e reflection pattern %illl, hovever, be 

syBnetrlcal with sides of the rectangular network In the 

ratio ofv/s" i v f 4 , even for 110 direction of the beaa 

when the crystal developed both the noraal and anti e*d {xiXj 

orientation (f ig.11). The disposition of the crystall ites 

for nomal and anti 2-d { l u } orientation i s shovn in fig»18« 

This suggests that 2*d { i l l } oriented erysUl l l tes of RgSe 

grew epltaxlally on rocksalt cleavage face in such a way 

that <^110^ direction of one type of crystals corresponded 

to the <̂  211> direction of the other vhich were also 

sini larly oriented. As the rectangular arrangeieent of spots 

with sides>/l" »>/§4 andvT i vT* appeared sinultaneously 

and the pattern was also symmetries 1, the htmm direction for 

the crystallltea was slBUltaneously <(llc^ ^^^ <(lll> . 

Theoretical pattern for the sbove bean directions i s shown 

in f ig.13. The disposition of S-d { i l l } oriented crystal* 

l l t e s on rocksslt cleavage fsce i s shown in f l g . l 4 . It csn 

be seen that when the beam i s graslng along <^110^ direction 
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of the rocks*It crystal for the pcir of cpystallitcs IJ4N 

and UK the bean direction Is <^211^ , %<hilst for the 

other pair AH: and GEF the beam direction becones 110 and 

110. When the aslnuthal beam direction is changed by 30^, 

the new directions for the first pair of crystallites become 

110 110 whilst for the latter pair It corresponds to 

<^2lJ> . This arrangement of 2-d {ill} oriented crystallites 

over (100) face of rocksalt explains the simultaneous 

appearance of rectangles of sides in the ratio oty/T" ly/Si 

andv/T" is/W, Further it can be pointed out here that 

symstetrical patterns are possible for beam directions <]110^ 

and 16 to <^10(^ of the substrate. This is also in 

agreement with our observations. 

In addition to the reflections discussed above it was 

seen that there were few extra spots, though very feint, at 

distances 1/3, 2/3 in between the reflections 111, 222 etc. 

and also at other places symmetrically disposed. These 

extra reflections appear to have fractional indices. These 

spots can be well explained if we consider the effect of 

dynamical scattering where a beam once diffracted can again 

Interact with the object as a primary beam and rediffraeted 

giving rise to aecondary reflections. The appearance of 

these reflections due to such secondary scattering is shown 

in fig.16, where filled circles are due to the usual klnematical 

scattering, whilst small unfilled circles are due to the 

dynamical scattering. Considering this effect the appearance 
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Of all the vMtk refleotions oan b« well •xplainwd* Slsllar 

eases of dynanleal toatterlng w«r9 obsarvad by Gesvanl (1957), 

Traban and Qoawanl (1958) froa X'e daposlta and CU2O aurfacas 

reapectivaly. 

When the saoe fiin wss exanlned by tranaalaaion 

•ethod, patterna as shown In fig.16 ware obtained, 1!haat 

eonslat of many Bore reflections other than those due to 

the eubie form of Hg&e» The analysis of the pattern is 

given in table-II. The inneraost reflection consists of 

IS equidistant spots, followed by an equal nuaber of 

refleetiona, though alightly spread over, lying on a faint 

ring. The inneraoat reflection is due to lolo of hexagonal 

modification, whereas the subsequent reflections are 

corresponding to 111, 200, 220 (or lllo of hexagonal), lols 

of hexagonal, 311 (or 2cSo of hexagonal) 222 and 400 etc. 

reflectiona of cubic phase. It can be seen that the 

reflections such as 200, 220, 020 and undiffraeted bees font 

a rectangular array. Thia suggests that the depoait*filB 

developed 2-d /lOO } orientation. Further 12 equidiatant 

spots on the reflections Beitioned before suggest that the 

S-d {lOo\ orientation waa rotated by 30 . The presence of 

12 equidistant apota lying on lOlo and llSo refieetiona and 

so on can be explained on the basis of the development of 

2-d {00.1 } orientation of the hexagonal nodifioation of HgSe 

crystallites asiauthally rotated by 30**. The theoretical 

pattern for 2-d {oo.l\ orientation of hexagonal crystallites 
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rotated by 30*̂  It shown In fig.17* The above Interpretation, 

however, cannot explain the appearance of refleetiona aueh 

as 111, 222 etc. Since 2-d {lll^ orientation for HgSe 

crystallites was obstrved by the reflection nethod, for 

transmission 111 and its higher order reflections should be 

absent. The theoretical transmission pattern for 2-d {ill} 

oriented crystallites is shown in fig.18 where reflections 

other than 111, S2S etc. appeared. On the other hand the 

appearance of reflections 111, 222 etc. can be explained 

if the crystallites develop 2-d {sil} orientation. The 

presence of 12 equidistant reflections suggest that £-d/211j 

oriented crystallites were rotated by 30®. A theoretical 

pattern for 2-d {sil} orientation of f.c.c. crystallites 

rotated by 30® is shown in fig,19. This type of orientation 

was also observed by Aggarwal and Ooswani (1963a}. Thus 

HgSe deposits foraed on (100) face of MaCl at substrate 

tessperature 80®C showed both the normal and anti 2-d | 111| 

orientation when examined by reflection method, but 

2-d {lOo} {211} of cubic form and 2-d /oo.lj orientation 

of the hexagonal modification by transmission. This suggests 

that though the surface layers developed 2-d {ill V orientation 

the layers below them up to those in contact %rlth the 

substrate had features different from the surface layera. 

These features are, no doubt, characteristic of the growth 

of the deposit crystals. 
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The reflection patterns obtained from th« deposlta 

foriaed at ̂ 100 C of subatrate teaparatura ynv alaiXar to 

those obtained at ̂ ^80 C, Ihe tranaalaalon patterna (fig.eO) 

from theae fll«a were allghtly different. It la aeen that 

unlike the 1^ refleotlona of 200 In the prevloua eaaea there 

were only four apota with Ita higher ordera* lliia Indieataa 

the deyeloi»Bent of S-d {lOO> orientation* but thera vara m^-

rotatlona of the eryatallltes. Other reflaotlena ver# 

exactly alaliar to thoae obtained In the prevloua aaaea* It 

vaa further observed that the hexagonal refleotlona beeoiae 

Bore proBlnent In theae caaes. The sharp ring juat beyond 

200 reflection of HgSe la due to 200 reflection of NaCl. 

Thua It appeara that vhen the deposition of HgSa vaa oarrleli 

out on rookaalt cleavage face at tenperature about 100 C 

additional 2-d jlOO > orientation was also ebsarved by 

tranaalsslon along with the others ea mentlonad before. At 
o 

about 150 C substrate temperature reflection |Mtterna ahowad 

S-d {ill} orientation aa dlsouaaed prevloualy. The transMl« 

salon patterns (fig.21) were similar to those of the deposits 

at 80^0 with the exception that the depoalt had oaore tendency 

to develop the hexagonal phase at this temperature* 

On (110) face of rocksalt 

Thin depoalts of HgSe on (110) faces of rocksalt at 

about 80^ and lOO^C did not yield good reflection patterna. 

The pattern showed In flg.22 waa obtained when bean direction 
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t̂ LOB ii not that Glttar, it eati be i««fi that th«r« It # 0 ̂  

reflection in the plane of ineldenee lAiieh forms square typi 

of anrangeaent along with 400, 2lo and the undefleeted spot. 

When the beam direotion was changed, this arrangement of 

spot also changed considerably suggesting the developnent 

of 2-d {110} orientation along with other orientations* 

Fig.83 shows the transmission pattern from the same filmtl 

This pattern consisted of rings as well as spots lying on 

the rings. The disposition of these reflections shows that 

the deposit developed predominantly cubic type of structure, 

though there is some evidence for the presence of hexagonal 

modification, the amount of which was very small. The tpots 

220, 222 and 002 along with the undefleeted spot form a 

rectangular array with 111 reflection at the centre and tHe 

ratio of the sides of the rectangle is 1 }>/F. This elearlj 

shows that the deposits of mercury selenide developed 

2-d {110} orientation, FXirther from the disposition Of the 

spot pattern with respect to the cube«>edge of the substrate 

crystal, i^ich waa parallel to the film*edge it was concluded 

that 2-d {110} oriented film grew epitaxially on (110) in 

such a way that <110> of HgSe was parallel to <^100> of 

NaCl, 

0 0 
In the temperature range about 130 -160 C the deposit 

yielded patterns (fig.24) consisted of spots and rings. An 

analysis of the pattern shows that there i s a »qmr9 network 
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of pattern fora«d with 800, 220, 020 along with the undeflectea 

spot suggesting thereby the development of 2-<l {lOo} orienta

tion of the crystallites of HgSe, tt can further be seen that 

very faint 200 reflection along with 222, 022 and the 

undeflected spot form rectangles with 111 reflection at the 

centre showing thereby that 2-d {lio} orlenUtlon of crysUl-

lltes has also developed. Aiv>ther arrangement of spots seen 

on the same pattern with 111, 3X1, 220 and the undeflected 

spot forming a reetangular array, no doubt, characteristic of 

2-d {211} orientation of the deposits. The above three types 

of orientations namely 2-d |lOO|-i- |llo}-f- {211} of cubic 

crystallites of HgBe can explain the appearance of most of 

the spots. 

On (111) face of rocksalt 

o o 
HgSe deposited on rocksalt (111) face at 100 -ISO C 

yielded patterns (fig.25} consisted of rings as well as spots. 

It will be seen that there are six strong spots (reflections) 

lying on 111, 220 and 311 rings forming a hexagonal network* 

In addition there are six more spots (very weak) lying on 

220 and 311 rings. The hexagoml arrangement apparently 

suggests that the orientation may be due to V'-A {ill} of 

the cubic HgSe. The closest spot to the undeflected beam 

forming the hexagonal network Is 220. The dĵĵĵ  value measured 

from the diffraction pattern, however, showed that the closest 

spot Is due to 111 reflection. For 2-d { m } orientation of 
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a eublc crystal by transnisslon the nearest spot oaanot bt 

111. Further consideration, hoveyer, shovs that tiit 4i«̂ «Xop<-

Bent of 2-d {211} orientation would give rise to 111 ^ 
0 

reflection. If the crystals are autually rotated by 60 

they will give rise to hexagonal arrangeaent of spot as shoiffi 

in f ig,26. Additional faint spots nay be due to Mutual 

rotation of 30 of the 2-d ( 2 1 l | oriented crystalliteSt TtM 

deposits a t ^ 150 C also showed same type of orientation* IDQ 

this case the patterns beoasie sharper end the hexagonal 

Bodifioation became more proBinent. 
C"̂ ) On Bica cleavage face 

Deposits of HgSe on cleavage face of mica l.e* (0001); 
0 0 face, at substrate tenperature between 100 ÎSO C yielded 

pattern as sho\m in fig,27. This pattern consisted of shsry 

spots lying over faint rings. Due to the appearance of large 

nuBber of spots the pattern appears to be complex. \^en the 

QzlButhal direction of the electron beam was changed the 

pattern also î î nged considerably, KAiile the vov of spots in 

the plane of incidence remained unaltered. The fact that l U 

and i t s higher order of reflections were in the plane of 

incidence end the pattern changed considerably due to the 

change of beam direction suggested that the HgSe crystallite^ 

developed 2-d { i l l } orientation. A closer exaBination of 

the pattern revealed that the atrong spots were mainly 

arranged in a rectangular array of sides \/W t V ^ with spots 

at distances 1/3, S/3 along the diagonals. This suggests thai 



the daposltt developed both norml and antl 2-d { i l l } orient 

atIon as deacrlbed in the ease of refleotlon pattern frea 

the depoaita on (100) face of rockaalt. When the axlmuthal 

beam direction was changed by 30*̂  another ayaaetrieal pattern 

(fig.28) waa obtained. It can be seen here that the strong 

spots were arranged in a rectangvOar network with sides in 

the ratio o f s / F t s/W, This showed that the bean direction. 

for the deposit 2-d { n i } oriented crystall ites was <^2U^ 

The theoretical patterns (f ig8.10, l l ) also confirm this rl&w^ 

It can be pointed out here that even in fig.27 there are 

faint spots ii^ich are also arranged in a rectangular array 

with aides in the ratio ©f>yT" i N / T and in fig.28 faint 

spots arranged in rectangular array with side8>yT t V ^ 

This shows that even though for Boat of the eryatala the beai 

was along <^lld> directioni there v#re a few for which thm 

bean direction corresponded to <21l)> • Thua the deposits 

grew epitaxially with both the normal and anti 2-d { l n } 
o 

orientation, with a few cryatallitea rotated by 30 • 

The above interpretation though explains aost of the 

spots, there were a few extra apots aueh aa 111 at 40 , 800 

at 16°, 220 at 76**, 311 at 10° and 40°, end 422 at 62° trtm 

the plane of incidence which cannot be explained on the 

baaia of the above orlentationa. On the other hand If tht 

depoaita developed 2-d {ll6} orientation all theae apots 

can be well explained, which are shown in the theoretical 

diagraiB (fig.29). The appearance of 2-d {ll6 } orientation 
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and 2-d I 111 \ orientation BBtsmB to be due to twinned 

structure and the reason for then will be discussed later on* 

If the deposit was thicker, particularly within the 
0 0 

tenperature range 80 -100 C on mica (0001} face, the pattern 

obtained was of the type shown in fig.30, Oliis pattern looks 

apparently sinllar to nornal and anti 2-d |lll \ orientation 

of crystallites. On closer exasiinetion, however, it is found 

that there ere extra pairs of reflections such as on 331 and 

420 etc. These cannot appear yAion the f.e.c. crystallites 

developed noratal end anti 2-d {ill} orientation. Tf the 

crystallites develop perfect 1-d {ill} orientation the 

presence of these reflections can be well explained* A 

theoretical pattern (fig.31) explains all the reflections 

observed in the present ease. Thus the deposits îdien thicker 

developed nearly perfect 1-d {lll| orientation at higher 

tenperature. 

(b) Mercury telluride deposits 

(1) On collodion support 

KgTe deposits on neutral collodion support at roon 

tenperature in vacuo yielded patterns showed in fig.32. 

Neither the ring pattern obtained fron these filns broke into 

arcs on tilting of the specinen about an axis perpendicular 

to the electron bean nor there %f8s any change of intensity 

of the individual ring. This suggested that the polycry its Hint 

deposits of HgTe on collodion support did not develop any 





preferred orientation. All the reflectlona had either eXl 

even or all odd hkl Indlcea suggeating that the flln had an 

f .CO, type of atructure. The fllma depoaited at higher 

aubstrate tenperature yielded aharper rlnga (flg.33). The 

consideration of the Intenalty distribution of different 

reflections as was done In the caae of HgSe patterns suggests 

that HgTe also had alnc-blende type of structure. An analysifî  

of the pattern la given In table-III. It Is also seen that 

there are a fev extra reflections vhlch BTB due to the 

presence of free tellurlua along with RgTe. 

