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CHAPTER - 1

GENEEAL INTRODUCTION

A 3 Thin films, their nature, structures and properties

During the last two decades, tremendous development
has been made in the electronic davices for power supply,
rectificetion, amplificstion, detection system, storsge
of energy and its release on demand, ministurization ofv:i
such devices etc. This has been possible due to the -
development of a new class of meterfials known es the 3eai-;
conductors. Intense researches are going on, throughout
the world to find out newer and better materiasls with
speciel and desirabie properties so as to use them in

various electronic equipments.

During the last world war not only scleniuﬁ;:téllurlun, '
sulphides, selenides and tellurides of metals etc. were used
in various detection and amplification systems, but also other
materiasls especislly singie crystals of germsnium and siiicon
with sppropriste doping were develuped. The developments in
these last two semiconduotor-materials have revolutionised
the entire electronic 1ndustpieo and widened their applica-
tions. o

In many of the devices the above materials were used

in the form of thin films especislly in photocells, resistors,
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memory system, thin film transistors (IFT) ete. It 1s
8120 well known that Yhe maﬁeg}ai’ln thin filz state
behave quite often differé;;iyﬂf;om that ofjﬁbulk.

Fven highly conducting metals like, sodium, potassiun,
rubléium end cesium, behave as sexiconductors with -
negative temperature coeff{icients of resistance, when
they are in thin fillm stete (Hayer 1253, 196l). Similar
semiconducting behaviour was slso observed in silver,
gold and nickel (see iHiolland 1968), Fesistivity of a
material/whieh is 8 non-varient parsmeter, depending
antir&ly on the purity of the sample 1s no longer constant
in thin file stste but depends on various factors like,

film thickness, rate of deposition ete.

The sclence of “irhysles of Thin Filmg* is 2 subject
whicl: as yet 1s much less undersztood compared to that of
the bulk materizl. Over and zbove this, further couapli-
cations are iantrocduced in the understanding}srhin Film
Fhys! cs" by the eppesrance of new phases, in Amhange of
structures and also of orientations, surfasce asperities,
etc.y during the preparstion of {1ilms by vacuum deposition
methods. Des;ite these apparent draw-~backs, intensive work
is being carried out throughout the world especlally 1n-
'UGA' and 'USER' to understand the electron transport pheno-

mena in thin films mainly becsuse of thelir wide applications
in various flelds. Most of these results are being kept as
guarded secrets.
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It 1s, therefore,of great interest not only to make
& thorough study on the slectron transport process of thin
films and compare them with those of bulk material, but also
to have a corresponding study on the strueture and the crystal
growth process of thin filus under di{ferent conditions of
evaporstion. Further as there has not so far been any attempt
to standardise the thin fila parameter-measureéent anﬂj?orra-
late with the corresponding structure, a systemstic investi-
gation has been made here not only to standardise the measure-
ment of parameters, but alsc to mske detall structural studies
by elaetron diffraction methodd. In subsequent chspters all

these details asre given.

B: Theory of conductivity

Many of the physical properties of a s0lid depend not
only upon the crysta.line nature but also on the electronic
structure. The theory of electriesl conductivity was initially
developed to explsin the conduction process particulsrly for
#011d metals and later 1t was extended to explain the propere

ties of semiconductors and insulators.

The first eiectron theorj was postulated by Irude as
early as in 1R94 snd it was further deveioped by lorsntz
(1904-1906). In this theory known as "free electron™ theory,

inm

it 1s sssumed that extranuclear el&ctronsAQ%gé gas molecules)

ere quite fre. . ... . . 1 the crystal lattice without
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much hindrance to one another. A metal is thus considered

to consist of positive ions forming the lattice and the vae
lence electrons, giving rise to electron gas. These elec~
trons can move in any arbitrary direections within the metal.
The intersction between the electrons and the potentisl field
of the metsl lattice, as well ss the electro-static repulsion
between electronsg themselves 1s considered to be very szall

snd hence, neglected. Though the "free electron® theory

could account for many of the properties of metals,in general
it could not satisfactorily explain the specific heat of zetals,
a major weakness of the theory. Further, it did not even
sugrest any basis for Calculsting or estimating thé value of
mean free path (L ) of electrons for different metsls. Because
of thig main drewbsck and also to improve it Sommerfeld(1328)
appliec quancum mechanical concepts to the "free electron®
theory, assuming that electrons did not make frequent

collisions with the atoms or ions and they could move in
fleld-free space, the fleld of force due to atomie interaction
with other electrons being smoothened out except at the boundary
of the snolid. Though these electrons are indistinguishable the
state of each electron l.e. its ensrgy level, is determined by
its quantus numbers, such ss X, Y, £ and also by the spin
quanihm numbefs with positive as well as negative values.

4 monovalent metsl contains about 1023 atoms per unit volume
(per c.c.) anéd the possible energy levels of valence electrons

lie very close to each other. Gtommerfeld slso applied Fermi-
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Dirac statistics to explain the conduction phenomena.
Thus the probability of occurrence of a certain quantum

state of an electron is given Ly the expression:

| E-E o
Pe(E) = *t{ ‘} eed)

=T

vhere 'E! represents the ensrgy assoclated with a parti-
cular level and 'Eg' is the energy assoclated with the
Fermi-level. In deriving the above expression Paull's

exclusion principle was also taken into account and

e . etk s £ R

formula was vslid for a mn«-degemrate system. For a
degenerate system, considering the degeneracy of 'g'

the above can be modified to:
1 -1
Fe(E) = 'g*' x Exp = gt X f gE'Ef} oo (2)
E-Eg ¢ T3

where f(x) = ----
eX+1

- From above expression depending upon the values of 'x!'

three possibilities exist, namely:s -

(1) If 'x* is lerge and positive, then the corresponding
value of f(x) will be smsll W . leads to a conclusion
that when (E-Eg) > kT thus the probability of occupetion

of gn energy level 1g very small.
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(11) If 'x' is lsrge and negative then f(x) =~ 1 which
suggests that when {E~Ef)<$<kT, the level is almost occu-
pled.

(121) If x = O then f(x) = 1/2 and in this case the pro-
babllity of oeccupsation le only half.

?rﬂm the avove discussion it csn be seen that the
energy levels sre most likely to be empty when all levels
heve energy much grester than 'Ee' and likely to be ogcupled

when less than 'Er’.
{u ‘{‘

Actnal contributionfor electrons in the avallable states

iz given by Fermi-Dirac distribution law as follows:

n(E)4E = 2Ne(E) Fe(i)dB | . (3)

;ﬁ;re'n(ﬂ)dﬁ = number of electrons in the conduction bands
having energies between 'E' and 'E # dE' and Nc(E)4E -
sllowed energy levels per unit volume in the conduction
band between the energy levels ‘E' and 'E + dE', and
finally factor '@' in the above expression accounts for

the degeneracy of each level arising from the spin. The
final formuls obtzined by applying Fermi-Dirsc statliaties
for the conduction and carrier concentration per unit volume

is given bys



2
€= 2 4. (4)
ny -
8 ;)3
and n = S EEK (8)
3 (h 3

- represents charge on an electron

-~ mass of 2n electron

.

et
= veloeity of electrons at the surface of
Formi level

®
n
h -féia;;jgkconstant, and
v

,(- mean free path of free electrons.

Sonmerfeld's modification of the originsl theory
of Drude not only explains the conductivity but also

e n e

{
the contribution arising out of specifie heat,since th!

T g

mean-{free path’f,l' could be det:rmined more accurately

-

than befbre. In spite of this advantsge, the Sommerfeld's
theory falls to distingulsh betwecn metals and insulators.

The theory was hence further modified by Bloch(1928). He
introduced the concept of preriodic potentisl instead of
smoothened out potentlal of Sommerfeld by taking into account -
the interaction between electrons and stomic cores, situated |
at lattice points of & crystal. It was assumed thnt the ,
periodicity of such potential was the same as that of lattice.

The solutions of the wave function for such a periodioc

" field are of the form:
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Vv :Uk U‘)zk .
.o (8)

where U, (r) represents the periodicity of the lattice.
On the basis of the original fres-electron model all the
velues of energles were possible. But now by introducing
the concept of periodle potential there appesr “forbidden
ranges® of encrgies of electrons, where the solutions re-
presenting movement of electrons through lattlce do not n
exist. ?huségggrgy levels are restricted, so that electreni
can occupy only those levels other than the forbldden energy
levels. The above theory known as “banc theory" Introduces

2also the concest of effective mass (f) of an electron moving

in a periodic potentizl fleld and 1s given by:

1 1 ¥
- = T e
2t ke Ske . e (7)

where:
A - n/er
E » dlnetic energy, end

k - A wave vector.

In the case of anisotropic bodies n* i s function of
directions. With the Sommerfeld's modifiestion alone, the
energy levels of valence electrons of a metsl lle very clcaé ’
to each other, thus forming a continuous band, but on the
basis of periodic potentisl of lattice these banis are
separoted by a mergy bané gep. OUn the basls of the above

toheory, it 1s now posslible to explsin the conduction
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phenomena in metals and insulastors as vell as to

distinguish between them.

let us consider the case of a mono-valent alkall
metal crystal, which has only one electron at the
outer most 's' level. Consicering the electrons of
opposite spin as per Peaull's exciusion principle,if there
afe *y* gtates possible, only (N/2) states will be filled
by electrons of slkall metale, so that eacn band will be
half-fllled. Under an appllied fleld the i}ffﬁiqu,?%ig;-
hence move thug_phowing conductivity. Alk;ii é::fﬁ métals
like Ca;.ﬁf;*;tc. will have similar ';i' states and since
there will be two electrons per atom, all the 'V' states
will be filled up. Hence under s similar electrical field
electron (47 no longer move easily becsuse there is no
unfilled space to occupy aznd the material wili Lhus behave
as an insulator. In actusl tfact, these metals are bad
conductors, but not insulators. To explain this, Wilson
(1331) proposed ﬂn&a *zone theory', where he assumed thst
an array of divalent atoms would show metallic eonduction
as long as there was an over-lap of wave functions such
8s 8, p, d. These will f1ll a zone. In three dimensional
case of metsls the wave funetions Over-lap on each other,
and hence under potentisl fleld, slight conductivity is
cshown, even though, the valence band is filled up.
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in a crystél,olactrons'bécupy differont ;tates
like 8, ﬁ, d, etc. The inner electrons are firmly bousa
wlth the nucleus, where as the outer most electrons known
as valence eleetrons are not being so, contribute to the
conduction phenomena. The bands thet lie above the inner
electron-shell cen be divided mainly into two groups (a)
valence, and (b) conduction bands. In the = valance band
all the avallable states are oc-upled by valenc; electrons,
whereas the vacsnt states in the concuction band can be
occupled by the electrons thus giving rise to electrical A
conductivity. These two bands are sepsrated by s gap lmomf(f
as "forbldden gap'". 1In case of the insuiastors the forbidden
gap 1s too lerge t0 allow a thermally excited electron to .
Jump from valence band to the conduction band. In the case :
of monovalent metals, only half the states, ia the conductiol
band, are occupied and because of high concentration of '
electrons in the band, the electrical coanductivity is much
higher than that of an insulator. . '

Semiconductors

48 discussed before the 80lid materials cﬁn brosdly
be classifled as couductors and insulators. There, however,
éxists another class of materlals known ss semiconductors,
conductivities of which are in betwern those of metsls and ‘
insulators. Fig.l gives an idea of the range of resistivity
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for metals, semiconductors and insulators. In extreme
cases the resistivity of a semiconductor can be as high

as an insulztor and as low &8s that of a poor metallic
conductor. Resistivity of sem’conductors generally lie
fbetween 1073 0 em to 208 _acm. i:hese.samicanductors

glhaw some peculiar properties such &s negative temperatufor
coefficient of resistance (TCK), sensitivity to light
glving rise to photovoltsge and photoourrent or change in

the resistance etc.

On the tasis of the band theory of solids the behaviour
of such semiconductiv¥ting materials can s1lso be explained.
‘A8 already cdiscussed, at absolute zero the velence band
iz filled up and the lower most unfilled band known as
conduction band is empty. These bands are separsted by
forbidden energy gap AE. With the rise of temperature,
when the thermal energy is sufficient enough to overcome
the forbidden enargy geap, the electrons can be excited
the valence band to the conduction band, leaving behind ;
vacant sites in valence band, thus creating holes egquivalent
to a positive charge in the valence band. With an applied
fleld both electrons in the conduction band as well as the
holes in the velence band take part in the conduection process,
though they will move in opposite direction. With the lncrease

of temperature, the crestion of electron-hole pairs also
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increases snd conductivity will slso rise. The number
of electrong or holes thus created by thermal excitztion

is given by:
n=p= A exp. 8 AE/QkT) «e \8)

nand p = number of electrons snd holes.

AE = Forbidden band gap.
k = Boltzmann's constaat.
T = Temperature in degree absolute.
A = A constant depending upon mass of
electron or hole and also to some

extent on temperature.

From the above relstion it can be seen that the
number of elgctrons or holes created, generslly depends
upon the exponential term. Thus in the case of = pure
sen’conductor the conduction 1s due to the creation of
electron hole pairs due to the thermsal excitation. The
above expression takes the foilowing form when all the
factors for 'A' are taken into account;

ny =2 [2Tfk'r]3/2 < [ . .]3/4

B, B
] h
h2
where

x exp. (= AE/KT) ..(3)

me' and mh‘ represent the effective mass of electrons and
holes, respectively. ©Since holes and elegctrons srise
from different bands the effective mass of an electron may

not be necesssrily ssme gg thst of hole. According to
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Sommerfeld's consideration eonductivity ( € )

§ = n,. :w'_é___a /(/_,-Q .o (10)

v
where //{L 1s the mobility of the carrier when only
one type of carrier is present. If there are two types

of carriers then:

é"<n./ﬂ. + P >8 .o (11)

n and p represent carrier coneentreations of eleetrons and
holes. In this expression it is assumed that the mobility
of the electrons or holes is small ss compared with the
exponentisl feector, then the expression for econduetivity

e¢an be written as:

(‘ (o oxp. (- AE/?KT) oo (12)

where ¢ is proportionsl to number of carriers. Semicone-
ductors which: obey the above varistion M known as
‘intrinsic' type. It is also possible to have electrical
eonduction grimerily by the formation of electrons or
holeaieqigout the crestion of electron li0le pairs. The
situation can be visusiized in the following way. In an
ideal cerystel esch stom is surrocunded by other atoms in

a perfect periodic lsttice so thst electrostatic neutrality

is attained every where. But in reality c¢rystsl conteins
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many defects such as vacsncles, atoms zt interstitial
gites, 1ncorp;;;:I;;u6f forelgn stoms, ctcf oftenV'
imparting peculilsr electrical behaviaurimwfhe defects

due to missing of atoms, addition of impurities etec.

wili give rise to new levels depending upon the nature

of substancc/in the forbidden energy bsnd gap in the
erystal. Such defects will also glve rise to conductil-

vity as was first observed by Gudden (1926, 1934). These
impurity levels will be situated nesr the top of the
forbidden gsp and will serve as sourccngggjdonors of
electrons. This type of semiconductors are called °'n’

type. Un tn; other hani, when these levels are near the
bottom of forbidden energy bandi they will act as the |
reservoirs for asccepting electrons from the valence band |
amd they are known as acceptors. This type of semiconductors
i1s called 'p' type. ©Since the ensrgy band heights of these
newly created levels are small, there will be large _
conductio for a small thermal change. Flg. 2 shows the
donor and acceptor levels in two types of semiconductorlpn
the forbidden gap. The donor ievel is Just below the bottom
of oonduction band whereas the acceptor level 1s just above
the top of valence band. The concentration of eleectrons(n)

in the conduction band ) and holes (p) in the valence
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band 1s given by the relationss

n= No-Exp. (E./KT) » .. 13)
p = Hvo ﬁno %"' (AE +* Ery&'ri ¢e (14)
n.p = F(T) O’AE—*M , . : es (17

vhere F(T) = aT®

The band structure is gpplied to periodic array of
stoms in the crystel. The concentrestion of impurity atoms
which is low in the semlconductor crystals,will be randomly
disposed in the lattice. The disordered lattice thus created
by the presence of impurity provides the free electrons for
conductivity. in the case of wvery high concentration of
impuritles, disposed randomly in the corystal isttice, these
will @dd to the resicdual resistance. wWilson's(1931) ciassi-
fication was insufficient as reported by Verwsy et.al.
(1348), Mott (1ld43), for the above class of materials
suggested thet the description of electronie configurstion
in terms of Bloch wave functions was not correct snd
therefore the use of iondon-leitler wave function was slso

necesssry.

From the above survey of conduction mechanism it can
be seen that though the detsils of Drude-~lorentgz theory
and the band theory differ, still the physical phenomena

of conduction is more or less bs similsr in both the cases.
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Mean free path of electrons 1s an ilmportant factor

governing the conduction phenomena.

