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I I I 

CHAPTER - I 

A I Thin filAs, thftlr nature, structures and properties 

Duri;ig the last two decades, tremendous development 

h@s been made In the electronic devices for pover supply, 

rectiflc?,tion, aaplifIcation, detection system, storag* 

of energy and its release on demand, islnlaturlsation of 

such devices etc. This has been possible due to the 

development of a new class of materials known es the semi­

conductors. Intense researches are going on^throughout 

the world,to find out newer and better materials with 

special and desirable properties so as to use them in 

various electronic equipments. 

During the last world war not only selenitm, tellurlua, 

sulphides, selenides and tellurides of metals etc. were used 

in various detection and amplification systems, hut also other 

materials especially single crystals of germanium and silicon 

with appropriate doping were developed. The developments in 

these last two semieonductoroBiaterials have revolutionised 

the entire electronic inciustries and widened their applica­

tions. 

In mai^ of the devices^ the above materials were used 

in the form of thin films especially in photocells, resistors. 
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memory systemt tiriln film transis tors (TFT) e t c . I t l i 

also %f«ll known that tti» material in th in f i l s atata 
— ~ — — ^ ^ 

bahav® quite often differently fro® that of bulk. 

Evan highly cot»2uctia£ mertals like, sodium, pot«s8it»>« 

rubidiuBi and caslian, bahatra as semiconduetors with 

nagatlve t^aparature coafficients of realstanea, whan 

thay ara in thin f 11a stata (Mayar 1^5^, 1961). Slisllar 

seffliconducting behaviour was also obsc^rvad in silvar, 

gold and nickel (see Holland 1966), Resistivity of « 

material/whldb is a non-variant parameter, dapending 

entirely on the purity of the aample is no longer eonsta«* 

in thin film state but depf^aSs on various factors Ilka, 

film thiokness, rate of deposition etc* 

The science of "ihysics of Thin Films" is a subject 

whlcli as yet is much lass understood compared to that of 

the bulk material. Over end above this, further coiiipli* 
si 

cations are introduced in the understanding I'Thin FlJji 

Physics" by the appearance of new phases, In/wiange of 

structures and also of orientations, surface asperities, 

etc., during the preparation of films by vacuum deposition 

methods. Despite these apparent draw-backs. Intensive work 

is being carried out throughout the world,especially in 

•USA' and 'USSB' to understand the electron transport pheno­

mena in thin films mainly because of their wide applieatloos 

in various fields. Most of these results etrn being kept as 

guarded secrets. 
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Xt is» tiier«for«^ of great interest not only to aak* 

a tiiorouth study on the electron tranaport process of tiila 

films end ecsspere thest with those of bulk material , but also 

to have a correapoioding atudy on the structure and ttm crystal 

gro\ith process of thin films under different conditions of 

evaporation. Further as thctre has not so far been any attempt 
•te 

to standardise the thin fila paraaeter-ffieasurement andicorre* 

late "^ith the corresponding structure^ a systeastic investi­

gation has been made here not only to standardise the measure­

ment of parameters, but also to make detail structural sti^iea 

by electron diffraction method^. In subsequent chapters all 

these details BT€ given. 

Bs 'Eheory of conductivity 

Many of the pl^sical properties of a solid depend not 

only upon the crystaXllne nature but also on the electronic 

structure, fbe theory of electrical conductivity vas initially 

developed to explain the conduction process particularly for 

solid metals and later it was extended to e:eqplain the proper­

ties of seffiiconductors and insulators. 

Ihe first electron theory was postulated by Irude as 

early as in 1S94 and it was ftjrther developed by lorents; 

(1904-lSK)g). in this theory known as "free electron" theory, 
in Tr>etiU. 

i t Is assiimed that extranuelear elc«etronsiQJ^e gas soleeul«f> 
are quite fre_^- _ a the crystal l a t t i c e without 
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much hlndrano« to one another. A metal Is thus consldared 

to consist of posit ive Ions forming the l a t t i c e anil the v«» 

lenee electrons, giving r i se to electron gas. These elee* 

trons can move in any arbitrary dlreetloiis within the o e t a l . 

the interaction between the electrons and the potential f i e ld 

of the ffietal lat t ice^ as well as the e l ec tro-s ta t i c repulsion 

between electrons themselvf?^ i s considered to be reiry sauiU 

and hence, neglected. Though the "free electron" theory 

could account for maxxy of tlie properties of aetals^ln general 

i t could not sat i s factor i ly explain the spec i f ic heat of isetals , 

• Biajor weakness of the theory. Further, i t did not even 

sugrest any basis for tutculating or est iaatlng the value of 

mean free path ( i } of electrons for different s e t s l s . Because 

of t h i s main drawbeck and also to issprove it^ &<»raierf eld(1^28) 

applxeo quanxiuu mechanical concepts to the ''free electron** 

theory^ assuming that electrons did not make frequent 

co l l i s ions with the at<»ts or ions and they could move in 

f i e ld- free space, the f ie ld of force due to atCHsie interaction 

with other electrons being smoothened out except at thm boundary 

e^ the BOlld. Though these electrons are indistinguishable the 

s tate of each electron i . e . i t s energy l eve l , Is det^railned by 

i t s quantum msabers, such aa X, Y, Z BOA also by the spin 

quantum numbers with posit ive as well as negative values. 
23 4 mionovalent metal contains about 10 atoms per unit vol i»e 

(per c . c . ) and the possible energy l eve l s of valence electrons 

l i e very close to each other. Sc»raerfeld e l so applied Fermi* 
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Dirac s t a t i s t i c s to explsiti the coi^uction phencHBens. 

'Onus thir probability of occurrence or a certain quaatwi 

• t a te of mm electron i s given by the expresslont 

Pe(l) » 

I S-%' \ "^t^^*' 
* f . .U) 

where *E* represents the eiierfy associated with a p a r t i ­

cular level and ' % * i s the energy assoeiatedi with the 

Fermi-level* In deriving the above expression f a u l i ' s 

exclusion principle was also taJten into account and 

formula was valid for a iK>n*<!c generate systeis* For a 

degciaerate system« considering the degenera<^ «r 'g* 

the above can be modified tot 

1 1 -1 
P«(E) * ' g ' X Exp 

where f(x) * 
1 

e**l 

/E-Ef \ 
* I 

t t f t g« X f 
'W] 

. . (2) 

Fron alK>ve expression depending upon the values of *x' 

three poss ib i l i t i es exis t , namelyi 

(1) If 'x* is large and posit ive, then the correspondir^ 

value of f(x) will be small fm^ . leads to a conclusion 

that when (l<»Ef)>^kT^ thus the probability of oecupatloa 

of en energy level ia very small. 
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(li) If »x* la large Bn6 negative then f(x) c^ l,whlc^ 

suggests that vhon (B-£f}«kr, ths level is slaost oeou-

pled. 

(iii) If X s 0 then f(x) « 1/2 end In this ease the pro­

bability of occupation is only half. 

FPOIB the above discussion It csn be seen that the 

energy levels are most likely to be empty when all levels 

have energy much greater than '£f * and likely to be oecui»ied 

when less than 'Bf** 

Actual contribution of electrons In the available states 

is given by Ferni-Dlrac distribution law as followst 

n(l)dE » 2Hc(K) Pe(£)dE •. (3) 

vhere n(F.)dB « number of electrons in the conduction bands 

having energies between *E* end »1 * dE* and ^c(£)dE -

allowed energy levels per unit volume in the conduetioB 

\»M between the energy levels *i* and *B *• dE*, and 

finally factor *8* in the above expression accounts for 

the degeneracy of each level ariaing from the spin* the 

final formula obtained by applying Farail-Dirac statistics 

for the conduction end can ier concentration per unit VOIUBMI 

is given byt 
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2 
^ « 2 ^ . / • (4) 

mv 

sad n « § X (E£ l^ (6) 
3 ( h 5 

vbere : 

• « represents charge oa an e lec t ron 

ffi • mass of en e lec t ron 

h - ;i^'lank*« constant , and 

T - ve loc i ty of e lect rons ©t ttie surface of 
Fermi l eve l 

X - saean free path of free e l ec t rons . 

SoKimerfel<5*8 laodlllcgtion of the o r l g in s l theory 

of Drude not only explains the conductivity but a lso 

the contr ibut ion a r i s ing out of spec i f ic heat since the 

mean-free path • i * could be determined more accurately 

than before . In sp i t e of t h i s advantage, the Soauzierfeld*s 

tl^ieory f a i l s to d i s t inguish between metals and i n s u l a t o r s , 

fhe theory was hence further modified by Bloch(ld28). He 

introduced the concept of per iodic po t en t i a l instead of 

sotoothened out po t en t i a l of Somaerfeld, by tsking in to account 

the i n t e r ac t ion between e lec t rons and «t<XBic cores , s i tua ted 

a t l a t t i c e points of a c r y s t a l . I t was assumed th^t the 

pe r iod ic i ty of such po ten t i a l was the same as that of l a t t i c e . 

^ e so lu t ions of the wave function for such a per iodic 

f ie ld are of the forraj 



^=Uk(^) 
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ikr 

• • (6) 

where Uv, ( r ) represents the pe r iod ic i ty of th® l a t t i c e . 

On th© l^ s i s of the origifial f r ee -e lec t ron asodel a l l the 

values of energies were poss ib l e . But now toy introducing 

the concept of periodic p o t e n t i a l th^re appeer "forbidden 

ranges" of enc?rfies of e l ec t rons , where the so lu t ions r e ­

presenting soveiaent of e lect rons through l a t t i c e do not 
the 

e x i s t . Thus^energy levels are r e s t r i c t e d , s o t ha t e lec t rons 

can occupy only those levels other than the forbidden energy 

l e v e l s , ^ e above theory known us "band tiieory" introduces 

a l so tli® concept of effect ive mass (il) of an e lec t ron moving-

in a per iodic po t#n t i s l f ie ld and Is given by* 

iifheres 

A - h/27T 

E - Kinetic energy, SIM! 

k - A wsve vec to r . 

In the case of anisot ropic bodies m i s « function of 

d i r e c t i o n s . With the Sossierfeld's mooificatlon a lone , the 

energy l eve l s of valence e lec t rons of a a e t s l l i e very close 

to eadi o ther , thus forming a continuous barK!, but on th« 

basis of per iodic po ten t i a l of l a t t i c e these bancs are 

separateci by a':yiergy band gap. On the basis of the above 

tiieory, i t i s now possible to explBln the conduction 
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phenomena in metals and Insulators as veil as to 

distinguish between them. 

Let us consider the case of a mono-valent alkali 

metal crystal, which has only one electron at the 

outer most 's' level. Considering the electrons of 

opposite spin as per Pauli's exclusion principle,if there 

are *H* states possible, only (N/2) states will be filled 

by electrons of alkali metals, so that each band will be 

half-filled. Under an applied field the electrons will 

hence move thus showing conductivity* Alkali earth metals 

like Ce, HF, etc. will have similar 'u' states and since 

there will be two electrons per atom, all the 'V states 

will be filled up. Hence under a similar electrical field 

electron CiS>/y) no longer move easily because there is no 

unfilled space to occupy and the material will ihus behave 

as an Insulator. In actual fact, these metals are bad 

coiKluctors, but not Insulators. To explain this, Wilson 

(1931) proposed Jfiiit 'zone theory', where he assiaaed that 

an array of divalent atoms would show metallic eor»3uction 

as long as there was an over*lap of wave functions sudi 

as 8, p, d. (Qiese will fill a zone. In three dimenaiontl 

case of metals the wave functions over-Jap on each other, 

and hence under potenti&l field, slight conductivity is 

shown, even thouî h, the valence band is filled up. 
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in a crystal^electrons occupy diff«r«nt t t a t e t 

l ike 8, p, d, e t c . The inner electrons ere f lrnly bouoa 

witdi the nucleus t whereass the outer most electrons known 

88 valence eleetx*ons are not being so, contribute to the 

conduction phenomtna. The bands th«t l i e above the inner 

e lectron-shel l can be divided mainly into tvo groups (s) 

valence, and (b> conduction bands. In the valance band 
* 

a l l the available states are ocupled by valence electrons, 

vhereas the vacant states in the conduction bani can be 

occupied Iqr the electrons^ thus giving r i se to e l ec tr i ca l 

conductivity* These two bands are separated by a gap known 

as "forbidden gap". In case of the insulators the forbidden 

gap i s too large to allow a thers&ally excited electron to 

jump froat valence band to the conduction band. In the case <: 

of monovalent metals, only half the s ta te s , in the conductioi 

band, are occupied and because of high concentration of 

electrons in the band, the e l ec tr i ca l conductivity i s rauch 

higher than that of an insulator. 

Semiconductors 

4s discussed before the solid materials can broadly 

be c lass i f ied as cosiductors and insulators. There, however, 

ex i s t s another class of materials known as semiconductors, 

conductivities of which are in betwê ^n those of metals and 

Insulators. F lg . l gives an idea of the range of r e s i s t i v i t y 
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for stetalS) semiconductors aiad insulators. In •xtrea« 

esses the resistivity of a seslconductor can be as hl|^ 

as an Insulator and as Xov ss that of a poor metallio 

conductor. Beslstlvity of sea'conductors generally lie 

[ between 10 ^a- cm to 10 ~ A C B . These seaicoaduetors 
I 
ishow some peculiar properties sud î as negative temperature 

coeff icient of resistance (TCS), s ens i t iv i ty to l i ght 

giving r i se to photovoltsge and photoourrent or diange l a 

the resistance e t c . 

On the l-esls of the band theory of sol ids the behaviour 

of such seffil conduct le t t ing materials can a lso be explained* 

As already discussed, at absolute zero the valence band 

i s f i l l e d Mp and the lover most unfil led band knovn as 

conduction band is eapty. These bands are separated by 

forbidden energy gap A E . With the r i se of temperature ^ 

vhen the thermal energy Is suff ic ient enough to overcome 

the forbidden energy gap, the electrons can be excited 

the valence band to the conduction band, leaving behind 

vacant s i t e s in valence band, thus creating holes equivalent 

to a posit ive charge in the valence band. With an applied 

f i e ld both electrons in the conduction band as well as the 

holes in the vslence band take part in the conduction process, 

though they v l l l move in opposite direct ion. With the increase 

of temperature, the creation of electron-hole pairs also 
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Increases end eonductlyity vlll also rise. Tha nuaber 

of alectrone or holes thus created ty thermal exeltatloa 

is given byi 

n c: p » A eaqp. ^ A^SkT) .. \9} 

n snd p « number of electrons sn^ ho les . 

A E « forbidden band gap. 

k » Boltaaiann's constant* 

T « Temperature in degree absolute. 

A ** A constfint depending upon mass of 

electron or hole and also to soae 

extent on teiaperature* 

From the above relation i t can be Bet«n that the 

nuaber of electrons or holes created, generally depends 

upon the exponential tern. Thus in the case of a pure 

swsî  conductor the conduction Is due to the creation of 

electron hole pairs due to the thermal excitat ion. The 

above expression takes the following fora vhen a l l the 

factors for »A' are taken Into account) 

ni « 2 
2 TTkri^/^ 

L h2 
» _ • 

X m^ .m^ 
3/4 

X exp.(-AEAT) . . ( d ) 

where 

Og* and Sjj* represent the effective i&ass of electrons and 

holes, respectively. Since holes and electrons arise 

froa different bands the effective mass of an electron «ay 

not be necessarily same as th&t of hole. According to 
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SommertBld^a consideration eonduotivity ( ̂  ) 

^ *: n^. L L - « Oei/..-̂  .. (10) 
Sk'V' / 

wher© ̂ ^̂ -̂  la the mobility of the carrier whan only 

one type of carrier i» preaent* If there are two typaa 

of oarrlera thant 

n ^ti& p repreaent carrier eonc<<*atretlona of alectrona and 

holes. In this expression It is assuaied that the mobility 

of the electrons or holes is small as compared with the 

exponential factor, then the expression for conductivity 

can be written ass 

^* /o exp. (- AE/gkT) .• (12) 

fdfiere ^ is proportional to maaber of carriers* Semicon­

ductors whidTi obey the above variation (}!it known aa 

'intrinsic' type* It is also possible to have electrical 

coiKSuctlon primarily by the fonaation of electrons or 

holea/without the creation of electron hole pairs. TMt 

altuatlon can be visualised in the following way. In an 

ideal crystal each atom 19 surrounded by other atoma in 

a perfect periodic lattice so th?̂ t electrostatic neutrality 

is attained every where. But in reality crystal contains 
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many d«f«ct9 suc^ as vaoaneies, atoms Bt intarstitial 

slt«s, Incorporation of for«lfit sto««, •tc. oft«a 

Imparting peculiar electrlcnl behaviour. The defect* 

due to missing of ato^S) addition of Impurities etc. 

will give rlee to new levels depending upon the nature 

of substance^In the forbidden energy band gap In the 

crystal* Such defects will also give rise to conduct1« 

vlty BS vBB first observed hy Gudden (19£6« ld34). These 

Impurity levels will be situated near the top of the 

forbidden gap and will serve as sources ar, donors of 

electrons. This type of semiconductors are called *n* 

type. On the ot^er hand, when these levels are near the 

botttM of forbidden energy band they will act as the 

reservoirs for accepting electrons from the valence band 

and they are known as acceptors, this type of semiconductors 

is called *p* type. Since the energy band heights of these 

newly created levels are small, there will be large 

eonductlo1 for a small thermal change. Pig. Z shows the 

donor and acceptor levels In two types of semiconductors!!n 

the forbidden gap. The donor level Is Just below the bottom 

of conduction band whereas the acceptor level Is Just above 

the top of valence band. The concentration of electrons(n) 

In the conduction band ^ and holes (p) In the valence 
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band is given by the relatione* 

a » ^e • Exp. (E^AT) .. 113} 

P * H^. Sxp. ( - ( A E • E|.)/itT) .. (14) 

n.p • F(T) . - ^ S . ^ .. (1-

wh«r« F(T) « Ar"**̂ ^ 

The band structure la applied to periodic array of 

fitosis in tile crystal. The concentration of Inpurlty atosa 

vhieh Is low In the semiconeuctor crystals^will be randomly 

disposed in the lattice, fhe disordered lattice thus created 

by the presence of is^urlty provides the free electrons for 

conductivity. In the case of very high concentration of 

iiopuritiesy disposed randomly in the crystal lattieei these 

will add to the residual resistance. v^ilson'iC1931} elassi* 

flcation was insufficient as reported by Verwsy et.al. 

(1^8)« Mott (194^), for the above class of eaterials 

suggested that the description of electronic eonfigurstion 

in terms of Blodh wave functions was not correct and 

therefore the use of London-Heitler wave function was also 

necessary. 

From the above survey of conduction aecbanism it can 

be seen that Ihough the details of l)r\ide-I<orents theory 

and the band theory differ, still the physical phenoaena 

of conduction is nore or less i» slAilsr in both the cases* 



I 16 I 

Hean free path of electrons Is an Important factor 

governing the conduction phenosiena. 

The theories developed above are velld for metal 

crystals, solid semiconductors and Insuletors. Einoe 

many of the solid state devices involve the use of thin 

films It viill be worthwhile to consider the theory of 

conduction as applied to thin films* 

hn ideal thin film is a limiting case of a solid 

where one dimension of the material Is reduced very much 

as compared to the other tvo dimensions> nemaly length 

&nA breadth and since this may vary from atomic ^^ 

dimension to the order of mean free path of electrons 

or even larger than that. From foraiaa (10) it can be 

seen that conductivity depends ujpon mean free path */ V. 