(2) On glass substrate 

KgTe deposited on glass substrate at roon tenperature 

shoved half rlnga, the disposition of vhleh showed that the 

reflections were due to mercury tellurlde deposits (flg,34}. 
o o 

The deposits at higher subatrate teaperature such aa 100 "130 tH] 

showed sharper patterns (flg*36)* It was seen t̂ at the 

refleetlona 111 and 222 and their higher orders were In the 

plane of Incidence and the fact that the pattern did not 

change even with the change of bean direction suggested that 

the crystallites developed 1-d {ill} orientation aa waa 

found In the case of HgSe deposits, 

(3) On rocksalt substrates 

On (100) face of rocksalt 

KgTe depoaited from vapour phaae In vacuo on the 
o 

cleavage face of rockaalt at aubatVate teaperature -^ 80 C 
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yielded patterns (fig,36} by refleetlon, vhen the beaa 

direction was along the cube-edge of the roeksalt crystal. 

The patterns consisted of reflections (spots) arranged in 

a square network where 200, 400 etc. reflections were in the 

plane of incidence. VOien the beam direction was changed to 

<^10^ of the roeksalt crystal, the pattern (fig.37) also 

changed to centred v / ^ type rectangles lAiile the refleeiloas 

200, 400 etc. were s t i l l in the plane of inoldeae«« IhŜ s 

clearly showed that the deposits developed 2»d {lOO> "eileR* 

tation. The theoretical patterns for 2*d {lOo} orienti^tloa 

of f , c . c . crystall ites for <p01^ and <^iiy bea» direetioni 

are shown in figs.S8,39 respectively. It was also noticed 

that the spot rows were elongated towards the shadow edge 

foming discrete l ines , no doubt, due to the refraction effect 

caused by the highly smooth as well as wavy nature of the 

deposit surface. Since the f i ln was very thin, they broki%^ 

into small pieces while removing from the substrate. Benae 

no transmission pattern could be taken. 
I 

If, however, the deposits were a little thicker the 

reflection patterns were completely different as shownfin' 

fig.40 with the beam direction along <110> of MaCl sttbstrate. 

Similar patterns were alao obtained at about 100 C« fS^ 

patterns showed that 111 and its higher orders of reflection 

were in the plsne of incidence. When the asimuthal beam 

direction waa <^110^ to the substrate crystal, the symmetrietl 
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Analysis of tht p«tt«rn (fig.41) 
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pattern was obtained vhleh, however, repeated after every 

rotation of 30° of the oryatal with respect to the laeaa 

direction. Ihls syniBetrlcal pattern consisted of reflections 

(spots) arranged in two rectangular networks one of sides in 

the ratio ofs/3" i v/§4 with spots at 1/3, 2/3 of i t s diagonals 

while the other rectsnguler arrangement with sides in the 

ratio of v/s" ; N / T as was discussed In the ease of HgSe, Thus 

mercury telluride grew epitaxially with nornal and anti 

£-d / i l l \ orientation rotated by 30®, 

Transaission patterns for the same f i la shown in 

fig.41 consisted of reflections due to the f . c . c , and heswgonaX 

modification of HgTe, The innermost reflection consisting of 

IS equidistant spots was due to 10,0 reflection of the h,e*p* 

structure. The 12 equidistant spots lying on the 10.0, 11*0 

and 20.0 reflections of hexagonal phase and the fact that 

000, 10.0, 11.0 and 20.0 reflections (spots) foxioed a centred 

rectangular array with sides in the ratio of 1.633 tv/?" 

suggest the development of 2*d |00.1 \ orientation of the 

hexagonal crystall ites rotated by 30®. The theoretical pattern 

for 2-d <foo.l\ orientation rotated by 30 i s shown in flg«17« 

Further closer examination of the patterns reveales that 

there are 12 equidistant spots lying on 111 reflection as well 

aa on 222. These again suggest the development of 2-d {2I1} 

orientation rotated by 30° as was mentioned in the ease of 

HgSe, An analysis of the pattern (fig.41) la given in table-IV# 
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Deposits at 130 C substrate teaperature by transalsslon 

shoved similar patterns as obtained for the deposits at ̂ lo6^&^ 

The lattice paraneters for hexagonal modification of RgTe ttr* 
o o 

ay a 4.66 A, Cfj » 7#4S A, 

On rooksalt (110) face 

Deposits of HgXe at room temperature on (HO) faa« 

of roeksslt showed ring patterns characteristies of zine*bl«fiA« 

type of structure. When the deposition vas carried out at 

substrate temperature r-̂  80 C the deposit yielded patterns 

(fig.42) consisted of spots and rings vhen the beam direetiea 

was along 100 of the substrate. It was observed that 280 

and i t s higher order reflections were in the plane of in«id*lMN| 

and 000, 220, 400 and 220 reflections formed the square aetvoipi-

with 200 reflection at the centre. When the beam direction 

vas changed to <JL10^ of the rocksalt crystal the pattern 

shown in flg.43 was obtained, i«)hilst the rows of spots in th*^ 

plane of incidence remained unchanged* This pattifn l lbnsi i t i i 

of reflections (spots) forming centred\ /^ type of redtanglet 

with 000, 220, 2r2 and 002 reflections at the corners, whlU 

111 reflection (spot) was at the centre, ©lis dearly suggetlil 

that the f , c . c . type of HgTe crystall ites developed 2«d { H O ] 

oslentaUon on the roeksdlt <U0) face. The thaereUoal 

patterns for 2-d { l i o } orientation for the beam direction* 

<10q)> and <CllO> are showij in f igs . 44 & 46 respeotlYely, 

This 2-d | l lO } orientation was found to be such that <^1<^ 
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of the deposit crystal paral lel to <CllO^ of the substrate* 

The sane ooneluslon was drawn when the f l l n exanlned by 

transmission methods. Iho extra rings observed in the 

pattern are due to free t e l lur ius . 

For the films with thicker deposits a t substrate 

temperature'^ 100 C patterns similar to f ig ,46 were obtained* 

These patterns consisted of strong arcs which did not change 

even with the change of beam direct ion. Here i t i s Been tim% 

111, 820 e t c . ref lect ions (ares) were in the plane of 

incidence. The above facts suggest the development of 

1-d | l l l } 4 - { l l o } orientations of HgTe c r y s t a l l i t e s . The 

transmission patterns obtained from these films were poly« 

crys ta l l ine in nature and similar to those obtained froil tlK 

deposits on collodion supports. 

On rocksalt (111) face 

Deposits of HgTe on rocksalt (111) face at sub»tamii 

temperature-- 100®C showed patterns ( f ig ,47) by refleotlSlI^ 

when the beam direction was <CllC^ ^OT the substrate. , ; 

These patterns mre very much similar to those obtained riMF) 

HiTSe and HgTe on (100) face of rocksalt a t higher substrati 

temperature. Ihe pattern conaisted of 111 and i t s highe« • 

order in the plane of incidence and changed considerably idth 

the change of azimuthal direction of the beam. This suggesU 

2-d { i l l } orientation of HgTe crys ta l l i t e s over (111) face 

of rocksalt . The ref lect ions ere arranged in a rectangular 
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network %ri.th sides in the rati© of^/T : >/S4 with ipot* « t 

dl«tance» 1/3 , 2/Z of the dlsgomii*. Vwry fa int »pot« 

arranged In rectangles with sides In the ratio of >/T t s/T 

was also observed in this cas©, on changing th« beam dlrectlott 

to <^211^of the substrate, the la t ter type of reetanglei i . e . 

with aides s/T i VT became pj-omlnent whilst with sides In the 

rat io o f v ^ J V ^ became faint ( f l g , 4 8 ) . Uils suggests that 

there are traces of 2 - d { l l l } oriented crystalUti ts M^tH^ 

by 30 . The disposit ion of 2^d { l l l | orKntetT^rystilUte's 

over rocksalt (111) face i s shown in f i g .49 . 

Transmission pattern for the same deposit la shown In 

flg.^ 0. The disposit ion of sjjots on 111 end other reflections^ 

suggests the possible development of 2-d / s i l l o r i e n t a t i o n 
o 

rotated by 30 which was dlsckssed in the case of the deposits 

of HgSe on (111) face at higher substrate temperature. 

(4) On cleavage face of mica 

HgTe deposited on mica cleavage face in vacuum a t 

substrete temperature/--'100 C showed patterns ( f ig ,61) . Thsse 

patterns consist of strong spQts and weak rings over thsa. 

A closer examination of the paittern reveals that there ars 

pairs of spots on 331 and 420 ref lect ions e t angles/^ 8** and 

16° with the shadow edge (und<iflected spot being taken as e«ntr#| 

which cannot be accounted for with the 2-d { l n } oriented 

pattern. However, when the pisittern i s compared with l«d { n i } 

oriented pattern (f ig ,31) dravn theoretical ly i t I s seen thst 

the pairs of spots observed ajp© well explaineds Thus I t esn lie 
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assufted that HgT« crystallites d»v*iop»d nearly p«rf««t 

1-a (ill} oriantatioR ©jj viea eleavaga faea. 

D. DXSCuSSIOK 

Zachartaaen (1926, 19P6) r̂ p̂orted that both ttaaaanlta 

(HgSa) and coloradalta (HgTa) had aincblande typa of 

atructure with lattlca paramatera 6.08 t and 6.43 % 

r«apacttv«ly. Coapounda praparad In this laboratory fro» 

the pure aleaanta with atolchloaatHc proportion* ot Hg, Ta 

and Be war© exaatnad by tha X-ray powdar aathod. tt waa 

found that both tha oonpounda wantloned abova had «lno->bland« 

type of atructure, though a few weak extra refiectiona were 

also present. Vacuum dapoalted fllaa obUlned on different 

aubatrataa at various substrate teitperatures shoved patterns 

due to the xlnc-blende type of structure and often mixed 

with the hexagonal CC.P.) modification. In the buUt f©r», 

however, according to Krucheanu, Mlkulesku and Vanku (1966} 

these compounds have cubic atructure only. The abova 

observations of ours showed the preseme ot both cubic and 

h^c.p. modiflcatlona similar to those reported by Aggarwul 

and Ooswaml (1963 a,b) for thin films of sulfides of 2n| Cd 

and Hg. Tha hexagonal modifications of Hg8e and Hgfe 

conform to the close-packad type, as will be dlsoussad later on. 

Orientations of the deposits of 
• II " I I ' I . » . ir !•» I I » II m i l 

selenlde 4 teilurlde of mercury 

Tha two compounda usually have slne»blande type of 

structures even though the depositions were carried cut on 



- 46 -

various substrates at different teaperatures. Selenide and 

telluride of mercury deposited on the (100) face of rocksalt 

at higher substrate tMiperatures developed a nlxture of 

e-d|lOO^ and 2-d (2111 orientations of the cubic phase 

together with 2-d / o o , l \ of hexagonal nodification, a l l 

rotated by 30 . In sone eases at higher substrate teiapera* 

ture 2-d 1100 I orientation not rotated by 30** was observed. 

The above observations were toade for the films exanined by 

the transBlssion nethod. Surface layers on the other hand 

as examined by reflection method showed the develo|H&ent of 

normal and anti 2-d { i l l } orientation rotated by 30°. For 

a very thin film of HgTe on (100) face of MCI, a S-d {lOo\ 

orientation of the cryatallites at the surface layers was 

observed. These observations showed that thinner fillBS 

developed parallel orientation namely 2-d | l 0 0 | and dicker 

films developed 2-d { n i } orientation when examined by 

reflection method. The observations of 2-d {lOO} , {^^^} • '^ 

/ o o . l } orientations by transmission method suggest that 

during the crystal growth process the film grew with parallel 

orientation and as the film thickness increased another 

2-d {111} orientation also developed possibly through the 

intermediate 2-d {211} orientation. The appearance of 

extensive { i l l } twinned structure slong with the ybove 

observations showed that the development of 2-d {211} of 

cubic and { o o . l } of hexagonal orientations were, no doubt 

due to the growth defect such as twinning and stacking fault 

as will be discussed later on. 
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On th« (110) fae« of pocktalt both HgSe and HgTa filna 

grew epltaxially at higher substrate tenpcrature with parallel 

orientation. Ibr very thin flliaa of HgTe 2-d { n o } orienta

tion developed vhllst at higher aub&trete tenpereture and 

also for thicker filma 2-d {lOO^ , { n o } a n d / s i l } orlenU-

tlons of the deposited f l lns were observed. On the oeta-

hedral face of roeksalt HgTe developed both norisal and antl 

2-d I 111 I orientation while by transmission method 8-d { s n } 

orientation rotated by 30 was observed for both t^e coapounds. 

On Blca cleavage face, for Rg8e deposits at higher 

substrate tenpersture both noraal and antl 2-d { i l l > orienta

tion was obaerved with an additional 2-d {l l&} orientation. 

For thicker f l l s s , sometlnes 1 - d / l l l ) orientation was also 

observed. In the ease of HgTe deposits on cleavage face of 

Dlea at higher substrate tenpersture almost perfect l*d { l l l > 

orientation was obtained. On aoK>rphous glass substrate both 

the conpounds developed l - d < l l l > orientation. The develop-

•ent of different orlentatlona of the two phases nsmely cubic 

and hexagonal (C.P.) can, howeveri be explained by the crystal 

growth process, phase change and the orientation relation 

between different phases as wil l be discussed In the subsequent 

para grains. 

Twinning and change of orientation 

It has been pointed out above that for a single phase 

deposits nornally sore than one orientation of the crystall ites 
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were observed, 1!hough the substrates used were usually the 

slBple planes such as (100), (110), (111) of rocksalt and 

•lea cleavage faces, yet it was observed that the deposits 

developed high indexed planes over these substrates* The 

high indexed orientations can, however, be explained on the 

basis of single or multiple twinning phenomena. 