The theories developed above are vaslid for metel
erystals, solid semiconductors and insulestors. &ince
many of the s80lié¢ state devices involve the use of thin
films it will be worthwhile to consider the theory of
conduction as applled to thin films.

an ideal thin film is & limiting case of a so0lid
where one dimension of the materlal is reduced very much
as compared to the other two dimensions, nemaly length

snd breadth and since this may vary from atomic &%

dimension to the order of mean free path of electr@ns

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

seen thst conductivity depends upon mesn free psth 'L ',

In the caze of thin films since the thickness parameter

may be coumparable to the mesn free path of electrons, the
behaviour of conductivity of films is likely to differ froﬁﬁ
that of bulk materisls. Fuchs (1938) gave a detailed
analysis of the mechenism of electricel conduction in thin
but ideal films. He considerad & spherical Fermisurface-
where 'p' fraction of electrons incident on the boundarye
surfgsce are gpecularly reflected¢, then the conductivity

is given by:

Ve W e el =

( [

{o c-r:-(-s-)- L (16)
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Thickness

where: K= ® Reduced thickness.
Mean free path

;(t Conductivity of a metal film.
f(os Conductivity of buik materisl.

By considering <=F(K), a finsl expression for conductivity
of thin metal films was given by Sondheimer (1362) as follows:

o 1

w1 T - I-&”u) g AT 8L K H A

From the above,an apvroximate formula for thin films

where thickness is much smaller than the mean free path
is given by:

P .
- = < T e (18)
eo 3 z { ln.&- + 0.42281 ‘

and for thicker (ilms where thickness is much larger than

mean free path is also given by:

% .[14.% é] ..(1-9)“1
" | | "g; = é[d* gl] ..(205_'

°F Qd x QO{ 4+ ;33.1 ; ..(21).
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In deriving above formulae it vas assumed that
scattering of electrong at the surface wes entirely
diffuse. Sondheimer (1862. further obtsined the
expression in terms of 'p' the fraction of electrons
acattered at the surraﬁf, as given below:
where K = Leduced thickness ji} 1. | el

It can be clearly seen from the above expression thét: }f

(1) /P nnfafor/gll electrons specularly reflected, the

Y

effective con&uctivi:y is independent of thickness since

above expression reduces to { = {o .

(11) p £ 1 conductivity decreases with the decreasing
thickness which generally is the case when thickness of

the ilm is comparable to the mean-free path. This theor

was further extended by Ham and Mattis (1960), Price (1980)
anc appllied vector mesn-free path by considering the general
elilipscidal energy surface for the cases (1) p 3 1 and (11) |

P = O,

The above expression ror the resistivity of films al',.
a;rivcd by Sondheimer has recently been used by Mayer(1l3s9).
In all above discussions it was implied that the fillm was
of ideal type and contimuous. But in reelity no films are
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continuous as reported by many electron microscopy

studles.

During the formstion of g vacuum deposited film 1t
is well known thxt in the initisl stage nuclei are formed ,
vhich later on with time of deposition give rise to 1islands,

The size of these islands lncreases with thickness during

the deposition process and finally a coatinuous film 1od_jff*

formed but with certain assperities depending upon the
deposition cunditions. Basset, Menter and rashley (1263)

and many others showed, the formation of 1iland§uith the ﬂ
increase of thickness. 4s the size of island inereases, the
average dlstance betweenfdecraases. secording to ieuzebauerx

!
(1962, 1964) eonductivity of & film involves:

(4) Thermal activstion of the charge carriler, creation
process involving removal of electron from initially neutral

island leaving 1t positively charged, and
(1) The drift of free charges by tunneling through gaps
between. {,‘&3‘{ Q\m\«?wa\ {

Neugebauer and wWebb (1362) gave the fcllOwing

expression for conductivity of s vacuum deposited film,

{8 A. J; mcf Exp-% - “;d' /@% x Bxp%- ¥/ ¢ "g
h%d |

KT

co

..(

2

5 .
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where! |
A and B are ;onstants.
<F = 1s potential bsrrier between islands.
¢ 18 the electronic charge.
m electronic mass.
@ dilelectric constant J% the substrate.
Averige radius of the ieland, and

k Loltzmasnn's constsnt.

The first ternm Exp§ - ﬁgﬁ NEY, 3
in the stove expression contributes to conductivity

because of tunueling effect whereas the second term

2 { .
e
EXP-§ -2 iT r; contributes due to the size of islands
A

and dlelectric constaent of the substrate.

On the basis of island structure it is possible to
see thst for smeller size of island there will be & greater
activrtion energy, and lsrger the dlstence between the islanﬂi
lower is the probability of tunncling,and lower conductivity.

when contribution arising from the tunneling effect 1is

negligible as compared with Sgé_f_i conductivity can

kT
be write’n as:
& = Qfg{ :02/ r { .. {24)
kT
which can be guslitatively compared with:
(= & E/2KT) _ s (26)
§= &8
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Cs gggrmoalectrlc power ( O )

It is well known thst 1f s tempersture difference

- 1z mainteined betwern tw0 ends of a semiconductor or a
metsl ,a thermal e.n.f. 18 produced. This effect was

first observed by Seebeck (182?) and itherefore known as
teeback effect. The measurement of this effect also gives
information about the eleptron trensport process. Thermo-
electrlic power has great gypplications in devices as
thermoelectric generstors, For such uses the materials
should have a large value of thermoelectric power. ’
Electrical resistivity, thermsl conductivity and &oobeek-”;;
coefficlent all depend on each other, and from their .
knowledge it is possible to estimate carrier eoncentrstion,
mobllity, ete. It is salso found that the Seebeck coefficient
of metals ranges from extremely szall values to approximately
80,4onlts/ﬂc, however, for semiconductors, this range is

60 4L.volts/°C to < 490 «l.volts/°C. The materisls having
Seebeck coeffielent <100 to 400 /(. .voits/°C are generally

selected for thermoelectric operations. e

In an ideal case the thermoelectric power should havc'
invarient optimum values and these vslues should not depend
on temperature of observetion. The situation is shown in
the Fig. 3. From graphs it cen be seen that Seebock effect
leads to zero &t very high teaperatures for materilals whether

metals or semicoaductors.
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Thermoelectric power ( O ) 1s expressed approximately
in terms of Boltzmann's constsnt (k) and cherge of free

carriers (e) as follows:

0<.. = cv/“ = k& | v oc(g

where Cv is sp. hest of system of charge carriers and

¥ = numbeyr of charge carriers, taking part into coaduetion.

The reverse of fesbeck effect is termed Feltier effect,
where hest 1s evolved at one Jjunction and absorbed at the
other when electric current is psssed. GSeebsck coefficlent
( ) and Paltier coefficient ('ﬂ-)'devend on absolute
temperature (T°K) and the relation between them is given b&z

o= Tp ee(27)

The cause of feebeck effect can be expressed in the
'ollowing way. when one end of the specimen is at & higher
temperature than its other. end,the concentrstion and f
relocities of electrons at the hot end will be increased.
fhis situstion will csuse a dif'usion of electrons from the
10t end to the cold enc, along the thermal gradient. This
"lux of negative charges sets a potentisl difference between
two ends. The conesntrstlon, velocities of electrons at hot
mnd and their diffusion,depends upon the thermal gradient -
setween hot and cold ends. Thermoelectric power { O )
iepends upon the tempersture difference betwecn the two

mds of the specimen. In thd case of a mixed seaiconductor
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there 1s a diffusion of electrons and holes, along the
thermal gredlent from the hot end to the cold end. In

& metal the carrier concentration of free electrons does
not change with the tempersture, wereas in a semiconductor,
temperature is one of the most important factors whieh. -
coantrol the carrier coneuntrztion of electrons and holes
taking part in the diffusion procezs. In genersl the
expression for thermoelectric power (& ) for a none

degen: rate system 1s given bys

)
)
}

, (
»o-dfake fige e atilh ol ey

%:'- ..(éé
?/LC. + g/bLh e
and for a degenerate semlconductor:
/ (€1 ! KT g :
Xrp=-7°k ?fe : 5.;&“ adt AF T é%‘i e

?yélc + B/Llh

In the above expression it 1s assumed that the tine
of relaxation for eleetrons and holes is & function of energy
whicl depends upon the scesttering mechenism. Iorf3411957)
gave different values for the term (6/2 - s) in above
expressions for different scattering centres. Further the
occursnce of thermoelectric power was also explalned on the
basis of phgnnnpdrag effect ang finally expression for

thermoelectrie power is given sa:

.o ‘30)



D: Hall effect, Photoelectric effect, etc.

One of the important paracmeters, which determine
the mobility factor of electrons and holes,is Hall
coefficlent. If electric fleld and msgnetic fleld 1is
appllec¢ perpendiculsr to esch other on the speclumen,
then a voltage 1s produced aslong a third mutualiy
perpendicular direction, This voltage 1s known as

‘Hell voltage'. This it given by:

OI L -
VH = v‘,: = F:H X ,H! x lo 8 '0(31)
da

wheres;

1x & eurrent in ampyeres peassed through specimen

Ho, » Magnetic fleld in oersted ;erpendicular to
the direction of current.

= hall voltage developed along the direction
perpendicular to both current snd magnetie
field.

Vza VH

»HH is called 'i:gll coefficlent'. It is s constant
depending upon the nature cf the semiconductor. iall
effect mainly srises from the deviation of electrons or
holes taking part in the conduction process, by magnetic
field and the electrlid field. Hall coefficient is given

bys |
R, = : { o (32) '
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vhere positive snd negative sign indieste the valu
srising from holes and eleetrons respectively and

*~" a constent depending upon the degeneracy of the
system. In a particulsr gemiconductor where holes and
electrons both tske part, jiell effect is given by the

expression: 4
Eﬁ N - ;g [(nbz-p)/(nb-p)g] » ..»(33)

where 'b' represents the ratio of mobllity of eleectrons
to those of holes namely b = ’ZL: + The above expression |
cen be applied in the intrinsic region where the concentration

of holea and electrons is naarly egual i.e. n oz pe
-1 L L b“.,.k ‘?fyu

f‘v R H‘ i. E:i \\ ’( b=1

ne b+l p~ ° b+l

Ry = i {;fé -1l = jﬁ

nﬂ(b'l) n } - pﬁib*l)

Thug factor é;%%. - 1§ determines the sign of Ry

whether positive or negstive. The sign of Ry 1s taken

positive for holes and nepstive for elsctrons.

Finaliy the parameters like Hsll coefficlent aRH)
and conductivity ( ) give the idea of Hsll mobility
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oo (33)

(:g)i@latad by :
/aﬂ zﬂﬂ-(a%

rhotoelectric effect

One of the important propertm.exkibited by
semiconductors is 'Fhotoelectric effect', which was
discovered nesr the end of last century. cemiconductors
when exposed togfg?oghrgggf;éi;gﬁ;ce of light, show an
inoresse in the electricasl conductivity. This phenomena
wss socn demonstrated snd termed as "Photoeleetric € rect®.
The materials like selenlum, sulphides, selenides amd
tellurides, exﬁibit the above properties. 1In recent ycars,
sulphlides and selenides ere very often used ss materials |

for photocells.

vonjeane
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CHAPTER II

EXPERIMENTAL TECHNI(UES

43 Preparation of fillms by vacuum deposition

Thin f1lms used for the study of aemiconﬂucting

| prOpertiés were prepared from vapour-phase in an eva-
poration unit fabricuted in this laboratory, evacuated

by an 01l diffusion pump and a rotary pump. The bulk
materials were evaporsted in vacuo ( crlO" mm. Lg.),

from a microconical silica basket on to glass substrates
placed at sultable distance;above the basket which was
heated by a tungsten wire cciled around it. Before put- ..
ting any sample in the basket for evaporstion,the tungs-

. ten coil was flushed several times in order to remove

 surface impurities, i{f sny. Substretes were made from
gold-seal plass slides or from cleaned mice of size
(4 x 0.6 cne) and placed over s mask in such a way th;ﬁr
the effective deposit area was ~ 3 x 0.6 cmz. The basket
was gen@rally put at one end and below the mask,and the

' distance of which could he varied from ~2 cm. to 2~ 10 ecm.
depending upon the experimental conditions. 4 chromel-

pe &8lumel thermocouple was also placed in an appropriate
position to messure the sgubstrate temperature during the -
depogition process. Further the geometrical arrangement

of the glass-substrates was such that there was a gradual



Fig. 4.
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~ decrease in the thickness of the deposit from one
substrate to the other. Thus under the same condi-
tions of deposition the films of graded thickness

were obtalined on the substrates. This was Of partl-
cular importance for comparing the properties of

films of different thickness, since no two evaporation
conditions sre exsctly similar. All other variables,
except the thickness K were generally kept fixed. It was
also possible t0 hsve many sasmples of same thickness by
altering the geometrical arrangement. Figure (4) shows
the arrangement of substrates for vsrylng 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 basket

A

and the substrate position.

Before the deposition, the gléss substrates were
clesned with chromic aecid solution, washed thoroughly in 7
running distilled water and finally dried at ~100°C.  +

B: Thickness measurement

Unlike bulk material many of the semiconducting para- ;,
meters of the film are influenced by the film thickness.
Hence a knowledge of thickness is very important. an B

accurate measurement of thickness involves many difficulties,'?Tg
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gince films are rarely of uniform thickness, especially
when they sre ultra-thin. In the csse of thick films,
because of surface irregulsrities csused by evaporation

conditions, the film thickness 1s again not uniform from

point to point.

An approximste knowledge of the film thickness can
be obtained (by using’ dF the following methods: v¢;;ﬁ H

(1) Multiple beam interferrometry (Tolansky 1348, ﬁénnim
1966, Guntier et.al. 1366, Benjamin, 1968, Leonard and
Faney 1964).

(11) From the knowledge of mass of materisl evaporated from
the filament (wWilliman and Backus 1343, Ghosh 1961, famaza-
noy 1962). |

(111) ¥rom the knowledge of mass of film deposited during
deposition process{wWalt 1922, Stelnberg 1323, Brattain
and Briggs 139, Moss 1362, Gillham et.al. 1985, Clark 195E&).

In the present study, the lest method was used.

" An approximate measurement of thickness was calculated
from the knowledge of difference in welght of substrate
before snd after deposition and slso from the deposited area,
assuming that the density of deposit films i3 same as thst
of bulk material. It has been reported by many workers



Experimental set-up for meaazuring the
semiconducting properties of thin films:

l, glass substrate vlth dej 031
2 and 2%, platinum fol 8; 1..5 cover;

4 and 4', bLrass blocks; & tnd b', electrode laads;
6 and 6', thermocouples; 7 apd 7', springs; aul
8 and 8'. microheater leads.
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(6ennett and Scott 1360, Philip and Trompette 1355,
Ramagnov 1382) that thickness thus measured by this |
method agrees well within 10% with the other methods.
Though the deposits were unifora in each of the specle
men there would be a slight vatiation in thickness, :
which could however, be minim?;ed either by slow rate
of deposition or by increasing the distunce between the

- ey

substrate and the source.

Film thickness was calculated by using thb rela- .

tion

4= T”"":? | .. (37)

where: m = mass deposited on substrate

L b = deposit area
@z density of film ~ density of bulk,

C: feslstivity measurement

In order to study the @ifferent semiconducting
parameters of vacuum deposited film-semiconductors,the
4§2§§§§§ea in this laboratory (Fig.5) was used (Goswami and
Jog 1964). One of the important parameters is the resisti-
vity or conductivity of a semiconductor. Flatinum foll
contacts were made st the two ends of the f1lm and intro-
- duced into the slots of two brass-blocks. Thé arrangement

waes then put in a pyrex boat and then put into a tube of
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dia. ~2,6" and 18" in longth) continuously evacusted
{(vacuo 2~ 1072 to 10°3 mm Hge)e About 12 terminals
were taken out of this tube, the two of them are the
silver leads for resistance measurements. In order

to study the varistion of resistence with increcase or
decrease of temperature an external coaxial heater

" econtrolled by variac was used snd the temperature ine
side the tubular-chamber was measured by a thermocouple
(chromel-p. alumel type), the details are described in
Chapter III,

he C. a8 well as D.C, resistance was measured by
using universal RLC Taqg}lﬁridge operating at 400 cycles/
sec. This bridge is suitgble for the messurements of re-
sistance, capacitance and inductance. The instrument has
four main components namely, the bridge proper, amplifier,
he Fo. Osciligtor and power pack. The bridge itselfl con=
sists of & series of standard resistances of two ecapitance
standard and two potentiometers for loss factor compen-
sation. & switch is provided for placing the resistors,
caspacitance standards and compensating potentiometers in
the appropriste arms of the bridge ss reqguired for the
particulsr messurements intended. According to the actual
requirements, an A.C. voltsge st a freguency 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 connected
directly to the bridge. For A.C. measurements, a two
stage A4.F. amplifier 1s inter-possed between the bridge
and the galvanometer. Its first valve functions as a
normal resistance coupled smplifier. This 1s followed
by 8 two stage L.C. fi}ier which attenuates the lower
freguency components. The sensitivity control is placed“
between the fil}er and the na«xt-stage. One sectlon of |
second valve acis as & triode emplifier, the other section
a8 8 diode rectifier of the out-of-balance current supplied
to the galvanometer, provided with zero current compensa-
tion. The A.F. oscillator used to supply the bridge 18 of
conventional design. Wide range of measurements, facilitles
for D.C. and 4.C, measurements, loss factor compensation,
simple operstion, direct reading of observed value, are
some of the advantages of this bridge. The basic diagram
is shown in Figure (8).

an arrangement for low tempersture meesurements
on rasist1y1ty of films

In order to messure the resistivity at temperatures
below the room temperature, en srrangement was designed and

uged in our messurements.

