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Abstract

Electronic transport processes in Se-Te-As-Ge (SeTAG) chalcogenide
semiconductors have been studied. Bulk glasses in the series
Ch, Y100« (Ch = Se

71% were prepared.

19.7 Tegy. 3o Y= AsTh.h Ge25.6), where x = 45%, 61% and

The structure of the glasses was investigated by X-ray diffraction,

scanning electron microscopy, and softening temperature measurements.

Bulk electrical transport measurements, carried out as a function
of temperature and composition, were D.C. electrical resistivity,thermo-
electric power, and optical absorption and reflection spectra. All glasses
were found to be p-type. A model considering parallel conduction in the
extended and localised valence states fitted the experimental data best.
It showed an increasing width in the localised valence band tail with
'increasing compositional disorder, Y, in the chalcogen network, Ch. The
model was, however, unsatisfactory in that the effective density of localised
states was found to be about two orders of magﬁitude higher than that of

the extended states.

- Various thin film deposition techniques of the Ch61Y39 glass
were investigated. Flash evaporated films were selected for electrical
measurements, because of good control of film thickness, ease of film

preparation, and compositional consistency.

D.C. conductivity measurements as a function of temperature and
f£ilm thickness indicated that the films were similar to the bulk glasses,
and that they were effectively 'flat band' at the surface. Field effect
measurements were carried out at room temperature and 343 K on the thin
films, which were found to be p-type. The induced surface charge was
kept to about I3 x lOll cm—g. ?he modulated source-drain current was
found to decay monotonically with time, and no standing field effect
modulation could be observed. The A.C. field.effect data were best
analysed by considering a trap limited drift mobility mechanism, and
estimates of the hole trap depth and density were obtained, A model has
been proposed to explain the observed decay in conductivity modulation,
and by considering the potential distribution in the presence of spatially
fixed deep donor/acceptor centres, the final expected modulation has been

shown to be very much less than present theories would account for.
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Chapter 1

Introduction

An amorphous solid may be defined as oﬁe whose long
range atomic structure is non-periodic, although short ra.ngerrde‘r'
over a fev atomic distances may be preserved.

Recent'reéearch interest in the electrical properties of
amorphous solids followed Ovshinsky's 1968 publication (1) in which
he reported two types of reversible switching in these materials.
The pioneering work on amorphous solids wés carried out, however,

(2)

by B.T. Kolomiets and coworkers in Russia in the 1950's and
early 1960's. They discovered that chalcogenide glasses - that is
‘ glasseS‘containing one or more of the chalcogen elements of group
.Viajof the Periodic Table - could be prepared over a large range of
>c0mpositions by quenching the molten ingot. They also found these
glasses to be electronic conductors, which were insensitive to doping
- with pinned Fermi energigs and semiconducting properties.
-Nonmcfystalliné inorgﬁnic semiconductors may be divided
into two distinect categories., The first are the transition‘metal
oxide semiconductors which are ionic in nature, and the second are
the cowvalent amorphous éemiconductors. The latter may be subdivided
into tetrahedral amorphous solids which may only be obtained in thin
£ilm form (e.g. Si, Ge, GaAs), tetrahedral II-IV-V glasses

), and lone pair (chalcogenide) semiconductors

(e.g. CaGe_As,_, ZnSi P
Pl X

2

s ternary’glasses in the system Se-As-Ge, and

2’

(e.g. Se, Te, As2Te3

quaternary glasses -in the Si-Ge-As-Te system). Some chal-

cogenide semiconductors may only be obtained as thin films



(e.g. Te), while others may be prepared in both bulk and thin film
forms. Other types of covalent amorphous solids which also exist
are for example, amorphous boron and arsenic. Organic and mixtures
of organic and inorganic amorphous solids are also possible, but

these will not be discussed here.

1.1. Switching and OtherlApplications of ChalcogenideGlasses.

Over the‘past decade, the theoretical understanding of
electronic transport processes in amorphous semiconductors aas
increased considerably, and the use of these materials in téchno_..-
logicai applications has become more.feasible over the same period.
The best known of these is the use of amorphous selenium in xero-
graphy. Many review articles on the potential applications of
amorphous semiconductors have been written (see, for instance,
refs. 3-9), and therefore only a brief outline will be given here.

The two types of switching observed in chalcogenide glasses
are of the "threshold" and the "memory" type. Threshold switching
- is & monostable phenomenon, in which the semiconductor is transformed
into alow resistance "ON" state after the application of a field greater
than & threshold value. If the currgnt in‘then allowed to fall below
a minimum "holding" value, the switch will revert t6 its high resis-
“tance "OFF" state. The memory switch, on the other hand, is bistable,
aﬁd the ON state is maintained after the removal of the field. The

svitch may only be turned off by the application of a second current
pulse. ‘ .
Memory switching is generally associated with reversible

structural changes from the amorphous OFF state to the crystalline ON

state. Two theories have been proposed to explain threshold switching



N
)

(10)

in thin films. The first, which is a thermal one , is based on
the thermistor action. It depends on the joule heating of the semi-
econductor causing an increase in the current. The second model,

(11) e . ;
s Operates on a non-equilibrium lncrease 1in

which is electronic
the free carrier density. The controversy as to which of the above two
is correct seems to have been resolved by the observation of very fast

(12)

switching times , and’an estimated 60°C maximum temperature rise in

the conducting filaﬁeé%?)both of which favour an electronic mechanism,
The type of switching observed depends on the chemical

.composition of the chalcogenide glass. Threshold switching materials

| have heavy cross-linking of the chalcogen chain structure by elements

from groups IV and V of the Periodic Table; memory materials have

fewer cross-links; and longer, more fiexiblerchain structures with

weaker bonds, which may lead to crystallisation under excitation.

(1k)

Ovshinsky and Sapru have proposed a structure dependent model

which explains the two switching mechanisms. They follow Kastner's

(15)

suggestion that in chalcogen atoms (electronic configuration

: saph) two of the outer electrons form a non-bonding lone pair (LP)
orbital at the top of the valence bond, and they propoée that these

LP electrons are re5ponsibie for the reversible switching properties

of chalcogenide glasses. The ON state of the threshold switch then
comes abéut from the excitation‘of an electron from the LP (leaving

a hole behind) as a result of the applied electric field. Because of
the heavy cross-linking, no structural changes occur, and the OFF state
is restored by the recombination of the excited carrier with the hole
after the removal of the field. In the memory switch; on the other

hand, the hole left behind by the excitation of the electron is much

more reactive because of the weaker and looser structure of the material.



Here, the hole may be taken up by a nearby dangling bond resulting

in the localised rearrangement of the structure acting as a nucleation

centre for crystallisation (i.e. the ON state). The switch is returned

to the OFF position by the melting of the material using a high

current pulse. As a result, qhalcogenide memory devices are used in

"read mostly memory" appiications (RMM) where the read-time is

extremely fast (a few nanoseconds) but writing-in takes a few milli-

seconds. A 1024-bit BMM is being developed for production (6). These

memory devices have lifetimes of more than lO8 cycles, are very

rugged (6perating temperature - 50°C to 12500), radiation resistant,

and above all have non-volatile memories. Threshold devices have

also found applications as control elements in display systems (5).
An amorphous—crystailine reversible transition may be

induced optically as well as electrically or thermally. This has

(4),(5)

led to applications for chalcogenide glasses in the fields of

computer-controlled multiple cop& printing (ovography), optical and

electron beam mass memories, and dry film processes. Compositionally
graded alloys of Se, As and Te have also been used by Hitachi (16)
recently in the target element of a colour TV camera pickup tubé

called SATICON.

With the recent success in doping of amorphous silicon

(17)

films , i1t has become possible to produce an all amorphous pn

junction (lTb). This has led to the development of amorphous silicon
solar cells with efficiencies of up to 5.5% using doped amorphous

(18).

silicon
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1.2. Localised States in Amorphous Solids.

In contrast to crystalline solids, there is no long
range order in amorphous materials, and therefore no unit cell may
be defined. Consequently an electron may not be described by a
Bloch wave function. The dengity of states function, N(E)dE, and
the Fermi distribution fuuction, f(E), are, however, still valid
concepts in non-crystalline solids.

he most important concept in uﬁderstanding the electronic
transport properties .of amorphous solids is that of localisation.

(21),(22)

" Mott , Who has been largely responsible for formulating

the theory of localised states in amorphous solids, used the earlier

(20)

work of Anderson's vhich considered impurity conduction in

doped and compensated semiconductors. A crystalline array of
.potenﬁial wells was envisaged, and the potential at each well was
varied at random over a range VO. It was shown that, with increasing
Vo, a critical value was reached.above which an electron in a given
well would not diffuse away at absolute zero of temperature, and
wouldthus become localised. At temperatures above zero, charge trans-
port was via phonon assisted hopping of carriers (i.e. thermally
activated) from one localised state to another* as first described

by Miller and Abrahams(23). Mott, and Cohen etal (24)

argued that a
tail of localised states would be expected in a conduction or valence
band. An energy Ec was defined in the conduction band below which all
the states were localised. For energies above Ec’ charge tranSpoft

took place in the extended states via a diffuse random process similar

to Brownian motion in a gas(QS). It was noted that the extended states

* .
See Section 3.T7.l1, Chapter 3, for a more detailed description.



in this regime (E > Ec) were not Bloch states because of lack of

lqng range order, and the electron mean free path, L, was short and
of_thé order of the interatomic spacing, a - the so-called 'random
phase model', because phase coherence is lost over a. A similar
sitgation also prevailed in the valence band: an energy Ev was defined
above which all states were’lécalised. The energies Ev and Ec were

(2k)

called the "mobility edges" , across which a drop in the magnitude

of mobility, u, of the order of about 1000 was expected in going from

the extended, diffusive regime (E > E, or <E_, ¥ - 10 cmzv—ls~l) to

-2 2,-1

the localised, hopping transport}regime (Ev < E < Ec’ H o~ l0" eV
s—l). A "mobility gap" was thus defined between E, and E_.

Many models have been proposed for 'states in the gap' of
amorphous solids. One feature commoﬁ to all has been tﬁe existance

of mobility edges at E_ and E,. These models will now be examined in

approximate chronological order.

1.2.1. The Cohen-Fritsche-Ovshinsky (CFO) Model.
(2k)

This model was proposed to exp;ain the electrical
properties of amorphous covalent alloys like the chalcogenide glasses.

It is based on a speculation by Mott that the valence requirements of
atoms in these glasses are locally satisfied(26). This tends to

explain the insensitivity to doping observed in this group of amorphous
solids. Because of compositional and translational disorder, high
densities of localised states are assumed to tail-in from the conduction
and valence bands (Figure 1.1(a)) and to overlap. In this situation, the

electrons at the top of the valence band tail are at & higher energy than

the states at the bottom of the conduction tail, and they therefore fall
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into the latter states. The Fermi level, EF’ is then situated in
the region of overlap with respective positively and negatively
charged electron and hole traps above and below it, which cause EF
to be effectively pinned near the middle of the gap. The density
of states at the Fermi level is high and estimated to be about

5 x 1012 em3evl,

The CFO model explained the singly activated, 'intrinsic'
like conducti&ity which had been observed in many chalcogenide alloy
glasses., The high density of states also provided explanations for
the absence of rectifying contacts to chalcogenide glasses and the

observed decay of photoconductivity(27).

(28)

Adler modified the CFO model by éonsidering elecfron
correlation effects by including theAinfluence of occupation of
localised states on neighbouring states. His suggested model is
shown in Figure 1.1(b).

1.2.2. The Davis and Mott Model(29)’(30).

This model is shown in Figure 1.1l(c), and is significantly
different from the CFO model. It has been used, with some modifications,
to explain many of the observed properties in chalcogenide glasses
and tetrahedral amorphous films like Si and Ge.

In this model, a band of compensated states about 0.1 eV
vide is assumed to exist near the middle of the band gap which effec-
tively pins the Fermi level. The localised states at the band edges
(Ev <E < By and By < E < Ec) are due to lack of long range order,

vhereas the states at Ep are associated with defects such as dangling

bonds.
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Davis and Mott's argument against the CFO model stemmed
from the rédiative recombination spectra in'Aszée3 and ASQS3(3oa),
which pesked in intensity at about half the band gap. In the CFO
model, this emission would be due to transitions to charged states
near EF' Davis and Mott proposed that with a continuous distribution
of localised states, it was mdre likely for the electrons to Jump
down from one localised state to another with phonon emission. The
similarity in the shapes of spectra from crystalline and glassy
specimens also indicated that the same types of localised states
Wwere present in both structures. ) | |

In the light of more recent photo-luminescence studies
as a function of As concentration (0.3 - 40% at.) in As-Se glasses,

(k1)

Street etal associated the recombination centres with charged

(13)

defects (As dangling bonds). Bishoﬁ etal ave, however, identified
both As and chalcogen dangling bonds from ESR studies. Further
evidence against the CFO model for, at any rate, simple chalcogenide
alloys, has come from drift mobility measurements, where trapping
levels with well defined energies have been detected.

The density of defects at EF in the Davis-Mott médel would
be sensitive to the method of sample:preparation and treatment,
whefeas the extent of localised states at the band edges would be
dependent upon the degree of disorder present in the solid, which
would vary with composition. This has been observed experimentally

(36), (Wb)

Various forms of DC conduction according to this model

(29),(30)

are given elsewhere , and are also summarised in Section 3.7.1,

Chapter 3. Briefly, conduction is by three possible mechanisms:
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(1) Excitation of carriers to the extended
states beyond E_. or E .
v ¢t
(2) Thermally activated hopping of carriers
at E, (for electrons), or Ep (for noles).
(3) Nearest neighbour hopping of carriers at By,
leading 1o variable range hopping at lower

temperatures.

A modification to the above model has been proposed by MotH (31)

(32), as shown in Figure 1.1(d4). Mott assumed that

and also by Spear
the dangling bond cen act as a deep donor and as an acceptor. The
donors (Ey) lie below the Fermi level,.and the acceptors (Ex)

above it. These states are broadened into bands, and they strongly
overlgp giving rise to charged states around EF-just as in the CFO
model. However, Spear's field effect experiments on RF glow dis-
charge deposited silicon films on substrates that were held at a

high temperature, T., during the deposition (Td > 310 K) show that

d)
there is a well defined minimum in the density of states between Ey

and Ex' The density of states at the Fermi level is reduced from about

5 x 1018 em Sev T for specimens deposited at T, = 310 K, to about

d
1017 em3evt for Td = 570 K specimens with a shift in E; towards E_
with increasing Td over about 0.4 eV.
Spear suggested that the defects at Ey and Ex might be
similar to diyvgcancies in crystalline silicon(33). These would be

equivalent to pairs of dangling bonds in Mott's model. The divacancy
can produce a centre which can act as a donor and an acceptor just

as in Mott's model. This centre is neutral in the ground state with



two electrons of opposite spins in its orbital. Therefore, the -
spins are paired and no ESR signal is observed. If, however, an
extra electron is introduced from the valeﬁce band, the centre :
" becomes negatively charged; removing an electron from it (to the
conduction band) will make it positively charged (i.e. a donor like
level). The ionisation euergies are such that the accepter like
level (negativé when full) is above the donor like level (neutral
when full). These levels are broadened into bands, which overlap
(Figure 1.1(d)) and produce charged states with free spins.

' This ﬁodel hes been used quite’successfully ih amorphous
silicon. Chalcogenide glasses behave quite differently, however.
(34)

No ESR without optical excitation or variable range hopping has

been observed in these glasses (except for unannealed, sputtered

(35))

films deposited at T7 K . These properties are difficult to
explain for a finite density of states at Eo vhich manages to pin
the Férmi level, but does not produce unpaired spins. Marshall and

(36a)

Owen , however, use a model similar to that of Figure 1.1(d) in
which they assume that the overlapping of Ey and Ex centres is not
sufficient to produce an ESR signal. The origins of these centres

in chalcogenide glasses would, nevertheless, remain uncertain in

such a model.

1.2.3. The Chemical Bond Approach.
(37)

Anderson suggested an alternative model to Marshall

and Owen's vhere, in agreement with experimental observations, the
pinning of EF

that all bonding states in a chalcogenide glass are either occupied

without producing ESR was made possible. He assumed

30



by two electrons (one with spin up (*) and one with spin down (¥))
or they are empty. This was madé possible by assuming that the
distortion energy released by ﬁhe contraction of a bond because of
the two electrons is larger than repulsive Coulomb interaction.
This results in an atttractive (i.e. neéative) correlation energy
(the Hubbard U), which is the Sum of the repulsive Coulomb term
(= H——E__ where r is the distance between the two electrons, and
e 1s the relative permittivity of the medium), and the attractlve
term resulting from the distortion of the lattice. Anderson pro-
posed that the localised gap states arose because of disorder in
the chalcogenide glasé and avoided the concept of defects in a glass
(see below). He argued that a CFO type model was possible, except
that the effect of the variation in bond length giving rise to over-
lapping tails of localised states wolld be greatly reduced (37)’(38).
Street and Mott (39), and Mott, Davis, and Street (ko) (MDS)
followed the above ideas of Anderson to propose & model where the
localised gap states were due to well defined defects identified
vith dangling bonds on chalcogen atoms. A dangling bond (p°) is
a broken chemical bond with one unpairsd electron (Figﬁre 1.2), and
is therefore electrically neutral. MDS assumed that the distortion
energy gained by bringing two electrons together in a dangling bond,
and making it negatively charged (D ), was more than the repulsive

energy between the two electrons, and therefore for two distant dangling

bonds, the reaction,

op® > ot + D™ 1.1
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would be exothermic, where D+ is an empty, positively charged
dangling bond. In the ground stéte, then, the states below the
Fermi lével are the two electron D—(;+) "pipolaron" states, and
those above it are the unoccupied D+ states, and hence no ESR is
observed. It is important to note that it is not possible to assign
a single energy to a localised state here, and that the thermal

and optical transition energies differ by a polaron energy term
because of lattice distortion. MDS's cutline of this is described
below.

MDS follow the already mentioned suggestion by Kastner (15)
that lone pai; (LP) states form the top of the valence band. ' Thus,
in the absence of distortion, ; neutral dangling bond (D°) would be
& singly occupied LP acting as a shallow acceptor at an energy
Eel( 0.1 eV) above the valence band.” If D° were to bond to a LP (as
shown in Fisuwwe—d+3) to form & D, this would require an energy wp.

Thus the thermal energy, W., to turn a p° into D™ by taking en

1

electron from the valence band is,

D' can also form a bond with a neighbouring LP causiné
distortion of its environment. The LP electrons form deep bonding
states during this process and release much energy. An electron
added to D+ would occupy the‘antibonding orbital, which, because D+
is charged, would be in a shallow donor of binding energy Eél below
the conduction band. However, because of further change in distortion

by the addition of the electron, the electron energy is lowered by an



gmount wg. . Hence, conversely, the thermal energy, W,, to take an

. - + .
electron from D° to the conduction band (i.e. D° = D + e) is,

W, =W +E!

5 b el 1.3

For reaction (1,1) to be exothermic,
W. +W, -B<O

vhere B is the band gap. To take two electrons from D~ to the
conduction band requires an energy B - Wi + W, (B—Wl for this first

electron, W. for the second). Therefore, for each electron, the

2

energy is %(B—Wl + W,). This determines the position of Ej below

2
the conduction band, which will be ﬁinned for a high enough density
of defects. Furthermore, for Wl ~ Wé, Eg will be near the mid-gap.
The above theory has been used to describe many of the ob-
served ‘properties in chalcogenide glasses like drift mobility
and optical absorbtion measurements (including low absorption below
the edge). It was, however, first developed to account for the
observed Stokes shift (the energy difference between the absorbed
and emitted radiation) in chalcogenide glasses(hl). The mechanism

for this is now briefly described.

To observe luminescence, the sample is illuminated at low

temperatures with radiation of band-gap energy (about 2 eV for As28e3).

" This is absorbed by D~ centres producing a trapped hole (i.e. a p°

centre with a weakly bound electron). This electron would usually

['5Y



escape, except at low temperatures, where it will recombine and
emit radiation. Before emission, however, the distortion (because
of the movement of the Do centre) results in a lowering of the
energy of emitted radiation (to about leV in A528e3), and hence
causes a Stokes shift., This ghift is'equivalent to about 2Wp

in equatiocn 1.2,

(42)

Emin proposed a small polaron model which would also
explain the Stokes shift. He envisaged an electron polaron level
below the conduction band, and a hole polaron level above the valence
band. Dﬁring optical excitation, the position of the atoms remain
unaltered by the rapid electronic transition (Franck-Condon Principle).
However,/gué’to carrier-lattice interaction, atomic deformation
occurs in which the.carrier(is "self-trapped” leading to small
polaron formation, and the above mentioned polaron levels result.
These levels affect the luminescence spectrum which will peak at
a lower energy than the excitatién energy. Small polaron formation
‘also has important consequences when electrical conduction‘in
chalcogenide glasses is considered. This is examined further in
Chapter 3.

Kastner etal(hB) and Adler(7) have considered the MDS
model in the light of the energy configurations of the various
bonding arrangements in a chalcogen network as reﬁorduced in figure 1.k,
In the energy level diagrams illustrated, the energy of a non-
bonding (o) orbital is -Eg, and that in an antibonding (o*) orbital
is EB + A, vhere A‘ (always > 0) is the difference in the energies

of o* and o compared to the LP level. The increase in energy dué

to electronic correlation because of addition of an extra electron
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is designated by Ué* and ULP depending on whether the extra electron
is in a o¥% state or in a LP. EB.is considered to be much larger
than 4, Uc*’ or ULP'> They conclude that a singly coordigated
dangling 5ond (Figure 1.4(b)) is energetically unfavourable.
Instead, the valence alternation pair (VAP) model is proposed. It
is argued that a combination of positively charged trigonally co-
ordinated (Figure l.ﬁ(e)) and negatively charged singly coordinated
(Figure 1.4(b)) chalcogen atoms would have an energy almost as low
as two chalcogen atoms in two-fold coordination (Figure 1.h4(a)).
Neither of thesé centres have unpaired spins, which would explain the
dbsence-of ESR. The trigonally cooréinated chalcogen atom would

act 88 a cross-link between cha;COgeh chains, and the singly co-
ordinated Se  would terminate‘a chain, being similar to a halogen
atom in its lowest energy configuration (sgps). The charged centres
arise throﬁgh the transfer of an electron from one trigonally
coordinated centre to another, thereby breaking the bond on the
latter, and lowering the energy of the system., The VAP model also
explains why tetrahedrally bonded amorphous solids like silicon do
not behave in the same manner, since it is impossible to form five
bonds with s and p electrons only.

(L)

Bishop etal have observed an ESR signal in arsenic
chalcogenides under optical excitation. This optically inauced ESR
would be due to DO centres formed via the trapping of free electrons
and holes by the D' and D centres in the MDS model. Bishop etal,

however, identify two specific types of p°;: one is an electron

localised on an As atom, and the other a hole localised on a chalcogen.
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The obsefvation of optically induced, metastable paramagnetic centres
in amorphous arsenic is also not explained by the MDS model, since
there.is no evidence for.the existence of lone pair orbitals in
this material.

It is thus apparent that whilst models based on localised
gap states arising from cuarged centfes in an amorphous solid go
a long way toward explaining the observed electrical and optical

In this introduction, it has been atteﬁpted to give-a
brief ineight into the possible mechanisﬁs suggested for some of
: ﬁhe observed properties of chalcogenide glesses. The. review presented
here is by no means exhaustive, and for further information the
reader is referred to various published articles and books on the

(hs)_

subject

1.3 General Layout of the. Thesis
In Chapter 2, the preparation of bulk Se-Te-As-Ge (SeTAG)

glasses in the series Cth , where Ch ='Se19.T%Te80.3%, Y =

\ 100-x
ASTh.h%G625.6%’ and X = 45, 61, and T71% is described (all values
quoted are atomic percentages). The glassy nature of the glasses

. is confirmed by scanning electron microscopy and X-ray diffraction.
The compositions and homogeneities of the glasses are examined by
electron probe microanalysis technique.- Softening temperature
measurements as‘a function of composition are also examined in this
Chapter.

Chapter 3 deals with the electrical bulk properties of
SeTAG glesses. DC resistiviﬁy and. thermoelectric power

ChxYlOO—x



measurements as a function of temperature and composition are
reported together with the temperature coefficient of the optical
gap in Ch6lY39 glass. The data are examined in terms of various
models.

Chapter 4 is a compgrative study of thin film preparation
methods using DC sputtering, Knudsen cell evaporation, and flash
evaporation. The composition and structure of the films are briefly
studied using electron micr0probe‘analysis, electron spectroscopy
for chemical analysis, and transmission electroﬁ microscopy.

In Chapter 5, the electrical properties of flash evaporated
thin films of SeTAG (Ch6li39 nominal bulk composition) are discussed
in thelight of DC resistivity measurements as a function of tempera-
ture and film thickness, and DC and AC field effect mezsurements
at room temperature and 343K.

Chapter 6 is a general discussiou and summary of the

observed properties of SeTAG glasses.

39
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Chapter 2

Preparation, Classification, and Physico~

Chemical Properties of Bulk Se-Te-As-Ce Glasses

2.1l. Introduction.

In this chapter, the method used in preparing Se-Te-As-Ge
bulk glasses (henceforth called "SeTAG") is described. Glasses of

three compositions in the series ChXYIOO-x’ where Ch = Sel9.7%Te80.3%’

Y = As7h.h%Ge25.6% (a1l values quoted are atomic percentages), and
x = U5%, 61% and T71%, were prepared during the course of this work.

The reason for choosing the above atomic fatios was that at

qfhe commencement of this project, it was known that Se-Te-As-Ce

- alloys of Qomposition SelQTeh9A529Gé10 (= Ch61Y39) had been success-
fully prepared in the glassy state (l). It was therefore decided to
prepare glasses of this composition to begin with, and the subsequent
bulk measurements as a function of composition were carried out by
preparing glasses in the series CthIOO—x’ wheretthe atomig ratios of
the elements present in the chalcogen (Ch) complex, had been determined
(and kept unaltered) by the ratios used in preparing the first ingot
mentioned above *.

Apart from describing the method of glass preparation used,

this chapter also covers the following topics:

(1) The glass forming regions of the Se-As-Ge and Te-As-Ge

as investigated by other workers. The influence of the presencé of

% :
One glass outside the Cth series was also prepared and its

100-x

elgctrical properties investigated. See Figure 2.1 and Section 2.5.2.



various additives on glass properties will also be reviewed.

(2) The use of X-ray powder techniques and scanning electron
microscopy (S.E.M.) to check the amorphous nature of the prepared

ingots, and to ensure the absence of any secondary macrophases.

(3) Compositional analyses and homogeneity investigations of
the prepared ingots by the electron probe microsnalysis (E.P.M.A.)

technique.

(4) A brief description of the physical and chemical pro-

perties of SeTAG glasses. ‘ ~

(5) Measurement of the softening temperature of SeTAG glasses

as a function of composition. Investigation of possible trends in

~
\

the variation of the softening temperature of chalcogenide glasses
with composition as illustrated on a pseudo-ternary compositional

diagram.

2.2. Glass Forming Regions of (Se,Te)-As-Ge Ternary Compounds.

Figure 2.1 shows the glass forming regions of Se-As-Ge ternary

(2) (3).

complexés as investigated by Savage and Nielson , and Nemilov
Superimposed on the same diagram, the glassfbrming'regiong of Te-As-Ge
complexes determined by three independent groups of workers are

(4),(5),(6)

shown The main compositions studied in this work have
also been marked on this diagram by treating SeTAG as a pseudo-ternary
alloy in which the Se and Te components are treated as one chalcogen

#*
unit in the compositional triangle .

* .
The Se.Te Ge6 5As composition in Figure 2.1 was outside the

97732

CthIOO—x series.

52.5

=Y
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Fig.2-1: Glass forming regions of Se-As-Ge and Te-As-Ge ternary
systems together with the compositions selected in this work.



It should be noted that the above glass forming regions were
plotted by air quenching of the ﬁolten alloys.

It can be seen from Figure 2.1 that the various glass forming
regions reported by research workers from different laboratories agree
quite closely with each other, and that, generally speaking, the
glasses are reasonably chelcogen rich, and Ge and As deficient. Haisty

(7)

and Krebs have investigated the‘effects of various additives on the
glass forming ability of Se. They conclude that addition of Te reduces
the stability of the Se glass, as the incorporation of Te in Se chains,
where Se-Te bonds are weaker than Se-Se bonds, makes thermal dissocia-
tion easier. This is interpreted to mean that a few Se atoms can form
a nucleation centre, which would enhance crystallisation. The addition
of Ge and As has a stabilising effect on the Se network by acting as
brancﬁing and cross-linking agents between the Se chains. Thus the
effect is fo introduce more disorder into the Se network, which is

" maintained on cooling. As more As and Ge atoms are added, however, the
nature of bonding in the melt changes from sé hybrid bonding

(not favouring atomic motion) to po bonding (i.e. weaker non—directional‘
one-electron bonds) which allows free motion of atoms in the melt that
can form themselves into a crystalline state on cooling.

(6)

Hilton etal. have examined the glass forming tendencies
of ternary systems wifh constituent elements from groups IVA, VA, and
VIA of the Periodic Table. They suggest that, in the melt, these
ternary glasses are composed of mixtures of stoichiometric molecules,

and so long as one binary molecule is not present in the excess to

act as a nucleation centre during cooling, the molecules from the



three binaries prevent crystallisation by acting as diluents for

each other. Hence, the larger tﬁe number of diffefent molecular
complexes the three elements can form, the larger is the glass forming

region for that system. Based on this theory, these authors have been
- able to predict the glass forming regions of various ternary systems

quite well.

2.3. Method of Bulk Glass Preparation.

Bulk ingots of SeTAG were prebared from their 99.999% pure
constituent.elements by weighing out the relative amount of each
element into a quartz ampule. The elements were crushed in an agate
mortar and pestle to dimensions of about 1-5 mm to keep any surface
oxides to a minimum. The weighing accuracy was better ﬁhan t 0.01 gm,
-Jand since 30 gms of iﬁgot were made each time, this meant a weighing
accuracy of better than * 1% for the element which was present in
the smallest quantity. The quartz ampule was about 12 mm I.D., and
it had a constriction near the top for sealing purpcses under vacuum.
" Béfore weighing the elements into the ampoule, the ampoule was thoroughly
washed in distilled water, and then etched in a 3:1 by volume concentrated

HF/HNO,, solution for at least two hours. The ampoule was again

3
theroughly washed in distilled water after it had been etched, and
left in a hot oven to dry completely.

The smpoule, with the correct amount of the elements in it,

p

was then evacuated to a pressure of less than 107 mm Hg. Before
sealing off under vacuum, it was gently heated to get rid of any
residual water vapour which might have been present.

The sealed ampoule was then placed in a vertical brick furnace,
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whose temperature could be contrqlled.by a "Eurotherm" temperature
controller. The ampoule was attached to an agitator which was driven
electrically. This ensured the thorough mixing of the components

in the molten state. The temperature of the furnace was raised at a
rate of 150° - 200°C per hour to 900°C, where it was kept for about
24 hours. After this period, %he agpoule was tasken out of the fufnace
and air quenched. Finally the ampoule was broken and the freshly
made ingot was taken out. It was found thaf, in instances with the
higher chalcogen content ampoules in particular, the ingot tended to
stick to the guartz tube walls, which meant that taking the out ingot
in one undemaged piece was sometimes impossible. The ingot was
metallic grey in colour, and it appeared homogeneous. Because of the
rapid cooling, 1t had a vortex at thé top. All the ingots prepared
in this way underwent concoidal fracture , and they all had several
voids in them. This was attributed to the evolution and trapping

of dissolved gases during the rapid quench from 900°C to room tem-
perature. "Cleaved" ingots had a veryrshiny, mirror like appearance,
and éll the ingots were quite brittle, which made their processing
and cutting into parallelpiped "timbers" for bulk electrical measurements
quite difficult. .