Crystals are called twinned when they consist of 

portions that are joined together with a definite autual 

orientation (barret, 1962) and the orientation of the twinned 

crystals is such that one is a airror isiage of the other on 

a certain plane. Such a plane is called twinning plane. The 

t%rinned growth can be induced by interfaeial stress developed 

between the deposit and the substrate or by any other 

disturbanees created during the noraal growth process. As 

a result, new planes of the deposit crystal beeone parallel 

to the initially grown epitaxial layer. These plsnes are 

usually high indexed planes and hence ooaplicated diffraction 

patterns appear fron the surface layers. Patterns fron 

twinned crystallites becone more complicated when single 

twinned crystals retwin (the case of double and multiple 

twinning). The crystallography of twinning has been 

discussed by many workers iMBxvs«r, 1938 a,b,c} Hall, 1964; 

Jawson and Dove, 1954). Goswani (1964) has shown how single 

and multitwinning affect the diffraction patterns. Trehan 

and Goswami (1969) have calculated the different planes 
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vhleh vould appear for dlfferant apltaxlal layers 

(orientations) dapandlng on tho twinning plana as irell as 

on the nature of twinning, in the ease of cubic cryatallltes 

(f.c.c.) hhl type of twinning Is Bore oosnon. Tha geooetry 

for such a twinned pattern Is related by 

e s 2 tan -1 
i 

h/g" 

where e Is the angle by which the twinned pattern haa to be 

rotated around the undefleeted spot to coincide with the 

pattern due to the untwlnned crystal (Bllesian and Wllaan, 

1948}* Host eoBBonly diamond and f . c . c . type crystals tirln 

on {^^^} planes and the body centred cubic cryatals twin 

on their {112} planes (Hall, X964). 

If (hkl), (uvw) end (HKL) are the In i t ia l , twinning 

and final planes (parallel to hkl planes) then th« followlnfl 

relation Is satisfied, 

hu + kv -+• Iw uH 4- vli + wL 
cose ' 

\/ u2 . \ /" v / ^ 1 ^ 

H 1^ Xi 

u v w 

h k 1 

FroiB the sboye two relations It Is possible to find out the 

Indices (HKL), When the Init ial plane Is (100) and twinning 

occurs on (111) plane then (l22) plane of the twinned 
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crystal l i tes become parallel to the in i t ia l plane i . e . to 

(100) plane of the aubatrete, i f the twinned crystal further 

twins on (111) plane i t can be seen that ("944) plane of the 

second t%finned crystals (referred to the parent crystal) 

beeoBies parallel to (100) surfaces. As (744) plane i s a 

very odd plane i t s nearest simpler plane / l l l \ only differing 

about 3 24* would l i e very close to the in i t ia l orientation 

llCOJ snd hence give diffraction pattern. Thus 2-d (81 l \ 

orientation arises in the following %»y : 

(100) l i i i i L , (122) l i i i l i ^ (^44)=^ (211) 

On the (100) face both 2-d {lOo\ and { i l l } orienta

tions were often observed by reflection sethod vhereas tlie 

additional 2-d {21I} «nd { o o . l j orientations were observed 

by transBission. It i s easy to s&e how 2-d / 211 \ orienta

tion i s derived froo the in i t ia l ly grown 2-d {lOOJ oriented 

crystal l i tes due to double twinning phenoaem on { l n } plsn<*i 

The development of hexagonal phase with 2-d | 0 0 . 1 ) orienta

tion is due to the growth fault which wil l be discussed in 

the subsequent paragraphs. 

The appearance of { n s } orientation in the case of 

Hg&e deposits on cleavage face of mica at higher substrate 

tenperature and for thinner films can be explained on the 

basis of twinning. By a single twinning on (111) plane of 

2-d {111} oriented crystals would bring ( i l l ) plane of the 

twinned crystal exactly parallel to the in i t ia l (111) face. 
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This «xpl«lns the »l»ult»neou» appearance of ( i l l ) and ( l l s ) 

orlentatlona (Ooawsml, 1962), tn the eaae of ( l i o } oriented 

surfece layers such twinning would bring { l l4J orientation. 

Transforaatlon froa face centred cubic 
to hexagonal (close-packed}>&odl£Loatlon 

It i s well-known that the crystals belonging to f . c . c , 

and the hexagonal (C.P.) structure have the closest packing 

of atons (or ions) in the unit c e l l . If atoms (or ions) 9»n 

be repreaented by spherics then their arrangeaient l n ^ l l l \ 

plane of f . c . c . and <00.1> plane of hexagonal crystals> which 

are equivalent to each other, can be shown in the following 

way. 

The sequence of a tons (or ions) in the / o 0 . l \ plane 

of hexagonal crystals consists of two layers of atoms A and B. 

In the f irs t layer there are six atoms arranged around a 

central atom forming a hexagonal network as shown by the 

f i l led circles in f ig.52. The second layer B consisting 

also of six atoms regularly arranged in a hexagonal array 

wi l l occupy position above or below the layer A, but displaeed 

sl ightly laterally occupying the hollow positions over the 

layer A as shown by hatched circles . The third layer of 

atoms above or below the B layer can occupy t%(o alternative 

positions vl2. (1) vertically above or below A layer but at 

the same disposition or (11.) at positions C having the same 

arrangement as A or B but further shifted as shown by 
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the unfilled circled in the fig,63. Both these two alterm-

tives will give rise to the closest packing of atoas. In 

the former case where the layers consist of the sequence of 

atoms such ^BABAB etc. is called the hexagonal clode-

packing arrangtnenti i^ereas in the second case Where there 

is a third layer indicated by the unfilled circles with a 

sequence of layer iU3CABC,....etc. will give rise to f.e.o* 

struetvire. 

In the ideal condition of crystal growth process the 

sequence of layers on/lll\ plane of f.o.c. crystal will be 

tihCAiC etc. as mentioned before. If| howevert the 

growth process is somehow disturbed the sequence of atoss 

changes and the following cases may occur. 

(a) Regular reversal of stacking sequence of atoms vis. 

ABCA&CAMClACBft .̂ ...... etol 

(b) Regular omission of some layers such BS^ 

ABCAMBACAC. ete4 

(c) Irregular omits ion of layers 

Due to the above defects in the sequence layers new refleetlont 

or spots other than «liose due to ^ e normal |lll| orientation 

will appear in the diffraction patterna. The reversal of the 

sequence as in (a) will result in the phenomena of twinning 

on {lll\ plane. In the case of the regular omission of 

layers as mentioned in (b) the sequence of the stoma will b« 
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•iBllar to hexagonal close-packing and reflection* due to 

hexagonal Dodlflcatlon will alao appear. The irregular 

onission of layers of atoms as in the case (c) wil l give 

rise to streaks passing through the diffraction spots. 

Often in diffraction patterns a l l these three effects were 

seen. Since / l l l \ plane of f . c . c . crystal i s equivalent to 

| 0 0 , l | plane of hexagonal (C.P.), the siaultaneous develop-

nent of hoth the orientations, no doubt due to the grovth 

fault, can easily be understood. As already mentioned, the 

developnent of 2-d {21l]> orientation was caused by double 

twinning i^enoaenon due to the faults in stacking layers 

on I111I type of plaiM. 

Crystal growth process in 
vapour phase deposits 

It has already been oentioned for both the active 

and inactive substrates that the deposits of BgSe and HgTe 

were either epitaxial or polyorystalline with or wil^out 

orientation depending on evaporation conditions as well as 

the nature of the substrates. The crystal growth process 

resulting from vepour phase deposits can be visualised in 

the following way. 

The deposits when condensed on the substrate will 

naturally be influenced by i t and hence wil l try to 

rearrange theoselves and form nuclei of the crystal 

eonforving with the substrate surface. The tenperature 
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of the substrate gives Boblllty to the deposlt-atons, thus 

helping thea to oeoupjr the alnlBiUB potential energr sites. 

Substrates like glsss and collodion are anorphous and henee 

have no special orientating effect. The deposit-atoms thus 

forming nuclei will be rsndonly disposed over the substrate 

surfsee resulting In polycryatalllne fllos. As the deposit 

thickness Increases with the time of deposition* the 

evaporation conditions such as rate of deposition, teapera* 

t\ire of the substrate etc, would exert considerable Influence 

of their own leading to the developsent of 1-d oriented 

crystallites. In the present cases 1-d { 111} oriented 

crystallites are observed for thicker deposits on glass at 

appropriate temperatures. Similar observstlons were made In 

the case of cathodlc (Finch, \tflln8n and Yang, 1947) and 

chemical growth processes (Trehsn and Qoswaml, 1959), 

If, however, the substrate Is active l.e, of alngle 

crystal type, the deposit-atoms would take up sites conforming 

to the substrate structure and develop 8-d orientation 

leading to an epitaxial growth. This epltaxlsl growth will 

also be favoured If the substrate temperature Is high, 

since It will give enough mobility to the deposit-atoms t© 

take appropriate minimum potential sites. Further with the 

higher substrste temperature the thickness of the epitaxial 

layer will also be more compared to the deposits formed at 

the lower substrate temperature. As lower tempersture will 

considerably reduce the mobility of the atoms on the surface, 

file:///tflln8n
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the epitaxial layer fomed at thit tenperature can t>e as low 
o 

as 1«>2 A thickness and hence nay not even be observable by the 

electron diffraction technique. This explains vbj at rooK 

tenperature no epitaxial layer could be detected on roeksalt 

or Bice substrates even by reflection method. 

As epitaxial layers grow in thickness, defects are 

often Introduced into the crystal structure due to the non* 

ideal condition of the deposition. These defects are Miinly 

stacking faults, twinning etc., some of which have been 

observed in our experiments. As the thickness grows further 

the orientating influence of the substrates and also of the 

previously deposited layers decreases and a stage is reached 

when tiie deposits are no longer affected by the substrate 

surface, thus resulting in polycrystalline deposits. This 

explains the fomation of polycrystalline filas even on 

single crystal substrates as observed in nany eases. 

With the further increase of thickness the growth of 

the deposits is aodified by the evaporation conditions alone, 

hence resulting in 1-d orientation as discussed in the case 

of deposits on glass. The reason for the appearance of 

l̂ d {ill} orientation on cleavage face of mica is thus 

understood. It was also found that whether the substrate was 

single crystal or amorphous , in alsiost all the eases 

when the deposit was considerably thick the surface layers 

developed 1-d orientation. 
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STRUCTURE AND CHYSTAL OHOWTH OF TKLLOaiDBS 

AND SELENIDE OF INDIUM 

A. IlvTRODUCTION 

Group II I -Vl conpounds e s p e o i a l l y s e l e n l d e s and 

te l lur ides of Indlun have re la t ive ly been l e s s explored, 

both froD the fundanental as well as practical point of view* 

even though these coapoiuids are potential semiconductors* 

I t Is only In recent t ines that sone Interest have been 

shovn on the structural and physical properties of these 

eoBipounds. Soae of these conpounds also form sol id solutions 

with other semloonduotlng compounds. Bbhn and iCllngler 

(1949a) made an X-ray analysis of the compound IngTe3 and 

reported zinc-blende structure with the following data ; 

ao « 6.168±0.006 A, U « 233.6 1 ^ , 0 ^ = 6.76 gm/cm ,̂ 

Dx « 6.80 gm/cm ,̂ Inu«uka and Sugalke (1964) had grown 

s ing le crystal of IngTe^. X-ray powder photograph with CuK 
o 

radiation gave the c e l l edge as 18.40 ± 0.04 A, whilst by 
o 

Welssenberg photographs I t was found to be 18.6 A. The 

space group determined to be as F 43 m. Grlgore'va (1968) 

prepared seven different compositions In OagTeg-rn2Te3 

systems. X-ray measurements showed the solutions to be 

homogeneous with «lnc-blende type of structure and the 
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l a t t i c e parameters were found to vary l inearly with the 

composition. tnAa-tngTes forma continuous so l id solutions 

with ZnS structure (Goryunova and Badautsan, 1958), the 

l a t t i c e parameter varying contlnuoualy with the composition. 

Woolley and Pamplln (1959) Investigated the oriented 

structure of ingTes by X-ray powder method to determine 

the deta i l s of the atomic arrangement In the ordered structure. 

Solid solutions of InSb-IngTes (Woolley, Gl l le t t and 

Evans, 1960), IngTcg-CdTe, TngTes-ZnTe and Ii^Tcg-HgTe 

(Woolley and Bay, 1960) were prepared and the variation of 

l a t t i c e parameters with the composition and e lectr ica l 

properties were measured* Various e l ec t r i ca l properties 

end absorption spectrum for IngTcg were reported by Zuz% e t a l . 

(1960). The Influence of pressure on e l e c t r i c a l conductivity| 

thermal e.m.f•, the Impurity ef fects e t c . for vacuum annealed 

polycrystall lne IngTcg were Investigated by Averkln* Sergeeva 

and Shelykh (1960). 

A systematic study on the phaae compositions of In2te3 

was made by Zaslavskll end Sergeeva (1961). Polycrystalllne 

specimens were prepared under different conditions of 

synthesis and heat treatment. The results of I-ray analysis 

showed two phases of the compound IngTCg and named aso(-In2Te3 

snd A -IngTeg, The transformation ot^i'ln^'i^Q ?=^ ^ -Ing^«3 

I s accompanied by a change of density 5.73 gm/cm to 

6,79 gm/cm^ at 620°C and 620**C. The high temperature form {A ) 
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W8» of «lnc-blende tjrpe with • . « 6.14 A space group F 43 m, 

z s 4/3 IngTes molecule and of density 5,73 grri/cm .̂ The low 

tenperature form ( o( ) waa with »^ « 18.60 X, z s 36 IngTeg 

Boleculea and with space group F 43 m. The absorption 

spectra and the photoconductivity reaponse spectra of o( and A 

Bodifications of IngTSg were studied (Petruaevich and Sepgeeva, 

1961). Thermal conductivity of h -Tn2Te3 was found to be 

very small and practical ly independent of temperature 

(Zaslavskii , Sergeeva and Smirnov, 1961). For o^-Ii^Teg 

thermal conductivity rose with the increase of ordering of 

the l a t t i c e riaing considerably on lowering the temperature. 

Thermal conductivity measurements indicated a reversible 

transi t ion of A, to O( form. The rate of the formation of o(-

modification during annealing depended strongly on the 

dimensions of c r y s t a l l i t e s , the larger the crys ta l l i t e s the 

lower the rate . o[ -InJ^m^ ^*^^ prepared by slow cooling of thi 

melt to room temperature whilst /6-In2Te3 prepared by slowly 

cooling the ampoules to 600°-580°C and then quenching In an 

ice-bath. Woolley and Pamplin (1961) measured the various 

physical parameters of the compound TngTe^. It was shown 

that the activation energy at 470°C was not associated with 

a change in the structure. Striking e l ec t r i ca l characterist ics 

were observed for solid solutions of SbgTeg-IngTeg and 

BigTeg-tngTeg (Bosenberg and Strauss, 1961). These sol id 

solutions were v ir tual ly independent of the Hall coeff ic ient 

with respect to Indium concentration. Zhuse, Sergeera and 
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Shelykh (1961) reported the meesureDents of electrical 

conductivity, themoelectrlc power and Hell effect of Ii^Teg, 

vhlch contained a large number of cation vacancies. 