The experimental set-up in 11g.(5) was introduced in
a vertical tube closed st one end dla.=~2.E" and leads 4
through the other end fitted with rubber corék were taken
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out which were further connected to the external
measuring instruments for A.C. bridge and a D.C.
potentiometer. The tube was continuously evacua-

ted by oil rotary pump through a U'tube trap cone-
taining silica gel to absorb moisture in the
experimental tube if sny. An electric heater was

wourx! srourki this tube and finally introduced into
aqﬁbthor pyrex tube of slightly bigger size (3" dia.)
anﬁ this set-up was then introcduced vertically in a
Dewar-flask contsining freezing mixture namely ice and
selt. OUpen top of Dewar-flask was carefully covered

by a8 sheet of non-conductor of heat (Fig.7). This
arrangement could give temperature as low asc-—10°c

to o <12°C. The measurements for resistance were made
in ususal wsy as mentioned before during fall of tempera-
ture namely from room temperature to low temperature

( c:-12°C, and when lower fixed temperature was reached
an electrical hester arrasnged sround the experisental
tube was used in order to hest the freezing mixture
uniformly thereby getting steacy increcase in temperature,
slightly above the room temperature. The measurements of
resistance were glso done cduring heating from ~ «12%¢ to
room temperature. Thus from room temperature to low

temperature (-12°C), and back to room temperature also

i
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causec¢ covliing and heating curves and hysterises loop
could be minimised by a good control, during coolling
and heating process. This measure:ent was used

practically for all the films studled.

D:  Thermoelectric power (q?

‘One of the most importsnt basic parameters in the
semiconductor study is the thermoelectric power, which
throws light on the conduction mechanism and hence the o
lionic mobility., For the above purpose, a set-up,similar
to the one used in resistance measurements wes used. To
creste a thermal gradlent between two ends, one end of
the film was heated by a micro-heater and other was kepf,
comparatively at cold temperature l1.e. at room tempersture

in vacuo - 1072 to 10°2

mm Hg. The [.M.F. thus producQGWa
wvas mescured by a potentiometer method. The record of .
M. F. was done with the rise as well ss the fall of
temperature below Td. The rate of heating was maintained
by controlled heating, -~ 2°C/hin.,and readings for E.K.F.
developed were taken when a prsctically stesdy temperature
was resched. fome times ti.e cold Junction was also kept ‘
at the temperature of melting point of ice (OOC) 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 nsmely e.m.f. generated Vs temperature éi!ference
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between two ends gives the thermoelectric power.

Thermcelectric power (a()::°'5-f- between two ends

Temperature 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 seniconductor was of 'n!

type.

E: Temperature coefficient of resistance {TCR)
and Hall effect

4n snother parameter egually important is the
tempersture coefficlient of resistance (TCR) which is

defined ss the change in resistsnce, Par unlt, resistance,

per unit change of tempersture. Resistances at different

temperatures on resistence Vs temperaturse graph were noted

and the slope % at §h#l tempersture obtained, and TCR

1.e. %, g%,was calculated. In some cases, two points on

the graph resistence VS temperature were taken, where the
R) + Ro
—
4T = T1 = Tg. 4 plot of resistsnce Vs tempersture was

mean resistance was Rz and dk = Ry - Ry,

made for all the ssmples and TCR calculated for each of
the filmg end variation of TCR with temperature was also
calculated.
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Hall effect 1s measured by noting the voltage when
passing a direct current of about several m.ad; through
the specimen subjected to the magnetic fleld at right

angles to the direct current,

Fs Electron diffraection

The vacuum deposited fillms used for the electrical
measurements were examined in the Electron Diffraction
Cemera, (cold cathode type:, fabriceted in this lavora-
tory, for their struétures. The films were exsmined by
reflection wethod, both before snd after the electrical
neasurements. In most of the cases the surface layers
were polyerystalline in nature and developed one dsgree
orientation depending upon the thickness of the film.

It was, however, observed that higher thickness of the
filus favoured one degree orientation. "Iilted orienta-
tion" of deposits was often observed because of |
asymnetrical deposition from the source, with respect to
the substrate snd consequently the change in the angle

of incldence of vspour with the substrate. In many cases
especially during the study of crystal growth process tho‘
deposits were formed on the single crystal substrate as

described in Chapter VI. The method of interpretation
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of all these eleeiron diffraction patterns was similer
tofggggi\already mentioned by Beeching (1236), Finch and
Wilman (1337), Thom#son and Cochrane (1339), ¢insker
(1363), Vainshtein (1964).

These electron diffraction patterns can be broadly

clageified in the following mein categories:

(1) Fratterns due to single erystals (mosalc) or twoe
degree orientnted deposit erystals mostly consisting of
spots some times with slight spread depending on the

degree of perfectivn of orientation.

(141) Ring patterns not showing any chsnge in the intensit
distribution slong the rings with the chznge of besm

direction,are due to unoriented polyerystalline deposits.

(111) Patterns consisting of arcs or with a cnange in
intensity distribution slong the rings but remeining
unchangod with change of beam direction are normally due
to polyerystallline deposits having preferred orientation

(one degree).

--‘0--.
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CHAFTER 111

A DEVICE FOR MEASURING SEMICONUUCTIHG PRUPERTIES
OF THiN FILMG AND TEMPEEATURE OF U1SCONTLIAUITY(Ty)

Experimental methods to study the different paremeters
of semiconductors in bulk form have more or less been stan-
dardized (Ioffe 13967, 1360), but the same csnnot be said of
the vacuum deposited fillme (levinsteln 13, Scanlon and
Lark h@ricz 1947, Abele s 1356, Ghosh 1361, ﬁcka;;'r:c}:vello
1961). The dif‘iculties 1nvolved in dealing with thin films,
which srs prsctically of two dliemensions in nature arise from
their flimsy chsrscter as well as high resctivity even at room
temperature. The high reactivity afadfides of thin films demands
that all the measurements should be carried out as far as

possible in vecuo especlally when the messurements sre carried

out at temperstures higher than the room temperature.

In order to determine different parsmeters like reaistiviiiié
sctivation energy,thermoelectric power,etc. of semiconductors
the first requirement is the suitsble electrical contact of
the filx with the electrodes. These contacts with films can
be mede by a number of methods. In one of them heavy deposits
of metals such as gold, silver or platinum (or with gus=-dag)
are made &t two ends of the insuleting substrates like glass

or quartz and then semiconducting films are deposited over theam.
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(Holmes 1923, Luis Harrls 18946, Bonfigtiots 1956,
Feimer, 1987). Another procedure 1s to deposit the
film first and the electrodes later on,at two ends of
the film (Hollend 1366). In some other variations of
making the electrical contacts, however, the semicon~
dueting layers are sendwitched between two metal film
electrodes. 4ll these methods suffer from s major
defect, namely the formastion of alloy layers or of
compounds at contact region of electrodes due to the
high reactivity of films. These layers spread by the
diffusion procese with the rise of temperature. Any
measurement like resistivity or thermoelectric power,
will also - include the contribution from these layers
and hence, unless corrected for, eventuslly will result

in a serious error.

Further, it 1s well known that a bulk material
evaporates partially or even completely, when it is 1h“
thin film state at temperatures much below its melting
point. This leads to a practical difficulty 1i.e. the
continuous evaporstion of material from the surface
layers of thin films with the rise of temperature. The
extent of eveporastion incregses with the temperature snd
unless, proper precautions are taken, the resistance

measurements will not yield reproduecible results during
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heating and cooling cycles. Uther factors to be taken

1ggtf|ccount sre stress, inhomogeneity, etc. present 1n79f}
the filme. These can, however, be removed by appropriate
snnesling -t a sultable temperature. Again the temperature
at which the annealing 1s done should be such that the

logs of materisl due to evaporation should be minimum. The
above difficulties have considerably been reduced in the
apparatus designed and experimental set up used for !
measurement of resistivity ( Q } ard thermoelectric power

( & ):18 described below.

The experimental set-up used¢ is shown in Filg. 6. The
thin films cf semiconducting materiel were deposited in
vecuum, on glass-slides (goid-seal’ cut into size ~ 4 x 0.6
om® after proper cleaning. Two {lexible platinum foils |
(thickness ~ 0,02 mn) of size about 1.6 x 0.6 om? were
placed over the film with a 'U' turn and over them another
glass-slide of the ssme size, without any deposition was
put. The two ends of this set up were then inserted into
the slots of two brass-blocks provided with leads and
tightened by means of screws controlled by springs. The
leads thus sutomatically made contsct with two platinum
foll electrodes.

The top glass-slide not only protects the film from
demage, as wiil be seen later, but also prevents the

o G

evaporation of deposit-films to some extent without any
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hindrance to the evacustion of the set-up during the
subsequent messurements. Two micro=heaters were attached
to the brass-blocks to heat the film at the ends and two
thermocouples gigqfintraduced for the measurement of -
temperature. A third thermocouple was algg_introduesd in
befween the two ends. The whole seteup Qas then put in a
. py¥rex tube dia.2 2.6 cu. in diametar and 1% cm. in length

DI e e 2

with one end cl.sed and other end Tfitted with a rubber

it 4t

cork with appropriate holes to allow different leads.
The tube was continuously evacuated by rotsry and oil

diffusion pump/to a pressure of 12-10.4 mm Hg. (Fig.8).

e

112t terninal’ were taken out for the measurements,

(6 for thermueouple‘ 4 for heaters, snd 2 for electrodes).
The glass tube vith the set-up 1inside was uniformaly
heated by an externsl electric heater controlled by @
ﬁariac. For the messurements of the teaperature bélow
room temperature this tube with the seteup was pgt into a
thermos~flask containing & freezing mixture amd ;hé;uoutﬁ
wes covered by thermocodple (Fig.7). with this arran;amont |
the measurements could be made down to < -12°C. £ _.' o

‘The set-up with the film on the sutstrate wss put na
glnsa chamber and evacuasted continuously. The tube was heated
by an externsl heater and the for A.C. resistance measurements
were carried out with an Universal Tesla bridge during heating
cyclé. Fig.(3) shows the typicel variation of resistance of
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semiconducting films (in the case of tellurium films; with
the rise of temperature (mesgured in vacuo). It wes slso
found that the film resistsnce decreased with the gradual
inercase in the temperature and at & certain tempersture
region, the resistance instead of decreasing with the
further rise rezained more or less stesdy and suddently
became infinitely large. This sudden rise of resistance
was found to be due to s bresk in the coantinuity of the
film, This behaviour was found to be universal for ﬁE}J
films (semiconducting) studied s0 far. The temperature
region beyond which the resistance suddenly iner-ased,K was
termed as "temperature of discontinuity"(Tq). It was alaol
found that#he resistance measurements were reveatable both
during the heating as well as cooling cycles for any }
temperature, provided the maxizum temperature was below the
'Ty temperature. If on the other hand, the tempersture once
rose beyond the T, temperature, messurements wera irreprodu-
ecible. Thus to have reproducible and meaningful results of
resistance messurements Td temperature was"th' ipper limit

for any semiconducting parameter measurements. It was also
found that this\Ta» temperature was much lower than the m.p.

of the corresponding 8solid materials for tellurium, lead

sulphide, lead telluride, lesc selenide, @ﬁ@
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respoutively. Since thils Ty tewpersture is low for
films compared to m.p. of bulk it will be useful, if
possible, to increasse thie limit to higher value. It
has been found by Coswami and Jog (1364) that if a top
glass cover of the same size as the aubstrate,is placed
over the platinum foil as shown in the exp@rimental'set-
upy the‘fé region increased by about 80-10006, thus
increasing the useful range of messurements. The curve
'b' in Fig.(3) shows such sn increase. Similar inerease
was slso found for many other semiconducting films. If

the resistance meszsurements are now carried out upto‘?é‘

temperature during the hestling cycles, followed by a
sixilar measurement during the cooling period, the hesti:
and codling curves lle very close together., With the
eareful control of hesting snd cooling cycles these two

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

Generally, rcSistsnce was measured in running
temperature, such a proeedure,gga hesting and cooling showeu
a hynteresisjin the hesting and cooling curve (Fig.ld). fhe
width or the hysteresis loop .as, however, governed by the
rate of heating snd cooling of the film as controlled by |
the varisc. With the slow rate of heating snd covling, the
width of the loop was much smaller (+ig.l10). FKepeated
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measurements of resistance showed that the paths were
repeated for any number of hesting and eooling pracoss[
In actual practice, therefore, moderate rate of heating

and cooling wes adopted, say 2°C 1n & minutes, with the
help of the variac ,and & mean of hesting and cooling path

was tsken for the necessary grephs. It was observed that
such & mean path was very very close to the eguilibrium
steady temperature patii for the two hezting =2nd coviing
cycles. Using this dynsmiec method, it was however

possible to maske seversl measurements through out the

day, without waiting for a long psriod to attain the steady
equilibrium temperature. Further, since the alm of the
messurements was to have some relative idea of the varlation
of resistance with the temperature gradiaent, but nut so mueh
of the absolute vslues, as would be sean in the subzecuent
chapters, the slight error assoclated with the measurements,

would esnce.: cut during evaluesting thw&emiconﬂucting paramaters.

The above device clearly sghows the limitstion of temperature
to which the film cen be subjected to the measurements. This

limitetion 1s no doubt due to the repid evapurstion of the

ety | g ¢ Y e =

[ERUS— S5}

films at 8 ightly elevated temperatures, unlike the bulk
materials. Since the films are restricted in one dimension

i.e. thickncasIQVen a slight evaporation of materisl from

the surface will reflect in a greater change in the fiim proper-

ties.
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It has, however, been asssumed here that singe
the fillm properties such as resistance, resistivity
etc. vere rep;oducible belOV‘Té tenperature for many
repeated heating and cooling eycle measurements, the
Q;micunducting filas 41¢ not loose sny apprecialble
amount of material to affect its properties and hence
the thickness rexesined practically unaltered. This
assumption is consistant with the idea of many workers,

who used the film resistance as an indicatlion of thickness.

‘--0--.
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CHAPTER IV

SEMICONDUCTING FROPERTIES OF TRLLURIUM FIiM8

A INIRODUCTION

- Tellurium occurs in group VIL in the periodic tablc§ 
its group stete being 58°6p%. The elements of ‘he Vip
group in the order of increasing etomic number comprise,
thie insulstor oxygen and sulphur;q/, the semiconductor
selenius and tellurium and finaliy the metal polDdnium
{(po). The properties of sal'enium and tellurium especislly
the latter 3_9___01‘ great interest since the elements lie »
intermediate betwe~n the metal and the insulator. The
study of physiesl properties of sem:iconductors uvas started
a8 early as in 1833 by Faraday. lie observed a negative
temperature coefi“icientjin the czse of silver sulphide, a
chsracteristic behsvicur quite different from the conducto:
nemely metals. HBscquerel (1839) however observed a
photovoltsge produced by shining light, later on Smith(187.
also observed the fall of resistance of selenium cdue to
1ight fslling on it sand the effect was understood as |
photovoltaic effect. The first photoeiement of modern typo 'A
from selenium was prepared by Adems an¢ Day (1876). Fritts
(1883, prepared first rectifier from selenium. Thus by 1588

workers 'L'é’r/l\,different parts of the world determined the
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importent parsmeters like negative TCR, rectifiestion,
photoconductivity, photoelectromotive force, Bose(1304),
Dunwoody (1908, Austis (1307), Plerce (13907-19093) found
out that peint contact on gslena, silicon cserbide, tellu-.

riuwm, silicon, e. were gond detectors of radio waves.

