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A high temperature cell with a special electrode design was

developed to withstand the corrosive effect of liquid chalcogenide

alloys. Special methods involving computer control were used to

achieve greater accuracy in measurements of conductivity (a) and

thermopower (S). Measurements of a and S of liquids Seloo_xTex,

Se
100-X

T1
X

and Se
100-X

As
X

were made. Different purification

processes were undertaken to remove oxygen impurities from Se.

The activation energy of a of Se1004Tex at 30 < X < 50

shifts to a larger value at high T and a corresponding break is

observed in the plot of S versus T-I. This behavior is analyzed in

terms of a two-band transport with contributions from the mobility

edge of the valence band and from a narrow acceptor band. At low T,

transport is at the mobility edge of the valence band. Detailed

information about the characters of the acceptor states is obtained

and the effect of oxygen on the results is discussed.



a and S of Se
100-X

T1
X
were measured for 0 < X < 55 and

up to 630°C. a shows a large increase with X which is caused by

transport in states created by the Tl atoms. This is explained by

formation of diatomic negatively charged T1Se- and neutral paramag-

netic T1Se* molecules which form an acceptor band, reflecting an

attraction between Tl and one-fold Se bond defects previously found

in other alloys. As X is decreased, a gradual change from positive

S with positive slope to negative S with negative slope is observed.

This behavior is analyzed in terms of a contribution from ionic

motion which becomes relatively important when the acceptor states

become localized at low X. Localization occurs at X = 20. Analysis

of the electronic behavior together with data in the literature

about spin density yields quantitative information about the rele-

vant parameters.

Measurements of a and S in Se
100-X

As
X

were made at

0 < X < 40. A p-n transition is observed for X < 20 which is

similar to that observed in Se 100-XTeX for X < 20.
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ELECTRONIC BEHAVIOR OF LIQUID SELENIUM AND ALLOYS
WITH TELLURIUM. THALLIUM AND ARSENIC

1 INTRODUCTION

Liquids can be classified into different types: metals, semi-

conductors, molten salts and molecular liquids. Liquid metals (LM)

and liquid semiconductors (LS) conduct electronically in contrast to

molten salts and molecular liquids. To define whether a liquid is

metallic or semiconducting. a number of authors have used a classi-

fication based on the magnitude of the d.c. electrical conductivity

(a). Ioffe and Regel (1) has proposed that liquids with a < 104

(ohm -cm)-1 are semiconductors. Allgaier (2,3) has suggested a lower

value. a < 5 x 10' (ohm-cm)-1. Mott (4) has chosen another boun-

dary, yet smaller. Enderby and Collings (5) have categorized liquid

alloys according to the change of their electrical properties with

composition: a regular change is associated with LM and an irregu-

lar change corresponds to LS. Another criterion (6) is the tempera-

ture (T) dependence of the electrical properties [a and thermopower

S for example]. For LM, these properties depend weakly on T, while

a strong T dependence is seen in LS. Usually there is a correlation

between the magnitudes of a and S. When a is in the metallic range,

S is generally small in magnitude (<< 100uV/deg) and when a is not

in the metallic range, S systematically increases into the range

>> 100 uV/deg.

In the above frame of reference, liquids such as Si [a=1.2x104

(ohm-cm)], Ge [a = 1.4 x 104 (ohm-cm)-1] and Te [a = 2.2 x 103
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(ohm-cm)", S = 45 pV/deg] are in the metallic range whereas Se,

which shows a small but strongly T dependent a. can be regarded as a

LS. There are some liquid systems that exhibit properties which

vary continuously between different ranges of behavior with changes

in composition or temperature. This type of behavior is often re-

ferred to as a metal-nonmetal transition and is observed for example

in liquid chalcogenide alloys.

The main concern of the present work is the investigation of

the electronic properties of LS, in particular liquid chalcogenide

alloys in the semiconducting range. They have been the subject of

intensive investigation over the last twenty years. A review ar-

ticle (1) and monographs on the subject constitute good sources of

information (7,8). To date, no broad single model is available for

explaining their physical properties, and development of appropriate

concepts for LS is still an important problem.

1.1 Liquid chalcogenide alloys

Liquid systems containing one or more of the chalcogenide ele-

ments S, Se or Te fall in the category of liquid chalcogenide

alloys. They seem to be prototypes of LS since most known LS sys-

tems do contain a chalcogenide element. The level of theoretical

analysis of their behavior is still insufficient for a deep under-

standing of their physical properties. The development of an appro-

priate conceptual framework poses a challenging problem. Owing to
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similarities between LS and amorphous semiconductors (AS).concepts

originally developed for AS are often invoked (A detailed descrip-

tion is given in chapter (2)]. For instance, the density of states

shows new features which are not observed in the crystalline case.

Fluctuations are believed to cause band tailing to appear at the top

of the valence band and at the bottom of the conduction band.

States in the tails are localized whereas they are delocalized

deeper in the bands. An energy called the mobility edge separates

the two ranges. The concept of bond defects is widely used. Bond

defects are atoms in unusual energy states as a result of unusual

bonding configurations. They can be atoms with generally n-fold

bonding and can be electrically charged, neutral or paramagnetic.

It must be emphasized that they are intrinsic defects. They can

create new states in the band gap (acceptor and donor states).

Different regimes of conduction and their corresponding trans-

port equations based on the features of the density of states men-

tioned above are advanced in the literature. A brief survey is

given in chapter (2). Each regime corresponds to a type of behavior

of a and S (magnitudes of a and S, their T dependence). Liquid

chalcogenides and their alloys often display a gradual transition

from, say small a and large S with strong T dependence to larger a

and smaller S with weak T dependence, as certain parameters such as

composition or temperature are changed. This type of transition

usually spans the different regimes and consequently liquid chalco-

genide alloys provide an ideal system for testing whether the
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advanced model and transport equations give a good description of

experimental data. Again, it should be pointed out here that not

all pertinent aspects of the experimental behavior are covered by

the theory and this seems to explain the paucity of cases in which

detailed agreement is demonstrated between theory and experiment.

The concept of bond defects is expected to have broader appli-

cation in LS than in amorphous semiconductors because of thermal

dissociation of bonds. Thermal excitations cause LS to have equili-

brium concentrations of atoms with various bond defects. Bond

defects in amorphous solids have relatively small concentrations and

are the results of molecular configurations which are not in thermal

equilibrium. Theoretical expressions for the concentrations of bond

defects in liquids can be derived from a new theory called the Bond

Equilibrium Theory (BET) described in some detail in chapter (2).

The electronic structure reflects the molecular structure, so that

BET makes it possible to determine the molecular basis of the elec-

tronic structure in the absence of direct structural information.

With the use of reasonable assumptions about the types of possible

defects that might be present in the liquid, together with the

condition of internal consistency (charge neutrality), this theory

provides a valuable tool for describing certain aspects of the

electronic transport.

One of the major differences between LS and amorphous semicon-

ductors which has become evident in the course of the thesis is that

a charged molecular complex can always drift in liquids whereas it

is fixed in position in the amorphous case. Therefore there is
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always an ionic contribution to the transport in liquids. The

extent of this contribution depends on many factors such as size of

the charged species, its mobility, and the character of the

electronic states (localized or delocalized). In cases where

transport is in delocalized states, the electronic mobility is much

higher than the ionic mobility and therefore electronic transport is

the dominant mechanism. However, for localized electronic states,

the electronic mobility drops by several orders of magnitude and is

comparable to the ionic mobility in certain cases, especially when

the ions are on small molecules. When this situation occurs, the

distinction between ionic transport and electronic transport may be

difficult to determine. This problem is encountered for the first

time in this thesis and is investigated to some extent.

The liquids studied in the work herein are Se, Se1004Tex,

Se
100-X

T1
X

and Se
100-X

As
X

where X is the composition parameter in

atomic percent. All of these systems have been previously

investigated in some temperature and composition ranges summarized

in tables (1.1) to (1.3).

The published data on Se show a lack of reproducibility (9-18).

a is thermally activated. Values ranging from .5 to 1.15 eV are

reported for its activation energy at low T. The behavior of S is

not well defined. Negative 5, positive S and p-n transitions (S

going from positive to negative) have been observed. The intrinsic

behavior is still unknown and the discrepancies are attributed to

impurities, especially oxygen.
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Table 1.1. Previous work on a and S of Se and Se
100 -X100-X X'

The compositions in references (19), (14) and (23)
are converted into atomic percent.

References T(°C) X a

Henkels (9) 250-500 0 yes

Lizell (10) 230-500 0 yes

Aliev et al (11) T<500 0 yes

Pelabon (12) 230-690 0 yes

Gobrecht et al (13) T<1000 0 yes yes

Mandjuri (14) 1-<1000 0 yes

Henkels and Maczuk (15) 250-500 0 yes

Abdullaev et al (16) 1-<500 0 yes yes

Gobrecht et al (17) T<1000 0 yes

Dutchak et al (18) 0 yes

Cutler and Mallon (19) 400-500 X>71 yes yes

Andreev (20) T<1730 0-30,70,100 yes

Perron (21, 22) T<900 50-100 yes yes

Mandjuri (14,23) T<1000 0-21 yes yes



Table 1.2. Earlier work on Se T1
100-X X

References T(°C) X a S

300-500 Tl2Se yes yes

Stoneburner (24) T1Se

T12Se3

Regel et al (25) 430-730 near 66.67 yes yes

Kazandzhan et al (26) 430-730 near 66.67 yes yes

Nakamura-Shimoji (27) T<550°C 45-68 yes yes

Pettit and Camp (28) 250-500 0-37.7 yes

Table 1.3. Previous work on Se As
100-X X

7

References T(°C) X a S

Henkels and Maczuk (15) 250-500 3.9,.99,.24 yes

Hurst and Davis (29) 300-600 35-50 yes yes
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The binary system Seloo_xTex has been studied over a wide range

of compositions (19-23). The most comprehensive investigation was

made by Perron (21,22) in the Te-rich range (50<X<100). An onset of

a metallic behavior is observed at high T in the sense that a is

large with a weak temperature dependence and S has small values with

a tendency to level off. Investigation of the range 0 < X < 50 has

been less extensive and has been mostly limited to the measurements

of a. No convincing model has been advanced to interpret the data

in this Se rich range.

Measurements of Se
100-

xTlx have been reported over the range

0 < X < 68 (24-28). A change in the sign of S is observed at the

stoichiometric composition X = 66.67, whereas a shows a minimum

(25,26,27). Pettit and Camp (28) carried out a measurements for

0 < X < 37.7 and over the temperature range 250°C < T < 500°C. They

found a thermally activated a and analyzed this behavior in terms of

a hopping mechanism. It should be noted that no thermopower data

has been reported over this range.

The Se
100-X

As
X

system has not been thoroughly investigated.

Henkels and Maczuk (15) observed a p-n transition in S at composi-

tions X < 5. Hurst and Davis (29) carried out measurements of a and

S over the range 35 < X < 50. p-type behavior was seen in S.

1.2 Present work

Measurements of liquid chalcogenides has always been a

difficult experimental problem due to the fact that the liquid state

is often attained at high T and consequently high temperature tech-
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niques are required. In the past, thermoelectric measurements in

our laboratory were made in a glass cell at T up to 500°C. Frequent

cell breakage and the desire to work at higher I led to the

development of a high temperature cell. However, at high T, the

physicochemical properties of these liquids introduce additional

experimental problems that must be overcome. The experimental

requirements and their solution are described in chapter (3).

Se and Se-rich alloys are difficult to study because of

uncontrolled impurities, believed to be oxygen, which cause

non-reproducibility of their electrical behavior. Earlier work and

our preliminary investigation (chapter (4)) show strong evidence of

impurity effects. The work in this thesis includes efforts to

improve the purification process and measurements to characterize

the change in behavior resulting from these processes. This has

resulted in samples whose behavior is more reproducible and can be

more definitely characterized, but the problem has not been solved.

Information has been obtained which leads to hypotheses about

possible mechanisms. The thesis work is believed to lay the

groundwork for further progress in this problem.

Measurements of Se
100-X

Te
X

(chapter (5)) were made in the com-

position range 0 < X < 70 with results qualitatively similar to

results already reported in the literature. For 30 < X < 70, plots

of In a vs T-1 shows two regions of T with different activation

energies. This has been a puzzle for a long time because it

suggests a two-band transport mechanism but a corresponding change

in slope of S vs T-1 has not been observed. In the thesis work, a
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change in slope of S vs T-1 was observed for 30 < X < 50. As a

result, by using BET and data from magnetic susceptibility data. it

was possible to make a detailed analysis in terms of added transport

in an acceptor band. This analysis yields detailed information

about the behavior of the acceptor band and the concentrations of

related bond defects.

a and S of Se
100-X

Tl
X

(chapter (6)) were measured for 0<X<55,

with results qualitatively similar to those of previous workers.

The S measurements are made for the first time. They show a very

unusual behavior which seems to be explainable only in terms of an

ionic contribution to transport, in addition to the electronic

transport, which becomes dominant as X approaches 0. The applica-

tion of the appropriate theory for the effect of the ionic transport

on the behavior of S is made for the first time in the thesis. The

overall behavior for X < 40 could be interpreted in terms of an

acceptor band formed from diatomic molecules consisting of Tl atoms

bonded to one-fold bond defect Se atoms. A detailed analysis was

carried out with the help of BET and magnetic susceptibility data

which yielded numerical information about the concentrations of the

acceptor centers and related parameters.

Chapter (7) reports measurements of a and S in Se1004Asx at

0 < X < 40. To our knowledge, this is the first comprehensive meas-

urement in the range 5 < X < 35. A p-n transition is observed for

X < 20 which is qualitatively similar to the behavior in Se-Te.

Because of the non-reproducibility attributed to oxygen impurities,
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this work was not pursued extensively and was left as an exploratory

study.
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2. THEORETICAL BACKGROUND

Liquid and amorphous semiconductors are closely related. They

are both disordered electronically conducting systems. Experimental

information about their electronic behavior shows a number of

similarities, particularly in the behavior of their conductivities

as functions of temperature. Differences are mostly quantitative.

Most liquid semiconductors, for instance, have higher conductivities

than most amorphous semiconductors. This is a consequence of the

fact that liquids exist at high temperatures and therefore have much

higher concentrations of electronic carriers than amorphous

semiconductors. To date, owing to these similarities, theoretical

concepts (density of states, band tailing, pseudogap, mobility edge,

etc . . .) developed for amorphous semiconductors (30, 31, 32, 33,

34, 35, 36) are often invoked and serve as a starting point for

understanding liquid semiconductors.

2.1 Electronic structure

Crystalline solids are characterized by short and long range

order. Each electron is described by a Bloch wave equation

T = u
k
(r)exp(ikr). The wave vector k is a good quantum number and

the energy E(k) can be used to derive information about the

electronic structure, particularly the density of states N(E). The

perfect short and long range order introduces sharp edges at the

valence and conduction bands and a well defined forbidden gap.
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In contrast to their crystalline forms, amorphous and liquid

semiconductors have no long range order and k is not conserved.

However, the energy is conserved in electronic interactions and the

concept of a density of states remains valid. The broad features of

crystalline density of states are preserved. Indeed, calculations

of density of states emphasizing the short range order rather than

the lattice periodicity have shown that the main characteristics

(energy bands, gap) found in crystalline solids are reproduced

(37). However, new features such as band tailing, qualitatively

shown in figure (2.1), appear. These tails are due to configura-

tional disorder and fluctuations in potential. [Band tailing has

also been observed in impurity conduction in crystalline semiconduc-

tors (38, 39)]. The states in the tails are localized in the sense

that the electronic wave function is confined to a small region of

space, falling off exponentially with distance. The idea of

localization due to disorder has been introduced by Anderson (40)

and followed by Gubanov (37) and Banyai (41). Deeper into the band,

the states are delocalized (extended).