An infrared microscopic study was mede on In-Te system 

(Holmes et al. 1962} aiui a revised phase diagram was proposed 

in the region of Tn2Te3. Chizhevskaya and Glazov (1962) 

noticed that electrical conductivity of all compositions 

Increased noticeably with temperature. In2Te3 was confirmed 

to be a very stable compound at liquid form after melting 

and did not become partially dissociated until high tempera

tures were reached. Solid-solutions of HgTe or CdTe and 

In2Te3 or GegTe^ %rere prepared, their lattice parameters 

determined, electrical properties and optical absorption etc. 

were studied by Spencer, Pamplin and Wright (1962). Thermo-

dynaicic properties of IngTe-, truTeg, Xn©'"̂ * ®™* ^^"^^ MeT9 

determined between the temperatures 380^ and 425^C (Gerasimov, 

Abbasev and Nikol'skaya, 1962). 

Amorphous structures of tn2Te3 were studied by 

electron diffraction (Andrievskii et al., 1963) and reported 

that the compound did not possess a constant structure in the 

whole range of existence of amorphous phase. Thermal 

conductivity and temperature gradient were measured for lUgTeg 

and the results %iere explained by the effect of defects in 

the structure (Allyev and Dshangirov, 1962). 
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Th« phase dlagrem for the binary aysten tn-Te had been 

clarified and corrected particularly In the region near the 

conpoaltlon IngTCg by Grochowakl et al. (1964). During this 

study two new phases, namely IngTe^ and Tr^Teg were Identified. 

Some of the semiconducting properties of the alloy HgTe-Tn2Te3 

(Spencer 1964) end the superconductivity In metallic Indium 

antlmonlde with Sn and IngTe^ were studied (Tlttman et al., 

1964). 

Investigations on the effects of deviations from 
ITT VT 

Stoichiometric ratios In Ag Bg type of compounds In 

particular XngTeg were made by Palatnlk e t a l . (1966). Phase 

diagram was I l lustrated and Identified for In^Teg and the 

reasons for deviations were considered. Allev and Dzhanglrov 

(1965) reported the measurements of thermal and e lectr ica l 

conductivity, thermo e.m.f. and HBII e f fect In InSb-Ii^Te3 

a l l o y s . The change In e l ec tr i ca l conductivity end thermo

e l e c t r i c power of TngTeg on melting were studied by Zhuse 

and Chelykh (1966). Wright (1965) observed that the energy 

gap increased l inearly with l a t t i c e parameter as the In 

content of HgTe-IngTeg al loys increased. 

Polycrystall lne specimens for InSe, Ing&e and In2&<^ 

were prepared by direct fusion (brlce. Newsman and Wright, 1968) 

and their e l ec tr i ca l and physical measurements were aade, 

k phase change for IngScg at 196°C was observed. IngSeg has 

got at least four modifications (Semiletov, 1961 a,b,c) two 
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hexagonal9 one ouble and one nonoollnic. c{ -In2Ses at room 

tenperature i s a double layer hexagonal packing of Se-atona 
o 0 fi 

a « 16.00 h, Q m 19.84 A space group C| — ^ 63* s : 32 , 
yD-IngSes stable over 200**C with a s 7 . I I ? , c = 19.30 t with 

3 space group Cg — C 6g, « s 6. 

Schubert, Dorre and Gunzel (1954) In a brief coeouni-

cation reported the l a t t i c e paraneters of InSe, Izigte and 

In^Te, without any further d e t a i l s . According to these 

authors InSe had a rhombohedral l a t t i c e with paraneters 

a s 4.023 ? and c » 26.05 ? , while IngSe and li^Te both of 
o 

orthorhombic type with l a t t i c e parameters a = 4.073 A, 
0 0 o 0 e 

b s IS.62 A, 0 s 15,62 A and a « 4.46 A, b s 12.62 A, c s 15.351 

respect ively . Optical and e lec tr ica l properties of InSe were 

reported by Damon and Hedington (1954) and the structure by 

electron diffraction by Seniletov (1958), 

Slavnova, Luzhnaya and Medvedeva (196S) determined 

the Hjeltlng points of the compounds as TnSe = 660dilO°C, 

In^Seg s 900 ± 10 C and In2t>e « 640 ± 10**C (heating under 

decomposition). X-ray analysis of In-5e al loy was made and 

found to be consisted of InSe, tngSe and In in the InSe-IngSe 

region (Slavnova end Yeliseyev, 1963), Both n- and p-type 

TngSe s ingle crystals were grown from a melt by the method 

of extraction (8takhira, 1962), It was shown that Ir^Se was 

probably formed by the reaction In-t-InSe ^ 3 TngSe, The 
o 

melting point was found to be 578 C and the rhombic system 
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of IngSe crystals was conflnaed. Optical properties of tngS« 

were reported by Borets and Stakh'yra (1964)• 

An electron diffraction study was nede on the structure 

of XngSe (Han and Seolletov, 1966). tngSe films were prepared 

l>y subllnatlng the compound onto rocksalt cleavage face kept 

at room temperature and then heated upto 200®-300®C for 2-r 

hours or evaporated directly on hot rocksalt crystals at 

200».300°C end then annealed fop .l«,ut 1.6 hour.. H,. l . m o . 

paraaeters determined were,as a « 16.24 2 , b « 12,SS X and 

c « 4,075 A, It was concluded that In and Se atoms of two 

elements were in general position 4(g)i xyo, Stjoj f + x, 

i -y j t l i - x , i-hy, i i ^Ich suggested that the atoswi ir«»# 

disposed in pairs only in the two planes (xyo) and (x^t)* 
18 Space group was found to be Dgĵ  -— Pj^j .̂ Electrical properties 

of the semiconductor In^Se were studied by Zhad'ko et a l , 

(1966). Guliev and Kedvedeva (1966) described the conditions 

for the production of poly- and single-crystalline Ir^Se^* 

X-ray study revealed monoclinic type of latt ice for UigSe^ 

with latt ice parameters a « 17,48 A, b s 4,09 A, e ^ 9*37 A 

and fh s 101 specific density at 20*̂ C % 6.66 gm/e» • 

It i s clear from the above survey of the literature 

that though considerable work has been done on physical 

properties and also on bulk structures of the above compounds, 

very l i t t l e attention has been paid to the structures of 

these compounds in thin film form, their growth process, 
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phase transformation under different evaporation conditions 

e t c . Since the properties of thin film are structure 

sens i t ive ,a detai l study has buen made on the thin films of 

selenlde and te l lurldes of Indian* 

h, ISXPERIMEWTAL 

Preparation of selenlde & te l luride of indium 

(IngSe, In2Te, In2Te3) 

The nethods of preparation of the oonpounds IngS^t 

In^te and IngTe^ were similar to those described in the 

previous cases . Stoiohiometrie proportions of the elementf 

indiuu i99,^^^)f selenium or tellurium were takeni in th« 

case of In^Se and tn,.Te in the ratio of 2»1 (atomic proportions) 

and in the case of IngTog in the ratio of 2»3 Catomlc 

proportions), in s i l i c a tubes. These tubes were evaoueted 

(^10"^ ffiffi of Hg) and sealed in vacuum, «̂ he sealed tubes 

were heated in an e l ec tr i c furnace and the temperature net 

raised to about SOÔ C so that indium melts (m.p. ' 166 C) 

and a slow reaction would proceed. The temperature was iMpt 

a t th i s stage for about two hours and then raised Just above 

the temperature of the melting point of tellurium or selenium 

(as the case might be) , and kept at the same temperature for 

•bout 2 hours. The f inal temperature was then raised to 

about 700°C and kept overnight at th i s temperature. The 
o 

temperature of the furnace was then lo*rered down to ^^300 C 

and the tubes were immersed in cold water. Compounds thus 
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powder sethodi ( f i f i , 64, 6fi, 66). ^ , l # f 

In tlw ecgtt of Iri2T«a It vas noticed that dittlng i 

•vaporatlon dooonposltlon took place and Te deposition wii 

obaerved for the f irst few evaporations. However, at higher 

substrate te»peratares these excess of tellurivm deposited 

Just outaide the enclosure of the furnace. To avoid 

tellurluB deposition always a smsll piece of IngTea was 

taken on a filaaent and the deposition was carried out at 

higher substrate tenperature. i t was aotieed that 

i t the f i r s t evaporation slight trace of teliurliai m^t 

observed during the next sueoessive evaporations* 

dopoaltion was obtained. 

C, HBSULTS 

(a) Indium teljuride (IngTes) deposits 

(1) On collodion support 

IngTe^ was deposited on neutral collodion supporti 

within the tenperature range between rooa teaperature # 1 ^ 

about 160 C ahowed halos which night be due to the grovt% 

of very fine crystallites. Several trials were awde b ^ l^e 

saae sort of results were obtained in all the eases. |̂  

is) On amorphous glass substrate 

Deposits of Indies on anorphous glass substrata a% 
• o 

teaperatures ranging froo roosi tmiperature to ^ 260 C did 
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Analysis of the pattern (f ig .69) 
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not show any olmr p«tt«rn. Whan tha daposltlon waa earriad 

out at aubatrate tenperatura ~300°C It ̂ laldad pattarna aboim 

in fig.67, Thaaa pattarna eonaistad of half rlnga «hleh did 

not ahow any changa in tha intanaity of tha individual rii^ 

with tha change of bean direotion. Thia ahova that th« 

eryatallitas were randomly diapoaad. Tha diapoaition of tha 

refleetiona ahowed that tha dapoaita davelopad f«c»e» typa of 

atructura, 

(3) On rockaalt faeea 

On (100) faca of rockaalt 

Dapoaita of IngTa3 on rockaalt eleavaga faea up to 

aubatrata tenparature ̂ ^200 C ahowad vary poor pattarna. 

The depoaita at aubatrata tenparature about 250 *300 C ylaldad 

pattern aa ahowed in fig,68. These patterns are aiailar to 

those obtained in the eaae of HgSe and HgTe deposits oveir 

(100) rockaalt face. Here 111 and ita higher order raflaatieili 

%rere in the plane of incidence and the ratio of the sidas of 

tha rectangular arraya were / F t v/^ and ^/T i v/T whan tha 

bean direction waa <̂ 110)> and 30° to it for the rockaalt 

substrate. This suggests that TngTeg crystallites on rooksalt 

(100) face developed both noraal and anti 8-d {ln} orienta

tion rotated by 30° aa diacuaaed before in the case of HgSe 

and HgTe. The diapoaition of the crystallitaa on rockaalt (100) 

face ia the ease aa ahown in fig.14 for tha caaa of HgSe, 
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TransBlsBion pattern (fig.59) from the sais« flla is 

of Bueh Interest. The pattern consisted of Intense 

reflections (spots) lying on faint rings. It can also be 

seen that there were fine stresks joining the Intense spots 

which were no doubt due to the crystal defects, such as 

stacking faults or diie to the curvature of the flln which 

arose when the flln was placed over the wire gauge. The 

Inner nost reflections consisted of two faint rings (can W 

seen on close examination) and spots over them. The first 

reflection consisted of 12 equidistant spots which were due 

to 10.0 reflection of a new hexagonal phase of Ii^Teg. Twelve 

spots over 10,0, 11,0 and 20.0 reflections along with the 

undeflected spot formed a hexagonal network which is rotated 

by 30° suggesting thereby that 2-d |00,lj orientation of 

the hexagonal crystallites developed as discussed in the case 

of HgSe and HgTe. Twelve equidistant spots on 111 reflection 

of the cubic crystallites along with 311 and 220 foming s 

rectangular array showing that 2-d {211) orientation of the 

cubic crystallites also developed which was rotated by 30 , 

The theoretical pattern for 2-d jOO.lj of hexagonal crystallites 

rotated by 30° and 2-d {211] orientation of cubic crystallites 

rotated by 30° are shown in the figs, 17 & 19 respectively. 

Further it can be seen that the reflection at the crossing 

point of the streaks which was 200 reflection of the cubic 

phase siWI its higher order reflection 400 could be seen in 
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bietvesn 311 and 420. It can b^ ae«n that there were tvelire 

such weak ref lect ions suggesting the developaent of 2-d {100 

orientation of the cubic c r y s t a l l i t e s . Thus i t can be suauaed 

up that IHgTea grew epi taxla l ly on rocksalt cleavage face 

when evaporated at substrate temperature 250^-300^0 develx>ped 

2-d {211} and (lOo) orientations of the cubic phase while ther« 

was strong development of 2 - d j o o . l } orientation of the 

hexagonal phase, a l l the oriented c r y s t a l l i t e s being rotated 

by 30°. An analysis of the above pattern i s given in table-Y, 

I t can be aentioned here that when the film was thicker 

predominantly he» gonal fcrm of c r y s t a l l i t e s grew on (100) :% 

face of rocksalt ( f i g ,60 ) , Here the innermost two r e f l e o t i o i » | 

were very clearly resolved and twelve weak ref lect ions (spots)^| 

on 10 ,0 , 11,0 and 20,0 along with the undeflected beam showedl 

the development of 2-d j o o . l j orientation of the hexagonal 

phase of IngTCg. The 'a' and 'c ' values calculated from 

hexagonal (C.P.) relat ion agreed well with the observed 

values of re f lec t ions . 

On (110) and (111) faces of rocksalt 

Deposits of In2Te3 on rocksalt (110) and (111) faces 

within the temperature range 200**-300°C shonred very poor 

patterns by ref lec t ion . When the films i#ere put for trans

mission ring patterns ( f ig .61) were obtained for (110) face. 

These patterns consisted of ref lect ions due to both hexagonal 
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and ouble phases. When the films were t i l t e d about an axis 

perpendicular to the beam direction the Intensity of the 

Individual ring changed considerably and the rings broke 

Into arcs suggesting the development of 1-d orientation of 

the crys ta l l i t e s ( f i g . 6 2 ) . For the deposits of (111) face 

by transmission ring patterns (f lg .62) were observed. These 

deposits were, however, polycrystall lne In nature without 

any preferred orientation. In spite of several t r i a l s s lngli 

crystal films could not be obtained on these two faces of 

rocksalt . An analysis of the pattern Is given In table-VI. 

(4) On mica cleavage face 

Deposits of li^Teg on mica (0001) face did not show 

any clear pattern up to 250 C, however, at substrate tempera-
o 

ture ^ 300 C epitaxial growth of In2Te3 c r y s t a l l i t e s over mles 

cleavage face was observed. These patterns ( f ig .64) showed 

strong ref lect ions (spots) which were similar to ttose obtalntA 

for HgSe and HgTe on rocksalt (100) and mica cleavage face. 