Samples taken from the different regions of the ingot (typi-
cally about 5 cm long) were numbered in the following way: the ingot
was divided into four approximately equal portions along its length,
and theée were numbered from one to four from the top to the bottom
of the ingot. The ingot itgelf was also given an identification number.
For examplé, sample 3.4 refers to a sample taken from ingot number

~three, and the sampie came from the bottom quarter of the ingot. The

g

samples for the bulk electrical measurements were'always teken from
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elong the length of the ingot, so that in case of any compositional
gradients present, they were as representative of the mean composi-

tion as possible.

2.4, Material Classification.

The SeTAG compositions prepared in this work were classified

as glasses if:

(1) They exhibited concoidal fracture.
(2) They showed no structure in their X-ray powder patterns.
(3) They appeared homogeneous, and structureless under

examination by SEM (typical maximum resolution about 200 R).

As already mentioned in the previous section, all the com-
positions that were prepared satisfied condition (1) above.

X-ray powder patterns, taken using a Debye-Scherrer type
cameral, showed a very difque ring typical of multicomponent glasses.
An X—fay powder photograph of a STAG glass of SileTehQASQQGelO com-
position was very similar to those of SeTAG glasses studied in this
work.

Scanning electron microscopy was used to check the homogeneity
of SeTAG ingots. Figure 2.2 is a t;pical SEM micrograph taken, at 50 K
magnification, of the surface of a broken ingot. - It can be seen that
no secondary phéses and /or stricture is present in this sample of
Ch71Y29 composition - a feature which was common to all the composi-
tions studied. Small pieces of dirt on the surface, shown in the

photograph, were used for focusing purposes, as it was very difficult

to focus on & completely structureless surface.



Fig. 2.2.

SEM micrograph of broken ingot
of SeTAG.
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2.5 Material Compositional Analysis.

2.5.1. Introduction.

When 'an electron beam interacts with a solid, the processes

vwhich are of special interest in material characterisation are:

(1) The generation of secondary X-rays used in EFPMA.

(2) The gengraiion of secondary electrons used in Auger

electron spectroscopy.

The EPMA technique was used by Imperial College Analytical
Services Laboratory in examining thin films»and bulk samples of SeTAG.
. Although this is a basically ncn—deséructive technique, it was found
that normal beam currents ( ~ 100 nA) over a spot of area 1 um square
caused beam damage to the samples. As a result, the beam current was
reduced to about 15 nA, and area scans of about 100 ym square were
used in the measurements. This meant, however, that the reported
results had a relative accuracy of only about * 5%.

By looking at the backscattered electron intensity (BEI),
some information about the topography and presence of secondary phases
may be obtained, which would be equivalent to tﬁe kind of informatién
obtained by SEM. Since BEI is a function of the atomic number, it
is very difficult to obtain BEI pictures for CGe, As, and Se separately
because of their close proximity in the Periodic Table (all in the
fourth row). It is, however, possible to obtain one BEI for the above
group, and one for Te (in ‘the firth row of the Periodi;: Table),
which is a much heavier element. Oﬁ this basis, all the samples sent

for analysis appeared homogeneous, and devoid of any secondary phases.



2.5.2. Results of EPMA on SeTAG.

Table 2.1 lists the analytical results obtained on the bulk

samples examined. In this Table, 'N' and 'A' depict the 'Nominal'

.WX% Saﬁple Se(atomic %)| Te(atomic %) | As(atomic %) Ge(atomic‘%)

0. TN, A N A N A N A
61| 1.2 12| 12 ho| b7 29 |30 10 |11
61| 2.3 vl | ul s 29 |32 { 10{11
61 3.3 1é 11 bot bt 29 |32 10 |10
61 3.4 121 11 k9| L8 . 29131 10 |10
b5 | 5.34 9 9 36{ 32 | 41|52 | 7
k5| 5.3B 9| 9 36| 31 L1 |53 s |7
61 7.3 . 12} 11 = Lol L7 . 29 |32 10 {11
k5| 8.2 o T 36| 37 b1 fu1 | 1h {315
hs 8.3 o T 36| 34 41 j43 14 |16
61| 10.2 12] 11 49| k7 29 |31 10 (11
TL | 13.2 1k 13 57| 53 22 |23 T 9
1] 13.3 1| 12 57| 5T 22 |23 7|8
bs ! 1h.1 91 8 36| 32 L1 | Lb 1k 116
45| 1k 9| 8 36| 36 IR BT 14 |15
L] 15.1 w2 | stlu | 22 fe3 7|17
711 15.4 |13 57| 5h 20 |25 71 8

Teble 2.1. EPMA Results for Ch Y, .  SeTAG Glasses

and 'Analysed' compositiors respectively. All the compositions listed
are quoted in atomic percentages and to the nearest atomic percent.

Comparing the results of the analysis with the nominal composi-

tions, it can be seen that, with the exception of ingots 5 and 15,
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the EPMA results relative to the nominal compositions are in agree-
ment to within about * L%, In ingot 5, it is believed that weighing
errors were responsible for the large differences in the 'N' and 'A'
values. This was confirmed by the electrical measurements, where
the thermopowers and'conductivities of samples from this ingot were
quite different from those obtained from other ingots of the same
nominal compositions. In the case of ingot-l5, the results are slightly»
puzzling, and the possibility of operator error in making the ana-
lytical measurments is not ruled out. This is justified by the fact
that no such large variastions in composition from theltop to the
bottom of an ingot is recorded in any of the other cases (compare,
for example, sampleé 14.1 and 14.4 from ingot 1h).

Although the relative accuracy'of the EPMA result; are % 5%,
it can be seen, within these limits,that there are no compositional
gradienés in any of the ingots where more than one sample was ana-
lysed (i.e. ingots 3, 8, 13, 14, 15). Samples 5.3A and 5.3B were
taken from the same position in ingot 5 in order to check the
reliability of the analyses - the resulting correspondence between

the two sets of analysed compositions is very good.

2.6. Physical and Chemical frgperties of SeTAG.

As mentioned earlier, ingots of SeTAG prepared during the
course of this work were metallic grey in appearance, and they under-
;ent concoidal fracture. They were found to be quite brittle, which
made their cutting and polishing a very delicate task, as they were
very suéceptible to chipping and cracking.

SeTAG glasses were found to have no sharp melting points,

but instead they were found to 'soften' vpon heating - & process

which is described more fully in Section 2.7, where softening tempera-



ture measurements on SeTAG are discussed.

8

SeTAG glasses were chemically inert to all normal organic
cleaning reagents like acetone, trichlorcethylene, ethyl and iso~-
propyl alcohols, and chloroform. They did, however, etch very
rapidly in concentrated hydroflouric acid, and more slowly in con-

centrated HNO_,. In both cases; a brown pungent gas was given off,

3
which was thought to be hydrogen selenide because of its strong odour.

(8)

Hilton and Hayes have measured some of the physical pro-

perties of multicomponent selenium and sulphur based chalcogenide
glasses, where elements from groups IVA (Ce), VA (As and Sb), and
VIA (S, Se and Te) of the Periodic Table were used in the synthesis
of their glasses. One SeTAG élass of Se25Te3OA525Ge20 composition
was studied by these suthors. It was found to have a density of
sbout 5 g/cm3, Young's modulus of 3 X 106 psi, shear modulus qf
1.18 x lO6 psi, Poisson's ratio of 0.27, hardness of 150 Knoop,

3 1 -1

and a thermal conductivity of about 1.9 x 10~ Wem ~ X .

The above authors also found that there is an approximate
linear relationship between the density and the molecular weight of
chalcogenide glasses. The forms of the relationship wére different,
however, for sulphur and selenium -based glasses. Since the molecular

weights of Cth " SeTAG glasses may be calculated, the densities of

100~

these glasses may be extrapolated from the results of Hilton etal.

These (approximate) densities are given in Table 2.2..

Molecular Weight

Density ) of the glasses have also

Molecular volumes (=

been calculated and listed in this Table. These compare to molecular

3

volumes of 16.L cm3 for Se, 20.5 cm~ for Te, 13.0 cm3 for As, and

13.3 cm3 for Ge. It can be seen that CthloO__x glasses have molecular



. Molecular
Composition Mo}ecular Density Volume
Weight (g) ( -3)

gcm ( cm3)

ChhSYSS Se8.9Te36.lAshO.9Gelh.l 94.0 5.3 7.1
Ch61Y39 Sel2Teh9A529GelO . 101.0 5.6 1550
CthY29 SelhTESTASEl.éGeT.h ;05.3 5.8 18.2

Table 2.2. Densities of CthlOO—x SeTAG Glasses Extrapolated

from Hilton etal's data

volumes that are somewhere in between those of Se and Te. This seems
to indicate quite an open structure in SeTAG glasses in which the basic
helical chain configﬁrations of crystalline Se and Te held together

with van der Waals forces are maintained.

2.7+ Boftening Temperature of SeTAG Glasses.

2.7T.1. Introduction.

Consider a substance in the liquid state being cooled, whilst
one of its first order thermodynamic properties like volume (or epthalpy
or entropy) is monitored (Figure 2.3). As the temperature is lowered,
the volume of the liquid decreases linearly. A certain temperature

is finally reached when either:

(1) there is a discontinuous change in the volume of the
material under study, and the liquid freezes into a crystalline solid,
at its freezing point, TF;

or (2) the volume continues to decrease linearly with temperature,

in which case the substance is now termed a "super-cooled" liquid.

S8
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If the temperature of this supercooled liquid is reduced
further, a point is reached where there is a sudden decrease in the
slope of volume vs temperature plot. This point marks the transi-
tion from the supercooled liquid into a glass, and is called the

Tg(lo). Second order thermodynamic

glass transformation temperature,
properties such as the expansion coefficient or the specific heat
are, however, discentinuous at Tg. VThe viscosity of the substance
in case (2) above, will show a continucus increase with a decrease
in temperature until eventually the material becomes rigid at a

p

viscosity of ‘about lOl poise.

Tg is a "kinetic" property of the glass in the sense that its
value depends on the cooling rate and any subsequent heat treatment
the glass may be subjected to: its value changes by about 10 - 20 K
for a two order of magnitude change in the cooling rate in the case
of amorphous Se, ASQSeS, and A5283 (9). It should, therefore, be
really fegarded as a range of temperatures (see Figure 2.3).

The transformation temperature, Tg, should:not, however, be
confused with the softening tempearture, Tm. This is loosely defined
as the temperature aﬁ whiéh the viscosity of the glass.falls below
about lOll - lO12 poise * as the glass is heated. It is usually
some 10 -~ 30 degrees higher than Tg. If the fractional linear expan-
sion of the glass is measured as a function of temperature, it will
increase and reach a maximum at.Tm és the temperature of the glass is

raised (10)‘

This is basically due to the failure of the conventional
experimental techniques, because at Tm the giass is no longer rigid,

end it will deform under the action of a small force and hence a

* . . ey : . Ca 1
This is a very arbitrary definition, and visco¥ities of the order 10 3 _

lOll poise have been uséd by different workers (13).



maximum in the plot of fractional linear expansion vs temperature
is observed.

Whilst Tg is a much more significant parameter, the measure-
ment of.Tm is still quite useful in examining the origins of the glassy
state, The softening temperature of a glass is indicative of its
structure, and is a useful gquantity in design of gia§s devices since
the rigidity of the Qevice at its operating temperature is of impor-

tance. Broadly speaking, a glass with a low softening point would have

gquite an open structure compared to one with a higher Tm.

(6)

point measurements on multicomponent chalcogenide glasses. They found

Hilton, Jones, and Brau have made extensive softening

that, generally, the softening point increases with atomic weight, i.e.,

8 > S8e > Te
P> As > Sb

8i > Ge > Bn

By substituting CGe for Si in Si-As-Te glasses, it was found
that Tm changes by the largest amount in compositions containing the
greatest amount of group IVA elements. In confrast, glasses rich in
Te showed little variation in their Tm' They also observed that the
higher the softening point, the harder the glass and the smaller its
thermal coefficient of expansion. The Weak,.low softening‘point and
soft nature of non-oxide chalcogenide glasses as compared to the oxide
glasses is interpreted by these authors in terms of the electro-
negativity differences of the constituent elements of the glasses:

electronegativity difference 1s taken as a rough measure of the bond



energy between two atoms. The larger this difference, the more likely
the bond formation, and the smaller the differehce, the more the co-
valent naturé of the bond. Hence, the strong nature of oxide glasses
is interpreted in these terms, where the Pauling electronegativity of
oxygen is 3.5 compared to 2.5 for S, 2.4 for Se, and 2.1 for Te.
Although éovalent bonding in itself does not proﬁuce weak solids (Si,
for examplé, is a hard solid), but, in the case of amorphous chal-
cogenides, a strong solid is formed if the amorphous chalcogen rings
and chains are broken down, and a strong three dimensional network is
formed in its place. This will only occur if the bond energy between
other elements and the chalcogens is much greater than those of the
elemental covalent solids theﬁéelves.

(11)

The results of Kolomiets are of inberest here. He observed

an increase in Tm when Ge was added to amorphous A528e3 and A5283,
while addition of iodine reduced Tm: Ge replaces the weak van der Waals
bonds between chains of chalcogen atoms with the relatively stronger

covalent bonds, whereas iodine, which does not form covalent bonds

with the chalcogens, has the reverse effect.

2.7.2. Experimental Procedure.

Figure 2.4 is a'schematic drawing of the experimental set-up
used to measure the softening temperature of SeTAG glasses as a func-
tion of temperature. The appafaius consisted of a press, which had a
circular cross-sectional area of about 0.03 cm2 (0.2 cm diameter) at
its end. The load applied by the press.could be monitored on a chart
recorder. The press was housed in an enclosed chamber whose temperature

could be varied. The parallel faced SeTAG specimen, whose Tm was to be
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measured, was placed inside this chamber, and a load of about 2 kg
(i.e. a pressure of about 6 x th g/cmzj was applied to it. A thermo-
couple attached to the press, and in contact with the sample in the
close vicinity of the area of application of the load, enabled the
direct measurement of the specimen- temperature. Thermally conducting
silicon grease* was used to improve the thermal contact between the
thermocouple and theAsample. The temperature was raised at a rate of
about 3-500 per minute, although this could not be controlled very
accurately.

The lcad on the specimen, as recorded on the chart recorder,
increased slowly as the temperature inside the chamber increased.
This was due to the thermal exbansion‘of the press with temperature,
‘and subsequently, the load had to be readjusted to 2 kg periodically.
At a certain.temperature, a sudden drop in the applied load was ob-
served on the chart recorder. The temperature at which this occurred
was taken to be the softening point, Tm' Becuase of the uncertainty
introduced into the measurements by the expansion of the press itself,
it is estimated that Tm could only be recorded to about + 5 K. As

mentioned in the previous section, however, this lack of accuracy is

relatively unimportant, because of the arbitrary nature of softening

point measufements, and their dependence on heating rates, and the chosen

value of viscosity for defining Tm' Although a measure of the
absolute value of Tm is desirable, the interest here is more in the
change in T, with composition. Sollong as the same procedure is em-
ployed in measuring the softening point in different specimens, a

general idea about the variation of Tm with composition is obtained.

61
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Supplied by RS Components Ltd., London - See Chapter 3.
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The method which has been described in this section is quite

(12) (1).

similar to those used by Hilton etal and Levy

2.7.3. Results.

Using the procedure outlined above, the softening tempeartures
of two specimens from each of the three prepared compositions in “the

series CthlOO—x were measured. The results are summarized in Table 2.3.

Composition | Sample No. Tm(°c) T (K)
Chy ¥, - 8.2 218 491
Chy Yo, | 143 213 486
Chg Yoy 1.2 175 448
Ch6lY39 9.4 167 440
Cho Yo 13.2 140 413
‘Ch71Y29 13.3 135 408

Table 2.3. Softening Temperature in CthlOO—x

SeTAG Glasses

Figure 2.5 shows the variation of softening temperature with
the atomic % of chalcogen atoms present in the SeTAG glasses investigated.
From Table 2.3 and Figure 2.5 it can be seen that there is g
reduction in 'I'm with increasing % chalcogen content of the glass, and
hence with decreasing amount of cross-linking additives As and Ge

present in the glass.
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The results of Levy (1) on STAG glasses are of interest here.
He found a similar behaviour, and observed a linear decrease'iﬁ Tm
with increasing Te content from 39% to Th%. In SeTAG, where the Si
tomponent in STAG giasses has been replaced by Se; there 1s a marked
reduction of 90 - 100°C in :m if glasses of the same Te content are
compared in the two cases. This confirms the resnlts of Hilton etal

(11)

and Kolomiets who observed an increase in Tm a5 more Cross=—

linking elements are introduced into the chalcogen network.

D.8. Discussion and Conclusions.

8eTAG glasses in the series Ch Y (X = 45%, 61%, and T1%)

100-x
were prepared. The amorphous nature of these glasses were checked
by SEM and X-ray techniques. Concoidal fracture and the absence of
any sharp melting points confirmed the glassy nature of the prepared
ingots. The EPMA method was used‘to compare the nominal éﬁd actual
compositions of the prepared ingots. In most cases studied, the two
were in agreement to within the quoted accuracy of the analytical results.
EPMA studies also indicated that no secondary phases were present
in the prepared ingots, and that there were no significant compositional
gradients within the ingots.

The approximate densities and ﬁolecular &olumes of SeTAG glasses,

(8)

computed using the results of Hilton etal , indicate that the struc-
ture of SeTAG is quite an open one, since the molecular volumes of
these glasses are quite close to those of Se énd Te.

The above conclusions are confirmed by the low softening tem-

peratures of SeTAG glasses which vary from about 215°C for 45% chal-

cogen content to about 13700 for T1% chalcogen content in these glasses.



(6),(11) that

These results are’in agreement with the proposition
chalcogenide glasses retain the helical chain structure of the pure
chalcogens to a large extent, and that the infroduction of additives
such as As and Ge "strengthens" their structure by replacing the weak
van der Waals bonds between these chains with the stronger covalent
bonds, thus producing a more three dimensional network which is harder
and has a higher softening temperature (where Tm gives one an idea of
the ease with which atomic motion can take place in a glassy structure).
The above model of the chalcogen network being cross-linked,
"and thus. strengthened, by Ge and As additives, is satisfactory when
these additives are present in small quantities. With larger per-
centages of As and Ge (up to 50%), however; this model would imply
that almost all the chalcogen atoms are cross-linked, gt which
point the model must break down.
Figure 2.6 shows the variation of softening temperature with
composition in the ternary Ge-Se~As system. The data in Weber and

(13)

Savage's paper were'used to draw the isothermal softening tem-
perature contours of this diagram. The softening temperatures at
various compositions were estimated from the average value of the
temperatures at which the viscosities were lOll and 1012 poise. Again,
& general decrease in Tm with inereasing Se content is observed,
whereas the addition of As, and Ge in particular, tends to raise the
softening point.

It is believea that a diagram such as that in Figure 2.6 may
also be constructed for the pseudoternary SeTAG, and in fact for all

other multi-component glasses.Weber and Savage have already done

this in Se-Ge-As glass by considering other properties such as the
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density, the thermal expansion coefficient, and the glass trans-
formation temperature. Diagrams such as these would be useful in
predicting the properties of glasses of different compositions, and

in the study of glass structures in general.
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Chapter 3

Electrical Transport in Bulk Se-Te--As~Ge Glasses

3.1. Introduction.

In amorphous semiconducting solids, as in their crystalline
counterparts, the determination of the electrical transport parameters
plays a central role in understanding the eleétronic nature of the solids.

In the case of crystalline materials, techniques éuch as con-
ductivity, Hall and drift mobility, thermoelectric power, photocon-
ductivity, optical absorption, and luminescentemeasurements have been

used to investigate the electronic tramsport mechanisms. In investigat-

ing the physical properties of amorphous semiconducting materials,

generally similar methods have been employed with encouraéing results.

' Conventional theories have not, however, been applicable in the
interpretation of the transport data in non-crystalline semiconductors,
and, as a result, new models and theories have been developed.

The multicomponent semiconducting chalcogenide glasses have been
found to have properties, which, in general, distinguishes them from
other groups of semiconducting amorphous solids (l).

As a reasonable approximation, the temperature dependent dc
conduetivity, o , in amorphous multicomponent chalcogenides follows

(1)

general Arrhenius relation

o‘=Cexp[-EcO/kT] 3.1

where Edo is a simple activation energy extrapolated to OK, and C is a
constant.

The thermoelectric power in ﬁulticomponent chalcogenide glasses
is of the ordeér of 1000 - 2000 pv K™ at room temperéture, and it has

been found to have a linear, or near linear, variation with the inverse
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of absolute temperature. The sign of thermoelectric power is positive

over the experimental temperature range, and it therefore indicates

(1)‘

conduction dominated by holes

Hall mobilities in chalcogenide glasses are of the

‘order of 10“l cm2 v"ls“l at 300 K. The Hall coefficient, with the

exception of TlaTe.As Te (16)

2°73
anomalous when compared with Seebeck coefficient data. This 'n-p

(3)

, 1s negative, and, therefore, apparéntly
anomaly' has been treated by Holstein for the case of hopping type
transport in general (e.g. in the case of small polaron hopping, or

(3)

hopping in doped semiconductors), and by Friedman for the case of
the random phase model (R.P.M.)* of amorphous solids in the diffusive,
short mean free path (L ~ a) regime. It is assumed that the applied
magnetic field modifies the phase of the transfer integral between sites,
-and it is found that charge transfer processes involving at least three
sites {instead of two, i.e. the initial and final sites) are necessary
to obtain a Hall effect. These sites are nearest neighbours with a
finite transfer integral between each pair of sites. Only when the three
site interactions are largét is the Hall coefficient negative. The

four site interactions are founa to make a positive,- but small, con-
tridbution to the Hall coefficient. In other words, the Hall mobility,
wnlike the conductivity mobility, ggﬁgtfuhction of the short range

order of the material. Friedman's theory gives a Hall mobility which

is typically one-tenth of the conductivity mobility in the diffusive

regime, in general agreement with the experimental evidence. Friedman's

model results, however, in a temperature insensitive Hall mobility, which

*The RPM. is based on the Anderson model (already discussed in Chapter 1),
in which electronic motion in the extended states (which are not, inciden-
tally, Bloch states because of lack of long range order) is assumed to

be diffusive, and a random site-to-site walk takes place. Phase coherence
is lost over the interatomic spacing, a, where L . a.

+ Gmpored B & . imbractons



is in apparent contradiction to the experimental evidence, where thermal

(4),(8)

activation energies of 0.03 - 0.06 eV are observed. Emin

etal (4)

attribute this weak activation energy to conduction associated
with émall polaron hopping. Their theory results in a Hall mobility
activation energy which is one-third of the conductivity mobility acti-
vation energy due to hopping of small polarons in the extended state.

(8)

. Nagels etal , on the other hand, in a model discussed in more detail
in Section 3.7.3., consider the parallel conduction of cérriers in the
extended and localised states. The experimental Hall mobility they obtain
for Si-As-Te glasses is also weaklyactivated, but they assume that the
-localised Hall mobility contribution i; negligibly small compared to the
extended states Hall mobility, and they obtain a temperature independenﬁ
Hall mobility due to carriers in the extended states, which is in agree-
-ment with Friedmanis model.

Electrical contacts to multicomponent bulk chalcogenide glasses

(5)

are generally ohmic. This has been attributed by Fritsche to the

1

Yintrinsie! nature of the material with the Fermi level near the middle

6)

of the mobility gap. Wallace and Robertson ( have also investigated

contacts to chalcogenide glasses. They attribute the ohmic nature of
these materials to a very high density of states in the gap ( 1020 cm_3eV“l)
giving rise to quasi-intrinsic behaviour and narrow depletion regionms.
The carriers can, therefore, tunnel through any thin barriers present,
and the contacts will appear ohmic.

The experimental sections of this chapter give detailed accounts
of measurements on the temperature dependence of dc conductivity and
thermoelectric power as a function of composition for CthlOO—x

(x = b5%, 61%, T1% atomic) glasses. The temperature dependence of the

optical gap for the Ch61Y39 glass is also reported.

&



‘The formation of a conducting 'skin' due to heating in air, as

reported in the literature (12)

for STAG glasses, is briefly reported
for the case of SeTAG. The results are presented and compared with
binary and multicomponent glasses of other compositions reported in the
literature. Particular reference is made to the widely investigated
Si-Te-As-Ge (STAG) glasses.

The.later sections examine the results with reference to three |
.models in particular. These are the models as proposed by Mott and

(1) (1) (8)

+ Davis , Green, Levy and Gee , and Nagels, Callaerts and Denayer

(N.C.D.). A number of other conduction models have also been proposed
by various authors (see for example (9), (10), (13), (17), (18)). These
will be commented upon where appropriate. It must be noted, however,

that some of these (9),(10)

have been deduced from generally different
-sets of experiments than those undertaken in the present study, which
makes direct comparison difficult, whilst others have performed their
(13)

experiments at entirely different temperatures , or the temperature

(9)

rénge has been too limited for the results to be conclusive with
regards to the nature of the temperature dependence of de conductivity
and especially thermoelectric power.

The reasons for choosing the three particular conduction models

mentioned above are the following:

(1) The Mott and Davis Model.

Thig model has been widely used and accepted By a large number
of experimentalists to compute the various parameters for their materials.
Although, in its simplest form, it does not satisfactorily explain the
temperature dependence, in SeTAG, of dc conductivity and thermoelectrie
power as obtained in'the present study, the evaluation of the various
ﬁransport parameters in terms of this model does provide a basis for

_comparing the bulk electrical properties of SeTAG with that of other



chalcogenide giasses which have been investigated by other workers.

(2) The Green-Levy-Gee Model.

The present study has been the direct follow-up of the work
carried out by Green etal on STAG glasses. In their paper they proposed
é conduction model assuming a density of states distribution
N(E) « E®, where n is a positive number. This leads to an expression

.

for dc conductivity of the form

- n oo
g = CT = exp (- kT 3.2

where C is a constant. an is the activation energy for conduction.
Detailed =nalysis of dc¢ conductivity and thermoelectric power data shows
that this model is not totally satisfactory either - the reasons are given
-in & later section. A more detailed derivation of equation (3.2) is

given in Appendix 3 A at the end of this Chapter.

(3) The NCD Model.

This model, based on that proposed by Mott and Davis, postu-
lates that conduction can take place by the simultaneous thermal exci~
tation of carriers into the extended states, and thermally assisted

hopping of carriers in the "tail" of localised states within the mobility

gaps

i.e. o =g +0 3.3



Similarly, the expression for the Seebeck coefficient, S,
becomes,
Sextaloc * Slocaloc

s = 3.1‘
g

-

where the subscripts 'ext! and 'loc' refer to the extended and localised
state contributions respeciively.

Expressions (3.3) and (3.k4) predict slight curvatures in plots
of 1no viz 1/T and S viz l/T, which is indeed what is obtained experi-
mentally in SeTAG. There are, however, some shortcomings in the model,
vhich wili be discussed later. J
It should be noted that all of the above models, as presented here,

assume single carrier type conduction. This will be broadly assumed

in this Chapter as well.

3.2, Experimental Apparatus.

All the temperature dependent dc conductivity and thermoelectric
power measurments were carried out in a modified variable temperature

liquid N,, stainless steel BOC MRC -1, cryostat. A conventional rotary

2
and diffusion pump set up was used to achieve pressures of less than

5 x lO—6 mm Hg in the cryostat chamber. Figure 3.1 is a simplified
schematic drawing of the cryostat. The inset shows details of the
heater and sample holder assembly. Different sample holders were used

in the conductivity and thermoelectric power measurements. The heater
consisted of a one watt (~ 500Q) carbon resistor painted over by 'Silver-
Dag' and inserted into the cépper block. The Silver-Dag was used to

improve thermal contact between the heater and the copper block. PIFE

insulated copper leads via short lengths of 0.001" diameter gold or

platinum wire were used to make electrical contacts to the samples. All

e
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electrical connections were kept clean to ensure their ohmicity.

The leakage resistance between the'different leads was greater than 101h9.
The system was designed so as to obtain effective electrical shielding
from the outside, and the external metal casing of the cryostat was
connected to an earth common with the electrical instruments to avoid
-earth loops. It was found that a dc power supply to the heater was
_necessary in order to ayoid interference with the low signal levels from
the sample.

Three sets of Chromel[Alﬁmelthermocouples were used to monitor
the temperature. The thermocouples were not broken at the air-vacuum
feed-through. This was in order to miniﬁise errors in the readings due
to any thermal.emf’s generated ai‘this interface. Araldite and black
vacuum wax (Edwards W) were used to form the vacuum seals at the feed-
throughs.

A1l the samples studied were}kept in the dark for at least twelve
hours prior to the measurements - a precaution which, subsequently, proved

to be unnecessary, as no notable change in the experimental readings

could be detected.

3.2.1. Thermocouple Calibration..

A1l the thermocouples used (Chromel/Alumel) had independent cold
junctions held at 0°C (melting ice); they were electrically insulated along
their lengths, and their junctions were welded. One of the thermocouples
was calibrated against a standard platinum resistance thermometer*, and it

was in turn used to check the calibration of the other two thermocouples.

% \
Supplied by Cryogenics Ltd., Pitchcott, Nr. Aylesbury, Bucks. Platinum
resistance thermometer calibrated to + 0.04 K from T7-273 K against

IPTS (68) MS0 SBN 11 4800057 Tables II and III



The'readings from all three thermocouples were in agreement with the
platinum resistance thermometer to within I 0.6 X over the entire temperature
range employed. Tt was therefore felt feasible to use the standard
thermocouple calibration tables (IPTS—68)*for all the measurements. Four

(11)

fixed temperature points were used during the calibration:

(1) Boiling point of liquid nitrogen (77.h4 K)
(2) Sublimation temperature of Co,, (194.6 K)
(3) Melting point of ice (273.15 K)

(h) Boiling point of water (373.15 K)

All the values guoted above are at one atmosphere pressure, and
corrections were applied where neccessary. In addition, further calibration
points against the platinum resistance thermometer were obtained using a
mixture of methanol and water cooled by liquid nitrogen. The thermocouple
readings were taken during the calibration and the experiments using a
Solartron IM 1420 L D.V.M. {reading accuracy * 2.5 uVv).

A more detailed account of the thermocouple calibration procedure,

and the subsequent error analysis, is given in Appendix 3B.

3.3+ Temperature Dependence of DC Conductivity.

3.3.1. Experimentsl Procedure.

SeTAG specimens for DC conductivity measurements were cut into

parallel-pipeds of approximate 8 x 1.5 x 1.5 mn dimensions. The ingot

*
British Standards Institution, London W1A 2BS, Publication No. BS 4937/
Part L/1973 - 18BN 0 580 079325.
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was Tirst mounted on to a glass slide using a low melting point (=~ 60°¢c)
*

~ modelling wax , which was soluble in trichloroethylene or chloroform.

The low melting temperature was desirable in order to avoid inducing

(12)

chemical changes at the surface of the specimen . The ingot was then
cut into the desired dimensions using a 0.0l" diamond saw * and a Mullard

" ultrasonic drill. An attempt was made *to cut the parallel-~piped out from
~along the length of the ingot. This was done in order to make the
specimen more representative of the composition under study, and to minimise
any effects due to possible compositional variations along the length of
the ingot. The 'timber' thus obtained was polished, and then washed in
trichloroehtylene, and acetone. The diﬁénsions of the timber were measured
with a micrometer screwgauge capaﬁle of feading to ¥ 0.001 mm.