In the case of thin films since the thickness parameter 

msy be comparable to the mean free path of electrons, the 

behaviour of conductivity of films is likely to differ from 

that of bulk materials. Ftichs (193S) gave a detailed 

analysis of the mechanism of electrical coiiduction in thin 

but ideal films. He eonsidersd a spherical Fermi surface ? 

where 'p* fraction of electrons Incident on the boundary-

smrface are specularly reflected, then the conductivity 

is given byt 

— - ^ » ^zlzL ,, (16) 
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Thickness 
wh«r«i K » « Reduced thlckaess. 

Hean free path 

6 » Conductivity of a metal film. 

"^^« Conductivity of bulk saterial. 

iBy considering H^Ck), a final expression for conductivity 

of thin metal films was given by Sondhelser (1962) as followst 

f _ 

Prom the above^an approximate fomula for thin films 

where thickness is much smaller than the mean free path 

i s given byt 

_ i — « . .(18) 

^0 ^ X [ ^"'1 * 0.42281 

and for thicker films where thickness is much larger thaa 

mean free path Is also given byt 

isf ••! 

or 

or 
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In deriving above formulae i t van asatasad that 

acattaring of electrona at the 9urface waa cintiraly 

diffuaa. Sondhaltter ( l ^ S , further obtaliuad the 

expresaion in terma of 'p* tha fraction of electrons 

aeattered at the surface« aa given belowi 

iifhere K » Beduoed thickness '^>/ ! • 

It can be clearly seen from the above expresaion thatt 

( i ) IP « l | f o r / 4 l l electrona specularly ref lected, the 

ef fect ive conductivity i s Independent of thlckneaa slnee 

above expression reduces to 6 • ^ • 

( i i ) p <̂  1 conductivity deereaaea with the decreaaing 

thickness which generally i s the case when thickness of 

the film Is comparable to the aean-free path. This theoi 

was f\>rther extended by Ham and Hattis (1960), Price (1990) 

and applied vector mean-free path by considering the general 

e l l ipso ida l energy surface for the cases (1) p :f 1 and ( l i ) 

p « o , 

!Rie above ^xprcBslon for the r e s i s t i v i t y of fllass as 

aerived by Sondheimer hae recently been used by Mayer(1969)• 

In a l l above discussions i t was Implied that the f i l a was 

of ideal type nnd continuous. But in rea l i ty no f i l a s are 



I 19 I 

continuoas as reported by ©any ®l®ctron microscopy 

studies. 

During the formation of s vacuian deposited flla It 

is well knova th^t In the Initlsl stage nuclei are formed 

vhloh later on with time of deposition give rise to Islandi. 

The sl»e of these Islands increases with thickness during 

the deposition process and finally a continuous fila la 

formed but with certain asperities deperiding upon the 

deposition conditions. Basset, Henter and Pashley (1963) 

and aany others showed^ the formation of islandjwith the 

increase of thickness. As the siee of island in«re«set^th« 

average distance between|decreases. According to Meugebauer 

(1962, li64) conductivity of a film involvesi 

(1) Uiermal activation of the charge carrier, creation 

process involving removal of electron frcwi initially neutral 

island leaving it positively <^rged, and 

(ii) fhe drift of free charges by tunr^llrj^ through gapt 

between, t̂ il, OwTix-f-Ĉ  i 

Heugebauer and Webb (1962) guvm the following 

expression for conductivity of & vacuum deposited fi ia* 

y A . / i ^ Exp.[ . 1 ^ / ^ ) x B.sxp.l-S^Hi J -1 -1 

^ ° ..(23) 
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k and B are constants* 

c:^ a Is potential barrier between is lands, 

• i s the electronic charge, 

m electronic aa{>8. 

tt d ie l ec tr ic constant s^} the substrate* 

r k^eviige radius of the isleody and 

k Boltsasnn's coristant. 

The f i r s t term Ejqj. | - i i i / 2aif 1 

in the above expression contributes to conductivity 

because of tunneling effect whereas th<? second term 
2 

Exp* I - —f. ,J contributes du» to the size of islands 
( kf ) 

and d ie l ec tr i c constant of the substrate* 

Da the basis of Island structure i t i s possible to 

see that for snaller s i s e of island there wi l l be a greater 

activation energy^ and larger the distance between the islands 

lower i s the probability of tunneling^anfl lower conductivity* 

When contribution arising froas the tunneling ef fect i s 

negligible as compared with !LJi~tJi conductivity can 

be writlE r̂n asj 

~ ( "" kT ) 
which csn be qualitat ively coapared with: 

. e, (- ^E/2kT) •.{2fi> 
6 * <5AR 
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C« Thermoelectric powr j 0( ) 

It U wall known that If a tamper«ture dlff«rene« 

Is Bi8lnt»l«ftd bdtwef n two ends of a semicoiiduetor or • 

m«tal,« theraal e .» . f . Is produced, fhis titfmet was 

f i r s t observed by S«ebeck (1822) azid therefor© known as 

Seeback af fect . The measuremeat of this affect alao givea 

inforoMitloa about the electron transport process. JheTmO" 

e l e c t r i c power has great ai pl icat ions in devices as 

thermoelectric generators. For such uses the material* 

should have a large value of thermoelectric power. 

Electrical r e a l s t i v i t y , thermal conductivity and 4;̂ eebeek 

coeff icient a l l depend on each other, and from their 

knowledge It i s poa^ble to estimate carrier concentration, 

mobility, e t c . I t i s also found that the SeebeeH coeff ic ient 

of laetals, ranges from extremely small values to approximately 

8 0 ^ v o l t s / ^ C , however, for semiconductors, this range i s 

6 0 ^ . volt8/»C to Or400^.volts/®C. The materials having 

Seebeck coeff ic ient ilirlOo to 400 ^ . v o i ts/*C are generally 

selected for thermoelectric operations. -» -. 

In an Ideal case the thermoelectric powfer should have 

invariant optimiaa values ^nS these values should not depend 

on temperature of observation. The situation i s shown in 

the Fig. 3 . From graphs i t can be seen that Seebeek e f fect 

leads to zero s t very high temperatia-es for materials whether 

metals or semiconductors. 
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Therasoelectrlc power ( <̂  ) I t •xpressed approxlaiat«ly 

in tttx^s of Boltsaann*8 eonstsnt (k) 6i3d c^srg* of ft— 

e e r r l t r s (•) as fo l lovs i 

0(-* " Cy/A a k . . ( 2 

where C„ 1» up. heat of system of charge oarrlers and 

I? s nustb#r of ebar^e carriers, tskloi; part into conduction. 

Tiie reverae of Seebeek effect is teraed Peltier effect, 

where heet la evolved at one jimotion and absorbed at the 

other when electric current ia passed. Seebeck coeffleieht 

{ 0( ) and Peltier coefficient ( "ff )̂  depend on absolute 

temperature (7 K) Bni the relation between then is given by* 

0{^ T T A ...(27) 

The cauae of Eeebeck effect can be expressed in the 

rollowlng way. vftien one end of the specimen i s a t a higher 

teaperature than i t s o ther , end^the concentrs t lon and 

relocitle© of e lec t rons a t the hot end wil l be increased. 

This sltUBtlon wi l l cause a a i f fus ion of e lec t rons froa the 

lot er^ to the cold eno, along the thermal g rad ien t . This 

"lux of negative dijsrgss se t s a po ten t i a l difference between 

two ends. The conc^-ntrstion, v e l o c i t i e s of e lec t rons a t hot 

snd and t h e i r diffusion^depends upon the thermal gradient 

setween hot ar«l cold ends. Thermoelectric power Ko{ ) 

iepenc^s upon the tefflpereture difference between the two 

inds of the speciiseu. In thd case of a nixed seaiconductor 
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there i s a diffusion of e lectrons er»3 hol«Sy elong th« 

theraa l gradient f ros the hot end to the cold end. In 

a a e t e l the c a r r i e r coacentrat lon of fr«e «I«etroa8 dcmt 

not change v l t h the temperature, v«reas In a semlcorMiuotort 

temperstur© la on© of th© aos t laiportaat f s c t o r a ^ w b i ^ 

control the c a r r i e r concfnt r t t lon of e lec t rons and h o l t s 

taking pa r t In the diffusion process . In general the 

expression for thftraioelpctrlc power ( C>( ) for a non-

degen-rate system Is given byi 

] s « • i^r V̂ - hl-)-^^lr^Ml-.'-^Jl 
^ n/i • * py^h 

and for a degenyRret© semiconductor! 

.(8? 

/ 

-7J I % 

nM9 * PyU^ 
• •Ui 

In the above expression I t i s assumed tha t the time 

of re laxa t ion for e lec t rons aroS holes Is « function of energy 

v^ld*! depends upon the sca t te r ing mechenlsa. lo f fe^d^S?) 

gave d i f fe ren t values for the term (6/2 - s) In abov« 

expressions for d i f fe ren t scattering- centres* Further the 

occurence of thermoelectr ic pover was a lso explained on th« 

basis of ph4|rK>n-drag effect and f i na l l y expression for 

thersaoelfectrle power i s plven max 

. . (30) 
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^* H<13 a f f ec t , Photoelec t r ic «f f«c t , gtc« 

One of the ittportsnt parameters^which d«t«r»la« 

the mobil i ty factor of e lec t rons and holea^1« Hall 

coe f f i c i en t . If e l e c t r i c f i e ld and magrastlc f i e ld i» 

applied perpendicular to each other on the apecisseny 

then a voltage la produced along a thi rd au tua l ly 

perpendicular d i r e c t i o n , Thia voltage ia known as 

*Kall voltage** This Ic fciven byi 

VH*V^ » ^Shfx^lO'^ ..(31) 

wherei 

X^ * current in aap||(erea passed through 8pecla«a 

H » Magnetic f ie ld in oerated ; erpendicular to 
' the d i rec t ion of cur ren t . 

V a ?j, « Jriell voltage developed along tĴ ie d i r ec t ion 
^ perpei»31culer to both current and magnetic 

field. 

Rjj la called ' r a i l coef f ic ient* . I t i s a constant 

depending t̂ >on the nature cf the semiconductor, i ia l l 

e f fec t mainly a r i s e s from the devia t ion of e lec t rons or 

holes taking par t in the conduction process^, l^ magnetic 

f i e ld and the e l e c t r i d f i e l d . Hall eoeff ioieat la given 

by I 

R„ * :t SL^ .. (32) 
n^ 
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whftre pos i t ive and nftgativ« sign Indicate %ha y&lw 

a r i s ing from holes and ©l^'ctrons respect ively aiul 

' Y ' * constant depending upon the degeneracy of the 

system. In a pa r t i cu l a r aemiconductor vhere holes and 

e lec t rons both take p a r t , l iei l effect i s given by the 

expressioni 

r̂i • " "e (nb^-p)/(nb-p)^ •• (33) 

where *b* represents the ratio of oobllity of electrons 
y^e 

to those of holes namely b » "Zj^ • the mhovf* expression 
yut-h 

can be applied in the Intrinsic region where the concentration 

of holes and electrons is nearly e<jual i.e. a c: p. 

" ne b*l: p, • b-'-l 

ne(b- l ) \Mh ^ p e l b n ) 

Xfauc fac tor | ^ ^ . 11 de tero iaes the s ign of R̂ j 

whether pos i t ive or n<?gstlve. fhe sign of Rg is takma 

pos i t ive for holes and nei^ytive for e l e c t r o n s . 

F ina l ly the p«rE«etefs l i ke Hall coeff ic ient Ji^) 

and conductivity ( 6 ) «;lve ttie idea of Hell Mobility 
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r?. ^^mUUA by I 

y^g » Ry • ̂ « Si .. (33) 

Photoftlgctric offcct 

On* of th« Importent property e:8;|M.blted by 

s»aiconductors 1« 'Photoelectric •ffect', which w«s 

discovered IWBT the end of last century. i>«iDlconduotorc 

wh«a exposed to fflonoehromaticjiource of light, show an 

Inoreese in the electrical conductivity, this phenomena 

was soon demonstrated ai^ termed as "Photoelectric efJ'ect". 

'Ihe materials like selenliot, sulphides, selenldes and 

tellurldesy exjiibit the above properties. In recent yearsy 

sulphides sr^ selenldes 8r«* very often used as materials 

for photocells. 

**<«0«»«» 
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CHAPTER II 

EXt^ERlMEHTAL TECHNIHUES 

A J Preparation of filma by vacuiaa depoaltion 

fhin films used for the stiuSy of seffiieonduetins 

properties were prepared froa vapour-phase^In an eva­

poration unit; fabrlceted In this laboratory, evacuated 

tfy an oil diffusion punp and a rotary pump. The bulk 

materials vere evaporated in vacuo ( ̂ 1 0 mm. hg.)^ 

from a mlcrooonieal silica basket on to glass substrates 

placed at suitable distance above the basket̂  which was 

heated by a tungsten wire coiled around it. Before put­

ting BTty sample in the basket for evaporation, the tungs­

ten coil was flushed several times in order to rê aove 

surface impurities, If any. Substrates were made from 

gold-seal elass slides or from cleaned mica of sise 
P 

(4 X 0.6 cm') and placed over a mask in such a way that 
2 

the effective deposit area was ĉ  3 x 0.5 cm . ihe basket 

was geiruirally put at one end,and below the mask^and the 

distance of which could be varied from c^2 can. to ĉ  10 cm. 

depending upon the ejgjerimental conditions. A chromel-

p. alumel thermocouple was also placed in an appropriate 

position to measure the substrate temperature,during th« 

deposition process. Further, the geometrical arrangement 

of the glass-substrates was such that there was a gradual 
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decrease In the thlckiMiBa of the deposit^ fr<»A one 

substrate to the other. Thus under the saae eoodi* 

tions of deposition the filjaa of graded thlckneaa 

were obtained on the subatratea. This was of parti­

cular laportance for comparing the properties of 

films of different thicicneas, since no two evaporation 

conditions are exactly aisilar. All other TarlableSy 

except th«s thickness^ were generally kept fixed* It vas 

also possible to have mai^ samples of same thickness tqr 

altering the gecxsetrioal arrangement. Figure (4) shows 

^ e arrangement of substrates for vsrying deposit thick* 

ness. 

The rate of deposition was controlled,either by 

controlling the current passing through the filament,or 

by appropriate adjustment of distance between the baslcet 

and the substrate position. 

Before the deposition, the flass substrates were 

cleaned with chromic acid solution, washed thoroughly In 
o 

running distilled water and finally dried at ĉ lOO C. 

Bt Thickness measurement 

Unlike bulk material^many of the semiconducting para* 

metera of the film sre influenced Xxy the film thickness. 

Hence a knowledge of thickness is very important, kn 

accurate measurement of thickneas involves many diftieultiesy 
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sines flJUiS are rarely of unlforn thickness, especialXsr 

when they aT» ultra-thin. In the case of thick filaa^ 

because of surface irregularities caused by evaporation 

conditions, the film thickness is again not uniform from 

point to point* Ir ' 

An approxiatftte knowledge of the film thickness can 

be obtained (by using" Jf the following methodst 

(i) Multiple beam interferrometry (Tolansky 1348, Hennini 

1966, Gontier et.al. 1356, fienjamin, 1966, Leonard and 

Faney 1964). 

(ii) From the knowledge of mass of material evaporated from 

the filament (willlman and Backus 194i, Qioah 1961, Eamaaa-

mV 1362). 

(iii) Iroffl the knowledge of mase of film deposited during 

deposition processlWait 1^2, Steinberg 1923, Brattain 

and Briggs 1949, Moss 1962, Gillham et.al. 1965, Clark 1966). 

In the present study, the last method was used. 

An approximate measurement of thickness was calculated 

from the knowledge of diff er€>nce in weight of substrate 

before snd after deposition and also from the deposited area, 

assuming th^t the density of deposit films is same as that 

of bulk material. It has been reported hi many workers 



fil^. 

E)qp«rlmental Bet-u|> for B««aurlng th« 
•«niconduotlng prop#rtie8 of thin f l l a t : 
X» gl««s substrate with deposits; 
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6 and 6», themocouplesi 7 and ?•, springs{ aai i 
8 and 8*1 nieroheater leads* 
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(Senn«tt and Scott 19e)0, Philip and Trompette 1956, 

Bamaasnov 1982) that ttilckness thus iwasured by thii 

method agrees well within lOJI vith the other methods. 

Though the deposits were uniform in each of the sgttei* 

men there would be a slight vitiation In thlckneaa, 

which could^however, be minimised either by slow rate 

of deposition or \sy increasing the distance betw«@n th« 

substrate and the source. 

Film thickness was calculated by using th# rela­

tion 

4 - ^ " .. (37) 

where 1 m » mass deposited on substrate 

X b *• deposit area 

Pat density of film cr density of bulk. 

C( Beslstlvity measurement 

In order to study the different semiconducting 

parameters of vacuum deposited film-semiconductors,the 
device 

^developed in this laboratory (Fig.6) was used (Goswaml and 

Jog 1964). One of the important parameters is the resisti­

vity or conductivity of a semiconductor. Platinum foil 

contacts were made at the two ends of the film and intro­

duced into the slots of two brass-blocks. The arrangement 

was then put In a pyrex boat and then put into a tube of 
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dia. j2;2.£" and 16" in lengthy continuously evacuated 

(vacuo Oi 10"^ to 10"^ sua Kg.), About 12 terssinala 

vere taken out of this tube» the two of them are the 

silver leads for resistance measurements. In order 

to study the variation of resistsnoe with increase or 

decrease of temperature an external coaxial heater 

controlled by vsriac was used BnA the temperature in­

side th«t tubular-chamber was measured by a thermocouple 

(chrofflel-p. aluiael type)} the details are described in 

Chapter III. 

A. C. as well as D.C. resistance was measured by 

using universal HLC Tes^f Bridge operating at 400 cycles/ 

sec. This bridge is suitable for the measurements of re­

sistance, capacitance and lr»!uctance. The instrursent has 

four main components namelyy the bridge proper, amplifier, 

A. F. oscillator and power pack. The bridge itself con­

sists of a series of standard resistances of two eapitance 

standard and two potentiometers for loss factor compen­

sation. 4 switch is provided for placing the resistors, 

capacitance standards and compensating potentiometers in 

the appropriate arms of the bridge as required for the 

particular measurements Intended. According to the actual 

requirements, an A.C. voltage at a frequency 400 cycles/sec. 

or a D.C. voltage may be connected to the bridge. 
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For D. C. measurements a galvanometer Is eonneeted 

directly to the bridge. For A.C. measurefflents, a two 

stsge A.F. amplifier is Inter-possea between the bridge 

and the galvanometer. Its first valve functions as a 

iKJrmal resistance coupled amplifier. This is followed 

Iqr a two stage L.C. filler which attenuates the lower 

frequency components. The sensitivity control is placed 

between the fll|.er and the nfxt-atage. Oae section of 

secor»a valve acts as a triocle amplifier, the other section 

as a diode rectifier of the out-of-belance current supplied 

to the galvanometer, provided with xero current compensa­

tion. The A«F. oscillator used to supply the bridge la of 

conventional deslen. Wide range of measurements, facilltlei 

for I7.C. and A.C. measurements, lots factor c<»Bpensatlon, 

simple operation, direct reading of observed value, are 

some of the advantages of this bridge. The basic diagram 

is shown in Figure (6). 

An arrangement for low temperature measurements 

on resistivity of films 

In order to measure the resistivity at temperatures 

below the room temperatiire, an arrangement was designed and 

used in our measurements. 

