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CHAPTER = I

GANERAL TNTRCDUCT ION

£, Thin fllms, their nature, structures and properties

During the last two decndes, great technological feats
have been achieved in missiles and rockets as a result of
intensive space research, ministurizations snd development in
electronic devices for power surply, rectifications, amplific:-
tions, detection systems, storing of light energy and release
on demand, refrigeration znd the like. The above have Leen
possible becsuse of the development of new materials known as
sexziconductors. Intensive researches are going on throughout
the world to se¢ek for better and better materisls with special
and desirasble properties. Ais a result, interecst in 'thin film
physics' has greutly been stimulated.

Due to the increasing usefulness of the metals, semi-
conductors and dielectrics in the form of thin films, which
can be prepered with great ease by vacuum evaporation technique,
they are being used in meny branches of physics, electronic
snd chemistry. FParticularly, thin films are used in highly
reflecting mirror coatings, protective layers, antireflection,
beam-splittersy reflection and transmission type interfercnce
filters with nerrow and wide band widths, polerisers,
radiation detectors; coating for image forming devices,
1ight intensifiers and solar energy converters; surface filzs

for controlling the temperature of satellites,
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passive and active electronic film components, thin file

circults and superconducting film devices,

These films can be prepared by va:ious methods, such &s
cathodlic sputtering, chemical deposition, vapour deposition
and anodic oxidation etc, under controlled and reproducible
conditions, The electrical, ortical and mechanical properties
of the vacuum deposited films are generally derendent upon the
evaporation conditions and the purity of the samples, The
quality of the deposits, their appearance and physical properticc
are also strongly affected by the presence of gss molecule in
large amount, Further the structural, electricszl, optical and
mechanical properties of thin films may differ considerably
from the bulk materials, The structure of evaporated films can
be amorphous, polycrystalline or single crystal in nature,
depending on the conditions of the evaporation, substrate tempe-
rature etc, The films can be compect and hard or porous and
soft, Controlling the deposition conditions, such as rate of
evaporation, substrate temperature ete. new orientation of the
deposits possibly with different electrical properties can be
induced without ruch difficulty., It is slso likely thet semi-
conducting propertics such as resistivity, thermoel:«ctric powcr,
nature of the cerriers, etc., can be changed with the change of
ev:poration conditicns, It has been shown by & number of workers
viz, Pashley (1969), Matthews (1968), Phillips (1960) thet a
high density of lattice defects viz, dislocations, stacking

faults, voids, microtwins, are normally present in fllms prepared
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by vacuum evaporation technique, Their presence accounts not
only for the difference in intensity of diffraction patterns
by Zerays and electrons but 2l:o for the electricsl behaviour,
Dislocation density in thin films, which determines, like
impurity effects, the activation energy can be changed at will
in thin films, thu:s considerally wodifying tre semiconducting
properties of the materials. Iy studying the trin film proper-
ties one can get fundsmental informetion about the bulk
msterial which may not be acces:ible by any other method
(“ayer, 1969).

The physicel properties of the materisl in disorcercd
state can be stuiled with great ease when the meterial is in
the form of thin filn since films can be produced in such state
end they have @ high specific surface erea. Dislocations and
other imperfections in filws can be easily studied by electron
microscopy. The elastic and plastic behaviour of met:ls can

be studied easily in the form of thin films,

Thin film technique has become sn important tool In the
solid state rescarch especially in the field of semiconductors,
magnetics and superconductivity. DBefore going in detail through
the physical properties of the semiconducting films, it is
worthwhile to state here that a thin film, mathemetically, 1s
regarded as & plane-parallel layer, which is extended infinitely,
the thickness varied from zero to a value which is comparable
with the wave length of light and characterised by refractive
index and absorption coefficient. 1In reslity, filws are not so
sinple but consist of features characteristics of the growth

process.
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It will be seen from th¢ thin film work that the
sensitivity of the semiconducting layers towards chemical as
well as physiceal imperfection allows & gnod control of the
condensed leayers which was not possible to achieve witl other
materisls. It 15 also to be noted that the surfece properties
are genernlly quite different from the bulk properties.
Microstructure of the film is gen«<rally related to the special
techniques of preparation availsble jor thin films slone thst
cannot be econouically epplied to the preparation of the bulk
materisls, The properties exhibited in bulk can be changed
vith great ease by studying the material in the form of thin
film stete., ‘Fven many metals behave ss semiconductors only

vhen they are in thin file state (Mayer, 1969).

In order to understand the “physics of thin films™ 1t
is essential to know the mcchanism of conduction, theory of
thermoelectric power an” other semiconducting pesrareters for
bulk material and their applicability to thin film, Considerable
work has been csrried out on the bulk meteriasls dbut very little
on the thin films, especially on their electricel and thermo-
electrical properties. It wvas thought to cerry out the invesvigation
electrical as well as thermoelectrical properties of the
meteriels in the form of thin films, The study hes thrown some
new light on the conduction mechanism, thermcelsctrical and

other properties in thin films.



b+ Theory of conductivity

It is well known that the physiczl properties of the
materisls are structure sensitive, particulerly these sre more
so 1n case of semiconductors, 7To understand their behaviour
clesrly we have to understand ulso the mechanism of conduction
in metals in the first stage and then its applicztion to semi-

conductors as well as insulators.

The siuple theory of rechanism of conduction both for
the electriczl and thermal was postulated first by Drude (1900)
and developed later by Lorentz (1804-5) is known as the free
electron theory of metals., The mein assumption was that
electrons in case of metals are free and they can move through-
cut the metal lattice without much hindrsnce similar to the
movement of gas molecules in a closed space, Metal mey be
consider=d to consist of positive ions forming the lattice and
the valence electrons regarded as electron gas. These electrons
do not btelong to any particular metal ions snd can move
unimpeded in the metal ion lattice, The movement of electrons
in this case 15 guided by the Boltzmann distribution law of the
classical mechanics. The effect of mutual repulsion between
electrons as well as the interaction of negatively charged
electrons by potential field in metsl lattice is, however,
neglected in free electron theory of gas. This simple theory
broadly explains the general physical behaviour of met:cls, but
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falls 1in some cases, as for instant, for the specific heat of
metals, With the sdvent of quantum mechanics, Somzerfeld
(1928) first applied the Gquantum mechanical concepts to the

motion of electrons in solids,

In his theory he assumed that the electrons were guite
free and did not make frequent collisions with the atoms of
the solid, They could move in s field free space, the field
of force due to atomic cores and other electrons being smoothed
out except at the boundary of the solid, According to guantum
mechanies, though the free electrons in solid ere indistinpuish-
eble, the state of each electron i.¢, energy level is determined
by quantum numbers such #s X, y, z and also spin quantum masbers
thaet last having two values, positive as well as negative for
esch state, Tt 1s well known that metal contains sbout 107
atoms per unit velume, and in the case of monovelent metals,
the number of free electrons available 1s 10°° cm™> and the
allowed energy levels for the valence electrons of metal lie

very close together,

According to Fermi-Dirac statistics, as applied by
sommerfeld, the probability of occupation of a particuler quantw

state by electron is given the relation

] 1 e8¢ e (1;’
Pe(i) 2 exp, [ (E-Eg)/KT + 1]

where £ 1s the energy as:oclated, WwWith @ particular level and
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Eg = 20 cslled Ferml energy. 1In deriving the above formuls,

he slse took into account the Peuli's exclusion principle, It
is to be noted that the sbove expressicn is valid only wvhen
each quantum stete is non-degencrate, In case of the degenerate

levels of degree 'g' the above expression becomes.

-1
Pe(E) = g x exps{ (E-Ep)/kT + 1 ] eeee (@)

or the equation (1) can be written as
Pe(F) = £ { (S-5)/kr )
vhere £(x) ® 1/ (eX+1)

vhere f(x) 18 called the Vermi distribution function, and the

exprassion (£) reduces to
Pe(E) = gx ¢ § (imEg)/kT ] N )

It cen be seen that vhen x is large and positive, the vslue of
£(x) will be very small, This suggests that the probability of
occupation of a level 1is smsll vhen (E-Eg) ) kT. On the other
hand L{f x 18 large and negative f(x) ~ 1 which indicates that
the level 13 slmost occupied if E-Ep(< kI. 1t can be also seen
that 1f x ®* 0 then f(x) = ¢4 1in such case, the probabllity
1s reduced to g§. Froam the above discussion, it csn be seen thet
in any case all levels having energy wuch greater than Eg, are
more likely to bte empty whilst, having energy much smaller than
Ep, are wore likely to be occupled. The en:rgy level correspond-
ing to ‘g 1s called the Jerzi level.



The actual distribution of eleetrons among the aveailable
sites st any temperature is given by so called Fermi-Dirac
distribution law.

n(E)AE = 2N.(E)Pg(Fr)dE eeaes  (4)

where n(E)dE {s the number of electrons in the eonduction band
with energies between E and E+dE; and Ny(E)dE 13 the nunber of
allowed levels per unit volume in the conduction band in the
energy interval £ and E+dE, liere the factor 2 is taken in
order to tske into account of the spin degencrsey of each leval.
Finelly tre formulse obtained for conductivity and carrier

concentration per unit volume are as follow :

of ese s (6)

. \8
N = g -i_‘ i [ RN N] (6)

wvhere -~e¢ 18 the charge of the electron, = is the mass of the
electron, h is t:e Planck's constant and U 1s the velocity of

electron at surface of the Fermi distridbution.

L3 8 result of the Sommerfeld theory, the small contri-
vution in specific heat from the electrons was &luo explained,
liowever the ldeas on conduction of electricity in metsls
repeined the same as before, Jommerreld thecry could not,
however, distinguish between metsls and insulators. Later on
the smoot-ed out potential is replaced by a periodiec potential
by taking into account the intsractinn between the electrons
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and stomic cores which are situated at the lattice points of
the crystel. The important feature of such an potential is
thet it has the same periodicity as that of lattice and the
motion of electron in suck a potentisl was discu. sed by Lloch

(1928) by means of qusntum mechanics,

The solutions of the wave function for suck a periodic
field are of the form,

W 3 Uk( Y)cikty smene (?)

where Ui(Y ) hss the perlodicity of the lattice. On free
electron model all values of the ecnerglcs were nllowed bdut in
periodic potentisl there are forbilden ranges of energies where
solutions representing sn electron roving through the lattice
do not exist at all, This means that electrons oan occupy only
certein energy levelz and other energy levels are forbidden for
occupation. The another consequence of above thecry known as
band theory is the introduction of the concept of the effective
mass of electron wvhile moving in a periodic potential field asnd

1s given by the relation,

1 1 . (-‘)EL sess e (a)
PR OGE

vhere m* is the affective mass of charge carrier, E is the kinetic
energy, & 1s the wave vector and h is the h/27 . It 1s to be
noted here that m~ - effective mass of charge carrier is &

function of direction in anisotropic bodies and is then expressed
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by a tensor, the acceleration and force mey not even be 1n the
same direction., One more important point to be noted in
Jommerfeld theory that the allowed energy levels for the
valence electrons of a crystal lie very close together and
their values extend from nearly the bottom of the potentiasl
trougk in wvhich the clectrons move to indefinitely righ values.,
i'or other electrons the energy levels are sssumed to be
undisturbed and are just atomic energy levels. These energy
levels form a sort of band and can be regarded as a continuun
for many purposes, Taking into account the formation of
different bdends due to the pericdic potentisl field, we can
explain the conduction phenomena in different metsls as well

85 insulators.

Wilson in 1931 put forward the 'zone' theory and explain-
ed the conductivity of divalent metals like Ca, which should

behave a5 an insulator.

According to zone theory, an array of monovslent atoms
should alwvays show metallic conduction as long as there is sore
overlap betveen wave functions of the atoms, because such an

array is described in terms of wave functions which fill a zone
completely.
Let us consider a linecar monatonic metal lattice contalin-

{ng 'N' atoms. 1If each atom has two valence electrons, there

will be a '2N' electrons completely £111ing the 'N' energy
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levels since according to Psuli's principle, each energy level
can sllocate two electrons having opposite spin. If there is
an appreciable encrgy discontinuity separating bands, there
will be no way for an applicd electric field to accelerate the
electrons &s there are no vacant states of higher wave number k
into which the elcctrons may be acceleratcd, It will behave

as an insulator,

1If there is only one valence electron per atom, the
corresponding number of electrons will be 'N' and there will
be 'N' quantum states, According to Psull's exclusion principle,
each state can accomnmodate two electrons having the opposite
spin direction, ocut of 'A\' states avellsdle, only 4N will be
f1lled b 'N' electrons. In this case the band will be only
half-filled and the specimen will be conductor. Alkeli metols
like Nz, i etc, are good exmmples of this whercas alkaline
metals such as Ca, Ma etc. should behave &8s non-conductor as
envisaged in the first case, Lkut they are not so. Froz the
three dimenaional periodiec model, however, it can be shown
that there will be overlap of two sllowed zones and hence
electrons can sove fromx one zone to snother even in case of
two valence electron metals like caleium end will behave &3 a
conductor but a poor one. It has been found that the concept
of band theory is suitsble not only for metallic erystals but
also for semiconductors, insulators and ionic crystals.
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in » orystsl electrons can occupy 8, p, d.....states,
The inner elcctrons sre more tightly bound to the nucled
whereas the valence electrona or the outeraost electrons are
s0o te say loosely bound to the miclei. 1In fact, in metallic
sodius 33 electrons do not localize to any particular stom in
s crystal. The inner electrons tightly bound to the nuclei
do not, howvever, play any important role in conduction phenomens
and hence they are normslly not considered, S0 is the case
with semiconductors and insulstors., In non-metals the broed
bands that lie above the inner electron barnds can be divided
into groups nusmely valence bands whose available states are
occupied by valence electrons #nd the conduction band whose
avsilable ststes can be occupled by electrons thus contributing
the electrics) conductivity. These two bznds are, however,
separated by a forbidden band of energies ss staced before in

non-metals.

At absolute gero tempersture the availoble states in
valence band are completely filled whilst those in cenduction
band completely empty in case of non-metals particulsrly. with
the rise of tempcrature transition between stzte in the highest
filled band and the lowest empty conduction band are possitle,
the band gap or forbidden band towever, determine the amount of

energy for transition from higher to lower state.

vemiconductors

These form a class of materisls whose conductivities

are in between metals and insuletors. It is pos:ible. however,
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that in extreme cases the conductivity of such material cen be
a3 high as 8 poor metal conductor or as l1ow u8 that of an
insulator. Generally their conductivity lies betwoen 10™ to
10% one™! ca”l, The main properties of tiuls class of materials
can be denotsd as, they have negative temperature coefficlent
of resistance, high thermoelectric power, both positivc ss well
as negative, rectifying effects or &t leest non-ohmic behaviour
sensitivity to light either producinz a photovoltage or chang«
of resistance, These behaviour could be explained caslly from

the band theory of solids as applied to the semiconductors,

At the sbsolute zero temperature, the conduction band
in cese of s pure semiconductor is complctely empty which 1s
separsted from the filled band (valence band) by the forbidden
energy gap A.E‘. As the temperature 1s raised slowly, the
electrons are thrermally excited from the valence to the
conduction band provided the thermal energy 1s zrester than
the forbidden energy gspe. [n such case the electrons now
occupying the conduction band as well as the vacant lattice
sites left behind thus creating a hole in the valence bend, will
both contribute to the electrical conductivity of the material
vhen an appropriste field is applied., With the rise of tempe-
rzture, the number of electron-hole pairs is also incrcased,
For such s situztion the number of conduction electrons in

conduction band or holes in the valence bend 1s glven by

¢

[y ™ n P ® A exp (-AE/2KT) (8)



where n or n is the number of electrons or holes respecti-
vely, O 18 the width of the forbidden bsnd, x is the Loltzmar.:'s
constant and T 1s the ausolute temp.rature in °5. The fuctor

‘A' may be regarded as constent to the first spproximation.

Thus ve can see that the value of n or p i3 predominently
determined by the exponential factor. The hole created in the
valence band hovever moves in the opposite direction to that of
electron {n the conducticn band, would move when an electric
field is applied, Thus in case of ideal pure semiconductor, the
electrical conduction consists of motions of electrons in

conduction band and of positive holes in & valence band,

If we substitute the value of 'A' in terms of effective

mass, the atove equation vill teke the form

3/2 3/4
ng = zggt%li x ingbnhi x up.g -AE./SKT§

sesee (10)

vhere mg and m, are the effective mass of electron and hole
respectively. It is to be noted here that the effective mass
of electron will not be identicrl with that of hole since they
arise from different bsnds. If we replace (e!/ mu ) in the
conductivity relation obtained by Sommerfeld, by the letter ' a
known &8 mobility, then the expreasion for conductivity will
take the form, ¢ ® nca when there is only one type of charge
carriers is present. In case of both the type of carriers the
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above expressfon will bde

¢ ® nemg +pey ceees  (11)

If we as:sume that the variation with temperature of the mobility
of electrons and holes in an electric field s smell compa red
with the varletion in the exronentisl factor in the equation

ng = 2 2 g%é?z'is/gx { Wg e« By }S/k x oxp.g- AE/2KT }

veves (12)

Then the expression for conductivity s becomes
0’ = G’Q'QXP.(‘AE/&T) se0ew (13)

as 1s simply proportional to the number of carriers, The
temperature range in whieh the carrier concentration is given

by the relstion
ng = Acexp.(~ AE/2KT)

i1s termed as intrinsic. When the crystal is free from any type
of defects, this range would te from absolute zero to the
melting point, 1t is slso possible to observe electriecal
conductivity where formstion of electron-hole pair is not
{mperative., In an ideal crystal each atom 18 sur-ounded by

other atoms Ln & perfect periodic lattice such the electricsl

tain
neutrality is meintained everywhere, Fut real crystsls con

tence
ceny defects such as tncorporation of foreign atoms, exis
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of vacancles, atoms at interstitisl sites etc, Lecause of

these defects, the conducting beheviour of materials changes

considerad
1934). Su

o This fact was first recognized by Gudden (1920,
defects known as impurity centers, may introduce
new energy lsvels within the forbvidden bani and serve ss the
scurces of electrons for the conduction band (donor levels)
or holes for the valence band (acceptor levels). '‘hen the
concentration is high encugh, the impurity levels form a band,
as the interaction between them may bLe sufficiently strong

enough to form an energy band,

The vwidth of impurity bands 1s gencrally narrowver than
the other bands due to the main crystal becsuse the number of

atoms of th
atoms. On the other hand, when the concentration of impurities

host crystal is higher than the number of impurity

1s lovw, the impurity levels are narrov and electrons are
loczlized at the impurity centers. The conductivity due to
impurities can be illustrated in case of 'Ge’ where each atom
tetrahedral surrounded by another forming a covalent bond

and if howeﬁer an impurity like 'Sb' or 'A.' of group V corpora-

ted which es up the one of the site of 'Ge' ator in crystal.