Framepoit

Electron‘preparties and mechanism of semiconductivity
of tellurium wer: studied by liawley, Cartwright, Harberfelde
tchwarg (1948 . Unusually high velue of Wiedemann Frang
ratio of te:lurium was quite successfully explained by the
above authors. It has bern found th:t in the case of
tellurium most of the hezt is transferred by bond stoms
and comparatively smal;(by free electrons, Thus the heat
transferred by free eléctrons in tellurium Is especially o
small., 7This itself indicated that tellurium differed from -
true wetsls, in that the density of free electrons is such
small, Classical statistics wass applied to explain the
conductivity of telliurium, given by:

-1
&= % etln (2T mk) /2
where 'n' the density of iree conductlion electrons. ‘
fpecific resistance at R T & was ~ 0.3 2om and corresponding
mean free path [ was ~ £.3 x 10°% om which agreed well
with commerfeld s value of mean free path for silver using

Fermi-Dirge statistics. The density of free electrons .n)
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calculated from sbove considerations was ~ 2.9 x 101§/°c
about one free electron per million teliurium atoms,in
contrast to good conductors in which there is approximstely
one free electron per atom even in lim:ting case, with mean
free path j‘-" 3.x 10°° m. It was, however, suggested that
anomalous electron transport prepertieS‘n%ﬁ&be due to a o
change in small electron density (Cartwright at.al. 1933). -
It seems reasonable to assume that the mesn free path of
electrons in tellurium is of same order ss in ordinary
metals and 1s not changed wry wuch. Cartwright &né et.al.
(1234) suggested that the anomalous properties arising in
experimentsl work might be due to the ilmpurities. Cartwright
(1236) also studied the effect of small impurities of common
metals on the electricel conductivity and thermoelectriec '
power of purest tellurium single crystal rods. le observed t
th:t the conductivity of tellurium was increased which was
expected from Wilsun's theory (1331). Eoth measurement

of sgpecific resistance and thermoelectric power showed that :
there was an increase in conductivity with the addition of
swall netal atoms. The increase in the conductivity was
independent of specific resistsnce of metal added, but was
certainly dependent on the amount of metal added, as impurity

in tellurium. Fure tellurium had a neyative TCR which became . -

less negstive by the addition of metal impurities like, copper
or aniimony. Haken (1910) rerorted a very strong evidence for

two allotropic modificstions of telliurium. Une y;kﬁ stable at
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about 362 C with melting point 452°C, specific resistance
0.2 _O.em. and thermoelectric power X = 8§00 /.volts/°C,
and other frpi which wss observed stabld st lower tempera-
tures having~spocifie resistance ~ 5.6 x 1079L¢m. and
thermoelectric power o 160 /. volts/°C. In contrast to
Eeken's results, many other investigators {(Cohen and
Kroner, 1913, wold, 1916, Lange and hLeller, 1323) did not
find any influence due to heat treatment. Most convincing
evidence thst there 18 only cne mocdifieation of metallie
tellurium is obtained from x-ray anslysis by aany workers,
Groth (1206), Bradley (1924), Stattery (1328), Olshausen
(1925) and also from electron diffraction studies of thin
films.

Electrical conductivity for pure homogeneous material

was then given by the relation:
W . Nz ah é@Ywm%mwﬁmM
C=ec)s =ChHgre sydem ./
wvhere C = constsnt depending upon the statistics epplicatle,
namely Haxwell's for tellurium. § = 3.0 x 1022 atoms/cma
for tellurium, 4 = aversge number of free electrons per atom

for tellurium, 6 = reciprocsl of man i‘ree pathy A= 01%5?“\% 4 <
elechovg and- BR= EﬂﬂI@ﬂ\h%_ decrousg
h

The main interest amo e 1nvest1gators wges to know

whether the electrical properties ex*ibited by tellurium
weve due to the impurity or the allotropiec modification due
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to heat treatment . is reported by iiaken (1310}, Cartwright
(1934, 1936).

Battom (1962) reported tellurium to be 'p' type senmi-
conduetor at low, as well as m& at Ligh temperatures, but
in the samplesz of adeguate purity.thereuﬂasa range of
temperatures within which the sign of Hall coefficlent Wes
negative. 7This anomslous bshaviour was also reported by
exrlier investigators wold (1916), Middleton (1344), Scanton
(1348). It was found that samples containing carrier
concentration fewer than ’-‘='1017 carrier/cns, the Hall coeffi-
clent was negative within a certein range of temperatures.
At low temperatures Hall coefficient wes slways positive,
changing to negative, at tempersture depending upon the
extrinsic carrier concentration. Hell coefficlent remains
negative between this temperature and 23006 near which sign
becomes positive and remains so upto m.p. of tellurium. The
upper reversal temperature is relasted to the carrier

concentration by_fﬁperical relation:

/(nR'ﬂa*%-
r
where: R'= Hell coefficlent, I,= temperature of reversal,

& and b, constents.
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In samples cut from eingle crystals of tellurium,
neither the value,nor the sign of Haell coefficient depended
on the orientation of the sample with respect to magnetie
field or crystallographic axis. Measurements of Hall
coefficlent showed that the anomslous behaviour waé not due
to Ettingshausen effect. This conclusion was slso verifiec
by the direct measurements of thermoelectric power ( o{ )
and Ettingshausen effect. The intrinsic resistivity for a
number of polycrystalline samples was O.S-Jkén. at c=27gc
snd the slope of the curves of resistivity as a funetion of
temperature, in the intrinsic range showe%j%&e forbidden gap

22 0433 # 0,01 oV,

4 The resistivity was also measured in the form of single
crystale, Riesistivity was < 0.66 2 cm. at = 27°C 1n the
direction perpendicularly to the principal axis and 0.29 fl-om.
in parallel direction. Since, the samples were well in the
intrinsic region at room temperature, these values observed

w@re much higher than tnose previously reported by Bridgman
(19286), Sehmidt and ttafflbach (1337). The electrical
properties of single crystals of tellurium, Ao -1 studled
extensively by Schmidt snd wassserman (1927), Botta§ (1949,
1962., Fakursi (1343, 1362., Allen Hassbaum (1364), Kesults
of these workers showed that tellurium s a 'p' type
sezmiconductor below -40°C,1t reversed to 'n' type at about 2

temperature, depending upon impurity concentrstion and it
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C$MW%€ﬁé beck to 'p! typeift about 23000, the latter
temperature being independent of conecntration. The
forbidden gap from resistivity vs 1/T curves wss found

to be = 0,32 eV.

loferskl (1382) also studied the optical properties
and values of forbidden gep determined frox his observa-
tiong were <~ 0,32 eV and = 0.36 eV by observing
polarization parallel and perpendicular to ‘c' axis

respectively.

Not much work has been carried out to siudy the
seniconducting properties of tellurium films obtained from
vacuun deposition on glass. Optical properties were studied
by many workers (Moss and others, 1343, 1351, 1952:. Fefractive
index wa4 . confined to visible or ultrsviolet region of
spectrum by reflection methods (Van-Dyke 1222, Miller 1928).
Transm’'ssion method was a2lso sdopted by other workers nsmely
(Rutter (1930), Pfund (1333), Soezims (1343), Eartlett (1325).
*Tﬂin films of known thickness were formed from specpure samples
of tellurium. It was evaporat;d in high vacuum and filmrs were
prepared of thickness down to ~0.26 (L . The messurements
on bulk material indicatedlthe presence of absorption edge in
the region o~ 3/LL to /:3.5/(,( y which was spproxinately
¢oinciding with the threshold wave length of photnconductiﬂg
effect in tellurium films (Moss 13tl). Tellurium films are
also being used for preparing thin films transistors (TFI;)
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(Woeiner 1964). It was observed that the evaporated telluriuam
films were 'p' type semiconductors and the characteristics
vere es goodas those of cadmium sulphide (Cd8) films. The
drift wobllity wss also studled by thew whieh wes as high

AT MR e,

as '“;EOO(SmQ/Volts cm.x It was sbout 10 to 100 times large:
Those T

thankraported by the oarlier workers. Ghosh (1961) slso mad

sone studlot on tellurium films and found that the band gap

wag 22 0.34 .v.

It 1s apparent from the above survey that no systematie
studies of thin films «f tellurium f£4iam he¥ besn undertsken
to correlete the behaviour ¢f semicondueting properties of
the film with evaporation conditions, variation of film
thickness, etc. Aigygiematic study has been madc/?n the
resistivity, energy banc gap, thermoelectric power, TCK, with
evaporation conditions snd at the same time the crystal growth

process.

Bs EXPEEIMFNTAL
(1) Ppreparstion of tellurium films

Tellurium powder obtained from E.Merck & Co. was
evaporsted from a microeconical silifica dbaskat in a vacuum
chamber 28 described in Chepter 1l. (lass and cleaved mica
slides of size 4 x 0.6 cm used as substrates were put on a

mesk and placed horizontally at a distance about 10 ea. away,
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abo#e the micro-conieal basket. The rate of deposition was
practically maintained constant by controlling the current
passing through the coil used for heating the silice basket,
containing tellurium powder. In each szet of évaporation a
nunber of ssmples of dif‘'erent thickness W44 aade,for the
measurements of sealconductor paremeters and the study of
evaporation rate. All the ..essurements were carried out

with a set-up alrescy described in Chapter III.

(141} pPrepesration of telilurium pellets

In order to compare i parameters of thin films
with those of bulk tellurium, tellurium pellets were also
prepsred from the tellurium powder by the technique similar |
to that ususlly used for the preparation of ABr pellets for
infrared studies. ~equisite amount of teilurium powder was
put in the cylindrical cavity and covered by a disc fizst
fitting In the cavity. The disc was then pressed by a
pregsure screvw operated by & handle. The luwer end of the
eylindrieal cavity wss closed by a block with a suitsable
arrangesent for the continuous evacuation by a rotary pump.
All the pressing surfaces which came into contact with the
povwder were prepared from hard steel to stznd heavy presgsure
end were also plated to prevent any corrosion. The tellurium
pellets of sizes sabout 1.7 om. diameter and C.4 om. thickness
were prepared under pressure of sbout 16,000 lbs/inchz.f n



For thé study of resistivity &nd activation energy etec.
for the bulk, pressure contacts, different from those |
used for thin films, were used, Fig.12 shows the pressure
contacts for pellets. The te.lurium pellet was placed
between two platinue Ffolls of nesrly the same dlameter.
The pellet with platinum foil was then placed between

two copper discs and silver wires as contact leads, were
taken out from copper discs. The whole set-up was finelly
put in a rectangular frame in which a pressure contact by
platinun foll 1s cesused with the help of & pressing screw.
Mice was used es an insulator to prevent any contaet ﬁatwnnn

the metal frame and the experimental pellet.

G: RESULTS

It is weil-known that the evaporation conditions in the
vacuum chamber affect considerably the semiconductor parameters
like resistivity ( Q )y thermoelectric power ({ ) carrier
concentration {(n), temperature coef{icient of resistance(TCR),
ete.) Some initisl exp: riments vwers therefore carried out to
atﬁdy the effect of strain, deposition rate, filw thickness,
etcy, on the resistivity of films. In order to have consistent
and reproducible results, the effects due to the deposition ;;T
conditions were minimised as far as poszible by using

appropriate methods.
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(1) Annealing of tellurium films

Tellurlum films prepsred in vacuum unit, were
annealed for sn sppropriate period of time at a suitable
temperature below T, temperature 1a vacuo, in order to
remove strain in the films produced during deposition.

It was, however, observed that snnealing at - 70°C for
ébout 1/2 hours in vacuum ( = 1072 mm Hg.), or simply
heating to 316000 during the firet heating cycle amd

coo. ing to room temperature,removed most of the defects.
‘Fig.(13) shows the effect of heating of sn unannealed
tellurium film during the first heating cycle and then,
cooling brmek to room tempersture. Curve(l)of the graph
shows the variation of log K with temperature during the
first heating, whereas curve (2)shows the corresponding
variation durfing the cooling back to room temperature.
Curve:(3) and (4) show the path followed during the subsequent
heating 2nd cooliny cycled. It is interesting to point out
that several repeated measurements wvere made end the paths
followed along the curves 3 and 4. In all cases the room
temperature resistance remained unchanged. If, however, the
sample was snnealed at /_\:'?OOC, the starting point of the
curve on the graph of log R vs temperature followed the same
path of curves(3) and(4)as avove, without any chenge in room
tempersture resistsnce. It 1s also observed that if tellu-

Q
rium films were kept in a desivccator for }\feu days gho samples
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become self-annealed, and did not require any annealing
treatment. The neture of curves wss similar to those

mentioned in Fig.(1Q),

(14} Effect of deposition rate on the
resistance of tellurium films

Some initlal experiments were made to itudi the
effect of rate of deposition on the resictivity or conducti-
;1ty of f1lms. Fig.(14 shows the resistance vs thickness |
curves for two rates about ﬁﬁog/hin. to &~ aoog/hin.
respectively. It is spparent from the nature of curves that
the slopes are different in different regions and also
different for different rates of deposition. Both the curves
attained nearly constant value K with the increase of thickness
(Bigs16). This change in the neture of curves is seen much
more clearly in curves of resistance vs reciprocel of thickness.
The slopes are distinctly different for two rates of deposition.
The ssmples prepared at e slower rate had higher resistivity

vhereas the samples prepared a2t a higher rate had comparatively

smaller resistivity(rig/s).

(411) Resistivity and activation ensrgy

Typlical log K vs % curves for tellurium films of
different film thickness varying between 500%_to 160074
obtained from the same set of deposition, both for hesting and
cooling cycles are shown in the Fig.(1l3). It is seen that log R
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decreased linearly with the increase of tempersture through

out the range of temperature studieq nanely from room temperature

a—— ot b

to about 180°C Qu:jing ﬁic preunt nuaurmntu It is also seen

- S LS S

that slopes of grsphs are nearly equal for thickuus greater
o
thian 50004 whereas for lower thickness it is slightly higher.

AE was measured from the slopes of graph resistivity ok

resistance vs ,} in the followin; way:

i

Since BOB QO-‘S':-&-:-—-

log Ry = lageo + log Q.é.))‘

Hence at two different temperatures

log B - 1log R, "105? - logﬁo : oo (1)
\ 28
2KkT
C =he ie

log Ea log (30 + . ot

10 € - logh

1 (2k) = AR
4
OR
AE = log ¢ 1' 1°g€° . (2k) 2.303 ee ( 11)
: T
From (1) and (11), AE = 26 R- 108 %o o oy 4 5,303 ..(37)

sl Lo
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Table (1) shows AE for different film thickness.
AE varied from 2.32 eV for thicker filas to 0.44 eV

[

. o) . ‘
for thiner films of about §004i. Fig. (17, 18) show the
variztion of log K vs % for two rates of evaporation.

Teble 2, shows AE for corresponding film thiokmucko'ff"?(‘?"

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

of curves log ¥ vs % )8t temperatures bolow room tempera-
ture experiments were carried out in the manner discussed
4beforo,to measure resistivity upto ~ -12%. Flg.(193) shovs ;
such curves for film thickness 60002 and 300o% batveagié
the temperature range of <~ -12°C to 180°C and A E =~ 0.32
eV. It is clearly seen that the slopes of curves remsined
same even below room temperature indicating thst the
tellurium films behave as an intrinsic semiconductor between

temperature range =~ — 12°c to o~ 180°%.

(1v) Thermoelectric power (o )

Thermoelectric power as defined qu(x:p,{;the change
in thermal e.m.f. with the chanéew;; téﬁ}raturo,‘}wu measured |
by integral method upto maximum temperature of 18»0°C. Fig.(20)
shows the varistion of thermal e.m.f. with change of temperature
keeping the cold end more or less at room temperature ,whilo
increasing the thermel gresdient between the ends for different
film thickness. It is seen except for very thin films, the
slopes of curve wert practiecally constant for all the film

thickness. The thermoelectric power varied from 340 (volts/oC

7o
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for thicker film ~-156000%.,to = 400 4 .volts/°C for films
o~ 500k thick. Fig.(21) shows thermoelectric power{ X )

for different film thickness of tellurium fiims. It is

clearly seen th:t thermoelectric power (O ) 1is 1ndependent

of temperature through out the range of measurements. -

&dopting both the methods 1ato¢ral a8 well as differential

lead to a similar conclusion. It isg interesting t»o point

outh unlike PbS or PbSe no inversion temperature was observed,

showing thereby that the contribution from the minority and

the majority carriers was equal with the rise of temperature.

All the sarples of tellurium films meesured by thermo-
electric test set were found to be 'p' type l.e., the electrical
conduction wag nostly due to holes even though no intentional
impurity was added to the film. It seems that this was due
to the presencea »f defects, inter-crystalline boundaries into
the film, which are inherent in the film formation process. |

(v) Tewmperature coefficient of resistsnce (ICR)

Temperature coefficlent of resistance (TCR) which is
given by 1 .g.{*. is obtained for different film thickness
‘ R 4T

from the sctual measurements, using the resistsnce Vs temperature
curves as shown in the Fig.(22). From graphs, resistance vs
temperature, di/dT 1s obtained from the slope of curve, point to
point with resistance as shown in the Fig.(22). Fig.(23) and
table (3) show the variestion of TCR with temperature. It is
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intereating to note here thit ICR was decreasing through-
out the range of tempersture studled. The curves decreased
continuously, finally attain1n§~conatant value in the higher
range of temperature (;;;fnig;p.ZSji§6*E5 This general
Teature was observed for all the films of different thickness

of tellurium films studled.

(vi) Resistivity and activation energy
of tellurius pellets
Woﬁ;\u

For . comparison with filml(somo studies have also

been made on the resistivity ( [ ) and sctivation energy (AEK)
of telluriunm pellets made from the powder as mentioned before
in ChapterV 3 . Fig.(24) shows a typlecal curve of log K vs
1/T for tellurium pellets of diumeter 1.2 cm. and 0.4 om.
thickness between the temperature range room temperature to
~180°C. Both for heating and cooling cycles, the measurements -
were repeated several times. It ig clearly seen thst the graph a
i3 8 linear one, with activation energy AE <~ 0.326 eV which
is nesrly equsl to the values obtained for the higher film
thickness. It may be mentioned here that activaztion energy
(AE) obtained for bulk of pure ssmples reported by different
guthors varied from 0.33 eV to 0.41 eV. Higher values were,

however, obtained by opticel wmethods. The resistivity cbserved
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was ~ 12 2-cm. which was comparable to thet of pure
sample ( ©~~ 10 "2-em.). It may be pointed out thst
the resistivity for thin films, hovever, varied widely
for different film thickness, btut it was of the order

of 10°_0 em.