The experimf»ntal set-up in lig.(6) was introduced in 

a vertical tube closed at one end die. =^2.6" aiid leads 

tiirough the other end fitted with rubber corck were taken 
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out which were further connected to the externaX 

meacuring instruraents for A.C. bridge and a B.C. 

potentiosieter. The tube was continuously evacua* 

ted by oil rotary piaap through a U'tube trap con­

taining silica gel to absorb moisture in the 

experijtental tube if any. An electric heater was 

wound around this tube aad finally introduced Into 

mn other pyrex tube of slightly bigger sise (3" dia.) 

end this set-up was tiien introduced vertically in a 

Dewar-flask containing freesing mixture namely ice and 

salt* Open top of Dewar-flask was carefully covered 

l^ a sheet of noa-conductor of heat (Fig.7K This 

arrangement could give tesperature as low as^—10 c 

to c^ •«12 C. The measuresients for resistsnce were made 

in usual way as mentioned before during fall of tempera­

ture namely froES room tesperetur© to low temperature 

( C: -12°C, and when lower fixed temperature was reached 

an electrical her̂ ter arranged around the experi^bental 

tube was used in order to heat the freezing mixture 

uniformly therein getting steady increase in temperaturey 

slightly above the room temperature. The measurements of 

resistance were also done during heating from r»-12 C to 

room temperature. Thus from room temperature to low 

temperature (-12*̂ 0), and back to room temperature also 
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oauseo cooling srxS heating ciirves and hysterlses loop 

could be minimised by a good control, during cooling 

and heating process. This measure)!ent vas used 

practically for all the films studied. 

Di Thermoelectric power {o(j 

One of the most ifflportsnt basic parameters In th« 

seailconductor study Is the thermoelectric power, which 

throws light on the conduction mechanism end hence the 

ionic mobility. For the above purpose, a set-up,similar 

to the one used In resistance aeasurements vas used. To 

create a thermal gradient between two ends, one end of 

the fllia was heated by a micro-heater an^ other va» kept^ 

comparetlvely at cold temperature i.e. at room temperature 

In vacuo r2r 10 to 10 am Hg. The E.H.F. thus produced 

vas mee&ured by a potentiometer method. The record of £• 

M. F. was done with the rise^as well as^the fall of 

temperature below T.. The rate of heating vas maintained 
o 

by controlled heating, ^ 2 C/ain.^ and readings for S.M.F. 

developed vt̂ re taken when a practically steady temperature 

was reached. Some times tl̂ e cold junction was also kept 
o 

at the temperature of melting point of ice (0 C) and other 

end was heated^and the E.M.F. thus created by the thermal 

gradient was recorded in the usual way. The slope of the 

graph namely e.m.f. generated Vs temperature difference 
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between two ©nfls elves the thermoelectric power. 

Thermoelectric power ( ̂  )=:t:^'f: ^^^^^" .^'^^g^ 
Temperatiire difference 
between two ends. 

The type of semiconductor was determined from 

the sign of polarity, namely when the cold junction 

was positive, it was of 'p' type, and when cold 

junction was negative the sea5conductor was of 'n* 

type. 

B]j Teapereture coefficient of resistance CTCR) 

and Hell effect 

An another parameter equally important is the 

temperature coefficient of resistance (TC2̂ ) vidiich is 

defined as the change in resietance, P%r unit, resistance^ 

per unit change of temperature. Resistances at different 

temperatures on resistance Vs temperature graph were noted 

and the slope dR at iiij<l temperature obtained, and TCR 
dT 

i.e. 1 dH viras calculated. In some cases, two points on 
R 3ff 

the graph,resistance VS temperature were taken, where the 

mean resistance was R •^'^^l ^2 gjjjj ^f, » R. • R-^ 

dT « Tx " ̂ 2« A plot of resistance Vs temperature was 

made for all the samples and TCK calculated for each of 

the films and variation of TCR with temperature was also 

calculated. 
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Hall effect 1« measured by noting the voltage when 

passing a direct current of about several m.Aj through 

the specimen subjected to the magnetic field at right 

angles to the direct current. 

Ft Electron diffraction 

Tlie vacuus deposited films used for the electrical 

measurefflents vere examined in the Electron Diffraction 

Camera, (cold cathode type', fabricated in thia labora­

tory, for their structures. Ihe films were examined by 

reflection method, both before and after the electrical 

measurefflents. In most of the cases the surface layer* 

were polycrystalline in nature and developed one degree 

orientation depending upon the thickness of the film. 

It vas, however, observed that higher thickness of the 

films favoured one degree orientation. "Tilted orienta­

tion" of deposits was often observed because of 

asysmietrioal deposition from the source, witti respect to 

the substrate end consequently the change in the angle 

of incidence of vapour with the substrate* In many cases 

especially during the study of crystal growth process the 

deposits were formed on the single crystal substrate as 

described in Chapter VI. The method of interpretation 



t 37 I 

of all these electron diffraction patterns was siffiiler 

to those Already mentioned by Beechlng (1336)9 Finch and 

Wllman (1^37), thoia|!Json and Cochrane (1339), f̂ lnsker 

(1J63), Valnshtein (1»84). 

These electron diffraction patterns can be broadly 

classified In the following mein categoriesi 

(1) Patterns due to single crystals (mosaic) or two» 

degree orientated deposit crystals laostly consisting of 

spots some tiaiea vlth slight spread depending on the 

degree of perfection of orientation* 

(ii) Bing patterns not showing any change in the intensit; 

distribution along the rings with the change of bean 

direction!are due to urK)riented polycrystaillne deposits* 

(ill) Patterns consisting of arcs or with s cnange in 

Intensity distribution along the rings but remaining 

unchanged with change of beam direction are normally due 

to polycrystaillne deposits having preferred orientation 

(one degree). 

. . • 0 — 
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CHAFTKB I I I 

A DEVICE FOB mksmiiic smicomucaim pmpmtms 
OF XHIM FiLHG AHD lEHrEFATUBE OF DlSCONTiMUitY(T^) 

Exp»rlai#ntsl aethods to »tudy th« different parea«t«rs 

of 8«fla^conductors In bulk form hev« more or leas be«a stan* 

diiirdlzad (loffe 1957, 1960), but the same csnnot he said of 

the vacuum deposited films (Levinstein 1343, Scanlon sod 

Lerk/horloz; 1»47, Abele & 19f6, Ghosh liSl, Hckayy Gravelle 

1961). !Ehe dif t iculties Involved in desllng with thin filais, 

which are practically of two diamenjions in nature arise froa 

their flimsy diaracter as well as high reactivity even at rooa 

tesperature. The high reactivity (^^ ̂lifiT»f of thin films^demaivJt 

that all the measurements should be carried out as far as 

possible in vacuo especially wh«in the aea&ures&ents ere carried 

out at teaperatures higher than the rooa t^sperature. 

In order to detennine different parameters lllce resistlvltft 

activation energy,theraoelectrlc power,etc.^ of swalconductori -• 

the first requirement is the suitable electrical contact of 

the film with the electrodes. These contacts with flist can 

be made by a number of methods. In one of them^heavy deposits 

of metals sudi as gold, silver or platinisa (or withaqusi-dag) 

are made at two ends of the Insuletint substrates^like glass 

or quarts Bad then semiconducting fiLas BTB deposited over thea. 
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(Holjn«s 1923, Luis Harris 1946, Bonflgtlots 1966, 

Belmer, 1^7). Another proeedurd Is to deposit th« 

fllai first and th« electrodes later on,at two ends of 

the film (Hollend 1966). In some other variations of 

making the electrical contacts, however, the semlcon* 

ducting layers are sandwitched between two metal film 

electrodes. All these methods suffer fr<M a major 

defect; nafflely the formation of alloy layers or of 

compounds at contact region of electrodes due to th« 

high reactivity of films* These layers spread by the 

diffusion process with the rise of temperature. Any 

measurement like resistivity or thermoelectric power, 

will also Include the contribution from these layers 

and henoe^ unless corrected for, eventually will result 

in a serious error. 

Further, it is well known that a bulk material 

evaporates partially or even completely^when it is in 

thin film state^ at toaperatures much below its melting 

point. This leads to a practical difficulty i.e. the 

cK>ntinttous evaporation of material from the surface 

layers of thin films, with the rise of temperature. The 

extent of evaporation increases with the temperature and 

unless, proper precautions are taken, the resistance 

measurements will not yield reproducible results during 
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htatlng and cooling c^olv*. Other factors to be taken 

ii^^aecount are streast Inhoaogeneityy e t c . present l a 

the films* These can, however> bt removed by appropriata 

annealing t a suitable temperattire. Again the teieperattsra 

at %dilch the annealing la done should be such tout the 

loss of material due to evaporation should be ffilnlam. Xha 

above d i f f i c u l t i e s have considerably been reduced In the 

apparatus designed and esqierlmontal set up used for •̂ ' 

Ejeasureaent of r e s l f t l v l t y C f ) •nd thermoelectric power 

( o( ) da described b«low. 

tim e^qperlmental set-up used i s shown in Fig. 6 . the 

thin films of semiconducting materiel were deposited in 

vacuum^on (rlass-slides (gold-seal: cut Into siae cr4 x 0.6 

em* after proper cleaning. Two f lex ible platiniai f o i l s 

(thickness ri: 0.02 mm) of s i s e about 1,6 % 0,6 <a^ were 

placed over the film with a *U' turn and over them^another 

g lass - s l ide of the s«ime s i z e , without any deposition was 

put. The two ends of this set x^ were then inserted into 

the s lo t s of two brass-blocks provided with leads and 

tightened by means of screws controlled ty springs. The 

leads thus automotically made contact with two platinum 

f o i l e lectrodes. 

The top g lass -s l ide not oaly protects the film from 

damaget as w i l l be seen later^ but also prevents thm 

evaporation of deposit-films to some extent without any 
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hindrance to tbe evftcuatlon of the set-up during the 

subsequftnt measurements. Two micro-heaters were a t tad ied 

to the brass-blocks to heat the film a t t<he en&B siid two 

ther%oeou|>le8 a lso Introduced for the measureatent of 

tfwBperature. A th i rd thersocouple was also introduced i n 

between the two ends* The whole set-up was then put In a 

pyrex tube d i a . ^ 2 . 5 is&* in d laae te r aiid 13 cm. in length 

with one end closed and other end f i t t e d with a rubber 

cork with appropriate holes to allow d i f fe ren t l e a d s . 

The tube was continuously evacuated by rotary and o i l 
/ -4 

diffusion pump to a pressure of c: 10 vm Kg. ( r i g . 8 ) . 
/ 

'19* t e n a i n a l / were taken out for the aeasureffientSy 

(6 for thermocouple^ 4 for h e a t e r s , snd 2 for e l e c t r o d e s ) . 

The glass tube with the s e t - i ^ ins ide was uniforaaly 

heated by an external e l e c t r i c heat«r controlled by • 

iirarisc. For the measurements of the temperature bilow 

room temperature t h i s tube with the set-up was put in to • 

thermos-flask oont^alnlng a freezing mixture and the mou^ 

was covered by thermoco4(]ii (Fig . 7 ) . With t h i s arrangement 
L o : ^ ••'• " ¥ ^ 

the measurements could be made down to cr -12 C. .* 

The set'Up^wlth the film on the subs t ra te vas put In a 

g lass dnamber and evacuated continuously. The tube waa heated 

by an external heater and the f^v A.C. r es i s t ance meaaurements 

were carr ied out with an Universal Teala Bridge during heating 

cycle . F i f . ( ^ ) shows the typ ica l va r i a t i on of r e s i s t ance of 
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semiconducting films (in the caa© of tellurium fllmej with 

the rite of temperature (measured in vacuo). It w«s also 

found that the fills reslstetice decreased with the grsdusl 

increase in the temperature areS st a certain teaperatur* 

region, the resistance instead of decreasing vlth the 

further rlse^ reiaalned more or less steady %nd suddentljr 

became infinitely large. I'his sudden rise of resistance 

ves found to be due to s break in the continuity of the 

film. This behaviour was found to be universal for all 

films (semiconducting) studied so far. The temperature 

region beyond %dilch the resistance suddenly increased,\«as 

tenned as "temperature of discontinuity"(T^). It was also 

found thatithe resistance measurements were repeatabie both 

durlog the heating,as well as cooling cycles,for any 

temperature, provided the Biaxi£;um temperature was below the 

T^ temperature. If on the other hand, the temperature once 

rose beyond the'x^ temperature, measurements were irreprodu-

eible. Thus to have reproducible and meanlagful results of 

resistance measurements f^ temperature wa&^ * 'ipper limit 

for any semicoaauetlafe parasjeter measurements. Jt was also 

found th6t thls'T^ temijerature was much lower than the ai.p« 

of the corresponding solid materials for tellurium, lead 

sulphide, lead tellurlde. lead aelenlde, ktt 
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rcmpgwtlvKJhyw Since this T^ testperature is lov for 

flliBs compered to m.p. of bulk it will b« useful. If 

possible, to Increase this limit to higher value. It 

has be^n found by Cosvami and Jog (1364) that if a top 

glass cover of the same size as the substrate.is placed 

over the platinum foil as shown in the experixc ental set­

up, the't' region Increased by about 80-lOO^C, thus 

increasing the useful range of seasurenents* The curv* 

•b' in Flg.C^) shows such an increase. Similar Increase 

was also found for natny other semiconducting films. If 

the resistance meesureaents aie now carried out upto T^ 

temperature during the heating cycles, followed lay a 

similar measurement during the cooling period, the heatii 

and co(i>ling curves lie very close together. With the 

careful control of beating end coolint:; cycles these two 

curves even merged to one curve as shown in Fig,(10). 

Centrally, resistance was moasured in running 

temperature, such a procedure ijstee heating and cooling showeu 

a hysteresis in the he* tint: and cooling curve (Fig.^A). th9 

width or the hysteresis loop vBSf however, goveroed by the 

rate of heating. Btx^ cooling of the film as controlled by 

the variec. Witli the slow rate of heating and cooling, th« 

width of the loop was much smaller (Hg.ltt). Repeated 
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measurements of reeistanee showed thist th« paths w«r« 

r«p«ated for any number of heating and cooling proce»«/ 

In actual practice, therefore» moderate rate of heating 

anS cooling was adopted^ say 2**C in 6 minutest with the 

help of the varlac^and a mean of heating &n6 cooling path 

vaa taken for the rme^saary graphs. It was observed that 

such a aean paUi %fas very very close to the equilibrluii 

steady temperature path for the two heating and cooling 

cycles* Using this dynanic method^ it was however 

possible to make several ffleasurem^^nts through out the 

day, without waiting for a long period to attain the steady 

equilibrium temperature. Further, since the aim of the 

Measurements was to have some relative idea of the variation 

of resistance wltli the temperature gradient, but nc>t so ffiu<^ 

of the absolute values, as would be 8ef»n in the subj^equent 

chapters, the slight error as&ociated with the measurements, 

would cancel out during evaluating th* Jsemicoaductlag parameters. 

the above device clearly shows tiie liiisltation of temperatur* 

to which the film aen be subjected to the meaaurements. This 

limitation is no doubt,due to the rapid evapvretion of the 

films at s ightly elevated temperatures, unlike the bulk 

materials. Since the films are restricted in one dimension 

i.e. thickness even a slight evaporation of material from. 

the surface will reflect In a greater change, in the film proper­

ties. 
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It haSt howevery been assumed here that slnee 

the film properties such «» reslstenee, resistivity 

etc. vere reproducible below TJ temperature^for mariqr 

repeated heating end cooling cycle neesurementSi the 

semiconducting filas did not loose any appreciable 

amount of material to aftect its properties and hence 

the thickness remained practically unaltered. This 

as.si^ption is consistent vlth the idea of man^ workers > 

who used the film resistance as an indication of thickness. 

0 — 
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CHAPTER IV 
'"» III M P I I I M M » M » « W M * « W 

6EKIC0SDUCTIHG f'BOPEBTlES OF TEU.UraUM FllMB 
" '•' " II • ' "iHI I H II l » • • ' • « i l l I •« in III III l i l l M l l K l i i l » n 

4i imwowcTion 

I«Ilurl«i5 occurs in group VIb In the per iodic tablsy 

i t s group s t e t e being £s*^6p'*. The elements of the Vl^i 

group in the order of increasing etomSc number comprise) 

the insu la tor oxygen and sulphuucf/, the seaticonductor 

seleniUiQ and te l lur ium and f i n a l l y the metal pol]3>liiua 

(po) . The proper t ies of seleniusri Bn& te l lurium, espec ia l ly 

t^e l a t t e r , i s of great i n t e r e s t since the elements l i e 

intermediate b«twe<^n the metal and the insulator* Th« 

study of physlcsl proper t ies of seaiconductors was s t a r t ed 

es ear ly as in 1833 by B'araday. He obserred a negative 

temperature coeff ic ient in the case of s i l ve r su lphide , • 

c h a r a c t e r i s t i c behaviour qui te d i f fe ren t from the conduetoi 

namely meta ls . Bacquerel (1839) however observed a 

photovoltsfe produced by shining l i g h t , l a t e r on Sffllth(187« 

a l so observed the f a l l of res i s tance of selenium diM to 

l i g h t f a l l i ng on i t and the e f fec t was understood as 

photovoltaic e f f ec t . The f i r s t photoelement of modern typ« 

from selenium was prepared by Adems and Day (1876). F r i t t s 

(1883. prepared f i r s t r e c t i f i e r from se leni iw. Thus by 1S86 

workers ^on^dif t erent pa r t s of the vorld determined the 
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Important per«a«t«rs l i k e negativ® TCR, r e c t l f l c s t l o n , 

photoconductivity, photoel^ctromotive forc«, Bo««(1904), 

Dunwoody (1906), Austls a > 0 7 ) , Pi«rc© (1907-1909) founi 

out tha t pe in t contact on gslena, s i l i c o n cerblde , t e l l u ­

rium, s i l i c o n , ^ c . were good de tec tors of radio leaves* 

Elec t roniproper t les and mechanism of semiconductivlty 

of t e l l u r i i m -^ere studied hy Hawley, Cartwright, Harberfeld-

t(diwara(1948 . Unusually high value of Wledeaaann Fran* 

r a t i o of te l lur i taa was qui te successfully explained by the 

sbov«» au thors . I t has be«n found th?;t in the case of 

te l lur ium most of the heat la t ransferred by bond etosat 

and comparatively saa i l /by freB e l ec t rons . Thus the heat 

t ransferred by free e lectrons In te l lur i iaa Is ©speeially 

small . This I t s e l f Indicated tha t t e l Ju r iua differed from 

t rue a e t s l s , in t h a t the densi ty of free e lec t rons i s asuch 

small . Class ical s t a t i s t i c s was applied to explain the 

conductivity of t e l l iu r ium, given byi 

(̂ « I e^in {2lfmkT) ̂ ^ 

where *n* the densi ty of fret conduction e l e c t r o n s . 

Specific res i s tance a t R T ® was ^ 0 . 3 -o.cm. and correspondlni 

mie^n frei* path x was ci 6.3 x 10 <aj ^ i c h agreed well 

with Soafflerfeld's value of mean fre<& path for s i l v e r using 

Fermi-Dirae s t a t i s t i c s . The density of free e lec t rons M) 
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calculated from above considerations was c^ 2.& x 10 /°C 

about one free electron per mill on tellurium atoms,in 

contrast to good conductors in vhich there is approxlioatal/ 

one free electron per atom even in lifflitlng case, viith mean 

free path X ^ 3 . K 10***̂  cm. It was, however, suggeste«tthat 

aiK>aalous electron transport properties Tm?W be due to a 

change in small electron density (Cartwright «t.al. 1933)* 

It seems reasonable to assume that the aean free path of 

electrons in telluriiua is of same order as in ordinary 

metals and is not changed w^ry much. Cartwright AaMK et.al. 