The four of the five valence bound electrons can he
shared with the four germanium atom leaving one extra electron
wvhich is véry 1igh:tly bound to the °'Sb' atom. The binding
energy is so small trat at room temperature practically all

antimony nicma in Ge lose the extrs electron, vhich is avallasble
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for the conduction in the empty 1-nd. The 5b atom is tren said
to be ionized, Hovever, et a very lovw tempcraturcs the
electron 1is bound to the Sb atom, In band picture, we eun say
that at & low temperature this new level 18 occupied and at
normal temperatures, it is empty. Thus there will be one
electron in conduction band corresponding with the each empty
level, &Such an {mpurity is called a donor impurity and this
sort of conduction caused by donstion of electrons froz the
donor impurities is called n-type conduction. On the other hand,
if germaniux (Ge) atom is replaced by IIT group element such
as In, the lattice around it will have a deficiency of one
valence electron, 4 very small amount of energy is required

to take an electron from one of the Ge==te bonds to put into
one of the Ime==Ce bonds, At normal tempersture¢s the In atom
wvill have an extrs electronm i.e, it will be In and we shall
have a free positive hole. 1In terms of band picture, it can
be stated that st very low temperestures the impurity level may
be regarded as sn empty clectron level, Jjust above the vilence
band, capable of accepting an eleetron. At normal temperatures
the excited electrons from the valence band will occupy the
gbove empty levels, such levels are cslled acceptor levels.

The conductivity arising from such sort of mechanism is termed
a8 p-typc conductivity.

It 13 to be noted here that the donor levels lle Just
belov the bottom of the conduction band and the acceptor Just
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above the top of the valence band., 1In such cases the carrier

concentration is given by n, where

n s Hcooxp.(-fEt/k‘l‘) sssse (14)

-

provided the electrons in the conduction band are non-degenerste,

and the concentration of holes in the valence bsnd is given dy p.
B s N °0xp 2 ‘(WE"'Ef)/kT ; XEXX) (15)

According to law of wass action, ne.p = k(T) wvhere !:(T) 1is of
4
the form fF(T)} exp { - AE/XT 3 and i (T) is 8 slowly verying

function of T,

when the donor levels N4 is much greater than the
intrinsic eleetrons, in such a case the number of electrons in
the conduction band does not vary aprreclably with temperature
and the semiconductor is called an n-type extrinsic semiconductor

and the position of the ‘ermi level is given by Ep 8 kI n(Ng/N.)-

It 18 intercsting to note here that the hand theory is
wvorked cut for a pericdic arrey of atoms vhercas the impurity
atoms in semiconductors will be srranged in a rendom manner.
However, the e/fect of melting on the resistance of the metel
suggeésts that the results obtained from any theory for the
effective mumber of free sloctrons in a periodiec lattice ought
slso to be true for s disordered lattice, the only effect of
the disorder being to add a residual resistance, lowever,
Verwvey et al. (1948) have shown from their study on Nickel oxide
that the Wilson classification is insufficlent, 1In 1949 “ott
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has suggested that in case of the atove class of materials,
the dessription of the electronic configuration in terms of
Bloch wvave functions was not correct, and reported that one
has to use the london-Heitler wvave functions in order to
describe the electronic configuration. 7The zone theory. hovw-
ever, docs not predict any discontinuous change in the number
of free electrons, or any discontinuous volume crange, Since
most of our work is concerncd with the structure and physical
properties of thin films, it is partinent to enquire whether
the theory of conduction for metals and semiconductors are also

applicable in thin films or not.

General conclusions about the conduction either from
Lorents theory or band theory are similsr though they differ
in details. The important factor controlling the conductivity
in metals, is the mesn free path of free electrons determined
by the mean veloeity and the time of relaxation given by

/( L '7 L N R (16)

[In a1l the derivation the lattice of metal extends infinitely in
three dimensions but in case of fllms one direction (2) is very
much restricted compared to the other directions., Fuchs (1838)
gave a rigorous analysis of the mechanism of electrical conduct-
{on in thin idesl metallic films having spherical Ferami surface
and suggested that the fruction 'p' of electrons incident on
the boundary surface are specularly reflected., The overall
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conductivity in csse of thin film &s treated by Sondhelmer

(1962) is given by relation,

o 5 BLK) ceees  (17)
S K |

vhere K is the thickness/mean free path, 6o is the condncti-
vity of the bulk metal, s is the conductivity of the film
xetal and

-—1-- [l .. - -!'- -kT
5(1&) * xi &2*25‘2 / g ts § e .dat sosse (18)

The slternative expression derived from the repeated integra-

tion s

1, 1.3 1...1_{§ N B --K_gg_ __1_“5._§-‘

ﬂ(h):ﬁli 1z * 3 R0 - o (00T - (YT 16"
veees  (19)

Therefore. the formula for resistivities will take the form,

P, ) |
% § Eg (-K) - {g;cl-O")ﬁ- g

5. K _ -k
871 g o

sesne (20)

e~t
vhere -Eq(u) s - at.
u
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Therefore the approxicste formula for thinner films i.e. 4 <A .,

P
fo

i P

sesee (21)
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and for thicker films

——— : ¢ — j [ 3 3O 3
7 dzd+ Bl S wvhen 4 M)/ (e2)

In deriving the above formula :ondheiger assumed that the
scattering st the surface we: entirely diffuse. 1f e fraction
'p! of electrons 1s scattered elastically st the surface then

the expression for the conductivity in thin films become,

£0_ = 3 - ' o
6 1 + 82; (1 p) Vhon Is >> 1 ssese (2&»)
Se_ .-.-f—g-l-:fi; 1 when K<<1

s 3 (1% ) 1 10g(1/K)

ceses (°4)

From Fuchs' calculations it can be seen that 1if p = 1 (ell
electrons specularly reflected) the effective conductivity was
independent of thickness of the film, whilast if p{1 then the
conductivity fell with decreasing thickness, psrticulerly when
this wes less than the electron mean free path. Ham and Mattis
(1960) snd P:ice (1960) exten’ed the theory. FPrice used hils
vector mean free psth mathod by considering the general ellip-

soidel energy surfeces for the cases p* 1 and p = O,
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Friedmsn and Koening (1960) from their measurements on
thin specimens of bismuth reported that the boundary scattering
vas indeed corpletely speculsr, Aubdbrey, James and Parrott (1964)
reported from their study on wedge-shaped samples of dbismuth
that the sctual relative magnitude of the conductivity in the
thin 1imit and in the bulk was very different from the theore-
ticsl predictions, iiecently rarrott (1965) gave the theory of
size effect for a conductor having ellipsoidal energy surfaces
based on the method of Hem and Mattis (1960), in wvhich he assumed
that 'p' is constant but is regarded as a function of the

couponent of electron velocity normal to the surface,

From the expression derived by Sondheimer and latter used
by Hayer (1969), it is possible fn the present investigation to
calculate the mean free path of the hypothetical model. 1In the
above theory, it is implicit that the film is continuous in two
dimensions even when the 'z' direction was nearly zero. iut in
reality no films are continuous unless they are of considerable
thickness.

It 1s well known that in the initial stage of the grovwth
of film in vacuo, the deposited film involves the formation of
discrete muclei and later on islands vhich on continuous deposi-
tion vith inoresse of thickness grov in size and finally e
continuous film is formed. Neugebauer snd Webb (1962) pointed
out that the properties of such films would also be controlled
by the size end distsnce between the islands. According to
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Neugebauer (1962), the conduction mechanism in this disconti-
nuous film consists of (a) thermally activated charge carrier
creation process involving the rezoval of electron from
initially neutral 1sland leaving it positively charged, (b) the
drifting of these free cherge down field by electron tunneling
through the gaps between the islands, It follows from the

model that the log ¢ will be proportional to the reciprocal

of absolute temperature, The smaller the size of the 1lsland,
the grester will be the activation energy an? larger the distance
between 1sland the lovwer the tunneling probability s&nd thus lowver
the conductivity., 7This theory tekes into account the size effect
and the distance between the islands in determining the film
properties., It is a well known experivcntal fact that the
tempersture of the substrate has & great effect on the size as
voll as on the gaps between the islands, Another factor to
consider is the film thickness. «With increase of the film
thickness normally the island size increases and consequently
the distance between them decreases, Other fectors affecting
these two parsueters sre the material ss well as the nature of
the substrate. According to Neugebauer and webd (196Z) the
conductivity of the island structure film is given by

V2nd 2
6 = 5 o:p.% =47e \/2_3’§ B oxpi;.—-/f—?§ cee (25)
had h xT )

vhere A and E are constant, ¢ is the potential barrier betveen
islands, e 1s the electronic charge, = i3 the electronic mass,

\
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€ 18 the dielectriec constant of the substrate, h 1s the pl:nk
constanty, 4 i{s the distance between islands, y 1s the sverage

radius of an island and k is the Loltzmenn constant,

In the case of resl film with which we are desling, the
film thickness veries froc 1,000 to 60,000 ﬁo. In these filcs
even though the izland theory msy not truly valid but one has
to consider morphological feature of the film. It s well known
that in most of the films the surfsce topography is fasr from
being smooth, but full of ups and downs,

C. Thermoelectric power (< ;

Another ieportant tranzport property is the thersoeleectric
power ( «C ), nemely the crestion of potsential difference between
tve points vhen there is 2 temperature gredient dbetween them,

The sbove effect 15 known &s Secbeeck effect (Leebeck, 1827). The
reverse effect known as Peltier effect consists of absorption or
evolution of heat at the junction when the current 1s passed
through the sample. These two effects are, however, relsted by

the eguation

L = 3/! evese (26)

where <K 1& the Secebeck coefficient, T iz the Peitier
coerficlent, T is the absolute temperature 1n °k. The thermo-
electric power can also be approximetely expressed by the sewmi-

qualitative relatlon

e (:v/N s k xXxrx (m)



wvhere C, is the specific hest of the system of charge carriers,
N i3 the nuxber of charge carricrs taking psrt in conduction
mechanism, e {5 the carge of free cerriers and k 1s thc Loltzmann

constant.

o.o < = k/. sseee (28)

Thus from the sbove equaticn it cen be seen that the natursl
unit of thermoelestric powver 1z k/e or volts/degree cent:grade,
and also trat it is a locsl transport property similar to tre
electrical or thermal conductivity, The process of generation
of thercoelectric pover (°C ) cen be visualised in & semiconductor
in the ‘ollowing way. Let us conzider a plece of materisl as a
long box containing electrons. Because of thermal gradient, the
concontrstion snd velocities of the electrons et the hot end

will be higher than at the cold end resulting in a greater
diffusion of electrons along the thermal gradient than in the
revarse direction., This dirfusion flux of negative cherge froc
hot end to the cold end will set up en potential éifference
between the two ends, DLue to this electric fleld further
diffusion of electrons will be incressingly retarded until the
reverse flux of electrons, due to the creation of potentisl
differ:nce equalise with the electron flux caused by the diffu-
sion. it this dynamicel electron equilidrium condition the
potentisl difference per unit gradient o’ temperature narely (<)
will remsin constant., Thus the thermoelectric power (X ) is s

function of both the number of charge cerriers as well as the
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mrobility of electrons. In case of mixed semiconductors, the
siwultaneous diffusion of electrons and holes from hot to eold
end 13 caused not only btu dif-erence in carrier velocities but
also by concentration gradient., Tt has already been mentioned
thet for metsls the concentrstion of free chorge cerriers
(1023 cm'a) 13 practicelly not affected by temperature, In a
seziconductor, on the other hend, tempersture hes s pronounced
effect on the concentration of charge carriers, energy of esch
carrier, 28 well as on the contact potential of the semiconductors
with respect to the electrode umaterial end hence the chemical
potentisl, Thus taking into mccount the sbove different
parsmeters controlling the thermcelectric power, the expres:ion
for the totul thermoelectric pover for a material having only
one type of charge carriers, will be & K, + T + X ynere
the respective terms on the right hand side mesns the contrie-
butions due to the variation of difrusion coefricient, concen-
tration grsdient and contact potential respectively with tempe-
rature. The total thermoelectric power (<) {n case of mixed

non-degenecrate semiconductor is given by the exprassion,

f n/u.%_b/z-s) * n(nc/m‘]- p/zh[(p/z-a') + n(Hv/p)Jf

< - e - ‘-
g t RMe PAp

nNyp

A see o .\
@1,

and for mixed type of complete degencrate semiconductor

f

o< "2y, “M%’%'} (k2/3g) - nﬂn% ¢ 33"'13 /e ]
pr =

n
' ' n g + P e 30)

vhere the symbols have their usual meaning.
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In deriving the above expr:ssion it is assumed thet the offective
Ba5868 my and my, are scaler quentities and the time of relaxce
tion i3 & function of energy f.c, 7, s s 5% for electron: and
for holes 'Th 2 a'2"®’ vhere the value of 8 and 8' grestly
depends upon the scattering mechanism, It 1s to be noted here
that the relation 7, = sE™® or 7, za™"®*' w111 not hola
good when bothr ioniged impurity or lattice scatterin: are¢ precent,
In such case the time of relaxation caen be expressed in the form
Te® a£¥ . f1+ce® ) where 'a‘ and 'C' are constsnts snd the
formula for thermoelcctric power will be modified accordingly

for a mixed type of complete degencrete and none-degencrate
semicond“étor. Toffe (1957) has given the values of the term,

A 8 (5/2 -« 3) Tor the different type of scattering centers,

‘or atomic lattices. AX I::-o; P, N 1/’1‘3/2; A & 2,0
For ionic lattices at kI << hv, ; 5 82,6
‘Ffor ionic lattices at ki>> hy, § L ® 3,0
For scattering by vibrstions of constsent freguency

Lo 7Y 1/15/2, AS 1,0
or RN S L PRV & A3 0.6
For scattering on impurity lons,

Aauzz; ,uocram A ® 4,0

Thus it can be scen that the value of the tern (&/2 - s) depends

on the elcctron scattering mechzniss and in particular on the

value of —>— « -85 . [t 1s to be noted here that the atove

4 4k
foregoing forzulae are based on the assumption that in the

presence of tempersture gradient each small portion of the

paterial was in esuilibrivm state. He discussed theoreticslly
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GCurevich (1246) showed that this is not true, !ie discussed
theoretically the effect on thermomagnetic ef’ects in metals
of a departure of the phonon distribution from its eguilibrium
state, It 1s vell known thet in quantum physics the thermal
vibrations of the lattice are described by many of quasi-
particles known as phonons, moving with the velocity of socund,
However, phonons which have no charge and which contribute to
the thermal conduction but not te the electrieal conduction,
may contribute to the¢ thermoelectric povwer beceu:e of the
phononeelectron intcraction whereby electrons may drag phonons
with them and vice verse, The greater is the phonon drag the
stronger the intersction between phonons and cerriers and the
longer the relaxation time required for wotion of long wave
length phonons to become random again. Phonon drag effect as
far as the thermoelectric power is concerned is important at

the lov temperatures for most of the materials.

¥inally, it is to be noted that in case of non-homogencous
materials the thermoelectric power in general is given by the

¢: pression,

5 A
- 2§-§zé—§,§.—3‘1§ ceees  (31)

vhere AE is the observed thermsl e.m.f, due to the temperzture
difference AT, and the summstion is taken over the 'l' parts

in which the material is divided,
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Another iwportant peremeter in connecticn with the thermoelectric
power i8 the figure of merit 'i' which deteruines the efficiency
of the thermoelement used in the thermoelectric gencrators, This

parameter (Z) is given by relation,

Z = <8 €/ K

esee (92/

where o< 1is the thermoel:ctric power of the material, ¢ is the
conductivity of the material and K is the thermal comductivity
of the material.

D. Hall coefficient

In determining the transport phenomens in semiconductors,
the parameter viz., Hall coefficlent from which the mobility and

carrier concentretion can be found out, hes to be studied,

It 1is well known that wvhen en electric field 1is spplied
slong the length of the sample and the magnetic field perpendi-
cular to it, then the potential is developed slong the
direction which is perpendiculasr dboth to the magnetic and
electric rfield. This transverse electric field 1is given by the
relation,

Ry 1o 0 -
H X Hy x 10 8 scece (33)

where V, 18 the transverse electric field developed, I, is the
current passed through the sample in ‘mps., Hy is the magnetic
field in Nersted, d 1s the thickness of the sample in cu:s, and
iy 1s the Hall coefrficient. The Hall coefficlent sy i1s defined
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a8 the magnitude of this transverse electric field per unit
current density, per unit magnetic field, The Hall coefficient

for one type of carriers s given by the relation,
aH = i. Y./n. soo o (:34)

where the minus and plus signs indicate the conduction by
electrons and holes rezpectively, and the value of 'Y ' lies
between one and two, depending upon the degenerscy of the
matarisl. The practical units for hy erc cna/Coulomb. “hen
both types of charge carriers viz. electrons and holes are

present, the all coefficient is given by

- 2
Ry = - Y/e- § nbP- p}///fnb-+p} ceeee  (26)

where b = fgﬁ-, the ratio of the elcotron mobility to the hole
mobility. 1In the intrinsic region, vherc n = p 8 ng eyuation (35)

f‘H l( (h 1] (bll) L N AR 4 (“c]
n ia /

This equution indicates that RHi will be negative or positive
according to wvhether the electron mobility is greater or less
than the hole wobility. anowing the conductivity and iu, the
Hall mobility ( AAE) can be calculated from the relation

Mg ® Ry €1 where juy 1s Hell mobllity, sy 12 Hell coafficient
snd ¢i 13 conductivity.
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ior semiconducto s, thcre are other psrometers viz.
carrier concentration, mwobility, wesn free path, figure of merit
¢tc, . which sre also of great importsnce to evaluste the useful-
ness of semiconductors at the aaﬁc time to throw some light on
the electron-transport process in solid state., It is of
interest to point out that thin films of semiconducting
materinls may have dif’erent structures then those of the tulk
end it is likely that they msy as well considerably modify the
electric:1l, optical and other properties also, The theories
for corductivity, thermoelectric power etc,, established for
bulk mesterial mey be consicderably changed due to the two
dizensionsl nature of thin films.

heviews on the researches on the physicel, opticael,
electrical, mechanical end other preoperties of thin metellice
films end their applications in different brencres of physics,
have already been made by many authors viz. Holland (1968),
Neugebeuer, Newkirk and Vermilyea (1969), George, bancroft (1962),
George Has:z and hudolf ', Thun (1964), George Hass (1963),
tennett (1964), nnd hewmen (1862),

‘rom the above literature survey it will be seen thot
not wuch work has been carried out on the resistivity, activa-
tion energy, thermoelectric power, Hall coefficlent etc, of

semiconducting films of lead &nd bismuth chzlcogenides cbtelned

y vacuum evaporation technique, “ith the above idez, in view,
has been carried out on the c¢lectric:l propertics of

ducting films of selcnides ank! tellurides of lesd and
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£ PERIMENTAL TECENTQUES

A, i device or the me:surements

A new device as developed by Goswami and Jog (19€4) was
also used in the present study for measurement of the different
semiconducting parameters, The experimentasl set-up (fig.1l)
consisted of two brass blocks with slots of desired sizes, two
microheaters attached to ecach bloeck, two glass plates over one
of which the deposits were formed, two flexible platinum folls
(thickness = 0,02 zm.), three thermncouples, two springs and

two silver wires as leasds for measuring the electricsl conduct
ivity, thermoelectric power ete, it the two ends of the films
over a glass substrete (4 x C.6 em), platinue foils were put
and over them a glass plate of the same size as that of the
gubstrate (glass) was kept. The foils were then folded round
below with a 'U' turn. The two ends of the film vere inserted
inside the slots of two brass blocks. The film was then
tigrtened by means of screws., In order to measure the thermo-
electric power, the current was passed through the micro-
heaters and the temperature gradient was created. «ith the
help of chromel-alumel thermocouples, the temperature of both
the ends was recorded, . third thermocouple was 2lso attached
at the center of the rilm, The whole set-up was put in a

pyrex boat and put inside a vacuum chember before measuring

the parameters.
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B. Feasurem nt of resistivity and activation energy

Hesistivity or conductivity is an important property
of 8 semicon’uctor, This was messured both by 4.C, and D,.C,
methods., For A.C, mezsurecments especially for high resistance
f.e, of the order of &0 leg. ohm. ‘'Universal AVCY bridge
operating on 60 ¢/sec. lor D.C, mossurements “iesle uIC" bridge

vas glso used.