(vi) sSurfsce structure

Tellurium 7ilms as deposited on glass substrate
espaclally those which were nearest to the source of
evapor:tion exhitited »referred orientation when examined by
electrons diffraction methods (Fig.26). It was also found
that as the distance of glsss substrate increases from thax
filament #¢f1ilm thickies: also decreased and congequently
there was less t-ndency fcri?rererred orientation. Ultimately
for these speclmen the deposit filus were practieally
polycrystelline without any preferred orilentation. It was
also interesting to note that except at the substrate which
were placed right sbove the source, deposits not only
developed a preferred orientation but showed asymetrie
electron diffraction patterns, nc doubt, due to oblique angle
of incidence to the substrates. This results in developing
erystals with one of their ax®s along with direction of
incidence. VYhatever be the type of orientation developed,
the deposit crystals had hexagonal structure (loe:4.46§,

Co~ §.93%) similar to those oLserved by Aggarwal (1358).
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DPs  DISCUSSIONS

From the results of resistivity, thermocelectric

power, temperature coefficlent of resistasnce of vacuum
deposited tellurlum films, it is seen thet there 1s a
considerable difference between the bulk properties and
corresponding properties in thin film state. OJur experi-
mental resuits for bulk tellurium pellets shirwed resistivity

~ 12 (Lcm. whereas the vacuum deposited filme of teilurium.
had resistivity of the order of - 102.£Lcn. It can further
be noted that in bulk materisl resistivity 1s independent of |
dimensions of the specimen whereas in vacuum deposited films
resistivity 1s no longer constant, but depends on the thick-
ness of the film, rete of deposition, temperature of substrate,
order of vacuum in the deposition unit ete. During cne set of
the evaporation it wss found that when all other variables
except thickness were kept more or less constant, then the
resistivity decreased with the increase of {1lm thickness
ultimately reaching a constsnt value often different from the
bulk material. &Similar results were also observed by many
workers  (&teinberg, 1323, Vincent,1300, Longden, 1300,
Patterson,190Z, Weber and Costerhuis,1917, Kind 1917, Gillham
et.sl. 1966, Naugebaur snd Webb, 1352, 1364), It has already
been pointed out in Chapter I that according to the modern
theory of conductivity, the electricasl resistasnce is primerily
due to imperfections in the lattice (Bloch 1v28, Mayer, 1363).
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For a macroscoplc materlal the resistance arises ss a
result of hindrance in the passage of electrons by the

following process, namely;

(1) Scattering of electrons caused by the thermal
vibrations of atoms or ions about their mean position

t.e. scattering caused by phonons.

{2) FEcattering by lattice defects such as missing
atoms, interstitials, impurity atoms, etec. Therefore,
the resistance of a bulk material may be thought to be
composed of two parts:
(a) Ideal part strongly dependent on temperature,
and
(b; Tesidusl part due to lattice defects but
generally independent of the temperature.

Hence the resistance is given by the
relation:

= +
e Total e Ideal kesidual
which 1s xnown as Mathiessen's rule.

In the case of bulk materials the conductivity depends
upon?géan free path ( f ) of electrons in the lattice, But
if one dimension is reduced very much, ultimately reaching
anﬂ becoming smaller than the mean free path ( [ ) then
resistance and hence resistivity 1s likely to increase with

the decrease of film thickness.
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The sbove concept of dependence of resistivity on
f1ls thickness was first introduced ty Thompson (1301)
and finally developed by Snndh@ﬁn@er and chef:‘(iﬁﬁﬁi.
By considering aondheimiericoncapi,the totel fesistance

of the material in the film state c¢can be modified as:
_—_E + +(>
fgotal Ideal Fesidusl Thickness

The above relation satisfactorily explains the dependence
of f1lm resistivity on 1ts thickness which:?ioo observed

"in our experimentsal results on telluriwm films. But the
increase of sctivetion energy ( A E) with the decrease of
film thickness,which was experimentally observed in sll
cases cannut be satisfuctorily eccounted for,from the above
consideration. On the basls of theory of island structure,
developed by Naugebau®i and wWebb (1962, 1364), it is possible
to explein some of the properties of thin films at leact
qualitstively. It has slready been pointed out in Chapter I
thet with the increase of film thicknaagf?SIandaaize slso
increeses and hence the distance between islends decreaces.
The size of islands and distance between them often dependg
upon the nature of the substrate, its tcmperature, jzeometry
of the substrate with respect to the source of vapour and

many a times, the distance between the substrate and the

source during the deposition process.
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In the case of vacuum deposited filams often there
is & high density of defects such ss dislocations stacking
fasults, microtwins etc. (Fashley,l1969, Mathew,1369, rhilips,
1980). 8&ince these defects are inherent in the process of |
growth of /1lums not formed in the ideal cunditions of -
deposition) fhese will consequently also affect the resistance
of the films, ﬁnnealing of films at suitable temperature will,
however, remove some of theac dg{,ggg“y§th the result that
there will be a decrcase in the resistance. Bithuealing proca.l
the films are also homogeng¢lsed. Measurements on annealed films
econfirmed the above view. This shows more clearly,why »evintence
varidring, generally the decrease of resistance,occurs on
annealing the films. Chosh (1961) also observed that conductivity
HEall mobility and fleld effect mobility varled with the thickness
of the evaporated films 1Aﬁg;se of tellurium. Thei?zlues of

Hell mobility ere due to scettering carriers at the

intercrystailine boundaries.

During the present investigations it was also found
thatArate of evaporation also produced a cunsiderable effec.
on the resistivity of the films, Fig {16) shows twoAgurvea.

A ocurve withkpigher slope is for the films formed at slow rate
of depositions, whereas second curve 1is for films formed at
conparatively fast rate of deposition. This results into
higher resistivity for films of slow rate of deposition ahd
smeller resistivity for films of comparatively high rate of
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gepogition. 1ne above experimental resulits suggest that
the film of simiiar thickness prepared under dif/erent
rates had different yranular structure as fer as porosity

morphology, grein boundaries etc. were cousidered.

During the study of metailic films, similar results
vere also obtalned by DeBoer and Krank (1936}, lLevinastein
(1343), Senett and Scott (1950). These workers have
gu; gested that thers 1s a 1elantion between the morphOIOgieai
{%ﬂlﬁuuak and electricasl conductivity. Heugebauer (1984)
gave 8 relstion between the size of islands,and number of
impending atoms. At a certain fixed substrate teaperatur
higher rataé) %f%%oﬁ%ﬂorg\(mw b sun‘ue.fn
islands, ? &;iéldacrease in intererystalline baunﬂariolAE
and therefore the conductivity 18 more. On the other hand at
slow rate of deposition at room temperature, nggi;nucloi‘ of
smaller 1slands sre formed causing thereby the inercase in
the intererystalline boundaries and thus decrease in the

conductivity.

It has already been pointed out that unsnnealed samples
evhibit extra resistance which disappeared when subjected to
heating and cooling cycles in vacuo. This process is
snsloguous to annealing process. Annealing was 8lso observed :
even at room temperature when the rilms were kept under vacuum
for about 8 to 10 dsys at room temperature. Aetivation energy

for tellurium films varied between 0.32 eV to 0.44 eV. All



the films gave practically s=sme velue except ﬁw very

thin films. It can be noted lL.ere that resistivity of
tellurium {ilms was much higher ( = 10241mn.) a8 compared
with corresponding bulk tellurium (12 <2 cml  Moss(1961)
studiedzg;tical propertias and showed that 1tumu photo-
condueting element, the value of activation energy

determined was 22 0.36 eV. iie also studied reflectivity in
infrared region anc value of A E was &= 0.37 eV. Wayne
geanlon snd Lark—norovitz (1247) however, reﬁortudZ?eversal
of sign for Hall coef icient,similar to that of bulk material.
The activation energy reported by these workers was - 0.36 eV
at temperature Q:ZBOC and ~0.033 eV at liquid air temperatures,
in our studies of tellurium films, the activation energy did

not depend on the temperature even upto 2= -IOOC.

The higher values of activation energy ( A\E) for thinner
films and vice versa can be satisfactorily explained on the
basis of 1slsnd structure of films. Once the nucle!l for

the 1slands are formed the size Of island goes on increasing
with time of depositiion, ceusing s decrease in thelr average
distance of separation. IAT?&:Q of very thin films the
intercrystalline boundaries are more, the distance between
islands is comparatively very large and tunneling effect for
the conduction 1s less,thus causw an incresse in the resistance
of thiner films and also tve Anvresse in the activation energy
( & E).



Haugebauer and Webb (1962. on the basis of island
structure of f1llms explained the vari.tion in electrical
conductivity of films. According to Them the conductivity
of an 'island structure' metal film, depends on the distanece
(d) betwesn 1slands and their radius (r) as stated by the

formulas
' 47)’a —/)  ce fepr + Ag
= A EXP | —— (zm
6/ h ¢ 42;.+ 2 kT

Qctivation energy for the conduction can be considered as

the energy required to transfer charge from one initially
neutral 1sland to other at some distance. unly olectrans or
holes (excited|will be able to tunnel from £he neutral island

to the other. S8uch an activated process leeds to asn equilibrium
number of islands changed to potential Exp. (- /(er/kg) .
The transfer of s charge from a charged 1sland toxnoutral o
1sland is not an activated process because 1t does not lead to
net increase in energy of the system. Thus according to island
structure ,the sctivation energy observed in the electrical
conduction of island films 1ig determined by the size of
islands, and conductivity at all temperatures depends upon the
distance between them. According to this theory, thicker

films should show smaller activation energy, nearly approsching
the value of bulk material znd for thin films larger values

of activation energy.
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Thermoelectric power ( KA = :};‘ ) meesured was 131@ Q"
constent and was independeat of film thickness except for a )
§ery tm film which was 400 Wc. Tellurium exhitited
'p! type seniconductor, which can ‘::e.explainod on the basis
of energy banc disgrem, the fllm defects assoclated, which
ere mainly volds, imperfections of an annealed film must be
the acceptor level very close to the upper edge of the |
valence band. 4s already pointed out in Chapter I ,1t 1is
well known th-t the position of Fermi-level depends upon the
concentrations and type of impurity. £ince the thermo-
electric power is coastant at all temperature,it can be stated

th-t, there 1s no change in the carrier concentration with the

chsnge of temperature.

Tre negative temperature coefficlent of resistance(TCR)
for telluriuz films decreased with the lncresse of tempersture

Negative TCR for all the films was found to be of the order of
~ 10—2 (Table 3). This can be explained on the basis

of island structure. According to deugebauer {(1382) ICK 1is

iven by: Q :Je}‘{%.f; SR N Lo $or ey, d
g y ?\ v & § > ?,?-, SN {.ﬁ/é‘ éw, oF o] ﬁ
TcR = 4842 ‘”TV ] ¢ e (37)

T *a 7%

2
vhere C = 2% /;: + AE , and other symtols have their

ususl meaning. Since on heating the slze of islands lncresses -
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and distance between them decreases, the term 4(d)

K

must be negative, so that the final expression for TCR
will be:

o L alVems 1 | ¢ |
TCR af(d) -Th ’+’ d‘] - ;g "&38)

The TCR for tellurium films decreased with the incresse of
temperature. This might be because of effective contribution
by the first term of equation (38) snd therefore there is a
continuous decreese in TCR upto the maximum temperature of
meassurements. Unlike Ente, $n28e3 and &nS deseribed in
Chapter V, negative TCR did not show any minimum value, but
the nature seems to be simllar to that obtained in case of
Snﬁe, Sn2803 and 8nS. it appesrs thaéﬁ%he temperature of
measurement could have been raised,it is likely that TCR

VRN s + o T

curve wiwd follow the same zs those of other curves.

Tellurium exhibited hexagonal structure throughout
the temperature range of the present meassurements i.e. upto
~180°C. Deposit ssmples had wang' film thickness from
one end to other. A1l the films of different film thickness
of same set exﬁibited more or less similar properties, which
show that dire-tion of deposition hed practically no effect
on the electrical properties like, resistivity ( Q )y
thermoelectric power ( & ), temperature coefficlent of

resistance (ICR) etc.

n--{)---
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CHAPTER V

YD o S s ——"

SEMICOADUCTING PROFERTIES OF SnSe,

sn2sga, un& AXD 8nTe rilMs

As  INTRODUCTION

Generslly sulphides and tellurides are found to be
good aemicanﬁuctorskgaed in semlconductor devices, especially
in film transistors, photocawductors, etc. As early as in
1874 rectifying act101 Mncape of lead sulphide was reported
by Braum (ISZQ)A‘ dgt@iled studjgs on electrical properties of
chalcogenides of lead wasl carried out by many workers,
(Esenmann 1340, Hintenusger, 1242, LarkeHorovitz 1384, cmith,
1361, 1363, 1366, Moss, 195 and tcanlon 1964). These compounis
are generslly pregent as minerals/such as galena (Fbsg),
Clausthalite (PbSe and allatite (¥uTe). Lawson (1361, 1362}
applied the Bridgman-Etockbsrger technigue for growing the
single crystals of lead sgulphide, lend selenide ~nd lead
telluride. From the study of thermoelectric power messurezents

Stefan (186€) showed thet PbS existed either as 'p' type or 'a'

NP 2

type semiconductor. Similar results were also recorded later

by Zisenmann (1340) and iiintenberger (1342).

4 comparative study of electricel properties of single
erystaly and films of lesd sulphide, lesd selenide and lesad
telluride was csrried out by Silvermsn and lLevinsteln (1354).

o
Measurements betwe«n tihie temperature range 77%x to 300 n showed

L
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thst all the {ilms were showing 'n' type chaurscteristie
behavicur, irrespective of oripinal crystal whether 'n"
type or 'p' type. The carrier councentration decrecased
after annealing of lea¢ sulphide iPb3) and lesd selenide
(Pbte films, which was 1/5th of bulk materisl value. A
detailed study on the semiconcueting properties of thin
films especlelly of PbS, PbSe, PbTe, 312303, 312T‘3 has
recently done by xoli (19885).

Kelly (1939) studied selenides and télluridos of
mﬁnganese (MnSe, ¥nTe). &lectrical measurements wers
carried out by Lsndsu (1333), &Squire (1333), Lindsay(labl;,
Falmer (1954).

Lhen gystematic investigstions have been recently
msde of Jy-VI group, intermetellic compounds, with respect
to electrical properties and crystal structure. The crystal
structure of tnte hss already been rcporteé?;fiharhvmbic
(Okazaki 1364) and preliminsry experiments on electrical
properties nhave shown that Inte behaves as an ordinsry
'p' type semiconductor. £ingle corystals for above investiga-
tions were prepared by mixing tin and seleniuz and hesting to
1000°C for a long time. The melt was slowly cooled, and single

erystals of Snte, naving sige 2 x 3 x 10 mma were used., Studies

on electrical properties were also undertaken and reported by
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many workers (Albers and hass 1352, Asansbe &snd sagaki,
13§63, Asanabe 13ED, Albestg et.al. 1980, Matukura, Ysmesmoto
and Okagaki 13563).

The alm of the Investligz=tion was to obtain such physical
quantities, as the anergy gap between conduction and valence
band, its temperature dependence, the effective mass of
electrons or holes, the lonization energy of impurity levsls
atc. for LnSe single crystals. It was found thet hall
coefficient exhibitel an snemalous hump at 200°C for most of
the crystals. Fesistivity measurements between the tamperaturc‘
range 100°K to ~800°K also showed, & chanhge in the shape of
log R vs 1/T curves at 200°, The electrical resistivity,
Hall coefiiclent and thermoelectric power of SnSe single
crystals wol investigeated, but it was not possible to anslyse
the results on & semicunductor model. The reason is that iKL;
conventionsl ussumption,matf&ole density in the velence bvand
1s equal to gaw~ of electron density in the conduction band
and acceptor dénaity, does not hold on account of acceptor
formation sb high fapwmebiom at high temperstures. Jnly
qualitstively the experimental results were interpreted on a

gingle model of acceptor formastion.

Impurity band conductio: model or two holes model also
did not explain the results of snte, because the model 1is

expected to imply only reversible phenvimens with temperature
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but for SnSe it was found 1:reversible. This behaviour
was found to be similar to that exhibited by Cais, GeSe,
FbS, PbSe, etc. (Smith 1364..