(1334) suggested that the anomalous properties arising in 

e:aq;)eriiiiental work might be,due to the iatpurities* Cartwright 

(1935) also studied the effect of small iapurities of eoanion 

oetala on the electrical conductivity and theraoeleotrie 

power of purest tellurium single crystal rods. He observed 

thot the conductivity of telluriian was increased which was 

expected from Wilson's theory (li3l). Boti"i aieasureaserit 

of specific resistance ant! theraoelectric power showed that 

there was an increase in conductivity xith the addition of . 

small metal atons. The increase in the conductivity was 

IfKlependent of specific resistance of metal added, but was 

certainly dependent^on the amount of metal added, ss liapurity 

la tellurlua. t'ure tellurlua had a negative TCR which became 

less negative by the addition of metal impurities like, copper 

or enTlmony. Haken (1»10) reported a very strong evidence for 

two allotropic modifications of teiiurium. One :̂ rĝ  stable at 
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about 362 C v l t h m«ltlng point 4£2 C, spec i f i c r e sUtano* 

0,2 SI.cm. and thermoelactr ic power ^ ^ 6 0 0 ^ v o l t s / ° C , 

and other fTpm witiich was observed s tab l^ a t lover tempera­

tu res having speci f ic res i s tance C: 6.6 x 10"3i.cm. snd 

thermoelectr ic power o^ 1 6 0 ^ . vo l t s / °C . In contras t t o 

iiaken*8 r e s u l t s , many other Inves t iga tors (Cohen and 

Kroner, 1913, Wold, 1916, Lange and h e l l e r , 1923) did not 

find any Influence due to heat treatment* Most convincing 

evidence th@t there i s only one ffiodlficatlon of me ta l l i c 

te l lur ium i s obtained froe x*ray analys is by aany workers^ 

Groth (1906), Bradley a 9 2 4 ) , b t a t t e ry (1926), Olshausen 

(1925) and a l so from e lec t ron d i f f rac t ion s tudies of t h in 

f i l n s • 

Klec t r i ca l conductivity for pure homogeneous omter ia l 

was then given by the r e l a t i o n : 

libera C » constant depending upon the s t a t i s t i c s app l icab le , 

namely Klaxwell's for tel luriuaa. N • 3 .0 x 10^^ atoms/cm^ 

for te l lur ium, % » average nuffiber of free e lec t rons per atom 

for t e l lu r ium, 6 « rec iprocal of mean free p a t h , 6 ^ ^^^il^y ^ fi^^ 

The main i n t e r e s t amon^ the inves t iga to rs was to know 

whether the e l e c t r i c a l p roper t ies exijUbited by tel lur ium 

^ev* due to the impurity or the a l l o t r o p l c asodlf i ca t lon due 
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to heat trefttsent is reported by B«k«n (1910), Ccrtwright 

(1934, 193fi). 

Bftttoii (1962) reported tellurium to be *p' type semi* 

conductor at low, &s well au^m* at High temperatures, but 

in the samples of adequate purity theretUd^a range of 

temperatures within which the sign of liall eoeff ieient y<4»5 

nee:atlv«. !Î .ls «nc»»alous behaviour was also reported by 

earlier investigators Wold (1916), Middleton (1344), Scanton 

(194B). It was found th^t saaples containing carrier 

concentration fewer than carrler/ca^, the Ball coeffi­

cient was negative within a certain range of temperatures. 

At low temperstures Hall coefficient was always positive, 

changing to negative, at temperature^depending upon the 

extrinsic carrier concentration. Hall coefficient reffislns 
o 

negative between th^s teispereture and 230 C near \^ich,siga 

becomes positive and remains so upto m.p. of telluriiitm. The 

upper reversal te»perature is related to the carrier 

odi^entratlon by ^esperioal relation} 

i-m* » k ̂  b 

r 
%^eret H » Hall coeff ic ient , Tj," temperature of reversal , 

a end b, constants. 
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In samples cut from single crystals of tellurium^ 

neither th© value,nor tha sign,of Hall coafficlaat dapendad 

on tha orlantatlorx of tha sampla wit^ reapact to magnatio 

field or cryatallographic axis. Maasurements of Hall 

coeffloleat ahowad that tha anomalous bahaviour W not dua 

to Ittlnt^hauaan affact. this conclusion waa also varlfiat 

by tha dlract measuramenta of theroioelaetrle power ( ̂  ) 

and Ettlngahauaan affect. Tha intrinsic reaistivity for a 

number of polycryatailing aamplaa was o^ 0.& -a.aa. at <:̂ 27 C 

hTiA the slope of the curves of resistivity aa a function of 

temp«rature^in the intrinsic range shoved the forbidden gap 

a. 0.33 • 0.01 aV. 

The resistivity was also neasured in the form of singla 

cry8tal8tH:ealstivlty was 0:0.56-0.00. at c^ 27°C in tha 

direction perpendicular% to Uia principal axia and 0.29-^oa. 

in parallel direction. Since» the samples were vail in tha 

intrinsic region at TO(m temperature» these values observed 

w%re mudi higher thaa thoae previously reported by Brldgman 

(1926), Schmidt and ttafflbadi (1937). The electrical 

properties of single crystals of tellurlTau, (Jii6aiL i studied 

extensively by Schmidt and wassarman (1^27), Bottoiii C1349» 

1362., Fakurai (1941, 1962,, 4llen r̂ assbeum (1^4),Insults 

of these workers showed that tellurium )it4$ a 'p' type 

semiconductor below -40^C, it reversed to 'n' type at about X 

t«iftperature, depending upon impurity concentration and it 
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tMip«rsture being lndepend«nt of concentration. Th« 

forbidden gap from resistivity va 1/T curved was found 

to be ̂  0.32 eV, 

Loferskl (1962) also studied the optical properties 

and values of forbidden gap determined froai his observa­

tions were Cc 0,32 eV and <^ 0.36 eV by observing 

polarisation,parallel end perpendicular to »c* axil 

respectively. 

Not nuch work has been carried out to study the 

sesalconducting properties of tellurium films obtained frcwB 

vacuum deposition on glass. Optical properties were studied 

by mai^ workers (Hoss and others, 1943, 1351, 1^2' • refractive 

i'JBflex O&Ai confined to visible or ultraviolet region of 

spectrun by reflection methods (Van-Dyke 1J22, Miller 1925). 

Transa:^sslon method was also adopted by other workers naaely 

^Rutter (1930), Pfund (1933), Soeslma (1943), Bartlett (1926). 

*Thin films of known thickness were formed from speepure samples 

of tellurium. It was evaporated in high vacuum and films were 

prepared of thickness down tO£^0.2dy<X. • The measurMients 

on bulk material IndiieatedCthe presence of absorption edge in 

the region cc ZLL to Cr3.6/^ , whi<ii was approximately 

coinciding with the threshold wave length of photoconductl^i* 

effect in tellurium films (Hoss 1361). Tellurium films are 

also being used for preparing thin films transistors CTFT^) 
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(W8ixi«r li;^). Xt was observed that the @v«porat«d tcllurlua 

films wore *p* type eeaieonduetors and the t^araoterlstiei 

were as goodas those of eadmluoi sulphide (CdS) fllias. fh« 

drift mobility was also studied by them whloh was as high 

as 0= 200 (co^/volti omA. It was about 10 to 100 times large! 

than .reported by the earlier workers. Ghosh (1961) also vmit 

soae studu- on tellurium fllias end found that the band gap 

was Ci 0.34 eV. 

It Is apparent fro© the above survey that no systematic 

studies of thin films of tellurium fi^M^h.m been undertaken 

to correlate the behaviour of seffiiconductlnf properties of 

the film with evaporation conditions, variation of film 

thlckr^ssy etc. A> systematic study has been made on the 

resistivity, energy band gap, thermoelectric power, TCR, with 

evaporation conditions and at the same tlme^the crystal growth 

process. 

Bt EXPERIMENTAL 

(1) Preparstion of tellurluE films 

Tellurium powder obtained from K.Merck « Co* was 

evaporated from a micro-conical alllca basket ixi a vacuum 

chamber as described in Chspter II. Glass and cleaved mica 

slides of size 4 x 0.6 cm^ used as substrates were put on a 

mask and placed horisontally at a distance about 10 <^. awaŷ  



r-.>.1 

Fc^ii. 

-COPPER 0''. 

FOiLS 

COPPEB DISC 

MICA INSULATOn 

R^ix. 



: 64 I 

sthovB tiw sslcro-oonieal basket, the rete of deposition. ym» 

praotieally laalntalned constant by controlling the current 

passing through the coll,used for heating the silica basket; 

containing tellurlua powder. In each set of evaporation a 

number of ssjaples of different thickness M/A^ ̂ ade^for the 

sfieasureffl̂ nts of seffliconduotor parameters anS the study of 

evaporation rate. All the .ueasureaents were carried out 

with a set-up already described in Chapter III. 

(ii) Preparation of teilurium pellets 

In order to compare n parameters of thin fil»»^ 

with those of bulk tellurltos, telluriuB pellets were also 

prepared from the telluriim powder by the tecdinlque siasilar 

to that usually used for the preparation of KBr pellets for 

infrared studies* requisite amount of tellurlua povder was 

put in the cylindrical cavity and covered by a dise^f^i^vt 

fitting in the cavity. Ihe disc was then pressed by a 

pressure screw operated by a handle. The lower end of the 

cylindrical cavity wss closed l^ a block with a suitablo 

arrangement for the continuous evacuation by a rotary pvmp. 

All ths pressing surfaces which case into contact with the 

powder were prepared from hard steel to stsnd heavy pressure 

and were also plated^to prevent any corrosion. The tellurim 

pellets of sizes about 1.2 cm. diaaeter and 0.4 ©». thickness 

were prepared under pressure of about 10,000 Ibs/indi , 



For the study of r e s i s t i v i t y uxui ac t iva t ion energy • t c , 

for the bulk, pressure contacts^different fro« those 

usi-d for t h in f i lms,vere used* JF i | . I 2 shovs the pressure 

contacts for p e l l e t s . The t e lurium p e l l e t was placed 

between two platinum fo i l s of nearly the same diaj^eter. 

The p e l l e t with platinum f o i l was then placed between 

t%fO copper d i scs and s l i ve r wires as contact leads^were 

talwn out froai copper discs* The whole set-up was f i na l l y 

put in a rectangular frame in which a pressure contact by 

platinum f o i l Is caused with the help of a pressing screw. 

Mies was used as an Insula tor to prevent any contact lMtwA«n 

the metal frame and the experi»<ental p e l l e t . 

Ci REgQLTS 

It is well-known that the evaporation conditions In the 

vaeuun chasaber affect considerably the seiaiconductor parameteri 

like resietivity ( -̂  )» thermoelectric power i(p{ ) carrier 

concentration in)» temperature ooef-flelent of resistaneedCB), 

4tc7) Some initial exp riaents %fere therefore carried out to 

study the effect of strain, deposition ratet film thickness, 

etCy on the resistivity of films. In order to have eonsistant 

and reproducible results,the effects due to the depositloa 

conditions were minimised as far as possible by using 

appropriate methods. 
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(1) Armfallng of teliupium f l l a i 
Wmi •~- III l » lMl iMI .OTfc .^ l l lMl l lg I •••»•••( • • • M i — III! I f c — I W i III! ! • • • ! • !• 

T«llurlu» fllas prepared in yaeuuA imlt,wttr« 

anneaIfKl for an appropriate pariod of tlae at a suitable 

temperature below'tl. temperature la vacuo, In order to 

remove strain In the films produced during deposition. 

It was, however, observed that annealing at :3: 70*̂ 0 for 

about X/2 hours in vacuum ( ex XQT^ sm Kg.)^ or simply 

heating to 0^160 C during the first heating cycle and 

coo Ing to room temperature, removed most of the^ <j(.efectt. 

(Fig.(13) shows the effect of heating of an unannealed 

tellurium film during th«» first heating cycle and then^ 

cooling bsck to room tes3p(»rature. Curve (ij of the graph 

shows the variation of log H with temperature during the 

first heating, whereas curve(2)shows the corresponding 

variation dur'̂ lrig the cooling back to room tf^mperature* 

Curves(3) and (4} show the path followed during the subsequent 

heating and ooolln£ cycled. It is interesting to point out 

that several repeated measurements were made and the paths 

followed along tlie curves 3 and 4. In all cases the room 

temperature resistance remained unchanged. If, however, the 

sample was annealed Bt 0^70 C^ the starting point of the 

curve on the graph of log R vs temperature followed the saaw 

path of curves(3) and(4)as above, without any change in room 

temperature resistance. It Is also observed that if tellu-

rlum films were kept in a desiccator forifew days the samples 
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b«coffle self-8nne«l«d, and did not require any annealing 

treatment* The nature of om^vea wsa slallar to thoae 

mentioned in Flg.(ll), 

(II) Effect of depoaitlon rate on the 
realstance of tellurium flloa 

Btmm initial experlmmta were made to study the 

effect of rate of deposltioa on the realctlvlty or eondueti-

vity of filj»8. Fig.(14 shova the realstanee Y S thlcknesa 
o o 

curves for two rates about l60/»/alru to Or 300A/«ln. 

respectively* It la apparent from the nature of curves that 

the alopea are different in different regions and also 

different for different rates of deposition. Both the curves 

attained nearly constant value^with the increase of thickness 

(Fig.16). This change In the i^ture of curves is seen muda. 

more clearly in curves of resistance vs reciprocal of thickness* 

The slopes are distinctly different for two rates of deposition. 

The samples prepared at a slower rate had higher resistivity 

whereas the sastples prepared et a higher rate had coffiparstively 

smaller resist lvltgr</̂ /:j/s). 

( I I I ) Res i s t i v i ty and ac t iva t ion energy 

Typical log R vs i curves for te l lur ium films of 

d i f f e ren t film thickness varying between 60oi„to 160O3A 

obtained from the sam^ se t of deposi t ion, both for heating and 

cooling cycles are shown in the F i g . ( 1 6 ) . I t i s a^tiQ. t ha t log B 
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decro«8ftd lin«erly vlth th« increasA of temperatur* throui^ 

out the FBtigB of temperature studled̂ nainely from room temperature 

to about ISO C 4ur^^^^« P̂ «**î ^ ineasurMieatti It is also aeen 

that alopea of graphs are nearly equal for thiektieas greater 
o 

than 5000A whereas for lover thlckaeas It la sllfhtly higher. 

A K was measured from the slopes of graph realstlvl^ o& 

realstance vs h in the folloving ways 
f 

Since B^- f,^gL_ 

log RQ « log ̂ 0 > log ^ -4- ) 

Hence at two different tenperaturea 

log B - log RQ » log f - loĝ o ,. ( i ) 

/̂  CKA 

Al 
log p . log (̂  -f ._ - ^ 

iB§.LjL^\ (2k). AE 

f 

OR 

A E » i?g,̂  '..lH^S' . (2k) 2.303 .. ( il) 

"f 
From (i) and (il)^ A i «. iSll^-I-i^l-5a s 2k x 2,303 ..(37) 

f 
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Table (1) shows A E for dlff«r«nt filai thiclcn«»». 

A £ varUd fro® 0,32 eV for thicker f lias to 0.44 eV 

tor thlner fllaia of about 600k* Tig, (17, 18) «how th« 

varlutlon of log R v« y for two rates of evaporation. 

Table 2, shows A E for eorrespondiag film thicitn«i««{<>orf|̂ -̂

In order to see if there is any change in the slept 

of curves log H vs 1, ;8t temperatures below room t̂ Gspera* 
X 

ture ejqperiments were carrieci out in the Banner discussed 

before^to measure re s i s t i v i ty uptor^ -12 C. Fig.(19) shows 

such curves for f i l e thickness ^ 60CX>A and SOOol betveeii ; 

the temperature range of ^ -12^0 to ISO^C and A B ̂  0.32 

eV. It i s clearly seen that the slopes of curves remained 

same even below roo« temperature irKiieating thst the 

tellurium films behave as an intr ins ic scNaEiiconductor between 

teaperature range i^ - 12*̂ C to £^ ISO^c. 

( iv) Thermoelectric power { c^ ) 
- I i - i — III I II 1 « II » — i » 111 im III II I • 

Thermoelectric power as defined before*(the chaiife 

in thermal e.a.f • with the change in teBperatttre,~̂ ;was aeasured 

b> integral method upto maximum temperature of 130 C. Fig.(20) 

shows the variation of thermal e.m.f. with change of temperaturt 

keeping the cold end more or less at rocm temperature^while 

increasing the thermal gradient between the ends for different 

film thickness. It is seen^except for very thin films^the 

slopes of curve ueyt- practically constant for ail the film 

thickness. The thermoelectric power varied from 340^volts/oc 
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for thicker film r:̂  I6OO0I to <̂  400^.volt8/*C for fllmi 

01 60o2 thick. Fig.(21) sfaovs theraoelectrlc power(^ ) 

for different film thicknttss of tellurium fiiias. It Is 

cl«arly seen thî t̂ thensoelectrlo power (̂  ) la indepertdent 

of temperature through out the range of (oeasurffiBents. 

^opting both the methods Integrsl es well as differential 

lead to a siailar conclusion. It Is interesting to point 
M 

outk unlike PbS or Pb&e no inversion temperature mas observed^ 

showing thereby that the contribution from the ainori^ and 

the majority carriers was equal with the rise of t^aperature. 

All the samples of tellurium films measured by therw>* 

electric test set,were found to be 'p' type i.e.̂  the eleotrleal 

09r»iuctlon was mostly due to holes even though no intentional 

impurity was added to the fila. It seems that this was due 

to the preeen'̂ e af defects, inter-crystalline boundaries into 

the film, which are inherent in the film fon&atlon prooesa. 

(v) Temperature coefficient of resistance (ICR) 

Temperatture coefficient of resistance (TCR) which is 

given by 1 ^ is obtained for different film thicknesa 
R 'dT 

from the actual isessurementSt using the realstenee Vs temperature 

curves as shown in the Fig.(22). From graphs,resistance vi 

temperature, dH/dT is obtained from the slope of curve^point to 

point with resistance as shown in the Fig.(22). Fig.(23) snd 

table O ) show the variation of TCR with temperature. It la 
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interesting to note here th^t ICE was decreasing throu^-

out the range of ttaperature studied. The euTTes decreased 

e:?ntinuou8lyy finally attaining constant value in the higher 

rat^e of teaperature (max. temp, i2: 180 C). This general 

feature vae observed for all the fllas of different tJiiolcnesi 

of tellurium films studied. 