Deseription of the bridge

The universal AVDO bridge, consisting of & bridge network
15 fed from a screen-d winding of low distributed capacity on
the main transformer and it consists of an amplifier valve
voltmetsr having varistle sensitivity. This asmplifier valve
voltmeter acts as a balance indicator, The bridge has standard
arcs of resistance for reszistance measurements. «e cun also

measure capacitance and inductsnce.

The Tesla Tniversal bridge consists of four msin
components . (1) the tridge proper, (il) smplifier, (111) h.-.
oscillator, and (iv) power pack., The bridge itself consists
of » series of standard resistances of two cepascitance
standards sn® of two potentiometers for loss factor compensa-
tions., A switeh is provided for placing the resi.tors,
capacitance stsndards and compensating potentiometers in the
appropriate arms of the tridge as required for the perticular

peasurement intended. bridge can work et 8 freguency of
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40C c/koc. or & D,C, voltage, For D,., measurements, galvano-
meter 18 connc-ctcd to the bridge. ior 4,0, measurement:, a
two-stage A. ', amplifier is interpcsed between bridge anc
g2lvanometer, This instrument provides e wide range of /..,

and D,C, measurements with loss factor compen.ation,

The experimental secte-up as described before (:) was put
in a tubular cheomber provided with on external furnsce heeted
electrically, the chamber being continuously evacuated through-
out the measurements, 7ITwelve terminals were taken out from
the evacuated chamber, two for measuring the resistance across
the specimen, six for thermocouples (two near the two ends of
the film and the third at the middle), and four terminals (two
on each side) for two microheaters to heat the specimen inside
the chamber, Temporatures at the three points were measgured
by & Vernler potentiometer, and the resistance scross the
terminals by A,., or D,C. bridge as described before, Cenerslly
tempersture of the film was raised by slow heating of the

external heater controlled by s varliac in vacuo,

In order to have sufficient readings, the temperature Jas
measured during tre process of heating snd cooling just before
and after the measurement of resistance, This messurement was
carried out at an interval of 2° to 6°C rise or fall of tempe~
rature, Since the specimens were in vecuo the heating was more
or less uniform, This procedure tonk sbout three to four hours
to complete heating and cooling cycle between roou temperature
end 200°C. This continuous (dynamic) meti od took about three

to four hours to complste one cycle of heating or cooling.
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We algo tried to attaln equilibrium temperature at ezsch points
and the resistsnce was measured, [t was found that it would

be impossible to compl-te the messurement of one sample even

in two or three days and as there was no special advantage
unless absolute values of resistince was needed this method was
discontinued, The resistance of each specimen was measured for
severe]l heating and cooling cycles before taking the mean value,
The resistance measurements were repcatable even after eight or
ten cycles, provided meximum temperature was not beyond the
temperature of the discontinuity (T4) to be descrited latter on.
Hesistivity (/) was deduced from the relation,

il = P /{ L B 37)

where R is the actual resistance measured, A 1is the resistivity,
A 1s the length of the film used, d is the thickness of the film
and b is the breadth of the film. Activation energy was
calculated from the slope of the curve log R vg 1/1 by using

the relation,

in RTE - 1n
/15 = /Ty

.
i ceees  (38)

AE 8 2k

Thus it can be seen that instead of using resistivity or conduct-
ivity, it is possible to mezsure the activation energy from

resistances as described in chapter lo.3.
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C. Measurement of thermoelectric power

The thermoelecetric power given by the formuls

< FeDe between two ends R—
Temperature difference between two ends

both by the integral method =nd dif‘erentisal methods, 1In the
integral metho!, the temperature at the one end of the :'ilm
wvas kept constant and thet of the other end wes continuously
ralsed and the potenti:]l developed between two ends messured
potentiometrically., 7The thermoelectric power was then
calculated by the above formula. In the differentlal method,
the temperatures of the both ends were increased by the same
azount at each stage, however a definite temperasture gradient
vetween them. This was asccomplished by two microheaters
attached at two ends of the films with s constant temperature
gradient (fig. ). The incresse in the temperature of the
surrounding was carried out by the externsl heater, All the
measurements were carried out in vseuwo both during heating and
cooling cycles and repeated for several times for the same
samples to obtain reproducible results, Oame measurements were
repeated by keeping the sample in vacuo for few days or
exposing it to atmosphere without changing any contact and

regvacusting 1it.

D. Yeasurement of ¥ 1l coeflicient, mobility
and csrrier concentration

The apparatus and method for the meesurement of fall
ef ‘ect, Hall mobility and carrier concentr: tion are the sane

as used by Deokar and Coswami (1865).
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The arrangement consiste of electromagnets to which
direct current (1-10 /mps) was fed from a stabilised power
supply unit, sample holder having four pressure contacts,
vernler potentiometer, sensitive galvunometer, lamp and scale
arrangement, amreter etc, The magnetic field obtained could
be varied from 2,000 to 7,000 gausses with a gap between two
pole pleces of 4 cms., The I',C, passed through the sample was
varied from O,1 to 6 ms. Hall probes were adjusted in such a
way that the minimum voltage drop (1) was observed, In order
to avoid voltage drop (Ik), Nerst ef’ect etc,, the readings
for Hell voltage were tsken by chenging the direction of either
electric or magnetic field or both together, The average
reeding was taken for calculating Hall coefficlent. In order
to avold the inttingshausten effect en instantancous and small

current wag passed deliberately.

The Hall coefficient, iall mobility and carrier concen-

tration vere calculated as described in chapter ho,l.

ke Thermoelectric test set

In order to know the type of the bulk materials used in
the present investigetion, the thermcelectric test set which

is deserited below was used,

The bulk material to be examined was placed on & lead
plate which was connected to the one end of the microammeter

and the other end of the microsmmeter to the platinum wire
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which was atteched to the warm tip of a small iron-rod, The
circuit was completed by touching the warz tip of the iron-rod
to the other face of the material when the material becave warn
in the vicinity of the point contact, due to the temperature
gradient, a thermoelectric voltage developed snd the current
resulting from this voltage wss slso noticed on the microammeter.
Depending upon the sign of potential at the hot or cold end the
type of the material was decided. +hen the hot Jjunction was
positive, the conduction must predominently be due to electrons
and the type of the materivl was 'n' type, whilst the hot
Junction heving negative indicated the 'p' type.

Ve Zlectron diifraction

In order to know the nature of the surface layer every
sample was subjected to electron dif rection examination, both
before and after the messurements to note the change of gurface.
if any. This was carried out by ‘inch type electron diffraction
camera fabricated in this laboratory, [t was, however, obscrved
that in almost all cases the surface layers were either poly-
crystalline or developed one degree orientation, depending
upon the thickness of the films, !Higher thicknesses favoured
the development of one degree orientation, It wss observed
that due to assymetrical disposition of the source with respect
to the substrates and consequent change of anslq of incidence
of vapour stream on the substrates often 'tilted’ oricntetion
were observed, The detalled interpretation of this type of
orientetion has alresdy been given by :tvans and Wilman (19862 ).
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G. Preparation of substrates and films

In the present investigation, the films were prepered
by vacuum evaporation technique, The Metrov:c coating unit
was used for the preparstion of films, The ultizate vacuum
obtaincd with this unit ves =~ 10™% mw.lg. In order to avoid
the formation of the new compounds due to the resction of the
filament material end the compound under investigation, the
semiconducting material was heated indireectly by keeping 1t
in a wicroconical silica basket surrounded by a helical coil
of tungsten, The avove filament, in the form of helical coil
was heated with high current supplied from s low voltage
transformer (30 volts, 60 /mps.) and the current was controlled
by means of variac, Lefore putting the semple in the siliecs
basket, the coll was flushed several times to remove the
surface impurities. 7The micro silice basket, with the material
under investigation, wes then inserted inte the helical coil,
In order to avoid the surface impurities srising from the
material itself, the first evaporation was made for few minutes
under vacuum, without putting any substrates, Then the
deposition was made on cleancd glass substrates put with the
faces downward towards the source. The distance of the source
from the subtstrates was 8 to 10 cms. depending upon the experi-
ments, The source geometry was such that either the substrates
wvere symmetrically disposed at equal distances or that these

were at varying distances from source, In the Tormer case,
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the source wes kept at position centrally below substrates and
in the latter case the source was kept below but shifted to one
sice., 1In each set of evaporation 10«18 specimens were made of
different thicknesses under the same conditions of evaporation.
The temperature of the substrates at the time of deposition
was recorded with the help of the thermoccuple attached to the
substr:tes. 1In order to have the deposition st higher tempera-

ture arrangement for heating the substrate in situ was slso made,

The substrates used in the present investigation were
generslly glass plates, The glass substrates were obtained by
cutting mieroscope slides to C,§ x 4 ¢z size, They were cleaned
with a mixture of chrowic acid and sulphuric acid, then washed
in distilled water, The plates were dried with filter papers
and finally with degressed tissue papers. The substrates were
always handled by tweezers to avold grease contemination,
before weighing, the glass plates werc hested in an oven at
I 86°C, for two hours. then were coocled to room temperature

and weighed and these were then placed in position for deposition.

Thickness of the deposits was measured from the
difference in weight before and after deposition and slso from
the knowledge of surface area covered and the density of the
materiasls ascuming however that the film density was the ssne

as the bulk density.
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GTUDIFS ON LEAD SULPHIDE, LFAD SELENIDE

AND LE&D TELLURTIDE FILMO

A. Introduction

The early vork on these matcrials particularly on idi,
which occurs in natursl form as galena has been carried on
for s very long tize, 1In fact PbSE is one of the first materials
to be recognised as a sexiconductor. Eraun (1874) detected
the reotifying action in lead sulphide, 1Its electricsl
properties wvere established by [isenmann (1940) and !iintenberger
(1942), They showed that these materials could exist either
netype or p-type and could be changed from one type to the
another by suitable treatment. An excellent reviev on semi-
conductors has baen given by Lark-Horowitz (1964). &mith (1981,
1953, 1966), Moss (1988) and Scanlon (1966) published reviev
articles on lead chalcogenides, They discussed the chemicsl,
physical, electricsl as well as photo-electric: 1 properties in
detail, It is well known that in case of these compounds, the
two types of forces are present i,e., electrostatic forces
betwesn charges illustrated by the polar bond in ionic crystals
and other covalent bond snd the type of the crystal is generally
Adetermined from the dominant force, Psuling (1948) reported
that the dipole moments of the free molecules ca&n be calculated
from the electronegativity of the ions., The calculation based
on the sbove busls icanlon (1966) found that Pbs, Pbée and Pble
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molecules were about 20:, 18: and 1¢% ionic respectively,
He also noted on the same besis that the NaCl molecule was 50%
ionic, But fros X-ray study, NaeCl orystals sre considered to
be IOQ}- ionic. We msy conclude that PbLS, PbSe and FbTe
erystals are more ionic than in their individusl molcoules but
not as {onic as NeCl crystal,

The experimental values obtained for densities of Pbs,
Pbie ard PbTe are 7,5, 8,10 and 8,16 gns/cna respectively
(Handbook of Chemistry and Physics - 1985, 19566), However,
Brebrick (1966) found 7.597, 8,25 and 8,273 gus/ex® for Pvi,
PbSe and PbTe respectively from his X-ray study, and the
direct meusured values are 7,60 0,01 (Fb5), 8.85 0,04 (FbSe)
and §,21 gns/cna (PbTe). Parkinson and uverrington (1864) found
Debye temperature for PbS, PbSe and PbTe as lying in the ranges
149°- 230%k, 137°-168°« and 117°-139%: respectively. In 1927,
Mellor, reported thet these compounds are generally present as
zinersle galena (PbS), Clausthalite (Fbie) and allatite (PbTe),
Many workers hive studied crystals of galena. Lawson (1961-1962)
applied the Lridgman-Stockbarger technique for growing the
single crystals of FbS, rbSe and PbTe. 1In 1954, Piszarello
also grown the crystals by sublimation from the vapour phsse,
Particularly t-e lesd sulphide, lead zelenide and lead telluride
f1lms used in infra-red detectors are generally obtsined by

chemical deposition, vacuum evaporation and anodic sputtering

techniques,

It can be concluded from thermoelectric powver measure-

ments that Pbl, Pbie and Pble can be either n-type or p=type.
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Jtefan (1866) was the first to report that PbS can be either
n-type or p~type. It is well known that the carri=rs in both
elexental and poler crystals in the impurity temperature

renge msy be due to the presence of foreign impurities of a
different valence but in case of lead chalcogenides the n-type
or p-type region can also occur due to the presence of
stoichiometric devistion, Lsuer (1940) showed that heating

Pbie crystals under steady pressure of Se changed n-type
erystels to p-type and back to n-type when heated in vacuo,

‘Hany investigzators have studfed the thermoelectric power of

Pb8, PbBe and PbTe, Putley (1664), at room tempersture, repnrted
<= 446 aV/°C for S.ot lesd telluride sample and Pile, Sygh

and Sy514. Fe noticed the maximum values for <C in the above

two ssmples of bSe to be 360 and aao,um/°c at 850°K and 476%%
respectively and these ssmplea showed inversion at 826° and
800°%. TIoffe (1957) found that «C varied from 60 to 260 uvV/C
(PbTe) over the temperature range 1000-300°£. Avefa et 8l,(1986)
reported very high values of < for PbS crystsls, finlsyson snd
Greig (1959) slso observed & very high value of =< { 600-700/uv/°6)
in Pbi. Smirmov et al. (1961) reported oC = 420 mV/ C =t about
400°k for PbSe, Berlags et al, (1962) measurcd o 112 uV/C
for p-type polycrystelline layers, Johnson (1364) observed the
K = 44s/um/°c for FbTe single crystals.

Moss (1947), Hoss snd Chasmer (1948), from their photo-

conductivity measurements determined the optical energy gap



varying from 0,25 to 0,4 eV for PbS and Pbie., Gibson (1950)
reported the values to be 1.4, 1,06 and 0,9 eV respectively for
PbS, PbSe and bTe from the absorption measurements on thin
films and for thin single crystals 0,42, 0,28 and 0,31 eV which
according to him corresponded to the photoconductive linits and
this wvas &ls0 supported by the work of Clark and Coshman (19562)
on the trsnsmission weasurements on PbS, PbSe and PbTe, Ly
using reflection technique Avery (1961, 196&) made measurements
of the absorption coefficient and optical diélcctrie constant,
In 1964, he shtowed that tha forbidden energy gap would be 0.42,
0,85 amd 0,31 eV for Pb!y, Pbie and PbIe respectively and
further showved the constant gbsorption followed by further
large increese at encrgies ailove sbout 1,0, 0,8 and 0.6 eV for
PbE, PbSe nnd PYTe eccordingly. loss (19665) on the cother hand
gave tre evidence thet the values for photoconductive limits
voere 0,40 (FbS), 0,26 (PhSe) snd 0,31 eV (ibTe). Chismer and
Putley (1951) from their Hall coefficient measurements on poly-
crystalline ssmples of PbhTe repcrted A lig 5 0.62 eV. [lutley
and Arthur (198l1) reported from their messurements on natursl
galena that for POS, £&E‘ ® 1,17 eV, Putley (196&) from his
Eall coefficient study on synthetic crystals of :bf ané PbTe
reported ZSE‘ ® 1,17 snd 0.62 oV respectively and from
resistivity mezsurements, zkﬁg z 1,08, 0,46 and 0,64 eV for
PbS, PbSe and ibTe respectively, Scenlon (1963) from his Hall
coefficient study on galena up to the temperature not exceeding

EOOOR concluded Asxs ® 0,57 eV, liovever Scanlon (1968) from
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the absorption study on very thin c.ystals detcrmined the
opticsl energy gap = O.41 eV and thermal enurgy gap & 0,37 eV
for PbS., 1In csse of Pbie and pbTe. ‘ﬁﬁio s 0,20 eV,

AE‘me. = 0,76 eV end Al‘;‘o s 0,32 eV and Aa'm = 0,29 eV
respectively. Uptill now only two papers have been published
on the investigation on the bsnd structure of lead solts,

Eell et al. (1963), by using cellular method determined thust

in the 110 direction in i-space, the minimuw separations
between the valence and conduction dbands were 1,3 (vertical)

and 0.3 eV (non-vertiesl); Dimmock and wright (1964) determined
the band structure of PbS, PbSe and PbTe. They considered

all the six bands and the form of the disposition relations;
“(K) determincd by using their symretry and a°P perturbetion
theory. Gilbson (1952) deterwined the rate of change for
forbidden energy gep with tempersture 4 x 10™4 e!/oa.vhoraas
Semenov and Shileika (1964) determined the temperature
coefficient of ASL‘ due to the effect of trermal expansion

from the pressure coef’iclent of A g (-9.6 0.9) x 10% eV cm?/k;g
equel to 3,7 x 10'4 .V/OK.