Recently Ysbumoto (1358:, Fhilips (1960) studied

the electrical properties and optical propertles of tin
mono-sulphide (Snc). Metal tin(spectrcgraphically puréL
was distilled in vacuum to exclude the impurities like
copper, ircn,etc. Eulphur was crystailized from earbdbon

bi -sulphide (082) and distilled in vacuum. BSuch tin

metal snd sulphur in the stolchlometric ratio of 8nb was
put into a silica tube, evacuated in high vacuum snd then
sealed and hested to £x.1000°C for 8 hours and then cooled.
X~ray diffraction studies showed that SnS had orthorhombie
structure. Reslstivity was of the order of ,ﬁ:lcéqcm which
was found to be much low as compasred to the resistivity of
Cef which was 101?chm. Graphs of conductivity vs 1/7
for bulk single crystal &nt ssmples,exhibited two regions
namely from 26°C to ~-130 C and 130°C to <260 C. In the
first region of low temperature activatlon energy was found
to be 2~ 0.25 eV whereas the second region 6! graph showed
the velue of asctivation energy ~0.54 eV. The energy gsp
determined from the optical properties was <22 1.8 to 1.7

eV at higher temperatures. The values of energy gap fée Wiy
found to be 1.8, 1.6, 0.4 for GeS, &nS and PbS respectively.
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Electrical properties on single orystais of snTe

were also studied by msny workers,|Hsken (1310), Hoshimoto
(1956)]. femples of inTe were prepared by heatins the mixture
- of tin and tellurium in stoliehiometric proportion in vacuum
sealed sllica tube; the hezting was continued for about 15
hours at temperature about 85000. X-ray diffraetion studies
showed that &nTe had iaCl type cuble structure 8, = 6.322
at room temperature. Resistivity sxd Hell coefficient were
{found almo:tlt\:ame and moreover ;{emperature coef{icient of
resistence (ICR), Hall constant}\wﬂk‘e positive at sll
temperature range of measurements namely 100°¢ to o2 1000°¢C.
Thermoelectric power was <= 28 (volts/“C. Hessurements on
gone mlt samples of EnTe also revealed that resistivity

and Hillcoefficient both are seme at all the temperatures,
put ©e thermoelectric power at room temperature was
~ 29 Avolts/°¢ 1o 22 33.3 /| volte/°C. Thermoelectrie
1gsme 6t all temperatures. The value already

A
ved by Haken (1910) egre«s well with 2§ /L{.volts/o Cy

poue""“ alsoc

obf
5® change <f sign from positive to nerative at <= 250°C,

ston, Bis and Gubner (1331) studied sin;le crystals of
:/1 telluride. Carrier concentration was found to be,
~8 x 1020/cm3. #ll; aler and Scheie (1381) carriled out

he measurements on resistivity as well as Lall coef!lcient.
he behaviour of Snle was found to be sem:-metal type.
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By EXPERIMENTAL

f;eplratibn of tin selenides

Both SnSe and Sn2$¢3 wer< prepared by melting tin
{AR) and selenium (BLH) in vecuo. To prepare Snie, Tin
(AR) end selenium hi hly pure were mixed in the stomie
proportions (1:1) and the mixture was melted in a vacuum
sealed silica-tube. The tube used - was first cleaned with
nitric seid, then with distilled water and {.nally, with
distiiled slcohol, followed by drying. The tube thus
cleaned was then closed st one end by fusing. The mixtuse
of tin snd selenium in their atomic ratio was poured into
it and was carefully evacuated and when the vacuum was of
the order of = 10°° ma Hg., the tube was sealed by fusing.
The vacuum sealed silica tute thus obtained was then
inserted in a vertical electric furnace the temperasture
of which was raised in stages, the maximum temperature
being c:-aao°c. This temperature was ralsed during three
hours and heating st maximum temperature ('9600) was continu
for about 6 hours and then cooled. The compound SnSe was
obtained in the form of s50l1ié rod of dia.~1 cm. and length
~2.,5 cm. This bulk materisl was then used for evaporstion
during the study of semiconducting properties as well as,
the structure of films by electron diffrsction techaique.

s
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SnpSey was 8lso prepared by the same method using
tin and selenium in the atomic ratio (2:3).

Preparation of &nle

This was also prepared by melting tin powder
and pure tellurium in the stomic proportion (1:1) and
the mixture was heated to maximum temperature about
90006 and the heating was continued for sbout six hours
and then cooled as in case of &nve and Engleg.

Preparation of stannous sulphide (&n:&)

Stannous chloride (Riedel-de-iicen; AG) was dissolved
in 111 hydrochloric acid (iR) by warming for some time in
the presence of granuler tin metal in order to prevent the
oxidation. st gas, washed with distilled water, was passed
through the clear solution for about eight hcurs, the
precipitate thus obtained was washed with distilled water
till it wes free from chloride. The material thus obtained
was then washed with ethyl aleohol and finally dried in a
vacuum cdessicator. The yellowishebrown powder material
was then used for evaporation during the study of
semiconducting properties of vacuum deposited films of 8nS.

Cs RESULTS

(1) FResistivity and activetion energy

tnfe $8 Feslstance of &nSe films was measured by
the method deseribedc before. The varistion f resistance
with thickness was =similar to thst observed in the case of
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.of film thickness and finally beceme asymtotic showing
nesrly a constant value of resistivity much difrferent
from the bulk material. |

Fig.(26) shows the variation of log R with the
reciprocal of absolute temperature startiag from room
temperature, for a film of tin selenide of film thickness

23310003. The cdiscontinuity temperature (T4) was found
to be ~=310°C. -

it 1s interesting to see that log R v 1/T curves
(Fig.26) show two slopes corresponding to regions 'A' and
'B!, when measured upto the Td temperature. The change of
slope occurred nearly 160°C to lBOOC tempersture range.
it was also observed that if maximum tempersture of

measurement of resistance during hesting cycles was ISOOC,

f1.0. in the region 'a' the cooling curve followed the sacze e
path as thet of heating curve. Flg.(27. shows such curve. -
This was also true for different film thickness and even

for different heating and cooling cycles provided the maximum
teuj erature was below 180°¢. Ify on the other hand, the film

was heated to the tempersture range 'B', i.e. heyond 180°C to
nearly asbout the Iy temperature, it was found that cooling

curves followed entirely a different path depending upon the
meximum temperature of heating. Fig.(22) shows such cooling
eurves for a film thickness ::40000% y when the maximum
tenperature of heating in the region 'B' was graduslly

changed. It 1s clesrly seen that cooling‘éurves for resistance,

were sgaln dependent on the maximum tem;crature. It is also
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interesting to note that even though the paths of the
curve in the above figure changed with waximum temperature,
their slupes remained nearly the same. Yurther during the
subsequent heating and cooling cycles the meximum temperature
did not exceed the previous lizait. The curves followed almost
the same path. This 1s better explsined in the Fig.(28. .
Eimilar features vwere also observed for various film thickness
ranging Letween 15000% to 2’40,0003 « Iin all cases the
activation energy of tne film heated to 'B' region of log
F vs 1/T curves showed values ranging between 0.41 eV to 0.61
eV, the thinner films showing, however, the higher vzlues
similar to tellurium films. Feslstance was also messured at
temperatures, lower than room temperature upto about -12°¢c,
Fig.(29) shows the variation of resistance from toom temperature
to~ -12°C {eooling cycle) and then=-12°C to = 300°C(hesting
cycle), showing again a change in slope at the temperature
reglon « 160 C to 180°C as observed previously in Fig.(24).
The cooling ocurve also had the same feature as mentioned
previocusly (i.e. Fig.c8:. If onoling is further continued
upto about - IBPC the nature of the slope did not change.
These results clearly show that condi: ction mechanism operating
nesr the room temperature region did not materlally change upto
= -12°C(F1£.30). |

tngGeg -~ Fesistivity measurements of SnySes films on
glass 5u;;;;;:e showed that the t:-mperature of discontinuity (Td)
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- Table 4
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Filz thickness hetivstion energy
2 { AE) ev 3

28000 0.49
28000 - 0.47
36000 0.41
40000 0.41
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Table &
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Film thickness Activation energ)
( AE) ev

22000 0.8
25000 : - 0.48
32000  0.42
33000 | 0.42
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was oY 32006. log ¥ vs 1I/T ourves (Fig.a;)shous that
there are two slopes for temperature region studled between
-IQOC,tO = 33000, the change in the slope occuring at about
160-180°C as observed in the case of Snte films. These
curves slso have similar charscteristic ss mentioned for
SnSe £1lus as can be seen from Fig. (39) . It can again be
seen that the path of the curve depends on the maximum
teaperature to which the film was heeted. The values of
asctivation energy ( AE) varied between 6.41 ev to O.El1
ev, depending upon the rilm thickness, the thinner film,
however, had higher values. Teble (4) shows the variation

of A E with film thickness.

Sng = Stannous sulphide films had considersbly
higher resi:ztence compared to Snte and SnpSeq films. The
varistion of log R vs 1/T was similar to the films of Snte
and SngSeq. Tho\fd temperature was 320°C {Fi13.33). The
he:ting of inS films in ‘B’ region of the log * vs /T
curves csused a decrease in the resistivity without any
appreclable change in the activation energy (Fig.34).

Teble (&) shows the varistion of A E, the activation energy
for different film thickness.

gnTe - All selenides and sulphides of tin so far
discussed showed & fall of resistance with the increase of
temperature, no doubt, a chsracteristic of s semiconductor.
In the case of tin tellurice films, however, the tendency
was reverse, l.e. the resistance 1neraaa,d5 though slightly,
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with the rise of temperature. The curve ('a') in fig. 36.

shows the vsristion of log R vs 1/T, snd tha'Té temperature
was = 330°C. It may be pointed out here that unlike SnSe,
sn2a03 and &nf films, the resistance of &nTe films both
during heating and cooling cycles remsined practically
unaffected by annesling. Reslstence measurement was, there-
fore, carried out after appropriste snnealing as in the case
of tellurium films. Figs.(3&, 36) show a series of curves
for different film thickness obtained in two sets of evapora-
tion carried out practically under similer evaporation
conditions. The peculisr feature namely the inercase of
resistence with the increase in temperature is very much akin

i

to the metallic character.

(11) Thermoelectrie power ( X ) = 1]

ag a

énfe - The thermsl e.a.f. betweecn the two ends of a
film was mostly studied by the integral method. Since the
resistance of the films was very nigh, no significant

j

measurdble e.n.f. was developed, even when the hot end temperaturtn

was as high as 130 Ce The films were, therefore, heated in the

set-up in & vacuo to temperature ~ 180° C and then a temperature

gradient was introduced by further heating the film, at one
end, with the Lelp of e micro-heater as digcussed before
(Chapter Il1I). Fig. (37) shows the varistion of e. m.f. with

the difference of temperature between two ends when cold end

e
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was maintained at 15000. The thermoelectric powsr ( &< )
was found to be fairly constsnt & 150 /volts/°C for rilm
thickness ranging between 210002 and 40,0003 prepared under
more or less the same evaporation condition. The vezlue of
{ measured in the present csse was for region 'B' of log

K vs 1/T curves as discussed previously in the resistivity
measurements. Thermoelectric power ( O ) however could not
be measured, for the temperature raage of reglon 'aA' of the

curve log ® vs 1/T, because of high resistance of the films.:

The type of semiconducting films was determined from the
polarity of the sample either st hot or cold junction. In all
cases the samples were found to be 'p' type.

SnpSeg = Gince 8“9803 films slso did not show sny

reasurable thermal e.m.f. eéven when heated to temperature range

nsmely room temperature to ~160°C 1.e. in the 'A' region of
the curve log K vs 1/T, the measurements were carried out at
'B' region of temperature as mentioned before for .nSe films.
Fig.(38) shows the varisrtion of e.m.f. with the temperature
difference bLetween the two endes. The average thermoelectric
power (X ) for all the films was -~ 15E Avolts/°C, when the
cold end was maintsined at 160°C. All the samples were 'p!

type as before.

ené - Thermoslectric power of stannous sulphide films

wes mensured in the same way 28 for tnfe snd Snobeg -
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and the value of thermoelectric power was found to Le
22 180 {{.volts/?C, for all the ssmples prepared under
more or less same condition of deposition. All the

ssuples were found to be 'p' type (Fig.33).

SnTes As tin telluride films were condueting,
compared to selenides and sulphide of tin, the thermal
e.m.f+ could be measured easily, even when, the cold
end was maintained at room temperature. Fig.{(40) shous
varistion e.m.f. with temperature difference bstween
two ends of the film for film thickness ranging between
3000 to 180008, The thermoelectric power was or 42 (L.
volts/°c}1n all the films. This low value of thermoelectrie
power is in very much contrast to those for SnSe, SngSe; and
En8, films. On the oth«r hand, such value suggests that the
electron transport process was similar to the metallic

conductor.,

(111) Temperature coefficient of resistance (ICR)

NgRs

tnSe = In the case of &nfe films the plots of
reslstence against temperature for snnesled samples, the
value of %-.%%- known as temperature coefficient of resistance
{TCR), was calculated st different temperatures. It is found
that TCR 1s negative between the temperature range studled,
namely from 30°c to —~ 250°C. In every csse ICR decreased with
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the increcase of temp@raturg; atiainod & minimum negative
value st a particular temperaturq,and then incrczased with
higher temperatures. The temperatu&e at which minimum value
of negstive TCR occures, depends upon the thickness of the
films, when the films are prepsred under more or less similar
evaporation conditions. It is further noted thst the tempera-
ture,at which minimum velue of TCR occurred, shifted towards
the higher temperature side, for the films of lower thicknoss.?u
Fig.(4l) shows the such curves for different film thickness
indicating the shift of minims on the temperature axis.

fngSe, - In the case of Engen 8lso,a similar phenomena
of negat;:;-ggﬁ and minimum TCR at a particuler temperature wvas
observed. Fig.(42) shows such curves giving the dependence of
TCK on the teuperature for a different film thickness.

n§ - In consistance with resistivity, theimoelectric
power, it was found thst negstive ICR also varied in the
similar manner as in the case of &nSe and SnESQB. Fig.(43)
shows the varistion of TCKR with the temperature for different

file 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 studled, both



before and after messurements of semiconducting properties.
Further, to see if there is a relation between the structure,
end electricel properties of films, detailed electron
¢iffraction study was carried out snd these results are

dezcribed in the Chapter Vi.

Ds DISCUSSION

From the sbove study it will be seen that log R vs 1/T
graphs had two regions 'A' end 'b'., The change of slope
oecurred at :—QOOOC and conductivity increased with the rise
of temperature in all films of Snle, &n,fe, and Sn&, maximum
tempersture being (T,) temperature. If the hesting was
stopped in the region ’B! and couled back to room temperature,
the graphs obtained during cooling were nearly perallel to
the region 'A', but for cooling at each stage of firet hesting
in region 'B' the room temperature resistance decrecased. This
effect can be called'és‘annealing effect. In the formation
~of 8 vacuum deposited film as discused in Chapter I1I, it
waé seen thuat volds, stress and other defects 1in the film V
do sppesr ac & result of evasporation condition with the increase
of temperature end keeping for some time ‘these defects not only
cet annealed out, but also the small itland formed earlier due
to evsporation condition, assume lrrger crystal sizes. All
these effects contribute to incrcase in conductivity.

It has been rejorted in Chapter VI thsat SnSe exhibits 4
normal orthorhombic structure with ao:fé.la?, bacr4.45ﬁ and

cocz'll.&7x, in the tempsrsture range froh room temperature
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to Q:EOOOC/hut at tempcratures higher than 200°c 1t was
found thst a new phase(cubic structure aozss.gz) appeared
both for fnbe znd &n,fegq films. It is likely tiat such a
structural change ocecurring at or about 200°¢ will also
modify the electrical conductivity of the films. This
effect was invariably observed in sll the semples of SnSe,
fn e, and Snf. It has already been reported by Badachhape
and Goswami (1963) that in the cese of inE films phase

Thi
change oceurred,frcmknormal orthorhombic to a cubic form.

Thermoelectric power of sll the films of €nse,En,Se
snd 5nS was found to be more or less same, ranging between
160 ¢/ volts/°C to 160 i[-volts/°C, when the films were haated
to 'B!' region.

The minima of negstive TCR observed in all samples of

Snce, &nyfe, amd SnS csn be explained from equation (33 )
Chapter IV, on the basis of island structure of films. It is
quite possible that the factor C/I% 1s more offective and
therefore, isteed of decrease in TCR thers is increase in ICR.
For the films of higher thickness, since the minimum negative
TCR ovecurs at comparatively lower temperzture than corresponding
thin films, it can be stated that the temperature at which the
factor C/T2 becomes effective 13 less for thick films and

more in the case of thin films. Electron diffraction patterns
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for SnSe, Snpbes &nd tnb films on glass showed that tilited
orientation did not affect the semiconductor parameters
(Fig.44).

In cese of Snle, unlike other chalcogenides of tin, it
was found that all the films, of all sets of evaporation
shoved metallic behsviour. This is also supported by the °
results, low vaelue of thermoelectric power (Fig.40), {ncreas
of resistance with rise of temperature (Figs.36, 38}, etc.
Because of this metallic behaviour it may be co:cluded thst
the systexz was a degenerate one and conduction was due to

the electrons, similsr to the conduction in metals.

Accorcing to periodic table of elements, the properties
slowly change from insulator to a metallic conductor (Fo) -~
snd therefore,when thelr elements combine with tin, it is
quite possible that the properties of these(;I;;\ggg;,.
gredually change from an insulstor to metzl, through an
intermediste stage of o semi-metal. Thus SnS fllms hed higl
resistivity, whereas Sn“e,8n_Se_ low resistivity, SnTe on

2 3
the other hand showed metallic conduction.