(vi) Resistivity and activation energy 

of telluriiBB pellets 

For ^ comparison with film1,some studies have also 

been made on the resistivity ( ^ ) and activation energy (A £} 

of tellurium pellets made from the powder^as mentioned before 

in Chapter]]/ Q • Fig.(24) shows a typical curve of log B v» 

1/X for telluritsB pellets of dlitBeter 1.2 am. and 0.4 oa. 

thicktiess between the temperature range room t«Bp«rature to 

^180 C. Both for heating and cooling cycles, the measurM&ent* 

were repeated several times. It is clearly seen that the graph 

is a linear one, with activation energy A £ or 0•325 eV which 

is nearly equal to the values obtained for the higher flla 

thickruiss. It may be mentioned here that activation energy 

(AE) obtained for bulk of pure samples, reported by different 

authors varied from 0.33 eV to 0.41 eV, Higher values were, 

however, obtained by optical methods. The resistivity observed 
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vas Oi 12 -^csB. which was comparable to thet of pur« 

sample ( <y: 10—^ca.). It may be pointed out that 

the resistivity for thin films, hovever, varied widely 

for different fllai thickr»ss, but it was of the order 

of 10^--acm, 

(vi) Surface structure 

Tellurium filsis as deposited on glass substrate 

eapecially those which were nearest to the source of 

evaporstion^extilblted preferred orientation when examined by 

electrons diffraction methods (Flf̂ .Sfi). It was also found 

that as the distance of glass substrate Increases from the 

filament ̂ £fila thick{MS& also decreased and consequently 

there was less t?»ndency for [preferred orientation. Ultimately 

for these specimen the deposit films were practically 

polycrystelline without any preferred orientation. It was 

also interesting to note that except at the substrate which 

were placed right above the source, deposits not only 

developed a preferred orientation but showed asymetric 

electron diffraction patterns, no doubt, due to oblique angle 

of incidence to the substrates. This results in developing 

crystals with one of their axCs along with direction of 

Incidence. Whatever be the type of orientation developed, 
o 

the deposit crystals had hexagonal structure {•̂ jO:4.46A, 
o 

CoO:£>^3A) similar to those observed by ^garwal (ldS8). 
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^* DISCUSSIONS 

From the results of resistivity, thermoeleetrio 

power, temperature coefficient of resistance of vacuum 

deposited tellurium fllaris, it is seen that there is « 

considerable difference between the bulk properties and 

corresponding properties in thin film state. Our experi­

mental results for bulk tellurium pellets showed resistivity 

o^lS -Q-cffi. whereas the vacuum deposited films of tellurium 
2 

had resistivity of the order of <^ 10 -o^om* It can further 

be noted thnt in bulk material resistivity is independent of 

dimensions of tlie ̂ eclaen whereas in vacuum deposited films 

resistivity is no lonfer constant, but depends on the thick* 

ness of the film, rat® of deposition, temperature of substrate, 

order of vacuum in the deposition unit etc* During one set of 

ii\t evaporation^it was found that when all other varlabl«s 

except thickness were kept more or leas constant, then th« 

resistivity decreased with the increase of film thickness 

ultimately reaching a constant value often different from the 

bulk material* Similar results were also observed by many 

workers ̂  (Steinberg, 1923, Vincent,1900, Longden, 1900, 

Patterson,1902, Weber and Costerhuis,1917, Kind 1917, Cillham 

et.al. 1965, Nsugisbaur end Webb, 1962, 1964). It has already 

been pointed out in Chapter I that according to the modern 

theory of conductivity, the electrical resistance is primarily 

due to imperfections In the lattice (Blodi 1928, Mayer, 1969). 
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For a macroscopic saaterlal the resistance arises as a 

result of hljr«lrance in th« passage of electrons by th« 

followlnf process» namelyj 

(1) Scattering of electrons caused by the thermal 

vibrations of atoms or Ions about their mean position 

i.e* scattering caused by phonons. 

(2) Ecattering by lattice defects such as missing 

atoms» interstitlals, impurity atoms, etc* Therefore, 

the resistance of a bulk material may be thought to be 

composed of tvo parts i 

(a) Ideal part stroi^ly dependent on temperature, 
and 

(b) Pesldual part due to lattice defects but 
generally Independent of the temperature* 
Hence the resistance is given by the 
relationt 

\ Total \ Ideal Eesidual 

which is jcnovn as Hathlessen's rule. 

In the case of bulk materials the conductivity depends 

upon[mean free path ( / ) of electrons in the lattice, but 

if one dimension is reduced very much, ultimately reaching 

and becoming smaller than the mean free path ( / ) then 

resistance and hence resistivity Is likely to increase ̂ rfith 

the decr(>aae of film thickness. 
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The above concept of dependence of resistivity on 

film thickness was first introduced by Thompson CX901) 

COS finally developed by Sondĥ 'jjB̂ er and others'(196S). 

By consiclerlnf Sondhelmiers concept^the total resistance 

of the ŝ aterial in the filis state can be modified asi 

flotal I Ideal Besidual 1 Thickness 

The above relation satisfactorily explains the dependence 

Of film resistivity on it© thickness which islso observed 

in our experiisentsl results on tellurium films. But the 

increase of activation energy ( A E) with the decrease of 

film thickness^which was experimentally observed in all 

cases cemiut be satisfectorily accounted for^from the above 

consideration. On the basis of theory of island structure^ 

developed by NaugebauC^and Webb (1962, 1364), it is possible 

to explain some of the properties of thin flias,at least 

qualitatively. It has already been pointed out in Chapter X 
lie-

that with the increase ot film thicknessiisland -slse also 

increases and hence the distance between islands decreases. 

Die sise of islands and distance between them often depend|( 

upon the nature of the substrate, its t«>mperaturey feometry 

of the substrate with respect to the source of vapour and 

many a tlmes^the distance between the substrate and thm 

source during the deposition process. 
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In th« case of vacui;̂  deposited films often there 

Is a high density of defects sudi BB dislocations stacking 

faults, aicrotwins etc. (i'ashleyilJfid, Mathe%i,1369, Philips, 

1960). Since these defects are inherent in the process of 

grovth of filos^not formed in the ideal e nditioos of 

deposition^ iKese will consequently also affect,the resistance 

of the films. Annealing of films at suitable temperature vlll, 

however^ remove some of thet« defeets with the result that 

there will be a decrease in the resistance. By/annealing process 

the films are also homogen^ised. Measurements on annealed films 

confirmed the above view. This shows more clearly; why tff»wimti>tk09 

r̂aM4§0kiA4V̂  generally the decrease of resistence^ occurs oa 

annealir^ the films. Ghosh (l^Sl) also observed that eonductivitgr 

Hall mobility and field effect mobility varied with the thieimess 

of th© evaporated films Inicase of tellurium. Theivalues of 

Hell mobility are due to scattering carriers at the 

intercrystalline boundaries. 

During the present investigations^It was also found 

thst/rate of evaporation also produced e considerable effec« 

on the resistivity of the films^ Fig(l6) shows twoyfcurves. 

h curve withihigher slope is for the films formed at slow rate 

of depositions, whereas second curve is for films formed at 

comparatively fast rate of deposition. This results into 

higher resistivity for films of slow rate of deposition and 

smaller resistivity for filas of comparatively high rate of 
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oeposiTiion. xn« above experimental results suggest that 

th« fll« of similar thickness prepsTeo under different 

rates had different j/ranular structure as far as porosity 

morphology, grain boundaries etc. were considered. 

During the study of metallic filmc^similar results 

were also obtained b> DeBoer end Krank (1336), Levinstein 

(1;M3), Senett and Scott (1950). These workers have 

suggested that there is a relation between the soppholofics] 

li^ and electrical corwiuctivlty. Heugebauer (1964) 

£ave a relation between the size of islands^and number of 

impending atoms. At a certain fixed substrate teaperaturi 

higher rate of evaporation /(baiv»̂ 3̂as»k̂ 'Bi<eaaiglA*̂ ^̂  

islands, oausinf;̂ iato decrease in intererystalline boundefies 

and therefore tlie conductivity la more. On the oth«r hand at 

slov rate of deposition st rooK temperature, upwhe nuclei of 

smaller islands BTB forsied causing th«»rel̂  the increase in 

the intererystalline boundaries and thus decrease in the 

conductivity. 

It has already been pointed out that unannealad sasiples 

erMblt extra resistance which disappeared^when subjected to 

heating and cooling cycles in vacuo. This process 1» 

enaloguous to annealing process. Annealing was ilso observed 

even at rocMB temperature when the films were kept under vacuum 

for about 8 to 10 days at room temperature. Activation energy 

for tellurium films varied between 0,32 eV to 0.44 eV. All 



I 68 I 

the films gav« practically same value except ^ v«ry 

thin films. It can be noted here that resistivity of 

tellurlxw films was much higher ( — lO^-Ocm.) Mi compared 

vith corresponding bulk tellurium (̂  12-a-cm). Moss(1961) 
-fkiL 

studiedi:optical properties and shoved that it w/<«<v.photo-

conducting element, the value of activation energy 

determined was C^ 0,36 eV. lie also studied reflectivity in 

infrared region and value of A E was C:: 0.37 eV. Wayne 
a. 

Scanlon and Lark-Horovit* (1947) however, reportedireversal 
of sign for Hall coeficient^similar to that of bulk material. 

The aotivstion energy reported by these workers was 0:0.36 eV 
o 

at temperature C::25 C and ^0.03^ eV at liquid air temperaturea, 

In our studies of tellurium fili&s, the activation energy did 
o 

not depend on the temperature even upto Cc *10 C. 

The higher values of activation energy ( A E) for thinner 

films and vice versa,can be satisfactorily explained on the 

basis of islend structure of films. Once the nuclei for 

the islands are formed the size 6f island goes on increasing 

with time of deposition, causing a decrease in their average 
ikjL 

distance of separation. Inicase of very thin films the 

Intercrystalline boundaries are more, the distance between 

islands is comparatively very large and tunneling effect for 

the conduction is less^thus causrnj an increase in the resistance 

of thiner films end also thf«. itKO£e«s« in the activation energy 

( AE>. 
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Haugebauer &m Webb (1J62 on the basis of islaml 

structure of films explained the Tariction In eleetrieal 

conductivity of films. According to tli€̂  the conductivity 

of an *islsnd structure* metal flla^ depends on the distanea 

(d) between Islands and their radius (r) ss stated by tha 

forsaulai 

/ . A'EXP f l l !! ^ /S5;4!!Zl iLLi! 
1 h ( "I J 2 kT 

j^et lvat lon energy for the conduction can be considered as 

tile energy required to t ransfer charge fro* one I n i t i a l l y 

neu t ra l island to other a t some d i s t ence . Only e lec t rons or 

holes (excited] w i l l be able to tunnel frc»B ii^e neutra l is land 

to the o the r . Such an act ivated process le@ds to an equi l lbr iuB 
2 7 number of Is lands chenged to po t en t i a l Exp. (- e / £ r A T ) • 

•-, • I. ./..-.., ,.. .,, y 

The transfer of a charge from a charged Island totneutral 

Island is not an activated process because it does not lead to 

net Increase in energy of the system. Thus according to island 

structure,the activation energy observed in the eleetrieal 

conduction of island films is determined by the size of 

islands, and coruSuctivlty at all temperatures depends upon the 

distance between them. According to this theory,thicker 

films should show smaller activation energy, nearly approaching 

the value of bulk material and for thin films larger values 

of activation ei^rgy. 
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Thermoelectric power ( <?{ « 1^ ) seesixred w»« fairly % 

constant and was Independeat of film thickness except tbr a 

very thin film,which was 4 0 0 / ^ c . Tellurlun exhibited 

*p* type aesiconductor^ which csa re explained on the basis 

of energy band diegram, the filai defects as&oeiated, which f 

are laainuly voids, imperfections of en annealed flla must toe > 

the acceptor level very close to the upper edge of the 

valence hand. As already pointed out in Copter Î it is 

well known th»t the position of Fermi-level depends upon the 

concentrations and type of impuri^. Eince the thermo­

electric power is constant at all temperature,it can be stated 

th?it, there is no change in the carrier concentration w l ^ the 

(dienge of tiUBperature. 

TĴie r»gative temperature coefficient of resistance(TCJl) 

for telluriiEB films decreased with the increase of teaipersture 

Megative TCR for all the films was found to be of the order (» 

0: 10*^^ (Table 3). This can be explained on the basis 

of island structiare. Accordir^ to leugebauer (1362) TCR is 

given by* ^.^ t̂ uA-̂ ^ 4 ^^-'.^ i l ^ -^A^ft^; |.-̂ -:r.̂  ^<^ 

47r/gB»4^ • ^ 
. h2 d 

TCR «f̂ *̂*̂  
T2 
^ ..(37) 

dl 

where C « r,.n. ^—'*',„, , and other syaibols have t^elr 
8k ^ 

usual meaning. Since on heating the size of islands increases 
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end distance between them decreases, the term H £ i 

must be negative, so tha t the final expression for TCR 

w i l l be£ 

TCR » - —(d) 6 f.s V 4 TTVan^, 1 

i ^ ^ d j5 ..43s) 

The TCR for telliarium films decreased vlth the Increase of 

teoiperature. This might be because of effective contribution 

by the first term of equation (38) anSi therefore there Is • 

continuous decrease In TCR upto the ffldxiBiiu& tempi^rature of 

measurements. Unlike Sn&e, SngSeo and SnS dei^cribed in 

Chapter V, negative TCH did not show any mlnlmua value, but 

the nature seems to be similar to that obtained In ease of 

SnSey SOgSeQ and BnS. It appears thstithe teiaperature of 

aeasuremeat could have been raised^It is likely that TCR 

curve wduijt follow the sî &ie as those of other curves. 

Tellurium exhibited hexagonal structure throughout 

the teaperature range of the present measurements i.e. upto 

crlSO^C. Deposit samples had wyyin^ film thickness from 

one end to oth^iu All the films of different film thickness 

of same set exhibited more or less sl^iilar properties, wbleh 

show that dlr*ctlan of deposition had practically tio effect 

on tiie electrical properties like, resistivity ( ? ), 

thermoelectric pow«?r ( o( ), temperature coefficient of 

resistance {fCR) etc. 
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CHAPTEE V 

smicomucTxm pmpmiiEs OF snse, 
SngvSeg* ^n€ Alil) SnT© FILMS 

At intViomcsioH 

Cerierislly sulphldee and t e l l u r i d e s are found to b« 

good 8emlconductorsiu«€H3 In semlcoaduotor devices , espec ia l ly 

in film t r a n s i s t o r s , photocawductors, e t c . As ear ly as i n 

1874 rec t i fy ing act ion UtA.<i6w«̂  of lead sulphide was reported 

by Brauffl (1874)/^ ^^ te i led studjCion e l e c t r i c a l p roper t ies of 

chalcogenides of lead MAIA carried out by saany workers, 

(Esenmann 1940, Hintenbsger, 1>>42, Lark-Horovitz 1^64, aa i th , 

1351, l a t a , 1366, Moss, I9bt and tcanlon i a64) . 3!hese compounds 

e re general ly present as minerals^such as galena (PbS), 

Claust i ia l i te (PbS®; and a l l a t i t e (FbTe). tawson (X.»5l, li^62) 

applied the Bridgaasn-Stociibarger tedinique for growing the 

s ingle c rys t a l s of lead sulphide, lead selenide nnd lead 

t e l l u r i d e . From the study of thermoelectr ic power measurements 

Stefan C1866) showed t h r t PbS existed e i the r as *p* type or *a» 

type semiconductor. SlBsilar r e s u l t s were a lso recorded l a t e r 

by Eisersnann (1340) and Hintenberger (1542). 

A coaparative study of e l e c t r i c a l proper t ies of s ingle 

crystal iand films of lean sulphide, lead selenide and lead 

t e l l u r i d e vas carr ied out by Bllrermaa anS Levinstein (la*S4)» 
o ^ 

Heasure^ents between tiie temperature rsinge 77 K to 300 ii showed 
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t ha t a l l the films were shoving *n» type c h a r a c t e r i s t i c 

behavloiir, I r respec t ive of o r l f i a a l crystal^whether *n» 

type or 'p» type . The ca r r i e r concentration decreesed 

a f t e r annealing of lead sulphide vPbo) ancl lead selenlde 

(PhSe f i la is , which was l / 5 th of biilk mater ia l va lue . A 

deta i led study on the semiconcacting proper t ies of t h i n 

f i lms espec ia l ly of PbS, PbSe, PbTe, Bi Se_, Bi Xe haa 

recen t ly done by AOH (1^66). 

Kelly C1939) studied eelenides and t e l l u r i d e s of 

mitnganese (HnSe, l4nTe). E l e c t r i c a l measureaents were 

car r ied out by Lamsu ( ldS3), Squire ( 1 ^ ^ ) , LiJ)ds«y(195I)» 

Palmer (1964). 

î o Sys t ea s t i c inves t ige t ions have been recent ly 

made of jy-VI group, in t e rme ta l l l c compounds, with respect 

to e l e c t r i c a l proper t ies and c rys t a l s t r u c t u r e . Ihe c ry s t a l 
-fcb Re­

s t ruc tu re of bnSe has already been reported?orthorhombic 

(OkaMki 1^64) and prellBilnsry experiments on e l e c t r i c a l 

p roper t i es have shown tha t £n&e behaves as an ordinary 

«p« type semiconductor. Sliifle c rys ta l s for above inves t iga ­

t ions were prepared by aixitig t i n and selenium ,and heating to 

lOOO^C for a long t ime. The raelt was slowly cooled, and s ing le 

c ry s t a l s of &me, having s ize 2 x 3 x 10 SBS were used. Studiei 

on e l e c t r i c a l proper t ies were a lso undertaken and reported hy 
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naay workers (Alters and hass 1^62, Asansbe snd Kaaaki, 

1363, Asanabe 1369, Albests e t . a l . 1960, Mstukura, Xaaiaooto 

and Oiiazakl 1353). 

Thm aim of the Inves t iga t ion was to obtain such physical 

q u a n t i t i e s , as the ^norgy gap between conduction ami valenea 

baiTKJ, I t s t€ffitperature dependence, the e f fec t ive mass of 

e lec t rons or ho l e s , the lon ias t ion energy of Impurity l e v e l i 

e t c . for hnS9 s ingle c r y s t a l s . I t was found tha t h a l l 

coeff ic ient exhibltftl an snamolous hvm.p a t 200*^0 for most of 

the c r y s t a l s . R e s i s t i v i t y Eeasureraents between the t e i^e ra tu ra 

range 100 îC tO:2r800'̂ K. a lso showed, a ch«?nge in the shape of 

log K vs l A curves e t 200^c. The e l e c t r i c a l r e s i s t i v i t y , 

Hall coeff ic ient and thermoelectr ic power of £nSe s ingle 

c ry s t a l s 0)^i inves t iga ted , but i t was not possible to analyse 

the r e s u l t s on a semiconductor model* The reason i s tha t Ulu^ 

conventionel assumption, that ihole density in the valence bawJ 

i s equal to s«mr of e lec t ron density In the conduction band 

and acceptor dens i ty , does not hold on account of acceptor 

formation t/t/^M^ f̂ oâ tKrvtxMnt a t high temperatures. Only 

qual i t i^ t ively the experimental r e s u l t s were in terpre ted on m 

s ingle model of acceptor formation. 

Impurity band conduction model or two holes model a lso 

did not es^ la in the r e su l t s of Sn5e, because the model i s 

expected to imply only revers ib le phenomena with tea^ersturm 
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but for BnBe it was found irreversible, this beî iaviour 

was found to be similar to th»t exhibited by GaAs» GeSe* 

FbS, PbSe, etc. l^alth 1964;. 

Beeently labumoto (1958:, Philips (1960) studied 

the eXectrioal properties and optical properties of tla 

Bono-sulphlde (SnB). Metal tin(spectrogr8phlc8lly pureV 

was distilled in vacuum to exclude the iaipurlties like 

copper, ir0n,etc. Sulphwt̂  was crystallized from carbon 

bi-sulphide (CSQ) and distilled in vacuum. Such tin 

metal and sulphur in the stoid̂ ilcwttetrlc ratio of Sn£>,wai 

put into a silica tube, evacuated in high vacuum and then 

sealed and heated to ^ 1000 c for 8 hours and then cooled. 