In determining the erfective m:sgses, the cyclotron
resonance measurement is the most powerful method, But no
measurements have been successful on the lesd sslts, rutley
(19686) determined the effective masses of holes and electrons
from his thermoelectric power measurements. According to hiwm
in case of PbSe, mg = mg/p. ond By = W, /y were in the range

0.26 - 0.36 at room temperature and in view of Bloem et al.(1956)
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in case of Pb8,|: and l; z 0.26., Whereas Petritz and Scanlon
(1955) estimated from mobility date that mg and my = 0.33

when they have considered only polar scattering. By taking

into account both polar as well as acoustical scattering they
found my * 0.22 and W} = 0,1, In (1964) Smith has determined the
value of \/;gf1ﬁf in the ranges 0.13 - 0,21, 0,19 - 0,31 end
0.16 ~ 0,27 for PbS8, PbSe and PbTe respectively. Moss (1966)

quoted from Marfarlane's and Pincherle's data the values for

Vui. mf of 0.34, 0,31 and 0.20 - 0,26 in case of PbS, PbSe and
PbTe compounds respectively. Smirnov et sl. (186l1) and Johnson
(1964) have shown that the effective mass of lead family
compounds varies as T*® where ‘'a‘' varies from 0.4 and 0.6-0.7
respectively. LEauer (1940) from his Hall coefficient study on
PbSe polycrystalline samples deduced the values for carrier

concentration of 2 x 1017 - 1019 om™3

« FEisenmann (1940) reported
that the carrier concentrations were generally greater than

1017 ca™3 and mobility in natursl crystals varied from 13 to 300
cne/volt-sec. (p-type) and 30 to 400 cuf/volt-sec. (n-type)
though for few samples, it was 70U cmE/volt-sec. Chasmer and
Putley (1951) have messured the mobility at temperature 77.4° and
290°K on PbTe snd reported very high values of mobilities. On

a similer line, many workers have estimated the values of
mobility, carrier concentration and variation of mobility with
temperature. Putley (1962), Petritz and Seanlon (1966) and

Smith (1964) have reported from Hsll coefficient study that

-5/2

mobility in lead chalcogenides found to vary as T whereas
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Silverman and Levinstein (1964) estimated that mobility should
vary as T2 to 173, 1n 1967 Shogenji and Uchiyama from their
Hall effect and resistivity study on p-type PbTe in the tempe-
rature range liquid air to 450°K deduced that mobility varied
as T-5/2. Recently Krishnamurthy and Sinha (1964) have
theoretically deduced the mobility law m«<T /2 in case of

lead sulphide group of semiconductors.

As a result of the discovery of the photoconductive
properties of these materials in the period of 1940 to 19860
a large amount of work was carried out on these materials in
the form of evaporated thin films which could be changed from
n-type to p-type and vice versa by heat treatment in vsrious
atmospheres. Chasmer (1948) and Kolomiets (1948) showed
independently that these layers were polycrystalline and their
properties depended on the surface properties of the individual
grains and salso on the form of the contact between them, Many
authors have discussed the properties of evaporated thin films.
Particularly, photoconducting properties of PbSe films have
been studied by Humphrey and Petritz (19567), Humphrey and
Scanlon (1967) and Wood (1966), and lead sulphide films by
Lummis and Petritz (1957) and Mahlman (1966). Lead telluride
films have been studied by Silverman and Levinstein (1954) and
by levinstein (1956)., The effect of oxygen on PbS8 films have
been examined by Harda and Minden (19566) and on PbSe films by
Jones (1957). They have shown that oxygen may be diffused into
the material and extracted by heating in vacuo. The effect
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of Op 13 to turn the n-type material to p-type. Eroudy and
Levenstein (1364) have discussed the high frequency behaviour
of the PbTe films very low mobilities in case of thin films of
FbS, PbESe and PbTe has been reported by Lavy (1953), Halvorsen
(1980). Hecently Schoolsr and Zemel (1964) reported the
mobility valves for epitaxial single cryctsl films of PbS, which
corresponded to thet of bulk, Yoshiri Makino (1964) also
deterrcined thet mobilities for PbTe films deposited on mice were
the sawe as that of bulk,

The above brief review showed that even though considera-
ble vork has been carried out on the sexiconducting properties
of chalcogenides of lead, very little investigation has been
earried out on the thin films, espeelally mseasurements on the
semiconducting paraxeters. .ince in many applications thin
files of these chalcogenide are used, it was thought worthwhile
to make studies on thin films, 1In the following a detailed
study has been made on the mpeasurements of the gemiconducting

parameters of thin films,

B. Experimental

Preparation of compounds

(a) Lead sulphide .- Lead nitrate was dissolved in the

distilled water and then warmed, Hydrogen sulphide gas was
passed through the solution continmuously for about two hours,
t11l the reaction was complete, Leed sulphide precipitate wvas
filtered, washed first with Hp® water for several times and then
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with 1ittle warm distilled vater till it was free from il and
finally with & 1ittle alcohol., The precipitation thus obtained
wvas dried in & vacuum desgfcator and used for evaporstion,

(b) Lesd selenide :- Lead selenide weas prepared by

zelting the tvo elements in atomic proportion (1:l1) in a suitsble
silica tube, The lead used (Johnson Matthey and Co,) was of
purity 98.990% ., The seleniux powder (LEDH) was of purity 99 .
This mixture was then melted in a silica tube, first cleaned
with boliling nitric scid and then with distilled water and
finally with distilled alcohol and dried. Eefore melting the
tube closed &t one end was evacusted till the vacuum was of the
order of 10°° mm of Hg. and then sealed, It was then heated to
about 300°C in an electric furnace for two hours then the
temperature wes raised to 600°C and kept at this tempersture for
oné and hslf hour, iinelly the tempcrature was relse’ to 1000°C
and heated at this temperature for six hours., After the
completion of resction of lead and selenium the temperature of
the furnacc wes lowercd to 700°C then silica tube was removed
from the furnsce and cocled suddenly by inserting in cold water,
Leed selenide was removed from the silica tube and used for the
experimental purpose, taking precaution that the cuter surface
was scrapped st first to mininise the adherent impurities.

(c) Preparation of lead telluride :- Lead tellurlde was

prepared by melting the lead and tellurium in atomic proportion
(1:1) in a similar way s that of lead selenide., The maximum
temperature in this case was — 1000°C.
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before me:suring the semiconduetini persmeters of the
filas nsmely the resistivity (.°), therroelectric power (<),
Fall coefficient (i), carrier concentration (n), mobility (mm),
the mesn free path of charge carriers (.(), tempersture
coefficient of resistance (TICi) etc, for different samples, =
fov preliminary experiments were made to sce the effects of sone
of the veriadles with evaporation conditicns, such as, the
rate of depoasition, film thickness, the stress of films as
deposited on the glass substrates e¢tc., on the resistance of tre
fila. iince the measurements of the different param:-ters have
to be repcatable snd there should be consistancy of the results,
the effects of the evaporating conditions on the filr properties
vere minieised by appropriate methods. 1t is of interest to
mention here that the resistsnce dropped asymptodically with
thickness, ulticately bocoming nearly constant, the lirit of
which depends upon the evaporation conditions &s well as on the
materials., For very lovw thicknesses the resistances of the
files were enormously high, falling steeply with slight incresse
of thickness, This chirscteristic of the resistance vas, howvever,
present in almost all thecases, Even though they did not lie

exactly on the sam: curve,

It has also deen found that with the change of vate of
evaporastion the slope of the curve for the variation of resistance
with the reciprocal of the thicknes:, chunged considerably.
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In figure 2, the graphs 1 and 2 are respectively far low and high
rate of evaporation of PbTe., The change of slope 18 scen juite
clearly in the two curves, It is well known that a thin film has
a tendency to evaporate at much low tempersture than that for
bulk, 1In order to sce the effect of temperature on the evapora-
tion of the film (material), initially resistance measuremcnts
were carried out with incresse of temperature in vacuo in all
cases, The figure 3z shows the change of log .« with T for rbTe
film, 1t is sc¢en that the resistance decressed continuously
with the increase of tempersture, The temperature region in
which the resistance became minimum snd on further increase of
temperature the resistance instead of falling, increased suddenly
and became infinite, This temperature region has already been
termed 2s the temperature of discontinuity (I4) by Coswami and
Jog (1964). This effect is no doubt due to the breakdown of the
film between the two electrodes. If, however, the film was
heated to maximum temperature below this temperature of disconti-
nuity, the resistance measurements were repestable as seen from
the fig. 3b, even when repeated for five or six times., A little
hysteresis type of loop was observed between the heating u:nd
cooling eycles vhich could be avoided by better control of

temperature during the measurements,

In order to remove the stress often noticed in the
deposited films, the specimens were annesled at sultable tempera-

ture«s well below the Td temperature in vacuo as was found out
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before, sometires samples becaneé annecled sinply by slowly rais-
ing the temperature and later on cooling it to room temperature

also in vacuo,

(1) Hesistivity and activation energy

Lead sulphide films 3~ The resistance for the difrerent
s:mples was messured with increasse of tempersture in vecuo &nd
log » Y3 1/T curves were plotted for different heating ond
cooling eycles, The nature of the curve for log . Y8 1/7 is
shown in fig.4 for & typicel filmr of thickness 25,000 f’. It
is seen that 1ng i st first increased with {ncresse of temperse
ture up to 135°C, then decres:ed continuously with further rise
of temprrature, It indicates that the conductivity was incressed
with the rise of tempersture. On cocling resistance continued
to increase closely following the heating curve up to about
136°C snd continued again to rise but with a different slope
with the falling of temperesture, unlike the initisl portion of
the heating curve (i), 1If resistance mesasurements were again
continmied for hesting followed by cooling cycles, thcese curves
folloved mostly the sarme path, Often the hysteresis type of
locp wes observed between heating and cooling curves and this

could be minimised by a better control of the temperature,

It cen be seen trat the curve hsd two different slopes
at two @if ‘erent regions viz. b and C. The region A correspond-
ing to the temperature range 30-130°b in the first stages of
heating; &, 126-200°C; end C, 30 - 136°C for subsequent heating
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and cooling cycles. It is possible to messure the asctivation
energy ( AE) from the linear portions of the curve. either

from resistivity (/) or resistence (R) L.e,
/0 s f:) Oxp.(AE/EkT) sSeses (39)
Re 912‘_.9. s [y exp.(Ar/ekT)

R = Ry exp.(AE/2kT)

| L
h & f) . b
where R, 0 X =—r .°. 1lni s 1nR, E/ekT
1niv = 1lniiy
Therefore AE -2k ceces :
/T (40)

The value of (AF) in the region B and ¢ are nesrly about 1,46
and 0,6 eV respectively for a film of thickness 25,000 l?. The
fig.4 also shows the different log R y3 1/T cu:ves for
different film thicknesses ant tre table No.l shows corresponding
activation energy (A7) values in b and C regions. It is
interesting to note that curve has two distant slopes st L and C
regions. The slope at lower temperature region seems to be
associsted with the impurities effects caused by defects or
faults in the structure, vhereas the higher velue at b higher
tempersturs region, nc doubt, energy bsnd gap associanted with
increase of electron-tiole pairs for imtrinsic region. inother

important festure of the activation energy value is that though
the thicker films had more or less seme A E and it alowly
increaged by decrease of 11lm thickness,.



TABLY - 1

LE+D SULPHIDE

¥11® Thickness

(A7) eV (AF) eV

No. in in
E region C region
l. 3,100 1.684 0.650C
2. 74360 1.593 0.692
2, 19,420 1.550 0,680
4, 26,000 1,478 0,636
TABLE « 2
LYAD TELLUKDDE
Film Film setivs tion
ho. thickness energy (AL)
L eV
A 1,678 0.440
(slow
rite of 2,085 0.438
evapora-
T ions £,920 0.420
3,760 0.411
84300 0.2380
12,000 0,270
B 8,450 0.3232
(high
rate of 10,250 Ce.223
&YLE0Te " 15,700 0.226

FIC{—,—?_
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The nature of the curve at {(A) is peculier since resistance
increased uith tomperature inatesd of tLeing lower, This Adi4 not
econfore with the semiconducting behaviour of the PbS films, It
wes found that this peculiar effect wos due to the superipposi-
tion of other effscts on the semliconducting layers, This wes
borne out by the following experiments, Hesting of the films
in vecuo or keeping the film under dynemicsl vacuux for zome
tine, hovevir, modified the nature of the curve as shown for
the film of thickness 25,000 59(f13.4) tending to kC portion.

If, however, the films were allowed to come in contact with eir

for scne tive after cooling in vacuwo, the ceurve agzin tend to
follow the path A. The starting position might be anyvhere

btetwveen 4 and .. depending upon the time of exposure to eir, Thesw -
experiments cleerly indiceted that adsorption of sir by the films

caused this sc cslled inorecse Ln resistance with temperature.

Lead selenide films i~ Lecd selenide films vere snnesled

et about 326°C in vscuo belov the T4 tempersture (  280°C)
determinet in usual vay as described befere, The resistsnce
nensurenents were spode Lhetween the temperature: range -150 to 3oo°c.
i typicel graph £, shows the varfation of log i with the reelprocal
of thoe adzolute temperature, The resistznce wes often found to
increase continuously with the rise of tempersture, froz room
tewperstur: to 126Q~ROG°C, depending upon the thickness of the
film; as was obzerved in case of lead sulphide :ilms during the
tnitisl hesting period, With further rise of temperature, however,
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the usual curves for semiconducting material lowering of
resistance with increase of temperature were again observed. The
cooling curve (log i y§ 1/T), hovever, did not follow the previous
(heating) path throughout the temperature range, A large
hysteresis type loop was observed between heating and cooling
e¢ycles even wvhen the temperature was controlled, in a tempers-
ture range 30-225°C, though at higher temperatures ( )) 280)
hystercsis type loop was not appreciable. During the conling
process, the resistence wos found to increase throughout the
temperature range studied i,e, 325°- 300(:. On second heating
without exposing the 7ilm to the atmosphere, the resistance
decreased and rose a little and again decreassed with further
rise of temperature. Above 135Q-aoo°c, the curve followed the
previous heating path and cooling curve followed its originsl
path, Howevery 1t was again confirmed as in the cese of Pb8
films that the initiasl portion (i) of the cu ve did not represent
the characteristics and behaviour of the material but to some
adsorption effects, namely, physical and chemical of the FbSe
films and hence could be remzoved by heating in vacuum or keeping
the rfilms under vacuo for a longer period, The curves

(log i ¥8 1/7) in the lov temperature region were not exactly
linear and hence the activation energy varied continuously. The
fig.€ shows the variation of log ' ¥3 T, when the measurements

were carried out after an intervsl of 4 hours.

The activation energies for different film thicknesses
were eszlculeted from the slope of the curves (log K vs 1/T) in
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the fig.6, at high temperature range, where the curves were
nearly linear, It was found to vary from 0.7 to 0,9 eV for the
films of different thicknesses varying from §0,000 i to l,oonip.
It was 8lso noticed that the activation encrgy incressed with
the decrease of the film thickness, as was obscrved in case of
lead sulphide films,

Lead telluride filws :- The tempersture of discontinuity
for PbTe films was found out to be sbout (200°C) and the annegl-

ing wes carried out st temperature — 176°C, The resistance
messuremcnts were made from -12° to 1560°C in the usual way.
Typical curves (fig.7) show the veriation of log « yg 1/T for
different film thicknesses., It is of interest to see that unlike
the cases for "bf and Pbie, there wes no adsorption effect as
could be seen from the continuous decrease of resistance with
the rise of temperature throughout the temperature range studied,
The sctivation energy calculated from the slope of these curves
for dif 'erent films was found to vary from 0,2 to 0,44 eV depend~-
ing upon the thickness of the film as seen {rom the table ho.Z.
In this cese also the activetion energy was found to be a little
higher for lower film thicknesses,

(11) Thermoelectric powver

Lead sulphide rilms 3;- Films prepared, annealed etc, 2s
before were subjectesd for the thermoelectric power messurements,
This was done by creasting & continuous and uniform temperature

gradient slong the length of the specimens with the help of the
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microheater attached to the one end of the sample holder. The
tempersture ves noted at three points viz, at two ends as well
as at the middle of the film, with the help of the chromel-
alumel therzocouple to see the uniformity of the temperature
gradient, The thermal e,m.f, thus created was measured potentio-

setrically.

Using the sign conventions a3 desoribed in the previous
chapter for the type of the conductivity, most of the lead
sulphide filrs were found to be ‘p' type, i,e. the conduction
is mainly due to the free holes. Typicel curves for thermsl
e, n.f, Y§ temperature difference Latween ends sre shown in
fig.8, which indicate that the thermal e.u.f. increased conti-
nuwously with the rise of temperature difference between the
tvo ends vup to 1302-176°C depending upon the thickness of the
film, Above this tempecrature the thermai e.m.f. for PbE suddenly
decreesed and at sbout 130% 200°C became gero; finally et still
higher temperature thermal e.m.f. changed its sign as the
termzinals were interchanged, With further i{ncrease of tempera-
ture up to the maximum temperature of our experiment, the thermal
e.m.f, continued with its new sign. During the cooling process
the curve 1' followed a slightly dif erent path, though siciler
in nature to that of the hesting cycle, 1t is of interest to
state here that the corresponding values of the thermal e.zf on
the cooling curve were slightly smaller than those obtalned
during the heatins cycle., I!iowever the sapples were heated below
the temperature corresponding to the maximum th«rmal e.m.f,

the heating and cooling curves followed the san: path, -theugh—
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though s little hysteresis type loop wes observed which can be
minirised by a better control of the temperature. If, however,
maxipur tempaerzture of the hot end was raised to the inversion
temperature, the therxal e.m.fs. measured during cooling had
much smaller values as plotted in fig.8, It is seen here that
the cooling curve followed a different peth but similsr to that
of hecting curve as mentioned before. The hot end of the sample
had to be cocled to a low temperaturs before any other informa-
tion could be obtained, It is interesting to mention that tre
temperzture corresponding to the maximur thercal e.m.f, shifted
to the high temperature side as the thickness of the film
decressed, The fig.9 shows the oo’ responding thermoelectric
pover in different temporature regions, Fro:. the above figure
it can be seen that the thermcelectric power increased slowly
with temperature and decressed to zero snd finally becare
negative at higher temperatures, The change of Y X to « oC was
often restored back after cooling the s=mple. The feature of
change of positive thermoelectric power to negative with the
rise of temperature is 8 peculiar one, similer to that of change
of sign of oC , with the change of sign of charge carriurs, as
reported by many workers in case of other semiconductors, 8ince
in the present case no intentional impuritles wecre introduced
into the sample, change of sign of o< was, no doubt, due to the
temperature afect, Since carrier concentraticn 1s s
characteristic of ssmple it appears that the change of sign 1s
1inked with the mobility of the carriers which is generslly
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affected by the tempersturc, The thermoelectric power became
maxisum a2t about 135% 200°C depending upon the thickness of
the film, It 1s interc<sting to mention here that the marximum
value of thermoelectric power corresponded with the maximur
value of the resistance s found in the initial heating process
during the resistance measurements. In the present investigs-
tion, it vas noticed that with the decrease of the film thick-
ness, the maximum value of the thermoelectric power occurred at
higher temperature and slso the point of inversicn shifted to
higher temperature side,

It 18 2150 noteworthy to state here that after the
inversion point, the thermoelectric power showed ne-type behaviour.
One izportant feature about the cold junction tumperaturc was
thet the maximum value of the thermal e.mz.f. dropped down as
the cold end temperaturs was increased and the point of inversion
shifted slightly to the lower temperature side as shown in fig.8.
This observation suggested that when the difference of temperse-
ture between two ends wes high, the carrier concentrastion
gradient msy occur and thereby the vslues of the thermal e.m.f.
and the point of inversion were af ected. The change of therwo-
electric pover with temperature in the range 30% 160°C in which
practically no hysteresis type of loop was observed between

heating and cooling cycles for different film thicknesses is

shown in fig.9:,

Thermoel ectric power was also studied by using the
differenticl method, in which a small constant temperature
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gradient slong the sssiple wes created with the help of an out-
alde furnace and slso by using the microheaters whatever the
case might be, .rom the typical curves for thermoelectric power
with the mesn temperature, it could dbe scen that the curves vere
of siullar nature as discussed previously, however, the point of
waximus thermoelcctric power and the point of inversion were
slightly ahifted to 1low tempersture side, for the seme thickness
of the film.