---0---
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CHLPTER VI

ELECTRCN DIFFRACTION STUDIES OF GROWTH
OF tnSe, tn,Seq AND SnTe FILMS

At GENERAL INTRODUCTION

In order to have a better understanding of the properties

of thin filus, it is essentisl to know thelir state of aggregs-
r~t1qn, structures, crystai size, orientation, ete., as many of

tne proyerties are structure sensitive. Vapour deposited filns
exhibit @ vide range of structures from irregular amorphous

nass 0 gngle crystals. The optical and electrical properties
are 811 expected to depend \poa not oniy on the crystalline

ato‘t 2l80 on the development of preferred axial direction.

st Thyee

Regul arrangements of atoms in theAdimensions extended in

- ‘(giva rise to the formation of crystals. an atom contains |
Adeus st the centre and extra nuclear electrons at its
1,phory. Consequently thera will be an intense potential
;1@ concentrated st the centre of the stom, but slightly modi-~
ed by the surrounding elsetrons. This is somewhat analog¢ous
é the potential field inside a spherical condenser, with the
/,ﬁlghly coneentrated positive chsrge st the centre and negative
charge at the periphery. Because of this intense fleld inside
an atom or ion, negatively charged electrons are highly scallted and,

scattering amplitude of the electron besm 1s about 10° times
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more, compared to thst of x-rgys for a single atom. The
intensity of?%iffracted electron beam will therefore be
much more than the corresponding x-rays. Consequently,
electron diffraction technique has found applications

in many fields especially in thin films, surface structure,
crystal growth process, etc. (Thompson and Cochrane 1333,
‘Finch and wilman 1937, Pinsker 1363, Raether 1361, 1367),
wherl the ususl methods of structure anelysis bgr X=rays are

not suitable.

There sre certain features which are characteristic of
the diffraction of electrons,and the physles of diffr:etion
of electrons have been studied in detall by msny workers
in Japan (Miyske 1350, 1954), Austrslia (Cowley and Moodie,
1987, 1969) and Ruesia (Finsker, 1963, 136J, Vainshtein,
1343, 1364). The technique has also been found useful to
determine tie complicated structures of organic as well as
inorgenic compounds. This method is particulsrly suitable
for finding the positions of light stoms such ass hydrogen,
curbon, ete, in orgsnlc compounds (Pinsker, 1383, Vainstein
1964). '

As electrons are highly scattered by matter, only a few
layers of atoms of 2 crystalline material are gquite sufficlent
to give a coherent diffraction pattern. On the other hand, with
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x=-rays comparstively much thicker samples (sabout 0.1 mm) A
are necessary for the diffraction. In the reflection patterr
since the penetration of electrons in the direction normal to
the beam and perpendiicular to the surface is very low, a film
thickness of the order of 6-10% 1s sufficlient 1> give coherent
diffraction patterns. FPashley and Newman (1955) claizmed to
have studied the films of gold snd copper with thickness as
small as 2 to 52.

This technique hus been extensively used for the study
of structures of surface layers, electrodepesif®d. films,
phase change, crystal growth snd corrosion etec., in England
by Finch and wilman (1937, 1339), Finsker (1383) in USSR,
many workers in Japan (Miyske, 1954) and Coswami and his
co-workers in this laboratory (1966, 1987). Simultsneous
investigations of film structures by electron diffraction
slong 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
considersbly upon their crystalline state. In fact, semiconduet-
ing properties of selenium depend upon the state of crystallinity
(Smith 1873), washman (13E7) suggested that photoconductivity
of lead sulphide depends on the erystslline structure and further
investigation showed that the oxlidation of materisl and presence
of oxidised state contributes to photocanductivity.
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Crystal growth

In an idesl crystsl, atoms ur ions are arranged regularly
in thggtfdimensiansiin space. These stoms or ions normally
sboul& occupy positione conforming to minimum potentisl energy
state. During the growth process,crystal grows atom by atom
and layer by layer snd often before the first layer 1s
completed, the next layer starts growing, the growth may teake
place simultanecusly either on same or different layers. e
It 18 possible that before a layer 1is completed, another layer
msy form over it. At the Junction of two or more crystallites,
atoms may not be in their 1deal periodic position, as they
should be in the ideal case. This glves rise to feults, such
as intergain-boundaries, dislocations, stacking faults, twinning

etec.

During the last forty years the theories of orystal growth
hsve been developed by many workers especially by Kossel .. 3
(1927, 1928), Volmer {(1939), Etranski and his co-workers (1943).
Theorles taking into consideration the lmperfections arising
from dislocations, have already been developed (see Burton,
Cabera and Frank, 1343, 1951). It has been observed that in
vapour phase deposition process, the substrate tahpcrntur. .

is an important factor, which favours the epitaxial growth.
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Evaporation conditions, such as rate of deposition, substrate
tempersture, otc> elso affect the nature of the deposits, 7
crystal structure, phase change, orientation etc. with the growth
of films (Krustionson, 1941, Goswami, 138l1,/962, Aggarwal and
Coswami, 1963, Badachhape and Goswami, 1364).

Increase of crystal size with film thickness as well as |
vtha substrate temperature, has also been observed by many
workers K (Evans and Wilman 1962, wilman, 1966, Kuwabara 1967).
Similar observations have 2150 been made for crystal growth
by electrodeposition, anodic process, by Goswami and his
co-workers (1968),

The habit of growing crystals often depends upon the
surrounding conditions, though their structures normally remain
unchanged. For example sodium chloride crystals grow normally,
erystads grow novreedbly with a cubic habit from the neutral
solutiona,but develope octahedral fsces : in the presence of

urea in the solution. o
EpitaEZ

Epitaxial growth or oriented over growth of crystals,
was first observed by ssllerant (1902) snd Mugge (1303) in
naturally occurring minerals. The term 'Epitaxy' was first
used by foyer (1928, 1336). after making extensive study

on the growth of crystals on different substrates he came



} 94 3

to the conclusion that the deposit atoms or ions developed
orientations as to follow the substrate structure, such that
there was a close fit between the two dimensional netework -
of deposit and substrete at the inter-face. Le also found
that in such s cese therc was one densely populated lattice
row in the deposit parallel to one that of the substrate.
Epitaxy was possible only if their relative identity spacing
éid not differ more than 164, Frank ami Van-der-Merwe(1343)
considered the substrate &s two dimensional net-work snd
arrived at similar conclusions emphasizing thst no epitaxy
was possible if lattice misfits were higher than 16%Z. It is |
now well known from wmany experiments that epitaxisl growth
can teke place even when,the misfit is as high as §0% or

more (Pashley 1986, Coswami, 1262)., lience the idea of un#
der-Merwe(1949) 1s no longer velid, at least for the epitaxial

growth.

4
Furthegknew type of orlentated over growth was observed

by Goswami (13961) on one degree orientated substrates. These
‘results geemsﬁa\ae the lst exsmple of this kind.

FPhase transition and polymorphism

A Recent studies on mmx structure of thin films have shown
that the phenomengnof polymorphism is obsérved in metal deposits
as well as the depositz of many other compounds. Schuig (13s81:,
showed that rubidium bromlde having normal NaCl type structure
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developed CsCl type structure, when deposited on‘silver
substrate. It was also recorded by sehulz (1961) that
some halides heving CsCl structure developed NaCl type
structure, when grown from vapour phase on appropriate
single crystal substrates. Goswami and Trehan (13£93)
observed two new cublc structures Inwwogéd of copper
sulphides during the study,oﬂ?%iact1on of sulphur:
vapour on copper single crystals. aAggarwal and Goswami
observed some hexagonal phase even frou p form of zZns
and CdS8. Figgot and Wilman (195638) also observed some

superstructures of some sulphides.

It is well known thet on heat treatment often a new
phase appears. At a certain tempnraturéﬁ%ransition of
one phiase to another phase takes place. In case of thin
films, this temperature st which transition takes place
is much lower than that of bulk materisl.

It will be of great interest to investigate the
structure of thin films of chalcogenides, their crystal
growth process, phase changes, orientations, etc. and ir
possible to correlate them with the semiconducting proper-
ties, which have simultanecusly 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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Tin is known to have two well defined sulphides
nsmely stsnnous sulphide (Sn&) ASTM Card 1-0984 and
stanni¢ sulphide (Snsa) 48TM Card Hos 1-1010. Aanother
sulphide of tin, however, less gstablighed, is tin
sesqui~sulphide SnyS,(Mellor 1330), Hoffman (1334)
suggested that £nd had deformed structure similar to
gelena. Vells (1958) suggested that the structure of
stennous sulphide consisted of very buckled hexagonal

nets in which slternste atoxs are tin and sulphur.

Clark and Anderson (1943) reported thst stannous
sulphide is & semiconductor st all temperstures.
ioccording to them st about 75000 the ionic component
is less than 1% of total and 8lso even fused Sns is
a probable semiconductor. Anderson and others (194E&)
presented sn evidence to confirm the suggestion that
high temperature conduction of SnS represent the in-
trinsic electrical conductivity of the erystel lattice.ﬁ
Yurkov (1963) has studied the rectifying properties of
EnS orystals. Grimm and Neseldov (1956) have glven data
on the conductivity of sulphides and selenijes of tin

for mess end thin layers.

fnte 18 reported as orthorhombic structure with
lattice constants, a, % 4.132, b, ® 4.482, Co = 11.572
(Palatnik and levitin,134, Pesrson,l3£8), however,
Sngteq is reported es tetragonel s, & 5.882 snd ¢ & 6.772.
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Along with tetragonal structure, a cubic structure is also
reported a, = 6.933 (Vkazaki end Veda 1966, Palatnik and
lLevitin, 1984). SnTe had only one structural phase of
NaCl type cubic as already mentioned in Chapter V.

A detalled study has 8lso been made on crystsl growth
process at various substrate temperstures on different
faces of NaCl and also on mica, glass, colladion. The

results are presented in the following chapter.

Bs EXPEKIMENTAL

Preparation of specimen

The apparastus used for preparing the deposit films
was as shown in Filg.( 45). A pyrex tube of dia. = 5.26 cms.
and length -~ 30 ocms. was clamped horizontally and rubber
bungs were fitted at the two ends. Two terminsls were taken
out and were used for hesting the filament containing the
ssmple. The whole system was evacuasted by rotsry pump and
011 diffusion pump end the Vacuum was of the order of 10™°
mm. Hg tof=10°‘ mm Hge. <Substrates were kept nearly 2-3 cms,
away from the filament. When the deposition at higher than
room temperature was required the tube was heated by &
eylindrical furnace placed esround the pyrex tube. The team

~-perature of substrate was indicated by a thermocouple. Before
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eveporation the filsment was first flushed to white hot |
several times and then the bulk sample which was to ;;w
evaporated was put into it. The rate of evaporation was
controlled by an external variac. 4fter the deposition
was over the heater was removed and the substrate was
cooled down to room temperature in vacuo. These films were
then examined by electron diffraction csmers (Finch'typo),
fabricated in this laboratory. Filleaments used were from
tungstan wire. The initial flushing of the filsment was
essontial in order to get rid of surface impuritlies of

the filament.

greparation of substrates

Substrates used for depositing films were (102),

(110}, (111) faces or rock salt, cleavege face of mica,

polycrystaliing NaC1 and smorphous glass surfaces.

EEFNY

(100) faces of rock salt were prepared by cleaving
single crystals slong with cube edge direction with the
help of a clean and sharp edged knife by applying sudden
pressure. Untouched cleaved surfaces were used s substrates.
Sometimes the particles adhering to the surface were removed

by using a cemel-hsir brush. FProper precautions were taken to

avoid any conteminstion ofkgroi?e wiéh-@he subst:ate surfaces.
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(110) and (111) faces of rock salt were prepared by
grinding the crystals very csarefully with different grades
of emery paper down to 0000, Afterwards the surface was
etched with running water and dried immedliately by pressing
between fresh filter papers. Mica substrates were prepared

by clesving them and immediately used.

Glass substrates were prepared by cutting "Gold-seal®
slides into convenlent sizes and grinding shsrp edges. These
were then trested with nitric acid and finally washed with
distilled water. The glass substrates were then dfied by
pressing them between fllter papers and finally heated in

an oven at = 11000 and cooled,

The substrates thus prepared, vere then transferred 6;ﬁtho s

R

deposition chamber where the deposition was carried out as
described before.

Examinstion of specimen

Deposits obtained on various substirates were studied
by reflection or transmission electron diffraction techniques.
Deposits obtained on rock salt or polycrystalline HaCl vere
firet examined by reflection and then by transmission method.
For the latter, the deposit-films were removed from the
substrates in the foliowlng way. The deposits,along with
substrate was slowly dipped keeping the deposit-film surface
horizontel in a large petri-dish containing distilled water.
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Water slowly dissolved the top layers of the substrate
in contact with the f1ilm and thus leaving the film to
fleat on the water,?ﬁa¢deposits were then eollected
carefully on a collodian film placed en grlda.

The electron beam used in the cemera was accelerated
by voltege < 60 to =60 :V. The specimen were examined
at different angles of azimuths by rotsting the film witl
respect to the beam direction. For the analysis of the
pattern, colloidel graphite was used as internal standard

and 'd’ velues of various reflections were measured.

The method of interpretstion was similar to those
already discussed by early wdrkers)aapocially,Finch and
Wilman (1337), Thomson end Cochrane (1933), Wilman K
(1948, 1943, 1962}, Pinsker (1963) &nd others. The details
of the methods of interpretation 1s already given in
Chapter II.

C:  REBULTS

A e s ST

SnEe and Engﬁoa

On_(100) NaCl - Evaporation was carried at different

substrate temperstures ranging from room temperesture to::4&o°c
on (100) faces of NsCl crystais for different period of tize.
Turing the several trials of evaporation it was found that
higher substrate temperature conditions, favoured the epitaxial
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growth. The deposit films exhibited different types of
patterns conforming to polycrystalline materials with or
without preferred orientation of the deposit crystal or
two degree orientations of them. Lven though, reflection

atterns d1d not always yield chsracteristic of . 2-d.!
orientation, the basic pattern indicated that SnSe films
grew epitaxially on ¥aCl crystals, when deposited in vacuo,
at higher substrate tempersture. The pattern (Fig.4¢) at
100°C shoved the polycrystalline nature of the deposits ani
the dhkl valueg of different reflections correspond to the
normal orthorhombic structure of Snte. Similar patterns
were also observed upto 200°C. Patterns obtained mostly at
higher temperatures namely from 250°C to ~~ 480°C showed
that the deposits developed 9-4 orientation, some times
accompanied with rings (Fig. 47).

The above diffraction pattern is rather complai. The
general disposition of the pattern shows that spots are
erranged in a square net work, with spot at the centre of
esch diagonal. Closer examination, however, revealed that
each of three bright sbﬂZ at the corner of square net
work of pattern, consisted of two individual spots very
close to each other. These spots were clearly resolved vhen

looked through s masgnifying glass (especially in the negative).
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Further these pairs of spots at the corners, instead of
forming & scuare net work, form two sets of rectangles

with undiffracted spot at the origin, This iz most

T R A KA v N aidhat

clearly sesn in Fig.(/¢) when highly enlerged. The
appearance of two clesr spots (wéll raesolved) at a 4is-
tance of 3.13, however, falls on the ceatre of & diagonsl
originating from undeflected spot for two rectangles. The
'dhkl' values of thesze two sgpots 1.e. along with spot rows
st right angles to each uther ere 2.242 and 2.082, respecti-
vely. Thus such net work of spots forming rectangles had
'dhkl' values 2.082, 1.668 and 2.242 corresponding to 200,
220 and 002 reflections of orthorhombic structure of SnSe.
Further the appeasrance of recond set of spots close to the
previous one, were. no,goubt, due to the rotstion of the

erystal by 90 with undeflected beam at the origin. -

The above disposition of spots, is however, consnsistent
with the deposit developing {001} orientation with azimuthsl
rotztion 90° i.e. {901} plane of the deposit was parallel
to (100) face of rock salt, such that & and b of the-
reciprocal lattice which are right angles to each other would
1ie on plane of the photogrsphic plate. Fig. (49) shows the
analysis of spots with their respective indices. It is

evident from the atove figure ( 49 ) that r*131o of one
erystal)wili be slightly awsy from "110 of the other crystal,
which was actually observed in the pattern. It is also L
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interesting to note that‘ovin though the lattice dimensions

and arrangement of atomg of Snse of orthorhombic structure

8 & 4.19%, by = 4.464 amd co* 11.678 are vastly different
frow th:t of the substrate. There are, however, present

& few extra spots such as 100, 010, etc. in the pattern
observed. Further, from the disposition of spots from &n&o'
deposits with respect to axial direction of NaCl, it was
found thet (100> or 010> of SnSe deposits was |
parallel to <:1107> of HaCl and vice & versa Fig.(4%2).,

On (111) face - The deposits formed on (111) face of

NaCl ylelded patterns similar to Fig.(50). These patterns

are also complex. It 15 also geen that quite a number of

spots are disposed 1n hexagonal arrays. There are also two
pair of spots, which sre in the hexagonal arrangement and __ 5

these reflections appear to arise from two individusl crystals

but not from the same crystal. This suggeste that the depo- '

sit erystal developed two hexagonal structures and a, values

of each of them was found to be 4.192 and 4.462 respectivell.