I t can be seen that 111 and i t s higher order ref lect ions are 

in the plane of incidence and the pattern changed fromN/X»\/S5 

type of rectangular arrangement tOs/X iVs" type of 

rectangles (flg.65) due to a change of beam direction by 30 

suggesting normal and antl 2-d {ill} orientation of the 

crystallites. However, in this case the oriented crystallites 

o 
were not rotated by 30 , 
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Analysis of the pattorn (flg,66) 
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(b) Tndlua selenlde (TngSe) depotita 

CD On oollodlon gupport 

In2Se deposited on collodion supports at room tempera* 

ture yielded poor petterns. When the deposition was carried 

out at substrate temperature between 100°-150°C the patterns 

(fig,66) became sharper. Table-VII show the djj^ values 

obtained by comparing with graphite llfo reflection as »tandaart# 

These agreed well with values calculated from the lattice 

parameters of In2Se given by Man and Semiletov (1965)• On 

rotation of the film about an axis perpendicular to the bean 

direction there was no change of intensity of the rings and 

they did not break into arcs suggesting thereby that the 

deposit crystallites were randomly disposed over the substratiî  

(2) On rocksalt substrates 

On (100) face of rocksalt 

Deposits of IngSe on rocksalt cleavage face at substrate 
o 

temperatures below 100 C yielded patterns by transmission 

similar to those obtained in the case of deposits on collodion 

supports. When the deposition was carried out at substrate 

temperature between 200 -300 C by transmission method spot 

patterns (fig.67) were obtained. These patterns mainly 

consisted of rings along with rows of spots, the latter forming 

square network. Due to the appearance of a range number of 
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•pot* and rlngf and th« strMks passing through then, the 

patterns appaared to be v«3py eoaplleated. An analysis of 

tho pattern Is given In tablerVItl. A closer exanlnatlon 

reveals that most of the reflections can be explained on th» 
o 

basis of the orthorhonble structure of In2Se with â  « 4,076 A| 

bo « 12.32 A, Co s 15,24 A. The perpendicular distance between 

the rows of spots gives the value of one parameter nanely 
o 

ao (s 4.075 A). Thus It can be seen that the 100 reflection 

(spot) Is very faint whilst 200 Is nueh stronger. The spots 

100, 140 and 040 fomed a rectangular arrangeaent along with 

the undeflected spot. This sort of arrangeaent can explain 

most of the reflections observed In the pattern. It can 

further be seen that the same sort of arrangeaent can be aede 

In the other perpendicular direction. Thus It Is dear ttiat 

the spot patterns aalnly consist of reflections which can be 

arranged at the corners of two types of rectangles with sldeH 

SQ and bo/4, the rectangles being rotated by 90° (flg,68}« 

This suggests that IngSe crystals developed 2-d|00l| 

orientation on rocksalt cleavage face and were rotated by 90 

Besides this arrangement there are many acre spots lying on 

faint rings which could not be accounted for by the said 

arrangeaents. These spots aay be due to the creasing of 

continuous streaks over the rings which enhanced the intensity 

of reflections at these points. It can be pointed out that 

the observed orientation namely 2-d {oOl} was such that<^110/ 

direction of the rocksalt (100) face was parallel to either 
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< l 0 0 ^ or <^010^ direction of th« d«po8it c r y s t a l l i t e s . 

On (110) face of rocksalt 

Deposits of IttgSe on (110) face of rocksalt showed 
o 

ring patterns up to about 150 C substrate temperature. VAien 

the deposition was carried out at substrate temperature'v/200^C 

In2Se showed patterns ( f ig .69) \rtilch consisted of ref lect ions 

forming rows. Most of the ref lect ions were lying at the 

corners of e rectangular array of sides a^ and b^A. This 

suggests the development of 2-d <f OOlj orientation of IngSe 

crystallites on the (110) face of rocksalt. The same sort of 

arrangement was also observed in the case of deposits formed 

over the cleavage face of rocksalt which was rotated by 90 • 

In this case it is seen that the ingSe crystallites developed 

2-d (ooil orientation but there was no rotation of the 

crystallites. It was further noticed that the deposits grew 

with {ooij orientation in such a way that <^110^ direction of 

the rocksalt surface was parallel to <!̂1(K))> direction of the 

deposit crystallites. 

On (111) face of rocksalt 

IngSe deposits on rocksalt (111) faces at temperatures 

between room temperature end 250 C yielded polycrystalllne 

patterns very similar to those obtained in the oases of 

deposits on collodion support. At substrate temperature 

about 300 C the patterns obtained (fig.70) were much lnt< 

ing and at the same time complicated. These patterns 

file:///rtilch
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Analysis of tha pattern ( f lg .72) 
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(2) On rocksalt facea 

On (100) faea of roekaalt 

Iî Ttt daposited on roekaalt claavaga face at aubstrata 

taoperature balow 250°C yleldad ring patterna aloilar to tbo«« 

obtained on collodion aubatratea. Tha deposlta at aubatrata 

tenparature 200^-260°C yialdad pattarna (fig.72) oonslatinf 

of rings and apots. Xheaa apots ara arranged to fons a 

square-net pattern similar to that of tngSe f i lns obtained 

on (100) face of the roekaalt eryatal at higher subatrate 

tenperatura. The appearance of noat of the spots ean be 

explained on the baaia of the orthorhombic latt ice of IngTe, 

the orientation of the crystall i tes being such that 'ab' plane 

of the e e l l %nis parallel to the support vhile 'c» axia 

perpendicular to i t . Thua In^Te erystallitea developed 

2->d<(00l} orientation rotated by 90 . An analysis of ^ e 

pattern i s given in table-IA. â  and bg values are deteniined 
o 

froB the arrangenent of the spots and found to be Sg « A.-̂ -̂ A. 

bg • 12-^4A. 

On (110) face of rocksalt 

Deposits formed on (110) face of rocksalt crystal froi 

room temperature to about 150°C yielded polyerystalllne 

patterns. When the deposition vas carried out at subatrate 

temperature 200°-300®C, patterns as shown in fig.73 were 

obtained. Theae patterns consisted of rings and spots, the 
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spots being arranged In rows forming layer lines. Due to 

the appearance of a large^number of reflections such patterns 

are usually complex. The arrangement of spots can, however* 

be explained in the same vay as done in the case of ingSe. 

The layer lines are at distance equal to a*̂  of the ortho-

rhombic cell and thus it can be assumed that mot̂ t of the 

crystallites were lying in parallel rows. Unlike the ptt*«»n« 

on (100) face of rocksslt the crystals were not rotatad 
o 

through 90 . However, in between the rows there are few 

extra spots which along with other spots form rectangular 

arrangements %rith sides corresponding to a and b/4, 8ho%ring 

thereby that a few crystallites were rotated by 90*̂  with 

respect to the others. Thus the crystallite developed 2-d \001> 

orientation on (110) face of rocksalt, the orientation being 

such that <^110^ direction lying on the rocksalt (110) face 

was parallel to <^100^ direction of the Tn2Te crystallites. 

On (111) face of rocksalt 

ti^Te deposits on octahedral face of rocksalt yielded 

always polycrystalline patterns very similar to those obtainad 

for deposits on collodion supports. These patterns were found 

to be due to randomly disposed crystallites as it was evident 

from tha fact that there were no changes in the patterns on 

tilting the specimens about an axis perpendicular to the 

beam direction. 
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D. DI8CUSST0K 

Indlur foros different eospounds and solid solutions 

with selonium and tsllitriua giving rise to phases, sueh as 

IngSe, IngTej InSe, TnTej IngSeg, IngTe^ and possibly also 

a few others of different compositions. Because of the easy 

solubility of seleniuiB and tellurium in various proportions 

with indium, different phases vere observed. In many eases 

the structure of these phases has not been fully established 

(Pearson, 1958), Of the compounds studied in the present 

ease IngTe2 has a cubic structure (zinc-blende type), whereas 

IngSe and IngTe have orthorhonbio structure as reported by 

Schubert, Dorre and Gunzel, (1954). 

Ir^Teg has also two modifications namely ô  and A 

forms. The A -form is a high temperature form with lattice 
o o 

a^ 5 6.14 A whilst 0^-form has lattice parameter B^. » 18,4 A. 

During our experiments A -In2Te3 films were always obtalnecl. 

The lattice parameter also agreed well with the known value. 

Epitaxially grown films were obtained only on t̂ e cleavage 

face of rocksalt whilst on other faces polycrystalline 

deposits were observed. On all the faces ̂a new hexagonal 

modification of IngTes not previously reported was observed. 

On cleavage face of rocksalt by reflection 2-d {ill} 

orientation was obtained while by transmission always 8-d {21l} 

orientation of cubic and 2-d |oo.lj orientation of hexagonal 

modification were found. The explanation of such gro%rth was 
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given in the ease of HgSe and HgTe. It was noticed that the 

•pots were connected with fine streaks, no doubt, due to the 

defect structure of IngTCg, 

It was pointed out before In the results that IngSe 

deposits grew epitaxlally on (100), (110) and (111) faces of 

rocksalt at higher substrate temperatures while the deposits 

foraed at substrate temperature below 200°C yielded ring 

patterns, the orientation for the crystallites at higher 

substrate temperature being 2-d /00l\ , It is quite interest

ing to note that the deposits on (100) face of rocksalt grew 

in such a way that 110 direction of the substrate was 

alleys parallel to either <^100^ or <1[>10̂  direction of the 

orthorhonbic crystallites the third axis being perpendicular to 

the surface of the substrate. Since there are two <1L10^ 

directions lying on (100) face of rocksalt perpendicular to 

each other, there are two possibilities of crystal orientations 

thus giving rise to the observed S-d {00l\ orientation anotated 

by 90 . In the case of the deposits on (110) face of rocksalt 

the same was observed. It was noticed that <^100^ direction 

of the deposit crystallites was parallel to <110> of the 

rocksalt face, thus suggesting that lii2^9 grew epitaxlally oft 

(110) face of rocksalt in such a way that <̂ 10(̂ > direction 

of the deposits was parallel to <^110> direction of rocksalt 

face. In this case the orientation observed was 2-d /00l\ 

but not rotated by 90°, In the ease of the deposits on (111) 

face of rocksalt also showed 2*d ̂ OOlj orientation which 
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.0 
was rotated by 60 . It can be pointed out that on (111) face 

of rocksalt there are three <\110^ directions Which are 
o 

at 60 to each other, Benee It can be suggested that In this 

ease also the orthorhomblc crystallites developed 2-d {ooi} 

orientation, the disposition of the crystallites being such 

that <^100^ direction of the deposit-crystals vas parallel 

to <^110^ directions of the substrate surface. This will 

give rise to a pattern of 2-d {oOl\ oriented crystallites 

rotated by 60 . 

A consideration of the atomic distances on the three 

faces of rocksalt naaely (100), (110) and (111) has shown 

that the distance between atoms along <^110^ direction of 
o 

the substrate Is about 4.00 A i^leh Is nearly equal to a^ 

of IngSe unit c e l l (4,076 A). This c learly showed why <^100^ 

direction of the orthorhomblc c r y s t a l l i t e s grew along (̂̂ llO)* 

direction of the rocksalt face in a l l the observed cases. 

For the deposits of IngTe on (100) face of roaJcsalt 

a t higher substrate temperature 2-d { o o i j orientation rotated 

by 90° was observed which \/as similar to those observed for 

IngSe deposits on (100) face of rocksalt. Slmllsr 2 - d | 0 0 l | 

orientation was also observed for the deposits on the (110) 

face of rocksalt . Deposits on the (111) face of rocksslt 

c r y s t a l s , however, yielded ring patterns. 

Thus IngTe deposits s l so grew epl taxia l ly on (100) 

and (110) faces of rocksalt with 2-d ( o o i ) orientation at 

appropriate substrate temperature*. 



C H A P T E K - Y 

STaUCTUBE AND CEySTAL QROWTH OF SELENIDE 

AND TELIiJHIOE OF THALLIUM (TlgSe, fIgTej 

A. TWTflODUCTIOK 

ThBllluB ohaleog«nld«s has great poss ib i l i tx of uaei 

in a %rld« group of vitreous temioonduetors which are of 

large practleal laportanee for their high conductivity and 

large thernal e.m.f. and as photoconducting nater la l s . 

Hehn and Kllngler (19491)} prepared the coapound of Tl*&e 

by heating pure thal l lua and aelenlua In bonha of jena»glaaa 

In vacuum In a bunsen flane and annealed for 26 hours at 

200 -aoo^C. Powder patterns showed that there exlated two 

phases, nasely TlSe and TlgSe, but no unit c e l l dlnenslon 

e t c . was given. 

Stasova and Valnahteln (1968) have reported an eleetron 

diffract ion determination of the structure of TlgSe. I t 

haa got a tetragonal c e l l with l a t t i c e peraaieters 

a « 8.68 ir. 0.02 A and c » 12.68 ±. O.OS i , n s 10, with ipece 

group C ^ - P4/n. The struct**re consists of thall lua 

tetrahedra united by layers of selenlusj atoms. On th* 

v e r t i c a l Ois, iOa layers alternate with linear TlgSe groups. 

SeleniuB lona aay enter Into these groups forming phaaea of 

variable compoaltlon. The diffusion of component elementa 
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204 In TlgS« VBS studied by aeans of aaarkod atons (Tl and 

Be'^) (Akhundov and AbdulXayev, 1958), 

The exeess of noise of two amorphous semiconductors 

TlgTe-A82Te3 and TlgSe-AsgTea %AS found to be smaller than 

could be measured (Kornfel'd and Sochava, 1969), It was 

suggested that the lack of excess noise night be connected 

with the absence of certain macroscopic heterogeneties, such 

as grain boundaries normally found in crystalline semi

conductors. 

The dependence of photoelectric properties of Be 

semiconductors coated with an artificial layer of either 

TlgSe or TnSe on X-radiation vas determined by Baldiyshov 

and Abdullaev (1960). Photo e.m.f, generated was plotted 

against the current of the X-ray tube at different applied 

voltages. The short circuit current was found to be a 

linear function of the X-ray intensity. For glasses of 

As.Seg-TleSe system a complex structure was characterised 

by abaorption in the short wave-length spectral region 

(Kolomiets and Pavlov, 1960). As % of TlgSe Increased the 

formation of absorption bands first observed to increase 

and then fall off with variation in composition. Rabenau, 

Stegherr and Sekerlln (1960) reported a new compound ^IgTes 

in the system Tl-Te. Single crystals of TlSe were prepared 

using 99.989$C pure thallium and 99.99^ pure selenium by 

O —4 

heating in evacuated quartz ampoules at 500 C (vacuum 10 

torr) for six hours (Akhundov, Abdullayev and Ouseynov, 1960). 
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X-ray analysis gaYo the lattloa parameters as, a « 8.02 i 
o 

and e « 7.00 A of tetragonal cell. Investigations were 

carried out on materials of the TlgSe«Asg(Se,Te)3 system 

*rhich has got high electrical conductivity (Kolomiets and 

Nazarova^ I960}, Hall voltage meaaurementa were carried 

out covering the range from 0.2 to 3000/iV, the maximum 

magnetic field intensity during measurements reaching 1800 Oe. 