Contacts were made to the ends of the timber using gold or platinum
0.001" diameter wire.painted over, and held in position by "Silver-Dag".
Four point resistivity measurements gave identical results to two terminal
measurements. It was therefore concluded that the contacts were ohmic.

The conductivity measurements were carried out using a Keithley 616
Digital Electrometer Multimeter. This had an input impedence of greater
than 2 x 10lh Q in the resistance (constant current) measuring mode. The
voltages applied across the specimen in this mode of operation varied
from 0.1 to 200 volts depending on the value of resistance being measured.
Great care was taken, however, to keep the power dissipation in the specimen
below lO—h W in order to avoid joule heating. Measuring the resistance

by using the Keithley as a voltmeter/ammeter gave identical results as the

direct resistance measurements.

. .
Ash modelling wax No. 2 supplied by Cottrell & Co. of London, W1P 2AA.

+ . . ‘
Supplied by Kristalap Ltd., London, E.C.1.



A schematic cross section of the sample holder designed for the
conductivity measurements is shown in Figuré 3.2. The wedge-shaped sample
clamps ensured good thermal contact between the sample and the base.

The clamps also held the sample rigidly in position. The position of the

thermocouple with respect to the sample is shown in Figure 3.3. The

- thermocouple was held firmly in position, and in good thermal contact, with
the samplg.

The problem of good thermal contacts, especially between the thermo-
couple and the sample, was found to be non-trivial. As a result a layer
of the RS Heat Sink Compound * was applied at all mating faces from the
sample to the cryostat stem, and betweeﬁ the thermocouple and the sample.
The Heat Sink Compound is composeé of zinc oxide impregnated silicone grease
with a room temperature resistivity of 2 x 1015 Q em. It did not, therefore,
interfere with any of the electrical measurements by shunting the sample.
Its resistivity was, however, checked at room temperature and at liquid
nitrogen temperature. It was found to be greater than . 2 X lolh Q em in
both instances. The use of the Heat Sink Compound greatly reduced the
temperature equilibration times, and hence speeded up the measurements.

The sample was allowed to remain at thermal equilibrium for at
least ten minutes before taking any temperature and resistance readings.

To ensure that equilibrium values had been reached, both the temperature
and the output from the Keithley were monitored on a chart recorder. As

& spot check on the reliability of the temperature readings, the resistance
of all the specimens studied were first recorded in air, and the room

temperature was noted. The specimen was then mounted in the cryostat, and

1

*
Supplied by RS Compgnents Ltd.1 London EC2P 2HA - Room temperature thermal
eonductivity 7 x 10 " WK ~ em .
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and put under vacuum. With liquid nitrogen used as & coclant, the sample
was heated to the temperature of the ambient. The sample resistance -
under these conditions was then compared to the previous value taken in
air. If the compatibility between the two readings was worse than 2%,
the thermocouple in the cryostat was repositioned until agreement was
obtained. This, however, was rarely necessary. The resistivity, 5, was
calculated using the relation p = %é- where R is the sample resistancé,
A is the cross-sectional area of the sample, and L is the sample length.
Finally, the conductivity of the specimens as a function of the
position of the sample within the ingot was checked in a few cases where
the length of the timber was along the circular cross-section of the ingot.
The sample resistivities thus obtained agreed to within I 15%. The
agreement obtained with the timbers cut along the length of the éample

-was in general better than I 5%, although not many measurements of this

kind were made.

3.3.2. Results.

The temperature dependence of resistivity in the Ch series of

xY100—x
SeTAG glasses in the range 145 K to 330 K (~ -128°C to 56°C) was inves-

tigated. Five ingots were used for the detailed resistivity measurements.
In the case of Chh5Y55, only one ingot was examined, whilst two ingots

in each of the compositions Ch6lY39 and Ch7lY29 were studied. In addition,

an ingot of nominal composition Ch but whose actual composition

45755°

was found to be Se.Te Geg s (see Chapter 2), and therefore composi-

9Te38%55 5

tionally outside the Ch Y series, was also investigated.

100-x

A typical current-voltage characteristic, for a Chh5Y55 glass specimen,

is shown in Figure 3.4. A linear, ohmic behaviour is observed.
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Figure 3.5 shows the variation of resistivity as a function of

temperature and composition for three representative specimens in the

series Ch Y
X

100-x"

Table 3.1 lists the variation of room tempersture

(298 K) resistivity as a function of composition for the various ingots

studied. The activation energy, Eoo’ and the pre-exponential factor, C,
. R -1 -1 -1 -1
Specimen Comp051tlon_ p298 KQcm 6298 KQ cm oo eV CQ "cm
(= 0.01 eV)
8.2 Chhsy55 6.8 x 106 1.5 x 1077 0.55 309
8.3 " - —_— 0.56 —-—
1h.2 " 4.9 x 106 2.0 °x 10~7 - —
'3.3 Ch6lY39 3.9 x 105 2.6 x :Lo'6 0.48 155
2.3 " 4.5 x 10° 2.2 x :Lo'6 0.49 4os
10.2 n 6.9 x 10° 1.4 x 10'6 0.49 276
(estimated)
7.3 " _— — 0.49 —
13.2 Ch7lY29 1.5 x 10° 6.1 x 10"6 0.45 476
13.3 " — —— 0.46 ——
15.h " 1.3 x 10° 7.7 x 10"6 0.46 385
15,3 " —— _— 0.47 _—
5.3 SegTe3 4.9 x 10° 2.0 x 107 0.48 221
A552.5Ge6.5
" — — 0.50 —

5.4

Table 3.1 Conductivity Parameters for

SeTAG glasses according to equation 3.1
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for each sample are also calculated using equation 3.1. In each sample,
EOo was calculated (to z 0.01 eV) from the slope of the best straight
passed through the experimental points. C was given by the value of con-
ductivity at l/T = 0 as extrapolated using this straight line. A general
increase in resistivity and activation energy with decreasing chalcogen
conteﬁt, x, is apparent from Figure 3.5 and Table 3.1. It will be noticed
that, for some of the samples, only Edo has been listed. These'were
obtained by the simultaneous temperature dependent measurements of the
sample resistance and the thermoelectric emf on specimens used for the
Seebeck coefficient experiments. Since the exact dimensions for these
-samples were not known only Eoo could be éalculated. In saﬁple 10.2,
the pre-exponential factor, C, was estimated by measuring the room
temperature resistivity of another specimen of known dimensions from the
‘same ingot. The notation for numbering the samples has already been
given in Chapter 2.

Thermal cycling at pressures of less than 5 x lO_5 mm Hg between about
100 K and 330 X produced no annealing effects in the specimens, and all
the experimental points were fully reproducible within the experimental
error.

Exsmining the data of Figure 3.5, a small degree of curvature can
be obzerved in all the curves. In other words, there is some deviation
from the straight line, singly activated process as predicted by equation 3.1.
This curvature was present for all the samples that were examined. Its
magnitude generally decréased with increasing chalcogen content.

Figure 3.6 shows the variation of room temperature resistivity with

chalcogen content and conductivity activation energy. Figure 3.7 shows

the variation of the conductivity activation energy with the atomic
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fraction of chalcogen elements present. A genmral decrease in the acti-

vation energy with the addition of more chalcogen atoms is observed.

3.4. Ambient Effects and the Electrical Conductivity of SeTAG Glasses.

-

3.h.1. Introduction.

(12),(1h)

It has been shown that excessive heating of chalcogenide

glagses in poor vééuum, or in an atmosphere where oxygen and water

vapour are present, leads to the formation of a conducting 'skin' which,

in the case of STAGC glasses, is composed mainly of crystalline tellurium(lS).
The presence of skin in STAG glasses leads to an enhanced conductivity,

and a drastic change in the variation of thermoelectric power, S, with

temperature: there is a reduction in thermoelectric power with decreasing
ds

1
a(z)

served in the absence of skin.

“temperature, i.e. < 0, which is the reverse of what is usually ob-

It was therefore felt appropriate briefly to investigate the like-

lihood of skin formation in SeTAG glasses.

3.4.2., Experimental Procedure and Results.

A Ttimber' of Ch61Y39 was mounted onto a glass substrate, which
was heated on a hot plate. A Chromel/Alumel thermocouple was used to
monitor the temperature of the sample to : 5 K. Thermally conducting
silicone grease improved the thermal contacts at the sample/substrate
and sample/thermocouple interfaces.

The resistance of the sample was noted at room temperature. Th¢
temperature was then progressively cycled between room temperature (298 K)
and 323 K (50°C), 373 K (100°C), and 423 K (150°C). Cycling took place

twice at each of the latter two temperatures. The sample was kept at



the selected 'hot point!' for five or thirty minutes and its resistance
noted before being allowed to cool down to aimbient temperature, when its
new resistance was also measured. The results, as summarised in

Table 3.2, indicate increasing skin growth.

Temperature Resistance Comments

(x) ()

6 Original room temperature
resistance (No skin).

298 T 6.8 x 10

6 T = 323 K for sbout 5

323 1.8 x 10 minutes before cooling.
w0 | a6t | e
T AT
298 5.8 x 106 Resistance after second

temperature cycle,

> T = 373 K for about 30
313 2.1 x 10 minutes before cooling.
208 5.6 x 106 Resistance after third

temperature cycle,

4 | T = 423 K for about 5

k23 2.7 x 10 minutes before cooling.

6 Resistance after fourth

298 h.5 x 10 temperature cycle.

4 T = 423 K for about 30

k23 2.k x 10 minutes before cooling.

6 Resistance after fifth

298 2.7 x 10 temperature cycle.

6 Resistance after removal
of conducting skin.

298 6.7 x 10

Table 3.2 - The Effect of Skin Growth on the

Electrical Resistance of a Ch61Y39 SeTAG Specimen




g0

Finally the sample was lightly braded to remove a thin (several microns)
layer of its surfaces. The new room temperature resistance was found
to be the same as the original onme with no skin effects.

The above experiments were , however, quite crude in so far as
their insufficiency to compare the origins of skin formation to that in
STAG glasses.

Figure 3.8 and 3.9 are scanning electron micrographs of flash
evaporated thin films of Ch6lY39 showing no skin and the extent of skin
formation after heating in air at 423 K for about one hour.

The structure, which results on the surface of these films because
.of skin growth, can be clearly seen iﬁ.Figure 3.9. It should be noted

that the photographs of Figures 3.8 and 3.9 were both taken at the same

magnification.

3.5. Temperature Dependence of Thermoelectric Power.

3.5.1. Introduction.

Thomas Seebeck discovered in 1821 that an emf could be produced by
heating the junctidn between two metals, after whom the Seebeck coefficient,
which is synonomous with thermoelectric power, has been named.

Considering a circuit consisting of two dissimilar materials A and B,
and connected in the order A-B-A, then a temperature gradient AT between

the junctions of A~B produces an open circuit emf, V, given by the relation

AB ~ AT 3.5

where SAB is the differential Seebeck coefficient of the two materials.

Thermoelectric power in chalcogenide glassés has been found to be

positive, which would indicate conduction dominated by holes.



Fig. 3.8. Flash evaporated SeTAG thin film

with no heat treatment

Fig. 3.9. Flash evaporated SeTAG thin film

after heating in air at L23 K

for one



Bulk and thin film tewmperature dependent tﬁermoelectric powef
measurements in chalcogenide glasses have, on the whole, been quite
limited because of the high resistivity of the materials, and the difficulty
in obtaining accurate and reproducible data. The high resistivity has

also meant that a large number of measurements have been carried out above

(7),(23),(14),(17),(29),(20),(21),(28)

room temperature and with only

about half the reported measurements peing performed below ambient temper-

' (8),(9),(26),(21)-(27) (8)

ture . With one exception all the data have

been interpretéd as a linear variation of S with 1/T. Examining some cf
the thermoelectric power data in the literature, it should be noted that

the functional relation between 5 and T is indeterminate from these

(1, (25)

"experiments, because there is either too much scatter in the results

(14),(20),(21)

or the temperature range is too narrow to observe any devia-

tion from streight line in the S vs. 1/T plots, or the experimental points

(17),(28).

The variation of the Seebeck coefficient with:

(1),(29),

" are not shown

temperature has been given as

_‘_13 SO Y .

for p~type conduction. Here A is a constant of the order of unity (29),

ESo = (EF - EV)T =0 for extended states conduction,

ESO = (EF - EB)T =0 for hopping conduction in the tail -

of states,
dE
a(E_ - E_) a(E_ - E_) 1
PRt . (e e AR

dT : aT

vhere Eg is the optical band gap of the material. It is assumed here

*
See the MD model (Section 3.T7.l.) and Figure 3.23 for the definitions

of EF’ EV and EB.



that the energies EV and EB have the same temperature coefficients.
Most of the Seebeck coefficient data have been interpreted in terms

of equation (3.6), which assumes single carrier, hole conduction. Although

(17)

two band conduction models have also been examined , this is very

unlikely because of the strong evidence against it from the field effect
(7),(30)

measurements , which indicate conduction totally dominated by holes..

Thermoelectric power measurements were made on SeTAG glasses in the

series Cthloo_x,'where x = 45,61,71%, and on a sample of composition

Se . Te

9 32A352_5Ge6‘5 during the course of this work.

3+5.2. Experimental Procedure.

As the main limitation in ﬁeasuring the Seebeck coefficient is the
generally high resistivity of chalcogenide glasses, it was decided to hot-
-press bulk speciméns to a thickness of about 0.5 mm between two parallel
metal electrodes. This was performed under a vacuum of about 10_3 mn Hg
to minimise skin formation. The full hot pressing procedure is described
in Section 3.6. The edges of thé prepared samples Wére lightly braded fo
remove any residual skin. These samples could not, however, give reproducible
results, because the maximum temperature gradient.that could be maintained
between the two faces was less than about 3 K under equilibrium conditions.
As the error in reading each temperature was o6 K, very large errors
were introduced, which made the results totally irreproducible.

It was, therefore, necessary to make the measurements on much thicker
samples, which could support much larger temperature gradients across their
faces, but would also limit the low temperature range of the measurements.
This was done on parallel faced samples of 6 mm typical thickness, and of
wiform but arbitrary cross-sectional area. -The faces of the sample across

which the temperature gradient was to be applied were painted over with

"Silver-Dag" whilst a 0.001" diameter gold or platinum wire was stretched



across each face. A thin (less than 30 um) sheet of mica was pressed on

to each face while the "Silver-Dag' was still wet, and it was held in
position under slight pressure until the "Dag" contacts were completely dry.
The mica insulators were found to be necessary to completely isolate the
sample electrically from the heaters and the thermocouples. Without this
electrical insulation, erroneous results were obtained. The sample was

then mounted in a copper jig with carbon resistor heaters on either side of
the specimen. A thin layer of thermally conducting silicone gréase was used
to improve thermal contact between the mica and the copéer faces of the jig.
The jig consisted of two copper parts, which were held together by four
nylon (electrically insulating) screws, and with the sample held firmly in
position inbetween. A fine hole was drilled right through to the face of
“each copper piece which was, via the“sheet of mica, in thermal contact with
the sample. This allowed a thermocouple to be pushed right through until it
was in ggod thermal contact with the mica insulator. 'The thermocéuples were
'electrically insulated along their lengths using twin bore ceramic tuﬁing

of 1 mm overall diasmeter, through which the thermocouple wires were fed
before their ends were welded together. The tubing also made the thermo-
couples very rigid, which meant that they could be pushed right through to
the mica faces without bending or 'doubling up'. A‘sqhematic cross sectional
drawing of the thermoelectric power sample holder is shown in Figure 3.10(a).
Figure 3.10(b) is an actual photograph, which shows the jig and the speci-
men mounted on to the cryostat stem.

With the specimen mounted as described in fhe above paragraph, the
eryostat was evacuated to a pressure of less than 5 x 10—5 mm Hg. The
variation of thermoelectric power with temperature was measured in the
range 223 K to 356 K (-50°C to 83°C). The temperature gradienf across
the faces, which was controlled manually using two dc power suPplieé to
the heaters of Figure 3.10(a), was kept to 15 K to 20 K in all the measure-

ments. The Seebeck potential vaired linearly with the temperature
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difference between the two faces of the specimen, so long as this
difference was not too small for the errors in the temperature readings
to become significant.

The thermoelectric emf of the sample was measured using a Keithley
616 digital electrometer in the voltmeter mode of operation. One side
of the input to the Keithley was at & common earth with other electrical
equipments in use. The input impedance of the Keithley-could be varied
in decade steps, with a value of 2 x lOlh  as a maximum. The input impe-
dance of the Keithley was always selected so that it was at least 1000
times higher than the sample resistance. The Keithley readings were
typically accurate to : 2% under steady state conditions. The emf's
generated by the thermocouples monitoring the temperatures of the two
faces of the specimen were measured using a Solartron LM 1420 L D.V.M.

-The D.V.M. could ﬂe switched from one thermocouple to the other by using
a high quality 2 pole, 2 way ceramic switch. Both the temperatures, and
the Keithley recorder output were monitored on a chart recorder to ensure
that thermal equilibrium had beeh reached. The sample was kept ynder
thermal equilibrium conditions, with the thermocouple and the Keithley
readings steady for at least fifteen minutes before any measurements were
made. By switching the Keithley to the ohmmeter mode, the fesistance of
the sample at various temperatures was also measured at the same time.
Figure 3.11 shows the circuit used for thermopower measurements.

Contact and/or annealing effects were found to bg an important
consideration. It was found that by keeping the sample'atva temperature
of sbout 363 XK under vacuum for periods longer than half an hour, the low
temperature thermoelectric emf could be changed, with a corresponding

. . .. . 1
increase in the slope of the Seebeck coefficient plotted against ~/T.

This seemed to affect the resistance readings as well, but to a much
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smaller degree. If heating at 363 K wss repeated for further periods,
the Seebeck coefficient increased further in each cycle, until a 'steady
state' was reached, when further heat treatment would have no effect
either upon the Seebeck coefficient or on sample resistance. The heat
treatment did not affect different samples in the same way. It was
found that in some specimegs, the effect was totally absent, whilst in
others different durations of heat treatments were necessary to reach the
'steady state'. These observations were not composition dependent either.
All the samples selected for thermopower measurements were heat treated
at 363 K, and if this affected the Seebeck measurements, the samples were
.subjected to further heating until the-Seebeck potentials were reprodu-
cible on recycling. |

Figures 3.12 and 3.13 illustrate the above phomenon as it was observed

-in a sample of Ch composition, where the effects of successive heat

61739
treatments on the Seebeck coefficient and the resistance of the sample
are demonstrated.

'Annealing' effects have élso been observed by Nagels etal (8),
where an increase in bulk resistance of Si-As-Te glasses was observed
upon heating at 383 K for one hour. i

| It is not believed, however, that annealing is the responsible factor
in the present observations for the following reasons:

(1) The presence and the magnitude of the effect seems to vary

- from sample to sample.
(2) The observations on skin (Section 3.lL) where the samples were
héated to L23 K also rule out annealing, since the resistivity
of the sample could be restored to its Qﬁiﬁiéﬂi value by

polishing a thin layer of the material off the surface.

It seems likely, in fact, that contact preparation is the most likely



3

S(UVK™ : ‘
® Fresh sample with no heat treatment
5000l— X Sample heat treated at 363K for 3% hours
o " “ “ “ « * another 3%hours
‘v‘ 1900—_‘- D " n " M. [ [ " 3hours
‘ : O
1800— O 9
| O ®
1700— - °
V - - oDy
)
o
1600—
o]
1500}— 0
- R
1300} ©
1200%:——'-
1100} —
1000
28 30 35 4.0 4.5
10%T(K™)

Fig.3.12: Seebeck coefficient of sample 7-3 as a function of heat
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explanation for the effects observed in the present study. Although no
concrete evidence is avaliable, it is possible that the slightly varying
amounts of "Silver—Dag"’and thermally conducting grease used in making
electrical and thermal contacts to the different specimens needed varying
amounts of outgassing before becoming stable. These could introduce
errors in the measured temperatures of the two faces of the sample, which
would in turn influenqe the Seebeck and Resistance data. The samples were
checked for errors introduced into the readings because of the thermal
resistances of layers of "Silver-Dag", mica, and thermally conducting
grease that existed between each face of the sample and the thermocouple
monitoring the temperature of that fac;. This was done by bringing the
temperature of both faces ; as displayéd on the D.V.M., to the same value,
end measuring the Seebeck p;tential with a zero temperature gradient. The
~thermoelectric emf's thus measured were always less than 150 yV. This

is a very reasonable value if it is considered that the accuracy in each
thermocouple reading was X 0.6 K, and that a typical Seebeck potential
was about 2500 WV when the temperature difference between the faces was
about 20 K. It was not possible, however, to establish any link between
heat tréatment effect, and its influence on the thermal resistance of
"Silver-Dag", say, which would, in turn, modify the Seebeck potential
readings. The zero temperature difference thermoelectric emf did not vary
much with heat treatment, and any variation was in a random manner. This
could be because of the fact that experimentally it was very difficult to
keep the ‘temperatures of both faces at exactly the same value while
allowing the system to reach thermal equilibrium. Invariably, there
would be slight temperature drifts, which at small temperature differences
would cause large percentage changes in the Seebeck potential reading.

A theoretical estimate of errors introduced in measuring the tempera-

ture of slab faces due to the presence of thin layers of thermally
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conducting grease, mica, and "Silver-Dag" may be made: there is a finite
temperature drop in these layers, because of the thermal resistance, Rt’

in each layer, where

_1 | mx |
R‘t—k - A 3.7

k is the thermal conductivity, Ax the thickness, and A the cross-
sectional area. .

Levy (ak) has calculated the thermal resistance of "Silver-Dag" for
a particular configurstion, from which a value of 5 x 102wkt em?t at
room temperature can be estimated for the fhermal conductivity of this
material. In the present set-up, & maximum thickness of 0.5 mm of "Silver-
Dag" is estimated at each face (i.etotal "Dag" thickness of 0.1 cm). The

crogs sectional area of the slabs were typically 0.25 cm2 (0.5 em x 0.5 cm).

It therefore follows from equation 3.7 that,

R _ 1 ,.0.1
t "Silver-Dag" = 0.05 0.25
=8 WK

Estimating the thickness of thefmally conducting grease at each face to

be 0.25 mm, then,

. 1 0.0
t grease 7 x 10f3 0.25
=28 WKt
-3 -1 -1
where k =7 x10 " WK~ em ™ at room temperature as already quoted

grease
in Section 3.3.1.

Mica has a typical ambient temperature thermal conductivity of

s
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-— o —l - .
5 x 10 3 WK 1 em ~ normal to the basal plane. Typical thicknesses used

were always less than 30 um.

1 60 x J.o'h
i1.e. t mica - 3 b4 0.55
5 x 10 °
) = 4.8 WK™

SeTAG specimens were always more than 5 mm in thickness. Taking

3 -1 o1 (31)’

the thermal conductivity of SeTAG to be 1.9 x 10~ WK we

obtain

1 0.5
R = X
t SeTAG T T o 1073 0.25
=1.1x10° wg*

It can be seen that the total thermal resistance of thermally con-
ducting greasé, mica, and "Silver-Dag-" is about WO W K"l, which is the

3 1

1 : ' 1 L4 -
worst possible case' value. Comparlng to Rt SeTAG ~ 10" W K 7, the

maximum error due to the above is 4% at room temperature.

3.5.3. Results.

' %
The temperature variation of the Seebeck coefficient was measured

in six samples from six different ingots. In the Chx‘.{wo_x series of

SeTAG glasses, two ingots with x = T}%, two with x = 61%, and one with

x = 45% were examined. In addition, an ingot of composition
SeQTe32A552.3Ge6.S wags also studied. The temperature range of measure-
ments was 223 - 356 K (-50°C to 83°C), except for the sample of composition

Chh5Y55, where because of the higher resistivity of the material, measure-

ments could only be made down to a temperature of 2uU8 K (-25%).

* -
Errors due to the thermoelectric emf's of the leads (< 10 pVvk l) are,very
small compared to the Seebeck coefficients of the sample (> 1000 vk ),
and, therefore, no corrections were deemed necessary.
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The results which are reported in this section were those obtained
after the samples had been heat treated, and they are, therefore, the
reproducible, and thermally stable data.

The results for all six specimens that were studied are shown in
Figure 3.14. The experimental points for curve 6, which lie very close
to the broken line, have been omitted for clarity.

The data of Figure 3.1h suggest the presence of significant degrees
of curvature in all the plots of S ageinst 103/T. An increase in the
magnitude of S and the slope of each plot with decreasing chalccgen con-
tent may also be observed, although the sample of composition
SegTe3gA552_5Ge6‘5 is a notable‘exception.

If the results of Figure 3.1k are interpreted in terms of equation 3.6,

the thermopower activation energies, Eso’ in Table 3.3 are obtained.

. S E (eV) E (ev) E -E
Sample | Composition 29§1K +SO +GO ) oo s0
: uVK (Z 0.01 eV) | (- 0.01 eV) (ev) -

8.3 ChhSYSS 1560 0.k2 0.56 0.1h
10.2 Ch6lY39 1435 0.38 0.49 0.11
7.3 Ch6lY39 1k75 0.39 0.49 | 0.10
15.3 Chr Yo 1370 0.36 0.h47 0.11
» ' ] .
13.3 Ch71Y29 1350 0.37 0.46 0.09
Se Te .
5.1 9°"32 1k2s5 0.39 0.50 0.11
A852.5Ge6.5

Teble 3.3 Seebeck Coefficient Parameters for SeTAG Glasses According to

Equation 3.6
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Eso was calculated from the slope of a straight line passed through the
experimental points. The conductivity activation energies,~an, which
were calculated by measuring the resistance of the thermopower samples,

are also listed. Room temperature Seebeck coefficients, 8298 x> are

-

included in this table as well.

The intercepts of straignt line plots of S viz l/T, at %-= 0, which
give the values of |- %-+ A | are not calculated here. This will be
deferred until Section 3.T.1l, where all the conductivity and Seebeck
coefficient data are discussed in terms of the Mott and Davis model.

In Figu?e'3.15, the‘Peltier coefficient>ﬁ (= ST) is plotted against T
for three representative specimens from each composition in the series

CthlOO—x that was studied.

3.6. Temperature Dependence of the Optical Gap in Chg Y., Bulk CGlass.

3.6.1. Introduction.

Several groups of crystalline materials have an absorption constant
that increases as the exbonential of the photon energy. This type of
behaviour, as observed in alkali halides for example, is called the

Umbach rule, and it follows the relation

o = a_ exp |Const. (hw - Eg)/kT' 3.8

where d is the absorption coefficient, fiw is the photon energy, Eg is
the optical gap at temperature T and T' is the ebsolute temperature at
high temperatures, and is a constant below about 100 K. The optical gap
at 0 K, Ego’ is determined by assuming Eg to bé a linear function of |

temperature
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i.e. E =E =~ BT 3.9

which when substituted back in equation 3.8 gives a temperature in-
dependent o at hw = Ego' Thus by measuring a at various temperatures,
the value of Ego may be determined. This is illustrated graphically in

(1),

Figure 3.16 (after Mott and Davis .
The k-gelection rule, g_i‘g = k' (where k and k' are the wave vectors
before and after an electronic transition, and g is the wave vector of
the photon)maybé applied in cryétalline materials. In the case of
optically induced transitions in amorphous‘semiconductors, however,(
charge carriers experience strong scattering at the valence and con-
duction band edges, and the mean free path is short, so that
Ak / k . 1 : k is no longer a good quantum number, and the above rule

(1),(35)

Vbreaks down This, though, may not be the case.at anergies well
avey from the sbsorption edge.

In amorphous chalcogenides, an exponential absorption edgé is observed,
but its shift with temperature is as shown in Figure 3.17: an almost
parallel shift is noted *, which means that equation 3.8 cannot be used
to determine Ego' A change in the slope of the edge with T is only
observed at temperatures abcve the ambient. This deviation from.U&bach's ,

1)

rule is explained by writing equation 3.8 in the form

. Aw - E o T
Ino = Constant + TR + T
which for constant T' reduces to
lna = Constant + -Tg*,- .7 3,10

¥
a-Se is an exception
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at any given photon energy. The above equation would give a straight
line by plotting lna against T, which would have a slope of‘B/T'. In
other words, if in amorphous chalcogenides, the critical temperature
below which T' is a constant is increased considerably, the parallel
shift of lno with T would be explained.

A widely accepted theory to explain the Uébach edge has been put for-
ward by Dow and Redfield (32). They proposed the existance of 'micro-
fields' in the solid, and derived an expression of the same form as equa-
tion 3.8 for the absorption coefficient by considering direct excitonic

(33)

transitions in the presence of a uniform electric field . The electric
-field broadens the sharp excitop peak, which in turn results in the ex-
ponential nature of the edge. I£ was shown that the absorption edge
broadened with increasing electric fields, and that fields of the order of
j107 V/em were required to explain the exponential behaviour. Dow and

(32)

Redfield ‘have also shown that when random fields are present, as is
indeed very likely in amorphous solids, the exponential behaviour can still
be explained by their theory if a Gaussian electric field distribution is
assumed.

Olley (34) has demonstrated the effect of disorder on single crystal
PbIg, which has a sharp exciton absorption peak in the undamaged state. If
disorder is introduced by the helium ion bombardment, the exciton peak
is broadened with increasing disorder, and the leading absorption edge
becomes éxponential. In amorphous chalcogenides at energies below the
exponential edge, a weak absorption tail is observed. Its shape, which
is not well defined, is a function of preparation, homogeneity, and thermal
(36),(39), (k1)

history of the material

For d 2 th cmwl, i.e. at energies above the exponential tail, the
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edge is no longer exponential. Its behaviour is described by

a(®) tw = Constant (hw - Eg)n 3.11

(35)

where n = 2 has been predicted by Davis and Mott by assuming linear
density of state distributioné at the band edges (i.e. n(E)aE), and
neglecting localised to localised transitions. n = 2 has been found in
simple binary chalcogenide alloys A528e3, As2S3, AseTe3; and GeTe. In
(40)

multicomponent chalcogenide alloys, however, n = 3 has been found

(1), it

This value of n can be derived, according to Mett and Davis
localised to localised transitions are not heglected in thelr model.

In the brief review presented above, nc attempt has been made to
cover the wide range of theoretical ana experimental work done on chal-
cogenide glasses. Much more detailed reviews of optical absorption in

“particular, and optical properties in general, of amorphous solids are
to be found in the literature. (See, for example, Refs.(1),(36),(38).)

The optical absorption measurements presented in this section were
carried out in order to determine the value of vy in the thermoelectric
power .expression 3.6. If it is assumed that all the critical energies at
the band edges have the same temperature coefficients, then

a(E, - E)  a(®, - Eg)

. dE
- = 4 = l .
Y= aT ar 2 3T 3.12

By measuring o(hw) at various temperatures, the value of y may be

estimated from the sbove equation.
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3.6.2. Experimental Procedure.