Anderson gave a criterion for localization. In the absence of

fluctuations, tight-binding theory shows that extended states occur

in a band of width r = 2Jz, J being the overlap integral and z the

coordination number. In the presence of fluctuations AV in the

potential, states are nonlocalized provided that the ratio r/AV

exceeds a critical value n. Anderson estimated n to be 5 for the
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Figure 2.1. Band tailing in the density of states. (a) Shows the

case of a crystalline solid. (b) Corresponds to liquid

and amorphous semiconductors.
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case of z = 6. Recent work by Mott (42) yields n= 2. Mott (30, 31)

points out that localized and extended states are separated by a

demarcation energy which he calls the "mobility edge", referring to

the fact that the mobility of carriers drops by several orders of

magnitude beyond this energy.

Even though these concepts of band tailing, localization and

mobility edge are widely used in liquid semiconductors, there is no

generally accepted model for the electronic structure. A number of

models, recently reviewed in a book by Cutler (6), have been

proposed. They have been advanced in view of experimental

information, primarily to explain the electronic behavior. In this

work, a model similar to that of Davis and Mott (43) for amorphous

semiconductors is adopted but emphasis is put on the features of the

states due to defect centers.

2.1.1 Model of density of states

Figure (2.2) illustrates the Davis-Mott model. Narrow band

tailing occurs at the top of the valence band and at the bottom of

the conduction band. States in the tails are localized and are

separated from the extended states by the mobility edges Ec and

E. The difference between E
c

and E
v

is called the

"mobility gap". EA and EB are the "band edges". This model

is a modified CFO model (44)(Cohen-Fritzsche-Ovshinsky model) in

which the tails overlap to form a dip in the density of states

called the "pseudogap". In the Davis-Mott model, impurities and
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bond defect centers give rise to states near the middle of the gap.

These defects can act as acceptors and donor states (45, 46) and the

Fermi energy is pinned between them. Measurements of luminescence,

photoinduced optical absorption and electron spin resonance (47, 48)

support the existence of gap states. Defect centers are atoms in

unusual energy states as a result of unusual bonding configurations.

The kinds that occur in chalcogenides are called Valence Alternation

Pairs (VAP's) by Kastner and coworkers (49).

This model of defect centers is very likely to have a broader

application in liquids, where thermal dissociation of bonds is

favored, than in amorphous solids. Liquid chalcogenide alloys may

contain various bond defects on chalcogen atoms such as one-fold

coordinated species (1F) which may be electrically neutral (D*) or

negatively charged (D-) and three-fold coordinated (3F) species

which may be electrically neutral (D°) or positively charged (D*).

Table (2.1) describes the bond defects in the case of selenium

alloys. The normal two-fold (2F) center dominates at low temper-

atures. The negatively charged centers form acceptor states follow-

ing the reaction D- + h D* where h is a hole and donor states are

formed with D+ centers according to the reaction 0+ + e a D°, where

e is an electron.

In amorphous solids the concentration of defects is constant

and the Fermi energy is pinned by the presence of both donor and

acceptor states, whereas in liquid semiconductors the density of

defects changes with temperature and concentration and the Fermi



18

Table 2.1. Defect centers for selenium alloys

Symbols

D*

Species

X-Se.

D- X-Se:

Do X4e-Y

0+ X-re-Y

Nomenclature

Normal two-fold center (2F)

One-fold center (1F)
Paramagnetic center
Dangling bond

One-fold negatively charged
center

Three-fold center (3F)
Dangling bond

Three-fold positively charged
center
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energy is governed by the condition of electrical neutrality as will

be seen in a later section. The acceptor band grows as the

concentration of D- centers increases (figure 2.3).

2.2 Bond Equilibrium Theory (BET)

A statistical mechanical theory for the equilibrium

concentrations of bond defects has been developed by Cutler (50, 51,

52) in the case of Se and Se-Te alloys, taking into account the

polymeric structure of these liquids. The concentrations are found

to have expressions which differ from the usual ones inferred from

the law of mass action by containing an additional polymer factor,

reflecting the statistical interactions between formation of bond

defects due to the fact that they are part of polymer chains. The

concentration of a n-fold coordinated defect of species y is given

by

cy pnfn exp [-13(g + q
Y
CF)] , (2.1)

where B = 1/kT, cr is the Fermi energy, gy and qy are

respectively, the free energy of formation of species y and its

charge. pn is the polymer factor and fn is a factor which

describes the nature of the bonding in the case of binary alloys

(random bonding or nonrandom bonding). For liquids containing only

one kind of atoms such as Se, fn = 1. Application to liquid Se

gives the following concentrations of defects:

d
s

plexp(-Sgs) ,

d
s

=
r

psexp(-Bg
+
-se-) ,

s

(2.2)

(2.3)



d; = plexp(-14; BeF)

ds = p3exp(-Bes)
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(2.4)

(2.5)

where d, d+, d- and d° describe respectively the concentrations of
s s s

dangling bonds on selenium (q), of positively charged centers (D;),

of negative centers (DS) and neutral dangling bond 3F center (D5).

All concentrations are normalized to the concentration of atoms.

The polymer factors p1 and p3 depend on the branch ratio a (i.e.,

the average number of chain branches per polymer molecule)

2ci

CI-C3
(2.6)

where cl and c3 are, respectively, the total concentrations of 1F

and 3F centers. In the limit A>>1 it is found that p1 and p3 are

respectively proportional to A and A-1.

Bond defects may play an important role in the electrical and

magnetic properties of liquid chalcogenide alloys. Information

about the position of the Fermi energy can be obtained from the

concentrations of charged centers, using the condition of electrical

neutrality d+ = d-. This leads to

and

1
e
F
= (9- - 9+)

1
kT ln(}21) ,

2 2 p3

d+ = d- = (p1p3)
1/2

exp [- 20(g + + g)]
2

(2.7)

(2.8)
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The dangling bonds D* and D° are paramagnetic centers and

magnetic susceptibility measurements yield a spin density ds

which can be compared to d* and d° (53, 54).

The thermopower is related to the ratio d-/c1+ in the case of a

narrow acceptor band. Equations (2.2) and (2.8) give

Ind 1 p 1 + g-) g*
ln =- ln (-I) -

d* 2 p3 2 kT kT

(2.9)

Using the expression for CF (equation 2.7) together with

g* = e* - Ts* and g- = e- - Ts- where the e's and s's are,

respectively, energies and entropies of formation from the normally

(2F) bonded atom, one arrives at

In
d: EF (e - e*

) + 1 (s- - s*) .

d* kT kT

(2.10)

But EF = EF - Ev(0) (Distance of the Fermi energy from

the valence band edge at T = 0), (s- - s*) = -k 1n2 where 2 is the

spin degeneracy and e- - e* is defined as EA - Ev(0) where

E
A

is the acceptor state energy. Therefore

2d-
E
F

E
A e

In = J
A
---

d* kT

(2.11)

S
A

is the thermopower when transport is entirely in the acceptor

band and the band is narrow compared to kT.
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2.3 Mechanisms of conduction

It is often found that liquid semiconductors show a gradual

transition from a semiconductor to a metallic behavior as some

parameter such as temperature or composition is changed. A type of

mechanism that may occur is a conduction in localized states for a

certain range of temperatures and compositions followed by a conduc-

tion in extended state as these parameters are varied. S may exhib-

it a transition from a strong temperature dependence to a very weak

one with a tendency to level off which may mark the onset of a

metallic conduction. In most situations a and S can be described by

the general equations (35, 52, 53).

and

a = -ft a(E) (-2f) dE , (2.12)

;E

S = IL a(E) [E-E0 -r
(21-) dE ,

e a kT aE

where f denotes the Fermi-Dirac distribution function

and

E-EF -1

f = [1 + ,

kT

(2.13)

(2.14)

of
= -f(E) [1 - f(E)]/kT . (2.15)

DE
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E is the energy at which the conduction takes place and a(E) is the

contribution to the transport at any energy. The conductivity a is

assumed to be the sum of processes at different energies. A general

form for a(E) is given by

a(E) = e2D(E) N(E) , (2.16)

where D(E) is a diffusion constant. With the use of the Einstein

relation

eD=
kT

(p being the mobility of carriers) a(E) becomes

a(E) = e N(E) p(E) kT .

(2.17)

(2.18)

In the high conductivity range a(E)5 3000 ohm-lcm-1 the Ziman

theory for electronic transport based on weak scattering is

applicable (57, 58, 59). The carriers have a long mean free path,

greater than the interatomic distance, and have a gas-like motion

with a velocity v(E) and scattering time T(E). The Boltzmann

transport equation is valid and yields

2

D(E) =
w

3n2

a(E) reduces to

a(E)
e2 V 2

T
N(E)

3r2

(2.19)

(2.20)
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In the range a(E) < 3000 ohm -1 cm-1, the carriers move with a

short mean free path of the order of the interatomic distance and

with characteristic frequency of the order of r/h = 1015 sec -1 where

r is the bandwidth and h is Plank's constant. The Boltzmann

equation is not appropriate anymore and the Kubo-Greenwood (60) or

the Luttinger (61) equations serve as a starting point. Diffusive

motion in extended states occurs where a(E) is proportional to the

square of the density of states

c(E) = A[N(E)]2 . (2.21)

A more complete derivation, based on the random phase

approximation, has been given by Hindley (62) and Friedman (63).

The diffusion constant can be written as

a2v,
D=

6

(2.22)

where a is the interatomic distance and v
e

= 1015 sec-1 being

the electronic frequency. The validity of this diffusive mechanism

has been supported by Nuclear magnetic resonance studies (64, 65,

66). Mott (34) has estimated a critical value for c(E) below which

the states are localized:

.025e2 610
a(E) = ( ---) ohm-1 cm-1

ha a

(2.23)

This is an estimate of the minimum value of a(E) at the mobility

edge.
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The states below the mobility edge are localized. They have a

mobility smaller than that of the extended states by several orders

of magnitude and transport is by hopping. The carriers move from

one localized state to another with characteristic frequency of the

order of the vibration frequency vv-1013 sec-1. The diffusion

constant is expressed as

DH = 1 R2v ,

6

(2.24)

with R being the hopping distance. The hopping frequency is given

by

v = v e-
zaR

e-
(W/kT)

v
(2.25)

where the factor e-2aR describes the overlapping of the wave

functions, a-1 denotes the attenuation distance and W is the hopping

energy. Therefore the mobility can be written as

eR2 e_W/kT
u = v e-2aR

6kT v

(2.26)

The first theoretical investigation of hopping mechanism was

performed by Miller and Abrahams (67) and since then there has been

a considerable study of the subject (35, 68, 69).

2.3.1 Metallic approximation

When a(E) changes slowly near the Fermi energy EF, the

factors (af/aE) and (E-EF/kT)(af/aE) in equations (2.12) and



(2.13) act like the delta function and its derivative, respec-

tively. Equations (2.12) and (2.13) reduce to

and
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a = a(Ef) , (2.27)

S
ir2k2T

(

3 In a
)
E

3e aE F

This is known as the "metallic approximation".

2.3.2 Maxwell Boltzmann approximation

(2.28)

When the Fermi energy EF is in the mobility gap and lEm-EFI

>> 4kT, EM designating a mobility edge, then the factor f(1-f)

in equation (2.15) reduces to a Boltzmann factor exp {EF-E/kTI.

Equations (2.12) and (2.13) then yield (70).

and

a = a(EM) exp[-(Em-EF)/kT] , (2.29)

S = [1 +
(Em-EF)

]

e kT
(2.30)

EM can be the conduction band mobility edge or the valence band

mobility edge in which case EM - EF is replaced by EF -

E
v

. This type of conduction mechanism is referred to as the

mobility edge model. The conduction is at the mobility edge or in

extended states beyond the mobility edge. a and S are thermally



28

activated and have the same activation energy. They are combined to

give

a(EM) = a exp [91 - 1] . (2.31)

k

This mobility edge model is a special case for a type of analysis

done by Miller (71, 72) which has general validity for single band

transport in the Maxwell Boltzmann limit. The same approximation

can be used for transport in band tails where localization occurs as

long as IEF- EA1>4kT, EA being the band edge (35, 73). In the

band tails, a and S are, respectively,

and

EA-EF

exp[-chop
°I

kT kT

k
E
F
-E

A

Shop
[ + A] ,

e kT

(2.32)

(2.33)

with A being a constant. The activation energies of a and S differ

by W, the hopping energy.

2.4 Magnetic susceptibility

Magnetic susceptibility provides also a useful tool in the

study of liquid semiconductors. It contains essentially a diamag-

netic part (XD) and a paramagnetic contribution (xp)

X = XD 4" Xp (2.34)
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In high conductivity liquids, or in the metallic approximation,

information about the density of states N(E) can be obtained. For

instance, the magnetic susceptibility of liquid metals is composed

of three terms:

X = Xion + Xp + XL , (2.35)

where Y
ion' Xp and XL describe, respectively, the diamagnetic con-

tribution of the ionic core, the Pauli paramagnetic contribution and

Landau diamagnetism (74, 75). xp and XL are derived from

the free electron gas model:

Xp = 3XL = II N(EF) , (2.36)

where pa is the Bohr magneton. Xion is independent of

temperature and the magnetic susceptibility reduces to

X = A + BN(E) , (2.37)

with A and B constants. A number of liquid semiconductors in the

diffusive range are seen to obey this relationship (76, 77).

Equation (2.37) can be rewritten as

X . A + Do
1/2

(2.38)

In low conductivity liquid semiconductors, the high temperature

magnetic susceptibility gives informtion about the density of

paramagnetic defects (dangling bonds). xp is due to thermally



excited paramagnetic defects. For this situation, xp obeys a

Curie law (78)

Nut
Xp

3kT

where the magnetic moment is given by

gp, [J(J+1)]1"
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(2.39)

(2.40)

with g the Lande factor. The number of defects N is expressed as

N = NA e
-F/kT (2.41)

where N
A

is Avogadro's number and F = E
o
-TS

o
is the free

energy of formation of the paramagnetic centers (dangling bonds)

from a two-fold bonded atom. The dangling bonds have g=2 and

J=S=1/2. Now xp can be written as

1
S /k E /kT

xp r--- [NAv2B e ° e- ° ] .

kT

(2.42)
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3. APPARATUS

During the course of this work, a high temperature cell and a

special electrode configuration were developed. An effort was made

to improve the accuracy of the thermopower measurements which was

essential in the data analysis.

3.1 Design considerations

The design of the cell and its electrodes is dictated by the

physicochemical properties of the sample investigated. Selenium,

tellurium, thallium and their alloys are liquids at high

temperatures. They corrode most metals, they have high vapor

pressures, they expand on freezing and are very susceptible to

oxidation. Consequently, a cell with the following features is

necessary to conduct the experiment:

- It must withstand temperatures above 500°C.

- It must be resistant to the highly corrosive action of the

afore-mentioned liquids and it is important to protect the

metal electrodes from such corrosion.

- It must be designed so that volatility or high vapor

pressures do not cause a change in composition.

- It is desirable to avoid cell breakage due to the

expansion of the liquids on freezing at the end of an

experiment, so that the cell can be used repeatedly after

proper cleaning with appropriate solvents such as dilute

acids.
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3.2 High temperature cell

3.2.1 Cell configuration

A quartz cell, sketched in figure (3.1), is selected in view of

its high melting point, around 1200°C, and also because it does not

react with selenium or tellurium. Thallium and its alloys are seen

to attack quartz at compositions rich in thallium, above 60 atomic

percent, but most of the measurements taken are below that

composition.

The cell consists mainly of three regions: a plug region, a

reservoir and an electrode compartment.