Solid solutions of different compositions of AsgTe3 and 

TlgSe with SbgTes, BigTeg or SbgSeg were prepared and tested 

by Uphoff and Realy (1963). It waa found that some samples 

were amorphous vihereas others were diphasal including both 

amorphous and crystalline phases. Electrical properties 

such as resistivity I Seebeok coefficient and thermal 

conductivity were measured for these compositions. Terpilowski 

and Zaleska (1963) studied the thermodynamic properties of 

liquid Tl-Te system by measuring the electromotive forces. 

The dependence of excess thermodynamic functions of mixing 

on the composition of the liquid solutions was discussed. 

A description was given of the results of a study of the 

photoeleetret state in thin amorphous layers of TlgSe.AsgSeg 

prepared by evaporation in vacuo by Lyubin and riomina (1964). 

Measurements of the electrical conductivity and Hall constant 

of p-type TlSe for 80°-573°K were reported by Ouseinov and 

Akhundov (1964). It waa stated that the energy gap value 

for the varioua crystellographic directions were consistent 

with the previous data. 
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SoloBl«tSf Mamontova and Stapanov (1965) have 

eatabllahed tha exlatenea of impurity and induced photo

conductivity in glassy aeiBieonductors based on metal 

chelcogenidea. The kinetics of impurity photoconductivity 

azKl its spectral dependence were inveatigated for TlgSe.ASgTeg^ 

a compound irith sufficiently high conductivity at room 

temperature (10 ohm "^ cm '^). Experiments were carried 

out to measure the electrical conductivity of TlgTe in tlie 

solid and liquid atate by Katilene and Kegel (1965). Ihe 

conductivity meaaurementa were carried out on an alloy 

consiating of 23,8 wt. ̂  Te + 76.S wt. % Tl| correaponding 

to the compound TlgTe.• It was concluded that Tl^Te like 

thallium sulfide behaved like a normal semiconductor in 

regard to the temperature dependence of electrical conductivity* 

Thua from the above survey of literature it is evident 

that the two compounda TlgSe and TlgTe though have been 

atudied in details for their electrical propertiea but very 

little attention haa been paid to their film structures and 

cryatal growth process. The atructure of TlgTe has not yet 

been determined. In the following, the crystal growth 

process from vapour phase for the above two cases haa been 

undertaken. 



- 81 -

B. 8XPERIMEWTAL 

Preparation of aelenlde and flluride 

of thalliUM ( TlgSe, Tlgfa ) 

Selenide and tellurlda of thallium were prepared bjr 

a siallar method as discussed previously for the other 

eoBpounds. Stoichioaetric proportions of thallium and 

selenium (or tellurium) were taken (Proportion 2il atottie) 

in silica tubes which were then sealed in vacuo ('̂ lO na 

of Hg) and subsequently heated in en electric furnace at 

tenperature about 600^C. The temperature of the furnace wai 

raised slowly from room temperature to about 360**C (melting 
o 

point of thallium « 303.5 C) and kept at this temperature 

for about two hours so that moat of the reaction would be 

completed at the lower temperature. The temperature of the 

furnace wf>s then raised above the melting point of telluriw 

(or selenium) and kept at that temperature for about an 

hour and then the temperature was slowly increased to about 

600°C and kept overnight at this temperature. The tempera* 
o o 

tures of the tubes were lowered down to about 300 -4(K) C and 

then suddenly immersed in cold water. 

X-ray powder patterns for TlgSe and Tl̂ Te were taken 

with Mo target but they were of very poor quality. 

TlgSe and TlgTe (bulk) thus prepared were evaporated 

in vacuo from kanthal filaments as mentioned in chapter*!!. 
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Analysis of th« pattern (f ig .74) 
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Deposits on rooksslt crystals wer« •xaiBln«d lay refleetlon 

method. To study the films Isy transaission nethod whe«l tha 

substrates were dissolved unlike the other films thay did 

not detach end very often they sink or break Into pieces. 

To avoid these difficulties and to get continuous films 

after dipping the rocksalt in water the films vere gently 

removed with the help of a needle and placed over the 

collodion coated wire gauze. Removal of the films was much 

more difficult and hence maiqr trials had to be made to get 

proper films with their edges intact, 

C. lUBSULTS AND DISCUSSION 

(a) Thallium selenide (TlgSe) 

(1) Deposits on collodion support 

TlgSe deposits on collodion support at room temperatu»# 

yielded ring patterns (fig.74). When the film w s tilted 

•bout an axis perpendicular to the beam direction it was 

observed that there was neither any change of intensity nor 

any discontinuity in the rings showing thereby that the film 

was due to polycrystalline deposit without any preferred 

orientation of the crystallites. When the same film was 
o 

heated in vacuo for about an hour at about 100 C and cooled 

down to room temperature patterns similar to fig.75 were 

obtained. The \ycj values measured for different reflections 

agreed well with the tetragonal structure of Tl^Se (table-X). 





T A B L E - XI 

Analysis of the pattern (fig.77) 

hkl 
0 

J-

6.oe 

4.27 

3,01 

2,70 

2.1S 

2,01 

1.91 

1.67 

1.60 

1.46 

1.42 

l.dd 

110 

200 

220 

400 

510 

440 

530 

600 

620 

'•m^ 

8,81 

8.5X 
m 

M M ^ 

^m 

-'-• '"• g" 
Mean e^ s 8.52 A 
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(2) On rockgalt 8Urf>c»s 

On (100) faea of rock»«lt 

Deposits of Tl2Se on the cleavage face of a rocksalt 

crystal at substrate teasperature below 15o\ yielded patterns 

siBllar to those obtained on collodion films* Deposits 

formed at the substrate temperature range between 200®-'260°C 

yielded patterns (fig.76) by reflection when the electron 

beam was grazing along the cube-edge direction of the roekaaXt 

crystal. This pattern consisted of reflections which were 

arranged in a rectangular network with their sides in the 

ratio of 1»1,41, On an asimuthal rotation of the beam 

direction the pattern changed considerably whilst the row of 

reflections in the plane of incidence remained unchanged. 

The symmetrical patterns consisted of reflections 001 and 

its higher orders in the plane of incidence, while 001, ill, 

110 and 000 at the corners of the rectangle. The abovi, 

facts suggest that TlgSe crystallites developed 2-d^OOl} 

orientation on the cleavage ffce of rocksalt. There were a 

few extra spots in the pattern which could not be accounted 

for easily. 

The same film when examined by the transmission method 

yielded interesting but apparently complicated pattBTM <fif,77) 

Table-XI ahowa the analyais of the pattern. The innemoat 

reflection consisting of eight spots was due to 110 reflection 
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of th« tetragonal lattice of TlgSe. Though th« pattern! 

appeared to be Tery coaplex a cloaer examination of theae 

patterns revealed that all t^riPifle^Udni lP»re a o r t n s ^ 

types of centred square netvorka of petterna BUtually 

routed by about 37°. These aquare-neta of patterns are 

ahevn by filled and unfilled spots In the flg.78 and 

correapond exactly with all the refleetlona obaerreJiUll pi 
diffraction patterns* The li^exed dlagraa la shcinijia . 

flg.79. It can be teen that four spota on 310 reflee^^ 

are aere Intense tten the rest of the spots lying orer I I M 

aeae nng. fhM^ 1 ^ ^ of .Intmitlf. PijimmtMmM^JI^^^tt 

that they were due to the superlnposltlon of reflections 

from the two mutually routed patterna about the undefleeted 

beam. Theae are shown In the diagram with centred filled 

circles. It may here be polnUd out that even after repeated 

evaporstlone exactly similar patterna id.th the same angle of 

roUtlon was obaerved In all the caaea without fall. Thla 

constant angle of roUtlon could neither be due to any minor 

variation of the evaporation condition nor It could be due 

to any arbitrary roUtlon as was observed In the caae of 

evaporated films of tin sulphide C-ous) (badachhape and 

Goswaralt 1964). Such a fixed roUtlon of one pattern with 

respect to the other seems to be due to tht growth of 

twinned crysUUites of Tl^Se. According fbo Dana a lattice 

is twinned when 'one or more j«Fts/ reguM^ arranged, are 

in reverse position with reference to the other part or parU' 
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Thl« BMnt that the tvlnned end untwliined p«rt» of a cryaUl 

are mirror reflections of eaoh other In a certain plane of 

the crystal. The plane of reflection Is called as twinning 

plane. This has already been discussed In ehapter-llX (D). 

In the present esse of the transsilsslon patterns the 

reflections observed vera all hko type for both the tvlnned 

and untwlnned crystals when the original crystal has 001 

orientation. The appearance of reflections arising both 

fron the tvlnned and untvlnned cryatallltes when the bean 

vas along <̂ 00l)> direction suggested that the tvlnnlng plane 

vaa {hkoj type. It can be aentloned here that the 

reflectlona due to twinned structure of f.cc, crystallites 

with I 111 I as twinning plane can only be observed when the 

bea» direction Is <^110^, which la one of the Inportant axis 

lying on {ln) plane, Thua for hko twinning plane for 

tetragonal structure when the beam Is grazing along <̂ 001/)> 

the reflections due to twinned and untwlnned crystallites 

will appear slmultaneoualy. 

An examination of the patterns shows that one pattern 

becomes mirror Image of the other Wh«i reflected about a 

plane along <^310^ and perpendicular to the plane of the 

paper. It la also aeen that If the original pattern I.e. 

the centred square network la rotated about an axis joining 

310 reflection and the undeflected spot (shown by broken 

line In the fig,79) by 180° the other pattern la obtained. 
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All the»« suggest that the twinning plane was (sio) • It 

Is possible to calculate the angle between the twinned 

plane and the original plane from the relation 

Eh -̂- &k H- 8^/c^ • Li 
COS0 

^^^^^ffi/c^.Lh^ . (ĥ -̂k̂  + aVc^-t^)* 

where 0 Is the angle between the planes hkl (original) mid 

H&L (twinning plane), *a' and 'c' being the lattiee 

parameters for the tetragonal system. Taking the Initial 

plane jlOO^ and the twinning plane ̂ Sio} the angle 0 Is 

oaleiaated and found to be 18°28'. Fig.80 shows the twinned 

and untwlnned crystals, the twinning plane being perpendleular 

to the plane of the figure. The reflections from such 

crystals will be given by the eornera of the squares, since 

the bean direction Is perpendicular to the pletnm of the 

diagram. Thus the angle between the observed reflections 

will be 20 » 36°66' which Is very close to the observed 

angle of rotation of the two patterns. 

In the case of tetragonal cryatals the usual tvllinllMI 

planes are of { n o } (Dana and Dana, 1951), {20l\ and |l0lj 

type (Hall, 1954). The above results and discussions show 

that in the case of Tl2Se Which has a tetragonal atructure 

the observed twinning plane for evaporated films was of {sio} 

type. This Is the first time when such a twinning plane hat 

been observed for TlgSe and In fact for any tetragonal 

structure. 



::f3."S2. 2 - ^ (001] d^^'e^^^'"'^ 

^ 2.C0^C. 
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Analysis of th« pattern (fig,82) 

o o 
d A hko a A 

6.29 110 8.90 

4.44 200 8.88 

3.16 220 8.90 

2.81 310 8.88 

2.22 400 8,88 

2,10 320 8.90 

1.99 420 8.88 

1.74 610 8.87 

1.64 440 8.89 

1.63 630 8.90 

1.48 600 8,88 

1.40 620 8.88 

O 
Mean a - 8,88 h 
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Analysis of the pattern (fig,81) 

I/Io d A hkl 

B 6.29 110 

w 4.43 800 

w 3.81 211 

m 3.14 S20 

• e.89 301 

B £.81 310 

B S.686 312 

w 2.43 321 

B 2.22 400 

m 2.09 106 

m 1.99 403 

B 1.90 422 

w 1.84 

w 1.76 510 

B 1.68 612 

o o 
a « 8.88 A, c » 13.20 A 

B • strong 
m ' medlUB 
w * v«ak 
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On (XIO) 4 (111) faces <;f rooksalt 

TlgSe deposited on roeksalt (1X0) and (111) facet 

within aubatrata teaperaturaa ranging from roon tanperatura 

to about 860 C yielded alwaya polycryatalllne patterna 

alBllar to those obtained for depoalta on (100) face of 

rockaalt. 

(b) Ihalliun telluride (TlgJe) depoalta 

(1) On collodion aupport 

Dapoalta of thalllua teimrlde (TlgTe) on neutral 

collodion aupporta in Taeuo within the aubatrate tesperature 

ranging fron rooa tenpercture to about 160^0 yielded poly

cryatalllne patterna aa ahown in fig.81. On rotation of 

the apeelBien about an axla perpendicular to the beam direction 

naither the Intenalty of the individual ringa changed nor tli« 

rings broke Into arcs showing thereby that TlgTe cryatallltci 

were randoaily diapoaed over collodion aupport. Aa there ar« 

no date available ao far about the lattice parametera of tl^fi 

the identification of the reflections haa been carried out 

by the method discussed below using both alngle crystal and 

polycrystallina patterns. 

(g) On (100) face of rockaalt 

TlgTe dapoaits on cleavage face of rockaalt within 

the temperature range from roora temperature to about 160 C 



- 88 -

yielded polycrystBlllne deposit* siailar to that obtained 

for depoalta on collodion film*. When the deposition was 

carried out at substrate tettperature fibout 200°-260°C and 

the films examined by transmission method yielded patterns 

(fig.82) similar to those obtained for the compound Tl2Se. 

These patterns also consisted of spots arranged in circles 

which appear to be due to two types of centred square type 

of patterns mutually rotated about the undeflected spot 

by about 37 es observed in the case of Tlg£e, These 

patterns wore also indexed in a similar way as was done for 

Tl2Se assuming a similer sort of structure for TlgTe. 

Tsble-.vII shows the analysis of the pattern from which the 

parameter a^ is calculated. Since Se end Te belong to the 

same group of the periodic table it is reasonable to assume 

that the chemical bond of TlgSe end Tl2Te will also be of 

similar nature end hence the structure should be also of 

similar type. This consideration though reasonable aay not 

always be correct as in many compounds formed by elements 

belonging to the same group of the periodic table may have 

different structures. The single crystal patterns from both 

TlgSe and TlgTe, however, show similar dispositions and can 

therefore be presumed to belong to the same crystal class, 

Xhe So was calculated from the spot pattern assuming the 

beeto direction to be /00l)> by comparing the (1120) of 
o 

graphite reflection and found to be equal to 8,88 A. Since 
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the third parameter e esnnot appear in the transnisslon 

pattern for 2-d/oOl| oriented crystallltea to determine 

its value, the reflections from the polycrystalline aaapXes 

were compared with the tetragonal chart with vrrylng c/a 

•elue. It W88 found that for c/a h 1.46 aliaost all the 

lines froB polycrystalline patterns correspond very veil 

with positions of the reflection in the chert. All the v 

reflections were then given provisional indices and c was 

calculated for the observed hkl reflections using the 

formula, 

(h^+k^) . l^ 
+ 

^hk4 " ^ 

The average value of c calculated from 211, SOI and 312 
o 

r e f l e c t i o n s wss found to be '~ l i ? , 20 A, Assuming the l a t t i c e 

paraiaeters as c o r r e c t , the d i f fe ren t dĵ ĵ ĵ  values a re 

ca lcu la ted end found to be in good agreement with the 

observed va lues , Table-u^.111 shows the ana lys is of the 

po lyc rys t e l l i ne pa t t e rn . 