A^Tsy diffraction studies showed that Sn£ had orthorhcnabie 

structiure. Resletivity was of the order of j^lO-acm idbldi 

was found to be much low as compared to the resistivity of 

Ge£ which was Ci 10 -O-ea, Graphs of cor^uctlvlty vs 1/T 

for bulk single crystal UnB samples^exhibited two regions 

namely from 26*̂ 0 to /^130 G and 130 C to C^2a0 C. In the 

first region of low temperature activation energy was found 

to he 0^ 0.86 eV whereas the second region of graph showed 

the value of activation energy r2rO,S4 eV. The energy gap 

determined from the optical properties was C^ 1.6 to 1.7 

eV at higher temperatures. The values of ener^ gap £ 8 ^ ^ ^ 

found to be 1.8, 1.6, 0.4 for GeS, Sn£ and PbS respectively. 
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KXeotrieal properties on elngle orystals of SnT« 

w©re also studied by many workers,[Haken (IdlO), Hoshlaoto 

(1966)} Samples of snTe wer« prepared by heating tha mixture 

of tin and tellurium in stoici^ilometrlc proportion in vacutM 

sealed silica tube; the heating was continued for about 16 

hours at temperature about 860 c. X-ray dlffraetloa studies 

showed that SnTe had :<aCl type cubic structure a^ * 6.32X 

at room temperature. Resietivity aid Kail coefficient were 

found almostjsaise and moreover teatperature coefficient of 

resistance (TCB), jtiall coaBt&nt ru^m positive at all 

t^Bperature r&nge of measurementSy namely 100 C to c^ lOOO^C* 

<£^TBoal«ctric power was c= 26yi.i.volt»/̂ C. Measurements on 

aoae a«l^ samples of Snfe also revealed that resistivity 

«a Hilic«>»̂ ^̂ ĉ ®'̂ * both are same at all ttie temperaturea, 

hut tte thermoelectric power at room temperature was 

^ 29t >Mvolts/^C to ̂  33.3^.volts/°C. Thermoelectric 

««ras alsoisame et all temperatures. The value already 
pOW9 A 

,̂V0d by Haken (1910) agrees well with 86 ^ ( .vo l t s / ' c , 
oof 

a change f sign from posit ive to aeiatlve^at o= 2&CPC, 
a' 
^ton, Bis and CJubner (1^31) studied s ln t l e crystals of 

n te l lur ide . Carrier concentrAtlon was found to bâ  

(^S X 10^/cB?, Al l is ier and Scheie (1961) carried out 

he measurements on res is t iv i ty^as well as^Kall coef l io lent . 

he behaviour of SnTe wa» found to be sem -metal typa. 
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Bt IXPfiSIMESTAL 

preparation of t in selenldeg 

Both SnSe and Sn S«Q wer«̂  prepared by meltini, t i n 

(AB) aofl selenlira (BEH) In veciK). To prepare Snise, Xin 

(AR) and selenlwfl h l h l y pure vferi* mixed In the stomic 

proportion* ( la l ) and the mixture was nieltetf in a vaeuun 

sealed s i l i ca- tube . The tube used was f i r t t cleaned with 

n i t r i c acid, then with d i s t i l l e d water and J:nally^with 

d i s t i l l e d alcohol, followed by drying. Uie tube thua 

cleaned was then closed at one end by fusing. The mixturv 

of t i n and selenium in their atomic ratio was poured into 

i t and was carefully evacuated, and when the vacuum waa of 

the order of crio WB Hg.^the tube was sf>aled by fusing. 

The vacuua sealed s i l i c a tube thus obtained was then 

inserted in a vert ical e l ec tr i c furnace the tefflperature 

of which was raised in stages, the maximvun teaperatura 
o 

being ^ 350 c. This temperature vas raised during three 

hours and heating st maxlmiaa temperature (960 ) was eontlnu 

for about 6 hours and then cooled. The compound SnSe was 

obtained in the form of solid rod of dia .crl c s , and length 

^ 2 . 5 (SB. inils bulk material was then used for evaporation 

during the study of semiconducting properties,a* well as , 

the structure of films by electron diffrectioa tec^Alque. 
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SnigS93 was also prepared by the sase iB«thod using 

t i n ami seleniunt in tha atomic ratio (2:3)• 

Praparatlon of SnTe 

This vaa also rrepared by aaltlng t in povdar 

and pura talluritm in tbe atos ic proportion ( l i l> audi 

the mixtura was heatad to maxiffiiao taisperatura about 

900 C andl tha hasting was continued for al»out s ix hours 

and then cooled as in case of &noa and Sn2Sa3. 

Preparation of starinoiauB sulphide (SnS) 

Stannous chloriaa (Eiadal-de*Hoan} AC) was dlssolvad 

in 111 hydrochloric acid (jfJB) I37 waraing for soma tidsa in 

the presence of granular t i n fsatal in order to prevent tha 

oxidation. Hg& gas, washed vrith d i s t i l l e d watar, was passed 

through th& clear solution for about eight hours, the 

precipitate thus obtained was washed with d i s t i l l e d water 

t i l l i t was free from chloride. The material thus obtaix»id 

v̂ as then washed with ethyl al(K:>hol ana f inal ly dried in a 

vaouuB dessicator. The yellowi8h*brown powder ffiaterlal 

was then used for evaporation during the study of 

semiconducting properties of vacuuis deposited films of Sn£. 

Ci RESULTS 

( i ) Resist iv i ty and activation energy 

£n£e t Besistsnce of SnSe films was ffieasured by 

the aethod described before. The variation wf resistance 

with thickness was similar to thi«̂ t observed in the case of 
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of fIIJH thiekcMss and f inal ly bacaaa aasrtBtotlc showing 

iMarly a constant valua of raaiat lv l ty much diffarant 

tvcm tha balJc ma tar la 1. 

Fig.(26) ahova tha variation of log H vlth tha 

reciprocal of abaoluta timperature s tart iof trcm rocn 

teaperature, for a f l l a of t i n sBleai^e of f l l s thicknaaa 
o 

^3X^0k» Tha discontinuity tampereture i'f^) vas found 

to ba <:^31Q c. 

It Is Intarestiug to sae that log E vs 1/T cuTTaa 

(Fig.26) show two slopes corresponding to raglons *4* and 

'B'^when maasurcki up to tha T^ temparature. The diat^a of 
o o 

slope ooovirrad nearly 160 C to ISO c tMiper@ture range. 

it was also observed that if maxlmiai teaperature of 

seasurament of reslstanca during heating cycles was 160 C, 

I.e. In the region 'A* the cooling curve followed the same .:̂; 

path 8s that of heating curve* Fig.(27 shows such curve. 

This was also true for different fila thickness and even 

for different heating and cooling cycles provided the aaxlaiUB 
o 

temperature was below l£0 C* If, on the other hand, the film 

was heated to the t^npersture range 'B*, i.e. beyond 180 C to 

nearly about the T^ teaperature» it waa found that cooling 

curves followed entirely a different path depending v^on the 

maxlBniffi temperature of heatia^. Fig.(SB) shows such cooling 
o 

curves for a film thickness a^O.-^OOk y when the ssaxlaum 

temperature of heating in Uie region *B* was gradually 

changed. It Is clearly seen that coolln| ̂ curves for resistanee^ 

were again dependent on tltie maxlmuB temperature. It is also 
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interestiQf to note that even though th« paths of the 

eurve in ^ e above figure dianged with maxinus teayperature, 

their slopes remained nearly the 9ikwm, Further during the 

subsequent heating and cooling cycles the mexiffitm toeperature 

did not exceed the previous limit. The curves folloved almost 

the same path. This is better explained in the Fig.(28 • 

Similar featiures were also observed for various fila thickness 

ranging between 15000A to ̂  40,00o1l . in all eases the 

activation energy of the fila heated to 'B' region of log 

F vs l A curves showed valiies ranging between 0.41 e? to 0.61 

eV, the thinner films showing, however, the hi^er values 

similar to telluriuffl films, fesistance was also treasured at 

teaperatures, lower than ro<HB temperature up to About -12^C. 

Fig.(23) shows the variation of resistance from toom teaperature 

toc;«l2**C (cooling cycle) and thent-12 C to o? 300*^C(heating 

cycle), showing again a change In alope at the temperature 
o o 

region C: 150 C to 180 C aa obaerved previously in Fig.(g6). 

The cooling curve also had the same feature as oentioned 

previously (i.e. Fig.28). If cooling is further continued 
o 

upto about - 18 C the nature of the alope did not change. 

Ihese results clearly show that condliction mechanisaij operating 

mear the roost temperature region,did not materially change upto 

C^-12°C(Fig.30). 

engSes * Besistivity meaaurementa of Sn2£>e3 films on 

glass substrate showed that the tfuĝ erature of discontinuity CT^) 
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was r:v 320^0. log B v» 1/T curv«&^ (fig.3l) shows that 

there ar© two slopes for teaperature region studleiS between 
o o 

•12 C to i:̂  330 c, the change In the slope occuring at about 

If0-180°C as obaepved in the case of SnSe Jllffls. These 

curves also have similar diaraoterlstlc as mentioned for 

SnSe filiiiB as can be seen from Fig, (3!)̂ .. It can again be 

seen that the path of the curve depends on the maxlaun 

temperature to whidh the film was heated. The values of 

activation energy ( A E ) varied between 0.41 ev to 0.51 

ev, depending upon the filai thickness, the thinner film, 

however, had higher values. T̂eble (4) shows the variation 

of A E with film thickness. 

SnS - Stannous sulphide films had considerably 

higher resiî tance compared to SnSe and SngSe^ fili&s. The 

variî tion of log H vs 1/1 was similar to the films of Sn&e 

and SngSeg. TheT^ teiaperature was cr 3g0 c (Fig.33). The 

heating of ins filias la 'B* region of the loy F vs 1/T 

curves caused a decrease in the resistivity without any 

appreciable diange in the activation anergy (Flg.34). 

Table (6) shows the variation of A E, the activation energy 

for different film thickness. 

SnSe • All selenldes and sulphides of tin so far 

discussed showed a fall of resistance with the Increase of 

temperature, no doubt, a characteristic of a semiconductor. 

In the case of tin telluride flLas, however, the tendency 

was reverse, i.e. the resistance lncreasad*» though slightly, 
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with th<& rise of temperature. The curve (*a») in iflg, 36 

shows thiB VArietion of log H vs l/t% and the X^ temperature 

was Ci 330 c. It may be pointed out here that unlike SnSet 

Sn^Se^ a»3 £n;̂< films, the resistance of Snfe films both 
2 3 

durinf heating «nd cooling cycles remsined practically 

unaffected by annealing. Heaistance measurement vasf there­

fore, carried out after appropriate annealing as in the ease 

of tellurium films. Figs.(35, 36) show a series of curves 

for different film thickness obtaiiwd in two sets of evapora* 

tion, carried out practically under simllsr evaporation 

conditions. Itie peculiar feature namely the increase of 

resistance with the increase in temperature is very much akin 

to the metallic character. 

(11) Ihermoelectrle power ( 0(' ) » || j 
— • I m^mm^mmmm•mmmm-mmmmm^em'mmmnmKmmimnm mw i • i n w rr-r-ir--r>r»t 

SnSe « The theraml e.m.f. between the ^ 0 ends of a 

film was mostly studied by the integral method. Since the 

resistance of the films was very high, no significant 
• -M 

measurible e.m.f • was developed, even when the hot end temperatur*'| 
o 

was as high as 130 c. The films were, therefore, heated in the 

set-up in a vacuo to temperature ^ 160°c and then a temperature 

gradient was introduced by ixirther heating the film, at one 

«nd, with the help of a micro-heater as discussed before 

CChaptar III). Fig. (37) shows the variation<rf e. m.f. with 

the difference of teisperature between two ends when cold end 
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was maintained at l£0°c. The theraoel^ctrlc pow^r ( ̂  ) 

%ias found to be fairly conatant Ch lSO^.volts/^C for flla 

thlckneaa ranging bctvaan 21000& and 40,000A praparad uaAeT 

more or leas the eaiae evaporation condition. The vî liie of 

^ aaasured in the preaant caae vaa for region 'B* of log 

H va 1/1 ourvea aa dlaouaaed prevloualy in the resistivity 

sseasurementa. Thermoelectric power ( o( ) ho%feir(»r could not 

be measured, for the temperature range of region 'A' of the 

curve log R vs 1/T> because of high resistance of the fllaat 

The type of si^lconductlng fllma waa determined from the 

polarity of the aaaple either at hot or cold junction. In all 

caaes the saoplea were found to be 'p' type. 

SngSeo - Since SngSe^ films alao did not shovr any 

seaaurable thermal e.m.f• even when heated to temperature range 

namely room teBqjerature to cr 160**c i.e. la the *A* region of 

the curve log H va 1/T, the meaaurements were carried out at 

*B* region of temperature aa mentioned before for bnSe fllma. 

Fig.(38) ahowa the varlr^tion of e.m.f. with the temperature 

difference between the two ends. The average thermoelectric 

power ( o{ ) for all the films waa r::ifl6e/̂ .volta/*c, when the 

cold end was aiaintalned at 160 C. All the aamples were 'p* 

type as before* 

Sna - Thenaoclectrlc power of stannous aulphld« fllma 

was measured In the same way ?-B for £nse and Sn^Ses . 
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and the value of thenaoeleetrlc power v̂ as found to Im 

i^ l^O^.volts/^C, for all the sample* prepared under 

more or leas same condition of depoaltion. All the 

aasBples vfer# found to be 'p* type (Fig.33). 

SnTei ks tin tellurlde films were conducting, 

eompered to selenldes and sulphide of tin, the thermal 

e.ffl.f• could be measured easily, even vhen, the cold 

end vas maintained at rocm temperature. Fig.(40) shovs 

variation e.m.f• with teaperature difference between 

two er^s of the fila for film thickness ranging between 

300ot to laOOOi. The tliermoelectric power was c^ 42yCL. 

volts/^C^in all the films. This low velue of thermoeleetrie 

power is in very much contrast to those for SnSe, SngSes ^ ^ 

BnS, films. On the other harki, such value suggests that tlie 

electron transport process was similar to the aetallie 

conductor• 

(ill) Temperature coefficient of resistance (TCH) 

SnSf - In the case of BnB^ films the plots of 

resistence against temperattire for annealed samples, the 

value of i .22- known as temperature coefficient of resistance 

(TCR), was calculated fit different temperatures. It Is found 

that TCB is negative between the temperature range studied, 
o o 

namely from 30 C to cr 2fe0 c. In every case XCK decreased with 
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th« Increase of temperature, attained a alnlaum negative 

value at a particular teisperaturê  and then iner^aaed with 

higher ti^peraturea. The tesiperature at ̂ ĥlch miniiaum value 

of negetive TCR occurea, depends upon the thloknesa of the 

filiaa, when the films are prepared imder more or less similar 

evaporation conditions. It is further noted that the tempera­

ture^ at which ttlnlouai velue of TCH occurred, shifted towards 

the higher temperature side, for the films of lower thickness* 

Fig.(41) shows the sudhi curves for different film thickness 

indicstlng the ahlft of minima on the temperature axis. 

SngSe^ • In the case of Stigî ê̂  also^a similar phonomena 

of negative TCH and minimun TCH at a particular temperature was 

observed. Fig.C42> shows sudi curves giving the dependence of 

TCE on the temperature for a different film thickneas. 

SnS - In consistence with resistivity, thelmoeleotric 

power, it was found that negi>tive TCH also varied in the 

similar manner as in the case of ^nSe and &n 8e • Fig.(43) 

shows the variation of TCH with the temperature for different 

film thickness. 

(iv) Electron diffraction patterns 

In order to have a control on the nature of the films, 

which were studied for semiconducting properties the electron 

diffraction patterns of these films were also studied, hoth 
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before and a f te r ®«8surea«nts of ««»iconducting proper t ies* 

Ftir ther, to see If there Is a r e l a t i o n between the s t ruc tu re i 

end e l e e t r i c e l proper t ies of fl l iasi de ta i led e lec t ron 

d i f f r ac t ion study was carr ied out and these r e s u l t s a re 

deiseribed in the Qiapter VI. 

Bl DISCUSSION 
i m i i j I ii» I l l 

From the above stu^ it will be seen that log R vs l/t 

graphs had two regions *A* and 'B*. The change of slope 

occurred at '-̂  200 c and conductivity Increased with the rise 

of temperature in all films of KnSe, Sn^%^ and EnŜ aaxi»iai 

temperature being (T^) temperature. If the hesting was 

stoppod in the region *B* and coaled back to ro<m. t«3iperatiir«| 

the graphs obtained during cooling were nearly porallel to 

the region *A', but for cooling at each stage of first heating 

in region *B* the room teisperature resistance decreased* This 

effect can be called as annealing effect* In the foraation 

of a vacuum deposited film as discused in Chapter XI, it 

was seen that voidsy stress and other defects in the fila 

do sppear as a result of evaporation condition with the Increase 

of teaperature and keepini; for some time these defects not only 

get annealed out, but also the small island foriaed earlier due 

to evaporation condition, assume Iŝ rgî r crystal sixes* 411 

these effects contribute to increase in conductivity* 

It has been reported in Chapter VI tiiat SnSe exhibits ^ 

normal orthorhoabic structure with a^:=^4.1^^, b^^4.4a2 and 

CQ a ll*a7i, in the tesip«rature range fro& rooa toaperature 
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to o:i200 C^but attempt ratup»8 hlgh»r than 200°c It vas 

found that a naw phase [cubic struetura B^& b.dit) appaarad 

both for SnSa snd Sa^Eag films. It is iikaly that such a 

structural change occurring at or about gX)**C will also 

modify the electrical conductivity of the films, ©ils 

effect %<as invariably observed in all the saaples of £a£e, 

Sngi?«g and SnB, It has already been leported by Badedihape 

axuA Gosvaml (1963) that in the case of boB filsis phase 

change occurred, froa, normal orthorhcnablc to a cubic fora. 

Thermoelectric pov^r of all the filma of SnSeiSnpBeo 

and SnS was found to be more or less saaei ranging between 

I60/(.volts/'c to 160^.volts/°C, when the filos vere heated 

to 'B' region. 

The minima of negative TCB observed in all samples of 

SnSe, SngSeg and &ns csn b& explained frooi equation i ^"S ) 

Chapter IV, on the basis of island structure of films. It is 

quite possible that the factor CA^ Is more effective and 

therefore, isteed of decrease in TCR tiaer*^ Is increase In XCR. 

For the films of higher thickness, since the minimum negative 

TCH occurs at ccmiparatively lower temperature than corresponding 

thin films, it can be stated that the teisperature at vtkicii tti9 
2 

factor CA becomes effective Is less for thick films and 
more in the case of thin films. Electron diffraction patterns 
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for SnS*, ̂ '^^^a ^"^ ^^ films on glass shoved that tilted 

orientation did not affect the semiconductor parameters 

(Fig.^i,). 