To prevent a change in composition due to vapor leak through

the upper part (A), a removable internal plug is used to block this

region. Appendix A gives a detailed description of the plug.

Vapors are allowed to condense there and liquid flows back into the

reservoir and the electrode compartment.

The reservoir is constructed for two purposes: to achieve

homogeneity of liquid alloys and to avoid cell breakage at the end

of an experiment. Homogeneity is obtained by repeatedly tilting the

cell horizontally and vertically. This tilting forces the liquid

into the reservoir where mixing takes place. When a measurement is

stopped, the liquid is not allowed to freeze in the electrode

compartment which is the most fragile part of the cell. Instead, it

is forced into the reservoir by keeping the cell in a horizontal

position.
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Figure 3.1. High temperature cell and its envelope.
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The electrode compartment is made of heavy-walled quartz

tubing, 10 cm in length. The outer wall is ground flat on one

side, the width of the flat surface being 6 mm. Four holes, 2 mm

in diameter, are drilled through the flat surface. The center two

holes are separated by 3.5 cm and the two end holes are drilled

about 1.5 cm from the ends. One electrode is put at each hole.

Two of the electrodes are for current leads and two are for ther-

mocouples.

A technical detail of the cell is shown in figure (3.2).

3.2.2 Electrode design

Sealed metal electrodes are not used since selenium, tellurium

and their alloys corrode any metal, particularly at high tempera-

tures. The corrosion problem is solved by avoiding direct contact

between the metal parts of the electrodes and the liquid. The

configuration is illustrated in figure (3.3). A 5 mil graphite foil

is pressed against the hole and makes contact with the liquid.

Grafoil is a layered graphite gasket material. It is a good

electrical and thermal conductor and is impervious to corrosive

vapors. A 5 mil platinum foil, 1 cm in length and 6 mm in width, is

used as electrode. It is put on top of the grafoil and is thus

protected from direct contact with the liquid. An insulating slab

made of boron nitride is placed above the platinum foil. A good

seal is achieved by clamping the boron nitride slab with a
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molybdenum leaf spring secured with a few turns of molybdenum wire.

A leak test is conducted on the electrode compartment before it is

connected to the reservoir and the plug region (Appendix B).

3.2.3 Gas handling

Gas handling is an important part of the experiment. Since the

liquids are very susceptible to oxidation, they must be protected

from air contamination. Argon gas or a mixture of argon and

hydrogen, 96% argon and 4% hydrogen, are continuously flushed into

the cell and its envelope [figure (3.1)] so that the system is

always under the atmosphere of an inert gas.

The cell is designed so that a range of compositions of an

alloy can be measured continuously without cooling and removing the

liquid. The composition is changed by adding a known amount of a

constituent. A high flow of argon is run through inlet A and outlet

B is connected to an aspirator. When the cell is open, the argon

acts as countercurrent for the air coming into the cell and both are

aspirated. This procedure minimizes any possible air contamin-

ation. A schematic view of this vapor baffle is shown in figure

(3.4).

3.2.4 Limitations of the high temperature cell

It is found that the seal is not hermetic at high temperatures,

particularly near the boiling point of selenium (680°C). Selenium

vapor diffuses out between the flat quartz surface and the graphite

foil at a rate which is believed to be proportional to the vapor



platinum foil
Graphite foil

Molybdenum leaf spring

boron nitride
slab

Quartz tubing

Figure 3.3. Electrode configuration.

Aspirator
a-

Argon
e.--

1
To cell

Figure 3.4. Vapor baffle.

37



38

pressure. Thermoelectric measurements above 680°C cannot be made

with the present electrode configuration. Cementing the grafoil

sheet with Duco cement which is carbonized prior to any measurement,

results in a better seal.

It was mentioned above that thallium attacks the fused quartz.

The cell is damaged when thallium alloys are allowed to freeze in

the reservoir, especially in the case of alloys rich in thallium.

One alternative is to suck the liquid up before it freezes but, it

must be done very carefully because of the toxic nature of thallium,

even though it has a small vapor pressure.

3.3 Conductivity and thermopower measurements

Different methods have been reported for the resistivity

measurements (79, 80, 81, 82, 83, 84). In this work, the

conductivity and thermopower are measured simultaneously using a

d.c. four-terminal technique similar to that of Cutler and Mallon

(19). Control and data acquisition are accomplished by an H8 lab

computer. A diagram of the system is illustrated in figure (3.5).

3.3.1 Conductivity

Figure (3.6) shows a sketch of the conductivity measurement

arrangement. V
P
denotes the potential across the cell when

current is flowing and VR is the potential developed across
I

a reference resistor R
I

in series with the cell. V
P

and

V
RI

are average potentials with current flowing in each



direction in order to cancel the effect of the thermoelectric

voltage.

The conductivity is obtained from

p being the resistivity and given by

R

p = V (-- ) G .

P V
RI

G is a geometric factor determined by calibration with a known

liquid such as mercury.

3.3.2 Thermopower

Thermopower measurement arrangement is depicted in figure

(3.7). The thermopower, S, is obtained from

V

S = 9 + S (T)
AT P
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(3.1)

(3.2)

(3.3)

where AT is the difference in temperature between the probes, Vo

refers to the potential across the probes when no current is flowing

in the cell. S (T) is the thermopower of the reference metal

platinum.
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Figure 3.5. Block diagram of the thermoelectric measurement.
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Figure 3.6. Sketch of the conductivity measurement arrangement.

(P1 -PR1) and (P2-PR2) are platinum-platinum 10% rhodium

thermocouples. VP is the potential across P1 and P2

when current is flowing in the cell.
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Figure 3.7. Sketch of the thermopower measurement arrangement. Vo

is the potential across the probes when no current is

flowing in the cell.
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3.3.3 Heating system

The heating apparatus is an electric resistance furnace. It

can be tilted horizontally and vertically (figure 3.8). The cell is

kept in a vertical position when measurements are to be made.

Quartz wool is placed at the top and bottom of the envelope and at

the boundaries of the furnace to reduce chimney effect or heating by

convection. The cell is positioned so that the difference in

temperature AT between the probes is around 30°C.

3.4 Accuracy of the thermopower measurements

Stray voltages are eliminated by subtracting the voltages which

remain when the thermocouple leads are shorted by relays at the cold

junction (figure 3.9). The measured voltage across the thermocouple

leads before they are shorted is Vm=V-+V
stray

where VT is the real
;

voltage across the leads. When they are shorted V
shorted Vstray'

Therefore VT =VM - V
shorted'

The mercury-wetted relay has a resis-

tance R = .32. The thermocouple resistance RT is approximately

4o. Therefore the relay introduces an error 6V = (R/RT) VT. If a

resistance R
A

is added to the thermocouple leads then

6V = R/(RT+RA) VT. For RA = 10002 and VT < 5.4 mV, the error

becomes 6V = 1.6.4V (approximately .2 degrees) which is small.

In addition to stray voltages, there are limitations in the

reproducibility of the thermocouples. When two thermocouples are

placed at the same temperature, a temperature difference Jo
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Figure 3.8. Diagram of the heating system.
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Figure 3.9. Circuit for stray voltage correction. PI and P2 stand
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45

appears in their reading. Therefore a measurement of AT0 versus

T (with the two thermocouples at the same temperature) is conducted

beforehand and a correction is introduced by means of the computer

program.



46

4. PURIFICATION

A large diversity of values has been reported in the literature

for the electrical conductivity and the thermopower of liquid Se.

There is a consensus that these discrepancies are mostly due to

different amounts of oxygen impurity as it has been demonstrated in

crystalline (85, 86) and amorphous Se (87, 88, 89, 90).

Eckart (85) observed a resistivity of about 109 to 1010 ohm-cm

for pure crystalline Se. This resistivity decreased to 105 ohm-cm

after the Se was heated in air at 200°C for 500 hours. Kozyrev (86)

found a value around 5 x 107 ohm-cm at 70°C for a deoxygenated Se

and a value of about 104-105 ohm-cm for Se that did not undergo a

deoxidation process.

In the case of amorphous Se of 99.9999% purity, a room

temperature resistivity of the order 1013 ohm-cm was reported by La

Course, Twaddell and Mackenzie (89, 90). Once deoxygenated, this Se

showed a resistivity of about 1017 ohm-cm which dropped by more than

six orders of magnitude in the presence of 50 ppm 02.

A trend seems to occur in the amorphous and crystalline cases:

deoxygenated Se exhibits smaller conductivity than ordinary Se. On

the other hand, the situation in the liquid, reviewed in chapter 1,

is rather complicated. A spread of values is seen in the activation

energies of a (10, 12, 13), especially at low temperatures.

Gadzhiev (88) observed that a(deoxygenated) is smaller than

a(ordinary), whereas Abdullaev et al (16) found the opposite. As

for the thermopower, some investigators observed a p-type S (15,
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16), others saw a n-type S (16). A transition from n-type to p type

has been also found (13, 14, 17).

Figure (4.1) shows the conductivity data, which are obtained

for "unpurified" liquid Se, and its corresponding thermopower S is

traced in figure (4.2). a and S are measured up to 630°C and

plotted against inverse temperature t = 1000/TDK-1. For t > 1.2

(i.e. T < 560°C) a follows different curves reflecting a strong

sensitiveness to impurities. Curves (1), (2), (3) and (4) were

obtained, on first heating, on first cooling, on second heating and

second cooling, respectively. Curves (5) and (6) were obtained

after the sample was kept at 350°C for a period of 12 to 14 hours.

At higher temperatures, a stays on the same graph. Similar behavior

has been observed by Mandjuri (14), Gobrecht et al (13, 17). A p-n

transition occuring between t = 1.3 and t = 1.4 (441°C < T < 490°C)

is seen in S. S is very time-dependent even at high temperatures.

This behavior of a (different activation energies at low tempera-

tures) and S (non-reproducibility of the data even at high tempera-

tures) is ascribed to a large amount of oxygen impurity whose effect

is very pronounced at low temperatures. It is then desirable to

maintain a system free of oxygen or at least one in which the oxygen

content is relatively small. Different methods of removing oxygen

were therefore investigated. In all the work in this thesis, Se of

99.9999% purity and Te of 99.9999% purity were used.
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4.1 Methods of purification

4.1.1 Vacuum purification

Selenium is placed in a vessel made of glass which is connected

to a vacuum pump. Argon is passed through the system for about one

hour to drive out oxygen. Afterwards, the vacuum is applied and the

system is evacuated to a pressure of about 10-3 Torr. Thereafter,

the vessel is heated slowly. The temperature is kept at 180°C for

24 hours. A liquid nitrogen trap is provided. It is believed that

the vapor consists mainly of Se02 and that the pumping will ensure

its removal. The pressure is brought down to about 10-5 Torr. This

method is similar to the one described by Koningsberger and

coworkers (92).

4.1.2 Distillation

The main features of the distillation method are shown in

figure (4.3). The apparatus is made of quartz and is preheated at

800°C in argon atmosphere to drive out any water adsorbed on the

walls. It consists of four compartments. Se is heated in

compartment I where the temperature is kept at 350°C. Highly

purified argon is passed through the system. It provides an

atmosphere free of oxygen and also carries the selenium vapor into

compartment II. Graphite rods and graphite powder are placed in

this second compartment where the temperature is maintained at

800°C. They act as a getter and oxygen is expected to be removed in

the form of carbon monoxide, CO. The selenium vapor goes through a
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third region kept at lower temperature (around 300°C) and starts to

condense. The liquid is collected and freezes in compartment IV.

4.1.3 Ammonia method

Figure (4.4) depicts the configuration for "Ammonia bubbling".

This method is used to purify Se and Te. Se (or Te) is introduced

in the quartz container which thereafter is flushed with argon for

about one hour. The temperature is slowly increased up to 530°C.

When the melting point of Se (or Te) is attained, the small quartz

tubing is lowered into the liquid and NH3 is allowed to bubble for 3

hours. Possible chemical reactions for this purification method are

3 Se02 + 4NH3 + 3Se + 6H20 (vapor) + 2N2 (vapor)

Se + H2 + H2Se (vapor)

The H2 is expected to be present as a result of decomposition of the

NH3. At the end of the treatment, the bubbling tube is raised

before allowing the liquid to freeze.

4.2 Results of purification

4.2.1 Selenium

The conductivities and thermopowers of purified Se are plotted

in figures (4.5) and (4.6). Typical samples from each purification

method are shown. The A's stand for the ammonia method, the D's

signify the distillation process and the V's refer to the vacuum

purification. A carbon chunk, which is believed to act as an oxygen

getter, was introduced in the cell during the measurements of Se
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that underwent the distillation and vacuum purification.

One striking aspect of the results is the reproducibility of a

for each sample on different cycles of heating and cooling and

throughout the temperature range, whereas in the "unpurified"

selenium, where it is believed that oxygen contamination is large, a

exhibited different activation energies at low T (figure 4.1).

The behavior of a (and S) is qualitatively the same, indepen-

dent of the purification method. a shows small activation energies

at low T which shift to high values at high T (table 4.1). S often

displays a p-n transition and tends to level off at low tempera-

tures. At high T, these discrepancies are less pronounced. None of

the purification methods yielded a unique curve. However, a pattern

is observed: the ammonia purification seems to show higher activa-

tion energies in a. Of the three purification processes, the

ammonia method leads to the smallest a and to the occurrence of p-n

transitions at lower T. Tables (4.2) to (4.4) describe the results

obtained in this work along with that of other investigators.

A hysteresis in the thermopower S, shown in figure (4.7),

appears when the liquid is left at low temperatures for many hours.

Curves (a), (b), (c), (d) and (e) were obtained in that order, (a)

and (d) on heating after T was kept around 325°C for 12 hours, (b)

and (e) on cooling after maintaining T around 600°C for 2 hours.

Curve (c) was obtained on heating, the temperature being kept at

295°C for only 2 hours. No change was detected in the conductivity.

It is conceivable that this hysteresis may be caused by the presence

of impurities. The Soret effect is thought of. The Soret effect is
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Table 4.1. Activation energies obtained from the three purification
methods. Ea, and Ea, are respectively the activa-
tion energiet t low And high temperatures

Selenium Eal(ev) Ea2(ev)

V1 .49 1.07

V2 .39 1.10

D1 .47 1.04

D2 .49 1.04

Al .72 1.26

A2 .54 1.17

A3 .53 1.24

Table 4.2. Summary of the results of purification at low tempera-
tures. al is the conductivity at t=1.4 (T- 440°C) and
E is the activation energy.
Cl

Purity of Se al(10-5srlcm-1) E01(ev) References

metallic impurities
less than 30 ppm

4.6

- 4.5

.95

1.14

(12)

(10)

- 4.5 1.15 (9)

Se (99.999%) - 3-8 .5-1.15 (13)

VSe 2-18 .24-.49

DSe 3-10.5 .33-.73

ASe 1.7-6.4 .53-.72
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Table 4.3. Summary of the results at high temperatures.
Ea, is the activation energy and a2 is the
cohductivity at t = 1.1 (t 635°C)

Purity of Se a2(10-32-1cm-1)
E
02

(ev)
References

3.6 1.43 (12)

Se (99.999%) 5 1.32 (13)

VSe 1.3-2.2 1.07-1.15

DSe 1.2-1.9 1-1.28

ASe 1.1-1.3 1.17-1.26

Table 4.4. Behavior of S. t
t

is the transition temperature

(temperature at which p-n transition occurs)

Purity of Se
tt

Behavior of S References

Se(99.9999%)
Se(99.99999%)J

Se(99.999%)

VSe

DSe

ASe

P type (15)

p type (16)

n type (16)

p-n - 1 (14)

p-n 1.19-1.5

p-n 1.16-1.35

p-n 1.3-1.48
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the formation of a concentration gradient when a temperature

gradient is imposed on a two-component liquid system. It takes

hours for such a concentration gradient to fully develop, particu-

larly at low T, and therefore it is unlikely that keeping the liquid

at low T for a short time will introduce a significant change in a

or S. A longer time is needed. In this work, the thermopower S

dropped to a lower value (figure 4.7) after the liquid was kept at

low temperatures for at least 12 hours. If this behavior is due to

the Soret effect, it should disappear on mixing the liquid again,

that is a and S should regain their original values. Mixing the

liquid many times, however, did not have any effect on a or S and so

there was no evidence of the Soret effect. Another possible cause

for the hysteresis is nucleation. Small quantities of unstable

solid phase, called nuclei, may be formed in the liquid, particu-

larly at low temperatures, but their size is still less than the

critical size necessary for a nucleus to become a center for

formation of a stable solid phase. These nuclei eventually

disappear, especially when T is increased, and so S would not stay

on the same curve upon heating and cooling. Se02 may precipitate.