Lead selenide films i~ Thermoelwctrio power («<; in this
case 13 measured by both the methods namely 'Integral’' and

'Differential’ as Adiscussed in ceve of lesd sulphide films,

The measurements of thermal e.,n,f. with the temperature
showved that the thermal e.x.f, incressed with the rise of
temperature differvnce between the two ends, up to 136Q-175°C
depending upon the thickness of the rfilm., Above this tempera-
ture it vas slowly decreasing and reached to zero value and
finally on further rise of temperature, the thermal e.m.f.
became neg:itive, At a s5till higher temperature, thermsl e.».f.
further increased with its new sign. Though the curve followed
a different path on cooling the ssmple, the nature of it vas
similar to that of the heating curve, The fig.9 also shows the
veristion of thermoelectric power with temperature, The general
- behaviour of ths thermoelectric power with temperature was
sieiler to that of p-type /b5 films. The fig,10 shows the
mes surexent of thermoeleotric power for films of varying t::ickness

carried out below the tempersture correaponding to the meximum
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thernoelectric power observed, the heating #nd cooling curves
followed more or less the same path, though a little hysteresis
type of loop was observed, This could be recoved by a better
control of the temperature, It can agein be scen that the
values of thermoelectric power were higher for the lower filr
thickness at the corresponding temperatures &nd slso the point
of inversion had higher values. Iy studying the same films by
differential method, it was observed that the gcnerel behaviour
of thermoelectric power with temperature was similer as discussed
in the previous chepter except that the corresponding values of
therooelectric pover were slightly smaller than those observed
by integral rmethod, This difference suggests that the carrier
concentration gredient had a considerable effect on the thermo-
electric power as due to the high temperaturc dif ercnce
between ths two ends, there might de non-eguilibrium distribution
of charge cerriers. from.situlteneous measuresmcnt of resistsnce
and thermoelectric power it was found that the ma:isurm value of
thermoelectric pover corresponded the maximumz value of the
resistance, It may be pointed out here that all the PbSe films
werc found to be of p=-type only.

Lead telluride films :- Lead telluride films prepared,

snhnealed otc, were subjectcd to the thermoelectric power measure-
ments, both by differential end integral methods, ITom the
variation of therral e.m.f. with the tempersture of the hot end,

it can be seen that thermal e.m.f, increased continuously with
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the rise of temperature, Unlike lesd sulphide and lead selenide
the therzel e.m.f, did not decrease over the tempersture range
-15o to ISOPC even for thicker films. The figure 11 shows the
veristion of thermoelectric power (o) with tempersture for
different lead telluride films. It ¢an be seen from the above
results that « initislly incressed slowly &«nd tren had a tendency
to be practicelly constint and et a still higher range of tempe-
rature it had s 1little decressing tendency. It is interesting

to note here that like resistivity, < had higher values for
thinner films compared to that for thicker films snd vice verss, ‘
It xay be pointod out here that measurements of << by integrel
method ylelded vilues a little higher than by the differential
zethod., All the samples were found to be ‘' type.

(111) Temperature coef icient of resistance (1CH)

Lead sulphide, le¢ad sclenide and lesd telluride filws :-

In the previcus section the results on the me:zsurements of
resiativity, activetion en«<rgy and thermoelectric powver were
shown, Another parsmeter of equal interest is the temperature
coefficient of resistance (TCR) which is defined as the change

in resistance per unit resistince per degree change in tempere-

ture 1.2, TCR » —%—- %%~, vhere R is the mean resistance at

texmperature m wvhere dT 2 Tz- Tl and dR 2= 1‘12-}'11 and
R 225-11. The resistence measurements st different temperstures
for PbE, PbSe and PbTe were made in the ususl way. Using the

previous relation, the values of TCR at different temperstures
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were then cslculated, The results arc tabulated in a table No.4.
The figure 12 shows the veriation of TCR with tempersture for

PbS, :bbe snd PbTe compounds plotted on a linesr scale, It is
interesting to note here that sall the samples hed a negstive
temperature coefficient over the temperatur« renge studied,
particularly for PbTe snd PbS, In case of Pbbe a positive
temperature coefficient of resistsnce was observed below 1356% £00°C
depending upon the thickness of the film. Tt has already been
pointed out in the previous section that the adsorption efrects
were present in thin films of FbS and rbSe end more predominent

in the latter. The TCR of PbS and PbSe was measured only at

high temperature region, The fig.1lZ shows that the negative TCR
for Phi, PbSe and Pble reaching 2 maximum value with the rise of
temperature, wWith a further increzse in temperature TCH atteined
its maxinum negutive volue for esch film and then increased

slovly with rise of temperature snd finally became nearly constant.
The maximum snd minimum values of TCR in the curves TCK yg
temperature appeared to be dependent upon the rate of deposition,
morphology of the deposit and conditions of deposition,

(iv) lesn free path

The mesn ‘ree paths for Fb8, Fb’e ant PbTe compounds vere
calculated from the resistivity measurements at different
temperstures for the films of difrerent thickness prepared under

the same conditions of evaporation,



TABLE - 4

Lead sulphide Lead Selenide Lead telluride
Temp, TCR lenmp. TCai Temp. TCR
°c deg™1 o¢ deg”l ¢ deg~l
160 0.876 168 0.978 26 1.000
160 0.770 176 0,910 30 0.960
166 0.788 184 0.996 40 0.940
176 0.718 195 0.887 60 1,760
184 0.890 214 0.790 7% 1.400
190 0,825 264 0.720 86 1,070
192 0.925 - - 100 0.980
198 0.9820 - - 120 0.960
207 0.878 - - - -
215 0.883 - - - -
pe3 0.840 - - - -
TABLE = &
Lead telluride Lead selenide
Temp. Mean free psth Temp. vean free path
°c (4o ) cm, °c (46 ) em.

26 7.246 x 104 160 3,86 x 1070

50 6.166 x 10~4 176 1,42 x 1078

75 4.907 x 1074 - -

100 4.160 x 1074 o8 1.1 x 1078

1265 2,692 x 10~4 250 0.74 x 1070
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It has been already shown that the mean frec path could
be caloulated from the relation as shown in the chapter io,l.

Pa o @ 2=lo)

where d 1s the thickness of the [ilm, / 18 the resistivity

of the film, £ 1s the mean free path of the crarge oarriers,
/o 18 the resistivity of the bulk materisl having the same

structure and same nunber of defects approximstely as that of

films.

The figs. 138 and 14 shov the variation of /.4 with
incresse of ¢ for °bTe and PbSe, It can be s«en that the
product of /.4 increased with the incresse of thickness for
the above three films, The curves were practically straight
lines with constant slope making intercepts on the .4 axis.
These curves hence could be represented in the forz of equation
Yy = mxi+c vwhere ¢ 1is the constant term, It can be scen from
the above reletions that the slope of the curve gave the walue
of /29 and the intercept on the /.4 axis gives the value of
glo « /y. The value of mean free path at different temperatures
for the lead chalcogenides was thus calculated and the results
are tabulated in table No.5 for PbSe and PbTe,

It i3 also possidble to calculate mobility ( u) from the
mesn free path by using an expres:ion based on Lorentz-Sommerfeld

theory,

A
¢. 0 cme/volt.soc
226 V2 Tim*kT
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where the symbols have their usual mcening. The fig.15 shows
the v-riatlon of log ./, ¥s log I especially for FbTe. It osn

be seen from the £1g.15 that the mesn free path was found to
decrease contimuously with increase of temperature in both the
cases vis, the curves (log <o yg log T) had negative slopes,
especially for PbTe, it was -2,45 and for ‘bse, =4,00. Assuming,
thet the efective mas: of charge earriers is egusl to the free
electron mass, independent of tempersture,

Lo

<L
m Y i

for lesd telluride, m T 2*% and for 1ead selentde nx174:6,
The higher value of the power of 1 for lead selenide films, will

be discu:sed leter on in detail.

(v) Oxidation of lexd sulphide {{lns

Fffect of oxidution i1~ Oxidation of lead sulphide films

wvas slso stulied to some extent, since such films are being used
in many devices, FbS films were oxidised at different tempera-~
tures under controlled pressure varying from atmospheric to 0.4 mc
Hg in a temperature rsnge BOQ-BOOQC. These oxidised filns were
subjected to resistance and thermcelectric power measuremcnts in
ususl way. The fig.1l6 shows the viriation of log :« Y8 1/T for
films; ecurve (A) for unoxidised ‘p‘' type and (L) for oxidised
f1lm which wes also ‘'p' type. The resistunce of the film after
oxidation wvas found to increase by two or three orders of

magnitudes, It cen 2180 be seen that the adsorption effect
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becasme more¢ pronounced sfter oxidstion though the general nature
of the curve was siuilar to unoxidised samples. The other
features of the curve during first heating and subsequent cooling
end 30 on were sinilar to those observed for unoxidised FbE films.
Figher was the temperature of oxidation, higher was the resistance
and 80 86180 was the resistivity, Further if the sample wes
oxidised at tempersture about 200°C, features of the curves werc
quite different from those of unoxidised FtS films, no doubt,

due to the formation of oxide or sulphste leyers., Activation
energy wes only slightly higher than these for unoxidised files,
The oxidised films at different temperstures were slse subjected
to the thermoelectric power neasurements. The fig.17 shows the
veriation of thermsl e.m.f, with temperature for the filmg EOdeueA‘

uvaoxidlsud]g%—é&£$erea%—%empeasturea. It can be seen that the
pagnitude of thermoelectric power increased with the increase of

oxidising £;aposnxu=4. It 1s interesting to point out here
that no decreasing tendency of the thermal e.m,f. was observed
up to the maxizum temparature of our experiment for the film
heated in air st about 300°C. It was noted that the oxidised
film 414 not show the existence of the inversion temperature
within the temperature range studied, 4All the p-type films
showved same type of conductivity even though they werc oxidised

st higher tempéer:tures.
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(vi) Doping of Irdine in Lead sulpkide
and lead Telluride Films :-

It s well known that properties of & sexmiconductor ¢an
be sltered by itpurity doping in the host lattice. is s result,
the charge carrier number, snd hence the electrical properties,
the type of the conductivity, the mean free path, mobility,
thermsl conductivity end such other properties are generally
affected, FbS end ibTe films were doped with iodine to see its

effect on semiconducting properties,

Doping method

?bS and PbTe films deposited on glass substrates by
vacuum eveporstion technique vere kept in iodine vapour atuwos-
phere for 10-1: hours in a desiccator. 1In orfer to have uniform
diffusion of iodine (vapours), the films werc hecated at about
300°C about one and hslf hours in vacuo (= 10~ mm E:) st a
temperature below the I, so that no evaporstion of the film tooi
place, The colour of the films wes found to chsnge from blackish
to reddi:h, The resistance was ound to increase by two or

threc¢ orders in magnitude.

aelistlvlgl;and activation encrgy

The 1odine doped le:zd sulphide and lead telluride films
were then subjected to the resistance messurements at different

temperatures in the ususl wey.
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The curves log i Y3 1/7 were plotted for iodine doped
and undoped film (fig.18). It 1s scen that the resistsnce
decressced continuously over the tempersture range studied viz,
30% 300°%C. The curve (log A yg 1/T) chenged 1its slope st
sbout 130 160°C depending upon the thickness of the film. At
higher temperatures, s steep f3l)] of resli.tance was cbhbaerved
up to the wa:imum temperature 300°C, ‘hile cooling the curve
followed more or less the same path over the tempersture range
200°-150°C and then cranged 1ts slope, slightly higher then thet
of observed in the initial heating cycle. 0On continuous measurc-
ments, the heating and cooling curves followed the same new patk
obtsined during the initisl cooling, It 1is interesting to note
here that the initisl portion (i) as shown in rig.18 for undoped
"ila, was absent in the present cese, The¢ resistance was also
neasured at room temrerature in air {esmedi:ztely after the above
zeasurements, It wes noticed that tre adsorption efiect wes
considerabdbly minizised, The activation energy wus calculsted in
two regions of the temperctures, Similsr results of shifting
of the temporature at which the maximum thergoelectric power wes
occurred, were :1s0 obtained in the present csse. Todine doped
lead telluride filus w:re sl1s0 subjected to resistance and |
thersoelectric pover mcasurements, 7The fig.l9 shows the vsriatioﬁ
of log i Y8 1/T for different PbTe films of verylng thickncsses.
It can be seen that the vuluo'.€ the sctivation enercy wes
slightly hizher in the present cese &s compsred to the undoped
PbTe films of apprroxicately same thickness,
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The th:rmoelectric power messurement s':owed that the
corresponding velues vere slightly higher than those feor undoped
files. i1g.Z0 shows the variation of therroelectric power at
different temperstures for a doped and undoped lead telluride
files of ncarly same thicknessecs, The general nature of the
curve (oC y5 temperature) was similsr in both the ceses except

thelr corresponding values. were slightly different.

(vii) Hall coerficient (Ry) and mobility ( my)

Experiments were also carried out to find out the Hsll
zobility (/“H) which 18 the product of iall coeificient (iy)
snd conductivity (¢ ) on films deposited at different substrate
temperatures by measuring Hall coefficlent and conductivity of
the ssmples in a manner described by Deokar and Goswami (1965).
Table No.6 shows iy o 4 8nd Ay for different {ilms prepsared
at different substrate temperatures, more or less under the
same deposition conditions. It is clearly seen that higher
substrate temperstures favoured higher mobility ( m,) in all
cases mostly trrough the conductivity factor which was
invarisbly higher with higher substrate temperatures.

Flectron diffraction patterns vere also taken from the
deposits berore snd sfter messurements, There wes practically
no ehange in tre patterns. The typleal patterns for PbE,

end PbSe are shown in figs. 21, and 22.



TABLE - 6

Substrate T1lm Ry ¢ MH

::‘:ger‘gc :“‘:‘.’k" (em®/coulomb) (ohm~lcm~l) (em%/volt sec.
0

30 43,700 1,820 6,810 12.68

ag,000 1,748 6,126 10,07

£2,500 1.614 6.690 9.20

14,760 1,692 6.166 8,20

7,800 1.472 3,960 5.82

110 46,200 £,010 13,000 26,13

36,100 1.930 12,200 22,68

27,600 1,760 10,700 18,71

12,400 1.620 9.200 15.07

9,300 1,880 8.010 12,67

160 56,000 £.306 18.700 42,07

37,730 2,270 15.76 36,76

23,420 2,079 14.96 31,00

12,800 1,767 12.08 23,00

6,970 1.534 12.96 19,90
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De Discussion

Hesistivity and activation energy

It 18 known that the eleetrical resistance of metals is
meinly due to the imperfections in their lattices (:loch, 1928).
In case of mecroscopic metals the ecleeotricsl resiztance appears
8s & result of the scattering of electrons by thermal vibrstions
of lattice and 21g0 lattice defects such as missing atoms,
interstitisls impurity atoms etc, The resistance e¢an therefore
be divided into two parts (a) ideal part, strongly dependent on
the amplitude of thermal vibration of the ions and hence
strongly on temperature and (b) celled "residual® resistance,
strongly dependent on the lattice defects but independent of
temperature as long as annealing effect 1s not taken into acoount,

According to Matthiessen's rule,

c;tal ¢ {;eul N /;ecidusl

vhen snnealing of lattice defects is carried out, an irreversitle
ehange of resistance takes place, Thomson (1801) and ‘wann
(1914) introduced the concept of the effeat of thiekness on the
mean free path in esticating resistivities of metsl thin films,
They suggested that the resistivity would be higher for the
£i1ms having thicknesses lowver than the muan free psth and above
thet the resistivity would correspond to the bulk resistivity.

The totsl resistance in case of films is given by

P Fo] + /
total © ‘tdeal ’ fesidual ~ ‘thickness.
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According to Newgebauer and Webd (1962) thickness is greatly
depended upon the island size and distance between them,
These factors are often depended upon the nature of substrate,
its temperature, geometry of the substrates with respect to
the asource of vepour and sometimes also the distance between
the substrate and source during the deposition of the films,
Thickness dependent part ray be considered to consist of

/: + fn M 'Z where 8 1s due to sige effects, m is due to island
size and 4 is due to distance between islands (Shsh and Neik,

1964).