The temperature dependence of the optical gap was measured in a

hot pressed sample of Ch composition. The sample (softening

61739
temperature ~ bL0O X) was raised to a temperature of about 460 K in a
modified, evacuable, 13 mm pressure die supplied by Specac ¥ (Figure 3.18).
The sample was then pressed between tvo stainless steel pellets, whose
faces had been polished to an optical finish of 1 um. The whole die
assembly was heated externally. The temperature of the sample was moni-
tored by inserting a thermocouple through a hole dril}ed into the plunger
(see Figure 3.18). 1In this way, the temperature of the sample could be

monitored very approximately. The pressure in the die was quite low

% mm Hg), but during the pressing process the

prior to pressing (. 10

pressure increased to . 1072 mn Hg. This increase in pressure was probably

-due to the poor quality of the vacuum 'O' ring seal between the plunger

and the die cylinder. A load‘of about five tons was necessary to produce

& 30 um thick specimen. The thickness of the specimen was uniform across

its dismeter to b 1 ym. The optical finish of the sample, however, was

not as good as the stainless steel pellets used in the pressing process,

and small surface imperfections were visible under examination by an

optical microscope. )
Room temperature transmission and reflection measurements were

made on the sbove prepared sample in a Beckman DK2A double beam recording

spectrophotometer over the range 600 - 2500 nm (. 2 - 0.5 eV).
Transmission measurements as a functicn of temperature were carried

out in a Cary 1k double beam recording spectrophotometer in the range

0.7 - 1.2 eV. As this spectrometer was not equipped for temperature

# )
Spectroscopic Accessory Co., 241 Main Raod, Sidcup, Kent, DALM 6QS.
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*
dependent measurements, a variable temperature optical cryostat  was

used to measure the % transmission at various temperatures. The experi-
mental set-up was not as good as could be expected, however, because of
the difficulty of aligning the cryostat windows with the beam. This
was done manually by adjusting the position of the cryostat without the
sample with the spectrometer slits fully open until maximum transmission
could be seen on a piece of paper held in front of the spectrometer
detector. The transmission for minimum slit opening was then checked te
make sure that the beam was central with respect to the area under illu-
mination. .Th(e cryostat was then fixed in this position for all the. measure-~ -
ments.

In all the transmission méasurements, the spectormeters were checked

for 0% and 100% transmission with the shutters fully closed and fully

Because of the small area of the sample, a black, non-reflecting
mask was constructed to cut out all radiation not incident on the sample.
A1l the above adjustments were carried out with this mask in the measuring

beam.

3.6.3. Resulits.

The room temperature reflectivity, R, of Ch6lY39 glass, measured
at near normal incidence (angle of incidence = 60), is shown in Figure 3.19.

The total reflectivity, R,, of a given material is composed of two com-

T
ponents, namely the diffuse component, RD, and the specularly reflected

component , Rs, where,

RT = RS + RD ) 3.13

%
Beckman VLT-2 Variable Temperature Cryostat
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The diffuse component, RD’ depends on the surface roughness, and
increases with the bulk inhomogeneity of the material. It is also wave-

length dependent.

The specular term, R_, at normal ineidence, is given by

=(n—l)2+k2
2

5 3.1k
(n+ 1) +k

R
]

for reflection from tﬁe front face of slab of strongly absorbiﬁg material,
so that the contribution to Rs from the second face may be neglected. In
this equation n and k (sometimes known as the extincﬁion coefficient) are
ﬁhe real and imaginary parts of the refractive index respectively.

Since the maximum transmission for the sample under investigation
was less than 25%, it was deemed possible to use equation 3.1h.

In the specular reflectivity spectrum of Figure 3.19, however, there
is little variation in reflectivity with energy, and for lower energies
(i.e. longer wavelengths > 1250 nm) below and in the region-of the absorp-
tion edge, its value in approximately constant at 26% (¥ 2%). This means

thet k° << (n - 1)2 over this entire region, and equation 3.1k becomes,

2
RS g—(—-rl—:w]:—)—-é- 3.15
(n + 1)

From the value of R (= 0.2), the high frequency dielectric

constant € (= nz) is calculated to be 6.9.

Iincident
), of a parallel

The transmission coefficient, T(=
‘ transmitted

faced slab of material of thickness, d, and absorption coefficient, a,
can be caleculated for an incident beam of intensity Io as shown in Figure 3.20.
If the effects of multiple reflections from the faces, and the diffuse

reflection term are neglected, the transmission coefficient is given by
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Fig. 3-.20: Transmission of light through specimen of
thickness,d, and absorption coefficient, ¢t .
The effects of multiple reflections are
neglected.
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Since 4 is known, and Rs has already been measured, (tgkenvto be
0.2 independent of wavelength), then by recording the value of T at
various beam energies, a may be plotted as = function of energy using
equation 3.16. This is shown‘in Figure 3.21 for a Ch61Y39 specimen at
four different temperatures from liquid nitrogen to room temperature.
There is a slight difference in room temperature absoprtion spectra taken
with the Cary and Beckman spectrophotometers.

Neglecting multiple reflections in equation 3.16 is unlikely to
give rise to any significant errors in calculating the absorption
coefficient at a particular fre&uency:'even for a totally non-absorbing
specimen in which Rs = 0.2 for both the front and the back face, only
_2.7% of the transmitted radiation is neglected if multiple reflections
are ignored.

The errors involved in neglecting the diffuse reflection term in
equation 3.16 are likely to be significant, since between 11% and 18%
of the total incident radiation is diffusely reflected in the energy
range 1.15 - 0.7 eV. It has been shown in appendix 3C that the fraction
of the transmission lost through diffuse scattering is given by

2(ad)2e—adRD

T, = 3.17

by considering an average diffuse scattering depth into the specimen,
whose magnitude is a function of the wavelength of incident radiation

Combining equations 3.16 and 3.17 gives,

= (l - RS)2 e—ad - T 3.18

Tmeasured D
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An iterative procedure was employed in finding an estimate of a
which takes account of diffuse scattering: the value of o calculated
from equation 3.16 was used in equation 3.17 to find a 'first estimate!
of TD, which when substituted in equation 3.18, yielded an improved
¢stimate of a. The procedure was repeated, and after sbout five iteration
steps, the value of a was found to converge.

By correcting the data of Figurg 3.21 in the above manner, the
values of o were found to be significantly reduced. Figure 3.22’shows
the shift in the absorption edge with temperature, when diffuse scatter-
ing is not ignored.

Because of the thickness of the specimen, no absolute values of the
optical energy gaps could be obéﬁined, as it was not possible to go to
high enough energies. |

The temperature coefficient of the optical gap 1s therefore calculated
by measuring the near paréllel shift in the absorption edge with tempera-
ture at an arbitrarily chosen value of o (a = 1000 cm-1 was used in
Figure 3.21, and a = 300 cm-1 was chosen in Figure 3.22 j. As can be

seen from Table 3.4, the temperature coefficient of the optical gap,
4dE
—£&
at

were made, although a slight increase in its value with decreasing tempera-

, is almost independent of the temperature at which the measurements

ture is apparent. It is not possible here to speculate in a useful
manner upon this variastion: the experimental apparatus used to measure

the temperature coefficient of the gap was such that it was only possible

dE
g
art

also made, which may have affected the accuracy of the results. For

"to obtain an estimate of the value of . Certain approximations were
instance, the reflectivity measurements were carried out at room tempera-
ture only, and the o vs hw curves of Figures 3.21 and 3.22 were obtained

by making the same room temperatiure reflectivity corrections in all cases
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Fig.3.22 : Absorption spectrum of Chg,Y,, as a function of tempemture _

according to equations 317 and 318 (diffuse reflectlwty
correction included)




3E 1 aE
T, (K) | T,(K) AT(K) 555 (ev X~ T) Mean Value of ETE
(=T15T2) (at a=1000 cmfl)
293 223 70 6.4 x 1o’h
293 163 130 6.9 x 10'h
293 T 215 _ T.2 % ZI.O"ll T.2 x lO—h eV K"l
it
223 163 60 7.5 x 10
203 7 1hs 7.6 x 1o'h“
163 7 85 7.65 x 107
, aE
(a) ETE calculated ignoring diffuse reflection
dE aE
Tl(K) TZ(K) AT(K) ETE (ev K—l) Mean Value of ET&
(=T1—T2) (8t o= 300 cm )
293 | 223 70 5.1 x 107"
293 163 130 5.6 x 1o'h
293 7 215 6.2 x 10'h 6.2 x 1o’h eV gt
223 163 | 60 6.2 x 1o’h
223 7 1L5 6.2 x 1o'h
6 | | -
163 7 85 7.1 x 10

dE
(v) a@g calculated by including diffuse reflection correction

Table 3.k
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irrespective of the temperature at which transmission measurements were

made. It is, therefore, not possible to say whether there is a genuine
B :

shift in Eﬁg ‘with temperature, or whether what has been observed is an

experimental artifact.

- It can be seen from Table 3.4 that the diffuse reflectivity cor-

4dE A
rection reduces ETE by about 1L4% from 7.2 x 10—h eV KT to 6.2 x WO—h eV K1,

The values compare quite favourably with Weiser and Brodsky's

5 x 107} ev kT for As,Te, (45) " nd with Green etal's value of
-l -1 . (7)
7.6 x 107 eV K~ for SllOTe59Asg3Ge8 .
- . dE .
The value of vy (= 3} ETE from equation 3.12) is therefore found to
be 3.1 x lO—h eV K—l (or 3.6 x lO—h eV K—l if the sbove correction is

not included).

3.7. Analysis of Results.

As mentioned already in Section 3.1, the thermopower and conductivity
wresults will be analysed mainl& iﬂ terms of three models, namely the Mottt
and Davis (MD) model, the Green-Levy-Gee (GLG) model, and the Nagels
etal (NCD) model.

Before more detailed analysis using the above models, however, it
should be mentioned that any models based on a two band conduction mecha-
nism will not be considered here. Such models have been considered by

Rockstad etal (17) (13).

, and by Moustakas etal

The former authors have considered the effects of annealing on
thermopower in amorphous chalcogenide films. In Ge(TeO'TSeO'3)2, for
instance, they found that, upon annealing, avplot of S vs l/T gave a

large negative intercept at %- = O.- However, the four component alloys

that they considered showed no annealing effects. Moustakas etal
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interpret the results of Rockstad etal in terms of a two band conduction
model, although they conclude that for unannealed specimens, conduction
is by one band hopping, as this is the only mechanism in which the inter-
cept in & plot of S vs l/T gives reasonable valﬁes.

The evidence from field effect measurements also indicate conduction
(1),(1k),(30)

gtrongly dominated by holes

The results wili now be examined in the light of the above menticned

nmodels.

3.7.1. The MD Model. -

The density of states model for amorphous semiconductors proposed

by Mott and Davis, and already discussed in Chapter 1, is shown in
Figure 3.23: EcgndEv are the conduction and valence band mobility edges
-respectively. The shadéd regions between Ec and E,, and Ev and EB are
the localised band tails. A narrow region of localised states
(< 0.1 eV wide) also exists at the Fermi level, Ep
Considering conduction by holes only, the following conduction

mechanisms are possible:

(1) Conduction by excitation of carriers into the extended
states below EV. The conductivity is given by,
= - — ol
Oext Oo,exteXp (EF EV)/kT 3.19

where O is & constant independent of temperature.

o,ext
Since in general,

o = nej

where n is the number of carriers, e the electronic charge, and u the

mobility, o . can be written ass
o,ext
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-
Density of states, N(E)

Fig.323: The density of states in amorphous
semiconductors as a function of energy as
proposed by Mott and Davis ™
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= eNVu

co,ext ext

where Ny is the effective density of states (cm-3) at the valence band
mobility edge, and Mot is the extended states mobility.

. Irf EF - EV varies linearly with temperaturé, so that,

EF - EV = EFV,O - yT 3.21

then substituting 3.20 and 3.21 in 3.19, we get,

_ - ¥/ -
Ooxt = MyMayi® exp - EFV,O /T
= Coyp SXP - EFV,O /kT 3.22
where C_ . = eN. u eY/k. E in the above expression.ls the value
ext Vext FV,0

of (EF - EV) extrapolated to O K. The pre-exponential constant, Cext

in (3.22) is of the order of 10° &% cm T.
The mobility below EV is considered to be diffusive, and it is

vritten as,

21 2
Yext = 6 e\)elR /xT
~ 10 cu® v &7t 3.23
15 =1, . . . .
where vel (o 3 x 10 s ) is an electronic frequency, and R is distance

between nearest neighbours.

(2) Conduction by hopping of carriers between nearest

neighbour sites in the tail of localised states between E_ and EB' In

V'

this regime, the mobility due to hopping is given by,



i e32 Eu
bhop =8 Vpr k. P (- gp - 2R 3.2
Eﬂ
= ¥o,nop % (- 5T )
12

where vph ( ~10 s_l) is a - phonon frequency, Eu is the activation

energy due to hopping, and a 1s the localisation parameter. Because of

- 2
the value of v_, compared tov ., M is estimated to be about 10 2 cm
ph el® "hep
-1 s-l

v . In equation 3.2, E, has been taken to be constant and inde-

pendent of temperature, except at low temperatures, although the validity

(k2)

of this assumption has been guestioned
Using expression 3.24 for the mobility, the conductivity in the

‘talls of localised states is given by,

o = C, , e¥Dp - (EFB,

loc lo * Eu) /xT 3.25

0

where C =

Y/k
loc ey uO,hope _ 3.26

Equations 3.25 and 3.26, in which E = (EF - E_) and

FB,0 B'T = 0,

N_ is the effective density of states at E

B B have been derived in a

gimilar manner to equation 3.22 by assuming a linear variation of

EF - EB with temperature.

(3) Conduction by hopping of carriers between localised

states near EF. In this regime (not observed in chalcogenide glasses)

the conductivity is given by,

AW
exp ( - I 3.27

O, = O KT

F o,F
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where the hopping energy AW? w 0.05 eV, and 96 p is a constant.
3
The above equation describes hopping between nearest neighbour
sites at EF. At lower temperatures, however, variable range hopping
(43)

by tunnelling of carriers to more distant sites may dominate. -Mott

has shown that the conductivity in this regime is given by
3.28

In SeTAG glasses examined here, and in chalcogenide glasses in
general, mechanism (3) is not observed, and this will not be considered

any further.

Culter and Mott (29)

have derived an expression for thermoelectric
power when the current is carried in the extended states. The expression

-may be written as

3

Y
le} kT
k EFVO Y
P — .
A in the above expression is a constant of the order of unity.
The above expression is also used in crystallin?Bsemiconductors, and the
constant A, known as the scattering parameter, has a value which depends
on the scattering processes involved.

Similarly, for currents carried in the localised tail of states,

k EFB,O Y

where A is again a small constant.
Hence if the plot of S vs l/T is a straight line, its intercept

with the 8 axis at l/'I‘ = 0 would give the value of [ - + A.]. If A

===



is tsken to be unity, the value of y may be obtained from the.intercept.
Alterﬁatively, if v is estimated from the temperature dependence of the
optical gap, the value of A may be calculated.

If the conducti#ity and thermoelectric power data of Sections 3.3.2.
and 3.5.3. are treated in terms of the MD model, the parameters of
Table 3.5 are obtained. From the valuzs of the pre-exponential factors,
C, which are in the range 200 - 500 et em —l, it is likely that conduc-

tion is taking place in the extended states (mechanism (1)), since the

C values are too large for conduction in the localised tail of states.

Assuming conduction to be taking place via the above mechanism, then

the difference between the conductivity activation energy, Eco’ and the

thermoelectric power activationienergy, E_ , of about 0.1 eV (column T,

SO

Table 3.5) may be explained in terms of Emin etal's small polaron theory(h)

"In this theory, Eoo is the sum of the energy required to generate the

carriers, (see equation 3.22), and the activation energy required

Brv,0

for small polaron hopping of hole-like carriers, W,,

il.e. Eoo = EFV,O + Wﬁ . 3.31

Since the activation energy from the thermoelectric power is still

E
50

EFV,O’ the difference between the conductivity and thermopower
activation energies gives WH. Wﬁ is zero only if there are no small
polaron effects.

Although the above theory, as combinéd with the MD model, suggests

8 very attractive explanation for the difference in E_ and E__ with the
o0 s0

econduction still taking place in the extended states, it is not adequate

in explaining the curvatures observed in the conductivity and thermo-



2 3 I 5 ., 6 T 8 9. - 10 11 12 13 1L 15
» 298K) {5(298K)| oo Bso | Boo™ |o(at Y = - _ A(y= Aly=
SAMPLE | %Chalcogen 0(298K) of E Y |=Yeal v(2=1) |y(a=2) |y(A=3) Y(A‘ ) =L L
Q “cm UVK (eV) (eV) (SO cm ) k (eVK}) (eVKE) (eVK- ) (eVK%t 3-6}(1(:.{ 3 .lxlg
A ev) evK 1) | evK ™)
25 =T | ___ ] 0.13 L
8.2 hs 1.5x10 0.55 (8.3) 309 | -- — — _— — — _—
8.3 hs — 1560 |{0.56 |0.k2) 0.1k | ——= |1.72}-6 2x105 2.hx165 1.1x16h 2.0x16h 5.9 5.3
=6 0.09
3.3 61 2.6x10 — 0.48 | ——- (7.3) 155 | —mm —_— —— _— — — —
=6 0.10
2.3 61 2.2x10° | === [0.49 | —- (7.3) 425 | emm _— ——— — — — ——
10.2 61 1.4:15° | 1435 |0.49 |0.38] 0.11 | 276 1.8 | -7.1x107| 1.5%x10%] 1.0x10 1.9x15% | 6.0 5.4
7.3 61 — 175 §0.49 | 0.39) 0.10 | = [1.9 —7.8x165 8. 3x106 9.hx165 1.8x15h 6.1 5.5
13.2 71 6.1x15° | == | 0.45 |- (géog) 1476 | === — — — — — —
13.3 71 — 1350 |{0.L6 {0.37] 0.09 | ---=|1.2 _5.0x10°| 6.6x15°| 1 5x16h 2.hx16lL 5.4 4.8
15.4 71 7.7516° | === | 0.46 | —— (gng) 385 | ——- — — — — - —
15.3 71 — 1370 |0.47 | 0.36] 0.11 | —-- | 1.9 | -7.4x10°| 1.2x15°| 9.9x10° 1.8x15"| 6.0 5.5
5.3 SE'9% 86 2 .Ox166 —_— 0.48 | == ?éoi\ 207 | cmme — _— — — —_—— —_
50.5°%6.5 Y
5.k ' — 125 10.5010.39) 0.11| ——= 1.3 -2.8x10° 5.8x165 1.hx1‘6h 2.3x16h 5.5 k.9

Table 3.5 Transport Parameters

in Bulk SeTAG obtained using the Mott and Davis Model

08T
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power plots. It should also be noted that Austin and Mott have

shown that for conduction in the extended states with a small polaron
effect, a value of A < 1 is expected, whereas inspection of Table 3.5
shows this not to be the case. |
Using the thermopower expression (3.29), the experimental values
of [.— %~ + Aﬁ] have been worked out for the various samples studied.
These have been listed in column 9 of Table 3.5. 1In coiumns 10 to 13,
the values of v, assuﬁing integral values of A from 1 to 4, have been
caleulated. It can be seen that only if A = 4, will the experimentally
determined value of y= 3.1 x lO-h eVK_l be approached, although even
with this high value of A, an average value of only v = 2 X lO-u eVK-l
is obtained.
| If , on the other hand, the value of A is calculated by assuming
_the experimental value of y, A is found to be generally between five
and six (columns 14 and 15 in Table 3.5), which do not compare well with
Cutler and Mott's predicted value of unity. It should be noted that

7,9,13

other aﬁthors , using the MD model, also obtain values of A which

generally lie between three and five.

3.7.2. The GLG Model.

In the MD model, the equation for conductivity in the extended
states beyond the mobility edge, and for conduction in the localised

band tail, have been derived by making the following assumptions:

(1) The majority of carriers contributing to the conduction
process (i.e. n = f N(E)f(E)AE) are concentrated at an effectively

single energy level at E_. (for conduction in the localised valence

B

states), and at E, (for conduction in the extended valence states) and

are of the order kT in energy band width. Hence it is assumed

(WY

eV

[



that othér carriers, of higher energies in the relevant set of states
under consideration, do not make a significant contribution to the total

conductivity.

(2) The mobility is assumed to vary as l/T in the extended states,
and as l/T exp (—Eu/kT) in the localised states. In other words, no
significant mobility variaﬁicn with energy is considered in either éf
the above sets of states, because otherwise, in the localised states,

the current would not be carried at E_,, but possibly in the range of

B)

energies between E_ and EV. This would result in curvature in 1nc vs l/T

B
) plO‘bS .
(3) sStarting with the number of carriers, n, in a given energy

interval, the conductivity in the extended states is written as,

Ot = eN(EV) KT p_ o €Xp [—(EF - EV)/kT]

Similarly, the conductivity in the localised states may be written

as,

e = eN(EB) kT “hoP exp [-(EF - EB)/ kT]

It can be easily be shown that the above equations may only be
obtained by assuming constant, but not equal; densities of states in
the extended and localised levels. If the density of states is allowed to
vary with energy, this would meke the pre-exponential factors in the
gbove expressions functions of temperature, and they would no longer
be constants as derived by Mott and Davis (equation 3.22 and 3.25),

and subsequently used in the NCD model (see Section 3.7.3.).
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In the GLG model, it has been attempted to incorporate the energy
dependencé of the density of states, and possibly that of the mobility,
into the expression for conductivity.

If, therefore, it i; assumed that the density of states and the

mobility are both functions of energy, so that,

) in the valance band

and W(E) <= (E, - ) )

N(E) «(B; - E)" ) )
and n ) in the localised band )
u(E) oc(EB - E) } )

; 3032
or N(E) =(B, - E)® ) g
' )

where p = m + n, then the conductivity can be shown to obey the relation,

= P _
o = CT¥ exp ( Eoo/kT) 3.33

where C is a constant. Equation 3:33 has been derived more fully in
Appendix 3A.

Equation 3.29 for thermoelectric power is, however, still valid
in the GLG model, although the value of the constant A would now depend
on the quantity p in equation 3.33(hh).

Two - independent sets of data have been analysed using this model. The-
'first is the conductivity vs temperature data obtained on sample 3.3 of
Ch6lY39 composition. The second is a set of data obtained from Dr. A.

Levy who made his measurements on STAG glasses as part of his Ph.D.
(1k)

programme at Zenith Radio and Research Corporation (U.K.) Ltd . The

STAG composition used in these measurements was Te69R31’ where

R = (Sio.ehGeo.zoA?oQ56)'



A computer program was written to fit the above data to egquation
3.33, in which the parameter p coﬁld be varied until a best straight
line fit to the experimental points was obtained in a plot of 1ln (fop)
vs l/T. The program also computéd the activation energy Eoo from the slope
of this plot.

In both compositions pwas found to be about four. The activation
energies for the best ;traight line fits were 0.39 eV for the Ch6lY39
SeTAG glass (ESO = 0.38 - 0.39 eV), and 0.35 eV for the Te69R3l STAG
glass (ESO = 0.41 eV). |

Assuming Mott and Davis's expression for mobility in the extended
states (equation 3.23), then p = b meaés that N(E)« ﬂEh, which seems
highly unlikely. Unfortunately using this method, it is not possible
to distinguish between the energy dependence of the mobility and the
density of states. It is.not likely, however, that the mobility in the
extended states will be strongly energy dependent. This still leaves
a very strongly energy dependent N(E).

It should also be noted that the computer ﬁrogram which was developed
for the above fitting purposes, distinguished the best fit value of p
from all the other values by working out and comparing the correlation
coefficient and fhe standard deviation in each case. The model, however,
is not particularly sensitive to variations in p. For instance, for
both sets of data, the correlation coefficient was unchanged up to the
fourth decimal place, and any variation in the goodness of fit for various
p values only became apparent at this point. It was not, therefore,
possible to deconvolute the data in a positive manner by using the GLG

model. Furthermore, although this model attempts to explain the curvature



in the lno vs l/'I‘ plots, it still gives a linear dependence of S

vs l/T, which is not what is observed experimentally in SeTAG.

3.T.3. The NCD model.
(8)

This model , as already briefly outlined in Section 3.1,
assumes conduction to take place by two parallel mechanisms (in the case

of conduction by holes only):

(a) The excitation of hole carriers into the extended valence

states below the mobility edge at EV.

(b) The nearest neighbours hopping of carriers in the localised

t . s
states at EB .

If the conductivity contributions due to (a) and (b) are summed

together, then expression. 3.3 of Section 3.1 is obtained,

i1.e. ¢ = Ooxt + Gloc 3.3
where O . = cex,c exp (- Epy ,O/kT) 3.22
and 916c = Croe SXP [:—(EFB’O + Eu)/kT:I , 3.25

where equations3.22 and 3.25 are the expressions given in the MD model
for extended and localised state conduction respectively. Also, as in
the case of the MD model, the energy distribution of the localised states
is replaced here by a constant value. In fact, only through this appro-
ximation, together with the assumption of a single, energy and tempera-
ture independent, hopping activation energy, Eu, can the singly activated

process of equation 3.25 be obtained.



Similarly, the total thermoelectric power for the system is

given by equation 3.4 of Seetion 3.1,

. %m%m+sm3mc
i.e. S = 3.4
o
vhere, again, Sext and Sloc are giver by equations 3.29 and 3.30
of the MD model.
. _k EFVzo b
1eee Sopt Tlel | KT Tk T Pext 3.29
: -y
E ]
= _].E FB,O - Y
and Sy Tie) | kT ¥ T Aoe 3.30
ke o

From equations 3.3 and 3.k, using equations 3.22, 3.25, 3.29,
" and 3.30, a series of 'best fits' may be obtained to the various sets
of conductivity and thermopower data, from which the following para-

E E

meters are calculated: E s A , and A
ext

7v,0° °FB,0° Fu® Cext> © 1oc

The fitting procedure is now described: equatioﬁ 3.3 is the

sum of two exponentials, and it may be written as,

~0Xx -
4 peRx

y=4Ae 3.33

= - : 1
where & = EFV,O/k’ B= (EFB,O+EU)/k and x = /T.

€hoosing four values of x in such a way that,

then four equations for Yi» Yoo y3, and ¥y, may be written down.
These four equations may be reduced to a single quadratic equation,

which is given by,

136



2 2 | (2 =
(3(.Z - Veyh)z - (Y2y3 —.ylyh)z + Vo - yly3) =0 3.33a

Solving the above equation for 2z, the two solutions give e

gA

and e” . Since A is known, o and B , and hence E and (EFB + Eu),

FV,0 ,0

‘may be calculated.

Substituting the above values of Oand B in any two of the
expressions for y, the pre-exponential factdrs A and B (i.e. Cext
and Cloc) may be calenlated.

Using the method described above, various estimates of the two
pre-exponential constants and the two activation energies were obtained.
The actual values of the parameters, however, varied slightly by
choosing different x and/or A values at the start of the fitting pro-
cedure. The x and A values were usually selected so as to cover as

- broad & temperature range as possible, so that the resultant calculated
parameters would be as representative of the material properties as
couldbe obtained in the given experimental temperature span. The
different sets of parameters thus obtained, however, fitted the experi~
mental conductivity vs temperatﬁre data equally well.

The corresponding y value for each value of x selected was
read off a smooth representative curve drawn through the given set
of data points. A weakness of this procedure was that it was impera~
tive to make sure that the representative.curve was as smooth as possible
with no sharp discontinuities in it. In case of even a relatively
slight deviation by, for example, introducing a small kink in the
curve at some point, it was sometimes found that absurdly large or

small values were obtained for the fourn parameters of equation 3.33.
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The value of A and B in this equation were particularly senéitive

to the detailed shape of the curve drawn through the data points.
This shorfcoming in the analytical method is illustrated in Table 3.6
for the case of sample 8.2. Three pairs of selected sets of data
points, together with their calculated conductivity parameters, are
shown. Curve I in each pair had a slight discontinuity in it.

Curve II was much smoother, although the actual variation in the
value of 0 for a given x is rather small (on a logarithmic scale in
particular) compared to the value obtained from Curve I. Examining
the last-four columns.of Table 3.6, the large variation in the values
of the conductivity parameters calculatéd from the two curves can

be noted especially in the first pair of data sets shown.

Applying the curve fitting procedure already described, a
variety of sets of slightly different values for the four conductivity
parameters (i.e. EFV,O’ (EFB,O + Eu), Cext,'and Cloc) were obtained
from the conductivity vs temperature data collectedin the case of
each sample that was - studied.

The next step in the calculation procedure was to discover
which of the'above sets of parameters fitted the thermopower data
just as well. In each case this was done by substituting the already
calculated parameters into equation 3.4 for the thermopower.
Examining expressions 3.29 and 3.30 for 5_ . and Sloc’ it will be
noticed that a knowledge of the values of Eu (so that EFB,O may be
obtained from (EFB,O + Eu)), Aext’ and A; is necessary. In fact
the values of these threerparameters were continuocusly changed Pntil

either a good fit to the experimental thermopower data was obtained,



Curve Selection in Sample 8.2

1< n3/m | o 3 3 3 E

curve |10 /Tl? oy 10°/7,| o, 107/T5| o4 ;10 /T, oy Eev,0 EBéo Cort Toc
No. Kt Q—lcm-l gt Q-lcmfl gt Q—lcm'l K1 Q_lcm—l eV‘ Ria Q—lcm-l o tem™t

- - -3 "~

T 3.0 1.79x10'6 3.7 |(1.56x10 | L.L l.79x1610 5.1 2.08x10%2| 0.95 | 0.55 8.9x107 259

-6 -8 -10 -12

1T 3.0 J1.67x10 3.7  {1.56x10 L.k {1.67x10 5.1 }|2.08x10 0.60 | 0.50 1609 12

I 3.2 h.3:Lx:Lo"7 3.9 h.29x10'9 L.6 h.95xl5ll 5.3 6.13x1513 0.66 | 0.53 | 6762 115
II 32 31077 3.9 b1 4.6 |b.76x26°0 5.3 |6.13x53 0.62 | 0.52 | 2922 Bl

I 5.0 311077 | .o |e.27x1070 | 4.8 |1.39x3 | 5.6 |1.21x16%3 0.57 | o.bs5 | 782 0.5
II | 3.2 L.31x10" 1| 1.0 2.17x10"° | 4.8 :L.35x16'll 5.6 1.11x16%° 0.59 | 0.L7 | 1212 1.7

Table 3.6. Variation of Conductivity Parameters with Conductivity

GET
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or it was found that no theoretical fit was possible. In all the
cases studied, only one.or two sets of conductivity parameters were
found to fit both the experimental conductivity and thermopower data
just as well. In the cases where two sets of conductivity parameters
coula be fitted to the Seebeck data, it was found that the values

of E computed from them were the same to the second

rB,0 24 Bpy o

decimal place, and that the C C A values computed

ext® “loc? Aext’ loe

from the two different fits were similar in their magnitudes.

.In all the fitting calculations, the experimental value of

Y = 3.1 x lQ_h eVK_l,vwhich had been corrected for diffuse reflection

losses, was used. Using the uncorrected value of Y = 3.6 x lO—h evk ™t
will not, in any case, make a significant difference to the thermo-

power parameters: in equations 3.29 and 3.30, the quantities

E E
FB,0 FV,0 .
5T + Aloc and T + Aext are both considerably larger

than the change introduced into the value of (- %? by using the
uncorrected Y. Hence the net effect would be slightly larger Aloc

and Aext values to off-set the.use of the larger Y.

Figures 3.24 and 3.25 show the computed conductivity and thermo-
pover curves (full lines) as fitted to the experimental points. In
both figures, the fitted data for one sample from each of thg three
compositions in the series Chxyloo—x is shown. The fits to the data
from the other samples were equally as good as those illustrated in
tﬁe above figures. |

Figure 3.26 summarizes, in the form of a flow chart, the method

used in the NCD analysis.
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Fig. 3.26: A flow chart of method used in the NCD analysis
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It would be interesting to examine how much the localised
states contribute to the overall conduction process in SeTAG glasses.
Figure >3.27 graphically illustrates this contribution, where, the
ratiocfloc/ Ois plotted against the inverse of absolute temperature
for all the samples whose data were analysed by the NCD model.
Although a broad general trend is evident, the data are insufficient
to illustrate eny definite trends in the contribution of hopping
conduction to the overall conduction process. In Figure 3.27, it
~can be seen that the hopping conductivity term contributes from about
38% at 333 K, to about 95% at 145 K, to the total measured conductivity
in SeTAG glasses. The most important point about this plot is that
even above room temperature, a substantial proportion of conduction
takes ﬁlace in the localiséd states. In Nagels etal's Si-As-Te
glesses, it Waé found that at 370 K roughly 29% of the total conduc-
tivity was due to Foc? whilst Oogt contributed about 25% to the total
conductivity at 210 K, which is approximately the same as SeTAG
glasses.