It is also possible that it precipitates in the form of polymer

molecules (Se02)n which do not form a separate phase but are

microscopically dispersed in the liquid. The fact that a was not

affected may be understood if one looks again at the cell and

electrode configuration (chapter 3). The electrodes for the

thermopower measurement are the top and bottom electrodes, whereas
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the current leads for the conductivity measurement are attached to

the middle electrodes. The bottom is in the coldest part of the

electrode compartment and at low T nucleation more likely occurs

there and affects the thermopower rather than the conductivity. It

is also conceivable that, in view of our ignorance of the detailed

mechanism whereby the electronically active oxygen affects a and S,

S is altered without a change in a.

The effect of adding oxygen to purified Se has also been

investigated. Purified Se was doped with oxygen using a mixture of

Se and Se02 as the oxygen carrier. No change in a or S was

observed. Se02 sublimes at low T, around 315°C, and that hampers

its solubility in Se as T is increased. A purified Se sample, after

being exposed to air at room temperature for a week, did not show

any change in its conductivity. It is believed that diffusion of

oxygen into Se at room temperature is not likely to happen in a

short period of time. Introduction of air in the liquid at

different temperatures did not affect a. A prolonged exposure to

air may be needed. Eckart (85) observed a decrease in the

resistivity of amorphous Se after it was heated at 200°C for 500

hours. Such a prolonged heating cannot be performed with our cell

because of the limitation imposed by the design of the electrodes

(chapter 3).

4.2.2 Selenium Tellurium alloys

The a(T) and S(T) curves for various values of X in vacuum and

ammonia purified Seloo_xTex are shown in figures (4.8) to

(4.10). They are representative of the two purification methods.
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Both Se and Te were treated in the case of ammonia purified

Se
100-X

Te
X'

A definite pattern emerges. For X > 20 the

ammonia purification decreases a. The usual correlation between the

magnitudes of a and S is preserved: when a is high, S is low. For

X < 20, a shows very different activation energies at low T. S is

p-type with positive slope at high temperatures and bends down to

become a n-type at low temperatures. Se80Te20 shows a positive S

throughout the temperature range but the tendency to bend down at

low T is still very visible.

4.2.3 Discussion

As described in chapter 2, Se contains defect centers such as

three-fold (3F) positively charged center DS, 1F negatively charged

species D; among others and whose respective concentrations are

given by

and

g
s

cF)1
d
s
= p

3
exp[ ( fj

kT

d
s
= p

1

exp[-(g J-6F----)1

kT

(2.3)

(2.4)

Electronically active oxygen is expected to be in the form of 1F

negative oxygen ions 0- (Do- centers). The total concentration

C1 of ions of either sign in liquid Se and in the presence of

oxygen is determined by the condition of electrical neutrality:



CI
= d + d

I s s o

with d
o

being the concentration of the D
o

centers.

Letting a = do-/ds- and using equations (2.3) and (2.4),

C becomes

with

CI c I (1 c)1/2

+ -
g +g

Co = (1)11)3)
1/2

exp[ ( s s)]

kT
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(4.1)

(4.2)

(4.3)

CI is just d+ or d
;
in the absence of oxygen. In the presence of

s

= 0/(1+a)
1/2

and d+ = CI The condition ofCI /(1 +a)1 /2
I

neutrality also gives the position of the Fermi

oxygen, d-s

electrical

energy CF:

CF = 1 (g--g+) - In - In (1+a)
2 s s

2 p3 2

(4.4)

It can be seen that an increase in d- would decrease
'

d-
s

would

increase di- and the Fermi energy would be reduced. The effect on a

and S would depend on the electronic transport mechanisms which are

obscure at the present time. It is possible to imagine mechanisms

by which these changes would cause a to increase or decrease. Three

possible electronic transport mechanisms can be thought of: mobility

edge, acceptor band and donor band transports with conductivities

respectively described by av, ap, and at):
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--
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)]
v vo

kT

Er-En
cA = GA0 exp[ - (=--2)]

kT
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exp[

(Ed
-EF)]
kT
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(4.5)

(4.6)

(4.7)

A decrease in E
F
would increase a

v
and 0

A
and would

decrease a
Er

The acceptor band is formed by negatively charged

centers and the donor band by positive centers. A decrease in d;

therefore would decrease a
A

and increase a
D'

If the

transport mechanism is not electronic, the situation is more

obscure.

In the case of Se
100-X

Te
X'

the effect of oxygen, as

reflected by the behavior of the thermopower, is still very visible

up to Se80Te20 and consequently hampers the interpretation of its

electrical behavior. For X > 20, the transport mechanisms are

better understood, and inferences about the effects of oxygen for

this composition range will be discussed in chapter 5.

4.2.4 Conclusion

None of the three purification methods removes oxygen com-

pletely from Se. However, a certain degree of purity is attained

in the sense that the gross non-reproducibility of a at low T

encountered in "unpurified" Se is eliminated. A distinctive pattern

is observed in the magnitude and activation energies of a: vacuum

and distillation results show higher conductivities with smaller
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activation energies at low T. At high T these discrepancies are

less pronounced. The answer to the question of which method leads

to the best purification is hampered by our ignorance of the

detailed mechanisms by which electronically active oxygen affects a

and S. However, if the trend occurring in the amorphous and

crystalline cases (deoxygenated Se exhibits smaller a than ordinary

Se) is followed, then the ammonia purification is better. In the

case of Se
100-X

Te
X'

for 30 < X < 50, analysis based on BET

also seems to favor the ammonia method.
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5.Se-Te ALLOYS

Experimental data on the conductivities and thermopower of

Se
100-X

Te
X

are presented in this chapter and analyzed in

terms of a two-band model corresponding to a contribution from the

mobility edge of the valence band and a contribution from a narrow

acceptor band formed by negatively charged centers D- and dangling

bonds D*. The existence of more than one acceptor band and the

effect of oxygen impurities are discussed later.

5.1 Experimental results

All the curves drawn in this chapter are obtained from ammonia

purified samples unless otherwise stated or indicated.

The conductivities and thermopowers of Seloo_xTex are

shown in figures (5.1) and (5.2) with the displayed numbers repre-

senting the Te composition. The compositions X = 60 and 70 were

prepared from vacuum purified samples (for X > 50, no data was taken

on ammonia purified samples). The measurements were carried out up

to 635°C. Two distinctive types of behavior are distinguished.

For X > 60, a exhibits a high magnitude and a weaker tempera-

ture dependence at high temperatures (above 525°C). The correspon-

ding S has small values and is leveling off. This behavior marks

the onset of metallic conduction. At lower temperatures, the

conductivity of the Se40Te60 alloy seems to show a second activation

energy which does not appear in S. These results in the Te-rich



10 1.2 1.4

1000/T (K-1)

16

70

Figure 5.1. a(t) versus t for
Se100-XTer

The concentra-

tions X are shown on the curves.



600

o

10 1.2 1.4

1000/T (K
-1

)

1.6

71

Figure 5.2. S(t) versus t for Seloo_xTex. The concentra-

tions X are shown on the curves.
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range are in qualitative agreement with those of Perron (22).

However, Perron's conductivities are larger by about a factor 1.1 to

1.3. Our thermopower is smaller by a factor 1.1 to 1.2 at X = 50

and it is larger for X = 60 and 70 by approximately a factor 1.1 to

1.3.

For 30 < X < 50, a and S have stronger temperature dependences._ _

a shifts to a higher activation energy at high temperatures and a

corresponding break is seen in S. The shift occurs at a temperature

to and the break at t [t is defined as 1000/T (K-1)].

t and t do not have the same value (at the same composi-

tion) for most of the samples measured in this work. Values of

to and t for both ammonia and vacuum purified samples are

tabulated in table (5.1). Two regions, schematically represented in

figure (5.3), can be defined. The high temperature region where a

shifts to a larger activation energy is referred to as region II and

the low T region is called region I.

5.2 Two-band analysis

The composition range 30 < X < 50 is interpreted with the help

of a two-band model. In region I, transport is at the mobility edge

of the valence band and a and S are described by (chapter 2)
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(5.1)

(5.2)

According to this mobility edge model, the activation energies

E = - d In ai/d(l/kT) and E dS /d(1 /kT) should have the same
Cl

Es

values if a
vo

is constant with T. Table (5.1) lists the activa-

tion energies obtained from vacuum and ammonia purified Se1004Tex

for 30 < X < 50. In all cases Eat and Est are not the same. It

has been proposed (93) that avo is a function of negative center

density, uvo, deduced from equaions (5.1) and (5.2), is given

by

S

a
vo

= a
v

v
exp le -- -1] .

k

Mott's critical value (34) for u
vo

can be written as

N,d- 1/3
a
vo

610 ( "

124 6

(5.3)

(5.4)

where Na is the atom density (- 2.5 x 1022 cm-3). The negative

ion density is expected to change with T and' consequently a
-vo'

as given in equation (5.4), changes with T and this variation

accounts for the apparent increase in Eat over Esc Plots

of In a
vo

versus T-1 are given in figure (5.4). The
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Table 5.1. Activation energies E
al

and E
02

and values of

to and t for Se Te E and
100-X X' al

E
02

, respectively, are the low and high temperature

activation energies obtained from a. E is theEs

activation energy obtained from S at low T. to and

t are, respectively, the temperatures at which the

shift in a and the break in S start to occur. Samples

with the same upperscript (n) were prepared from the

same "bunch" of purified Se. The curves presented in

this chapter correspond to the samples identified with

an asterix unless it is stated otherwise.

X
E

(eV)
01

E
si

(eV)

E
02
(eV)

t
a

1000/T(K-I) 1000/T(K-I)

*A50 .86±.01 .80±.01 1.48 ±.01 1.35-1.36 1.32-1.33

1A50 .90±.01 .81±.01 1.47±.01 1.34-1.35 1.25-1.27

2V50 1.07±.01 .91±.02 1.61±.01 1.26-1.27 1.20-1.22

3V50 .91±.03 .78±.03 1.45±.01 1.30-1.32 1.20-1.31

*A40 .83±.01 .77±.02 1.49±.01 1.39-1.41 1.32-1.33

1A40 .86±.02 .78±.01 1.43±.02 1.29-1.31 1.25-1.26

2V40 .96±.01 .83±.02 1.68±.03 1.29-1.31 1.35-1.36

3V40 .82±.02 .74±.03 1.60±.03 1.37-1.38 1.31-1.33

*A30 .91±.01 .66±.06 1.06±.04 1.30-1.31 1.25-1.26

3V30 .90±.02 .80±.04 1.39±.01 1.24-1.26 1.29-1.30

41(30 .86±.01 .80±.02 .99±.02 1.29-1.31 1.30-1.31

5V30 .83±.01 .78±.06 1.38±.04 1.30-1.32 1.26-1.27

6V30 .83±.02 .84±.03 1.17±.01 1.29-1.31 1.25-1.26
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experimental values of a and S were used in equation (5.3) to

evaluate a
vo

. At low T (region I), a weak temperature

dependence is observed whereas the high temperature region shows a

relatively strong dependence except for X = 30.

The increase in the slope of a in region II reflects an added

contribution from an acceptor band. Therefore a bipolar transport

occurs with contributions from an acceptor band and from the

mobility edge of the valence band. The acceptor band is narrow and

is formed by negatively charged centers D- and dangling bonds D*

according to the reaction D- + h D*, h designating a hole. The D-

centers are the filled states of the band and D* are the empty

states. The relevant equations for region II are

and

alit GA + Gv " a

S
A
a
A
+Sva

v
S
II = =5,

a
A
+a

v

E
F

J

-E
A2d-

-- = exp [

d* kT

E -E
c _krF Ai kl 2d-
'A in 9

e kT e d*

EF-E,

GA = aA0
exp[

(T---2)1
kT

(5.7)

(5.8)

(5.9)



78

where 0
A

describes the contribution of the acceptor band to the

total a, SA being its corresponding thermopower. d* is the

concentration of spin centers (i.e., dangling bonds). E
A

refers

to the energy at which the acceptor band transport occurs.

Equations (5.7) and (5.8) were derived in chapter 2. It is possible

to separate the contributions 04 and av and of SA and

S
y

to S in region II if the behavior of S
v

versus t is

known. In samples with X = 30 to 50, the straight-line segments of

S
y

versus t in region I are distinct enough so that it can be

characterized numerically in the form Sy = c-dt. The basic

assumption is made that this behavior of Sy persists into region

II. As shown in detail in Appendix C, this permits an analysis of

the equations describing region I and region II to yield detailed

information about the negative ion density d-, the acceptor band

conductivity 04, the thermopower SA, and the energies EA

and E
F

in relation to the valence band edge. It is not applied

to the case of X > 50 because it is not possible to distinguish a

part of the S(T) curve where S = Sv.

5.3 Results of the two-band analysis

In d- is plotted versus t in figure (5.5). It is expected to

be a straight line as indicated by the BET equations. However, the

curves show changes in slope at about t = 1.3. These changes

coincide with the separation between data obtained from one-band and

two-band analysis and most likely represents an artifact resulting
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from limitations in the accuracy or veracity of the two-band

analysis. The margin of error can be roughly assessed: the values

of d- must be within a factor of 1.5 - 2 for a straight line to go

roughly near most of the points (for each composition).

The positions of the Fermi energy EF with respect to Ev

and E
A

are respectively obtained from equations (5.2) and

(5.8). Equation (5.2) leads to

EF -Ev = ES
v

- 1] kT ,

k

and we get from equation (5.8)

E
F
-E
A
= (S

A
-2.) kT .

Equations (5.10) and (5.11) are combined to give

EA-Ev r- (EF-Ev) (EF-EA)

Figure(5.6) shows the position of EA with respect to the

mobility edge Ev of the valence band as function of T.

(E
A
-E

v
) decreases with T and with X. This seems to be in

accord with thermal broadening of the valence band. (EA-Ev)

is fitted to a straight line and is described by the empirical

formula (EA-Ev)
EAO-

(5.10)

(5.11)

(5.12)

EA1T. With the width of the valence band

increasing with X and T, it can be expressed as

EA-Ev(T) = [EA-Ev(0)] - [Ev(T) - Ev(0)] . (5.13)

Therefore E
AO

is the position of E
A
with respect to the

mobility edge at T = 0. Table (5.2) lists E
AO

and E
Al

values
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Table 5.2. Positions of E
A

and E
F
with respect to the valence band

mobility edge in liquid Seloo_xTex. EA-Ev(T
)=EAO-EAlTe

The ammonia purified samples are fitted to a single

slope. EF-Ev(T
)=EFO-EF1T'

EK=EKO- EuT was taken from

Perron's optical band gap (94).