In case of SnTe* unlike other ohalcogenides of tin, it 

was found that all the filiaŝ  of all sets of evaporation 

shoved aetallie behaviour, this is also supported by tim 

results, low value of thenaoelectrlc power ^.Fig,40), Increai 

of resistance with rise of temperature (Figŝ dfi, 36)^ etc* 

Because of this metallic behaviour it may be eoacluded that 

the systesi was a degenerate one and coaductlon was dua to 

the electrons, sinilar to the conduction in isetals* 

Aecordlni; to periodic table of elaiaentsi the propertiei 

slowly change from insulator to a metallic conductor (i'o) " 

and therefore^ when their elesients combine with tin* it is 

quite possible that the properties of these(alsoiwill^ 

gradually change from an Insulator to metal, through an 

Intermediate stage of a semi-metal. Thum SQ£ films had higJ 

resistivity, whereas Sn^e,Sn Se low resistivity, SnTe on 

the other hand showed metallic conduction. 

— . - 0 — 
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•i 

IJ^g?^9^ PIFFBACTIOH STUDIES OF CBOWTH 

OF SnS«, SUgSeg AilD SnTe FILMS 

At GBItER/iL INTRQPUCTIQJi 

IB order to have s better understanding of the properties 

Of thin fllma, It Is essential to know their state of eggregs-

tl^^t stTttCturesi crystal size, orientation, etc., as mma^ ot 

tiie proy®''*^** **"* structure sensitive. Vapour deposited films 

^l\)lt » ̂ *® range of structures froa irregular aaiorphous 

« to »|r«l« crystals. The optical and electrlcsl properties 
ff>SS •• 

als expected to depend \t9<^, ^ot only on the crystal l ine 
^ ** It 8l»o on the development of preferred axial direct ion, s t a t e , ^̂ ĝ 

^} arraiH^ements of atoms in the.dimensions extended In 

.give rise to the formation of crys ta l s , m. atom contains 
ftp*' 

i eus St the centre and extra nuclear electrons at I t s 

.phery# Consequently there wi l l be an Intense potential 

>ld concentrated at the centre of the atom, but s l ight ly «odl-

yed by the surrounding electrons. This Is soasewhat analog^ous 

h the potential f ie ld Inside a spherical corKSenser, with the 

/highly concentrated posit ive dbsrge at the centre and negative 

charge at the periphery. Because of th i s intense f i e ld inside 

sn atom or ion, negatively charged electrons are hlf::hly ^£A^e^ ml, 

ecatterlng amplitude of the electron beam is about 10^ tlises 
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morft, compared to that of x-rays for a slngla atom. Tha 

Intensity of^diffracted electron beam will therefore be 

much more than the corresponding x-rays. Consequentlyt 

electron diffraction technique has found applications 

In many fields especially in thin flists» surface structiaret 

crystal growth process, etc. (Thonjî son &nii Cochrane 1^39, 

Finch and Wllman 1937, Plnsker 1363, Raether 13ei, 1967), 

vhei£̂  the usual sethods of structure analysis 8̂̂  x-raya are 

not suitable. 

There are certain features whldi are characteristic of 

the diffraction of electrons^and the physics of diffraction 

of electrons have been studied in detail by many vorkers 

in Japan (Miyaice ia60, 1954), Australia (Cowley and Moodie, 

1967, 1969) and Russia (Pinsker, 1963, 196J, Vainshtein, 

1949, 1934). The technique has also been found useful to 

determine the complicated structures of organic as well as 

inorganic ccnapounds. This method is particularly suitable 

for finding the positions of light atoms such as hydrogen, 

carbon, ete^ in organic ccnnpounds (Plnsker, 1^3, Veinstein 

1964). 

As electrons are highly scattered by matter, only a few 

layers of atoms of a crystalline material are quite sufficient 

to give a coherent diffraction pattern. On the other hand, vith 
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x-rays coaptrstively much thicker samples (about 0,1 mm) 

are necessary for th« diffraction. In the reflection pattars 

since the penetration of electrons in the direction normal to 

the beam and perpendicular to the surface is very lowf a film 

thickness of the or<3er of g- Is sufficient to give coherent 

diffraction patterns. Paahley «nd Newaan (ia£€) olalawS to 

have studied the filas of gold and copper with thickness as 
o 

small as 2 to &A. 

Zhls tedtnique has been extensively used for ^ e study 

of structures of surface layers, eleotrodepeisiiM films, 

phase (^ange, crystal growth and corrosion etc., in England 

by Finch and Wiajoan (1937, 1939), Fiosker (1)53) in UBSB, 

many workers in Japan (Hiyake, 1964) and Coswami and his 

co-workers in this laboratory (lagf̂ , 19S7). Mmultsneous 

investigations of film structures by electron diffraction 

along with the semiconducting properties will, however, provide 

much clearer insight on the physics and chemistry of solids, 

since often physical and electrical properties of films depend 

considerably upon their crystalline state. In fact, semiconduct­

ing properties of selenium depend upon the state of erystallinlty 

(Smith 1873)^ Waahman (19E7) suggested that photoconductivity 

of lead sulphide depends on the crystalline structure and furtlMr 

investigation sliiowed that the oxidation of meterial and presence 

of oxidised state contributes to photoconductivity. 
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Crygtfll growth 

In an Ideal crystal , atoms or Ions ar« arrangsd raeularl^ 

in -UtiMt-^isnenBions^ia spscf)* These atotns or Ions normally 

should occupy positions confaralng to aiinlioutt potential enê rgy 

s t a t e . During the growth process^ crystal grows atoa by atom 

aoA layer by layer and often before ths* f i r s t layer i s 

completed,the next layer starts growing, the growth laay talc* 

place simultaneously either on sase or different layers* 

It i s possible that before a layer i s coicpleted, another layer 

may fom over i t . At the Junction of two or more c r y s t a l l i t e s , 

at(MBs may not be in their ideal periodic posit ion, as th«y 

should be in the ideal case* This gives r ise to f a u l t s , sudi 

as inter gain-boundaries, d i t locat ions , stackinir f a u l t s , twinning 

e t c . 

During the la s t forty years the theories of crystal growth 

have been developed by many workers especial ly by Kossel K I 

(1927, 1928), Volffier (1339), Etranski and his co-workers (1^49). 

Theories taking into consideration the imperfections arising 

from dis locat ions , have already been developed (see Burton, 

Cabera and Frank, 1343, l l ^ l ) . I t has been observed that in 

vapour phase deposition process, the substrate tempera tare < 

i s en important factor^ which favours the epitaxial growth* 
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Evaporation conditions, such as rate of deposition, substrate 

temperature, etc*, also affect the nature of the deposits, 

crystal structure, phase diange, orientation etc* with the growth 

of films (Krustlonson, 1341, Goswasii, 19ai,H^, Aggarwal and 

Goswaai, 1963, Badachhape and Goswaai, 1364). 

Increase of crystal size with film thickness^as well as 

the substrate t«Kperature; has also been observed hy eiany 

workers, (Evans and Wiloian 1962, ̂ ilaan, 1966, Kuwabara 1967). 

Sinilar observations have also been laade for crystal growth 

lay electrodeposition, anodic process^ by Goswami and his 

co-workers (1966)• 

i:he habit of growing crystals often depends upon the 

surrounding conditions, though^their structures normally reaain 

unchanged. For exanple sodium chloride crystals grow noraallyy 

evgcete^ l^ttm (Mnr«»My with a cubic habit, from the neutral 

solutions^but develope octahedral faces, in the presence of 

urea in the solution. ^ 

Epitaay 

Epitaxial growth^or oriented over growth of crystals^ 

was first observed by î allerant (1902) and Kugge (1903) in 

naturally occurring Binerals. The term *Bpitaxy* was first 

used by Royer (19SB, 1936). After making extensive study 

on the growth of crystals on different substrates^ he came 
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to the conclusion that the deposit atoms or Ions developed 

orientations as to follow the substrate structure, sudi that 

there was a close fit between the two dimensional net«work 

of deposit and substrate at the Inter-face, tie also found 

that In such a case there vas one densely populated lattice 

row in the deposit, parallel to one that of the substrate* 

^Itaxy was possible only if their relative Identity spacing 

did not differ more than !&%• Frank and Van-der-Merwe(1949) 

considered the substrate as two dimensional net*work and 

arrived at slnllar conclusions emphaslzlne that no epltaacy 

vas possible if lattice misfits were higher than 10, It Is 

now well known from many experiments that epitaxial growth 

can take place even when^ the sslsflt Is as high as 60$̂  or 

more (Pashley DBS, Goswaml, 1962) • hence the Idea of Van-

der-Merwe(1949) Is no longer valid, at least for the epitaxial 

growtii. 

Further!new type of orientated over growth was observed 

by Goswaol (liJ61) on one degree orientated substrates. These 

results 9€ew5;fet6 the I'st exaaple of this kiwi. 

Phase transition and polymorphliiR 

Recent studies on malm structure of thin flias have shown 

that the phenoiuen«»)of polymorphism is observed in metal deposlti 

as well as the deposits of many other compounds. Schutz (1951)i 

showed that rubidium brcmlde having normal MaCl type structure 
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developed CsCl type structure, when deposited on sliver 

substrate* It was also recorded by SchuXs (1351) that 

sceie helldes having CsCl structure developed NaCl type 

structure* when grown from vapour phase,on appropriate 

single crystal substrates* Coswaml and Trehan (1%^) 

observed two new cubic structures fi)N'iitM4 of copper 

sulphides diorlng the studŷ  on i reaction of sulphur t 

vapour on copper single crystals* Aggarwal and Goswaal 

observed some hexagonal phase even from B for« of zna 

and CdS. Flggot and Wllman (1963) also observed soae 

si^erstructures of so»e sulphides. 

It is well known thet on heat treatment often a new 

phase appears. At a certain temperatureitransition of 

one phase to another phase takes place. In case of thin 

films, this temperature at which transition takes place 

is iQuOh lower than that of bulk material. 

It will be of great Interest to investigate the 

structure of thin films of chalcogenides, their crystal 

growth process, phase changes, orientations, etc.̂  and if 

possible to correlate them^with the s«alconducting proper­

ties, which have simultaneously been studied,in the present 

work* 

In the previous Chapter historical survey on the 

electrical and structural properties have already been made* 
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f i n 1» known to hsv« two w«ll defined sulphides 

nsm«ly stsnfious sulphide (SnS) ASTM Card 1-0384 anji 

stannic sulphide (SnSg) 4STM Card lloi 1-1010. Another 

sulphide of t i n , however, Isss gstabl lshed^Is t i n 

sesqul-sulphlds SngSgCWellor 1930), Hoffman (1^34) 

suggested tha t SnS had deformed structur® s imilar to 

galena* Viells (1958) suggested tha t the s t ruc ture of 

stannous sulphide consisted of very buckled hexagonal 

nets In whl<^ s l t e r n e t e atoms are t i n and sulphur* 

Clark and Anderson (19^3) reported i^&t stannous 

sulphide i s a semiconductor a t a l l temperatures. 
o 

According to them a t about 750 C the Ionic component 

i s l e s s than 1^ of t o t a l and a l so even fused Sn3 I s 

a probable semiconductor. Anderson and others (194&) 

presented an evidence to confirm the suggestion tiuit 

high temperature eof»3uetlon of EnS represent the In­

t r i n s i c e l e c t r i c a l conductivity of the c i y s t s l l a t t i c e . 

Ifurkov (1903) ha® studied the rec t i fy ing p roper t i e s of 

SnS c r y s t a l s . Orlmm and Heseldov (1956) have given data 

on tiia conductivity of sulphides and se lenldes of t i n 

for mass and th in l a y a r s . 

SnSe Is reported as orthorhomblc s t ruc tu re with 
o o o 

l a t t i c e <K>nst8nts, a^* 4 .1 *A, bo« 4.46A, Co * 11.67A 
(Palatnlk ami l e v l t l n j i J M , Pe8rson,13£8), however, 

o o 
Sn2£«3 1» reported as te t ragonal Sj,* £.384 and c^« 6.77A, 
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Along with tetragonal structure, a cubic structure It also 

reported m^ » 6.9aJ (okawkl end Veda 19£6, Palatnlk and 

Levltin, 1964). SnTe had only one structural phase of 

NaCl type cubic as already nentioned in Chapter V. 

A detailed study has also been made on crystal growth 

process at various substrate tenperatures on different 

feces of MaCl and also on mica, glass, colladion* The 

results ere presented in the folloving diapter. 

Bl EXPERIi^EHTAL 

Preparation of speciaen 

The appara|:us used for preparing the deposit filss 

vas as shown in Fig.C AS"), A pyrex tube of dia. c^6*2B cms. 

and length cr 30 cms. was clamped horizontally and rubber 

bungs were fitted at the two ends. Two terminals were taken 

out and were used for heating the filament containing the 

sample. The whole syston vas evacuated by rotary pump and 
••3 

oil diffusion pump and the vacuum was of the order of 10 

mm. Hg to<^10 mm Hg. Substrates were kept nearly 2-3 cms* 

away from the filament. When the deposition at higher than 

rocns temperature was required the tube vas heated by a 

cylindrical furnace placed around tiie pyrex tube. The tem­

perature of substrate was indicated by a thermoooiQ)le. Before 
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eveporatlon the filament vas first flushed to %fhite(hot ) 

teveral tiiaes and then the bulk sample which was to be 

evaporated was put into it* The rate of evaporation was 

Cimtrolled by an external variao. 4fter the deposition 

vas over, the heater was removed and t̂ ie substrate was 

eooled down to room temperature la vacuo. These films were 

then examined by electron diffraction camera (Finch type)/ 

fabricated in this laboratory* Filaments used were from 

tungsten wire. The initial flushing of the filament was 

essential in order to get rid of surface impuritiea of 

the filament* 

Preparation of substrates 

Substrates used for depositing films viere (100) | 

(110)t (111) faces or rock salt, cleavage face of mica, 

polycrystalling MaCl and amorphous glass surfaces. 

(100) faces of rock salt were prepared by cleaving 

single crystals along with cube edge direction,with the 

help of a clean and sharp edged knife by applying sudden 

pressure* Untouched cleaved surfaces were used as substrates* 

Scasetimes the particles adhering to the surface were removed 

by using a caasel-hair brush. Proper precautions were taken to 

avoid ar^ contamination of grealle with the substrate surfaces< 
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(HO) and (111) faces of rock salt vare prepared by 

grinding the crystals very carefully with different grades 

of emery paper down to 0000. Afterwards the surface vat 

etd:ied with rurmir^ water and dried IsMnedlately by pressing 

between fresh filter papers. Hlea substrates were prepared 

by cleavlni; thes and Ifflmedlately used. 

Glass substrates wer# prepared by cutting "Oold-seal** 

slides Into convenient sizes and grinding sharp edges. Ihesc 

were then treated with nitric acid and finally washed with 

distilled watf̂ r. The glass substrates were then dried by 

pressing them between filter papers and finally heated In 
o 

an oven at ^ 110 C and cooled. 

The substrates thus prepared,vere then transferred aa\th« 
' 'v. . 

deposition dissber where the deposition was carried out as 

described before. 

EacaBlnation of specimen 

Deposits obtained on various substrates were studied 

by reflection or transmission electron diffraction techniques* 

Oepo«;it8 obtained on rock salt or poly crystalline NaCl vere 

first exaalned by reflection and then by transmission method* 

For the latter, the deposit-films were removed from the 

substrates in the following way. The deposits,along with 

substrate was slowly dipped̂  keeping the deposit-film surface 

horizontal in a large petri-dlsh containing distilled water* 
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Water slovly dissolved the top layers of the substrate 

in contact with the film and thus leaving the f11B to 

flftat on the water^ deposits were then collected 

carefully on a collodlan rilai placed en grids. 

The electron beam used In the camera was accelerated 

by voltage Cr 60 to ex 60 AV. The specimen were exafflioed 

at different angles of azimuths by rots ting the film witi: 

respect to the beam direction. For the analysis of the 

pattern, colloidal graphite \«ia8 used as internal standard 

and *d* values of various reflections were measured. 

The method of Interpretation was similar to thosa^ 

already discussed by early workers^especially,Finch and 

Wilman (1937), ThcMsaon end Ck>chrane (193d), Wilman 

(1948, 194J, 1962), Pinsker (1963) and others. The details 

of the methods of interpretation Is already given la 

(Siapter II. 

CJ KESULTE 

SiiS9> and £ n g ^ 3 

On (100) HBCI - Evaporation was carried at diffarent 

substrate temperatures ranging from rocm t^peratiare to ̂ 460 C 

on (100) faces of HaCl crystals for different period of tima. 

luring the several trials of evaporation It was found that 

higher substrate temperature conditions, favoured the epitaxial 
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growth. !Jhe deposit fllsae exhibited different typee of 

patterns conforming to polycryetalllne aaterlels with or 

without preferred orientation of the deposit crystel^or 

two degree orientations of them. Even though, reflection 

patterns did not always yield characteristic of jL-d.̂ ! 

orl<?ntatlon, the basic pattern Indicated that SaSe filmM 

grew epltaxlally on ilaCl crystals, when deposited In vaouo^ 

at higher substrate temperature. !nie pattern (Fig.4^) at 
o 

100 C showed the polyerystalllne nature of the deposits Btt 

the ĥjjx values of different reflections eorrespoi^ to the 

ry^rmml orthorhcwablc structure of SnSe. Slnllar patterns 

were also observed upto 200^0. Patterns obtained mostly at 

higher teffiperatures namely from 250 C to r::̂  460 C showed 

that the deposits developed !Z--<̂  orientation, some times 

accompanied with rings (Flg.TjV)* 

The above diffraction pattern Is rather complex. The 

general disposition of the pattern shows that spots are 

arranged in a square net work, with apot at the centre of 

each diagonal. Closer examination, however, revealed that 

each of three bright at the corner of square net 

work of pattern, consisted of two Individual spots very 

close to each other. These spots were clearly resolved \4ien 

looked through a magnifylag glass (especially In the negative)< 

file:///4ien
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Further th«se pairs of spots at th« corn«rs, instead of 

foiwing a square net work, form two sets of raetanglas 

with undlffrected spot at the origin. This Is most 

clearly s««̂ n in Fie.(>̂ <2>) \!h%n highly enlarged* Ths 

appaaranoe of two clesr spots (well resolved) at a die* 

tanca of 3.1A, however, falls on the centre of a 41«gon«l 

originating from undeflected spot for two rectangles. The 

'*hkl* ^•^^•® ®^ these two spots i.e. along with spot rows 

at right angles to each other ere 2.244 and a.ost, respecti­

vely. Thus such net work of spots forming rectangles had 

«4 « values 2.08A, l.eet and 2.24A corresponding to 200* 
hkl 

220 and 002 reflections o;f orthorhcwbic structtire of SnSe* 

Further the appear>nce of second set of spots close to the 

previous one^were: no doubt, due to the rotation of the 

crystal Iqr 90 with undeflected beam at the origin. 

the above disposition of spots, is however, eonsnsistent 

with the deposit developing (ooiĵ  orientation with aslauthal 

rotation 90 I.e. >̂ 00l} plane of the deposit was parallel 

to (100) face of rock salt, such that a* and b of the 

reciprocal lattice which are right angles to each other would 

lie on plane of the photographic plate. Fig. (4S) shows the 

analysis of spots with their respective indices. It is 

evident from the above figure ( 4̂? ) that r*lio of «>»• 

crystal^ WIIJ be slightly away fro» r*i-|LQ of the other oryatal^ 

which was actually observed In the pattern. It la also 
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intsrestlQE to not* that •••n though th« lattlc* dimensloos 

and arrang«ment of atoms of SnS« of opthorhombic structor* 

•o ̂  4.1d2, bo •^4.46A «nd CQ* 11.67? are vastly dlfferant 

fro«B thi t of the substrata. There are, hovever, present 

a few extra spots euch as 100, 010, etc. In the pattern 

observed. Further, from the disposition of spots froa ^nS« 

deposits with respect to axial direction of JMaCl, it %ra« 

found that ^100> or <̂ 010)> of Sn&e deposits was 

parallel to <;ilO"> of HaCl and vice a versa Fig.(^2,), 

On (111) face - jhe deposits foraed on (111) fsee of 

HaCl yielded patterns similar to Fig.( 6'C ). these patterns 

are also complex. It i^ also seem that quite a number of 

spots are disposed in hexagonal arrays, there are also two 

pmlp of spots, which are in the hexagonal arrangement and .^^-

these reflections appear to arise from two individual crystals 

but not from the same crystal, fhis suggests that the depo* 

sit crystal developed two hexagonal structures and SQ values 

of each of them was found to be 4.19A and 4.461 reepectlveljt. 