In Table 3.7, the values of various conductiﬁity and thermopower
parameters, computed using the NCD model, are listed. In the case
of glasses of Ch61Y39 composition, nolcomprehensive set of conductivity
and thermopower data were obtained from the same ingot. Consequently,
the transport parameters computed from the conductivity vs temperature
data of ingot 3 were fitted to the thermopower vs temperature results
of ingots 7 and 10 (both of Ch6lY39 composition). Also, it was found
that in some cases, it was possible to obtain“equally good theore-
tical fits to the Seebeck coefficient data by assuming different values

of Eu , the activation energy for hopping. The instances,.in which

the value of K, could be varied without a significant deterioration
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Fig.3-27: The ratio of localised band tail hopping conductivity to
total conductivity as afunction of temperature in SeTAG
glasses computed using the NCD model.



3.7+ Transport Parameters in Bulk ChXY1

00-

% SeTAG Glasses

computed using the NCD Model

Composition : éig?f\ Zev,0 | Be,0t Eu | By [ Fre,ol BpBylr=o Coxt R A
(ev) (eV) (eV) (eV) =EFB’O-EFV’O (Q-lcm—l> (9-1cm-1) ext { “loc
(ev)
Ch71Y29 15 0.50 0.h1 0.01 ] 0.4 0.10 5017 o1 0.9 | 0.8
0971Y29 13 0.49 0.43 0.02 | 0.k 0.08 753 83 2.8 | 0.7
Ch7lY29 13 0.49 0.43 0.03| 0.ko 0.09 753 83 2.6 | 1.3
Ch61Y39 3+ 10 0.51 0.4k 0.02 1 0.bL2 0.09 849 31 2.3 | 0.6
Ch61Y39 3+ 10| 0.51 0.4k 0.03] 0.41 0.10 849 31 2.2 | 1.1
Ch61Y39 3+ 7 |0.51 0.4k 0.021 0.k2 0.09 849 31 2.5 | 1.0
Ch6lY39 3+ 7 |o.s1 0.4k 0.03} 0.k 0.10 8L49 31 2.5 | 1.5
. . . . .48 . L
Chh5Y55 8 0.62 0.52 0.04] 0.4 0.1k 2L93 37 0 0
Taple

oOFv 7T
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in the goodness of fit to the Seebeck coefficient data, are also
listed in Table 3.7. It was not possiﬂle, however, to obtain aﬁy
theoretical fits to the experiméntal results if the value of Eu was
allowed to increase above 0.0L eV.

The computed values of Ae and Aloc are also listed in this

xt

table. There does not seem to be any systematic variation in the

i i 3
values of these parameters, except that in all instances Aext Aloc’

which is what is to be expected. This lack of any coherence in the

variation of the values of Aext and Aloc between ingots of nominally

the same composition (compare, for example, the values obtained for
ingots 13 and 15), and with various ;ompositions, is quite puzzling.
It can certainly be said that this is not due to any errors in the
experimental determination of the Seebeck coefficient which would
influence the A values. Ingots T and 10 have different Seebeck

coefficients (see Figure 3.14), but their Ae and A, values are

xt
quite similar. It should be mentioned that NCD's values of A =1
and Aloc = 0 did not give any good fits at all to the experimental
results. »

Examining the values of Cext and Cloc in Table 3.7, it is noted
that, although the values are gquite reasonable, ratios of Cext/Cloc
are rather smaller than +the theoretical estimates of about 100-1000.
As already mentioned, the values of these two pre-exponentials are
very sensitive to the detailed shape of the curve which is passed

through the experimental conductivity vs temperature points. It is

thought that any conflict between theoretical predictions and calculated

ext

Cloc

values of is possibly due to the failure to pass the "best"
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curve through the experimental points.
Finally, inspecting the variation in the energy separation of

EB and EV from EF’ it can be seen from Table 3.7 that there is a

general increase in (EF

tage of As and Ge atoms in the glass composition. There is also a

- EB) and (EF - EV) with increasing percen-

general, though small, increase in (E_ - EV) with increasing non-

B
chalcogen content of the glass. This behaviour has also been observed

(8) (10) in

by Nagels etal in Si-Te-As glasses, and by Marshall etal

Ag, Te_ and SilZTeHSAS glasses. In SeTAG, as in the materials

2773
studied by the two groups of workers cited above, there is a general

30%€10

increase in the width of the localised band tail as more disorder
is introduced into the chalcogen network.

From the values of the pre-exponential constants listed in
the above Table, the effective densities of extended and localised
states may be calculated.

From equations 3.20 and 3.22 for conduction in the extended

i

valence states,

- Y/k
Coxt = Nyr®Hoxt ©
where NV is the effective density of states (cm_3) in the valence
band. Therefore,
C e—‘Y/k
N = &xt 3.34
v euext

vhere Mot is given by equation 3.23, i.e.,

1 2
Hext = 8 ¢ Verf L
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Teking T = 300 K, R = 3 &, vy =3x 107 s, snd y = 3.1 x 107

eVK—l,

=17k em® vt 3.35

el
1

e
15 -3
Cextcm 7 3.36

and N 9.8 x 10

Similarly, using equations 3.24 to 3.26 for Mop® loc?

and Cloc respectively, the effective density of states, Ng» in the

localised valence states is,

o LoV
N = loc
B | euo,hop 3.37
Using the above given values for T, R, and Y, and taking
2 -1
Vph = 107 s 7,
_ -3 2.1 -1
uo,hop 5.8x 10 “cem V "8 ‘f 3.38
- 19 -3
a-n.d N - . -
B 2.9x 10 Cloc cm 3.39

It should be noted that the effective densities of states,

NV and NB, are both functions of temperature. For example, if the

density of valence states varied as E", then N, would vary as (kT)m+l.
. v ry

In other words, for a constant density of states (i.e. m = 0), Nv

will vary linearly with kT. The same argument would also apply to NB.

Using equations 3.36 and 3.39, the N_ and N, values listed in

B v
Table 3.8 are obtained. NB and NV have also been computed from NCD's
% .
data (8) on Si-As~Te glasses . Examining these parameters, NV~ 2.2 % 1019
cm-3, and NB~' 1.8 x lO21 Cm"3 are obtained in SeTAG glasses. For

% - -
NCD's value of vy = 2.5 x 10 4 eV K 1 was used here.



, 19 21
a ... | Sample Cext = Cloc NVX 10 NBx 10
omposition -1 -1} -1 -1 -3 -3
No. (8 7en )| (9 em ) em ) (ecm )
Ch7lY29 15.3 5017 g1 k.9 2.7
. . 2.4
Ch7lY29 13.2 753 83 0.7h
Ch61Y39 3.3 849 31 0.83 0.91
.8. L A 1.1
ChhSYSS 8.2 2493 37 2
3 — . 4.2
SllSAS3hTesl 3200 70 6.3
SilOAS36TeSL —— 3000 90 5.9 5.3
SlSA838T657 - 3§OO 92 T.5 5.5
Si,As -
. 2%39‘2 - 2700 90 5.3 5.3
58.8”
8i_As
lTe39 -6 — 3200 90 6.3 5.3
59.4

Table 3.8. Room Temperature Effective Densities of Extended

and Localised Valence States in ChXY x SeTAG Glasses, and

100~
in 8i-As-Te Glasses (Calculated from the Results of Nagels

etal (8)).

19 =3

NCD's Si-As-Te glasses, the corresponding values are N, ~ 6 x 10™7 cm

\'
21 =3
and NB ~ 5.1 x 107 em ~. It can be seen that, for both these glasses,

NB is greater than NV by rOPSle. two orders of magnitude, which is

highly unexpected. Even if it is assumed that the computed C values

loc
(and hence NB) are too high, and the predicted (1) value of C

loc © 1

Q cm_l is used instead, one would still obtain NB . 2.9 x 1019 cm_3

114

4 v e



19 cm_3 for Si-As-Te glasses, which are

~

for SeTAG, and Ny ~ 59 x 10
still quite high.

It is, therefore, evident that the Mott and Davisxmodel, vhere
a continuous decrease in the density of states from the mobility edge

at E, to the localised band edge at E_ is envisaged, would be in con-

v B
flict with the NV and N, values calculated for SeTAG and Si-As-Te
glasses. In other works, since NB >'NV, the density of states would

peek at some energy close to the top of the localised band tail at EB.
Figure 3.28, which summarizes the experimental data as analysed
by the NCD‘model, shows the effective state densities dominating the
conduction processes in the extendedvvalence band and the localised
states. The variation in the energy distributioﬁs of the above two

sets of states with composition is also shown.

3.8. Discugsion and Conclusions.

The electrical properties of bulk SeTAG glasses in the series
CthlOO—x have been investiga@ed by making dc conductivity, thermo-
electric power, and optical absorption and reflection measurements
on these glasses. The optical measurements on the Ch61Y39 glass,
from which the temperature coefficient of the gap was deduced, were
used in the subsequent calculations on all three different compo-

sitions in the Ch, Y, no_, Elasses that were studied. If, however,
the variation of the temperature coefficient of the gap with compo-
sition is large, this would seriously affect the subsequent analysis
of the results. Such iarge variétion is not likely if one considers

that the temperature éoefficients of most amorphous alloys containing

two or more of the constituent elements of SeTAG which have been
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measured, lie approximately in the 4-8 x 107 eV gt region.

Examining the temperature dependence of conductivity and
thermopower in SeTAG (Figures 3.5 and 3.14), it is clear that both
‘sets of results show some curvature.

Analysing‘the sbove data in terms of the GLG model, where
the energy dependence of the density of states and of the mobiliﬁy
were accounted for by the introduction of a temperature dependent
pre-exponential factor in the conductivity expression (3.32), three
difficulties are encountered:

(1) Changing the parameter p in the above expression, has
little effect on the fit of the theoretical curve to the experimental
data. |

- (2) it is impossible to separate the energy dependence of
the density of states and that of the mobility.

(3) The energy dependence of the mobility and the density
of states enter expression (3.6) for thermopower in the form of an
additional constant independént of temperatﬁre, as has been shown

by Fritesche (38), (k)

. He finds A = 1 in equation (3.6) if both the
mobility aﬁd the density of states are independentcof energy, A =2
for N(E)y(E) « E, and A = 3 for N(E)y(E) « E°. Under these cir—
cumstances, the thermopower should still give a straight line when
plotted against l/'I‘, which would be iﬁcompatible with the eiperi—
mental data on SeTAG.

In examining the data in terms of the Mott and Davis model,

it should be noted that these authors point out (1)

that eguations
3.22 and 3.25.for extended states and localised band conductivity,
and expressions 3.29 and 3.30 for extended and localised states

thermopower, réspectively, are in generul only valid over a limited
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range of temperature, and the possibility of parallel conduction
teking place in the above two sets of states is not ruled out. The
so called NCD model, used to analyse the experimental results of
this Chapter, sets out exactly to take account of this possibility.
The trénsport parameters, evaluated by analysing the data in
termg of the NCD model, raise a number of important points, which

will now be discussed in turn:

(1) The method of analysis used in the NCD model is rather
unreliable: any slight deviations from the smooth curves drawn through
the plots of ln o vs. 1/T, could result in widely different, and

sometimes totally unrealistic, estimates of C C

ext® “loc’ EFV,O’ and

(EFB ot Eu) - Table 3.6 illustrates this point. It is suggested
2

that, in any future calculations using the NCD model, the possibilities
of an alternative method which is ihdependent, or at least less de-

pendent, on the four experimental points selected for the evaluation

of the above parameters, should be seriously examined.

vary from 9 to 67, which are lower

/C

than the theoretical estimates (1),(35) of about 1000. This may be

(2) The ratios Cext 1oc

due to the weskness in the analytical method described above, although

(b7)

Mott, Davis, and Street point out that continuous and smooth

. . 1
curvatures (as opposed to a sharp 'kink') in plots of 1n o vs ~/T

/C ratio 1s small.

and S vs l/T would result only if the C 1oc

ext

(3) The computed values of A, and A;  are quite inconsis-

t
tent, and no systematic variation is observed. No positive explanation
can be given for this behaviour, especially since there seems to be

quite large variations in the 'A' values in different ingots of the

e



same composition (see Table 3.7). The only concrete conclusions

¢ 2 AlOC’ and that 0 £ A

N

which may be drawn are that Aéx 3.

ext
(4) The evaluation of the effective densities of states Ny

and NB, at E, and Eg respectively, yields N

19

> N__ for both SeTAG and

B A

' . ' =3 21 =3

NCD's Si-As-Te glasses (NV v 2.2 x 1077 em T, N~ 1.8 x 10°" em

in SeTAG, and N, ~ 6 x 1077 cm_3, Ny~ 5.1 x 102 em™3 in Si-As-Te).
/C

As already pointed out in paragraph (2) above, the ratio C

v

ext’ "loc

is small. This would explain the rather large NB values listed in

Table 3.8, because of the large C values compared to the predicted

- -1 -1
Cloc 18 cm .

loc

The fact that NB hés been found to be larger than NV by
approximately two orders of magnitude in two rather different groups of
chalcogenide glasses, points to an important weakness in the NCD model,
especially that Ny =~ 1.8 x 1021 cm-3 is too large to be physically
realistic at an energy which is only 0.1 eV higher than NV'

At this point, it might be appropriate to comment upon the

work of Marshall and Owen (10)

on thin films of o - Ange3 and STAG
glasses where measurements of de conductivity and drift mobility
(using a transient photo-conductive method) were made. They conclude
that at high temperatures (T > 200 K), charge transport is via holes

moving at the mobility edge (E = 0.54 eV for STAG, O.hh eV for

FV,0
As2Te3) with occasional trapping by a set of localised states (0.22 eV
from the Fermi level), which may or may not be part of the localised
band tail. At low temperatures, carrier hopping, with a mobility

activation energy of about 0.05 eV, takes place in a second set of

localised levels 0.13 eV from EF.



156

Mott etal.(MY)

have examined the results of Nagels etal. and
Marshall and Owen in some detail. They conclude that the deep localised
levels observed by the latter are due to the "extrinsic" nature of the
material (i.e. due to dangling bonds, which are sensitive to the method
of preparation and heat treatment). They support this argument by

the straight line 1ln g vs l/T plots oBserved in bulk STAG glasses as
reported by Marshall and Owen (c.f. the curvature observed in thin
films of STAG), Whicg they also interpret as evidence against small
polaron hopping proposed by Emin etal.(h). In the small polaron
picture, the decrease in the slope of 1ln O vs l/T plot would no longer be
associated with any defects, which wduld be sensitive to the method

of preparation of the glass, bﬁf it would simply be due to the dis-
appearance of the polaron hopping energy terms at low temperatures.
Lev&‘(lh) has measured the dc conductivity of bulk STAG glasses of
near ideﬁtical compositions to Marshall etal's, and he observes a
significant degree of curvature in the 1ln O vs l/T plot in a similar
temperatureﬁrange. If Levy's results are correct (and, therefore,
Marshall etal's incorrect), it would support the theory that any ob-
served curvature in the above plots is "intrinsic" to the material,

and independent of preparation methods étc. But, whether the change

of slope is due to small polarons, or connected with the type of con-
duction envisaged in the NCD model, remains uncertain. Indeed, Mott
etal. interpret the data of Nagels etal. as being associated with the
intrinsic nature of the chalcogenide glass under study: any deep lying
levels, which may be present, are not detected in the conductivity and

thermopower measurements, except at very low temperatures, where, up to

the present, no such measurements have been possible.
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In all three conduction models (i.e. GLG, MD, and NCD)
examined in this Chapter, one basic assumpfion made in all cases has
been that the hopping activation energy is constant and independent of
temperature except at very low temperatures. Grant and Davis (hz),
however, have argued that variable range hopping may be expected in
the localised band tail. These authors assume, for the conducticn
band, an electronic density of states given by,

)2

N(E) = C(E - EA

vhere C is a proporticnality constant.

The maximum in the density of occupied states is given by,

Em= EA + nkT

Assuming a jump frequency of the form vphexp(-2aR - E'u/kT),

where both the average hopping length,:R, and the hopping energy, Eu,
are functions of T, they find fhat, for various values of n, R is a
decreasing function of T, whereas Eu increases with T, and in both

cases the temperature dependence increases with increasing n. It is

found that the variation of mobility with l/T may be written as,

d 1ny = ~(n+ 1) E
a(~/kT)

where lny = A - pr=(n * D/M

and B is a function of (Ej - EA)n/h.

It is apparent from the asbove expressions, that if variable
range hopping prevails in the localised band tail, then from Arrhenius

plots of lnpy vs l/’_I‘, the computed hopping activation energies are
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larger than the actual values by a factor depending on the value of n.
Only in the case of a constant density of states, would the correct
value of Eu be computed from the above plots.

At this point, it should be noted that, in the NCD model,

a constant density of states is effectively assumed. Otherwise, as
shown in the GLG model, a temperature dependence in the pre-exponential
factor would be expected. This is, in fact, probably the reason why
the computed values of Eu are of the order of 0.03 eV in SeTAG and
Si-As-Te glasses, and in general agreement with the values predicted
by Grant end Davis.

As mentioned earlier, the large values of NB computed using
the NCD model, tend to argue égainst parallel conduction taking place
in the extended and localised valence states considering the basic
assumptions envisaged in this model (i.e. constant densifies of states
in the extended and localised valence states, and a singly activated,
temperature independent, hopping mobility activation energy). The
possibility of parallel conduction is not totally ruled out, however,
if'some other form of energy dependent density of states and/or hopping
mobility is assumed. In considering any such model, the resultant
paremeters should, nevertheless, be carefully examined to make sure
that they are physically reasonable quantities. Ideally, new experi-
ments should be designed in order uniquely to determine the energy
dependence of the density of states and mobility. Conductivity and
thermopower experiments alone do not allow one to determine these
energy rélationships.

The - curvature in the conductivity and thermopower plotis may
possibly be explained by examiniﬁg the temperature dependence of

(EF—E ).

v
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In all the models that have been examined, it has been

assumed that (EF- EV) varies linearly with température, i.e.,

Bp = By = Egy o~ YT

where ¥ has been equated to be roughly equal to one-half the tem-
perature coefficient of the optical gap.
Let us, for a moment, assume that the shift in the above

energies is not linear with temperature, but that it varies as,
E, L ~-E, =E -ao T 3.40

where o is in eV K™°, and n is the exponent determining the temperature
dependence of (EF - EV).
- For conduction in the extended valence states, the expres-

sions for conductivity and thermopower would then be .given by,

aTn—l

o= Oo’extepr—jg——) exp(-EGo/kT) 3.h41
. -1 E
. aT" go

i.e. lno = lnoo,ext + =5 - 5 3.kh2

E n-1

_k / so oT '

and 8=g (- —p— +A) 3.43

Assuming that the type of temperature dependence given by

equation 3.40 prevails, then for the correct values of o and n, plots
n-1 ”Tn-l 1

1 . . e o
T ) vs T using equation 3.42, and (ES Ty ) vs T

of (lnoc - oT

using equation 3.43, should give straight lines provided that con-
duction is taking place in the extended valence states only.

Such a fitting procedure was carried out on the experimental
data of ingot 8 of Chth55 composition. ‘It was atﬁempted to

obtain straight line fits in the above plots by continuously varying
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¢ and n, and using the experimental & and S values at various tem-
peratures. The value of A in (3.43) was kept between one and two.
It did not prove possible, however, to obtain satisfactory fits to
the data by using this method. Two particular difficulties were

encountered:

(1) Although the fits to S vs l/T data were reasonable, ut
using the same cand n values resulted in much poorer fits to the

experimental 1ln ¢ vs l/T points.

(2) The values of g and n were not found to be unique for
equally éood fits to the experimental data. o could be varied

>

numerically from 1 x 10 ° to 1 x 10_8, while n varied from 1.1 to 1.9

for comparable fits.

It is interesting to note, however, that in all these fits,
the computed value of E00 was sbout 0.55 eV, while ESO was about 0.41 eV,
The values of the pre-exponentia} constant, Oo,ext’ varied between
185 and 320 ol ont,

In equation 3.40, the éimplest possible form of temperature
dependence for (EF - EV) has been assumed, where the number of variable
parameteré, ¢ and n, has been kept to a minimum. It is likely that
using a different, and more elaborate form of temperature dependence,
the fits to the experimental data could be greatly improved. All
that can be said at this stage, is that there is no reason why (EF - EV)
should vary linearly with temperature. Indeed, it is likely that in-
corporating the above type of temperature variation into a parallel
conduction model which considers conduction in both the localised and
extended states, and which takes account of the energy dependence of
theidensity of states and of the hopping mobility, would be able to

explain conduction in multicomponent chalcogenide glasses in a satis;

factory manner.
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Appendix 3 A.

The GLG Model of the temperature Dependence of

Conductivity-in Amorphous Chalcogenide Semiconductors

-

The conductivity in a continuous band of states may be expressed

as the integral
o= e JU(E)N(E)f(E) aE : 3A.1

where the limits of the integral are determined by thevenergy limits
of the band of states under consideration.

In‘the above e#preésion, e is the électronic charge, u(E) is
the mobility, N(E) is the density of states, and f£(E) is the Fermi
faétor.

In the MD model, it is effectively assumed that, for conduction
dominated by electrons, the maximum denstiy of occupied states occurs
at the localised band edge, EA,fo? the case of conduction in the
localised tail of states between EA and EC’ and that the density of
occupied states has its maximum at EC when conduction takes place
in the extended states above E,. It is thus assumed that one of the

C

two narrow bands of states at EA or EC dominate the conduction
process, and that the other states in the localised band tail or in
the extended conduction band make a negligible contribution to total
conductivity, ana they therefore treat the density of states in the
localised band tail and in the conduciton band as being constant

and independent of energy. It is also assumed that the mobility in

the extended states is diffusive (u*x%ﬁ, and that it is thermally

activated in the localised band tail, i.e. u « %-exp (—Eu/kT).



In the GLG model it is attempted to account for the energy
dependence-of the density of states, and the possible variation of
pwith energy,

The conductivity in the GLG model is computed by assuming a
density of states shown in Figure 3A.1, where it is assumed that,
for the purposes of the calculétions, the extended and localised -
states can be defined by two separate bands, in which the tail of
localised states are still confined to the range of energies between
E, and E, in the conduction band tail (and E, and E, in the valence
band tail)._ In computing the extended states conductivity, it is
assumed that the number of occupied localised states at E, ( or Ev? |
are much smaller than the number of occupied extended states, and
they may therefore be neglected.

Considering election conduction in the localised states

between E. and E., the GLG model assumes N{E) and n(E) to be both

A ¢’

function of energy, so that,

1}

N(E) = A(E - EA)m

[}

u(E) = B{(T)(E - EA)m

where A and B(T) are proportionality constants, with B(T) being a

function of temperature.

Assgming E, - EF >> kT, we can apply Boltzmann statistics,

i.e. f(E) = exp [:—(E - EF)/k%] (E 3 EA)
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Fig.3a.1: The density of states model used in GLG's
derivation of the expression for conductivity
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Therefore, from equation 3A.1,

o

o = constant x | (E - EA)mm exp [-(E - EF)/kT]dE

Ep

where the "constant" outside the integral is a function of tempera-
ture.

Since most of the electrons in the band lie in the range
of energies between EA and E, replacing the upper limit of inte-

gration by infinity will introduce negligible errors into the

calculations. Therefore,
' )

¢ = constant x | . (E - EA?m+n exp [}(E - EF)/k%} aE

E
- Let % = -7
E - E,
and ®T A = X
E- B
then .
: - ) (X - n)

and dE = kT aX.

Making the above substitutions into the integral for g, we get

00
m+n+l Xm+n e-X ax

¢ = constant.e". (kT) 34.2

0

The sbove integral is the gamma function, which is defined as,

() = ‘Xj'l % ax

0
vhere [ (5 + 1) =3[ '(3)

B
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In our case, J-l=m+n

S i.e., jJ=m+n+1

The gemma function has been tabulated for various j values.

In Table 3A.1, below, the values of [ ' (j) for 0 £ j £ 5 are given

J |J-1=mm (3)
1 0 1
1.5 0.5 0.886
2 1 1
2.5 1.5 1.329
3 2 2
3.5 2.5 3.322
L 3 6
“h.5 3.5 11.629 .
5 A 2

Teble 3A.1. Variation of [~ ' (j)

with j for 0 £ j £ 5

Therefore, substituting for [ '(j =m + n + 1) from expres-

sion 3A.3 in equation 3A.2 for o, we obtain,

o = constant x exp —(EA - EF)/kT .r__xm+n+l).(kT)m+n+l
3Ao]+

Similarly, for the case of conduction in the extended states

above E , 1t can be shown that,

C



-

0 = constant.exp §~(EC - EF)/qu . min+l

m+n+1) (kT) 3A.5

[

Now the pre-exponential "constant", which contains the
temperature dependence of the mobility, is examined. Using the MD
expressiohs for extended states and localised states mobility

(equations 3.23 and 3.24),

m.]—'
uext T
and
E
M < 1 Moy
h = -t
op T exp ( o )

For conduction in the extended states,

o « T o _(fgg 30,6
P o .
wvhere E‘Go =(EC - EF)T=O 3A.7T

The expression for conduction in the localised tail of states

igs identical to the above, except that Eco is now written as,

oo =

In writing equation 3A.6, it is assumed that (3) is a
slovly verying function of j for small j, and it may therefore be

treated as a constant, resulting in equation 3A.9 below.

-

: E
i.e. O = cr® exp -(w%%)J 3.9

where € is a constant, and p =m + n
It can be seen from Table 3A.1, however, that this assumpltion

may not be valid as J becomes larger than 3.

Identical expressions to 3A.9 may be derived for the case
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of hole conduction in the extended and localised valence states.

In these cases, an is expressed as,

E =(E - ) _ for hole conduction in the
oo F EV T=0 extended valence states.
E(70 =(EF - Ea':oEu for hole conduction in the
' localised tail of the valence
band.

Appendix 3 B.

Thermocouple Calibration Procedure and Error Analysis

3B.1. Method of Calibration.

The ratio of the resistance of a standard platinum resistance

thermometer at T K, RPt

*
RPt(QTB.lS), has been tabulated from 13 K to 273 K.

(T), to its resistance at 273.15 K,

The platinum resistance thermometer, and the Chromel/Alumel
thermocouple which was to be calibrated, were mounted on a copper
block, making sure that good thermal contact existed between the
copper block, the thermocoupie, and the resistance thermometer.

The copper block was mounted in the centre of a vacuum dewar
flask,‘but it was kept well away from the dewar walls. The flask
was equipped with a stirrer to minimise any temperature gradients
vhen the measurements commenced, by stirring the contents of the
devar.

The thermocouple was first calibrated against the fixed
temperature points already mentioned in Section 3.2 The measured

resistance of the platinum thermometer at the ice point (273.15 K)

* ' '
International Practical Temperature SCcale (1968), HMSO Publication
No. SBN 11 480005 T.
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was found to be 25.494 Q@ (compared to the quoted value of 25.497 &
in the IPTS (68) tables). The resistance of the thermometer was
measured by applying a small voltage (a few mV) to it and measuring
the voltage drop across it and the current passing through it.

Intermediate calibration points against the platinum
resistance thermometer were obtained by filling the dewar with a
mixture of methanal and water, and cooling.the contents by small
additions of liquid nitrogen. Continuous stirring ensured short
equilibration times for temperature inside the flask, and also small
temperature gradients.

It was found that over the range iﬁvestigated (from 273.15 K
down to TT.t K), the thermocouple and platinum resistance thermo-
meter readings agreed to within * 0.6 K. During all the calibratiocn
procedure, the thermocouple "cold junction" was held at 273.15 K
by immersing it in a container of melting ice, whose temperature

was monitored by means of a calibrated mercury in glass thermometer.

3B.2. Calculation of Errors in the Platinum Resistance Thermometer

Readings.

Since the variation of the resistance of the platinum thermo-
meter with temperature is Vvery nearly linear over the temperature
" range of interest, the temperature may be expressed as,
R, (T) , |
T ek 38.1

R
o .

where R =kRPt(273'15)’ and K'is a proportionality constant.
Let the voltage drop across the thermometer be V when a

current I is passing through it. I was calculated by measuring the
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voltage drop V, across a resistance R, connected in series with the
platinum thermometer.

Equation (3B.l) may therefore be written as,

T k'R (T) k' =

Pt

el g

B

i}

k'.V.R,.(V Yi

1\, 3B.2

Therefore, the uncertainty, 6T, in measuring the temperature,

T, is given by,

Differentiating the terms in the above equation using

expression (3B.2),

R VR
87 = k' |+== . §V + o— . §R. — —= * &V 3B.3
7 v s TR i
1 1 v
1
Dividing equation (3B.3) by (3B.2),
O A
FENYR T 3B
1 1

Typical values of the above parameters and their uncer-
tainties are,

R, = 10 Q 0.1%

g

1091+ 0.01

]

<
1]

e

=3
14

2.5 mV & 2.5 uV

w3
111

200 K
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Substituting the above in equation (3B.4),

6 -6
. 2.5 x 10 +,0.0l

37 25 x 1073 10

+ 2.5 x 10~
b x 10°

8T = 200

8T € ¥ 0.55 K.,

3B.3. To calculate the Errors in the thermocouple readings.

Assuming the thermocouple e.m.f., E, to vary linearly with

temperature referred to the ice point, TO, we can write,

E = ofT - To)

where o is the proportionality constant. Therefore,

aE
ar = o tam
_8r _ SE ,
T = T E
[s]
. SE
8T = (T - To) 5

Assuming the coldest temperature during the experiments to

be - 150°C, where E = 4.8 mV, and with 6E = # 2.5 uv,
2.5 x 107°
x -
4.8 x 10

3

It follows, therefore, that since the platinum resistance
thermometer readings were only accurate to about * 0.55 K, and thgt
the maximum recorded deviations between the thermocouple readings
(accurate to = O;lOC) and-the platinum thermometer readings were less
then £ 0.6 K, then errors in the temperature measurements were less

than * 0.6 K.
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Appendix 3 C.

The Effect of Diffuse Reflectivity losses

on the Absorption Coefficient
It is desirable to account for the effect of neglecting trans-

mission losses due to the diffuse reflecﬁivity term, RD.

Since RD shows quite a pronounced wavelength or energy depen-

dence (see Figure 3.19), it is reasonable to assume to a first approxi-

mation that the scattering centres giving rise to RD are at an effective
distance () ) from the front face of the specimen, where e(n) is a

function of the wavelength, ), of the incident radiation. As shown in

Figure 3C.1, the reflection from such a centre would be (1 - Rs)e—ul(k)

and the fraction transmitted from the same centre would be

(1 - remeld = 200),

Hence the fraction of transmission lost through diffuse scat-

tering would be,

b (1 - r)ee(d - 2(a))

Tp = eIey) 5

Merefore, Ty = 2 RDeuu(d - 2z(x)’ 30,1

The factor 2 in the above éxpréssicn'is to account for the fact
that the diffuse reflectivity is being measured over radians.