X
E
AO
(eV)

E
Al

(10-4 eV/deg)

E
FO

(eV)

E
Fl

E
KO

E
K1

(10-4 eV/deg) (eV) (10-3eV/deg)

*A50 .76±.01 8.7±.1 .80±.01 8.4±.2

2V50 .69±..01 8.0±.3 .91±.02 9.5±.3

3V50 .22±.03 3.1±.2 .78±.03 8.7±.4

*A40 .92±.01 8.7±.1 .77±.02 6.7±.2

3V40 .84±.01 9.3±.2 .83±.02 8.2±.3 1.5 1.1x10-3

4V40 .91±.02 10.8±.1 .74±.03 6.9±.4

*A30 1.12±.01 8.7±.1 .66±.06 4.0t.6

3V30 1.22±.02 11.0±.8 .80 ±.04 6.0±..6 1.7 1.15x10-3

4V30 1.19±.02 10.8±.3 .80±.02 6.4±.3

5V30 1.26±.02 12.4±.2 .78±.06 6.3±.8
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for vacuum and ammonia purified Seloo_xTex. Optical gap

coefficients obtained by Perron (94), are also given for

comparison. The values of EA0, like those of EA1, appear to

be in the same range for each composition. However, one of the

results for X50 does not follow the pattern. The absence of a clear

break in S(T) for that particular composition and consequently the

difficulty in distinguishing the Sv part of S(T) may account for

the large discrepancy.

(EF-Ey), the distance of the Fermi energy from the

mobility edge, is traced in figure (5.7). It is also seen to be of

the form EF-Ey(T)
=EFO-

EF,T. The values of EFO and EF, are also

displayed in table (5.2). (EF-Ey) can be fitted to a single

intercept, (except for one of the X = 50 and the A30) within experi-

mental error or, conversely, Sy has a single slope for all com-

positions. S
v

can be written with the help of equation (5.2) as

Sy = (EF0/1000e)t + (k/e-EFi/e) and the single intercept

in (EF-Ey) implies a single slope in Sy (or vice-versa).

The single intercept is found to be EFO = .78 eV.

ItisinferredfromthevaluesofEmandEFo[table

(5.2)] that, for X = 30 and T = 0, EF is below EA and it

approaches EA as X is increased. For X = 50, EF is above

E
A'

This behavior is consistent with the thermopower S
A

(figure 5.8), whose slope changes sign as X varies from 30 to 50.

For X = 50, SA is positive throughout region II, indicating that

EF is above EA. On the other hand, SA goes from negative to
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positive in the case of X = 30 and 40, implying that EF passes

through EA with increasing T (or X). In region I, the basic

assumption was made that S=Sv and consequently the behavior of

S
A

is not real.

Figure (5.9) describes the contributions aA and av to

the total conductivity a. At X = 30, the contribution from av

dominates throughout the temperature range and then GA

approaches rapidly av in magnitude as more Te is added. In

Se50Te50, an appreciable GA is observed and it contributes more

than a
v

above a certain temperature. This behavior of aA

indicates a growth of the acceptor band with X and T. Its strong

dependence on T reflects its dependence on d- but it increases more

rapidly than d- (figure 5.10), which implies that the average

mobility in the acceptor band increases rapidly. A theoretical

expression for GA can be derived from the general equations

(2.12), (2.14), (2.15) and (2.16) given in chapter 2, but with the

assumption that the band is narrow. Therefore from

a ...- f a(E)( - 21) dE , (2.12)

9E

with a(E)=e2DANA(E), NA(E)=(2d-+d*) Na 6(E-EA), where DA and NA are,

respectively, the diffusivity and the density of states in the

acceptor band, the conductivity GA is determined to be
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2d-d*
Azz-

!!
N
aDA

kT (2d-+d*)

Na is the atom density (- 2.5 x 1022 cm-3). If we assume a

diffusive model for a(E), i.e. a(E) = A[NA(E)]2, then the cor-

responding theoretical expression for GA is

AN
a
2

aA
2 d-d*

kT

89

(5.14)

(5.15)

A test of whether a
A

is described by equation (5.14) is to see

if a plot of aA versus d-d*/(2d-+d*) causes the experimental

points to fall on a single curve. On the other hand, an appropriate

plot is a
A
/d-d* versus (2d' +d *), if the diffusive model provides

a better description. Such plots are illustrated in figures (5.11)

and (5.12) and it appears that the points do not follow a single

curve. The theoretical expressions (5.14) and (5.15) do not include

the localized fraction of the states which occur at low density d-,

and the failure to take into account these states may explain the

deviation from a single curve. The diffusive model is a less

obvious possibility as it can be seen from the behavior of am

(figure 5.13). am is deduced from equations (5.8) and (5.9)

and is given by

SA

aA0= aA exp[e--] .

Most of the values of a
AO

are well below the diffusive range.

(5.16)
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5.4 Application of the Bond Equilibrium Theory (BET)

The Se-Te system contains one-fold (1F) and three-fold (3F)

neutral defect centers, and 1F negative and 3F positive defect

centers (50, 51, 52) on either atom, with concentrations given by

and

id = x
s
p
3 s
exp[ -ag+ -se

F
]

s

d; = xspi exp[ -sg;+seF]

d° = x
s
p
3

exp[ -1395]

d = x
s
pi exp[ -sg*] ,

s

di = xTp3 exp[ -13E0

dT = xTpi exp[ -Sgrr + SeF]

dT = xTp3 exp[ -Sgq] ,

dt = xTpi exp[ -Sgt]

'

9

,

,

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

Here, B = /kT and the subscripts s and T respectively signify Se and

Te with concentrations xs and xT. gy-Tsy is the

free energy parameter of the defect center y. The liquid also

contains positively charged rings whose concentration is denoted by

r+. The particular atom on which the rings are situated need not

concern us in the following discussion. The total concentration of

ions of either sign are described by
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and

c+ = d5 + dT + r+ = dt (1+a+)(1+aR) , (5.25)

c- = d-
s

+ d-
T

= d-
T

(1+a-) , (5.26)

with a+=d1:/d+s, aR=r+/(q+es-) and a-=d-s/dT. Assuming random bonding

(i.e. the energy of an AB bond is equal to the average for AA and

BB) between Se and Te, a+ and a- can be expressed as

and

+ +s -sa.F_ x
T , R
exPL --(Eke-EbT)] exp[

_a(c+-C.,13 r T sl
(5.27)T s nAPLJ , kJ

x 2 " k
s

x
s

s-s-
- expL (E

bs
-E bT )] exPL -13(C-s -C"T )] exPL-

I
, (5.28)

kx
T

2

where e-.E
b
/2 + C-, e+.-E

b
/2 + C. E

b
is the bond

energy (i.e. Ebs and EbT are respectively the energies of

Se-Se bond and Te-Te bond), C- and C+ are charging energies. The

condition of electrical neutrality Ci=c+=c- leads to
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C
I
= [x

sxTpl
p3]

1/2
[(1+a )(1+a

R
)(1+a-)]

1/2
exp[ -0(g-+e

'

)/2] (5.29)
s

1.(gt_g4.) kT (xs P3) kT 1(1+aR)(14-a+)

2 s 2
1,

(1+a-)
xT PI

2

and

1 (

- +
5T

-s

EF="'.." %err
e;) - s) kT

[xi-
(1+a-)

kT PI
- ln .

2 P3

(5.30a)

(5.30b)

Equations (5.29) and (5.30) are general expressions for CI and

E
F

(excluding any presence of oxygen). A reference energy, the

top of the valence band, is taken in order to compare eF with

(E
F
-E

v
) determined from transport data. With this reference

energy, EF-Ev(T)=EF-BvT with cF=[EF-Ev(0)] and BvT=T(dEv/dT)=

[Ev(T)-Ev(0)]. Therefore the distance of the Fermi energy

from the mobility edge of the valence band becomes

1 T kT
x
s

(1+a
R
)(1+a+)

EF-E(T) =
(e

es) ---(sT-ss) +-- In [

2 2 2 x
T

(1+a-)

-
kT p

-
v
T . (5.31)

2 p3

It has been noted earlier that (EF-Ev) exhibits a

single intercept EFO for all compositions and varies linearly

with temperature. This has many implications:
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(1) Linearity with T would imply that if pl/p3 depends

strongly on T, it must be of the form p1 /p3= p0

exp(-aEp), and a single intercept for all composi-

tions must lead to an E independent of X.

(2) The same conclusion must be inferred about (1+a
R
),

(1+a+), and (1+e). The intercept of EF-Ey(T)] in

general would therefore be 1/2(e'T -e) + E, where E is
s

the contribution from p1 /p3, (1+aR), (Dal, and

(1+a).

(3) If aR, a+ or a-<<1, then automatically it does not

contribute to (EF-Ey), nor, consequently, to

the thermopower Si,.

(4) If a+ or a->>1, then it must remain so throughout the

experimental range. Otherwise, a single intercept for

all compositions would not be seen. The main inference

is that if the positive or negative charges are mostly

located on either Se or Te atoms then they must remain

there throughout the temperature and composition

ranges. Consequently the acceptor band is formed by

the same type of D' and 0* centers.

It has also been noticed that the temperature coefficient

E
Fl

varies with X (table 5.2), which is consistent with the bond

equilibrium theory where a composition dependent term appears

[ln xs/xT in equation (5.31)].
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The acceptor band being formed by the same type of D- and D*

centers, its position with respect to the mobility edge of the

valence band can now be written as

EA-Ev(T) = (e;-e,*() - BvT , (5.32)

where y is Te (or Se) and EA-Ev(0)=e;-e *. Ev(0) is

the top of the valence band at T=0 and is changing with composition

X, in accord with the broadening of the width of the valence band,

but E
A
-E

v
(0) is independent of temperature for each

composition. Therefore Bv=dEAv/dT (with EAv=EA-Ev) and should be

the same for all compositions, since By is also dEv/dT.

Equations (5.29) and (5.31) can be simplified under certain

conditions. If a+<<1, a-<<1 (i.e. er'<<d; and d;<<dT) and aR>>1,

equation (5.31) becomes

1
E -E (T) = 1 (e--e+)

_I (,_-,4.) kT
x
s

F v T s `'T 's)
2 2 2 x

T

+ --
kT

ln R - B T , (5.33)
2

o v

since aR=p1Ro/p3, where Ro is the effective ring

concentration (52). A theoretical study by Cutler and Bez (52)

shows that aR>1 in the composition range 30 < X < 50. Recalling

the empirical formula EEF-Ev(T)
=-F0-EF,T, we can identify En to be

L, xe t,

E
Fl =

T s
1 (s--s+) - = In 2 - 11 ln R + B
2 2 x

T
2

0 v
(5.34)
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The term (s-T -s+)/2 +B
v

is constant and should not change with compo-

sition. To determine how well the experimental data agree with this

result, the quantity EF1 +(k /2)ln xs/xT+(k/2)1n Ro = (s.1.-s;)/2+Bv is

evaluated for each composition. Values of EF1 were taken from

table (5.2) and was deduced from the theoretical study of

Cutler and Bez (52). Table (5.3) gives the values of (sT-q)/2 + By

and it is observed that it assumes different values for different

compositions. The assumption that al"<<1 and a-<<1 may not be

correct; however, a good comparison depends on how well Ro is

determined in reference (52). In the other limiting situation,

a+>>1 and a->>1, equation (5.34) is still valid but the subscripts T

and s are interchanged and a bigger disagreement is obtained since

xT<xs.

In the limit of a+<<1 and a-<<1, EFO= (eT-q)/2, which is

constant for all compositions. A schematic picture of the positions

of the acceptor band and the Fermi energy at T =O, with respect to

the top of the valence band, is given in figure (5.14). It

illustrates how EF passes through EA as the Te concentration

is increased.

More information can be deduced from EFO. Using the

expressions for eT and es, it becomes

1
E +E

,

C--C+
E 1. (e-e

+
) - (

bibs
)

, T s,

FO T s
)

2 2 2 2

(5.35)

If Crrq and recalling that the experimental value of En is .78 eV,

then (EbT+Ebs)/2=1.56 eV. Writing EbT as EbT=E bs-AE (Te-Te bond is
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Table 5.3. Values of 1/2(s--s)+B
v
for different compositions. R

oT s

was deduced from the theoretical study of Cutler and

Bez (52).

X R
o

EF1 2(9- - sZ) + By

(eV/deg) (eV/deg)

*A50 8.4x10-4 6.8x10"
2V50 .023 9.5x10-4 7.9x10"

3V50 8.7x10-4 7.1x10"

*A40 6.7x10" 5.6x10"

3V40 .054 8.2x10-4 7.1x10"

41(40 6.9x10-4 5.8x10"

*A30 4.0x10" 3.3x10"

3V30 .091 6.0x10-4 5.3x10"

4V30 6.4x10" 5.7x10"

5V30 6.3x10-4 5.6x10"
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Figure 5.14 Positions of the acceptor band and the Fermi energy

with respect to the top of the valence band.

e T and e are, respectively, the

energy of forming a negative center on Te and a

positive center on Se. The acceptor band is growing

as X is increased.
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weaker than Se-Se bond by an amount AE, we obtain Ebs=1.56 eV+AE/2,

which is larger than the value 1.36 eV inferred from magnetic sus-

ceptibility measurements (53). If C- and C+ are different, then

Ebs=1.56eV + AE/2 - (CT -CS). Using Ebs/2=.68eV, we get CT-q>.2eV.

The negative ion density C/ in the limit of aR>>1,

ai-<<1, and a-<<1 is reduced to

C1 = [xsxTRo]
1/2

pl exp[ -13(gi:+g;)/2] . (5.36)

If a+ and a->>1, the same qualitative behavior as in the a+ and

a-<<1 limit is inferred, but now the subscripts T and s are inter-

changed.

5.5 The possibility of more than one acceptor band

and effect of oxygen

It is conceivable that an acceptor band associated with each

type of atom may be present such as a Se acceptor band formed by 0;

and DS centers with energy EAs=e-s'-q and a Te band formed by DT and

DT centers with energy EAT=ei-et. Oxygen may also create its own

band. Therefore, the total conductivity a may contain four

contributions:

a = ay + a
As

+ a
AT

+ a
Ao

aAs'
aAT, and G

Ao
are, respectively, the Se, Te and

oxygen contributions. The thermopower SA may have a two-band

contribution (neglecting oxygen)

(5.37)
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(5.38)

with SAs= (k/e) In 2d;/dt and SAT= (k/e) In 2dT/dt. It can be seen

that SA is not of the form (k/e) In 2(dT+d;)/(dt+dt). Our two-band

analysis assumes that SA = (k/e) In 2d-/d* which is meaningful

only
if aAs>>1AT or cAT>>aAs'

It has been discussed earlier that a
A

increases more

rapidly than d- and so a
A <<a AT if crs 41-T

(or vice-versa). The same

remark applies to an oxygen acceptor band. The distance of the

different acceptor bands from EF may also dictate which

contribution dominates. Because of the great electronegativity of

oxygen, EA° is expected to be smaller than EAT so that

E
F
-E

Ao
>E

F
-E

AT'
which in turn leads to a

Ao
<a

AT
since a

Ao
and a

AT
are

respectively proportional to exp[-(EF-EA0)/kT] and

exp[- (EF-EAT)/kT] . It is harder to anticipate the relative heights

of E
As

and EAT. Se is more electronegative than Te which

would tend to make E
As

smaller than E
AT

but another factor,

the it repulsions on Se and Te (95), may influence their positions.

It is not known if the lr repulsion on Se is larger than on Te or

vice-versa.