'C!' axis of these orystals were slong with beam direction as '

scen from the hexagonsl disposition of the spot pattern. e

It was, however, not possible to find out the e, for each
of them and to decide unamtiguously whether the deposits

were of hexagonsl cluse type structures. From the pattern
further it is seen that there are zlso a few additional

spots sppearing in pairs just inside r’,gq OF r'opo With
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'dhkl' values 2".41?\ corresponding to (11l) of e strucfuro
vith a, 4.188 to 4.25%. Thus indicating the formation

of cubic ortetragonal structure with a between 4.183

to 4.25§i Since beem direction was along 'C' gxis in the
case of transmission patterns, it was 1ot possible to decide
uniquely the 'C!' axis of the crystal and hence whether the
structure was cublic or tetragonal. Tbo ﬂetailud analyait
can also xplain thc sppearance of mout of thn spots

including feint apots, some of which can be seen in Fig.(5.,
obtained at substrate temperature <~ 350°¢c during deposition.

On_(110) face -’Eepositn of &nSe formed on (110) face
of rock salt at <~ 30°°C and above yielded patterns which on
casual looking appeared to be complex. There are some featurel;
such as rows of spots at right angles to each other giving
rise to step-like appearance through out the region of |
pattern. A closer examination of these spot rows, however,
revealed that the intense strong spots st a distance 2.083
and 2.242 form vf§- type of rectangles, rotated by 900.

#1g.(51) shows the theoretical pattern, which explains most o
of the prominent spots in the pattern (Fig. 52). In sddition -
to the basic pattern thédre are some extra spots, possibly

due to hexagonal modifieation.

On collodion and NeCl tablets(polycrystalline)

EnSe deposits at different temperaturo-/rrom room
(-]
temperature to about 200 C ylelded ring patterns corresponding
to polycrystalline deposits, ‘'dp ;' values of all the rings
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analysis of Fig.( 46)

EnGe polyerystslline ag=4.19%,
b, > 4445k, € = 11,572

P Y F R A e taibadnda L 2 Rl B L AP R F A 2 A L L 2 % 5 % 3

Intensity  d & a hyk.l.
/i, (observed) (caleulated)
r 4.18 4.06 011
4.16 - 101
Mok 3.87
s 3.10 3.1 110
s PN 2.4 111
n.f. €38 233 121
» £.18 Zel? 311
s 2,08 .14 31
MeSe 1.3
BeS. 1.886
g 1.81 -,
¢ 1.78 1.77 331
Vol 1.72
s 1.64
s 1.49
BeSe 1.403
MeSe 1,348
4 1.28 1.31 013
v.f 1.202
4 1.18 1.17 212
vl 1.08
¢ 1.038
v.f Ued?
v.f D¢
v.f 0.86

- o om e -y W - SO U P D A W b e B b A N S s C L A PN % % W RN X R B ¥ 3



s 108

in the pattern correspond to 'dhkl' values of normal
orthorhombic structure (Table 6 ) as already mentioned
before.

Deposits of SnSe on collodion at <~ 300°c yielded
ring patterns (Fig.53). it is seen that reflections
consisted essentially either all odd or even indices
(hkl) with aoira.lsz, 8 characteristic of F.C.C. type
structure. Further it 1s also seen that  111 reflection
was strongest, whereas 20C practicelly absent and 220
of medium intensity. These characteristic suggest that
the deposit developed ZnS (zinc blend) type structure,
similar tc SnE as observed by Badachhepe and Goswami(1964).

Feflection patterns on glass and mica substrates at
room tempersture were diffuse, whereas at higher substrate
temperatures ylelded patterns (Flg. 5/ ) showing a charac-
teristic of one degree orlentation of &nSe deposit crystals.

Sngteg deposits on (100), (110) and (111) facesof NaCl
sand on glass and mica ylelded patterns similar to those of
&nSe patterns discussed above. |

Enle
on (100) Nagl.

SnTe deposits on (100) face of NaCl ylelded ring

patterns due to polycrystslline material (Fig.55) practically

at all the temperatures ranging from room temperature to
~200°¢. At higher substrate temperatures from 250°C to
~~460°C deposits ylelded patterns (Fig. 5, ) characteristia )



Fig 55 Fig 56.

/:17— 57. /:fé', 58.
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Analysis of Fig;( 55 ) &nte culie

intentity d d(x-ray) 1/1y hil-
K/EO ﬁa x-r‘y

L . L L. T 7 ¥ T 3 2 0 ¥ £ F L. 2 2 2 2 X X & X L &2 & & 2 L 2 X ¥ 3 LR T 1 1 4 2 T FJ

8 3.11 3.13 70 200
V&, 2.21 2.22 100 . 220
BeS. l1.81 l1.82 60 222
Vels 1.58 1.68 40 400

8 1.40 1.41 30 420

8 1.28 1.286 80 422
V.f. 1.13 1.12 30 440

mofc 1.04 1006 70 442
800

el 0, 8 0393 60 620

LR X L 2 St L X L P L B D L B & 0 L 2 T 1 R L R B 2 K 2 L X X ¥ % L 2 X X X B J

mean &, == 6.313
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of 2nd orientatiod by transmission methods. It 1s seen
thst spots formed s square arrsngement. The snalysis of
spof patterns as well as polycrystalline ring patterns
(F1g.59 indicated the formstion of cuble structure having
: ad::ﬁ.afﬁi From the polycrystalline battifna 1t was slso
seen thst 111 reflection of &nTe was practically absent
unlike SnSe or &SnS. Intensity distribution of different
reflections conformed the above fact that 111 reflection
was practically absent. This suggests that Snle developed
NaCl type structure. Since Sn and Te have practically the
same electron scattering factor, the abtsence of 111:

reflection is quite understandable.

i ; .
On (111) face of rock salt - Deposits of inTe on

(111) face of NaCl particularly at higher temperatures i.s.
from 260°C 'to~480°C ylelded patterns, of ten forming arcs,
disposed hexsgonally (Fig.57) no doubt, dus to {111} ‘
orientation ocn (111) face of NaCl. S L

On (110) fsce -~ Deposits formed on (110) face of NaCl

yielded patterns exactly similar to those formed on (107)
face of NeCl, thus indicating the development of (100)
orientation on (001) face.(Fij53), o

On micep -~ Deposits formed on mica (0001) ylelded
very interesting patterans. Fig. ( 59 ) shows the pattern when

the beam was along a certain direction of cleavage face of
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mice amd Fig. ( 60 ) when the specimen wes roistod by 300.
Both the patte:ns however repeate¢ theuselves when
rotated by 600. Further 1t ir seen that in Fig.(57) the
disponal of rectangle hed spots at 1/3 and 2/3 distancee.
This however suggests th:t deposit develojped 9¢L-§111}
orientation. But the messurement of spoterow szlong with
plene of incldence and horilzontsl direction in Fig{sﬁ)’
are in the rstilo 1; | 2, wvherest 1t should have been in
ratio J?;z qréi‘ (1:2 J 2). similerly for 30° szismuthal
direction of tﬂe pattern the ratioc of spoterows in the two
directions wuuld have in the ratio Jg} Vrg; but they are
in the ratio JEE; \[;1 Thus theoretical psttern: for
2ol <111} orientation are as shown in fig.(é[éﬁ. 'Io

resolve ithis difference negative was closely examined.

It vwas also rfound thet in addition to the strong spots
there were many spots compsratively faint which were in betweonf%
the strong spots. Considering their cJisposition it was found :
that instead of strong spot forming the first reflection in
the plane of incldence corresponding to fiii; reflection
wag considerably falnt, and 282 reflection was very strong,
thus giving rise to strong spots corresponding to <ven

reflections only.

Ds: L18CUEBLTONS

Deposit films exhibited patterns corresponding to
0
normsl orthorhombic structure (a,=~4.l1la, boe:4.462 and

QD
€ = 11.674) upto o 200%¢ but at higher substrate temperstures
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there was a phase transition taking place to give rise

to & cubic or tetragonal structure. A similar transformation
of orthorhombic n8 to cublc and he.cepe has also been reported
by (Badachhape and Goswam!, 198)). They have alao{?ga;u%tho
new values of hkl on such transformstion. In additiSh a
cubic modifieastion of 4nt type with aoczﬁ.lﬁg has also been
found. This modification was eimilsr to that obgerved for
&nfe., This phase transition from orthorhombic to cubie

1g possible generally when one axis out of three 1is large,
practicslly double to either of the two remalning axes.

The formation of such a cublc structure ig 1llustrated in

Flg.( 63 ).

Epitexiel growth

it 1s also interesting to point out that the :rrangement
of stoms in &nfe, 8n,se, which have orthorhombie structure
is vastly different from that of isCl which has = cuble
structure. Even though the lattice spacling and atoumie srrange-
ment of deposit and the substrate sre so vastly different, the
deposits of chalcogenides of on grew epitaxislly st appropriate
high tesperature (above 20000). fuch growth took place on
all the tiree different faces. For such epltaxial growth it
is but natural th=t the deposit film would be subjected to a
considerable stress because of misfits of stoms betwesn the
deposit and substrste layers. Under the infiluence of intere
atomic forces, &= well ss the cunsiderable substrate temperature,

it is quite likely that the deposit stoms may slightly rearrange.
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Ihis will result in developing a new phase during the
‘epitaxiel growth process. It 15 2lzo Interesting to

note th:t v;gt and 'b ' of the orthorhomile phase are
nearly eguzl and hence with a slight rearrangement of
atome both the axes have same value. Further the davc-A
lopment of coplete cublc structure of ao¢=6.163 also
1nvolvés the resrringement of the 'c' axis. Badechhape

and Goswami(196}) have already snown Low sueh rearresnge=
ment tokes plece in the case of &ni deposits. It is also
to be noted thut most of the modified structure was obsors
ved in the cese of eplitaxially grown films. This, no doubt,
clearly shows the influence of interatomic forces in

structure and phasge cl.ange of thin filas.

For 24l %}llk orientation of f.cec. erystale by re-
flection methuds, it has slready been observed by many workers
that refiections upto urd, even of nigher orders have more or
less same intensity. bBut in the present case it was however
noticed thst all even (hil) refiections were very strong tf 
wiereass al! odd {(hkl) reflections wer: very wesk. These strong
reflections gave rise to rectangulsr disposition of spots with
sides 1in the ratlo of 2 | 33 Vréi, (1:~J’5} as observed
in the present case. This ecullar ilatensity-distridution,

iz, however, not clearly understoud as yet.

L2 2 0---
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CHAPTER VII

SUMMARY AND CONCIUSIONE

In the present 1investigations on semicondueting
properties of vacuum deposited fllws snd alsdo on erystal
growth process, ty elsctron diffraction, an atteapt has
been made to stendardide the measurcment of semiconductor
parameters for thin film, evaproration condition and other
factors, controliling these propevties, snd st the same tize,
stuty the surface structures. Sollds in thin Iily state
often hava distinctive structural snd physical properties

Th
sbsent 1nkau1k form,

In order to investigsate these properties of fllius a
new device was developed. After many triale, the melhnd was
. adopted for measuremcnts °f gemlconducting parsmeters. Many
of the diffieulties involved in this film measurements, nszely
flimsy clisracter, their contsct problem, evaporstion of films,4
oxidstion ate. with tempersture, wvhich consequsntly csuse
unreliablility of the measurements, had conslderably been removed
in this device. Ths measurlng technigues for different araseters
of the semiconduetors, were stenderdizec and the practiesl iiszits
of ﬁiximum temperature of heating of the specimen governed by |
the temperature of diseontinuity (I4) of the individual film,
was detersined and the annesling teuperature in sach case

also found out.
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A detailed study has been made by this device
on the different semiconductor parameters, nsmely
resistivity ( e ), energy band-gap ( AE), thermo-
electric power { X ), temperature coefficient of
resistance (TCR) etc. at different temperature region,
for the vacuum deposited films of tellurium end sulphide,
selenides and telluride of tin with thickness varying
fronm 5003 to c:eo,ooai. Corresponding structural
festures were also cetermined by electron diffraction

methodés.

The discontinuity temperature (Td) of tellurium films
was about 18000 and the variation uf resistance of tellurium
films with the tempsrsture both during hesting and eooling
cycles was determined. Resistsnce of fllms decressed vth
the increase of temperature, which was a charscteristie
feature of semiconductors. From the slope of straight
line m(log R Vs L’T) the energy bandegap or activation
energy ( AE) was calculated. It was found that the
activation energy ( A k) varied from 0.32 eV to ~0.44 eV
for the films of thickness ranging from 13,0003 to /:600?;.
Higher value was, however, observed for thinner filas,
whilst lower vslue for thicker films. In order to study
the film properties with corresponding bulk properties,

experizents were also carried out on compressed bulk
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material obtained from tellurium powder. activstion
energy ( A\E) for such btulk msterisl was ~~ 0.328 eV.
Thermoelectric power ( X ) for tellurium filzs was
doterlined and found to be nearly constsnt for all

f1lm thickness ( < 340 /L volts/°C,, except for very
thin films ( 2 600%) for which it was 400 y.volts/ C.
Negeéivo teuperature coef{iclent of resistence was of the
order of ~10°2/0¢ anda 1t decrcased with the rise of

tempersature.

In the case of Snte, Sn2&03 and SnS films log R Vs
1/T curves showed two regions of slope. Films heated to
higher tempjerature region showed irreversible change in
the conductivity snd the room temperature resistance |
was less compared to unhested specimend. (his appears
to be due to a phase-change of the specimen namoly}%hangc
ofzg}thorhombic 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 ceses plso thinner film had higher
A B compsred to thicker films. Temperature of discontinuity
(T,) for all the filus of tnSe, Sn,Sg and Sn5 was a10°e,
320°C and 330°C respectively. All the films were found
to have much higher resistance ( -4N-2- to -~ 100M-2 )

&n5 films showed the maximum resistance. Snﬁe,SneSos snd
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Snsltilns vere found to be 'p! type semiconductors having
thermoelectric power <= 166 (A volts/°C, lao/ztvoltu/oc
and 160;4x.volta/oc, respectively. Negative temperature
coefficient of resistasnce decreased with the rise of
temperature after reeching to a minimum, agein increased
with the further rise of temperature. 7This behaviour
seems to be due to the contribution of the factor C/T°

at higher temperstures in the expression for TCR. The
temperature at which minima took place was dependent on
film thickoess. The shift of minima on highsr tempersture
side was for thin films.

- BnTe filus unlike snSe, Sn,Se, and SnS did not show
any fall of resistsnce with increasing temperature in :
log R Vs 1/T curves. The curves on the other hand,
showed a slight increase of resistsnce with increasing
temperature, suggesting a degenerate system similar to
that of 2 metallic conductor. Low thermoelectric power
(X~ 42 _4.volts/°C) independent of film thicknsss, also
confirmed the above view.

} An electron diffraction study was also carried out
on the crystal growth process of tnfe, SngSeg and SnTe
filas on (100), (110) and (111) faces of rock salt,
cleavage face of mica and also on collodion films at

different temperatures, ranging between roum temperature
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to ’—”—wooc. Even thougn the films had structures
dissimilar from the single crystsl substrates, they
grev epltaxiaily on them, often with the formation

of new phasesg, depending oﬁﬁiﬁbstrato temperature.
Deposits of &nfe developed a normsl orthorhombie
structure with the lattice constant 300:4.192. b°8=
4.464 and c,~11.67& upto 200°C. On the (100)

face of rock salt, at higher temperstures deposits
devoloped two structures (ao::4.132 and 4.453)

growing epitexially, but rotated by 90° and possibly
with the {001] ; plane parallel to the substrate.

On the (111) face)dnposits devoloped'again two phases
with {111} orientation. 0On (110) face also deposits
developed two similar structures rotated by 90o to esch

other. A third structure {cuble, aoc:s.IEX) was also

o
observed on collodion at temperature ~300 ¢, Deposit
filmg of anascs developed similar orientations as observ

-gd in SnSe.
&

SnTe deposits dovelopedxf.ﬁlc. structure with
8.~ 6.3I. Films grew epitaxially with suitable temperatures
with {100} , §100} , 5\111} orlentstions on (100),
(110) snd (111) faces of rock salt respectively. On mica,
however, deposit crystals developed 2ed« {111} orientation.
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The above studies showed(i;f&anw cases| that
the physical properties sre depending on the surface
- structures of the deposit films. it has been observed
in this Laboratory thst there exjiists a btetter correlation
between semiconcducting properties snd structures of thin
films in the case of InEb single crystzl films, grown oa
mica substrates. It is expected, therefore, that if g
similar study could be made on epltaxially grown single
crystal films of these sulphides, selenides and tellurides
under 8 sultable substrate temperature and deposition
condition, a better conclusion regarding the electron
transport process could be arrived. 1t may, therefore, be
mentioned that at the present stsge of the development
of "Physics of Thin Films*" none of the theories can
satisfactorily explain meny of tie features of thin films.
To account for these, one has to take 1into consideration
certain charscteristics such as defects, volds, surface
asperities, ete. which sre invarlably present in films.
A theoreticzl treatment taking into account of these
factore will have a better chance to explain the
exparimental results quantitatively.

.--O---
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