Examining the attenuation of radiation in the specimen, as
illustrated in Figure 3C.2, 2(A) is taken as an average distance into

the specimen, so that,

Tg.d = Area under the curve (0 & x g 4)
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(1-Rg)a-al (M)
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(1-Rs). ~a(d-1 ()

Rs = Specular reflectivity
of both faces of
specimen

A f ,
| L_-_..__&_____..-

d -

Fig.3c.1: The fractions of reflected and transmitted radiation from a
scattering centre of distance | (A) into a parallel faced slab
of material of thickness d

Transmitted radiation
—
|
I
I
|
|
|
|
i
I
I
|
|
|
|
-l

b o ww. o —

|
|
|
|
0 L d
Distance into specimen, X

Fig.3c.2: Attenuation of transmitted radiation inspecimen of Fig.3c.7,
showing the choice of L(A)so that T;-d = Area underthe curve

(Osx <d).
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where T, is the smount of transmission at £(A).
a

i Tpud=T J e ax
o]
)
_ ot (d)
where TQ/TQ =€
~ad
then, e—a%(k) = %‘ =5 o * %
~2a8 () 1 [} ea]? E:
and, e = 2 -
(@d)” ‘
204 () prom (30.2) into (3€.1),

Substituting for e

. 2
T o= 2RDe—ad . 1 VA

D (l _ e—ad)2
Now TD is the correction to the measured transmission, Tm,
R - _ 2 -ad
ie. T, = (1 - RS) e - T, 3C.3
1n [(T + T )/(1-R )%]
. m D S
y s Q= - 3C.h
d
where Tm + TD = Tactual

An iterative procedure is developed, whereby o is calculated

od and substituted in equation 3C.3, from which

from T = (1 - RS)2 e
a new o value is found. This is substituted back in equation 3C.3 and
the process repeated until, after a few iteration steps, the value

of o is found to converge.
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Chapter 4

Preparation of Amorphous Thin Films of Se-Te-As-Ge

4.,1. Introduction.

Three methods of preparing thin films (TF) of SeTAG glasses
of Ch61Y39 composition were examined during the course of this work.

These were:
(1) Knudsen cell evaporation
(2) D.C. sputtering

(3) Flash evaporation

For various reasons, to be discussed later, the flash

evaporation method was finally chosen for the preparation of thin

films of SeTAG, subsequently used in thin film electrical measurements
(see Chapter 5).

The following topics are covered in this chapter:

(1) Problems encountered in preparing TF specimens of
multicomponent chalcogenide glasses.

(2) Experimental techniques used in fabricating thin
film saméles by the three methods cited above, together with the
merits and disadvantages of each method.

(3) TF compositional analyses by EPMA (electron probe micro-

% *% .
snalysis) , snd ESCA (electron spectroscopy for chemical analysis).

* :
Carried out on evaporated films only.
¥%
Carried out on sputtered films only.
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(k) Thin film stmuctural studies by transmission electron
microscopy of flash evaporated specimens.

f

(5) Fabrication of structures for electrical measurements.

Since any chalcogenide glass device with potential tech-
nologicai applications will most 1ikeiy have %o be.made in the thin
film form, the electrical and structural charactefisation of chaico-
genide glass films is of importance. This is not possible, however,
unless a technique is developed, which is capsble of fabricating thin
films of a particular composition and structure reproducibly.

The study of electronic processes in thin films of chalco-
genide glasses is also important in that some experiments cannot be
carried out on bulk samples. For instance, the optical gap in chalco-
genide‘glasseé may only be absolutly determined on specimens which are
less than ;O um thick, since absorption coefficients greater than about
103 cm_l may only be observed in samples thinner than this value. Field
effect measurements on chalcogenide glasses are only possible on thin
film samples, as it is only here that the relative change in conduc-
tance is large. The same goes for any other experiment, which relies
upon the injection of excess bhéﬁge into the surface region of the
specimen.

There are, however, some difficulties in preparing thin films
of multicomponent chalcogenide glasses from the parent bulk glasses.

The more important amongst these are the following:

(1) The vapour pressures of the constituent elements may
vary considerably. For Se, Te, As, and Ge, the temperatures at which
the vapour pressures of these elements ig 0.1 mmHg (o typical vapour
pressure at the boét mouth required fo obtain a reasonable evaporation

rate) are listed in Table 4.1,
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Element T(K) for vapour pressure = 10—lmmHg

Se 570
As _ 590
Te T06
Ge - 1830

Table 4.1. Temperature at which the Constituent

Elements of SeTAG have Vapour Pressures

of 107 nmHg,

On evaporating a thin film of SeTAG froﬁ the bulk glass,
it can be seen that Se, for eiémple, will evaporate much more easily,
and at'much lower temperatures, than Ge.‘ This éould result in the
problems of fractionation (i.e. a thin film, which is compositionally
different from the bulk specimen from which it was prepared), and
compositional gradients into the film. It should be noted, however,
that the evaporation of chalcogenide glasses may not take place by
the vaporisation of the constituent atomic species.alone, but molecular
complexes may also be present in the vapour phase, although the vapour
pressures of these complexes would be quite varied as well.

The method of flash evaporation, in which small grains of
the bulk glass are dropped into a very hot boat, tends to overcome
this problem by "instantaneously" vaporisingvall the constituent elements
of the grain. (i.e. the evaporation rate is faster than bulk diffu-
sional motion). Electron beam evaporation performs the same task less
efficiently, by focussing an intense electron beam onto a small area
of the bulk sample, causing it to melt and vaporise. Bunton etal (1)

found, however, that thin films of STAG glass prepared by this tech-

nique had large random variations in their compositions. This was
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ascribed to the sensitivity of the film composition to the conditions
of evaporation, and the focussing of the electron beam in particular.
(2) The problem of fractionation may. also be encountered
in sputtering of multicomponent glasses. It arises because different
elements have different sputtering yields and sticking coefficiegts.

(2) fouad that in DC sputtering of STAG glasses of

Bosnell and Thomas
SllzTeh8A33oGelO composition, there is & relatively small gain in the
Te content, and a loss in Si because of its low spubttering yield.

Owen(B) also reports small compositional changes on RF sputtering of

STAG glasses. Buntoﬁ(l)

, who found a loss of Te in RF sputtered STAG
glass film, observed considersble compositional variations from one
film to the next.

' (4)

Bolker etal have examined the effects of RF cosputtering
and the control of film temperature and bias conditions on the
composition of Ge-As-Te films. They found that in the low Ge content
films, the composition could be Eontrolled effectively by variation
of the deposition parameters, and that Te had a lower sticking coeffi-
cient than As and Ge, and therefore resputtered preferentially.

(3) The high vapour pressures of the chalcogen elements and
As cause the "spitting" of the unmolten grains from the source material
onté the substrate. This phenomenon, observed both in open boat
thermal evaporation, and in flash evaporation if no adequate precautions
are taken, arises because of large pressure gradients built up across
the powder grains in the evaporant source material, which are ejected
at high speeds, and in solid form, in different directions. Some of
‘these land directly onto the substrate, causing inhomongeneities and
pinholes in the reéultant film,

(4) significant annealing effects have not been observed in

four component chalcogenide films examined by making resistivity and
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thermopower measurements on 5118TehOAS

(5)y, (6)

T
35GeT and Ge15 e818b282 glasses

(Rockstad etal Levy's results did not show any annealing
effects upon heating STAG glass films to 423 K in vacuum either. This
is in contrast to binary and ternary chalcogenide alloys, and tetra-
hedral amorphous - semiconductors like amorphous Si, which all show
significant changes in their electrical properties upon annealing (5)’(7).
The substrate temperature, however,_should be kept below the glass
transformation temperature, Tg’ to prevent possible crystallisation

of the film.

4.2 The Vacuum System and the Thin Film Deposition Assembly.

| A CVC * vacuum coater system, as shown in Figure L.l

with some auxilliary control equipment, was used to prepare the SeTAG
thin film structures. The vacuum system consisted of an 18 in.
diameter vacuum chamber, connected viara high vacuum valve and a liquid
nitrogen cold trepto a six inch diameter diffusion pump. The pressure

TmmHg after about one

in the chamber could be reduced to about 6 x 104
and half hours of pumping, and with the cold tap in operation. Without
the cold trap a pressure of about 5 x 10—6mm Hg could bé achieved.

The low pressure inside the chamber was monitored using an ionisation
gauge. Electrical and rotary feed-throughs were available through the
chamber base and top plates. A carousel divided the vacuum chamber
into six equal sections, which meant that it was possible to carry

out up to six different depositions in the same pump down. During

the courée of this work, however, only a maximum of two sections were

used in any single pump down: one for electrode, and one for SeTAG

deposition. Figure 4.2 is a schematic top plan view of the carousel,

% )
Consolidated Vacuum Corporation (U.K.) Ltd., Wokingham, Berks RG1ll 2PW.



Figure 4.1.

Vacuum fpparatus and Auxilliary

Control equipment

18
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Substrate holder
" locating hole

Substrate
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D.C. sputtering
area

Locating pin ’
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Electrode evaporation Knudsen cell
area ) evaporation area

Fig.4.2: Top view of the carousel showing the various thin film deposition
sections and the mask and substrate holders.
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together with the substrate and mask holders. All the depositions
were carried out in an upward direction, with the substrate facing
downwards. The substrate was mounted onto a heatable substrate holder,
which could be rotated in a plane parallel to the plane of the top
plate, and sbout the central perpendicular axis of the carousel (see
Figure 4.2). Figure 4.3 is a more detailed drawing of the substrate
holder, and one of the thin film deposition sections. The locating
pins shown ensured that the relative positioning of the substrate
holder with respect to the mask was always the same. ‘A Chromel/Alumel
thermocouple inserted into the substrate holder, and in close vicinity
to the bark of the substrate, monitored the substrate temperature. The
substrate-evaporation source éeparation was typically about nine inches
(23 cm). All the thin film deposition sections had individual shutters,
which were operated, via top or base-plate rotary feedthroughs from
the outsidé. The metal components inside the bell jar, and especially
those that were likely to be heated, were made of stainless steel to
minimise any outgassing at high temperatures. The basic features of
the carousel and the substrate holder were designed and constructed
at Zenith Radio Research Corporation (U.K.) Ltd.

The thicknesses of the deposited films were measured using an
Edwards Film Thickness Monitor (FIM-1). This operated on the principle
that the frequency shift of a quartz crystal was proportional to the
weight (and hence the thickness) of the material deposited on a well
defiﬁed area of the crystal. Hence by placing the crystal in the direct
"ine of sight" of the boat (see Figure 4.3), and measuring the deposi-
ted film thickness by using opticél interferometry techniques, the
frequency shift of the crystal could be calibrated in 2 kHz“l for

that particular material and geometry, and the thickness of any

subsequent films was calculated to an estimated $10%. This relatively
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large error span was partly due to the errors in the calibration pro-
cedure, and partly due to the drifts in the fregquency readings with
time and temperature, although the latter was minimised by the
thermal shiélding of the crystal from the boat.

Most of the thin film structures that were fabricated
were on freshly cleaved mica substrates, although a limited number
of thin films were also deposited on T059 Corning glass substrates.
The latter were thoroughly washed in liguid detergent, and then
degreased in an iso-propyl alcohol reflux condenser before being blow.
dried with nitrogen and placed inrthe vacuum system. A1l the sub-
strateswere thoroughly outgassed in ; vacuum of better than 5 x 10_6
mmHg for at least ten hours aﬁ a température of about 25000, and then

allowed to cool down to room temperature before any film deposition

took place.

4.3. Preparation of Chg, Yy  SeTAG Class Thin Films.

4.3.1. Knudsen Cell Evaporation Method.

In this method of thin film preparation, the material
which is to be evaporated is usually placed in an open boat which is
resistively heated in the vacuum system until the evaporation takes
place. As already mentioned, this open boat technique is not suitable
for the fabrication of chalcogenide glass films because of spitting.
To overcome this problem, quartz boats of the type shown in Figure 4.5(d),
were used., In order to avoid any spitting, a short length of about
0.5 mm bore quartz capillary tubing was used at the boat outlet. Some
 densely packed quartz wool was then inserted into the boat, before
the boat was charged with powdered SeTAG (about 1 mm érain size).

Finally some more quartz wool inserted into the boat in order to keep
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the SeTAG charge in position. A rubber stopper was then iﬁserted into
the capillary tube end of the boat, which was evacuated and sealed
under vacuum. Figures 4.4 (&to d) show the sequential steps in
preparing a charged boat as described above.

The above boat was then placed in the Knudsen evaporation
cell shown in Figure 4.5. This consisted of a ceramic tube housing,
which enclosed the heater made of 0.001 in. Molybdenum foil. The
ends of this heater were connected to stainless steel electrodes. The
external boat diameter was s€lected so as to ensure good thermal con-
tact with the heater. Three concentric cylindrical molybdenum heat
shields (ﬁot shown in Figure 4.5) were placed around the evaporation
unit to minimise radiation losses. A Chromel/Alumel thermocouple
pushed through a hole in the bottom electrode allowed the temperature
of the base of the boat to be measured. It was found, however, that
a measured temperature of about 600°C at the boat base, corresponded
to & temperature of about 865°C at a distance of 2 - 4 cm into the
cell from the boat base. A measured temperature of 800°¢C tﬁOOC was
used‘in all the evaporations. In order to minimise preferential loss
of SeTAG components from the boat, the temperature was.raised to this
value very rapidly (in less than one minute), before the shutter was
opened to expose the substrate to the vapour stream.

The use of the- above method for the fabrication of SeTAG

thin flims had the following disadvantages:

(1) The films made during different runs, but under the same
conditions,did not have the same compositions. This was probably
because of a combination of factors, which were due to trying to

obtain films of a consistent composition in a system that did not

operate under steady state conditions. These factors were:
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(a) A substantial preferential loss of material
from the boat was incurred during the
interval while the temperature of the
boat was being raised to the selected
evaporation temperature. The final film
composition would be influenced by this,
and also by any slight variations in the

heating rates used in different rums.

(b) The substrate shutter, which was operated
manually, could not‘be opened al exactly
the same inspant every time after thé
desired temperature had been reached. This
would also result in vapour species of
different compositions reaching the sub-

strate during different runs.

(2) The film thickness could not be controlled very well.
Typical dépositionlrates of 250 § s were observed. This method
of evaporation was, therefore, particularly unsuitéble for preparing
thin film specimens of the order of 1000 & thick, which would be

suitable for field effect measurements.

For reasons of compositional irféproducibility, and a
general lack of fine control over such parameters as the evaporation
temperature, shutter opening times, and film thickness, it was
decided that this method of SeTAG thin film pfeparation was unsuitable
for the pu;boses of this project. The Knudsen cell technique did,
however, produce pinhole free, homogeneous films, and it had the

added advantage that typically the substrate temperature did not



increase by more than about 10 K above room temperature while a

1500 £ film was being deposited.

%.3.2. DC Sputtering Method.

DC as opposed to RF sputtering was selected because of
the ease with which the former could be set up.
The main components of the DC sputtering facility were the

following:

(1) Two inch diameter, 1 - 1.5 mm thick SeTAG target.
This was prepared by cold pressing finelf powdered SeTAG under a
load of about 1 - 2 tons 5etween two stainless steel pellets in a
pressure die. The resulting pressed disc of SeTAG was then tgans-
ferred onto a "Dural" or copper dis? of the same diameter, which
had been freshly painted over with 'Silver-Dag' to provide electripal )
and thermal contact between the two. This was then left to dry.

(2) Water-cooled, two inch diameter target holder. The
mounted target was screwed onto this unit. Water-cooling was found
to be necessary, because the poor thermal conductivity of SeTAG
sometimes caused local melting or even cracking at the target surface
during sputtering.

(3) A dark-space shield enclosed the above assembly
to avoid the sputtering of any of the metal components.

(4) A high voltage DC power supply capable of supplying
up to 5 kV at 1 A.

(5) The sputtering gas was 99.999% pure argon. This
passed through a drying agent (CaClg), before being allowed into the
vacuum system via & gas inlet valve. ~Once in the system, it passed

over a tungsten getter to remove any residual oxygen impurities.
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Typical argon pressures of 40 - 50 um Hg were used for all the depo-
sitions. The pressure was monitored using an Edwards Pirani gauge

which had been calibrated against a Macleod gauge for this purpose.

With the positive terminal of the power supply and the sub-
strate holder at a common earth, typical sputtering voltages of
2 = 2.5 kV were applied to the target. This produced currents of the
order of 2 ~ 2.5 mA., Application of higher voltages was not advi- |
sable because of the risk of cracking the target by overheating it.

SeTAG is a relatively poor electrical conductor, and,
consequently, its dc sputtering yield is low. With a target-
substrate separation of about 2.5 in, and under the conditions
stated above, the deposition rate was about 10 X/min. The substrate
temperature did not increase significantly above room temperature
during the sputter.

DC sputtering of SeTAG, using the methods described above,
suffered the major shortcoming that all the films prepared in this
way had large percentages of oxygen in them. This was probably
closely related to the manner in which the targets were made. Since
sufficient adhesion between the grains of SeTAG could only be
achieved during the cold pressing process if finely powdered SeTAG
wvas used, this meant that the proportion of surface oxide on each
grain, and hence in the target.as a whole, was high. This oxygen

content was confirmed by the following observations:

*
(1) ESCA spectra showed a large percentage of oxygen
(as oxides) to be present in the thin films. No significant amount
of oxygen could be detected in the spectra taken from the bulk

samples. It should be noted, however, that the compositions of the

¥
ESCA measurements carried out by ICI Labs., Runcorn, Cheshire.
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bulk and thin film samples calculated from fhe ESCA results, although
very approximate, still do not seem very realistic. The composition:
of the bulk sample, from the ESCA data, for instance, was found
to be SeegTe6}+As6Ge2 (e.f. a nominal composition of SelQTeh9A529GelO;
confirmed by electron probe microanalysis). In the thin film analyses,
it was found that the oxygen content was more than 50% in three out
of the four films that were examined - this also seems unrealistic.
The high oxygen impurity content could be explained if the spectra
were those belonging to surfaces which have been exposed to air,
and the observed oxygen belonged to a few monolayers qf oxygen
adsorbed on the surface. The fact remains, however, that in the
absence of different treatmenis for the bulk and thin film surfaces
before the ESCA spectra were taken, there was significantly more
oxygen in the thin films of SeTAG as compared to the bulk.

(2) The electrical conductivity of the two sputtered SeTAG

films that were prepared for electrical measurements were found to

be about 10—8 o tem™t compared to a bulk value of about 2 x }.0”6$2“lcm-l
for Ch61Y39 glasses.
(3) Very little field effect modulation could be observed

in the prepared films, which was contrary to what was expected.

The electrical characteristics of these films,Aas commented
on in(2) and (3) above, indicated that the film compositions were
not typical of chalcogenide glasses, and since large amounts of
oxygen were detected in these films it could only be concluded that
their unusual électrical behaviour was related to the presence of
oxide impurities, which made their use for the electrical measure-

ments impracticable.

v
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4.3.3. Flash Evaporation Method.

In this method of evaporation, small grains of material
are introduced into the heated evaporation source, where the
grains are instantaneously vaporised, and thus the stoichoimetry
of the bulk starbting material is preserved in the resulting thin
£ilm.

Flash evaporated thin films of SeTAG were prepared using
an SG8 Single Grain Tantalum Box Séurce* as shown schematically in
Figure 4.6. Powdered SeTAG (0.3 - 0.7 mm grain size) was fed into
the heated box source via the inlet funnel. The baffle system
inside this box prevented any grains which were not fully vaporised
from reaching the vapour exi£; The resulting films were, therefore,
found to be pinhble free and homogeneous. .

Figure 4.7 shows the flash evaporation assembly inside
the vacuum‘system. The evaporant grains were introduced from a
'V' shaped trough, via a guiding glass funnel, into the material
feed inlet fﬁnnel. The inlet was isolated from other parts of
the vacuum system, and the substrate in particular, by the "anti;
spit" and material feed/vapourloutlet isolation shields shown,
which restricted any unmolten material ejected from the inlet
funnel to a small volume. The 'V' shaped trough was agitated
manually from the outside as shown.

The source evaporation temperature, as measured using
an optical pyrometer, was about 1000 °C at a power input of about
810 W (180 A @ L.5 V). The pressure during evaporation was always

5

less than or equal to 10 7 mm Heg.

* .
Supplied by Nordiko Ltd., Brockhampton Lane, Havant, Hants.
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Despite the additionsal heat shields, the measured substrate
temperature rose to about 200 °c during a typical evaporation run,
which ususally took about ten minutes. This relatively high
temperature did not, however, seem to affect the resulting films,
which were still amorphous (see the transmission electron micro-
scopy studies of Section 4.5). Once the evaporation was completed,
the substrate temperature decreased to gbout 100 °C in less than
five minutes. In other words, cooling to below the crystallisa-
tion temperature was quite rapid, and the substrate was only at
a high temperature for-a relatively short period.

The merits of the flash evaporation technique were as

follows:

(1) The bulk composition was more or less retained
in the thin films (see Section 4.4), with some fractional gain
in Te content, and small losses in Se, As, and Ge contents 6f
the films.

(2) The method of film preparation was rather simple
compared to the two techniques already described.

(3) The film thicknesses were much more easily con-

troled as compared to the Knudsen cell method.

The following disadvantages, which although not inherent
to the technique, were, however, present in the set-up used in

this study:

(1) The substrate temperature could not be controlled,
and it was generally quite high. This, however, did not seem

to affect the structure, or the electrical properties of the films.



- (2) The agitator, which dispensed the SeTAG powder
from the 'V' shaped trough into the source, was operated manually.
As a result, the film deposition rates were not exasctly uwniform,
nor were they finely controllable. It was therefore decided
to keep this parameter as constant as possible. In all the film
evaporations, the deposition rate, as monitored on the Edwards
ratemeter, was about 7 & s—} + 4 8 s-l.

(3) It was difficult té deposit films thicker than
about 2000 ﬁ, because the ejected solid particles from the box
source inlet funnel tended to block up the guiding glass funnel,
and thus prevented other grains from reaching tge evaporation
source . Since the field effect measurements were best carried out
on-thin films, this limitation did not affect these measurements
at éll, but it did rather limit the attainable temberature range

of the resistivity experiments.

4.4, Electron Probe Microanalysis (EPMA) of Thin Films.

EPMA was used to investigate the compositions of
SeTAG thin films of Ch6lY39 (i.e. Se12T6h9As29Ge10) nominal bulk
compositions. The films were prepared by Knudsen cell or flash
evaporation of the bulk powder. The conditions under which they
were prepared have already been discussed in Sections 4.3.1 and

L.3.2.

The general comments made in Section 2.5, where the
{

compositions of bulk samples, also analysed by EPMA, were reported,

would also apply in the case of thin films. Analysis showed the
films to be homogeneous, and the EPMA results, as listed in

Table 4.2, were estimated to have an accuracy of about *5%.

196
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. Preparation Film Atomic %
Film No. Method Substrate Thliﬁ?ess Se Te As GCe

3.3 KC Mica 800 15 b2 3% 9

6.3 KC Mica 1300 . 1k 35 L9 2
ho,7 FE Soda Glass 900 10 60 25 5
ho.7 FE Mica 900 13 57 2k 6
43.7 FE Soda Glass 1200 9 60 2k T
L7 FE Mica 1200 10 58 22 10
Lhg.10 FE Mica. 2600 10 56 25 9

Table 4.2. EPMA on evaporated Chg,Yag

L e ~ -
(SelzTethsngelo) thin films - KC = Knudsen

cell, FE = Flash evapbrated.

The first column in Table 4.2 lisﬁs the film identi-
fication number: the number before the decimal point depicts the
film deposition run number, and the one after it the ingot
used in the evaporatiomn.

Two Knudsen cell evaporated films were analysed, one of
which was 800 3, and the other 1300 & thick. Both films were
prepared under very similar conditions. Examining the results of

the analysis, two observations may be made:

(1) The compositions of the two films are quite
different. Both films, however, exhibit some gain in the As and
Se contents, and some loss in Te and Ge compared with the parent

ingot 3 of analysed composition SellTehTA832GelO'



(2) Film 3.3 was compositionally quite close to the
bulk ingot, while film 6.3 showed & large compositional deviation
from the parent ingot.
Of the flash evaporated films that were sent for analysis,
two sets (films 42.7 and 43.7) were simultaneously evaporated onto
mica and soda glass during the same runs in order to check the
- reliability of the results and/or to see whether the substrate had
any signifiéant effect on'film homogeneity and composition. As

" can be seen from the Table, the substrate has lLittle or no effect
on film composition, with perhaps slight impro vement in the com—
posifions of the films on mica substrates when compared to the bulk
values (both ingots 7 and iO had snalysed compositions of
SellTeh7A53lGell)' The estimatea relastive accuracy of +5% does
not, however, allow any éonclusions to be made in this respect.
No changes in the degree of homogeneity with different substrates
were observed eilther.

A1l the flash evaporated films showed an approximate 10%
gain in the amount of Te present, with corresponding small losses
in fhe Ge, As, and Se contents of the films. The important point
is, however, that all the analysed films were compositionally
very similar. In other words, the film compositions were repro-—
ducable‘during different runs. They also showed no compositional

dpendence on thickness.
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}.5. Electron Microscopy of Flash Evaporated SeTAG Films.

Electron micrographs and selected area diffraction
patterns (SADP) of an 1100 R thick flash evaporated SeTAG film
were taken in Imperial College's 1 MeV transmission electron
microscope (TEM).

The thin film was deposited on a piece of mica substrate
by the methods already described. A slightly dirty substrate
was selected, so as to reduce the film adhesion to it. The film
was then floated off the substrate (using water) onto clean
electron microscope copper grids (grid size = 12 um).

It was found that, undér sharp focusfing of the electron
beam onto the SeTAG speciﬁen, rapid crystallisation of the irradiated
area, followed by loss of material, end eventual disintegration of
the film occurred. Figure 4.8 (Magnification = 10,000, and beam
energy = TOO keV) illustrates a béam damaged area. Figuré k.9
and 4.10 are SADP's of such a region in progressive stages of
crystallisation respectively. Similar beam damage has also been
reported in Si—As—Te.glasses by Nagelé (8) etal.

Figures 4.11 and 4.12 show respectively the electron
micrqgraph and the SADP of a SeTAG specimen with the electron beam
slightly out of focﬁs. Both photographs indicate an amorphous
structure, with the sADP of Figure 4.12 showing the typical
diffuse rings. The small grains visible in Figure 4.11 may be
characteristic of the thin films, although they may have arisen
as a result of slight beam damage.

The beam damage arises because of the excessive heating
of the film by the electron beam. The temperature rise in the

thin film was estimated by considering two extreme cases:






Fig. 4.11.

Fig. L.12.

Transmission electron micrograph

of SeTAG film (M = 100,000).

SADP of SeTAG film.
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(1) C.E. Hall (9) has estimated the maximum temperature
rise in a microscope specimen of an element by assuming that all
energy absorbed could only be lost through radiation. Using
hié results, and making the approximation of an average atomic
number for SeTAG of gbout forty, it was found that the maximum
temperature of the SeTAG film, under the specified conditions

when the damage was observed, would be about 630 °C.
(10)

(2) 8.B. Fisher has estimated the temperature
rise in thin metallic foils by assuming heat conduction to the
grid, which is held at a fixed temperature, and is of infinite
conductivity. He considers radiative losses to be negligible
in comparison. He finds the temperature rise to be directly
proportional to the electron beam intensity and the density of

the film, and inversely proportional to the thermal conductivity

of the specimen. By épplying his results to the SeTAG film

(using the bulk thermal conductivity value of 2 x 103 Wem T kY

b

a temperature rise of about 145 °C was estimated.

Since, in ﬁractice, heat losses by conduction and
radiation take place in parallel, the actual temperature rise

in the film would be somewhat less than 145 °C estimated above.

4,6. Device Fabrication.

Most of the electrical measurements were carried out
. L%
on co-planar devices of the type shown in Figure 4.13. Chromium
electrodes were first evaporated onto freshly cleaved insulating

mica substrates. The gap between the two electrodes was provided

by stretching a (typically 50 ¥m dia) nichrome wire across the

*
Cr electrodes were used because they were found to be ohmic and

easy to evaporate. For further discussion see Chapter 5.



electrode mask. Good contaet between the mask and the substrate
ensured that a clear, well defined gap existed between the two
electrodesr(known as the source and the drain in a field effect
device). The electrode evaporation source consisted of a Cr
electroplated tungsten rod. Typical electrode thicknesses were
about 5000 R. SeTAG was subsequently deposited on top, over
the entire source-drain gap région, to the desired thickness,
by the techniques already described. The electrodes were always
evaporated first to avoid possible contamination of the chal-
cogenide film. The devices thus fabricated were obtained with-
out breaking the vacuum, and they were suitable for resistivity
measurements. The gate eléctrode, which was necessary for the
field effect experiments, was prov@ded afterwvards by painting
fhe back face of the substrate with 'Silver-Dag', as shown in
_ Figure 4.13. Thin gold or platinum wire connections to the
electrodes were made~via"silver—Dag'. Depending on the set of
masks used, from three to twenty—fou} devices could be prepared
in a single pumpdown. The widths of the source-draln electrodes
véried from 1.1 to 1.56 mm.

A few co-planar devices were prepared, which used RF

sputtered Si0, as the gate insulator. These were prepared in the

2
following sequence:

(1) The evaporation of Cr gafe electrodes onto clean
and degreased Corning T059 glass substrate.

(2) RF sputter deposition of 2000 - 5000 & thick layer
of SiO2 on top of the gate electrode in a separaté vacuum chamber.

The substrate was again washed in an iso-propyl-alcohol reflux

condenser, and blow dried with nitrogen before the Si02 was.
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deposited. This was done to minimise the chances of dust
particles causing a short-circuit between the gate and either
of the source or drain electrodes.

(3) Transfer of the above from the RF sputtering
system and Abaék to fhe original vacuum system for the deposition
of the source—drain electrodes and the SeTAG film. As before,
the substrate was cleaned in transit, and then outgassed in the

vacuum system before the above evaporations were carried out.

The geometry of the above prepared device is shown in
Figure L.1L.

Despite the precautions taken, many of the above
devices were found to be short circuited between the gate and the
source-drain electrodes because of the presence of dust particles.

-Apart from the above co-planar devices, two cross—
over devices in a metal-semiconductor-metal (i.e. sandwich
configuration) were also prepared. These were used to measure
the low frequency dielectric constant of SeTAG films (see

Chapter 5).

L4,7. Summary and Discussion.

SeTAG thin films of Ch61Y39 nominal compositions were
prepared by Knudsen cell evaporation, DC sputtering, and flash
evaporation.

The flash evaporation method was found to be the only
suitable technique through which thin films with reproducable

compositions could be made.

Analysis by electron probe micro—analysis showed the

flash evaporated films to be rich in Te, and slightly deficient



in Se, As, and Ge as compared to the bulk composition. They were
also found to be homogeneous.

Examination of the films under the microscope indicated
no pinholes to be present. Transmission electron microscopy found
the films to be amorphous. The electron beam damaged the specimens
very easily, and caused rapid cyrstallisation, which was ascribed
to the excessive heating of the film by the electron beam,

Devices were fabricated for resistivity and field effect
measurements, using evaporated chromium electrodes. The gate
. insulators used were mostly mica, althouéh some sputtered quartz

gate insulated devices were also made. The problem of pinholes

due to dust particles made the latter unreliable, because the dirt

#”
'

tended to cause breaskdown in the quartz insulator.

Although DC sputtering could be further developed to
produce reliable SeTAG thin films, if the target is prepared by,
say, hot pressing techniques in an inert atmosphere, it still has
the disadvantage of very low sputtering rates (about 10 'y min-l).
RF sputtering of chalcogenide glasses, on the other hand, has been
widely used elesewhere, although it is quite expensive and laborious
to set-up because of the power supply, and the matching networks
required.