As already mentioned, the two-band analysis is meaningful if

only one acceptor band occurs. However, the concentration d* of

dangling bonds used in the analysis (Appendix C) is an upper limit
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to the concentration of dangling bonds associated with the acceptor

band. d* was taken from magnetic susceptibility measurement (53)

and is the sum of d* and d*
T'

The thermopower formula

S
A
= (k/e) In 2d-/d* is inaccurate since d* should be replaced by d*

or
'

d*
s

depending on which type of acceptor band dominates. Direct

information for determining dt or ds is lacking at the present time.

Oxygen may also create some complications in the two-band

analysis. Plots of (EA-Ev) for ammonia and vacuum purified

Se
100-X

Te
X'

shown in figures (5.15) and (5.16), give a

definite indication of error. E
A
-E

v
should be the same for

different samples at the same composition and the discrepancies are

appreciable for X=30 and 40 whereas the curves for X=50 seem to

agree. How the presence of oxygen can cause these differences may

be understood if we recall that the two band analysis makes use of

the density d- of negative centers which appears in two equations:

Nad- 1/3

a . 610 (
vo

1024 6

2d- _exp[E F
-E

A
]

d* kT

(5.4)

(5.7)

Equation (5.4) is valid whether oxygen is present or not. On the

other hand, equation (5.7) should be replaced by

2(d--d;)/d* = expEEF-EA/kT] (5.39)

This correction reduces (EF-EA) and since EA-Ev=(EF-Ev)-(EF-EA), it

would make (EA-Ev) larger. It seems that (EA-Ev) is larger in the
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absence of oxygen and on that basis the ammonia purified samples

appear to be purer than the vacuum purified samples. The behavior

of d-, predicted by BET, tends also to indicate that the ammonia

purified samples are less contaminated with oxygen.

Oxygen can appear in two forms such as El; centers and neutral

2F species. The total concentration of oxygen is

xo = Co + d; ,

with c
o
=X

o
being the concentration of the 2F species and

with

(5.40)

dc-) = Xopi exp[ -ago + BeF] . (5.41)

X
o

can be written as

X0 = x0[1 + pi exp( -8g; + 8EF)]-1 (5.42)

The total concentration of ions of either sign and the Fermi energy

are given by

C/ = ExsxTPIP3]1/21( 14-a+)(14-aR)(14-a")(1+a0)31/2

exp[ -8(g.-r+gis) /2] , (5.43)

and

CF 1 (9T -95)

'

1 +-a- [xsP3) kT inc(14-aR)(1+a+)
j , (5.44)

2 2 x TP1 2 (1+a-)(1+ao)

where ao=d;/(c+di). Assuming that aR<<1, a+<<1 and a-<<1, equa-

tions (5.43) and (5.44) lead to



and

CI = [xsx1PIP3]
1/2 (1+010)1/2 exp[ -s(g.T.+g;)/2]

kT
x

-) + In [-L E/ 1 ] ,

2
CF

1

(grgs
2 x

T
Pi (1+a0)

and a
o

becomes

d-
o X

a0 = = -1 exp[B eo] ,

d- x
T T
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(5.45)

(5.46)

(5.47)

with eo = gi.-g0. a0 = 1 at a temperature To such that

To = e0/(k In xT/X0), ao>1 when T<T0 and ao<1 when T>T0.

Therefore the effect of oxygen should be very noticeable at low

temperatures. When ao>1, EF and CI become

g.T. - gs' + e0 vr x

+ " (-1-P3)
CF

2 2 X
o

PI

and

e - g: - 4-

C
I

= (x
s
p

1

p3X
ci

11/2 o 1 s)]
9

)

2

If sEF > 0g-0', then X0=x0/p1 exp(-69-0'+BEF) and EF reduces to

xs

EF = - gI + kT ln Spa
xo

Using (5.49) and (5.50) we obtain

(5.48)

(5.49)

(5.50)



C
I

= xo

Oxygen appears to make CI constant. In the absence of oxygen,

we have

108

(5.51)

C
I

= [x sxTpl p3]1/2 exp[ -E (gt + g-l")] . (5.52)
2

Figure (5.17) illustrates the experimental behavior of d- for the

ammonia and vacuum purified Selm_xTex. At low tempera-

tures, the vacuum purified samples exhibit a d- which is almost

constant at low I and therefore they would be more contaminated with

oxygen in the light of BET.

With the assumptions that the ammonia purified samples are free

of oxygen and taking an acceptor band associated with Te as an

example, a rough estimate of (c1-0-+c) can be made. The procedure

(Appendix C) is to consider that (EA-Ev) for the ammonia

purified samples is the real position of the acceptor band with

respect to the valence band edge. Figures (5.18) and (5.19) show

the behavior of d- and d--d-=
T o s' o s

d-+d- It appears that (d-+d-) is very

large compared to dT and would imply that d; is greater than dT.

This implication seems to contradict the assumption of a Te acceptor

band since it leads to a
AS

>>a
AT'

However, if
'

e-s =e-
T

which is

possible, then es-e;<ef-eit because et>ef. It may be also true that

e-s-e*s<e--e*
T
because of the greater electronegativity of Se. If

e-s-e*s<e-T-e*
T

then E
As

<E
AT

and the acceptor band is mostly in the Te

acceptor band because Er is closer to EAT than to EAs.
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5.6 Conclusion

From the experimental behavior of (EF-Ev), which

exhibits a single intercept for all compositions, and in the light

of BET, it has been inferred that the acceptor band must be formed

by D- and D* centers on atoms of the same kind throughout the

experimental range. The valence band is broadening with increasing

T and X but the distance E
FO

of the Fermi energy from the band

edge at T=0 remains constant for all compositions. The acceptor

band is growing with the density d- of negative ions as T and X are

increased. Oxygen still shows a visible effect but direct informa-

tion for a quantitative determination of di; is not available at the

present time.

The two-band analysis depends heavily on d- since the

parameters (a
A'

S
A'

E
F
-E

A'
E
A
-E

v
) that describe the acceptor band

are derived from it. The calculated behavior of d- may be

significantly affected by limitations in the accuracy of the

calculations and the basic assumptions, in which case, some of the

conclusions about the behavior of the acceptor band may need to be

modified.
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6. Se -T1 ALLOYS

The binary system Seloo_xTlx with 0 < X < 55 and

temperatures up to 630°C is discussed in the present chapter. The

composition range X < 31 is interpreted in terms of a combined

electronic and ionic transport with total conductivity a = ae + a1

and thermopower S = Se + tISI where t1 represents

the fraction of the current due to the ionic motion. A qualitative

discussion of the composition range X > 31 is also given.

6.1 Experimental results

The phase diagram (96) for the binary alloy Se-T1, presented in

figure (6.1), shows the occurrence of three compounds such as T12Se

at the stoichiometric composition X = 66.67, T1Se at X = 50 and

T12Se2. In addition, two ranges of liquid immiscibility are found

to exist, one at compositions rich in Tl and the other at

compositions rich in Se. a and S, plotted in figures (6.2) to

(6.4), were measured in the composition range 0 < X < 55 and at

temperatures up to 630°C. To make sure that phase separation does

not occur, temperatures below 440°C were avoided for X < 15.

6.1.1 General behavior of a and S

The general behavior of a and S is displayed in the isotherms

shown in figures (6.5) and (6.6). A large increase in a with X is

observed in the composition range 0 < X < 40 and a decrease follows

at X > 40. This decrease in a on approaching the stoichiometric
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composition is in accord with previous measurements (25, 27). The

behavior of S is more complex. It increases with X in the range 0 <

X < 22.7, decreases as X varies from 22.7 to 31, and then increases

again for 40 < X < 50. The decrease in S on going from X = 50 to 55

seems to disagree with published data (25, 27). The experimental

points corresponding to X = 35 and X = 4.4 for both a and S do not

fall on the isotherm curves. It is believed that compositional

errors account for it. The data show also poor reproducibility at

compositions rich in Se (X < 4). a differs by about a factor of 2.6

between two different runs at X = 1.5 and S varies roughly by a

factor 1.5 at low T. a of X = 2.6 is smaller than that of X = 2.

The effect of impurities, particularly oxygen impurities, on Se and

Se-Te alloys at compositions rich in Se was discussed in chapter 4.

This problem of impurities may be the cause of this poor

reproducibility of the data at very low X.

Conductivities in the composition range X < 37.7 and

temperature range 250 < T < 500°C have been measured by Pettit and

Camp (28). Their a(t) curves change more regularly than ours. They

found activation energies decreasing from Ea = .53 eV at X = .2

to E = .43 eV at X = 37.7. The values observed in the work
a

herein range from .50 eV to .63 eV (Table (6.1)). Our temperature

range is considerably larger than theirs and we observe a change in

slope at high T which does not appear in their results, possibly

because of their small temperature range. No systematic thermopower

data has been published over this composition range.
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In Ti rich range (X > 50), Nakamura and Shimoji (27) and Regel

et al (25) reported data on both a and S. Nakamura and Shimoji

obtained an activation energy Ea = .40 eV at the stoichiometric

composition. Their Se50T150 alloy seems to display the same

activation energy. Our activation energies are around .40 eV at

40 < X < 55 (table 6.2). Our conductivities for X = 50 and 55 are

in good agreement with published data (25). However our

thermopowers are larger by a factor of about 1.3 at X = 50 and by

about 1.2 at X = 55.

6.1.2 Composition range X < 31

Three types of behavior can be distinguished in this range.

For 22.7 < X < 31, In a and S depend linearly on T-I. S however

decreases with X.

For 9 < X < 22.7, In a appears to deviate from a straight line

at high temperatures but the bend is slight. S is positive

throughout the temperature range but bends down at low T.

At X < 9, S has a negative slope and becomes negative at low

X. a is small in magnitude.

The activation energies Ea and Es are tabulated in

table (6.1).

6.1.3 Composition range X > 31

Ln a depends linearly on T-1 throughout the temperature range

and so does S. As already mentioned, S increases with X except on

going from X = 50 to X = 55. The composition X = 35 is discarded



Table 6.1 Activation energies E
(7

, E
5

for X < 31.

Two values of E
a

are given, one for temperatures

above 600°C and the other for temperatures below

600°C.

X

E0(eV)

T>600°C T < 600°C
Es(eV)

31 .50 ± .01 .50 ± .01 .25 ± .01

22.7 .58 ± .01 .58 ± .01 .28 ± .01

19.4 .60 ± .01 .55 ± .01

15.8 .80 ± .01 .55 ± .001

12.5 .72 ± .01 .58 ± .01

9.2 .68 ± .01 .60 ± .01 - .23 ± .01

4.4 .77 ± .01 .63 ± .01 - .32 ± .01

4.1 .86 ± .02 .56 ± .02 - .28 ± .03

2.6 .73 ± .01 .54 ± .01

2 .69 ± .01 .56 ± .01 - .27 ± .02

1.5 .67 ± .01 .51 ± .01 - .10 ± .01

1.5 .63 ± .01 .53 ± .01 - .20 + .02

.95 .67 + .01 .51 ± .02 - .17 ± .02

122
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Table 6.2 Activation energies Ea, Es for X > 31.

X Ea(eV) Es(eV)

55 .40 ± .01 .24 ± .01

50 .40 ± .01 .29 ± .01

45 .41 ± .01 .27 ± .01

40 .41 ± .01 .26 ± .01



124

because of suspected compositional errors. The activation energies

E
a

and E
s

are listed in table (6.2). It can be seen that

E
a

is approximately constant, around .40 eV and E
s

varies

weakly.

6.2 Analysis of Seloo_xTlx for X < 31

The large increase in a with X can only be explained by

transport in states created by the Tl atoms. Similar behavior has

been observed in alloys My (SesoTe50)1_y with monovalent

doping elements (M = Ti, Cu, Ag, Na) (97). It has been argued, with

the help of BET, that monovalent doping of Se50Te50 leads to an

enhancement of the formation of diatomic molecules containing

one-fold bond defect atoms attached to M atoms and that transport is

in acceptor states formed by these diatomic molecules. A similar

situation is believed to occur here. The large increase in a is due

to transport in acceptor states created by small molecules T1Se- and

T1Se* caused by attraction between Ti atoms and one-fold selenium

bond defects.

The gradual change from positive S with positive slope to

negative S with negative slope is attributed to a gradual transition

from a purely electronic transport to transport dominated by an

ionic motion. The electronic transport is caused by electrons

tunnelling between the T1Se- and T1Se* centers which form an

acceptor band. The decrease in S and the change in its sign is
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attributed to ionic motion. A charged molecular complex is always

expected to drift in liquids but because of its limited ionic

mobility pI its effect is very small in liquids with high

conductivities. However, in some systems when the electronic states

are localized the ionic conduction may compete with the electronic

conduction. In the present case, the electronic states are

delocalized when the distance between the acceptor centers T1Se- and

T1Se* is small. When this is so, the electronic mobility tie is

much larger than
uI

and consequently the ionic contribution to

the total current is negligible. However, when the number of states

decreases, the acceptor centers move farther apart and the states

become localized which results in a drop of u
e'

Therefore when

localization occurs ionic motion can compete with electronic motion,

especially if the ions are on small molecules. In the Se-Te system,

the ionic mobility is expected to be much smaller since the ions are

attached to polymer chains and therefore an ionic contribution to S

would be expected to occur at much smaller values of a. On the

other hand, in Tl-Se the ions of interest (T1Se-) are small

molecules. This type of situation does not occur in amorphous solid

where electronic tunneling is between centers fixed in position. In

a liquid it is conceivable that when the negative and dangling bond

centers are too far apart, the negative center will diffuse until

the distance between them is appropriate for tunneling.

Pettit and Camp (28) proposed a hopping mechanism between Ti

atoms which seems to be incorrect. It is postulated to be valid
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only at X < 2 which is below the range that is examined in detail in

this thesis. In order for tunneling to be possible at X < 2, most

of the 11 atoms must provide centers between which tunneling can

occur otherwise the centers would be too far apart. Current cannot

be carried unless tunneling is between Tl atoms with different

charges. These must be thermally excited. We find it difficult to

reconcile the numerical parameters derived by Pettit and Camp with a

hopping frequency which is not unreasonably large.

6.2.1 Defect centers

In addition to the usual centers on Se (Dt, D;, D+s), liquid

TI-Se contains other species such as M1, M+, DA, D. DS and D; are

one-fold constituents on polymer chains and so is M1. M1 refers to

a one-fold bonded TI atom and M+ stands for T1+ ions. D- and D* are

the afore-mentioned diatomic molecules T1Se- and T1Se* formed by Tl

attached to Se- and Se*. M+, DM and DA are classified as zero-fold

constituents. D+ is a three-fold atom in a polymer. There are also

two-fold covalently bonded Se atoms. BET for linear chains (51)

leads to the following concentrations:



with

-89; "6F
cs- = p1 Xs e

dt = p/Xs e
- Bgt

d+ = p3Xs e
-14; -F

13gA

d*
M

=XM Xs e ,

dM = X X e
+ BeF

M s

p1 = 6(2-3x) ,

x
s

9

P1

(1 -'`)
2

p1 and p2 are polymer factors. Xs and XM are the fugacities

of Se and Tl. x(= X/100) is the Ti concentration and m1 = x (m1 is

the concentration of Tl atoms on polymer chains). pl and Xs in

equations (6.6) and (6.8) differ from results in published papers

(51, 52). They are based on polymer summations which exclude chains

with two atoms (T1-T1) and it is assumed that the total

9

9
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(6.1)

(6.2)

(6.3)

(6.4)

(6.5)

(6.6)

(6.7)

(6.8)
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concentration of three-fold constituents is small compared to the

concentration of one-fold constituents.

As pointed out earlier, the electronic transport is due to

electrons tunneling from DM (T1Se-) to DA (T1Se*) centers which form

a narrow band. The ionic motion, on the other hand, is due to the

D- ions rather than 0; because they involve shorter molecules and

therefore are more mobile.