In the vacuun deposited films there is often a high
density of defects, such as dislocations, stacking feults,
microtwins etc, as reported dy many workers (iashley, 1969;
Nathew, 1959; Fhillips, 1960) and these will no doubt affect
the resistivity, The small grain sise and adsorption of gases
will also produce high concentration of defects and scsttering

centers,

The resistivity for all the lead sulphide, lead selenide
send lead telluride films investigated ranged from 1 to 0,5 ohm-cm,
It wes found to incresse with the decrease of the film thickness
snd the rate of eveporation, From the fig.2 it can be sven
clesrly that the ourves had two distinct different slopes. The
curve corresponding to low rate of evaporstion had higher slope
then that for higher rste. This suggests that the filc of
similar thickness prepared under the condition of dif‘erent



rates of deposition had a different structure as for as the
porosity, number of defects etc., were concerned. Sennett

and Seott (1950) in their study on thin metallic films
observed s similar bdehaviour of resistivity of films with rate
o: deposition. Levinstein (1849) pointed out the connection
between the structure of the film and phenomena of criticel
density of conduction on which the resistivity of the film
depends, Presence of residual gsses prcduce more porous and
disordered films. The relation betveen the size of the {slands
and number of impinging atoms has becn given by Neugebsuer
(1964), or” <03 241 ” { 03 where r® is the critical

oN 2 NV
radius of an eggreg:te, A F® 1s the free energy of formation

of such an aggregete of critical size and K} 1s the number of
impinging atoms. From the above relation it can be seen that
with the incresse of deposition rate the islands of smaller
size will be formed end z1s0 the rate of formstion of smsller
islands will be higher., This shows that in case of high rate
of eviporation & continuous film will be formed at lover filc
thickness resulting in lowver resistivity. Our experimental
results also corrcborate this conclusion. Though the
eonductivity of metsl depends more on the meen free path, in
case of semiconductors, it depends more on the csrrier concen=-
tration. In the present investigstion pserticularly for lead
telluride films, the sise effect 1s not an important factor
on the conduction mechaniss since the film thicknesses were

wuch higher than the mean free path of cherge carriers,
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In ®i1 the three comrounds studied, the temperature of
discontinutyy .ug found to be much more lower than the melting
points °j/kho corresponding bulk materials. The evaporation
of f11ms /¢ jower temperature than those of the bulk cen be
oxpleined ., the following wey: In case of film state the
surface to Vo.ume patio of the material is very high and conse-
quently there ¥,3; pe high totsl surface energy. This will
result in the agi.cegctes of becoming less stable and leading
to e higher vapour ,,.eysure than froz the corresponding bulk
material. This will i,y doubt result in eveporation of the

rfilm at lover temperature,

The measurements of thcx}ﬁltistanc. above roon tempera-
ture up to a temperature well below th.. Tq temperature showed
that the initial rapid fall in rosistanp;\' ght be Aue to the
ennesling out of the sowe of the defects, The ress s.snce
measurement during the initiasl heating process partiéaiafly"*~ ‘
for Pbi and PbEe above room temperature showed an incressd of
resistance with the rise of tespersture up to 130" 178°C
depending upon the thickness of the film and sbove this tempe-
rature a fall in resistivity with rise in temperature. Luring
subsequent hesting and cooling the rise in resistance observed
initially this appears especially for Pb5S films, This initial
behaviour is no doubt very peculiar, It has been confirmed
that this behaviour was due to the adsorption phenomena which
could be removed by heat treatment or keeping the film under
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dynamical vacuum., Lead sulphide f1ilm on subsequent husting
and cooling shoved sexiconducting dbehaviour viz. decrease of
resistance with increase of temperature througrout the
temperature range studied indicating thereby the creation of
electron-hole peirs viz. 2n intrinsic be aviour,  rom the
fig.4 it cen be concluded that Pbi films shoved extrinsie
behaviour with AR 2 0.6 eV, below 130% 176°C. The velue of
A K 18, no doubt, depending slso on the defeots associated
with deposited film in addition to impurity effect., The
initial slow fall of resistance with increase of temperature
Eay be due to the effect of some of the inpurities which
further fonized with the rise of temperature, It seems from
the fig.4 that sbove 130°%176°C the number of electrons in
the conduction band and number of holes left behind in the
velence band were comparatively higher than the holes supplied
from impurity atoms and as a result the effect of decrease of
mobility due to the impurity scattering and defects was
svamped out leading to an increrse in electrical conductivity,
in tunneling transmisasion coefficient with rise of temperature

as pointed out by Neugebsuer (1962).

In case of PbSe films, the resistance after initial
heating was found to increase a little snd then decreased with
the rise of temperature, This increase in resistance might be
due to the presence of some sdsorption (chemical or physieal
or both) effect vhich might not be resoved by vacuum amnd
heat treatment,
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Similar sort of veristion in resistance with tempera-
ture in this temperature renge was &lso observed by Hirshsers
and Furekami (1954) in case of p-type of lead selenide single
erystsl having 0.3% excess of selenium., But the csuse s«cms
to be different from the one mentioned above, 1In case of
bulk saterial, this behaviour may be interpreted as the
effect of the scattering due to the lattice vidrations and
{impurity centers, since the carrier concentration assuzmed to
be constsnt over the tempersture range i,.e, 3OQ-17GPC. For
lead telluride films, no such behaviour was observed at all

over the tempersture range studied,

It has slready been mentioned in our results that the
sctivation energy measurcd for different films of verying
thickness was higher for thinner films than bulk snd vice
verss, s already been dlscussed, the activition energy
greatly depends on the island structure of the film. but in
resl films we hsve not only to consider the i{sland structure
form during the initial stage of the growth of the film hut
also to take into account other features, namely the gradual
increase in the sise of islends and their lnal merging to
one another with the forsmation of innumerable discontinuties
snd eventually developing high surface asperities depending
upon the evaporstion conditions wren the thickness of the
fils was high. These factors, it is believed, will slso
consideradly afrect the activation energy. The slight -deercege—
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decrease of activation energy with the incresse of film thick-
ness can be interpreted by the fact that the mean atomic

spacing decrecses with incressing thickness.

The expression for conductivity in thin metallic rilms
given by Neugebaucr can be further improved for semiconducting
films introdueing the exponential term in equation 25, since
the carricer concentration incresses exponentially with the
rise of temperature provided tre energy required to create
electron-hole pairs should not be more thin few kT. The conduet-

lvity for thin semicondueting films is,

2 .
St oatexp. g-ig_ivmﬂ' /f;:T‘“L§ eeen (41)

The measured value from the cu:ve log R yg 1/T will correspond
to AE= {24y + AR ),

Tempersture coeficlient of resistance

The pregent study on Pb3, Pb3e snd FbTe showed negative
tezperature coefficient of resistance. The negative maxiwa snd
minima were observed in ulmost sll of the rilzs studied. The
TCR veries from =0.7 x 10°2 to =1.156 x 10"2, The maxima and
minics could be explained easily on the island structure model,
According to them TCR is given by the relation,

a(a) ( 4Wveng 1 . ceees  (42)
TR * Tar he t T2
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2k
ususl meaning., Since with the increase of temperaturc the

where C = end the other symbols have their
distance betwecn 1sland goes on decressing end therefore
the term d(c)/4T must have a negstive sign. Therefore the
final expression for ICR will be

‘ ]
a(d) ¢ av vz 1 . € cesee  (42)
T z ne ta T

(TR

In the lower temperature region, the contribution from the
first term will be negligible snd the main contribution will
be only from C/T%, At about 40% 60°C for PbTe, the distance
betveen islands might be decressing und thereby the resistance
of the film decrezsed rapidly resulting in higher negative
velues of ICR with increase of texpercture, The contribution
to ICh was mainly from the first term in equstion No.43., it
s8till higher temperatures only the term C/T2 might be effective.

Thermoelectric pover

As mentioned in the results, the theramcelectric power
at room teaperature for all the leed fapily compound fllms was
found to be positive, It is possidle that the petype
characteristic might be due to the exceszs of 8, Se snd Te in
Pb8, Pbie and FbLTe respectively., Fitenberger (1942) showved

that excess of © in PbE would l:ad to petype characteristics.
In energy band roprcscnttxion, the excess of sulphur atom

induces an scceptor level very close to the upper edge of the

valence band.
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The equation for thermoelcctric power in csse of p-type
of cerriers csn be obtained by putting n = O in equstion 29 .
It 1s well known thet the position of the fermi level depends
upon the concentrztion and type of the impurities, 1In the
present case, it will lie below the middle of the forbidden
energy band, Witk the incresse of tempersture Yermi level
will rise towards the middle of the forbidden energy gep #nd
st certein tempereture depending upon the concentration of
impurities, attains its ultimate vslue. Eventually, the thermc-
electric power will increase up to the temperature at which
Jeral level attains its ultimate vealue,

TN

It has been observed in the present study on i'tle films‘
that thermoelectric power inerecased slowly with rise of tempe-~
rature and finslly showed ¢ slight decreasing tendency. The
slight incresse in positive thermoelectric power sprears to be
due to an increase in effective mzss with temperature as
reported by Johnson (1962), Smirnov et al. (1961) and Johnson
(1964) in bulk PbTe samples, The decressing tendency on
further rise of tempcrature may be due to the more electron-

hole pair creaticn process.

The results for thermoelectric power in case of bS
and Pbie differ considerably from those of PbTe. It has
already been mentioned that the positive thermoelectric power
slovly increased to maxlmum vilue and then dropped steeply to

zero snd on further increase in temperature became negative
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and at still higher temperature increassed with negetive sign,
On oooling similar charge occurred with the diference the
values obtained during cooling cycles were different. This
crange of positive thermoelectric power, to nugative thermo-
electric power indicates that the material which vas originslly
p~type, chenges to n-type due to thermal condition., A sinrilar
behaviour was slso observed previously by Avafa et al, (1966)
in case of bulk lesd sulphide compound., The initial rise in
thermoeleotric power may be due to the incresse in the position
of the ‘ermi level as mentioned hefore, 1In snother way it

een be sald that below 130% 176°C depending upon the film thick-
ness, the contribution to the therroelectric pover froz the
holes is more as compared to the electrons. Above 130°- 178°
the decrease of thermoelectric powver vwith incresse of teupera-
ture indicates that the contridution from the first term in
equation £9 becamec appreciable, At the inversion point, the
contribution from electrons and holes orested due to the thermal
fonigation became equal resulting in zero thermoelectric power.

In such case,
n/u.KS/E-a%J-\- ln(nc/n):] = p/uh%5/2-£ﬁ')+ln(ﬂv/n‘ﬁ.

Since no intentional impuritics were introduced into the samrles
the change of signof < wes no doubt due to the tempersture elfect.
since the earrier concentration is charscteristic of the
material, it appesrs that the change of sign 1is linked vith thre
mobility of the charge carriers which is generslly affected by

the tempersture,
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The negative sign of thermoelectric power particulerly
observed at higher temperaturez, for FbS and PbSe films, pust
be due to the higher mobdility of electrons thsn holes =s
reported by Brebrick and Scanlon (1984), since in intrinsic
range the electron and hole concentration sre approximately

same,

The inversion occur:ed at lower tempernture for the
thicker films indicating thereby that the thicker films became
intrinsic at lover temperatures. This temperature for thinner
films was howvever found to be higher indicating the higher
concentration of ippurities most likely the defects.

Mobility

The mobility relation m « TR reported by meny workers
vas slso found to be valid in our studies on films, Many
investigators reported the vaslue of 'n' to vary between 2,6 to
3. uhilst Swirnov et al. (1861) found, for PbSe, the value
of ns 3,56 to 4. For PbTe and bSe the value of 'n' was 2,96
and 4,5 respectively. Oince evuporated films consist of many
defects such as stacking fsults, dislocations, twinnings, grain
bounderies etc, the probability of scattering will be much more
compared to the bulk material of the same thickness, consequently
the mobility of the thin films would consideratly be less and
hence n will be more 83 found in the present studies, The
mobility of charge carriers in films deposited at room temp: re-

ture of varying thicknes: wes found to be less than 10 cme/volt-scc
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Generally the mobility for bulk msterisl veries from 100 to
400 cle/volt-sec. This considerable decrease in mobility in
thin films may be attributecd as mentioned sbove to the defects
viz, the presence or stresses snd strain, imperfections etc,
generally introduced during the growth of the films, In the
present study as the thickness became low the mobility for
lover filx thickness seexs to be associsted with the preaence
of more defects, It will be worth mentioning that Lavy (186%)
observed a, 3 2 onB/volt-sec. and Mp & 20 ca®/volt-sec, for
lesd telluride films, Iilverman and Levensteln (1854) also
observed s very low mobllity in cese of FbTe films, Halvorsen
(1960) reported that the mobility for p-type PbS films of l-p
thickness was less thon ten. The higher values of nobility
with increase of substrate temperature during the deposition
a8 obteined in the present investigation may be due to the
increase in size of the crystallites (.inch snd wilman, 1937;
Levinstein, 1849). /7t high substrate tempersture, the surface
diffusion &end annealing out of the internsal imperfections such
as stacking fsults, dislocations setc. takes place snd the
overall effect will cause an increase in wobility of the churge
carriers vith the incresse of substrate tempcrature, The
reverse will be the cese for deposits formed st lower substrate

temperature,

It 1% not essy to see the rcason for the low values of
¥Yall coefficient for thin films compared to the bulk. :ut it
is likely that the vslurs may arise ocut of the concellation of
effects of majority and minority cerriers which were always
present in the films studied.
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Oxidetion of Pt and lodine doping in Pbs and PbTe ‘ilums

The results of oxidation of PbS films shoved that
resistance increased by two or three orders in magnitude. The
higher vslues of resistance for oxidised film appesrs to be
due to the absorption of oxygen and gometires oxidetion of
films, Wilmen (1942) found by electron diffrsction that the
surface layer consisted of Pbi, PbiNg and otrer compounds.
Minden (1965) suggested that these sort of films night be
composed of two layers next to the substrate viz, (1) conducte
ing lsyer snd (i1) the upper leyer of the fils which was
suppos=d to be none-condueting. He suggested the formation
of PbS0g5, PBO and removel of 80gs Due to the adsorption of
oxygen as well as formation of nev phases on the surfzce of
the film, the resistivity would increasse cnnsidersbly. The
results of thermoelectric power peassurem-nts suggested that
the type of the materizl remained unchenged sfter oxidstion
of the film, The slight higher velues of thermcelectrie powver
observed might be due to the formation of new compound such
as Pbi0g and b0 (Minden, 1965), or I'DOPBSO, (lerlaga et al.
1966), Bode and Levinstein (1964) showed that the n-type
matcrisl changed to petype after oxidation,

Resistivity nessurements on iodine doped PbS snd PbTe
f1lcs showed a considersble increzse in resistivity at room
temperatur¢, The higher values of iodine-doped rilms might
be due to the formation of layer of 1o on the surface of the



films which had generally very low conduetivity. It esn be
s«en clensrly from the messurements on Iodine«doped films of
?b8 that the adsorption effect was consideradbly reduced, It
is not easy to interpret this peculisr behaviour of such
filma, Tt i3 evident thst [odine lay:'r so formed might
prevented the penctration or di’"usion of nolsture and gascs
through the f4lm posslibly by occupying active git~s. It has
boen reported previously thet the halogens doping in lead
sulphide group generally gave n~type of waterial (isloem et al.,
1964), Dut the prcesent study showed that the Todine did not
chenge the type of the msterial in case of FbS and PbTe fllms,
The thermoeleetric power messursments gave a8 slightly higher

veluces, The ganeral trend of the result wes similar.
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STUDTES ON BISHUTH TELLUKIDE

AND BISMUTH SELENIDE FILME

A, TIntroduction

It is well known that the bismuth telluride snd bisruth
alloys are frequently used in thermoelectric devices, 7The
experimentel dates on materials which had been used in therno-
electric devices up to 1864 1s given in papers by lelkes
(1947, 1964), orsterg (19563) and Horing et al. (1847). Lisrmuth
telluride is supposed to be one of the lLest intermetsllic
compounds used in thermoelectric devices. The work of laken
(1910) on Ei-Te system showed that the pure BiEToa (62E1 - 481¢)
elways gave n-type conductivity whereas impure compound showed
p=type condﬁctxvity, with thermoelectric power vorying from
120- 170 v/, |

Later on Coldsmid and Douglas (1964) showed that pe-type
812103 could be used to produce thermoelectric cocling. After
1964, many investigators studied the semiconducting parameters
of ulgToa single crystals and polycrystsls, Tsidil'kovskil
(1968) and Amirkhanov et al. (1967) measured the thermomagnetic
effects over the temperature range 1209-70005 and reported
that in most of the ssmples the carrier concentration was of the
order of 1018- 1019 cm’a. Lagrenaudie (1957) confirmed that
Elpleg was a semiconductor and appli-d the same bonding model
as reported by kreb (1964) for lead sulphide. le also reported
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that the thermoelectric power of his sample having the currier
concentration 1.6 x 1038 cr™® decressed with the rise of

temperasture snd for n = 1.7 x 10%° em™>

y 1t vas almost
constant over the temperature range 130% 476°« and then had a
decreasing tendency. Coodman (1969) proposed s new model s8

wes used for Cdtz. Cordyskove and “inani (1988) investigsted
trhe effects of impurities in higTes. They also reported thst

the electrical conductivity anéd thermoelectric power changed
considerably with doping. Drabble and Wolfe (1986) suggested
the multivalley band structure, The mezsurements of rabble

et 21, (1958) and Prabble (1968) showed that both the conduction
and valence bands had elther three or six extremas and they
deduced that the constant energy surfrces of electrons were
spheroidal, The effective mass from Hall and Ueebeck data

were reported to be as 0,45 m, and for holes 0,61 m,. lany
investigators also measured the electron and hole mobility
(Goldsmid et al,, 1968; OSatterthwasite and Ure, 1967)., The
electron hall wobility of Ii,Tey was found to be 310 ent/volt-sec.
end hole moblility wes about 400 cma/volt—sec. st 200°k
(Satterthwaite and Ure, 1967; Drabble, 1968; 'arman et al.,
1967). The temperature dependence of mobility from resi.tivity
and Hall effect measurements varied as T°P varied from 1,67

to 3 for electron mobility and 1.5 to £.3 for hole mobility.
The activation energy veried from 0,16 to 0,2 eV for bulk

materinl,
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Goldsmi¢ (1967) made the thermoelectric power neasure-
ments on both n- an! p-type maturials and reported t'at thermo-
electric powver was independent of an axial direction i.e.
found to be isotropic in the renge 150 300 a. le found
o2 190/uV/°C for netype snd oC 3 170/nv/ﬁc for petype Ei-leg.
Yrom the graphs of Scebeck coef “iclents against 1nT, the slope
corresponded to 167 mv/°C for n-type an’ 160 mV/C for p-type
meterisl in the atove temperature range, Ye also stated that
the effective mass increnses with incressing degr-e of degeneracy.
Goldsmid (1968) snd !ansfield & Williems (1968) mersured the
S8cvebeck coefflicient in the intrinsic renge of temperature und
Goldsmid detercined the ratio of electron to hole mobility as
1.2 end mp/zp = 0.9, Lowley et al. (1968) studied the

magnheto-thaermoelectric effects,

Goldsmid (1968), Walker (196C) elso measurcd the thermsl
conductivity of a number of p- and n-type specimens of v:rying
composition over the temperature range 160% 300%: and at lowver
temperature i,.e, 2%k (icoonald et al., 1969). l.assurements of
thermal conductivity as a function of tempersture also been
reported by Satterthwaite and Ure (1967). Over the temperature
range they found K = 5.1 x T°1 W em™! dog‘l. Optical propertics
of higroa single ciystals have been reported in s series of
papers by Austin (19&8, 69, 60), He reported that the thermal
energy gep st room temper:ture was 0,13 eV and had a temperature

coefficient -0.96 x 10”4 ev/ °cC.
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Carlson (1959) stuiled the difrusion of co:'per in
LipTes and his results werc in sgrecment with the theory of
diffusion given by cener (1951), usoonpaa (1964) correlated
the type of msterial end c¢/s ratio for bi,Teq. The results
were corresponding to those previously reported by Francombe

(1968), Vesenin and .onovalov (19567).