On the whole, it is believed that the flash evaporation
technique is the most suitable method of preparing thin multi-
component films. Compared to EF sputtering, it is more economic,
end easier to set-up. The film compositions are reproducible, and
it is easy to prepare films of different compositions. In any
future work, it would be advisable, however, to provide water
cooling to the substrate, so that its temperature may be better

controlled.
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Chapter 5

Electrical Properties of Thin Films of Se-Te-As-Ge

5.1 Introduction

In this Chapter, the results of resistivity and field
effect measurements on flash evaporated thin films of SeTAG of
approximate composition Se

Te5 Aseu Ge8 (e.f. the nominal

11 T
bulk value of Se,, Teu9 A829 Geio) are reported.
Resistivity was measured as function of film thickness
and temperature for co-planar gtructures with evaporated Cr
electrodes. The current-voltage (I-V) characteristics.and film
resistance as a function of electrode separation indicated non-
resistive "ohmic" contacts with Cr electrodes.
The field effect technique has been used successfully
to study the surface properties of crystalline semiconductors by
the application of a capacitatively induced field to the surface of
the film, thus varying the extent and the shape of the space charge
region. .Earlyrfield effect experiments on complex chalcogenide films by

(1)

Fritsche and Ovshinsky were uhsuccessful, and it was concluded

that the density of states at the Fermi level was at least

6 x 1019 cmf3 eV_l.

(2)

Barbe'~’, using the CFO model in a somewhat simplified

form, suggested that field effect measurements on amorphous

materials should be possible provided that the density of surface

states was less than lOlu cmfz. Subsequently, Egerton(B),

(L)

and
Levy et al. reported field effect modulations in SeTAG thin
films by using A.C. gate voltages. TFurthermore, in agreement with

the results reported here on SeTAG, the above authors observed a



continuous decay in modulation with time to zero when a step

voltage applied to the gate. Both the above authors analysed their
A.C. field effect data by considering the states at the Fermi level
using the Barbe analysis discussed in Section 5.%4.2.1. |

There have heen some apparently succesful D.C. field

(5)-(8)

effect measurements . However, it is believed that the

(5),(6)

standing modulations observed by some workers may have been

due to any of a number of experimental artifacts arising from the
choice of the field effect configuration, the electrical circuitry,
énd/or the temperature range employed in the measurements.

With regard to Marshall and Owen's paper(G) on
Ange:3 and STAG thin films, a number of experimental points of

congideration arise, viz:-

©

(1) It was not mentioned whether the substrate was
baked prior to sputter deposition of the semiconductor. Any
adsorbed species, particularly water vapour, would affect the field
effect data by causing a chemical change at the surface, as shown

(92)

by Kastner and Fritsche in amorphous germanium,.and Green

et al.(9b) in chalcogenide glasses.

{(2) The gate insulator was sputtered on top of the
chalcogenide film, Apart from surface damgge,rthis produces heating
and possible incorporation of impurities in the semiconductor film.
In the presence of water vapour and oxygen, a conducting Te "skin"

maey be formed which will produce a field effect signal.

(3) No details with regard to the circuit used in the
measurements were given. In the presence of a slow decay in the

field effect modulation'(particularly below room temperature), a

209
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circuit employing an ammeter to monitcr the source-drain current
would not be sensitive enough to register the small current
changes. Instead, a balanced bridge network should be used to

obtain the added sensitivity.

() The modulated source-drain currents in both
Ange3 and STAG films showed a linear dependence on gate voltage, Vg.
However, for Vg < EOOV, the gate voltage is comparable in magnitude to
the source-drain voltage used (50V). This will introduce errors
into the observed modulations, which have apparently not been

) corrected for.

The field effect results of the Stanford group(7) on
chalcogenide glasses have been brought together in Mahan and
Bube'é paper(S). They used a Wheatstgne bridge circuit to
measure the out of balance voltage due to the modulated source-drain
current after the application of a D.C. step gate voltage. As
with Marshall and Owen, these authorse did not mention how the
substrates were treated prior to semiconductor depositiom.

Marshall and Owen identified a set of hole trapping centres
0.13 eV below the Fermi level which they associated with the linear
variation of the source-drain current with Vg in the accumulation
regime. As already mentioned, however, the validity of their data
at low fields is questionable. Mahan and Bube, in contrast, did
not identify any discrete hole traps in Ange3 or other chalcogenide
glass films. Instead, they proposed two separate mechanisms in the
high aﬁd low temperature regimes: at high temperatures (T > 270K),
the obsérved field effect is controlled by thebconcentration of

mobile charges available, while at low temperatures, the localised

states at EF are ‘dominant.



As can be seen, therefore, there is no upiversal agreement
on the electronic mechanisms which prevail in field effect
measurements on chalcogenide thin films, and the results, and their
interpretation, seem to be sensitive to the detailed methods of
device preparation and measurements.

The only area of amorphous solids where the field effect
technique has been used successfully is in amorphous tetrahedral

(10)

have made field effect

x

films like silicon. Spear and co-workers

(10a,b) (10¢)

measurements on pure and doped amorphous silicon prepared by R.F.

glow discharge decomposition of silane (SiHh + 5i + 2H2). They
were able to "map" the density of states distribution as a function

of substrate temperature during deposition, T., and they identified

d’

two peaks in the density of states distribution shown schematically
in Fig. 1.1(a) (Chapter 1). It was also shown that the density

of states at EF decreased with increasing T However, there is

(18)

a
some evidence to suggest that the £ilms prepared by the above
technique are not a-Si but a~Sin (where x ~30% (atomic) for

Td = 298K),which causes the saturation of the Si dangling bonds by

hydrogen.

5.2 EBxperimental Procedure

Thin film, cop;anar, SeTAG structures were prepared
by the method already described in Section 4.6, Chapter L, and
stored in a dry environment. Room temperature electrical
medsurements were carried out either inside a shielded metal box
in dry air, or in tﬁe vacuum cryostat of Fig. 3.1. The results
were not affected by the envirommental conditions.

Electrical measurements as a function of temperature

were all carried out in the vacuum cryostat at a pressure of less



than 5 i 10—6 mn Hg. The substrate (usually mica) was mounted on a
copper substrate holder, which was screwed onto fhe copper platform
block shown in Fig. 3.1 (Chapﬁef 3).' Zinc oxide impregnated
silicone grease was used to improve the thermal contact between
all mating surfaces. The temperature of the substrate was monitored
using a Chromel/Alumel thermocouple fixed in good thermal contact
with the front face of the substrate.

The field effect éonductance measurements were carried
out using the circuits shown in Figes 5.1 and 5.2. Since no standing
field effect modulation could be observéd, the change in surface
conductance as a function of applied gate voltage was measured

in three regimes:

(1) A.C. field effect .

This was measured by using the circuit of Fig. 5.1. Thé
sinusoidal A.C. gate voléage was applied via an oséillator—ampiifier—HV'
transformer arrangement. Part of this applied voltage waé used to
drive the horizontal sweep of the C.R.O. The current, Isd’ in
the séurce—drain circuit, which was provided by means of four sets
of 9 volt battéries; was measured by observing the voltage drop
across a series 2MQ variable resistor, Rv, which was connected
to the differential inputs of the Y plates of the C.R.0. (C.R.O.
input impedance = 1 ﬁﬁlat each £erminal). With the variable resistor
balanced near its centre, a total resistance of 1 MQ resulted.

With the gate voltage, Vg’ applied, and the source-drain
switches in position 1 (i.e. with no current flowing in the source-
drain circult) the resistor Rv was adjusted so that the displacemeht

currents were balanced out (Fig. 5.3, trace A). A fine tune

differential capacitor {about 1 pF) across the gate and source-drain



47K £
CRO x PLATE « VOV |
oxay €
G
1
SAMPLE
- s 3
CRO e g
l?lfferentml Rv-=|MQ : I . [_:_
input » ' [ !
- 1 ._.______'____l -
Y, Differential
___'I_z 1& capacitor
Fig. 5.1 AC Field effect circuit.
VQ-:::- l
QE
AN\ D: WV\M._S.
S, Sy
| '
100 KS?
TN
U] .

Fig.52 Bridge circuit for measuring long
time decay of field effect modulation.



2L4

I (@nA/div)
sd

B
A
Vg(+53-5 V/div)
Fig-5-3 AC Field effect trace(T=298K)
Vg:—369v !
o | R T
LN e
o1, (snaroiv) AN NG S
W SR T TR

I, T

Time (| s/div)

|
|
Fig.54 DC Field effect trace(T=343K) }
|



210

terminals was also used to minimise any sitray capacitances due to
the asymumetric geometric overlap of the gate and source-drain
electrodes. Once the circuit was balanced, the source-drain
switches were turned to position 2, which resulted in the field
effect signal (Fig. 5.3, trace B).
In order to avoid any spurious effects due to non-linear
charge distribution in the semiconductor, the source-drain voltage, Vsd’ was
always kept to less than 20% of the gate voltage.
Using the above procedure, field effect measurements in

the freqﬁency range 10 Hz to 1 kHz were made.

(2) Short Time Decay D.C. Field Effect

The circuit of Fig. 5.1 was used, except that the A.C. gate
signal was replaced by a D.C. step voltage derived from a set of
GOV dry cell batteries. After the application of the gate voltage
(¢ + 655V), the source-drain current decayed with time as shown
in Fig. 5.k, In this configuration, the gate voltage was no longer
used to drive the horizontal sweep of the C.R.0., but the internal
C.R.0. trigger was used instead, and the field effect decay of the
modulated.signal with time (up to about 15 seconds) was measured.

In regimes (1) and (2) above, since both I, the source—
drain current with Vg = 0, and AI, the change in the source-drain
current due to application of Vg, could be measured, the ratio AI/IO
could be determined. This ratio was the same as Ag/go, the field
effect modulation, where Ag was the change in sheet‘conductance, and

g, was the zero field conductance per square of the film.

(3) Long Time Decay D.C. Field Effect

The circuit of Fig. 5.2 was used for this purpose, Samples

Sl and S, were identical coplanar structures deposited simultaneously
<



on one suﬁstrate. They therefore had the same resistance (to *10%).
They were connected in the two arms of the wheatstone bridge
circuit shown. A 10 turn potentiometer provided the other arms
of the bridge circuit. A 616 digital Keithley electrometer was
used as a null detector, :and the electrometer oﬁtput was monitored
on a chart recorder,

The above circuit had the advantage that with the
bridge balanced so that the volﬁmeter read zero (i.e. AV = 0), any
slight changes in the temperature of the ambient did not affect the
balance because of the cancelling effects of Sl and 82. Thié neant
that small conductance changes could be detected by measuring the

out of balance voltage, AV, when the gate voltage was applied to

the field effect sample S

1
It can be shown that if the resistance of samples Sl and 32
with Vg = 0 are RJ and R2 respectively, then the fractional change
in the resistance of Sl when the gate voltage is applied is given by,
2
-+
I T Ul sy
R .
1 RlRZ sd
If R, = R, = Ry then,
sd

It should be noted that even if R. and Rl differ by

2
20%, the ervor introduced by taking R, = R, is only about 1%.

Experimentally, Rl and R. were within the above margin, and typically,

2
they did not differ by more than 10%
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The advantage of the bridge method is that since we are
locking at the change in surface conductance by monitoring AV, much
smaller fractional changes in the surface conductance of the
specimen may bé measured. In the present study, the lowest
detectable value of AV was gbout 0.2 mV¥, which corresponded to-a
fractional change in %ﬁ (and hence gﬁ ) of about 5 x 10~u.
This compares to a valuz greater than lox 10—3

if the absolute value
of source-drain current (i.e. IO + AI) is monitored on an ammeter.
Furthermore, the ammeter method suffers from the shortcoming that,
because of the slow decay, the rate of change of current with

time is small, and therefore not easily detectable at longer times

with this technique.

5.3 Results

In this section, the electrical and field effect properties
of flash evaporated thin films of SeTAG of Ch6iY39 nominal bulk

composition are presented.

5.3.1 Current-Voltage Characteristics

Fig. 5.5 shows the room temperature I-V characteristic

of a Ch6J Y.  thin film. With an electrode separation of 50 jm,

39
the data show a linear, ohmic, variation of current with voltage
from 2 x J_Om3 V to 50 V, corresponding to applied electric fields in

1

the range 0.4 V ecm ~ to th v cmfl. Reversing the polarity of the

applied voltage did not affect the current.

-3

¥Neglecting the drift which was of the same order over about 1.5 hours
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5.3.2 Resistance as a Function of Film Length

Although almost all the measurements were carried out on
structures with a 50 um film length, the variation of resistance with
film length was measured in three coplanar structures with 25 um,

-50 Hm, and_lOO um electrode separations. - These were prepared
during the course of the same evasporstion, and the room temperatufe

resistivity of the films was found to be independent of film length.

5.3.3 Resistivity as a Function of Film Thickness

Table 5.1 lists the variation of thin film resistivity
L . ’ - - O O
with film thickness in the range 500A +to 1800A. The resulls were
" recorded in air at room temperature. The relatively large scatter in

resistivity values may be attributed to the following factors:

(1) vVariation in room temperature.
(2) Errors in recording the f£ilm thickness due to
the frequency drift of the quartz crystal.

(3) Slight compositional variation between the films,

With the above considerations in mind, no significant
change in resistivity with f£ilm thickness is found, and an
average room temperature (298 K) resistivity of about 3.8 x 10°

5

chm-cm compares to a bulk value of about 4,8 x 10° ohmcm for a glass

of the same nominal composition.

Ideally, for a true determination of thickness dependencé
of film resistivity, films of different thicknesses should be
deposited dQuring one evaporation, so that the above mentioned errors

(11), and Marshall

may be minimised. This has been done by Levy
et al.(6) on STAG giass films. They both find no variation in

resistivity with thickness.

i



Temperature Film Thickness Registivity
() (2 (x 10° Qcm)
298 520 10.4
298 620 2.9
298 700 9.0
299 1100 4.3
299 1150 3.6
299 1330 2.71
298 1350 2.k
298 1400 6.0
299 1k50 3.1
300 1450 1.5

297 1500 L.}
295 1710 11.h
293 ‘1770 6.k

Table 5.1. Room Tempersture Resistivity as a

Function of Film Thickness

o

o

o]



w
AN ]
b

5.3.4 Resistivity as a Function of Temperature

The temperature dependence of resistivity, p, was
measured in detail from 228 K to 350 K for a2 14008 thick fiim, and
from 272 K to 350 K for a 5202 film, Because of the limited
temperature range employed in the latter, the plot of Inp vs. 1/T

appeared as a straight line of activation energy, E__ = 0.53 eV,

go

. 0
A plot of 1lnp vs.1000/T for the 1400A film ig shown in Fig, 5.6.

1
A slight curvature is observed in this plot, which is similar to that
in the bulk material. The "average" slone of the curve in Fig. 5.6

" is 0.51 eV (compared to 0.49 eV for bulk Ch Y. The difference

Y
61 739
in the "straight 1line" activation energies batween the bulk and thin
film specimens may be ascribed to compositional differences between
the bulk and thin film sawples.
' (11) .
Contrary to Levy's results , no change 1n the

activation'energies of the thin films was observed by thermal cycling

between the above mentioned temperatures.

5.3.5 Measurement of Low Frequency Dielectric Constant

Capacitance at room temperature as a function of
frequency was measured in thin films of SeTAG over the frequency
range 500 Hz -~ 1 MHz. The 500 Hz capacibance of the films decreased
by less than 10% compared to the 1 MHz value. The measurements¥
were made on films aboutb 50002 thick in a sandwich (cross-over
electrodes) configuration. The common electrode area was typically
6 mm2. A Wayne-Kerr Capacitance Bridge was uvsed for these

measurements.

* Carried out by Miss V. Heys, Electrical Engineering Department
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The i1ow frequency dielectric constants of the films were
found to be 8.8 * 15%. The results were independent of the film
thickness within the above experimental error, which was due to

the measurements of the film thickness and area.

5,.3.6 Field Effect Measurements

The typlcal field effect configﬁration used is shown in
Fig. L4.13 (Chapter %), 1In this type of structure, the gate
electrode forms one plate of a parallel plate capacitor, while the
semiconductor film acts as the other plate.

A space charge at the surface of a semiconductor may be
produced by the application of a capacitative electric field between
the gate and the source. A space charge may also occur owing %o
the presence of surface states.

The field effect étructure has an equivalent capacitance
cireult shown in Fig. 5.7, where'csc is the space charge capaciténce,
CSS is the capacitance due to the surface states, and Cg is the
geometrie capacitance of the dévice if the semiconductor were
replaced by a metal. The total capacitance per unit area, C,
is given by,

(c +c_)c

o o= 88 se g 5.0

c + C + C
ss sc g

Since in the normal field effect configuration,

o
L2

then C =2C ¥ A 5.3
: g
®C o= ereo/d@ where e is the relative permittivity of the dielectric
insulator, € is the permittivity of free space ( = 8.85 x lOnlh F —
and d is the thickness of the insulator. For mica, € = 6.2 was used.

x

),
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Therefore, if a voltage Vg is applied to the gate, the

induced charge per unit area, Qg’ at the semiconductor surface is

gilven by,
Qg = Cng 5.4
The small signal field effect mobility, ufe(o), is
then defined as,
(o) e | 5.5
U O = 2
fe ng Qg =0

. where Ag is the change in sheet conductance of the semiconductor

film due to Qg' Ir g, is the original sheet conductance of the

film, then Ag/go is the fractional change in sheet conductance (i.e.

the field effect modulation), and,

o) d(l-\g/e;o)
U o) = g .
fe o ng { Qg =0
5.6
2 d(Ag/go) '
Row ) ng Qg =0

where £ 1s the source—drain separation, w 1s the electrode width,
and R_ is the bulk resistance of the film when Vg = 0.
Hence, the small signal field effect mobility may be

obtained from the slope of gﬁ Vs, Qg curve,
o)

The large signal field effect mobility, on the other

hand, is related to the total induced surface charge by,

- % Le/e,
fe Rdw AQg

5.7

N

i
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As already mentioned, no standing field effect modulation
was observed in SeTAG thin films, This is in agreement with the

(3), and Green et al.(h) on STAG thin films, In

results of Egerton
both these glasses, the modulation was found to decay to zero with
time.

Typical sets of data are presented in Sections 5.3.6.1
to 5.3.6.3 in terms of the.dependence of Ag/go and ufe on the

induced surface charge (expressed in units of Qg/e cmfg, where

e =1.6 x 10737 ¢), temperature, and time.

5.3.6.1 A.C. and Short Time Field Effect Modulations

Fig. 5.8 shows the room temperature (299 K) variation cf

3s (210 Hz),

the field effect modulation with Qg/e at 4.8 x 10
1.8 x 10 % (55 Hz), 2s and 10s after the application of the gate
volbage 1o a 13303 thin film (film no. 40.79).

Similarly, Fig. 5.9 is the variation of Ag/go with
Qg/e at 343 K in the same film.

The above data were obtained by recording the change in
I ,q88 8 function of peak appiied gate voltage (i.e.t Gg).

| The room temperature data of Fig. 5.8 illustrate the

following points:

(1) No field effect minimum was observed. Hence ppp > oy,
where p and n are the hole and electron concentratiqns, and up ‘
and B the respecfive hole and electron mobilities.

(2) Ag/go o Qg in the enhancement mode.

(3) Ag/go decreased with time.

The 210‘Hz field effect modulation decreased from 0.39

at 299 K (Fig. 5.8) to 9.6 x 10—2 at 343 K (Fig. 5.9) for a surface

charge of -3 x 10ll cmfz.
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The increase in Ag/go with frequency from 210 Hz +o
1 kxHz was very small at 343 K. As time constants decrease with
ihcreasing temperature, the 210 Hz field effect represents

the near maximum '

'saturation" value of Ag/gd at room temperature,
The change in source-drain current,Alsd, with frequency at a fixed
applied gate voltage is shown in Fig. 5.10 for film 26.9. The nesr
maximm value of AIsd was reachéd at about 210 Hz. This is confirmed
by Egerton's unpublished data on STAG glasses, which showed a 10%
increase in Ag/go in going from 200 Hz to 20 kHz gsing a pulsed technique.’

As expected, there was a generél increase in modulation
with decreasing film thickness. However, there were errors in the
observed modulations for the following reasons:

(1) Although the displacement currents were'minimised,
they were not always completely balanced out. The errors introduced
because of this could be as high as 30% in the depletion mode. Since
the magnitude of these errors varied from sample to sample, they were
probably due to inhomogeneities and thickness variations of the mica
insulator in the source-drain gap area. They were not sensitive
to the amount of overlsp between the gate and the source and drain
electrodes.

(2) The thickness of the mica insulator, typically 50 um,
could only be measured to *5 um.

(3) Cqmpositional variations between the films, and

hence slightly varying film conductivities, also affected the

data to some extent.
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5.3.6.2 A.C. and Short Time Field Effect Mobilities

Fig. 5.11 shows the room temperature variation of small
signal field effect mobility with frequency for film 26.9. It can
. ~l 2 ~1 -1
be seen that a maximum value of about 4.1 x 10 ~em™ V = s = was
reached at a frequency of about 200 Hz.
Figs. 5.12 and 5.13 have been drawn using the 299 K and
343 K data of Figs. 5.8 and 5.9. The former shows the change in

U, at different times as a function of induced surface charge, while

fe
the latter illustrates the time dependent decay in Moo towards zero

irrespective of the sign of the charge on the surflace.

5.3.6.3 Long Time D.C. Field Effect Data

The deecay of Ag/go with time and temperature is plotted in
Fig. 5.1h for a SQOE film. The concentration of the excess surface
charge was -3.7T x lOll cmfg. The data were obtained by using a
step gate voltage of -655 V in ‘the circuits of Fig. 5.3 (for short
time measurements <15s) and Fig. 5.4 (for long time measurements >2s).
Using the bridge technique the smallgst out of balance voltage which
could be measured was about 0.2 mV, which was of the order of the
circuit noise. The decay in Ag/go was fastef al elevated
temperatures and therefore easier to observe and more independent of
drift. Since the rate of field effect current decay decreases
with decreasing temperature,at low temperatures it is possible to
mistake a slow decay for a standing, "steady state", modulation.
As already mentioned, it is believed that some of the reported

field effect data in the literature may suffer from this experimental

artifact.

9y
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The decay in Ag/gO is not attributed to slow states in
the dielectric, It was possible to fabricate a few structures
using sputtered quartz as the gate insulator : a similar decay in
_ the fractional modulation was observed when a step voltage was

applied to the gate. Furthermore, the field effect decay was also
obgerved in STAG glass thin films when a field was applied to the'
-free surtace of a virgin film in vacuum(ll).

Extrapolation of the data of Fig. 5.14 for times less than
lO~25 shows that Ag/go reaches its effective maximum value at about
200 Hz in agreement with the earlier data of Figs. 5.10 and 5.11.

Fig. 5}15 shows the change in large signal field effect
mobility with time for the data of‘Fig. 5.14. A decay towards zero
for longer times is again illustrated (ec.f. Fig. 5.13) to the lowest
measurable ufe of about 3'x 10”T cm2 V-—l s~l. ‘

It should be noted that the R.C. time constant of the
system‘was less than lO"h seconds . The rise time of the current in

the sample was not measured directly, but it was observed to be

much less than 1 ms.

5.4 Analysis of Results

5.4.1 Resistivity Data

The linear I-V characteristics, and the linear dependence
of film resistance on electrode separation both indicate "ohmic"
conﬁacts betWeen'the chromium electrodes and the semiconductor
film, |

The data of Table 5.1 show the room temperature
resistivity to be independent of film thickness in the range
500 - 1800X, and that any observed variation is randon, and due to

compositional and temperature effects. In other words, the bands
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may be considered to be effectively flat at the surface, since no
space charge effects can be observed. |

The plot of logarithm of resistivity against the
recirprocal of temperature does not result in a straight line, but
instead some curvature is observed as in the bulk glass. This
indicates that the bulk and thin film SPecimens behave in a similar
manner, and that contrary to Mott et alls proposition(12), the
curvature is intrinsic to the material and not sensitive to the method
of specimen preparation. The thin films-had average "straight line"
activation energies of 0,51 - 0.53 eV compared to the bulk value

of sbout 0.49 eV, which may be due to compositional changes in the

thin film samples as compared to the bulk glass.

5.4,2 Tield Effect Data

| The A.C. field effect data are analysed in terms of the
Barbe model using the CFO density of states distribution. A new
model is also proposed to explain the decay in D.C. field effect

nodulation to zero.

5.4.2.1 A.C. Field Effect : The Barbe Model

Barbe used the CFO density of states model, and assumed
that the dornor and acceptor state densities were slowly varying
functions of energy about the Fermi level, and that their sum

was approximstely constant over *5 kT of B The space charge

7
calctlations were further simplified by employing the zero degree
Kelvin Fermi-Dirac function, which was a reasonable approximation
for the case of constant denéity of states.

Poisson's equation is solved in the Barbe model by making

the above assumptions. This leads to an expression for the Debye



screening length, L, given by,

_ 2, F  F.\3
L = (€€o/e (1\1A + ND))

where € ig the low frequency dielectric constant of the semiconductor

(e = 8.8), and € is the permittivity of free space (EO = 8.8 x ;O—l

F

F cm ). XN and NF are the densities of acceptor and donor type

A D.

localised states at the Fermi level respectively.

density of states at B N(EF), is,

F’

_ ¥
N(Ep) = N,lli T 4

The charge on the field plate, Qg’ is equated to the

total charge in the space charge region, Qsc’ and that in the surface

states, st’ i.e.,

where, by considering the electric field at the surface of the

semiconductor, the above may be written as,

ge kT
0

The total

2, F
e (NAS +

I S
0 = —o— (1 +

where v is the surface potential in kKT units, and

the number of donor and acceptor type surface states (per unit area

per unit energy) at B

The excess sheet conductance, Ag, is obtained by

assuming Maxwell-Boltzmann. statistics for mobile holes and electrons,

i.e.

ge
e}

A

G

o)

N



bg = glv,) - glo) = e(yp, Bn + My Ap) 5.10

where, for electrons,

‘Vs ev;l > vi
An = nbL fo v a = nbL E n.m! = nbLB )
m=1 )
)
) 5.11
and, for holes, ) i
m )
A Vs e -1 > (_Vé) )
= = Z o = Y
P pr fo v av pr =1 m,m! prFp )

Subscripts 'b' in the above refer to bulk values. From (5.10) and

(5.11),

The field effect mobility is defined as,

' d(Ag) /av
B R 512
fe a d dv *
% R/ Ty
For single carrier hole conduction, and neglecting
surface states, equations 5.9 to 5.12 give,
e2L2p U ar eL20 ar
W, o= —B2R L b _p 5.13
fe ee kT av ce kKT av ’
O S [o] S .
where o is the bulk conductivity.
ar
Tor small signals, E;E =~ —~ 1, and therefore,
S 2
el, OB
= . 1k
]_er(o) 5.1

ESOKT



Also, the fractional change in sheet conductance

relative to the zero field, flat band condition, 3 is,

Lo, F LF '
= 5 5.15

S IE

Experimentally, the slope of the A.C. field effect trace
about Vg = 0 gives the small signal field effect mobility, i.e.

(c.f. equation 5.6),

AT

1 £
. (o) = &— . = | —— 5.16
fe ad w 9, | q, = o
. 1.4
Equating 5.14 and 5.15, and putting O = T oo
sq ¥
where Io is the zero field current, one obtains,
2 . KISt AL
&
Also, from 5.8 and 5.17,
I A .
. -3 1
NE,) = S . cm © eV .
F o . kT AT |Qg = 0 5.18

if kT 1s in eV units.
Using equations 5.16-5,18, the values of ufﬁ(o), L, and
o

N(EF) for various films were calculated, and the results are shown

in Table 5.2. It is emphasised that the above were obtained from the

small signal A.C.field effect data. It can be seen that both
'ufe(o) and N(EF) increase with temperature, whereas the screening

length shows a slight reduction.

Wi

1%
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Film No. |Thickness T(K) |p x 10”(Rcm) ufe(o)xlo”h L(K) N(EF) x 1017
A : (cmgvfls_l) (em™ 3 eV—l)
26.9 1450 299 1.7 L1 11k 0.37
25.9 1450 299 3.1 3.8 150 0.21
30.9 520 298 10.h 1.94 1Lk6 o.eé
30.9 520 343 0.69 10.2 127 0.30
ho.79 1330 299 2.71 h.o4 136 0.27
Lo.79 1330 343 0.20 ik.0 79 0.87
_ (at 1 KHz)
k6.9 1710 295 11.k 0.95 160 0.1.8
47,9 1500 297 Lok h.2 170 0.17
48,9 1770 293 6.k 1.7 1ks 0.23
52.10 1100 299 b3 1.6 '106 0.43
52.10 1100 343 0.27 7.0 69 1.11
Table 5.2. 210 Hz Field Effect Mobility inJSeTAG Thin Films,

together with the Screening Length and the Density of States

at EF

Computed from the Barbe Model by Neglecting Surface

States.
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5.4.3.2 D.C. Field Effect Modulation Decay

In conventional semiconductor theory, a very small
field effect modulation may be ascribed to either most of the
induced charge being trapped by the surface states, or to a very
" large bulk density of states at EF' These possibilities will be
exsmined in the light of the data obtained from the Barbe model.

Consider the 343 K data of Fig. 5.1k:

(a) Surface states

2]

For induced charge trapped in surface states of density

@

2,5 x 10’“h

o>
&5
i
Sl
i
1l

o] O
Take t = 520A, and I = 14OA (Table 5.2). Therefore,

Fp = 9.29 x 10“h kT units

2V (small signal approximation)

Hence

F 3.7 x 10T 1 -p -1

N = ~;———~—&—:h = U x 10 cn (kT)

5 9.29 x 10

=1.35 x 1070 e eyt
Taking the molecular volume of SeTAG to be about 18 cm3
. L 23 _

(Table 2.2, Chapter 2), there are éwﬁgig—— = 3.3 x lO22 atoms cm 3

5 -
in the solid, and 1.2 x lOl) atom cm e on the surface for a cubic lattice.



The Barbe model requires the total trapped charge to be
within *5 T of EF' Therefore, 4 x 1017 states cm._2 are required
at the surface compared to about 1015 stateshcm_z‘available if one
surface state per atom is assumed, As such a large number of
surface states is unreasonable, surface states camnot successfully

account for the small modulations.

(b) Bulk states

From equations 5.16 and 5.18

Y = 1/u
fe

1( EF

At 343 X and 210 Hz, N(EF) = 3 x 10;8 om > erl, and ufe(o) =

1 x lOa3 cm2 Val s—l. After 5000 sec, the field effect mobility

is about 3 x 10_7 cm2 V”l s—l,rwhich would, therefore, require

3

1x 1022 states cm o eV L. -Buch a large density of

states at EF seels unreasonable, since this would correspond to a
. 21 -3 ‘
total density of 3 x 10 em T oover * 5 kT,
Since the above possibilities do not explain the decay in
field effect conductivity +to its zero field value, a model is

proposed below, which considers a discrete distribution of charged

centres in the semiconductor.