6.2.2 Electronic and ionic conductivities

A theoretical expression for the conductivity associated with a

narrow acceptor band was derived in section (5.3), equation (5.14).

When applied to the case here it becomes

*
e2Na

2d-d
M M n

a
e

DekT (2dA + dA)

D
e

is the diffusion constant and is given by

D
e

v
e
R2

6

(6.9)

(6.10)

with ve being the frequency at which electrons tunnel between DR

and DM. Na is the atom density (- 2.7 x 1022 cm-3).

R = 2(3/4uNa d-)
1/3

is the average distance between the D- ions.

Another expression for ae is

E
F
-EA

a
e

= o
co

exp{
I '

kT

(6.11)



E
A

being the energy at which the acceptor band transport occurs

and a
co

is the conductivity at this energy. The frequency

v
e
is such that hv

e
r, where r is the band width and h is

Planck's constant. r is given by (35)

r = 2zI

129

(6.12)

I is a transfer integral derived from tight binding approximation

(35) and it has the form

e-aR
(6.13)

with I
o

= e2a{3(1+aR)/2 + (aR)2 /6 }, a-I and z respectively being

the attenuation distance of the wave function of the electron and

the coordination number.

The ionic conductivity is derived from ai = neui, with

PI
being the ionic mobility. Using the Einstein relation

11/ = eDI/kT and n = Na dr71, it can be expressed as

with

a

e2Na
I

dM D
kT

I

D
I

v 12
V

6

(6.14)

(6.15)

where v
v vvib

.-OG
(98). G is a free energy of

activation for ionic diffusion and 1 is the distance through which

the ion diffuses. 1 is normally of the order of the interatomic

distance. The vibration frequency vvib is an upper limit to

v .
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6.2.3 Electronic and ionic thermopowers

The thermopower corresponding to a narrow acceptor band was

derived in chapter 2. For a DM -DA acceptor band, it is expressed as

2d

S
e

=1 S- In

e d*

It can also be written as (chapters 2 and 5)

r k rEF-E Ai
= j

e kT

(6.16)

(6.17)

Equation (6.17) can also be obtained using the formalism of the

thermodynamics of irreversible processes (99). De Groot (99) uses

the method of the entropy of transfer to derive S

S =1 (E - p) ,

qT
(6.18)

where E is the energy of transport, u the chemical potential and q

the charge of the component involved in the transport. When applied

to electronic transport caused by electrons diffusing between DM and

D* sites, equation (6.18) gives

(el; - e*) - p
S
e

- eT
(6.19)

For a narrow acceptor band, the top of the band is the same as the

center EA and EA-Ev(0) = eM - eA. The reference energy

E
v
(0) is the top of the valence band at T = 0. The chemical

potential p = E
F
-E

v
(0). With these expressions, equation

(6.19) is found to reduce to equation (6.17).



For a purely DA ionic motion, equation (6.18) becomes

e- u

S.
1

- eT
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(6.20)

If a fraction t
I
of the current is due to ionic motion and

a fraction to = 1-t
I
due to electronic motion then the

combined thermopower is S = SitI + Sete and with the

help of equations (6.19) and (6.20) it becomes

eA

S = Se - tI .

eT
(6.21)

letting SI = -eA/eT, it has the form S = Se + tISI. eA and eA are

respectively the energies of formation of the DA and DA centers.

6.2.4 Concentration of spin centers: dt and dA

There are two kinds of dangling bonds in this system, DS and

DM. Therefore the total concentration of spin centers is

ds = dt + dA. The dependence of dt and dA on T1 concentration is

found to be [using equations (6.6), (6.7) and (6.8)]



and

(1 - -)

dt(x) = 2 I
(1-

3x
) s
d*(o)

( 1 - .25) 2

2

dj(x)

sA

(1-f-.) -seA
x 2 k

e e

6(2-3x) (1 -21)
2
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(6.22)

(6.23)

where d*s (0) = /17 e-I3gt. An empirical formula for d*(0) is obtained
s

from the magnetic susceptibility data of Gardner and Cutler (53)

-.682

3.25 kT
dt(o) = e e (6.24)

Computations for different values of x show that dt(x) decreases

with x. This implies that at higher Ti concentration most of the

spins are DA. Plots of In ds versus T-I are therefore expected

to have the same slope at higher T1 concentration. Magnetic

susceptibility measurements on liquid Se -T1 have been reported by

Ritter and Gardner (100) and Misonou and Endo (101). Plots of in

d
s

versus T-I [figure (D.3), appendix D] deduced from reference

(101) fits better the theoretical model which requires that

d In d
s
/d(1/T) be the same at large x. The data in reference (100)

do not agree with the model. The data of Misonou and Endo (101) are

therefore selected and used to derive (Appendix D) the expression



(1 - -..)

(x)dM
x 2

e
4.03

e
-9(.418)

*

V 6(2-3x) x)

2
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(6.25)

d*(X) for 2 < X < 31 is generated from equation (6.25). Plots of in

d* versus T-1 are shown in figure (6.7).

6.2.5 Concentration of D- centers: d-
M

Equation (6.16) gives

d*
M

S
e

exp(e ---)

2 k

(6.26)

dA is obtained from equation (6.25). Se, plotted in figure (6.8), is

extrapolated from the values of S at X = 22.7 and X = 31. The

details of the extrapolation are discussed in appendix D.

S
e

is positive and decreases with X. Therefore the acceptor

states are below the Fermi energy. The distance of the Fermi energy

relative to E
A'

the energy of the narrow acceptor band,

decreases with X.

'

d-
M

shown in figure (6.7), is much larger than d* throughout
M

the temperature range and composition range. For X = 2,

(d- + d*) > .02 at high temperatures. This inconsistency could be
M M

due to the extrapolation of It It was assumed that 1)03 is

constant (Appendix D) which is a consequence of the assumption that

the concentration of 3F constituents is small compared to that of IF

constituents [i.e. A = 2C3/(cl-c3) = 0 (chapter 2)]. But this may
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not be true at low X. A could have a value different from 0 and

plp3 may change (51). If this is so, the extrapolated Se is too

large and so is dM . It is also conceivable that dm tends to become

as large as x. If this happens, it is no longer true that ml = x

but instead ml + dm = x so that Xmpi + XSXM expi-sgm + SEF} = x.

The solution for XM and e F becomes more complicated, and the

extrapolation is incorrect.

Since d-
M M'

d* the conductivity corresponding to the acceptor

band transport is reduced to

ezNa

e kT
M e

The distance R = 2 (3/4uNa dm)1/3 between the acceptor centers

is plotted in figure (6.9).

6.2.6 Test of the combined ionic and electronic model

(6.27)

Now that the quantities such as a, S, dA, eA, du and Se are

known, it is possible to conduct a quantitative test of the model.

The fraction t
I

of the current due to the ionic motion is

calculated from equation (6.21). t1(X) versus t is displayed in

figure (6.10). For X > 19.4, tI is very small and almost

constant. The negative t1 for X = 22.7 is a consequence of the

extrapolation of TheThe significant point is that its value is

near zero. For X = 15.8, t1 is still small in magnitude but

starts to increase at low temperatures. For 12.5 < X < 9.2, t1

increases more rapidly and has values in the range .1 < t1 < .4.
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For X < 4.1, t
I

is large and it is around 1 at X = 2. These

values of t
I
predict three distinctive types of behavior.

Electronic transport dominates at X > 22.7. Ionic transport becomes

important at 15.8 < X < 9.2 and it is dominant at X < 4.1.

A question arises as to how the conductivity data agree with

the above prediction. Two extremes can be considered, a purely

ionic transport and a purely electronic transport.

In section (6.2.2), equation (6.14) relates al and DI.

An upper limit estimate of D/, which we will denote as Dip

is obtained by assuming that a = a, (whereas a' < a when

ti < 1). is plotted in figure (6.11). A relation

between D and 1 (distance through which the ion diffuses) is

given by equation (6.15). If 1 is of the order of the interatomic

distance (- 4A) and v
v vvib

(- 1012 sec-1), a value

D12 = 2.6 x 10-4 cm2/sec is obtained. Figure (6.11) indicates

that DI, < D12 at X < 9.2. An estimate of 1 using Du
and vv = vvib can be made. Figure (6.12) shows that 1 is

appreciably larger than the interatomic distance at X > 9.2 whereas

it is smaller at X < 4.1. It can be concluded that purely ionic

transport at X < 4.1 does not conflict with the conductivity data.

If transport is purely electronic then

e2Na Ai
u
ma = a

e
= un

kT
M e

with De = ve R2/6. D
e

is derived from equation (6.27)

and ve is given by ve = 6 De/R2 where R = 2 (3/4rNa 51)1/3'

(6.27)
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The values of De and ve correspond to t1 = 0 and are an

upper limit to the true values. Plots of ve are displayed in

figure (6.13). ve, which we now call measured ve, shows a

good fit to vo eam? for X > 9.2. a
m

, the measured a,

is obtained from the slope of d In ve (measured)/dR. However

h v = r and the theoretical v
e

is therefore v
e

= h-12zI
o

e-aR

[equations (6.12) and (6.13)] with I0 = e2a{3(1+aR) + (aR)2 /6 }.

The theoretical a, which is referred to as a (calculated), is

related to a (measured) by

a (calculated) = -

with

142

d In v
e

d In I
o

a (measured) - , (6.28)
dR dR

3 aR
aR(-- + )

d In I

o 2 3 1
x

dR 3
(1+aR)

(aR)2 R

2 6

The average distance Ray between Dr-4 is taken for R.

The gap EA-Ey(0) between the acceptor band and the

valence band can be estimated from (35).

EA - Ev (0) =
+12a2

2m

E
v
(0) is the top of the valence band.

(6.29)

(6.30)

a (calculated), a-1 (calculated), Ray and EA-Ey(0)

are listed in table (6.3). a and EA-Ey(0) are expected to

decrease as Ti is added. This behavior is seen at X > 19. At X<19
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a seems to be fairly constant. However the continued application of

equation (6.27) to get De is not consistent with the observation

that ti is increasing and becomes appreciably large. The latter

indicates that a
e

< a and consequently the numbers used for

D
e

are inaccurate. The approximation a = a
e

is not valid

anymore and neither are the calculated values of a and EA-Ev(0),

in spite of the fact that straight line plots continue to be found

on plotting the supposed value of lnve versus R.

The values of the band width r = hv
e
for X > 19.4 and at

different temperatures are shown in table (6.4) along with the

corresponding values of kT. The band is broadening with increasing

values of X and T. r < kT at X = 19.4 and at X = 22.7 (at low

temperatures) whereas r > kT at X = 31 and X = 22.7 (high

temperatures) which indictes that the bands start to delocalize

Ln r
e

versus t1 is shown in figure (6.14).

Equation (6.11) combined with equation (6.17) gives

e S
a
co

= a
e
exp[---]

k

e
co

is the conductivity of the states at which electronic

transport occurs. Ln ace is plotted against t1 in figure

(6.14). ace > 100 Ohm-1 cm-1 at X > 19.4. The curves seem to

(6.31)

fall on a single line at X < 12.5. This behavior does not have any

visible meaning because ae < a in this range and the calculated

values of a
co

are inaccurate. But the intercept at t1 = 0,

a
co

100 Ohm" cm-1, is significant and can be compared with



Table 6.3 Calculated values of a, a-1, Ray and EA-
Evo

for X > 9.2

145

Calculated Calculated
X a (A-1) a-1 (A) Rav(A) EA-Evo(eV)

31 .333 3.00 10.59 .422

22.7 .445 2.25 10.94 .754

19.4 .429 2.33 11.08 .701

15.8 .435 2.30 11.49 .721

12.5 .427 2.34 11.89 .694

9.2 .411 2.43 12.46 .643

Table 6.4 Band width r(X) at different temperatures. r and kT

are given in eV t = 1000/T (K-I)

t r(31) r(22.7) r(19.4) kT

1.1 .162 .117 .074 .078

1.15 .138 .097 .049 .075

1.2 .12 .08 .039 .072

1.25 .102 .066 .033 .069

1.3 .088 .053 .027 .066

1.35 .078 .045 .023 .064

1.4 .067 .036 .021 .062





147

compared with Mott's value for the minimum metallic conductivity.

Application of Mott's formula (35) gives am = 0.026 e2/hR

55 Ohm-1 cm-1 where R = 11 A [table (6.3)]. Our value corresponds

to am = 0.047 e2/hR, which is close to an alternate estimate

quoted by Mott and Davis (35).

6.2.7 Heterogeneous model for 9.2 < X < 15.8

Quantative information about this range is limited. dr71, dA and

R are still valid but ae
and a

I
(hence D

e
and D

I
)

are not known. However a microscopically heterogeneous model (102,

103, 104) seems to be successful in describing the transport.

This model is also known as the effective medium theory.

Originally it assumes that a binary alloy is composed of granules of

varying sizes in random mixtures of materials 1 and 2 with

conductivities a1 and 02 and volume fractions v1 and v2. v1 is the

fraction of the total volume occupied by granules of type 1 and v2 =

1-v1 is the fraction occupied by granules of type 2. Each granule

is assumed to be surrounded by an effective homogeneous medium with

conductivity am (figure 6.15):

Figure 6.15: The effective medium picture
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The shaded granule 1 is embedded in a medium of uniform conductivity

a
m

(non-shaded granules). It is characterized by a conductivity

al. Similar picture is applied to a granule 2. For simplicity, the

shaded area is replaced by a sphere of radius a and the problem

becomes analogous to the polarization of a dielectric sphere in a

uniform electrostatic field. The field equations in the present

case are = at and V 1- = 0. Using the continuity of the potential

at the radius a and the continuity of the normal components of it

can be shown that

3E r cose
V1 °

(6.32)

K1 + 2

Eocos e

Vm = - Eor cose +
K/ + 2 r2

(6.33)

V1 is the potential inside a granule 1, Vm is the potential

outside and K1 = al/cm. An uncharged conducting sphere placed

in a uniform electric field is equivalent to an electric dipole

situated at the center of the sphere as far as points outside the

sphere are concerned. Therefore the term (K1-1)/K1+2) a3E0

cose/r2 corresponds to a dipole potential corresponding to a

polarization pi = k a3(K1-1)E0/(K1+2). If there are N1 granules

of type 1 then N1a3 = vl and the net polarization is pl = v1(K1-1)

A
A

E0 k/(K1+2) and similarly p2 = v2(K2-1) E0 k l(K2+2).

Landauer (102) argues that P1 + P2 = 0 and this gives the solution

for a
m
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1

1
a
m

4

=--{(3v2-1)a2 + (3v1-1)a1 + [((3v2-1)o2 + (3v1-1)a12 + 8a102]21.

(6.34)

This model is generalized to describe the transport in

Se
100-X

T1
X

in the range where ionic transport becomes

important. Granules 1 are associated with regions in which

electronic transport occurs, presumably with the minimum metallic

conductivity, and granules 2 represent the regions with ionic

transport.

It is now possible to derive the transport number tI. The

field inside sphere 1 is E1 = 3E0/(K1+2) and similarly E2 =

3'E 0/(K 2 +2). Therefore 4j1 = 41 and 52 = W2. The total current

is 5 = 51 + 52 with 51 = t13 and 52 = t25. Taking the ratio t1 /t2

and including the volume fractions vl and v2, it can be shown that

vi

ti
(1 + 2m)

vi (1-v1)r

1+2m r+2m

(6.35)

with r = 02/al and m = am/al. Therefore 1-ti = tI.

Plots of m versus vi are given in figure (6.16). The most

significant aspect of this effective medium model is that at high vl

(i.e. low tI), m almost exhibits a linear behavior. This shows

that a
e
/a is nearly proportional to the concentration of

"metallic" regions when tI is small. This seems to explain why

straight line plots continue to be found on plotting In ve

versus R and why dlnve/dR is constant when ve is inaccurate.
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Figure 6.16. m versus vl.
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In the combined ionic and electronic transport, an increase in

t
I

must result in a decrease of the electronic contribution.