I t may be mentioned here tha t compared to TlgSe the 

l a t t i c e parameters of TlgT© are s l i g h t l y l a rge r . This can 

a l so be understood e*si ly from the considerat ion of ionic 

r a d i i of the elements. The ionic r a d i i for the elements 

Se^*, Te^ ' and Tl are 1.98 A, 2,PI A and 1.44 A respec t ive ly . 
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Since lonlo radii of To is larger than Se tnd aince the 

structure of Tl^Te and Tl^Se are of similar typei the lattiee 

parenetera of TlgTe vill alao be larger than TlgSe. It nay 

be nentioned here that the number of reflections observed 

for TloTe was not enough and hence it was not possible to 

determine its space group. 



C H A P T S B - Vt 

SiauCTUAE AKD CHYSTAL OHOWTH OF 

lî DIUM ANTI)«)MID£ 

A. IMTaODUCTIOW 

In reomt years especially after the last war search 

for never Baterials with better and desirable semiconducting 

properties has been going on* It has soon been found that 

•any alloys and Interaetallle eoapounds especially of Indlun 

and antlnony could be potential sources for semiconducting 

materials. Studies on Indium antlmonlde have shown promising 

results. In the last decade various techniques were used to 

prepare InSb films particularly on glass substrates* Most of 

the workers used their own techniques of preparation of the ̂  

films and different results were reported for their 

electrical properties etc. 

X»ray powder patterns were taken for the compound 

prepared by heating stoichiometric proportions of the element* 

(Qorjunova and Fedorova, 1956). This showed the zinc-blende 
o 

type of structure with lattice parameter a^ = 6.466 ± 0.003 A. 

An electron diffraction atudy on sublimated layera showed 

ZnB type of structure with a^ « 6.466 i (Konozenko and 

Klkhnovs^kyl, 1966). Kurov (1987) showed by experiments of 
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his own and froa the patterns obtained by Konozenko and 

Mikhnovs'k^l that the latter authors were dealing vith the 

filBss of antinsonsr only though InSb was used for evaporetion, 

Kurov pointed out that tnSb films could be obtained by the 

simultaneous evaporation of both the elements. Heasen (1957) 

studied the erystallogrephy of growth twins in InSb single 

crystals. It was observed that the twin orientations were 

related by 60**rotation about <̂ lll)> and the boundary plane 

was {ill) • ^eniletov and Bossibal (1957) discovered a 

hexagonal structure other than the prefviously known ZnS type. 
o 

The latties parameter of the ZnS type was 6.46 A and the 

corresponding hexagonal (C.P.) were a^ s 4.56 A, ĉ . « 7t46 2. 

Paparditis (1957) prepared InSb films over glass and aioa 

•ubstrstes by evaporating the compound in vacuum and 

electrical properties were measured for the annealed films. 

Photoconducting properties of InSb detectors were described 

by Avery et al. (1967). A pure single crystal slice was 

used in a magnetic field of 10,000 Oauss and studied its 

infrared sensitivity. 

By electron optical investigation on InSb films 

evaporated at different substrate temperatures it was found 

that at about 400^0 substrate temperature reasonably large 

eryatala %rere developed (Heimer, 1958). Kurov and Pinsker 

(1968) studied the layers of In-Sb of changing composition. 

An electron diffraction atudy showed the presence of amorphoui 

Sb at the one end, hexagonal and cubic InSb at the centre 

and metallic In at the other end. Biactrical properties of 
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In&b films, prepared by vacuum deposition were measured by 

Gunther (1968), Kurov and Plnsker (1968). Current-voltage 

characteristics of n-and p-type InSb single crystals at 90° 

and 78°K vera reported by Kanai (1968 a,b). ilodot (1968) 

reviewed the seiciconducting properties, the theory of 

thermoelectric and theraoragnetic effects for InSb and the 

experimental results were presented. 

The preparation of barrier layer photovoltaic cells 

was discussed by Galavanov and Erokhima (1969). The theory 

of operation and construction of infrared detector, based 

on photoelectromagnetio effect of InSb was reported by 

ULurse (1969). Electrical conductivity and Hall coefficient 

were measured by Putley (1969) for InSb between 2^K and 

300°K. 

Literatures on the preparation of InSb, optical, 

electrical and photo effects and its applications were 

reviewed by Moss (1960), Large area self-supporting films 

(10/i thickness) of InSb were prepared by sudden squashing 

of a drop of molten InSb between two optical flats and their 

optical and electrical properties were measured (Bete and 

Taylor, 1960). 

Thermal end electrical properties for single crystal 

InSb between 196° and 716°K were reported by buach and 

Steigmeler (1961). The design, fabrication and electrical 

characteristics of an n-p-n InSb translator which op»r»tM 
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•t 77 K was dlseuBsod by H«nneke (1961). The spectral 

dependence of transmission and the possibility of use of 

InSb as optical media was discussed by Belashov and 

fielashova (1061). 

Substrate tcmpersture effect for sputtered tnSb 

films vBTe observed by Hohlton (1962). Dale and iienecal (1962) 

found by electron diffraction that when flash eYsporeted films 

were annealed at 130°C no free In or 8b existed In tnSb films. 

X-ray Investigation was made for the lattice parameter for 

different compositions of In and Sb other than stoichiometric 

coEiposltlon. It was found that a^ for stoichiometric compo» 

tltlon as 6.47966 A, while for 60% excess of Sb and In as 

6.47961 A and 6.47962 A respectively (Osollnsh et al, 1963). 

Agalarzade &n6t Semlletov (1963) prepared InSb films by flash 

evaporation, electron diffraction showed both cubic and 

hexagonal crystallites. A b.o. tetragonal structure with 

a « 6,79 ± 0.05 A and c • 3.11 ±. 0.06 A was discovered at 

room temperature under 23 Kllobars of pressure (banus et •1« 

1963), flash evaporated InSb films on Ge, GaAs and CaFg 

single crystals were studied by Richards, HSrt and Qallone 

(1963). It waa observed that within 260*̂ -300 C substrate 

temperature twinned films and within 300°-400 C single crystal 

films growth took place. Over 400°C Sb evaporates leaving 

tn on the surface. X»ray powder pattern for 70 wt. % in In-fih 
o 

showed a simple cubic lattice with ao « 3.06 A which was a 
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BCtastable phase. High pressure pheae of tnSb was conflroed 

which had a tetragonal white tin structure with lattice 

•o s 6.92 A, Co « 3,06 X (Smith and Martin, 1963). 

Well oriented InSb films were grown on mice at 

substrate temperature about 340®C, Electrical properties 

were measured as a function of temperature for these filmt 

(Juhass and AiKlerson, 1964). Temperature dependence of 

photoconductivity of InSb films between 10o"-360°K. (Kasysn, 

1964) and electrical properties of n-type tnSb at 71^ and 80*'K 

temperatures In high electric fields were studied (Bok and 

Quthmann, 1964). Kasper and Brandhorst (1964) discovered in 

the vicinity of ̂  30 Mlobars pressure an orthorhombic 

structure of InSb other than j(b-̂ n type. 

Various electrical measurements on tnSb, either in 

bulk or thin film form at different temperatures were reported 

(Buohsbaum et al.,1965| Shalyt and Tamarln, 1965} Bausch 

et al., 1966J Ferry et el., 1965). A method of measuring 

weak magnetic field using magnetoreslstance effect on InSb 

was described by von Broke, Martens and Weles (1965). 

Straumanls and Kim (1966) redetermined the lattice parameter 

of TnBb prepared from 99.999^ pure elements and found to ym 

•j, s 6.47937 ± 0.00003 A at 26**C including refraction 

eorreetion. Experimental density determined as 

6.7747 ± 0.0004 gm/cm^ and the expansion coefficient as 

6,37 zh 0.60 X 10"^ ̂ C"-̂ . Actual number of molecule per utiit 

cell was very close to 4.0000 indicating the structure of 

InSb to be perfect. 
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A msthod of the preparation of InSb films and the 

affect of annealing on e l ec tr i ca l properties were described 

by Wliliaoson (1966). A strong resistance anomaly and 

negative magneto resistance between 0.1 and 4.2°K were 

observed In n-type InSb by Katayama and Tanaka (1966). 

Vodopyanov and kurdlani (1966) irradiated InSb by neutrons 

at TrlL and found that a change of conductivity type occur 

for p-type materials, while for n-type samples only change 

in the magnitude of their conductivity was observed. Btev 

(1966) observed negative resistance and the associated 

generation of o sc i l l a t ions at point contacts in p«type InSb, 

From the above survey of literature it is seen that 

though such work has already been done on electrical 
of 

properti«i8 and the way of preparationy/InSb films whilst the 

study of the growth process of the films on single crystal 

as well as neutral faces is lacking. A systematic study 

on the growth process of InSb on different faces of roekaalt 

crystals, mica and neutral surfaces has been undertaken 

with a view to know more about the crystal growth process 

from vapour phase with substrate temperature. 

L. EXPEHIMEMTAL 

Preparation of InSb 

InSb was prepared by taking stoichiometric proportion* 

(Itl atomic proportion) of the element* indium (99.99?̂ ) and 
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•ntlEsony (99.9^) In • s i l ica tube which w s then sealed In 

vacuua ('^ 10 asm of Hg.). the s i l ica tube was then 

Inserted In &n electric furnace and heated frore room teatpera* 

ture to about 200°C ao that liidluo would melt (m.p, of 
o 

Indium « 156 C) fnd slow reaction would proceed. The tube 

vaa kept at this temperature for about tvo hours and then 

the tmiperature of the furnae* ves raised slowly step by 

step (about IQO^C per hour) to about 66CPc (o.p, of Sb « 630°C>i 

Tlgie furnace was kept at this t«sperature for about two tours 

and finally It was ralaed to TOO^C and kept overnight at this 

temperature. The temperature of the furnace waa then lowered 

down to 400^C and the silica t^e was put Into cold water 

suddenGLy. InSb thus prepared had a bright ahlnlng appearance. 

X-ray powder pattern (fig.83} taken with Mo target 

consisted of reflections due to InSb. However, a few extra 

reflectlona were also observed. 

InSb was deposited by evaporating a piece of compound 

m vacuo on different faces of rocksalt, mica glass and 

collodion as described In chapter-It. It was, howeveri 

noticed that In the first evaporation the patterns observed 

were due to antimony only. During successive evaporations 

amount of antimony was reduced and the films showed 

reflections characteristic of InSb + Sb. When evaporation 

was carried out at higher substrate temperature about 800**C 

and above, the depoaits except for the first one or two 

evaporatlona consisted entirely of InSb. 
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* 

Indlua •ntlaonida d»poi l f ' : 

^1) On eollodion mpport 

The fllssa obtained on collodion supports at roon 

temperature shoved patterns due to crystalline antlisony 

only. Successive evaporations were carried out froB the 

saso piece of the oonpound but no crystalline TnSb film vas 

obtained even on annealing at^^ lOÔ C in vacuo* When the 

evaporations were carried out at lOÔ C substrate temperature 

halo type of patterns (fig.84) was obtained. 

r^ * ' ilK/ltfO*VlKlb»trlte temperature ring patterns due 

to crystalline InSb + Sb were obtained (f ig.86). The 

intensity of the refleetions did not change due to t ^ f 

t l l ta t ion of the speeinen about an axis perpendicular^ 

tHe beass dir«otlon shoving that the deposits were du« t« 

rendOBly disposed crystall ites of InSb. 

(8) On ^lass substrate 

Deposition of indlua antimonide on glass surface did 

not yield any clear pattern up to about 300 C. At aubatrata 

teaperature'^ 360°C weak patterns due to f .c .c . type of 

cryatallitea were observed. Tt was noticed that the 

reflections did not change with the change of beam direction 

and were always of continuous nature suggesting the deposit 

of inSb to be polycrystalline. 
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Anelysis of the pattern (flg,86) 
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<3) On rocksalt surfaoes 

On (100) faoe of rocksalt 

Indlun antizBonlde deposited on the rocksalt cleavage 

face at about 100*̂ C substrate tenperature showed halo type 

of patterns. Deposits at 200^0 substrate tenperature slewed 

ring patterns (flg.66). An analyals of the pattern li given 

In table-AIV. The ring patterns which conformed to f.c.c. 

struoture showed 111 reflection to be strongest iî ilst SCK) 

reflection was practically absent, 220 and 311 reflections 

were of oediun intensity. The general intensity distribution 

for different hkl reflections eonfirais the sine-blende type 

of structure of InSb. A few extra refleetions were present 

in the pattern, nasely the two v;eak rings in between 111 and 

220 refleetions due to free antimony in the deposits. Frosi 

the table it will be seen that along with the cubic pihese of 

InSb the hexagonal phase of the compound was also present. 

By tilting the film about an axis perpendicular to the beam, 

it was noticed that there was neither any change of Intensity 

of the individual ring nor the rings broke into arcs. This 

suggests that the deposit crystals did not develop any 

preferred orientation* 

kt substrate temperature^ 300®C during the second 

and third evaporations from the same piece of InSb, the 

deposits yielded patterns (fig,87) by reflection which were 
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predoninantly du* to the presence of cubic crystallites. 

For this pattern the beam direction vaa <^10oN of the rock-

salt crystal. The pattern consisted of reflections foming 

centred square network. It is seen that 400, 800 etc. 

reflections were in the plane of incidence. The centred 

square was fomed by 000, 400, 440 and 040 reflections at 

the corners with 220 reflection at the centre. When the 

beam direction was changed to <^ll6y direction of the 

rocksalt crystal the patterns shown in fig.88 were obtained. 