Lange (1939) determined the positions of the atoms in
the rhombohedrel (54 type of i1oTege Nongus (1961) rerorted
a hexagonal atructure with a = 4,36, C = § x 0,086 Ky whilst
Shigotoml and Forl (1966) reportud a = 6.79, c/a2 2 1l.4. In
the view of Francombe (19(8), bi,Te, hsd a rarked anisotropy
between the axial expsnsion coefficients, According to Sato
(1962), ch~ngzes in structure of HisTe; took place during the
pechanical grinding process. iiecently rancombe (1964) !rom
electron diffraction study on sputtered thin films of LigTe,
reported a modified he.agenal structure vhich corresponds to

pseudocubic structure,

dany ilnvestiz tors have attempted to study the sewmi-
conducting properties of L12893 single cry:tals and alsoc of
polycrystals., 1In 1960, Gibson and Kos: have estizmated the
value of the uctivotion energy ( Ab) 3 C.4 eV, According to
ileek et al. (1951) the vslue of A F wes 0,35 eV, snd the
temperature coefficient of optical energy gap was -22x10°4&W/OC.
¥hilst Hashimoto (1968) have observed At 2 0,2 eV for poly-
crystz1lline Iisle, snd the activation energy of donor static
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wvas 0,003 eV, lie also reported for bise polycrystals, AL 2 0.4 eV,
Austin and cheard (1847) estimatcd the vilue of AE & 0,17 eV,
Joffe and Stil'ban m-asured the thermoelectric power, figure

of merit and thermsl conductivity. They :oun? AT:-?OO/uV/OC,

L 21,6 x 1073 to 1.4 x 10™° geg™! ana . = 14 x 1072 em~laeg~l.
Konorov reported X = 70 uV/”C, Gordyskova et al. (1968)
reportcd t e mobility in big.ea,, M= 726 cmg/volt-sec.

It 18 interesting to state that the bulk meterial obtained
from the stolchiometric composition of 54 snd Te, 18 gencrally
n-type. According to longes (1961) an alloy biyle, annealed
at 476°C for severel days had & hexagonal structure, Farravano
and .aglioti (1830), Cclubert et al. (1963) and Schubert &
tprleke (1963), nonorov (1866), re;ported hexagonal structure for
blpoSeqe  In view of Seriletov (1964), Semiletov end Pinsker
(196E) reportcd from their electron diffrzction study bie-Se
system had three phascs viz, hizcioa, iisso4 and Bile., Recently
Gobrecht et al., (1964) studied the structural snd electrical
properties of ”}:;12-1332 and 1%12503. They have observed s high
anisotropy for Er,iii%ea ( 58/ ¢ = 10) as compared to Lijie,

( ¢8/ 6¢c = ¢) as faur ss the conductivity was concerned., In
this laboratory Dhere (1966) made s detciled stuly on the
erysta]l growth process of Me’rea and 2-}12503 rfilms on (100),
(110) »nd (111) ‘aces of Natl and e2lso on (00C1l) of mica.

These stuidles, no doubt, give somv Linaight into the
electron transport process in the bulk wrterial, It is also

evident that no such studies have been nade on the semiconducting
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and physical properties of thin films. In the following, some
study has been undertaken on the messurements of semiconduct-
ing parameters in order to g-t .ome insight 1into the electron

transport proces:es,

be Experimental

(a) rreparation of bismuth telluride :- iismuth telluride

in the bulk was prepared by melting bismuth and tellurium in
atouic proportion (2:2) in vacuo in a scaled silica tube by
heating to about 1000°C for about six hours snd cooling later
on, ZThe bisruth mctal used was suprlisd by Johnson Matthey and
Co. and the telluriuz (wetal) powder by iiedel-de haenag,
ceelze~'annover, of Germany. The method of preparation was

similar to that of lead selenide,

(b} Prepsration o bismuth selenide :- ;{srut- selenide

was also prepared in a similer way in atomic proportion (2:3)
by taking vismuth and selenium, felenius was obtained from
sritish Drug House and was of 997 purity. The maximum
temperasture of heating was about 700°C., 1The other stages were

similaer to that of LIETGS.

C. Lesults

(1) desistivity «nd activstion energy :- Lefore currying

out the measuremsnts of the other psrometers, the discontinulity
temperature of both the biETeS and L1?803 films were found out
end was about 22600 and 300°C respectively. The biETea films

vere then annealed at tempersture sbout 200°C. In the cuse of
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b12803 filcs no snneeling wes carried out, the resson for which

will be discuszed {in tie results.

(a) lismuth telluride films ;- The r:sistince messure-

ments v - re made in the tempersture range of -17°% ¢t~ 20000.
ihe fig.22 shovs the vsristion of log /. ya 1/T for different
film thicknesszes. It can be seen from the curves that the
resl:tance decrecsed continmously with the rise of temp rature
through-cut the tempersture range, ‘owevir, the curve

log A ¥g 1/T changed L{ts slope at about 30°C and on further
riae of tempersture up to the maxirum tempersture of our
experirent, the slope remained constsnt, The sctivetion energy
weg csleulated for bot: the regions i{.e, from'-17°C to 30GC and
30° to 200°C snd the results are shown in table k0,7 for [{lms
of varying triciness. It can be scen ‘rom tre £ig.23 that the
L121e3 films showed intrinsic behaviour sbove room terrereture.
The activation energy cslculated over the temperasture range
20°-178°C was s1ightly higher then thet of bulk materisl,
reported by other investigators.

The study was also made on the films prepar<d under
dirferent evaporsting conditions, namely with the rate of
evaporation. Th: resistivity messurem:nts at room tempersture
on such film: showed that the resistivity incrcased with the
decrenge of rate of evaporation and vice v:rss. leasurements
at highur temperature slsc indicated that the gencrel trend

of the results was sicilar for dif erent rates of evaporstion



TABLE = 7

L IGKUTY TELLUKIDE .

Film No. Filas (D E) eV (AE) eV
trickness gbeove room Lbelev roon
é? temperature  temperzture
(fast rate
of evipors- <4650 0,368 0,230
tion)
£,732 0,365 0,226
b 8,320 0,380 0,285
(slow rate
of evapors= 10,300 C.377 0.280
tion)
12,100 0.260 0.240
TABLE « B
BIEKUTE SELENIDE
Filzs No. Film thickness ictivation
0 energy
i (A E) eV
1 2,340 0.440
2 5910 G399
3 11,010 « 260
4 15,670 0,385
) 21,790 C,249
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L.e., the nature or the curve (lo: i ¥v§ 1/71) wes independent
of the rste of evaporation t ough the resistivities for
dif’erent film thicknesses at the sume temperatures were
different for different rates of evaporation. Activation
en«rgy was also found to be afected & little with the rate of
eveporztion, It incressed slightly with the decresse of the

rate of evaporztion and vice versa,

(b) blsmuth selenide films :~ [preliminary experiments on

resistence messurements with tempersture showed some int reste
ing festures in log 1 ¥3 1/T cu:ves, which were not rresent

in case of LieTca and lcaed chesleogenides., & typlesl curve,
(fig.?4) showed that during the heating cycle the resl:tsnce
decressed contimously wit!: the rise of temperature up to a
region slightly below the temperature of disceontinuity. Durinyg
the cooling cycle it was observed that the cu ves did not
follow the heating path but continued in entirely a different
one, nearly parallel to the 1/7T axis (fig.24), 1If the resistance
mes surement wes again cerried out, it followed the cooling path
provided the maximun temperature was more or les. the same &8s
before., 1f, however, during the initial heating cycle, heating
was stopped at an intermediete temperature, the cooling curve
again followed, depending upon the maximun temperature, a new
path different from the heating curve, The typlcal curves for
log R y§ 1/T are shown in fig.26 for different msiimum tempers-
ture of heating, 1In all case:, fresh heating cu/ves followed
exactly the previous cooling curves provided the ma ximum

temperature wes not exceeded,



T N

o
1

3

9 ¥
IO‘;"
91
.e—
7h
6+
4>
5

2 F

COWN Y yn

q
E
o S

FIG-24.

10 °K

X




T T I T S

fo Nl e SR

YO~ W U N

) 4

0

TR on~uwA

FIG-25.

A\ T T
WUALS LT

che




It thus apresred that the cnoling curve which rere or
less showed the effect of annealing was dependent eventually
on the tepperature o ennealing., Since slopes slso varied
with this snnealine temperatures, the ususl snnealing vrocess
carried out for oth:r thin films was pur. csely avoided {n the
cage of Liféea Tiilms, The values of activation energy for
different Tilm tricknesscs were mersured over the temperature
range 309-10006. The table ho.H ghows the varistion of activae
tion energy with the filmw thickne:s. 1t can L@ scen 'rom
the lg.256 that the slope of the cooling curve decreased with
the incresse of the raricum temperzture of heating and finally
approached to z:ro at about 260°C as the resistince was Practie
cally constant during the croling process from EBOOC to the
room temperature, It can be seen from the alove studies that
once a8 cooling curve is cbtained corresponding to the paxivum
temperasture of “eating the cycle will be repeatable provided
the maximum tempersture wss not exceeded, This wes conlirmed
by making eight or ten dif’erent runs belov the marimum tempe-

rature of heating on the sswe film,

The ectivation energy for the same fllr in different
tempersture regions was calculsted by using the expression (40).
The results for ( A ) for difcrent temperature of maxirum
heating sre prcsented in teble No.,9. The f1g.26 for A xa Ty
{ndicates that the activation energy decreascd with the

{ncresse of maximum temperature of heating. From the stove
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figure, the rate of decrcise of ( A ) with the rise of m:.imux
temrersture of hesting wis caleulated, The results a2re shown
in table Nc,8, It wes Toun' that the rate of decreecse of
asctivation energy with the msxiour temperature of huating wus
about & x 10‘3 ﬂV/oC in the temperature renge 309-155°u &nd

3 02 x 1072

above 166°C 1t wes found to be equel to 3 x 10°

ev/c,

(£1) Thvrmoolectric_gower pessurerents

~efore preparing t'e fllms, the bulk materials vere
subjected to the thermoelectric test. The bulk materisl DicTe,
wis found to be p-type whereas Pl le. wis showing netype

bersvicur.

(s) Ekismuth telluride rilms := The mesgurements of

thermoelectric power were made over the temperature ringe -18%

to 176°C. The £1g.27 shows the typicsl curve for the veriation
of thermoelectric power with temperaturc, It indicates that
(<) increased slowly with the rise of temperature snd at about
12:°C remained constant and then showed a decreaszing tendency
with the further rise of temperaturc as was observed in the
case of PbTe "ilms. The maximum value obtained for bipTes
f1lms wns sbout 240 uV/°C. The table Ko.10 shows the magnitude
of thermoeclectric power at different temperatures for verying

£11s thicknes.es. Here agsin thinner r1lms had higher values

than the thicker films,



TALLE - 9

faximuk tempersture Activetion energy

of heating (A i) eV
I
1256 Co 90
146 0.260
1565 0.215
170 0.160
180 0.120
200 0,060
&ed 0,008
TABLE - 10
Lismuth telluride Elsmuth selenide

Thickness Temparature /3%/96 Thickness Temperatare }ﬁ&/oc

7 4600 26 162 9,300 26 80
50 188 80 100

75 204 75 112

100 218 100 120

128 028 126 120

12,200 28 132 15,700 25 74
£0 166 50 o

7% 187 7% 100

100 182 100 106

128 136 126 106

22,000 26 120 24,120 25 72
50 140 60 7¢

76 162 7% 78

100 160 100 78

126 167 126 78
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#11 the 1i,Te. films prepsred by vscuum evaporation
tec nique wer: Iound te be petype over the tempercture renge

studled,

(L) bLismuth selenicde films :- The therwms) e.r.f. gencrated

due to the tempersture dif’erence between the two ends of the
film wes measure¢d, The typic:l curve of thormal e.=:.f. against
temperaturce of the hot end shows s continuous rise o:! trermal
e,n,fy, Wwith tempcratur: up to the maslmum tem ersture of our
experiment, +ith a better control of temperature, no hysteresis
type oI lorp was observed between the hesting snd cooling cycle,
Lut the resi:tsnce measuremcnts in 4if’ erent temperatur. range
showed the irrevirsible eh:nges, In order to se« the effect

of irrev:.rsibllity on the thermel e,m,f, the filr was (irst
heated to certain tempersture and weasurcments were made telow
this texpersature. In a simllar way the seme filn was heated at
dirfferent temperstures an” within those temperazture ronges the
thermal e.m.fa, were measured, The dif’erent typlcsl curves

"or thurmal e,r.", ¥8 temperature sre shown in rig.28 which
shows that the corresponiing vaelues of the therrmal e,.m.fs,
decrezsed ¢ little with the meximum temper:ture of heating.

The thermcelcetric power (<) was calculated at diferent
temperatures in different teaper:ture ranges. The fig.E7 for

< yg 1 shows simtlsr sort of varlation with temperature as

observed in case of higTes films,
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The thermoelectric power in the ssre tcmperature region for
difrferent film thickness wss calculat«d and results are shown in
table ko.10, The table shows thet the thermoelectric power
increesed with the decrease of the film thickness. tiormally,
the vzlue of (<) varied from 70 to BO/uV/OC for most of the
BipSeq films, All the films under investigutlon, were found to
be n-type unlike i:1,Te,. This may be due to the presence of

eicess of selenius.

(11f) Tempersture coefficlent of resistznce

Ihis parameter for LijTe, snd Bl,'e, films was messured
in the usual way described previously (Chapter [II). The

texperat: re range wes between qu-175°C. The fig.29? shows the

f1ilms and the results are shown in table Hc,ll.,

It {5 seen that TCi had & negative sign and its negative
value decressed with the rise of temperature up to tenmperature
~ 60°C for 512103 files. ©On further incresse of temperature
th.e negative TCR also increased up to the maximum temperature
of ocur experiment which was less then the annealing tempersture.
Yor BijSe; films, the smaller value of the negative TCR, however,

occurred at temperature much lower then thst of Bigrea files,

It is of interest to mention here that even though metsurc-
ment o the TCH for bizsca £ilms wss carried out before annealing
the film:* nature of the curves were similsr to that of higTe .

This ras been confirmed in numerous specimens of ngbea filws.
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oiszuth selenide  Liswuth telluride

Temperesture TCh Temperature TCR

¢ deg-l °c deg'l
20 1,08 x 10°2 29,5 1.26 x 1072
36 0.92 x 1072 46,0 1.1° x 1078
43 0.66 z 10°2 40,0 1,09 x 1072
64.6 0,86 x 1072 60,0 1,00 x 1072
62 0.63 x 10°° €0.0 0.88 x 1072
3.8  0.54 x 1072 80,0 c.76 x 107¢
97.6  0.60 x 1072 100,0 0.86 x 10°€
- - 120.0 0.97 x 10°8
- - 130.0 1,06 x 162

TALLE - 12

ELLEUTE TeLlUnlik

~—ron

Tempers ture Mean free path
CC ("0 } o,
; -
26 6.08 x 10
50 £.97 x 1078
7% 6.90 = 1070
100 5.57 x 10°°

126 2,06 x 10°%
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(iv) Yean frce path

The mean {ree path of kizTea filcs was messur:d by
enploying t-e method previously used by Mayer (1959) 28 mentioned
in the Chapter TIT.

The £1g.30 s-ows the dependence of /F.d on 'd' &t
diflerent tezperstures. Though these curves srow similer
trend of result:, the magnitudes of intercepts znd /Zn at
different temperatures were yuite different., 7The table o,.12
shows the value of rean free puth st different temperatures,

i typlesl curve for lop ( 4o, ¥8 log (I) indicates that mean
free psth decressed with the incresse of tempersture obeying
the law T"° where & wvas found = 0,48, It was ulso found thet

the mobility oleys the law T™", where n s 0,95 L.e. moci™0°%

Ileetron diffraction patterns were a£lso tuken from the
derosits before and after measurements, The patterns obtained
from the deposits after measurements were sharper then these
for taken before mecasureszcents, This suggested an increxge in
the crystal size., The typlcel pattern for hisTe, snd bijlieq

ere shown in figs.l 1,32,

De Clscuszion

es8istivity and activation energy i~ 1t has been

observed during our present study that the resistivities at

room tempersture for bBi.Te, and ElpSe, films vere of the order

of 0.1 to 0.056 ohm=-cr. and O,1 ohmecr. respectively. These



501 %P d



- 97 =

valueg of resistivities were much higher than thet of bulk as
report-d by meny investigators (Llact et al.. 19567; Joffe
and Sti'bens, 1969; dnorov, 1966)., Heasons for the higher
resistivities in thin films have already been discussed in
details in case of the chelcogenides of lead. The imperfect-
ions or defects etc., contribute generally to an inoreise of
reslstivities in thin films. It xay be pointed out here that
the conductivity of lead telluride and bismuth telluride films
deposited at room temperature was of the ssme order for the

same order of film thickness,

The general features of the curves, log i ys 1/7, for
hieToa films above room temperature were similar to Pble
files. Below the room tempcrature the resistance, however,
increesed slowly with the decreasse of temperature, 4 conti-
nuous fall in resistance with the increase in temperature as
can be sesn from fig.23, indicates the axeitatinn of electrons
from the valence band to the conduction band and also further
ionization of the impurities. It is obvious from f1;.23 that
the intrinsic behaviour sterted atove the room temperature,
Delow 20°C all the films of FlgTeq, studied showed extrinsie
behaviour with an sctivation energy = 0,20 to 0,24 eV,

The resistivity data of bl fe, fllms (f1g.26) showed
that certsin transformation occurred in the films such that
after a certsin temperature irreversible chonges in resistance
wvere observed, This change was found to depend upon the

zexivum temperature of heating of films. Felov this tenpersture
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filus vere quite stzble in the sense trat the resistance me: sure-
ments were reproducible., This pecullar behaviour of biswuth
selenide films ray be due to the deasociation of bigaoa to :iSe,
Electron diffraction study in this lasboratory also confirms the
above view (Dhere 1966). Owing to the removsl of seleniur from
film during the heating process, the messurements of activation
energy became difficult, The value of the sctivation encrgy

at different polnts corresponding to tle maximums temperature

of heating was calculatei, The results showed a wide variation

in activation energy at different temp rature renge studied.