*C* axis of these crystals were along with beam direction as 

seen from the hexagonal disposition of the spot pattern. 

It was, however, not possible to find out the c^ ̂ or each 

of them and to decide unambiguously whether the deposits 

were of hexagonal close type structtu-es. From the pattern, 

furUier it is seen that there are also a few additional 

spots appearing in pairs Just inside r*200 '^^ '̂ *020 ^^^ 
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*d. j-» values 2.41A corresponding to ( l l i . ) of a structur* 

with «Q 4.18? to 4.2EA. iaiu« indicating the foraatioa 

of cubic or tetragonal structure with a betvaen 4 « 1 8 A 
0 

to 4.25ji). Since beem direction was along 'C* axis in tha 

ease of transatiaslon patterns« it was aot possible to deoida 

uniquely the *C' axis of the crystal and hence whether the 

structure was cubic or tetragonal* the detailed anaXyaia 

can also eigplain the appearance of most of the spots 
Including faint spots, some of yhleih can be aeen in fig.(5.^, 

obtained at aubstrate tefflperature o^ 350^0 during deposition* 

On (13̂ 0) face - Deposits of SnSe formed on (110) face 

of rock salt at Or 300 C and above yielded patterns t̂ iicb on 

casual looking appeared to be cosplex. There are soae features 

sudi as rows of spots at right anglea to each other giving 

rise to step-like appearance through out the region of 

pattern, k closer examination of t^ese spot rows, however, 
o 

revealed that the intense strong spots et a distance 2.C^A 
o I— o 

and 2.34A form sj2 type of rectangles, rotated by 90 . 

I'ig.CS'l) shows the theoretical pattern, which explains moat 

of the prominent spots in the pattern (Fig. 52.). in addition 

to the basic pattern thtfre are some extra spots, possibly 

due to hexagonal modification. 

On collodion and NaCl tablets(polycrystalliae) 

Sn8e deposits at different temperaturea^from room 
o 

tfiSBperature to about 200 c yielded ring patterns corresponding 

to polycrystalline depoaits, 'djjjji* values of all the ring* 
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In the pattern cc»rr««pond to *d|jĵ ' values of normal 

orthorhombio structure (Table 6 ) as already ffientloaed 

before• 

e 
Deposits of SnSe on collodion at ĉ  300 c yielded 

ring patterns (Flg.6'3)* ^t is seen that reflections 

consisted essentially either all odd or even indices 
o 

(hkl) with a^j^S.lSA, a characteristic of F.C.C. type 

structure. Further It is also seen that 111 reflection 

vas strongest, whereaa 200 practically absent and 220 

of mediUB intensity. These characteristic suge«st that 

the deposit developed 2nS (zinc blend J type structure^ 

similar to SnS as observed by Badachhape and Gosvami(19€/v}. 

Eeflection patterns on glass snd aioa substrates at 

room temperature vere diffuse, whereas at higher substrate 

temperatures yielded patterns (Fig. 5̂ 4) showing a charac­

teristic of one degree orientation of SnSe deposit cirystals* 

SngSe3 ̂ *P^"^^> °^ (100), (110) and (111) faoeiof MaCl 

andi on glass and mica yielded patterns similar to those of 

SnSe patterns discussed above. 

SnTe 

On (100) >Jad. 

SnTe depos^^ts on (100) face of IfaCl yielded ring 

patterns dvm to poly crystal l ine material (Fig.6'5) pract ical ly 

at a l l the twoipexatureft ranging from room temperature ta 
o o 

^200 C. At higher substrate temperatures from 260 C to 
Ci4e0**c deposits yielded patterns tFig. 6 '0 character i s t i o 
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of 2a& orientation by transnlssioa methods. It is seen 

thjtt spots formsd a square arrangeaent. The analysis of 

spot patterns as well as polyerystalllne ring patterns 

(Fig.̂ '̂  indicated the formation of cubic structure having 

•or:̂ 6.3iQ. From the polycrystalline patterns it vas also 

B99n that III reflection of SnTe was practically absent 

unlike SnSe or BoB, Intensity distribution of different 

reflections conformed the above fact that 111 reflection 

was practically absent. This suggests that SnXe developed 

JfaCl type structure. Since Sn and Te have practically the 

same electron scattering factor» the absence of 111 

reflection is quite understandable. 

f ' ^ 
On (111) face of rock salt - Deposits of i»nle on 

(111) face of MaCl particularly at higher temperatures i.e. 

from 260 C to:2:460 C yielded patterns, often forming arcâ  

disposed nexsgonally (Fig.^7} no doubt, due to (l^} 

©rientation on (111) face of HaCl. 

On (110) face - Depolits formed on (110) face of IfaCl 

yielded patterns exactly siadlar to those formed on (100) 

face of tlaCl, thus indicating the development of (100) 

orientation on (001) t»c:(Rps), 

On mica - Deposits formed on mica (0001) yielded 

very interesting patterns. Fig. ( S'f ) shows the pattern when 

the beam was along a certain direction of cleavage face of 
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O 

alea and F ig , ( &0 ) wh«n tii« specimen was roUt«d by 30 . 

Both th« pat t«i as however repeated th©iB»«iv«* i«jh«n 

rota ted by 60 . Furttier I t l& seen the t In F l | . ( 5"̂? ) tiw 

dlaronal of rectangle hsd spots a t 1/3 and 2/3 diataocte. 

This hovevrr su^gf^sts th? t deposit developed ^>5t-^lll^ 

f>rientntlon* But the aseasurem^nt of spot-row along with 

plsne of incidence ana horlBontal d i rec t ion i n Flgi(S^) 

are in the r a t i o 1» \ / ^ vhereee I t should have been In 

r a t i o ^f¥l > / ^ ( l t2N/~2) . Similarly for 30° a^lseuthal 

d i r ec t i on of the pa t t e rn the r a t i o of spot-rows in the two 

d i rec t ions would have in the r a t i o J s t >/ 8 , but they are 
in the r a t i o ^jl8: \ |8» Ihua theo re t i ca l patterns for 

4<t̂  - / l l l l o r i en t a t ion are as shown i n F i g . ( 6 K i ) . To 

resolve t h i s difference negative va£ closely exaialned* 

I t vaa a lso found thiit in addi t ion to the strong spots 

there were asany spots comperfttlvely fa in t whlci. were In betweea, 

the strong spo t s . Considering t h e i r c l spos i t i on I t was found 

tJiat Instead of stronf. spot forming the f i r s t r e f l ec t ion In 

ttm plane of incidence corresponding to H i i r e f l ec t i on 

was considerably f a i n t , and 222 r e f l ec t ion was very s t rong , 

thus giviag r i s e to strong spots corresponding to . ven 

r e f l ec t ions only . 

Dl DlSCUesIQUS 

Deposit films exJfilblted pa t t e rns eorrespondiaf to 

nomal otthorhojable s t ruc ture (aQ'=^4.1M, and 

c^ ^ il .67A) upto c^ 200*^0 but a t higher subs t ra te temperatures 
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th«r« vas a phase t r s n a i t i o n taking placa to glva r i6« 

to a cubic or te t ragonal s t r u c t u r e . A fiisilar t r a^s lo i^a t lo i i 

of orthorhomblc SnS to cubic and h . c . p . has a lso l>a«a r«port«4 

b> (Bad&dihspe ana Coswami» l'i6if). Th«y hsva a l so shovn tha 

a«w values of hkl on sudh transformation. In addi t ion a 

cubic modification of znB type with a Ci S . l f t has a l so b«en 

found. This modiflcatioa vas s lmi lsr to thstt observea for 

Bt^m, Ttils phase t r a n s i t i o n fr<Ma orthorhoaibic to cubic 

I s poss ibla ^ranarally when ona axis out of thrae i s l a rga , 

p r a c t i c a l l y double to e i the r of the two regaining axas . 

Th« formation of such a cubic s t ruc ture i s i l l u s t r a t e d i n 

F i« . ( 63 ) . 

Epi tex ia l ^:rowth 

I t i s a l so Interest ini ; to point out t ha t the rrangeasont 

of etoffis in fcnSa, Sng3«« vhich ii©ve orthorhoabic s t ruc tu re 

i s vas t ly d i f fe ren t froia tha t of Had v î<dii hss s cubic 

s t r u c t u r e . Ev«n thouirh the l a t t i c e spacing and atosslc arrange-

ffient of deposit sind the subs t ra te are so vast ly d i f f e r en t , th<# 

deposi ts of c^alcogenldes of t-n grew ep i t ax i a l l y a t appropriate 
o 

high teiTjperature (above 200 C) . Such growth took place on 

a l l the t i r e e d i f fe ren t faces . For sudri e p i t a x i a l growth I t 

i s but natural tha t the deposit fllsa would be subjected to a 

considerable s t r e s s becsuse of aslsfi ts of atoms betwe«?fn the 

deposi t and subs t ra te l a y e r s . Uridur tlie influence of i n t e r -

Stee le forces , s£ well as the considerable subs t ra te tesiperature, 

i t i s qui te l ike ly tha t the deposit atoms sey s l i g h t l y rearrange. 
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Hiifi will result in developing a n«w phase during thm 

©pltsxlel growtti process* It Is also int®r@£tlng to 

note thst *»* and *b,/ of the orthorhoalic phase are 

nearly equtl and hence with s slĵ ĥt reerrangesent of 

atoms both the tsxes have saise value. Further trie deve­

lopment of complete' cubic structure of u^<^6*l£i% also 

Involves the rearrangement of the *c* axis* Bed&chtiape 

and Co8waial(196.'l̂ ) have alreiidy shown ho\i such rearrange-

sient taites place in trje case of &ne deposits. It is also 

to be noted ttat most of the sjodified structure was obser­

vers in the cese of epitsxlaily grown films, fhlsi no doubt, 

clearly shows the Influence of interatomic forces la 

structure end phase ĉ singe of thin films* 

For Sdi ^111^ orientation of f .c.c. crystal* iQ-' re­

flection metliods, It has elresdy been observed by many workers 

tiiSt reflections upto ard, even of nlgher orders have more or 

less saiae Intensity. But In the present ease It was however 

noticed thst all even (hkl) refiectlons were v«ry strong 

whereas all odd (hkl) reflections were very week* Ihese strong 

reflections gave rise to rectangulnr disposition of spots wltb 

sides in the ratio of 2 /^i sTsi, (1« ^f^i »» observed 

In the present c»se. This , eeuliar intensity-distribution, 

is, however, not clearly ursderstood as yet* 
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OUPTCTWm 

In the present lnv«j!tlga,tions on aeifilc->mluctiag 

proper t ies of vacuiaa deposited fiirss »nd a lso on c rys t e l 

growth |>ioce8E, by e lec t ron d i f f r ac t i on , an attessept hag 

bean asede to stsrK^Hrdtie tĥ ^ aseasurr aserit of seiaicondiictor 

p»raaieter6 for tiain f i lm, avap-orstion coriditlon sml other 

f a c t o r s , controlllntg these p rope r t i e s , s t^ a t the a&Si& tiim^ 

»tu*sy th© surf see s t r u c t u r e s . Sol las l a th in flits atat© 

often hav'S d i s t i n c t i v e f t i uc tu ra l «nd physical p roper t i es 

absent In I bulk f o r s . 

In ord^r to I tweat lgate these proper t ies of fllais a 

nmi device was developed, Aft^r many t r l a l s i , the ajethod was 

adopted for measur«aients f s^iclconductlng paraieetera. Many 

of the diffieultl*^s involved In t h i s film measureaients, nsiaeiy 

flimsy charac te r , the i r coiitect problem, evsporptlon ot f l l jas , 

oxidat ion e t c . with tf?!aj.eratur«, whldx consequcatly cause 

u n r e l i a b i l i t y of the measurements, had considerably been removed 

i n t h i s device . Tiie measuring techniques for d i f f e ren t paraaaeters 

of the temiconductors, were standerdiaea and the p r s c t i c a l i l f t l ta 

of BitKlffiUBi temperature of heating of the speciiaen governed by 

the teaspersture of d iscont inui ty (1^) of Urn IrKllvldual f i lm, 

was deteri^inad and the aniMallrm tamperature In each cas« 

a lso fou!^ ou t . 
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k detailed study has been made by this device 

on the different semiconductor paraaieters. namely 

resistivity ( ^ ), energy band-gap ( A B ) , therso-

electric power C (P( ), temperature coefficient of 

resistance (fCH) etc. at different teanperature regiont 

for the vaouuffl deposited filais of tellurium and sulphide| 

eelenides and tellurlde of tin,with thiekrmss varying 

frai 600^ toOr40,000A. Corresponding structural 

features vNire also cetermlned l^ electron diffraction 

Biethods. 

The discontinuity teaiperature (T.) of telluriun filaa 
o 

was atout 180 C and the variation of resistance of tellurlia 

filffls %fith the temperature both during hesting and cooling 

cycles was deterained. Eesistance of filas decreased VLth 

the increase of temperature» which was a characteristic 

feature of seal conductors, from the slope of straii^t 

line 0tMmm\log K Vs lAy the energy band-gap or activation 

energy ( A B) was calculated. It was found that the 

activation energy ( A E) varied from 0.32 eV to o:0.44 eV 
o o 

for the films of thickness ranging fro« 13,000A to <^B00h, 

Higher value was, however, observed for thinner filas, 

whilst lower value for thicker films. In order to study 

the film properties with corresponding bulk properties, 

eiq̂ eriaents were also carried out on compressed bulk 
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••t^rial obt«in«a from t«llui'lUB po%ider. Aetiv@tioa 

energy ( A E) for sucTi bulk msterltl was Or 0,32f eT, 

Thermoelectric power ( ̂  ) for telliirlum films was 

deteralned and foiind to be nearly constant for all 

fila thickness ( Ĉ  340 ̂ ^ volt»/*C;, except for very 

thin fil«8 ( Oi 600?) for which it was Or400^.volts/'c. 

Jfegetlve teapereture coefficient of resistance was of the 

order of ô  IQT^/OQ ^^ x^ decreased^ with the rise of 

temperature* 

In the case of Sn^ey Sno^«3 and Sn£ films log B Vs 

lA curves showed two regions of slope. Fllias heated to 

higher tesiperature region showed Irreversible change in 

the conductivity and the room temperature resistance 

was less compared to unheated spectoeoi. Ihla appears 

to be due to a phase*change of the specimen namelyichange 

of;orthorhomble structure to the cubic one. The activation 

energy for these films were found to vary from 0.47 eV to 

0.51 eV. Here In these cases also thinner film had higher 

A K compared to thicker films. Temperature of discontinuity 

(f^) for all the films of tnSe, SngSg and SnS was 310 C, 

320^0 and 330 c respectively. All the flima were fouod 

to have mu<*L higher resistance ( 4 M - ^ to c^ lQO)A-^ ) 

SnS films showed the maximum resistance. SoSetSng^q and 
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Sn£ fllat were found to b« *p* type sftfflieooduotors having 

theraoelectric power c^ IBByU volte/^C, 160^volt«/°C 

ftoA 160/^.volta/^c, respectively, ^gutive temperature 

eoefflclent of resistance decreased with the rise of 

temperature after rescuing to a mlnlaiSBt again Increased 

vlth the further rise of temperature, fhls behaviour 

seMM to be due to the contribution of the factor C A 

at higher teaperstures In the expression for TCR. the 

teffiperattire at \Aiich minima took place was dependent on 

film thickness. The shift of mlnloia on higher temperature 

side was for thin films. 

Sr^e films unlike SnSe, ShpSe^ a"^ ^nS did not show 

eiQr fall of resistance with Increasing temperature In 

log R Vs l/T curves. The curves on the other hand^ 

shoved a slight Increase of resistance with Increasing 

temperature, suggesting a degenerate system similar to 

thet of a metallic conductor. Low thermoelectric power 

(^^4P ^ volts/*C) Independent of film thickness^ also 

confirmed the above vlev. 

An electron diffraction st\»dy was also carried out 

on the crystal growth process of &n£ey &n2£!a3 and SnTe 

films on Ciao), (110) and (111) faces of rook salt, 

cleavage face of mica and also on collodion fllms^ at 

different temperatures, ranging between room temperature 

file:///Aiich
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to '^^^0 c. Even though the films had structurts 

dissi»ilat> from the single crystal substrates» tbey 

grei; epltaxlelly on them, often with the formation 

of new phases, depending onisubstrate tesperature* 

Deposits of &t^0 developed a noroal orthorhomble 
o 

structure vlth the lattice constant a cr4«19At b^*: 

4.46A and ea'^ll,67k upto 200*̂ C. On the (100) 

face of rock salt, at higher temperatures deposits 
. o o 

developed tvo structures (a^^4.i8A and 4.4@A) 
o 

groving epltaxlally, Init rotated by 90 and possibly 

with the ^0011 { plane parallel to the substrate. 

On the (111) face deposits developed again two phases 

vlth ^1111 orientation* On (110) face also deposits 
o 

developed two similar structures rotated t^ 90 to ea<^ 

other. A third structure rouble, a^c^e.lfA) vas also 
o 

observed on collodion at temperature ciSOO c. Deposit 

films of 8n 89 developed similar orientations as observ 
2 3 

•td in Sn^* 

Snfe deposits developed /A v^C structure with 

ft^c^ 6.3(A' Films grew epitaxlally with suitable temperatures 

with ^100^ , ^lOoJ , \li3.[ orientations on (100), 

(110) and (111) faces of rock salt respectively* On mlety 

however, deposit crystals developed irdi* |llll orientation. 
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Th9 above studies showed (in many ca«eg\ that 

the physical properties ere depending on the surface 

structures of the deposit films* I t has been observed 

In tills Laboratory thst there ex^llsts a better correlation 

between semlcoac^uctlng properties and structures of thin 

films in the case of InSb single crystal films, grown oa 

stioa substrates. I t i s expected, therefore, that if a 

similar study could be made on epltaxially grovn single 

crystal films of these i^ulphldes, selenides end tellurides^ 

undi^r a suitable substrate tesi^erature and deposition 

coiviition, a better conclusion regarding the electron 

transport process could be arrived. I t may, therefore, be 

mentioned that at the present stage of the developisent 

of "Physics of Thin Fi las" none of the theories can 

sat isfactor i ly explain Bsmny of titte features of thin f i las* 

To account for these, one has to take into consideration 

certain charscter is t ics such as^defects, voids, surface 

asper i t ies , e tc . which are invariably present in f i l a s . 

A theoretical treatment taking into account of these 

factors will have a better chance to explain the 

expariffliental resul ts quanti tat ively. 

.0-
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