It is noticed that the 200 reflection which was very weak 

in the previous case became proninent and the disposition of 

spots with 000, 200, 222 and 022 at the corners from a 

centred rectangular array, the sides heim in the retio ot 

1 t\/T with 111 reflection at the centre. This clearly 

suggests that InSb developed 2-d {lOo\ orientation of the 

cubic phase as discussed in details in the chapter-Ill. Thus 

InSb grew epitaxially with parallel orientation on (100) 

fa<ees of rocksalt crystal. The transaisslon pattern (fig*89) 

for the same filn is quite interesting. This pattern mainly 

consisted of rings and sharp spots. The spots were Joined by 

streaks which were due to either stacking fault of the 

crystallites or due to the curvature of the film caused by 

placing it on the wire gauge support. This pattern is due 

to the presence of both the f.c.c, and hexagonal phases, but 

with different orientations. Here 000, 022, 040 and 022 

reflections fomed a square network which clearly indicates 
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the developnent of 2-d {lOo| orientation confirming 2«d {lOo\ 

orientation o))served by the reflection nethod. There were 

twelve equidistant apota lying on the innermost ring, no 

doubt, due to 10.0 reflection of the hexagonal phase of tnSb, 

The appearance of 12 equidistant spots on 10,0, 11,0 and 

20.0 reflections suggest the development of 2-d {oo.lj 

orientation of the hexagonalphase rotated by 30 as was 

discussed in the case of HgSe and HgTe films. Further 12 

spots lying on 111 reflection of the cubic phase very close 

to 10.0 reflection and also equal number on 220 and 311 

reflections shoved that f.co. crystallites developed 2-d {211| 

orientation. The spots, twelve in number, on 111 reflection 

were not equidistant suggesting that 2-d {sil} orientation 
o 

vaa rotated by 90 . 

It is further interesting to note that all the 12 spots 

over 220 reflection of cubic or 11.0 of hexagonal phase were 

not of equal intensity. Pour out of the twelve spots were 

stronger than the rest. This increase of intensity of four 

spots can be explain̂ d̂ as due to the rotation of 2-d |lOO> 

orientation of the cubic form by 30°, 2-d joo.lj orientation 

of hexagonal phase by 30° and 2-d {̂ 'll} orientation by 90 , 

When all the orientations were superimposed it would be 

found that the superimposition of the reflections would be 

only on the four ipots of 220 of the cubic or 11.0 of the 

hexagonal modification. This explains why four out of 12 spot^ 

on 220 or 11.0 reflection were stronger. 
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Deposits forioed at 350 C substrate tsspersture showed 

sinllar pstterns. Oecailonaiiy f i ins obtained from' « fresh 

pieoe of inSb slioved watimony refleetions as shown in fig .SO. 

On (110) faee of rocksait 

InSb deposits on* the rocksait (110) faee yielded 

polycrystalline patterns up to a substrate temperature about 

250 C. Deposits at substrate temperature about 300̂ C did 

not yield clear pattern when examined by reflection. The 

transmission patterns *<fig.91) from these films consisted 

of rings as well as spots. There were IP spots on 111 

reflection of the cubic phase which along with equal number 

of spots on 220 and 311 formed a rectangular array. Such 

an arrangement of reflection can arise only when the beam 

direction for the crystall i tes i s <^211^ . Thus 2-d |21lV 

orientation developed on (110) face of rocksait which i s 

rota4<l hy 30^. Further, i t can be seen that the appearance 

of 400 and i t s higher orders cannot be accounted for with 

the above orientation only. Theae refleotiona would appear 

only when the inSb eryatallites developed another orientation* 

namely 8-d / lOo\ , Thus tnSb developed 2-d {211} orientation 

Rotated by 30® 2-d {lOp} orientaUon. The ring in betweiN^ 

itfjiii*! 8^reH<^tlon I s due to antimony. 

On (111) face of rocksait 

Indium antimonide deposited on (111) face of rocksait 

ahowed no clear pattern when examined by the reflection method* 



Up to substrata trapetature about SSo'̂ C tho patterns observed 

br th« transuiaslon method consisted of rings due to both 

oublc and hexagonal foros of tnSb. 2-d oriented patterns 

(flg»9S) were obtained when evaporations were carried out 

• t substrate teaperature about 300^0. The 111 reflection 

eomprlsed of IS equidistant spots* oat of which 6 were strong. 

The strong spots were connected by fine streaks with slat 

strong spots of 220« It can be seen that 111, 311 and SSO 

reflections along with undeflected spot foraed a rectangular 

array as aentioned in the case of deposits on (110) face of 

rooksalt. This i s due to 2*d { s n } orientation. The 

appearance of six weak spots was due to the fact that soae 

of the crystall i tes developing £*d / 2 1 l | orientation were 
o rotated by 30 • When the deposition was carried out at 

substrate tetaperature about 3fiÔ C the patterns (fig,93) 

becaae oore distinct. Strong six spots over 111 re;̂ lectlon 

Rlonf with £209 ^^^ ^^*^* forned reotaru(Ular array similar 

to that discussed before. This vezy clearly showed the 

development of S>d {sil\ orientation of InSb crystellltts 

These two patterns at the first sight appear to be due i% 

tiexagonal type of crystallites, in the esse of 2-d 100,1} 

arientatlon, the InrierBoat spot will be 10,0 reflection and 

louble of its ring radius will correspond to 20.0 of hexagoae;! 

>r 311 of the cubic phase. In the present cose if the ring 

radius of the innenaost reflection is doubled it coincides 

»xactly with 222 of cubic phase Instead of 311. Ihus it is 



w -
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confirmed that th© crynallltes develo^d 2-d {211} orienta

tion which only allovs 111 reflection end its higher order* 

to appear. These eonslderatlons have already been discussed 

in details In the casesof J^Se and HgTa filns. The additional 

rings in the pattern (flg^jBl) are due to antinony. 

(4) On cleavage face of aiaa 

Deposits of InSb on cleavage face of nice up to 

about SOO C substrate tesperature yielded very poor patterns. 

At about 360 C substrate temperature oriented overgrowth on 

Blea substrate was observed* These patterns (figs.94,95) 

are very sinllar to the patterns obtained for RgSe over mica 

substrate at^l60°C. The patterns (fig.94) consisted of 

111 reflection and Its higher orders in the plane of ineldene«v 

and its nature changed to flg.95, on changing the'beam 
o 

direction by 30 with respect to the poaltion for the previous 

pattern. This suggests tha developnent of normal^and anti 

2-4 U-l'i-} orlentatloh. Along with the reflection! forming 

rectangles with sides in the ratio of >/3* 1 v ^ and\/T ts/T' 

the other aymmetridal reflections also ai^peared wl|ieh vera 

due to {111} twinning as discussed in tha ease of'Hg&e dapoaiti 

on mica at^^lfiO^C. Further there were weak reflections of 

220 and its higher orders in the plane of incidence suggesting 

the development of weak e-d \llo} orientation. Thus it can 

be concluded that InSb deposited on the mica cleavage face at 

aubstrate temperature ̂ v/350^C grew epitaxlally with a mixture 



. 106 -

Of normal and anti 2-d{lll^ , 8-d {lis} due to twinning 

on {ill} «n<l 2-d {110} orlentationa of the cubic phase. 

It is well-known that indiua antiasonlde has zinc-

blende type of structure with lattice parameter equal to 
o 

6•4796 A. The compound prepared in this laboratory by 

heating pure indium and antimony in vacuo in stoichiossetrie 

proportions was ej^mined by X-ray powder method. It was 

found that the compound formed has got zinc-blende type of 

structure* 

On collodion support at higher temperature a mixture 

of InSb 4- 8b was obtained whilst up to about 100°C halo 

type of pattern was observed* This halo pattern might be 

due to amorphous antimony. 

At substrate temperature 300*̂ -400**C, 2-d {lOo} 

orientation was observed by reflection method whilst by 

transmission 8-d {loo}-^ 2-d {211}+ 2-d {oo.l} ^ rotated 

by so were observed, xhe observation of these orientations 
wi th ̂ "^ 

wast no doubt, due to the growth faults associated ^ " 

crystal growth process as discussed in the case of EgSe and 

Hgle deposits. 

In the case of the deposits on (110) face of rocksalt 

2-d /noW/100} along with {211} orientations were observed, 
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For the deposits on (111) face of rockselt 2-d /21l\ orienta

tion rotated by 60 v&s often observedf while in some eases 

o 

rotation by SO ves also observed, th&se sorts of orienta

tions and their developaents were sinllar to those discussed 

in the case of HgSe and RgTe deposits. 

Deposits on mica also showed slDilar orientation 

namely 2-d {ill} orientation along with 2-d {us} » no doubt, 

due to twinning on {ill} face. 

The lattice*Bisfit is calculated for <^100^ direction 

of the NaCl subatrate and found to be 13,8 %, It is Been 

that even with that oisfits the deposits grew epitaxially at 

appropriate substrate temperature. Further the phase 

transition from cubic to hexagonal (CP.) was analogus to 

that observed in the ease of HgSe and Hgle. It nay be 

emphasised here that even though In the bulk form there was 

no hexagonal ffiodificatlon the deposits obtained from vapour 
o 

phase often consisted of the hexagonal phase (a^ s 4.57 A, 
o .. 

Cg s 7.47 A) along with the cubic form, no doubt, due to tlM 
fault developed during the crystal growth process. 
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6UMM4Kt AND CONCLUSIONS 

The present systeMtlo electron diffraction study 

on vaeuun deposited fllas of selenldes and tellurldes of 

Hg, In, Tl and also of InSb on different substrates such 

as aoorphous collodion and glass and single crystal roeksalt 

faces viz. (100), (110) and (111) feces and the cleavage 

face of mica I.e. (0001) face has thro%m some new light 

on the crystal growth process, phase transition* develop

ment of twinning, change of orientations etc. and these 

features may account for somi of the peculiar electrical 

and optical properties of thin films. 

The results of our studies on vapour phase deposits 

of all the compounds and alloys on different substrates 

even when the lattice fits between them are widely 

different show that the crystal gro%rth process was very 

much similar in all the cases. The deposit films at the 

initial stage grew epitaxially on single crystal substrates 

and at higher substrate temperature the thickness of 

epitaxial layer was considerable. At room terrperature 

however only a very thin layer of depoaita on active 

substrates wots epitaxial. Higher substrate temperature 

was favourable for the epitaxial growth as mentioned 

before. Because of the non-ideal condition of deposition 
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th« growth fault Increased with the increase of film thick-

ness, thus resulting in defects such as dislocations, 

tirinning, disorientations etc. in the deposits. Such 

surface layers would progressively hinder the epiUxial 

growth conforaing to the initial substrate surface 

structure. A stage would ultimately be reached when the 

incoming deposit-atoms would be completely unaffected by 

the underneath surface layers thus leading to polycrystal-

line films. Thickness of the epitaxial layer before the 

deposits became polycrystalline would be determined both 

by substrate temperature as well as by the degree of misfit 

between the deposit-crystal and substrate surface. With 

the further increase of thickness of the films the deposit 

(polycrystalline) would tend to develop a preferred 

orientation entirely determined by the deposition conditions 

such as rate of evaporation) temperature of the substrate 

etc., but unaffected by the nature of the substrate. 

Thus whether the substrates were active (single crystal) 

or passive (glass and collodion) the development of one 

degree orientation characteristics of the final stage of 

growth was the seme. With the above picture in view it 

is possible to explain most of the results obtained in the 

present investigation. 

The results of the above study on evaporeted films 

of selenide and tellurlde of mercury showed that the films 
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grew epltaxUlly on roekaalt (100), (110) and (111) face* 

and Blea (0001) faee, at substrate teaperature of 80^-150°C 

whilst at rooB teoperatura ths najorlty of the crystallites 

was randoBly disposed. The observation of nortaal and 

anti 2-d {ill} orientation by refleetioa and 2-d {lOo\ 

/211^ {oOOi^jjby transBission from the saae fila suggested 

that the deposit initially grev with parallel orientation 

as well as {ill} orientation end later on developed {sil} 

due to the double twinning process on {ill} plane of the 

crystallites. Sioultaneously a hexagonal phase with {oooi} 

orientation slso developed due to the stacking fault 

associated with the crystal growth process. On the 

cleavage face of «ica 2-d {lls} along with{lll} orientation, 

no doubt, due to the twinning on { m } plane was observed* 

both for HgSe and HgTe filns. On glass and collodion 

substrates thin filas were polycrystalline In nature. 

Thicker filns had a tendency to develop 1-d {ill} orienta

tion. 

In2Te3 deposits showed 2-d {ill} orientation by 

reflection and {lOo} {sil} {oOOI^gby transaission. The 

developnent of {211} , {ooOl} orientations was, no doubt, 

due to the growth faults. IngSe end In^Te grew epitaxially 

on all the faces of rocksalt with 2-d {ooi} orientation. 

It was noticed that the orientation was such that <[110^ 

of the rocksalt face was parallel to <1)01^of the deposits. 
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This shows that even though th^ra was a large dlfferaneo 

in lattie* paraaoters tha two conpoimds grav apitaxially 

on roeksalt faeea, 

TlgS* and TlgT* d«valopad 2-d |oOl\ opiantation 

when dapositad on rocksalt (100) face, gy transaission, 

patterns oharaeterlstie of {dio} twinned structure 

were observed. This was the first tine sueh a new type 

of twinning on a tetragonal eryatal was notieed* The 

•leetron diffraetion studies for the first time revealed 

that TlgTe fila was also tetragonal end its lattice 
o o 

paraaeters were found to be a s 8,88 A and o s 13.20 A. 
Further Tl^Te also developed twinned structure siailer to 

Tl^&e on /310} plane. 

InSb deposits at higher substrate tenperature 

showed extensive {ill} twinned structure siailar to those 

observed for HgSe, HgTe and IngTe^. The orientations 

observed were 8*d { s n } » {lOo\ and {000l\ of hexagonal 

phase. On the (111) face extensive twinning took plaee 

and S-d { s n } orientation was observed. It say be nentioned 

here that the eryatal growth in the vapour phase deposits 

is siailar to those of eathodie (Finch, Wilasni Young, 

1948$ Banerjee and Qoswaul, 1969), anodic (Goswaai, 1966) 

and chemically grown deposita (Qoswaoi et al., 1986, 1968). 

Though the above study on different compounds 

from vapour phaae haa clarified many aspects of crystal 
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growth process, the change of orlentetlon fron one to 

another, phase transition etc# during the growth process, 

it is yet not possible to predict the exact orientation 

that deposits will take up for a given ooabination of 

deposit and substrate pair. Even the orientation 

developed does not always eonforn to the best fit of 

atoDS ietween the deposit and the substrate. Further 

recent ultra high vacuus %rork shows that a very *clean* 

surface hat a considerable influence in epitaxial growth 

of deposits froB vapour xdtase. Investigations on the 

oathodic, anodic and cheaically grown deposits on single 

crystal substrates in aqueous aedia, on the other hand 

show that even the so called *unelean* substrate surface 

does not at all hinder the epitaxial growth. Thus a 

such aore intensive work on crystal growth process with 

the help of other tools especially electron nieroscope 

is desirable to hav^unified and clear picture of the 

growth of epitaxial layers for all cases of crystal 

gro%/th processes whether anodic, eathodle or chemically 

grown layers or vapour phase deposits. 
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