In case of biaies films there were two different values
of activation energy in two temperasturs ranges viz. (a) bvelow
room temperature and (b) above room temperature to tre raripum
tewmperiture of experiment. In temperzture region (b), the
value for 4 E was found to vary from 0,3 to 0,39 ¢V and in (a)
0.20 to 0.24 ¢V over the thicknes. range 0,000 to 1,000 & .
Fany investigstors for example lLlack et a2l. (1987), kKonorov
(1966), Shigetorzi snd Noril (1966}, !srxen et sl., (19567),
Setterthwaite and Ure (1967) and Goldsmid (1968) reported 0.16,
0.2, C.%¥1, 0.16, 0,20 snd C,16 eV respectively for bulk iigTeqy
&t room temperzture. It is lnteresting to point out that
higrer velues of activation energy for thinner s.mples were
also noticed by Elack et al. (1967) in the cese of bulk hiETGS'
The values of sctivation energy observed in the present study
on Ii-Ce, files, corresponded with those of Gibson snd lMoss
(1860) for bulk Li ‘e, with At s 0,4eV, Hishimoto (1958)
reported 0,38 eV for single crystals of Eizﬁaa. The velues of
activation energy obtsined in the present study would not only

gccount for the energy required to excite an electron Irow the
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valence band but also for the encrgy reguired to transfer an
crharge cerrier from one neutral island to snother snd finelly
also for the energy reguired to anneal out some of the defects.
As it has already been steted in the previous chapter, the
sctivation energy 1ls also affected considerably by the surf:zce
asperitie:. The higher values observed for thinner films could
be expleined on a similer line as discussed for lead chalcoge~

nides films,

Thersoelectric power

The present study on thernoeleetric power of thin bizTea
films showved that the values obtzained! were slightly higher than
that for the bulk material. It can be scen from the results
that the Seebeck coefficient varied from 130 to 240 uV/°C over
s tempersture range 3on-4oo°x. £t higher tempersturcs, the
thermoelectric power showed s little decreasing tendency. The
continuwus rise in thermoelectric power over the above tempera-
ture range pight be renresented by the relation, <=z % % 1nT
const., It seexs reasonable to suppose thst the carrier concen-
tration was constant vig., further ionization of impurities
and electron-hole pair creation was not appreciable., GColismid
(1968) observed similsr sort of vsaristion in thermoelcectric
power ov:er & considerable runge of temperature. The variation
of thermnelectric power with tempersturc could be explsined on

a sinmtilar line as discus:zed in the case of lead telluride.
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tince thermoelectric power depends gre:tly on the mebility which
elso varies with effective mass &8s given by

A& (e TR

iroe the above reletion the variation of '°C!' with temperature
csn be easily explained. lany investigztors found that Ceebeck
coefficlent varied from 170 to 210 uV/°C depending upon the

nature of the materisl,

It is worth mentioning here that all the bismuth telluride
films showed p-type Lehaviour a&s that of originel bulk material,
Depending upon the relative concentration of elements over the
stoichliometric ri tio £:I, the type of materisls will be
determined, It is gencrelly found that on exact composition
£:3 the materiasl beconme p~type., OSoonpaa (1964) suggested thet
the type of the material perticularly of hieles, also depended
upon the relative magnitude of lattice peremeters viz. c/a
ratio. In view of this suggestion, it will be worthwhile to
carry out a detalled structursl studies by electron dlffraction

and correlste the c/a ratlo with the films chzracteristics.

Thermoelectric power measurements on 312503 films showed
that the thermoelectric power wes not constant over the
temperature reglon studied, Tt decreased, however, with the
meximum tempersture of hestin;, The decrease in thermoelectric
pover might be due to the annealing out of the defects &8

mentioned before, Due to this, the effect of scattering mechsnis:
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varies which affect the velue of thermoelectric power though
the velue of {t is not affected directly but through an

encrgy dependent mean free path term in the thermoelectric
power foriulec., From resistivity an® thernoelectric measure-
ments in case of klzaca films, it can te safely concluded thst,
the degree of degeneracy incressed wit' the incresse of the
mexisum heating temperature, The present study showed that

at room temperature thermoelectric power varied from 70 to
130/uV/”C depending upon the thickness of the film. According
to i.onorov (1866) end Black et al. (1867) thermoelectric power
for bulk varied from 70-100 avV/°C,

Temperzture coefficient of resistance

The curve ICR y§ tempersture for LisTe. and i4o80, films,
showed that it was neither a lineszr nor an independent of
temrerature, This behavicur could be explained on the ltasis of
island structure model as discussed before. iimultaneous
examination of eyuation (42) and the curve (ICH yg tecperature)
suggests thet, the initiel fall in the negative TCi up to abtout
65°C to +80°C for iigTeg snd LigSey respectively right be due
to the terx C/Te. Above these temperstures the contribution
from the first term became aprrecisble and the effect of the
term C/TE was completely swamped out, The present investigs-
tion on 312103 &nd 312563 £1{1ms shoved that the nogative
maxime were not clearly defined up to 176°C, & comperison
with sulphide, selenice and telluride of leud showed thsat TCK
wss wuch more enhsnced compared to bigliég and ki,Teq with

temperature,
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Hean free path

It 18 scen from the results that (o wss found to be

of the order of 10~% em. tn hizies. The relation ﬁx«i'" wE g
slso found to be valid, 1t 48 interesting to note here thst
the vislue of 'n' was low ( n == 0,96). Goliszid (1988),
Shigetoml and ori (1966) Vlssova and Stil'bans (1966),
tatterthwrite snd Tre (1967) reported the values of 'n' to be

1.94, 2,34 £.5, 1.6 etc, respectively, These values
indicite that the samples must heve been in a degenerate state
or had a large concentration of charge carrier: l.e,
h> 1019L 1079 &3, 1ne 1ow vslue of 'n' might be depended
upon the degree of degeneracy &nd the structure of the caterial

under {nvestigation.
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CHAPTEK - V

CRYSTAL GiOWTH OF LEAD SELENTDE

he Inmtroduction

At present many workers are engaged in various parts
of tre world in the study of the opticel and electrical
properties of the films but relatively less attention 1s being
paid to the nature of the Iilms, their structure, crystsl
size and orientutions etc. which are necessary for the under-
standing of thelr behaviocur. Thin "ilms becsuse of th elr
properties different from the bulk materials find wide slope
of use in many flclds esreclally in electrical devices and in
optical instruments, The physical and electricsl properties
are completely dictated by the film structure. It is well
known that the film structure is frequently quite different
from the bulk as films commonly have a much higher defect
density; sometines they even have completely diff'erent crystal

structure,

In order to sce the effect of the structure and nature
of the films on the electrical properties. =2n electron diffract-
ion study wes made on the lead selenide compound in detsil anc
to some extent on lead telluride at different temperatures,
The workx done on physical, electrical and opticel jropertles

has &lrcady been reviewed in the chapter IIL.
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Hamsdell (18€8) reported NaCl type f.c.c, structure for lead
selenide., Olshausen (1925) found the value of a, = 6.16245
and a, = 6.14 5,(Goldschcidt’ 198¢), Lead selenide was
reported to have haCl type f.c.c. structure with a, = 6,12¢ éa
(AoveTels € - 0266) and also a, ® €6.124 ;’(&.o.T.M. 6 - 0564),
Lead telluride was reported to have a hexagonal (NiAs type)
structire with a, = 6,439 & (lemsdell, 1926, Goldschmidt,
1926; Wyckoff, 1948), TFeltynowski et al, (1985), from their
electron diffrsction study reported that the lend telluride
has a f,c.c, structure with 8, = €.36 é’. According to
Feltynowski (1968), the lead telluride has a sincple cubice
structure with ao = 6,21 f’(by electron diffrsction method)

o
and ao ® 6,34 4 (Ly .~ray study).

et
iiecently 3em1%9v and Voroniva (1966) have also studied

the structurel and electrical properties of lead telluride
single crystel llms, The epitaxial growth on miea has been

studiesd by Yoshimi Makin: (1964),

From the above survey it will be secen thst not much
work has been carrled out on the epitaxial growth of Ptie
and ‘bTe on the different faces of rocksalt. In the following
study hes been undertaken on the crystal growth process of

Pbie on the different faces of NaCl,

be. Experimental

(a) Preparetion of specimens .- The depositecd films were

prepared by vacuum eveporation technigue, The apparatus as


http://telluri.de
file:///indertaken
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shown in fig.323 consisted of a wide pyre> glass tulbe sbout
30 crs. in length, wit) rubber stoppers st two ends end two
copper electrodes to heat the filament were inserted through
one of the stopper. The tube was evacuated by a rotsry oil
punp throug” the other end, The ultirste vecuun obtained
was of the order of 10'3 m: Hg. OLubstrates were generally
placed at about -6 cus awsy from the 1lament, The subtstrotes
were hested to the required temp:rature by a tubular furnace
which could be slided over the pyrex tube., In order to aveld
the surface contasmination the filament was initially flashed
to white rot., then coolcd the materials to be evaporated

were put into it, When the substrates attalned the required
temperature the deposition was carried out by raising the
temperature of the filament. The deposits were then cooled

in vecuo, removed and exsmined by electron diffraction

technique in the ususl zanner.

The filaments were in the form of basiet and prepared
from kanthol or tungsten wires, 7The current used for heasting
the filament was controllud by s veriasc, The temperature
of the films during deposition was messured by & sultesble

thermopeter.

(b) Preparation of substrates :- The substrates used in

the present investigstion were (100), (110) and (111) faces

of rocisalt crystels ané amorphous glass jpleces.
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The (100) face wus obtained by cutting sin. le crystal
with a clean and shaerp edged knife b, applying a little
pressure slong the cube edge direction, 'the untouched cleared

surfaces vere then used as substrates.

The (110) and (111) faces were prepared by grinding the
crystals at appropriate sngles wit: different grades of emery
papers down to O00C, These were then e¢tched in running
distilled water, dried between clean filter papers end examined
by electron dif raction technique, 1If necesssry, they were

reground and re-excmined to get the necessary fsces.

(c) rxamination o! specimens snd interpretstion
of electron 41t rection patterns

The specirens were examin<d both 1y reflection snd trans-
mission methods. The electron diffr:.ction patterns vere inter=-
preted in the manner discuss«d by many workers (inch and
~11lman, 19373 Thomson and Cochrine, 1939; .eeching, 1206;
Wilman, 1948s and 1949. 1948b, 19£2; Pinsker, 1963 etc.) and

hence are not given in detall.

The diffrection pattcrns obtained cen be grouped in
a8 follows: (1) Patterns due to single cry:tals or two-degree
orientated deposit erystsls mostly consisting of spots, (Z)
RAlng patterns due to polyerystalline nature of the deposits,
:nd (3) ieflection patterns consisting of arcs which 414 not

change on the change of beam direction were due to one degrue

orienteted depcsits.



FIG.ZSA. FIg-385.
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Cs Hesults

(s) Lead selenicde films

(1) On rocksalt

Cn (100) fsace : The deposits of lead selenide form.d
at different substrate tempersture, on rock-salt cleavage frnce
were studied in detall, The deposits =t room temperature were
polycrystalline in nature. The pattern (f1,.34) was srarp
consisting of reflections having either all odd or all even
indices indicating thereby thst the deposits developed & f.c.c,
structure, The lsttice parametor as wes found to be &, 3 6,2 K
Patterns obtain.d by reflections from deposits formed at 1so”c
consisted of spots as we¢ll as rings, The deposits with beam
direction alon: (100 ) yielded & squure type of ar: sngement
of spots (flg, 38), The patterns, however, changed on rotation
of the specimen such that 700, 400 reilection etc., and their
higher order reflections were always in the plane of incidence
in all cases, This suggested theat the deposits developed
2-4(100) orientation, The pettern (fig.o6) which beam along
the cube face diagonal of the substrate showed centered / 2
type rectangles which wzs in confirmetion with the above view,
Thus the deposits grew with psrallel orientation., ouimilar
resnlts vere 21so obteined in the case of deposits formed at
200°, 250°, 200°, 2560° end 40c°C, The pattern (fig.27) wes
obtain:d by transmission from the deposit formed &t 400°¢ .,

The square type of arrangement of the spots clearly showed the

forsation of 2-d {100} orientation.
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On (110) face : Deposits on (110) rocksslt at room

temperature were polycrystalline in nature. The deposits
formed above 160°C gave sharp spots due to the incresse in

the size of crystallites,

From a close exsmination of the reflection pattern
(fig.l8) it 1s seen that the pattern consisted of square
type of arrays of spots when the beem direction was along

100 of the s b.trate, The appesrance of £20, 440 etc.
reflections in the plsne of {ncidence sugirested the forws-
tion of 2-d4 {110} orientation such thet € 100> of deposit
{100 > substrate., The above interp:etstion was found to be
consistent wit): the pattern (fig.39) corresronding to the
beam direction along { 110 ) &nd also when the bear vas also
{ 111 ) of the materials. The corresponding transmission
pattern (fig.40) showed an arrangement-of spots 000, 220,
222 and O0Z reflections and their higher orders forminc
rectangular network witk 111, 351 etc. reflections at the
centers of the rectangles, It is consistent with the recipro-
cal lattice for < 110 ) exis of the deposits of crystals
and hence the deposits developed £-d [ 110} orientation on
NaCl (110) race,

6n (111) face : The deposits formed st room tempers-

ture also showed the polycrystalline nature. at higher
temperature the deposits gave sharp spot pattern (fig.41).
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The psttern shows that the deposits grew epitexially with
2-d4 {111] orientation, es 111, 22 etc. reflections were
present in the plene of incldence, The asymmetric nature o~
the srrangement of spots suggested the parallel or anti-

perallel orientation developed by the deposits.

(“) On_gles. : The deposits form:d on glass ~t roon
tepperature were polycrystslline in natur:, it abtout 200%
the deposit ylelded patterns (fig.42) which remeincd
unchanged even with the change of the beam direction. This
suggested the formation of one degree oricntstion, It is
seen that the reflections in the plane of incidence were
200, 400 and their higher order thereby suggesting the forrma-
tion of 1-d4 {100} orlentatlon were also obtsined in case of
deposits formed at 300°C. 1In this cuse the degree of orienta-~
tion is more perfect than from deposits formed at lower

temperature,

Lead telluride : The deposits formed at different

substrete temper:ture on glass showed the similar orienteation

a8 observed in case of lead selenide films,

D. Discu:sion

The results on the evaporated films of lesd selenide
showed that these grew epitexielly on single crystal
substrates such as NeCl, et higher tempcratures but they had

a tendency to be randomly disposed at or neer about the room



- 110 -

temperature., 1t 1s well known that the atoms in vepour phase
when start depositing on the subatrate condense and try to
occupy the positions which correspond to the minimum potential
energy configuration provided the mobilities of the atoms are
suficient. At higher substrate tempersture, they get
sufficient motility to arrange tharselves in rositions which
correspond to the ideal position of miniwmum potentiel energy
stuta, At lower substrate temperatures they would not have
sufficient time to teke up the idesl position and hence
remain on the sites in the {mmediate neighbourhood of the
deposition vosition., In the above cases it 1is seen that at
higher tempersatures the deposits hed tendency to develop
persllel orientations on all three faces of rocksslt, The

orientation and tre azimuthal directions were s8s follow .

[100} (oor) # (oe)  (o01)  mec
{120} (eo1) # (1100  <001)  Hac1
[11}] (10) y ) 10)  Kacl

Lesd selenide deposits developed perfect one-degree 100
orientation on glass atove 160°C. The deposits formwed on
gless at room temperature showed the polycrystalline nature,
At medium temperatvre, the presencs of many rings in

addition to the spots suggested an l-d {100} orientetion.

The higher mobilitles and lower resistivity of the
films forred =t higher temperature in case of lead telluride
films were must bc due to the incresise in crystal size and

annealing out of the sonme of the defects.
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SUMEARY AND CONCLUS IONS

The present systematic study on the semiconducting
properties of thin films of varylng thicknesses on seversl
semiconductors has shown some features not present in the
bulk materials, Further the measurements of semiconducting
parareter: in thin films have bLeen standardised for the
first time »nd effects of vericus factors, such as thickness,
rate of evaporation, substrate temperature on the different
perameters viz, resistivity, thermoelectric power, fall
coefficlent, TCH, mesn free path etc, have becn emphasiged.
The size effects, imperfection of surface asperities, higher
concentration of defects which control the thin film
preperties in the same way as impurities in bulks have been
established. {tudies of surfsce structure simultaneously
by eleectron diffraction in all the specimens, however,
served as o control to correlate the semiconducting and
structursl properties., The change of resistivity with tempe-
rature of substretes opened up & new possibility of changing
conductivity and hence & control in the eleetron trancport

process,

‘rom the results, it can be seen that the films of
lead and bisputh chealcogenides had lower conductivities,

higher activatlon energies, higher thermoelectric power,
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lower mobilities, rapld variation of temperature coefricient
of resistince and varisble fall coefficient depending on the
thickness ol the film than those obtained for bulk waterisls.
For all materisls studied the resistivity decressed with

sn increage of “ilm thicknes:s and finslly becoming nearly
constsnt with greater t:ickness, 7The resistivity was also
found to decrez:e with the rate of evaporation and substr:te
tempersture during the growth of the “ilm, The resistivity

( £ ) normally observed was verying from 1 - 0.1 (FbS),

1 = 0,05 (ibfe)y 0.1 = 0.01 (FbTes 0.6 = 0.06 (it fe,) and
0.6 = 0,01 (bigrca) depending upon the thickness of the film.
Lead sulphide and lesd selenide showed considerable
adsorption phenomena especlally when exposed to atmosphere
unlike lead telluride, bismuth selenide and bismuth tellurlde
films., The activation energy was found to be 1.2 - 1,6 (Pbi)
at high temperature; 0,7 = 0,9 (Pbde); 0.2 - G,44 (PbTe);
020 ~ 0.38 (i1,Tey) and for Li,Se, 0.09 - 0,45 eV, for
various film thicknesses, the thinner films however giving
higher values, Incresse in the values of activation energy
for films compared to bulk appecared to be as:oclated with
islend structure snd surface asperities etc, The thermo-
electric power (€ ) varied similerly with thickness thus

150 - 276 (ibE); 340 - 480 (ibSe); B00-400 (FbTe);

140 - 200 (14 Te,) and for bl fe, 60 - 100 pv/°C, but not
much affected by the rate of evaporation and substrate

temperzture, An interesting feature in the thermoelectric
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power of FbS nnd ’bie at higher temperatures (~136°-200°C)
we s the change of positive vzlue of '“C' to negative one
with the rise of temperature and its reversiile charscter
on cooling. This was, no doubt, related toc the higher
electron mobility over the hole mobility. 1Hall coefficient
end hence the carrier concentration (n) for bTe also
veried with the 7ilm thickness and the evuporstion conditirns
especially with the substrate temperature, Thicker {lms
ylelded higher values, 4ll the films of Pbi, FbSe, ‘ble and
hizIee wers found to be p-type whilst B showved n-type
beheviour. The carrier concentration for ~bTe and LLETeS
wvis =~ 2 x 1087 - 5 x 2027 ex® and 1 x 20!% - 5 x 1019 en”"
respectively. The mean free path ( 4 ) calculated from the
resistivity mezsurements was found to be of the order of
107° cr. in most cases. The mobility of FbTe films was
found to vary from & to 1Z cmz/VOlt-sec. at roonm temperature
and increased with the substrate tempersture mainly through
the conductivity fsctor. The relation m = a, 17" was found
to hold good for lead and bismuth ch:lcogenides, and the
values of 'n' were 2,95, 4.5 and 0,96 for lead telluride,
lesd selenide =nd bismuth telluride fillms respectively.

ior bulk material 'n' was found to be 2.5 for lead compounds
and 1 -1,6 for bismuth telluride, The negative ICiH values
changed with temperature passing through minima snd mexims,
The greater values of resistivity and reduced values of TCR
ggested the utilization of these films in fabrication of

‘esistors and bullding up microcircuitary.



The above studies on the semicondueting properties
of thin films showed that the parameters observed for bulk
material csnnot be applied to the thin filma. Turther
none of the theories can give complete account of
charascteristics observed in thin films, 7To explain sstis~

factorily one hes to consider surface festures, defects etc,

which are peculliar to filzs, 1t is only thewg theories will

be amenable to experirental verifications,

wn) i/ Xee
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