5.4.2.3 The Discrete Charge Model

Follpwing Street and Mott(l3), and Mott, Davis and

.
Street(*Q)

, it is assumed that positively and negatively charged
. . + - . ’
spin paired centres (D and D ) exist throughout the bulk of
the semiconductor. These centres affect the energy distribution of

the localised states in thelr close vieinity,; but would cause only

negligible perturbations in the extended states, since carriers

2 ‘-_% o
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with extended wavefunctions will not be screensd by any local
fluctuations in charge density.
As a first approximation, the above centres may be

considered to be imbedded in a dielectric. Qualitivately, the D.C.

field effect decay may be explained as follows:

Initially, vhen the gate voltage is applied, there is
excess accumulation of charge in the extended states. By Gauss'
law, the applied field must terminate on charge : at zero time Just
after the appliéation of the field, the field terminating charges
are bulk distributed. Hence, most of the field variation occurs
outside the regions of point éharges, which causes a shift in the
Fermi energy in the bulk, and hence a non—equilibrium distribution of
) carriers in the extended states. In this regime, the measured
field effect mobility is expected to be trap limited.

With increasing time, there is continuous trapping and
relesse of charge by states éeep in the mobility gap. ‘Under the
influence of the field, however, this exchange 1s coupled with a
general movement of the charge towards the field plate. Eventually;
all the field terminating charge will be distributed neaqhsemiconductor
dielectric interface, and since the volﬁme element in which the field
varies arouﬁd each charge is now limited to a naerW'regiOn near the
interface, the amount of final modulation observed as a result of this
will be shown to be small, and may even be zero.

Since the treatment of this problem for a totally random
distribution of charged centres is prohibitive, the potential
distribution around a charged‘centre may Ee considered using the
Debye-Huckel (D-H) electrolyte model. This is derived for dilute

solutions, in which the exponential term in the Boltzmann



distribution function is expanded and it is assumed that,

—Qlw /kT . 1 - Qllb
¢ KT
Q¥ .
where -——— << 1, Here, Qi is the charge on an ion of type i,

T
80 thaﬁ-in is the work required to bring the ion into a reglon
of potential {. For a dilute solution, the interionic potential
. energy 1is émall, and assumed to be much less than the average thermal
energy (i.e. in << kT). In the case of the amorphous solid, it
is assumed that a frozen Boltzmann distribution prevails, which
. is established near the molten state-of the solid, where the D-H
approximation remains valid.  The D-H expression for the radial
potential distribution, Y(r), about an ion of type i is,

zie . exp(-b(r-a))

p(r) = : 5.19
hﬂeaor(l + ba)

where z; is the sign and charge in units of e of icns of type i, b
is the reciprocal Debye length (i.e. the screening length of the
ionic atmosphere), a is the distance of nearest approach between

ions, and the other symbols have their usual meanings. b is given by,

ez(n"ilzi]2 + njlzilg)

ge kT
o m

b =

where Tm is the melting temperature of the solid, and n, = nj, and
5 [ = ] z,l = 1, n is the concentration of the relevant ilonic
dJ

species,

2

2

3

e

e
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It was found that a plot of Y(r) vs. r using the D-H
approximation (for r < a, the'cduiomb potential was used) corresponded
very well with the potential distribution computed by assuming that
the positive and negative éentres are located on lattice points in

3y,

a cubic structure (see Green and Lee It was thus deemed
permi55ible, to a first approximation, to consider the charged
centres to be distributed uniformly in a cublce array in the semiconductor

bulk.

5.4.2.3,1 Prediction of an upper limit for Ag/go at long times

In any quantitative analysis, it would be useful to test
the validity of the above theory by considering the maximum upper limit
of the final predicted modulation as a result of a specified charge
density on the gate plate. This may be done for the present model
by considering the potential distribution due to a square array of
charges in a plane z = b from the field plate as shown in Fig. 5.16(a)*.
The other defining parameters are also shown. If o is the lattice
spacing in the square array, then a unit cell around a point charge
may be defined (Fig. 5.16(b)), and the potentials at points in the
triangle (0,0), (%/2, 0), (a/z, 8/2) due to all the point charges in
the array in any z plane uniquely determine the potential distribution
of the system in that plane.

(16)

Such a problem has been treated by Levine for a square
array of charged surface states at the semiconductor/dielectric
. interface in an MIS system. The only difference with the present

case is that here the charge array is at a small distance from the

*The specific values of & and b shown in Fig. 5.16(a) refer to a case

example, which is discussed later.
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interface into the semiconductor bulk. Levine derives an expression
for the potential V(x,v,z), wheré‘(x,y,z) are the spatial cartesian
coordinates shown in Fig. 5.16(a). By applying the method of images
with Neumann boundary conditions#® to the paféllelopiped unit cell
“shown, Poisson's eguation is solved, and V is expfessed as the sum

of a harmonic series in £ and m, where,

oo

vV = pX Vo (x,7,2) 5.21
£,m = —o

and £, m define the various harmonic modes.
The zeroth harmonic, Voo’ in the above series is independent
of x and y, and it represents the solution in the one-dimensional limit,

108.’

- el |z+0] - [z

4 = ( ) ' 5.22
o I a2 2 '
o :
~lelv
=~“——“—2"‘ z 2 b
€E a
o
~lelz
="‘-"—'2“ 0 z<Db
€€ _a
o

¥For the negative charge, say, in the unit cell, these are,

BV /ox = 0 at x=0, %/2
3V /oy = 0 at y =0, %/2
oV _/8z = O at z = & C/2 where ¢ >> b

(63



The .other terms in the summation are expressed as,

—|e| cos(ZRWX/a)fos(szY/a)

Vg = . T
m Lmeeoa (22 + m2>2

- ; 1
{exp(- Ef~(22+ mg)zlz—bl) -

- exp(- 20 (g2, mz)%‘z+bl)}

5.23

wvhere £ and m are not both zero. For lz+b|>> a, the second
exponential term in the above expression may be neglected. The

potential,$, is then defined as,

¢(X3Y5Z) = 2 Vzm(xg}faz) S.Qh‘

.Qr,m = -

(2 and m not both zero)

The potential VOO is not included in the above sum, i.e.,

¢(X,Ya Z) = V(X,Y;Z> - VOO 5.25

From equations 5.23 and 5.2L,¢ is symmetrical about
7z = b, and is tie sum of a convergent series (except at (o,0,b)
where it goes to infinity).

In Fig. 5.17,¢ (x,y) is mapped out in units of
e/hﬂesoa in three different z planes. With increasing x and y,
the potential eventually changes sign over a region indicated
approximately by the circular ares shown. In any z plane, the
potential goes through a maximum at (a/2, a/2), and a saddle point

at (a/2, 0).



+1.61
ol :
o g
a 30lg ’ )
01-.25 -1'.39
Qla
014 + 099 +1-22
Qlg ? ° *
oo -0425 +0O86 +114
O qla als 30k ak
« 126
alz2 d
30/8 . + 512 + 120
|z- b
10*06 -049 + 091 + 05
a a 14 e . .
-0:88 -014\ +0-65 +0-88
Qg . ° . .
y ~369 <050 1+083 +080
i_ O ak alh 3:al Gf
X A
« 040
a/s .
+ 032 +036
3@[8 ¢ *
lz-bl. .30
a +0-28
/s *
+ 018
Qlgy ¢
-0-67 -0-27 004 + 0414

O Ola alk sals  ab

Fig. 517 & (x,y)in units of el cOmputed

)

47¢
in various z-planes.

e

&

!



2
T
SN

The case of film 30.9, whose conductivity modulation
decay with time is shown in Fig. 5.14, is now considered. The

experimental parameters relevant to this film were:

Q A -
(1) gﬁ = - 3.7 x 10™t charges cm 2

(2) Thickness of the dielectric = 60 ym

In a square array, 3.7 x 1011 charges cmﬁg would
correspond to a lattice length of 1648.  In other words, in
Fig. 5.16(a), a = l6h3, if one considers the charge distribution
to be unifdrm over the gate electrode, and the field terminating
centres in the semiconductor to be in a plane parallel to the
gate. It is also assumed that each centre carries a unit charge
of equal and opposite sign to that on the gate electrode.

For a density of charged centres of lO19 cm“3 in
the semiconductor bulk, arranged in a cubic lattice, the
intercentre spacing is about h6§. Hence, the average distance

between the plane of charge near the semiconductor/dielectric

o
interface and the interface is taken to be 234, Therefore,

Q
b = 60 pym + 23A

as shown in Fig. 5.16(a).

Fig. 5.18 shows plots éf ¢(x,y,z) against |z-b| for
various values of (x,y), and using e= 8.8 (i.e. neglecting
the dielectric discontinuity at the interface). Both positive
and negative values of ¢ are shown.

In Fig., 5.19, the effect of the Voo term (equation 5.22)
on the potential is shown (c.f. equation 5.25) by plotting AV
against |z-b|, for the same (x,y) points as in the previous

figure, where,
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AV = V(z) - Voo (z = D) 5.26
with | v(iz) = voo(z =Db) + ¢(z) , 232D g
' )
or V(iz) = Véo(z) + ¢(z) ,L0<z2b )

Examination of Figs. 5.17-5.19 illustrates that:

(1) There is an isolated region around x = 0, y = O,
which doés not contribute to the conductivity in the xy plane at
all (i.e. to the COnducfivity between the source and the drain
electrodes).

-(2) In between the isolated regions above, there are
conducting channels which may contribute by varying degrees to the
source~drain current, vwith the region around (a/2,a/2) offering
the leas% amount of resistance, and that around (a/2, 0) being more
resistive, but not totally insulating as in region (1) above,

(3) The potential variation is in three dimensions,
and a carrier travelling in the x or the y direction will undergo
continuous scahbtering because of this fluctuation. This makes
an exact calculation of the conductivity modulation very difficult,
since it involves a sum ovVer all points in the triangle (0,0},
(a/2, 0), (a/2, a/2) of Fig. 5.16(b) and for all z wp to [z—b|¢ a.
This has not been carried out in this work, although it can be seen
from Fig. 5.17, that in any z—plane, mcst of the current would be
carried along the direct path joining (a/2, a/2) and (a/2, 0).
Instead, a straight forward space charge calculation wag performed

to estimate the absolute upper limit of the modulated conductivity

assuming the potential at (a/2, a/2, z), where the maximum band
bending occurs (curve T, Fig. 5.19), to persist throughout the

semiconductor: +this is clearly highly artificial, but the results

5:;(
#
3
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are interesting. Furthermore, all forms of scattering were
neglected. This calculation was carried out in the following
manner:

The shape of curve T in Fig. 5.19 may be approximated

by an exponential, i.e.

Av{z) = A exp(- Z/LD) : 5.27

where A = 27 mV, LD = M3X, and Z is the distance from the
semiconductor/dielectric interface into the semiconductor bulk.
The use of the above approximation again slightly overestimates the
modulated conductivity.
| Hence the problem is to estimate the enhanced ‘
c

conductivity due to a space charge region given by equation 5.27

and shown in Fig. 5.20, where we define,
E(z) = 0,027 exp(~Z/LD) +E 5.28

Let Nv be the effective deﬂsity of states in the
valence band, p the charge per unit volume in the semiconductor,
P the charge per unit area in the semiconductor, and t the

"thickness of the semiconductor film as before. Then the excess

charge per unit area, AP, due to the space charge region is,

P = P -
A P~ P

where the subscript b refers to the flat band bulk value. Therefore,

4 E_ - E(Z) % E_ - E
7 F v
=% [ exp - I — - e
AP = N_ [ exp - ( v ) 4z - N fo exp = ( T

o ) az
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Substituting from equation 5.28 for E(Z), and integrating the

second term in the above,

AP = Pb{fz exp (oe /Lp ) 8Z - t }
where o = 0.027/kT, and p, = N, exp ~(

Changing the variable of the integration to,

-2
. /L
y = Qe D ]
one obtains,
- o y o
Ap Py, (s 6/l y e’ dy t }
ae
Let ¥y = du in above,
: 1 Lou
op = p { LDJ‘%/LD == du-t}
e
22
- : S I S 1 -
= Dy {LD(ln w4 oau +ggy cd) /L t }
e D
2 /T
o t D
4 e ] e a +
p, {Lplor 557+ oo -l g ae *
D
O:Ze"aG/LD
— + .. )) -t}
2.2!

But, in the absence of any variation in the mobility,

I

il
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Ag _ AP _ AP
£o Py Pyt
L 2 -t /1, 2 -2t/L
- D o _ D o D
Y {a My + ... - (0e ST e .o}
5.29

Taking the high temperature (T = 343 K) data of Fig. 5.1k
. . o)
for fiim 30.9, where t = SEOK, and substituting for LD = W34, the

above expression gives,

S
‘ 7
(o]
°

A similar ealculation for the saddle point (x = a/?,

y = 0) gives

be . 58%x107°
g, .
It can be seen that the above value of ig is already
o

about one order of magnitude smaller than that predicted by

the Barbe model, where using egquation 5.15, a value of

A ) . .
=€ = 1,15 is obtained for film 30.9 at 343 XK.

g

o)
It is apparent that the expected final modulation using

the present model will be much smaller than the upper limit of 0.1
predicted above by using a simplistic approach. This is because
of the large three-dimensional fluctuations in the potential
distrivution (and, therefore, in the space charge layer) as
illustrated in Figs. 5.17-5.19, and hence the final modulation will

be very much reduced from that predicted above.
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Levine has also considered the effect of dielectrie
discontinuity. This only comes in as a scaling factor, whereby
the value of € is replaced by the diélectric mean of the gate
insulator and the semiconductor for the space charge region in the
'-semiconducéor, and by the dielectric constant of the mica for the
space charge region in the insulator. In our case, this meané
multiplying the above predicted’Ag/go by a scaling factor nct
greater than about 1.4,

A more detailed analysis of this treatment will not be
carried out here, although the calculation of the expected
conductivity modulation taking full account of the space charge

fluctuation would be desirable.

5.5.2.3.2 A.C. Field Effect

Since the field effect measurements in the present study
have been limited to room temperature and 343 K, it is not possible
to determine uniquely the temperafure dependence 6f the field effect
mobility in SeTAG films. However, there is a good deal of
evidence from Marshall and Owen's transient photocconductivity
(briefly discussed in Section 3.8, Chapter 3) and field effect
measurements in STAG films that the mobility is trap limited,
although, as alréady pointed out in Section 5.1, the validity of some
aspects of the data from the lattef)experiments may be in doubt.

Apart from the above evidence, examination of the field
effect data at 210 Hz and 1 kHz in Figs. 5.8 and 5.9 shows Ag/go
to vary linearly with gate voltage in the accumulation region,
which, as it will be shown below, also indicates a trap limited

process. Therefore, this is assumed a priori in the following analysis.
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The enhancement region is considered first (Vg < 0).

It is proposed that immediately after the application of Vg’

carrier conduction takes place in the extended states below Ev’

with trapping in a set of traps of effective density Nt cm—3

at an energy E, above the valence band mobility edge. If Mg

t
in the trap limited drifi mobility, and the amount of charge

trapped is much greater than that in the extended states, then,

N, | E-E_
Mre = Mg = Mexe - § @ (@ ) 5%
t - .
where H__. is the extended states mobility below E, given by

equation 3.23 in Section 3.7.1, Chapter 3. Also, by definition,

Ag/g :
= bdg _ "o
Heo 8q, ia, N , 5.31

Therefore, from equations 5.30 and 5.31,

A ha, N, E
28 = T . — . exp ={Ttv/kT) 5.32
g g ext N
o o t .
where Etv = Et - Ev'

Since at constant temperatureAgo is constant, then
5.32 shows Ag/go to be directly proportional to AQg in agreement

with the data of Figs. 5.8 and 5.9.
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Also, for conduction in the extended states, the conductivity

is given by¥,

E

_ _.¢ JFV,0
g = Cext exp ( ~£Ef-"‘) 5.33

. . -| = .

where the preexponentisl constant,C_ =N e U . exp(y/k),
- _ -l -1

EFV,O (EF Ev) T=0 * and ¥ = 3.1 x 10 eVkK .,

Using the U, data of Table 5.2 for films 30.9, L0.79 and

fe
52.10, together with the conductivity data for each film, the
estimated parameters listed in Table 5.3 below were obtained through
equations 5.30 and 5.33. It can be seen that the set of traps
controlling the field effect mobility in the enhancement mode are
situated at 0.25-0.32 eV above the valence band mobility edge, and

are of approximate demsity of 3 x 1019 cme.

N
. v -1 -1 -3
ﬁz%m o (299K U, (343K) B, _(e¥) F, Vext €t (8 Tem D) W _(299K)| W, (em
c:mQV"ls—l chV—ls—l cm.QV_ls“:L cm.”3
20.9 | 1.9x10°% {1.0x1073 | 0.32 51.3 921 9x10%8 | 351010
4079 b0~ [ 1.4x1073 | o.25 6.7 2036 2.2x10%9| 5. 7x10%°
50.100 1.6x10 % | 7x207% 0.30 18.7 4526 b x10790 ) 1x1070

Table 5.3. Trap Limited Drift Mobility Parameters Computed from A.C.
Field Effect Data in the Enhancement Mode

¥See equation 3.22, Section 3.7.1, Chapter 3.
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When negative charge is put on the gate, positive charge
is induced in the semiconductor below Ev. The above theory
shows that these holes are trapped by a set of traps of energy
Etv above'Ev, which we could assoclate ﬁith the D centres
(12)

below E_ proposed by Mott, Davis and Street , Street and Mott

(13)
. )

When negative charge is induced in the semiconductor, howéver,
the electrons cannot interact with the D centres which are
hole traps, and if the same kind of trap limited process is present,

. ) +
then these traps can only be situated above E, (i.e. D centres).

I
In this case, the field effect mobility in the depletion mode would
predict the depth of the electron traps below the conduction band
mobility edge. Because of the much lower mobility cfﬁ#ﬁé
Sombor '
electrons compared to the holes inschalcogenide glasses, however,
the absolute magnitude of Ag/go will be smaller in the depletion
regime as shown in Figs. 5.8 and 5.9. This model would also
reéﬁ?fe Ag/go to vary linearly with charge when the semiconductor
is strongly depleted. It is not possible to say for certain whether
this is what happens by the examination of the present data. Marshall
. and Owen's data on Ange3 and STAG show Ag/go to be independent of
. 9 12 -2
O _ for strong depletion ( S 21x107" cn ), whereas Mahan and Bube
N ~ . . S 12 -2
do not observe saturation in As2Te3 with - > 1.5 x 10 cm
and at comparable temperatures (T = 273 K). In fact, for
temperatures above 320 K, it is found that inversion occurs in this
material. They do not report a similar behaviour in As2SeTe2, and
As2Se2Te, both of which are strongly p-type. Egerton's A.C. field
effect data also shows a weak dependence of Ag/go on Qé at

Q y
Eﬁ =2 x 1012 cm 2.
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By taking the asgympotic values of the 210 Hz and 1 KHz
'data of Figé. 5.8 and 5.9 respectively, the electron trap depth
below the conduction band mobility edge is found to bé about
0.34 eV (e.f. hole traps at 0.25 eV above EV). A direct estimate
of the density of D+ centres 1s not possible, since the electron
mobility and the effective density o1 states in the conduction band
are not known. However, the theory requires the density of D+ and D
centres to be equal, and thus the density of the electron traps is

expected to be about 6 x 10%7 a3 as well.

5.5 Discussion and Conclusions

In this chapter, the electrical properties of SeTAG thin

films prepared by flash evaporation from bulk ingots of Ch6 nominal

1739
composition were reported.

Room temperature resistance measurements as a function of
film length, and = linear I-V characteristic, both indicated ohmic
contacts to be present between the Cr electrodes and the semiconductor
film.

Variation of room temperature resistivity with film
thickness showed no systematic functional relationship between
these two parameters, and therefore, it was concluded that the
* bands were effective}y flat at the surface. This conclusion was
supported by the work of others on similar chalcogenide alloys.

Field effect measurments formed the most important
paft of the study of the electrical properties of thin films, which
wag carried cut during the course of this work. The most significant
oﬁservation hes been the decay in fileld effect.modulation with tinme
towards zero. This is in direct contradiction to the two recently

reported measuvrements by Marshall and Owen¥® on Ange3 and STAG films,

¥Henceforth referred to as MO in some instances.
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35 As-S8e-Te and SbgTe3 films. Although

the magnitude of the induced surface charge in the present study was

and by Mahan and Bube® on Ang

kept to less than U x lOll cm,~2 in most cases, Egerton reported a

Q . _
very similar decay in STAG films for EE vE 2 x 1012 cm 2, which

is comparable to the largest charge densities used by Marshall and

<+ 3 %10 en @,

rnbgo

Owen, where

As already pointed out in Section 5.1, however, the Valiéity
of Marshall and Owen's data may be in doubt, because of the film
fabrication procedure and the experimental methods used. Also, all of
their data were recorded at or below room temperature, where the
observed decay in modulation is expected to be slower, and therefore
more difficult to observe. However, there is almost no doubt about the

- validity of Mahan and Bube's data, where standing field effect modulations

were recorded in the range 255 K < T < 345 K in the case of ASQSeTe2
alloys. In the absence of any experimental artifacts giving rise
to conflicting observations, the 6nly differencé between the films
prepared in the present work and by Egerton on the one hand, and those
prepared by MO and MB on the other, is that in the former cases they
were flash evaporated, while the latter used R.F. sputtering. This
point, and the expected dependence of the observed standing
modulation on defect density will be returned to léter in this
‘section. First, the present data are discussed in the light of
the Barbe model and the Discrete Charge Model.

The analysis of the 210 Hz field effect data was carried
out in Section 5.4.2.1 using the Barbe model. However, even if a

structureless, CFO type density of states pertinent to the model may be

¥Henceforth referred to as MB in some instances.



]

assumed,'the Barbe analysis results in pronounced curvature in

the Ag/go vs Qg/e curves in both the enhancement and the deplefion
regimes because of the function Fp in equations 5.11 and 5.15. Fp
has been plotted in Fig. 5.21, and any fitting procedure to the

210 Hz data involves only Fp and L/t, where the latter is only a
scaling factor. This is effectively the method used by MB for tﬁeir
analysis of the field effect data, by assuming conduction to be
controlled by the states at the Fermi level. Since the results on
SeTAG show a linear variaﬁion of Ag/go with Qg/e in the enhancement
mode, a Barbe type analysis does not seem to be applicable.

Turning instead to a trap limited field effect mobility
mechanism, as proposed in the Discrete Charge model and by MO, the
210 Hz field effect was explained satisfactorily in terms of trapping
of injected carriers by the D—‘and D" centres in the accumulation
and depletion regimes respectively. The various parameters for
sample ﬁ0.79, which have been coﬁputed using this theory, are shown
in Fig. 5.22%,

In Section 5.4.2.3.1, an estimate of the absolute upper
1imit for the conductivity modulation at iong times was obtained by
using Levine's analysis for the potential distribution arising from
a square array of surface states at the semiconductor/insulator
interface in an MIS system. Ag/go was found to be about 0.1 under
the conditions of maximum band bending, if all scattering present

because of three dimensional fluctuations in the potential near the

¥The data in this Figure compare to MO's findings of hole trapping

19 —>1020 cm.—3 in density at 0.13 eV below E_ in STAG films,

centres of 10 F
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interface were neglected, and if the space charge due tq the region
in the material with maximum modulation were taken to persist
throughout the semiconductor. Evén under such optimum conditions,
' the predicted modulation  was found to be about one-tenth of that
calculated from the Barbe model. Because of the significance of
scattering in a more precise computation of conductivity modulation,
it is expected that the final Ag/gO will be much reduced from the
value of 0.1 predicted above.

It is also interesting, thought not surprising, to note
that the modulation calculated from the discrete chargs model is
highly sensitive to the defect density present in the solid. The
lower the density of defécts, N, the larger the average separafion of
1N~l/3

the charged centres, taken to be 3 , from the dielectric interface,

and hence the greatér the degree of final modulation expected.
In this vain, 1t is poséible to understand why a steady state

e _ _
modulated conductivity may be observed in a material like AseTe3, but
not in SeTAG, where because of more disorder, the defect density in
the latter is expected to be larger. However, such a proposal does
not clarify the apparenf difference between the behaviour of sputtered
and evaporated films, unless the various deposition parameters in each
case (i.e. the deposition rate and the substrate temperature) are
knoﬁn. Marshall and Owen do not give any details of the sputtering
conditions they used, but Mahan and Bube guote a rate of 67X min;l.

+ for flash evaporated

This compares to an average rate of about TX s
SeTAG (although the higher R.M.S. peak values, when the grains are
droppéd into the hot boat, would.Bé more relevant to the present
discussion). Under the gross assumption of comparable substrate

temperatures, one may expect a larger defect density in SeTAG owing to

a higher deposition rate.



5.5.1 BSuggestions for Future Work

(17)

In a recent paper, Mott and Street have examined
the discrepancies between the findings of MO and MB, They also
conclude that the details of sample préparation may be important
in understanding the various observed field effect properties
in chalcogenide glass films. From the point of view of the data
presented in this wo#k, it would be useful to study the field effect.
in sputtered and evaporated films under the same experimental
conditions.

. " Finally, this study has limited itself to the short
time and long time processes at two different temperatures. More
work as a function of temperature would be desirable., Also, the
charge transfer mechanism in the intermediate time regime giving rise

to the decay has not been considered quantitatively. A detailed

analysis of this region should be carried out as well.

&

%)



Chapter 5 -~ References

l‘

{(b)

9.(a)

(b)

H. Fritsche, S.R. Ovshinsky, J. Non-Cryst. Solids, 2 (1970) 393

D.F.
R.F.
AW,

P.A.

229
J .Mﬁ

T.C.

Phys.
R.H.
App.

J.E.

Barbe, J. Vac. Sci. Tech., 8 (1971) 102
Egerton, App. Phys. Lett., 19 (1971) 203
Levy, M. Green, W. Gee, J. Phys. C., T (1974) 352

Tick, J.H.P. Watson, J. Non-Cryst. Solids, 13 (1973-TkL)

Marshall, A.E. Owen, Phil, Mag., 33 (1976) 45T

Arnoldnssen, C.A. Menezes, Y. Nakagawa, R.H. Bube,

Rev. B, 9 (1974) 3377

Bube, J.E. Mahan, R.T.-S5.5hiah, H.A. Vander Plas,

Phys. Lett., 25 (1974) L419

Mshsn, R.H. Bube, J. Non-Cryst. Solids, 24 (197hk) 29

M. Kastner, H. Fritsche, Mat. Res. Bull., 5 (1970) 631

M. Green, W. Gee, A.W. Levy, P. Ming, J. Phys. D., 5 (1972) L55

10.(a) W.E. Spesr, P.G. LeComber, J. Non-Cryst. Solids, 8-10 (1972) 727

(b) A. Madan, P.G. LeComber, W.E. Spear, J. Non-Cryst. Solids, 20

11.

(1976) 239

AW,

1972

Levy, Ph.D. Thesis, Council for National Academic Awards,



12.

13.

1k,

15.

16.

17.

18,

N.F. Mott, E.A. Davis, R.A. Street, Phil. Mag., 32 (1975)

962
R.A. Street, N.F. Mott, Phys. Rev. Lett., 35 (1975) 1293

See, for instance, T.L. Hill, Introduction to Statistical
Thermodynamics, Chavter ;8, p.321, Addison Wesley Publishiﬁg

Co., Massachusetts, 1960

M. Green, M.J. Lee, Solid State Surface Science, Vol. I,

Chapter 3, p. 167, Dekker, New York, 1969
J.D. Levine, Surface Science, 10 (1968) 313
N.F. Mott, R.A. Street, Phil. Mag., 36 (1977) 33

M.H, Brodsky, M.A. Frisch, J.F. Ziegler, App. Phys. Lett.,

30 (1977) 561



20
-3
%)

Chapter 6

Summary and Concluding Remarks

In this study, complex chalcogenide glass alloys in the

series Chy ¥y, » Where Ch = Sejq 4 Tegy 55 ¥ = Asqy ) Geys ¢ and

00~x
x = LU5%, 61% and T1% were prepared. The structure of the bulk ingots
was investigated in Chapter 2 using scanning electron microscopy
and X-ray powder diffraction. Eleétron probe microanalysis (EPMA)
showed the bulk ingots to be homogeneous, and the nominal and
actual composition of the ingots to be inpégreement in the majority
- of cases. Softening temperature stuéies indicated that increasing
chalcogen content led to a looser strﬁcture and a lower softening
point.

Various thin film deposition techniques from the parent
Ch6lY39 bulk glass were investigated in Chapter 4. For reassons of
compositional inconsistency or poor electrical properties, the Knudsen
cell and the D.C. sbuttering methods were found to be unsatisfactory.
Instead, flash evaporation was selected as the most reliable means of
depositing SeTAG thin films. EPMA data indicated that these films
were reasonably consistent in their compositions. Transmission
electron microscopy showed the films to be amorphous, but it also
indicated that they were very susceptible to damage and rapid
crystallisation by the electron beam through heating.

The electrical transport properties of bulk ChX Y100~x
SeTAG glasses were investigated in Chapter 3 by making D.C. conductivity
and thermoelectric power measurements as functions of temperature and
composition. The Seebeck coefficient data indiéated that all the
specimens were p-type. The temperature deééndence of the optical
gap in the Ch61Y39 glass was also measured, and it was found to be

about 3.1 x 1o'u eVK L.



Slight curvatures were observed in all plots of conductivity
and thermoelectric power against the recipfocal of temperature for the
bulk specimens that were studied. The data could best be fitted to

(1) (NCD), in which p-type conduction

a model proposed by Nagels et al.
was proposed to take place in parallel in the extended valence states
and in the localised valence band tail in the mobility sap. The width
of the localised valence band tail was found to increase with increasing
compositional disorder in the chalcogen network (i.e. decreasing

X in ChX YlOO—x) in agreement with NCDfs observations in Si-As-Te
glasses, However, in both SeTAG and Si-As-Te glasses, the effective
density of states, Nv’ in the valence band was about two orders of
"magnitude less than that in the localised valence band, NB(NB N 2x1021
cmf3). This was not considered possible, when the energy separation
between the above two sets of levels was about 0.1 eV. It was concluded
that although the band tail states may contribute to some extent to the
total conduction process, thé NCD model was not sufficiently refined

to explain the conduction process‘in a totally satisfactory manner,

It was proposed that the inclusion of‘the temperature dependence of

the hopping mobility (neglected in the NCD analysis) and the shape of
the density of states as proposed by Grant and Davis(z), together with

a possible small deviation from linearity in the variation of (EF—EV)
with temperature, may lead to a more likely explanation of the observed
bulk properties. in Chapter 3, the effect of heating in air of bulk
SeTAG was also briefly investigated. Annealing was not observed,

but instead it was found that a conducting 'skin' could be formed which

enhanced the conductivity. Removal of the skin resulted in the

restoration of the original electrical properties.



The field effect data on SeTAG thin films were presented
in Chapter 5. The films were found to be p~-type. A continuous
decay of the field effect current with time was noted. The data
were examined in two regimes in terms of a discrete charge model.

" The small observed modulations a long time after the application of
the field were explained by the large potential fluctuations arising
near the semiconductor-dielectric interface due tc : the: charge
builtA}n that region. The A.C., short time, field effect data above
200 Hz, on the other hand, were found to represent a trap limited
drift mobility process, where, in the enhal.ncement mode, the trapping
centres, Nt’ were roughly 0.25-0.32 eV above the valence band

19 o

mobility edge, and of about 10 m_3 in density. The depletion data

could also be explained in terms of a.set of electron traps (i.e.

(3)

+ . . . . . .
D centres in the paired dangling bond plcture above the Fermi
level, The latter proposal was, however, tentative because of the

limitations of the data in the depletion mode..

Finally, it should be noted that, assuming similar conduction

mechanisms to be present in bulk and thin films of SeTAG, the deep
‘hole trapping centres detected from the A.C. field effect
measurements are not likely to be detectable in the bulk thermopower
and conductivity measurements except at low temperatures not covered

in this work.
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