The heterogeneous model should also predict this behavior if it is

to be considered a possible model for this composition range.

Therefore it should be expected that

(1) t
I

= 0 when v1 = 1 and transport is purely

electronic in which case m = 1.

(2) when v1 decreases, tI should increase and more ionic

contribution appears resulting in a decrease in m.

Theoretical plots of m versus tI are displayed in figure

(6.17). The curves are obtained by fixing a value for r and by

decreasing v1. It is observed that the theoretical curves have the

features described above. The experimental points (circles) are

shown with m = a
co

/al, al
°min

= 100 Ohm-1 cm-1 and
°m

a
m co.

t
I

and a
co

are taken from figure (6.14). It should be recalled here

that a
co

was calculated with the assumption that the transport

is purely electronic. aco is then an upper limit to the real

one. It can be seen that m < 1 and it decreases as t
I

increases

in accord with the predicted features. A more detailed comparison

cannot be made because the value of r is uncertain, and there is no

reason to assume that it is constant.
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6.3 Se
100-X

T1
X

at X > 31

At X > 31, transport is still in an acceptor band. The large

magnitude of a indicates that the density of acceptors is high and

the band gets wide with band width larger than kT. The states are

delocalized. Motts theory for diffusive transport may be

applicable. In general, the conductivity and thermopower are given

by (valid for any domain)

and

a = f a(E)(-3-f) dE (2.12)
aE

k r d(E)
(E-E

F
)

rafN AC
S z ) V-) UL

e a kT aE

(2.13)

In our experimental domain 1-f < 1 and the Maxwell Boltzman

approximation can be made. In the diffusive range a(E) = A[N(E)]2

and equations (2.12) and (2.13) reduce to

and

Ec-EF

a acl exP(
kT )

E -E
, k r,

+
F cl

= - k 1 m ----- / ,

(6.36)

(6.37)
e kT

where a
cl

= A[N(E
c
)]2 and E

c
is the energy of the

mobility edge of the acceptor band. ad]. can be calculated from



a
cl

= a exp(- - 1) .

k
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(6.38)

Values of a
cl

[figure 6.18)] are within the diffusive transport

region between roughly 100 and 2000 Ohm -1 cm-I.

The types of positive defect centers in this composition range

are not well defined. A D+
M2

type, a positively charged polymer con-

taining two T1 atoms, may be present. A Di,11-3 type, a molecular group

having three Tl atoms, is also a possibility. Their respective

concentrations are

and

d+ = p X2 X e
-13gM-2-13cF

M2 1 M s

= X3X e
-og

11

3 seF

M s

(6.39)

(6.40)

Di-
M2

centers are unlikely to be dominant at higher X because the

molecules are expected to become small as the composition Tl2Se is

approached.

In the case of a D-
M

- Di"
M2

ion equilibrium, BET leads to

n+
frI2

cF
=

afri

+
kT
---ln x

2 2

This can be inserted in equation (6.37) with EF-Ev(T) =

(EF-Ev(0)) - (Ev(T)-Ev(0)) = eF-BvT, to give

(6.41)
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S = k [ 1 (g- g+ ) 4.-1 in x - + 1]
e 2kT M M2 2

Therefore S should increase with x. This behavior is observed

156

(6.42)

experimentally. The difference AS at two different compositions is

As =iL(LinIz) (6.43)
e 2 xl

AS (experimental) = 42 pv/K at around 400°C and 32 pv/K at 630°C on

going from X = 40 to 50 whereas AS (theoretical) = 9.62 pv/K.

On the other hand, with a DM - DM3 combination EF is found

to be

and S is

- n+
gM P,13 kT x2

+
eF

2 2 6(2-3x)
(6.44)

x2
- -1 + 1] . (6.45)S =-L[ -1- (a- a+ ) + 1 In

-M -M3
e 2kT 2 6(2-3x) k

S is also increasing with x and AS is given by

x2 6(2-xl)
AS = EL in ( 2 )1

e 2 6(2-x2) x2
(6.46)

AS (Theoretical) = 22 pvIK on going from X = 40 to 50.

The theoretical AS predicts that the change should be the same

at any temperature, which does not appear to be the case here. None

of the above combinations seems to agree satisfactorily with the

experimental data.
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In this composition range the density of DA centers is high and

a large fraction of them may bind to D+ ions to form [DA - D+] ion

pairs. The conductivity of the acceptor band depends on the density

of dissociated pairs (free DA ions). A theory of ionic dissociation

and ionic screening at high ion concentrations appears to be

important for this type of analysis. However the presence of two

kinds of positive ions could lead to some complications. At the

present time, a satisfactory theory is not available.

6.4 Conclusion

A transport mechanism which combines ionic and electronic

contributions is in accord with the experimental data in the

composition range X < 31. Electronic transport is in an acceptor

band formed by DA (T1Se-) and DA (T1Se*) centers. Electrons tunnel

between DA and DA. Ionic transport becomes important when the

average distance between DA and DA sites is too large for tunneling

to occur. In this case D- ions diffuse first and then electron

tunneling follows when the distance between DA and DA sites is

appropriate. This mechanism is dominant at 9.2 < X < 15.8. The

effect of the ionic motion shows up already at X = 19.4. Purely

electronic transport takes place at X > 22.7 and the acceptor states

are delocalized. At X < 4.1, ionic transport starts to take over.

Accurate quantitative information is obtained for the behavior

of dA, dA, Se, t1 and R. For X > 15.8, where t1 -0, quantitative
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information relating to electronic transport is derived: aco,

v
e'

r
e'

a and E
A
-E

v
(0).

In the range 9.2 < X < 15.8, quantitative information is

lacking since ae and a/ (hence De and areare not

known. A microscopically heterogeneous model for transport seems to

succeed in explaining some aspects of the transport. However, a

complete theory is not yet available, and further work is needed.

The quantitative information obtained about the behavior of many of

the parameters may be helpful in developing this theory.

At X > 40, no specific model is found to describe reasonably

well the experimental data. The types of positive centers that may

be present in the liquid are not well enough defined for an

application of the BET to be meaningful.
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7, Se-As SYSTEM

Experimental data on the conductivity and thermopower of

Se
100-X

As
X

in the composition range 0 < X < 40 are reported

in this chapter. The discussion is confined to a description of the

experimental behavior. No theoretical model is advanced.

7.1 Experimental Results

The measurements were carried out up to 635°C. Two series of

runs were made. Se was vacuum-purified in the first series whereas

the distillation method (chapter 4) was used in the second. The

arsenic did not undergo any purification treatment. a and S are

plotted in figures (7.1) to (7.6).

The conductivities exhibit two activation energies E and
al

E at X < 22. E and E , respectively, designate the
a2 al. 02

activation energies at low and high temperatures. They are tabu-

lated in table (7.1). E increases and approaches E as
a1 02

As is added. On the other hand, only one activation energy is

observed at X > 22. Hurst and Davis (29) measured a and S in the

composition range 30 < X < 50 and the temperature range 300 < T <

600°C. They reported a slight upturn in a at high T for X = 40 and

45. This deviation from a straight line is not seen in our

measurement. Table (7.1) gives also the activation energies found

by Hurst and Davis.

A peculiar behavior is present in the second series of runs.

At low temperatures, a decreases on going from X = 0 to X = 4.2



160

whereas it nearly stays on the same curve at high T. This behavior

does not show up in the series of runs involving the vacuum purified

Se except for one composition (X = 3) at very low T.

At 0 < X < 10, S shows a p-n transition and is leveling off at

low T. The temperature at which this transition occurs gradually

shifts to a lower value as the concentration of As is increased and

the thermopower has more p-type character. The temperature at which

the second activation energy in a appears follows the same trend.

Table (7.2) lists the p-n transition temperature as well as the

temperature at which Ea shifts to a larger value.

At X = 10 and X = 13.5, S starts to have a positive slope then

bends down and becomes negative at low T. At X = 20 and X = 22, S

is positive throughout the temperature range but the bending is

still present.

For X > 33, S is positive with a positive slope but deviates

slightly from a straight line at high temperatures. This has been

also seen by Hurst and Davis (29) in this composition range except

for X = 50. No similar deviation is displayed in our conductivity

whereas Hurst and Davis observed a slight upturn at X = 40 and

X = 45. As they pointed out, this behavior cannot be an onset of a

metallic conduction because of the very small magnitude of a

(a < 10-1 Ohm-1 cm-1) and the large values of S (S > 450 pV/K).

These features displayed by S such as the leveling off at low

T, the occurrence of a p-n transition, and the positive slope at
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1.4
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Figure 7.1. Ln a versus t for Se
100-X

As
X'

Se was vacuum

purified.
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Figure 7.2. S versus t for Semo_xAsx. Se was vacuum

purified.
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Figure 7.3. Ln a versus t for Se1004Asx. Distillation

method was used to purify Se.
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Figure 7.4. S versus t for Se
100-X

As
X'

Distillation method

was used to purify Se.
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Figure 7.5. Ln a versus t for See/As" and See0As40. Se was vacuum

purified.
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Figure 7.6. S versus t for Se67As33 and Se60540. Se was vacuum

purified.
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Table 7.1 Activation energies of Seloo_xAsx system.E
cy1

and E , respectively, are the activation
c12

energies at low and high temperatures. Ec is

the activation energy when only one is exhibited.

E is obtained from the thermopower curves.

The numbers in parentheses are data from Hurst

and Davis (29).

a)

X

Distillation was used to purify Se

E
al

(eV) E07 (eV)

0 .51 ± .01 1.01 ± .04

.96 .53 ± .01 1.01 ± .04

4.2 .66 ± .01 1.20 ± .06

5.9 .69 ± .02 1.24 ± .02

13.5 .82 ± .01 1.14 ± .01

22.0 .98 ± .04 1.12 ± .01
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Table 7.1 -- continued

b) Se was vacuum purified

X
F
al

(eV) E62 (eV) Ea(eV) Es(eV)

0

1

.49 ± .01

.55 t .02

1.06 t .02

1.15 t .02

3 .63 ± .01 1.13 ± .02

5.2 .61 ± .02 1.26 ± .02

10 .79 ± .03 1.24 ± .01

20 1.07 ± .07 1.13 + .01

33 1.16 ± .01 1.74 ± .05

40 1.23 ± .01 1.68 ± .09

(30) (1.08 ± .03) (1.20 ± .01)

(35) (1.06 ± .05) (1.25 ± .10)

(40) (1.02 ± .06) (1.31 ± .08)

(45) (1.08 t .04) (1.30 ± .10)

(50) (1.22 ± .04) (1.50 t .10)
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Table 7.2: Transition temperatures in Seloo.esx.

to represents the p-n transition temperature

exhibited in S. t
o

is the temperature at which

the activation energy shifts to higher value.

t = 1000/T (K-I).

a) Distillation method was used to purify Se

to to

0 1.29 1.17

.96 1.34 1.23

4.2 1.36 1.31

5.9 1.37 1.34

13.5 1.43 1.51

b) Se was vacuum purified

X to to

0 1.25 1.19

1 1.29 1.20

3 1.31 1.26

5.2 1.35 1.30

10 1.4 1.43
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high T followed by a bending at 10 < X < 22 have been encountered in

the study of Se and Se-Te systems (chapter 4). Oxygen impurities

have been found to have a big effect on a and S of Se and Seloo_xTex

for X < 20. However the detailed mechanism of their influence is

not known. The situation is the same in the Se-As system. The

afore-mentioned peculiar behavior of a at low X gives a definite

indication of impurity contamination which is mainly due to oxygen.

As in the case of Se and Se-Te, it is not known what the intrinsic

property of Seloo_xAsx is and whether the p-n transition is

induced by the presence of oxygen impurities. Henkels and Maczuk

(15) found a positive thermopower with positive slope for liquid Se

and after As doping S displayed exactly the qualitative shape and

behavior described herein. This would indicate that As is

responsible for the p-n transition. However our study and the

investigation of other workers (13, 14, 17) reveal a p-n transition

in Se itself prior to any addition of a second element. Therefore

attributing the p-n transition to the addition of As is open to

questions.

A generalization of BET to Se-As will be very helpful in

understanding this system. Se-As system is expected to contain high

densities of atoms with three-fold bonding. The groundwork has been

laid for such an application (105).
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7.2 Conclusion

At low X, the Se
100-X

As
X

and Se
100-X

Te
X

systems exhibit the

same qualitative behavior in a and S. A p-n transition appears in S

and disappears gradually as X is increased. Oxygen impurities play

an important role but the detailed mechanism by which it affects a

and S is yet to be unveiled in order to understand the electronic

properties of Se-As system.
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8. SUMMARY

The basic problem of a high temperature cell design which

avoids direct contact between Se (and its alloys) and the metal

parts of the electrodes has been solved. However, the seal is not

hermetic and when vapor pressure is high, corrosion of the metal

occurs because of vapor diffusion. Measurements at high vapor pres-

sures cannot be made without modifying or improving the electrode

design to obtain a gas-tight seal. Preliminary work on this has

been made using boron oxide to cement part of the electrode (the

grafoil) to the cell, but the problem is still unsolved. The accur-

acy and precision of measurements have been improved by taking ad-

vantage of computer control to introduce a correction for inhomogen-

eity of thermocouple wires, and a method for subtracting out stray

voltages.

An important question, which is yet unanswered, is the role of

oxygen in the physical properties of Se and its alloys. Some degree

of purity has been attained with the purification in the sense that

it has led to a better defined behavior of a and S. This includes

elimination of the gross non-reproducibility of the data and

demonstration of correlations between the behavior of a and S. In

particular, it was found that the p-n transition tends to occur at

lower temperature when a becomes smaller and hysteresis occurs in

the behavior of S when T is kept below 350°C for more than 12

hours. Although these phenomena are still not understood, they

suggest more specific hypotheses. The present work lays the ground-
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work for further study of the underlying mechanisms. However, none

of the experiments done in this work has led to definitive

conclusions. It is particularly hard to reconcile the occurrence of

an hysteresis in S with no change at all in a. In brief. the

detailed mechanism by which oxygen affects the electronic behavior

of Se is not yet understood or known. Complete purification has not

been attained, but the processes developed are useful for further

investigations. Questions remain as to whether oxygen increases or

decreases a and as to what mechanism causes the p-n transition. An

electrolysis procedure based on the idea of driving electronically

active oxygen (DE) centers) out of the electrode compartment is

expected to give additional information. Such experiment is in its

preparation stage in our laboratory.

The analysis of the Seloo_xTex results is the first to show the

development of an acceptor band in LS arising from bond defects. It

is also the first to illustrate or demonstrate the value of BET. It

has been possible to obtain numerical information about the behavior

of the Fermi energy, the concentration of bond defects and the

transport behavior of the states involved. However, the results of

the analysis are complicated by the fact that D* and D- bond defects

can occur on both Se and Te atoms. The model which was used assumes

no distinction between Se and Te acceptor centers. This model is

reasonable if only one of them dominates, or if they have the same
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energy. Some inconsistencies (behavior of EA-Ev) which

appear at X = 40 and 30 suggest that this assumption may be at

fault. The two-band analysis was only possible at lower tempera-

tures and at rich-Se compositions where the acceptor band is narrow

(a z 100 ohm-1 cm-1, S z 100 pV/K). But the same qualitative

behavior extends to higher T and compositions richer in Te where

metallic behavior develops. This suggests that the metallic

behavior develops in the acceptor band or at least that the acceptor

band plays a major role in the development of metallic behavior.

This question of the relation of the acceptor band to the metallic

transition is one of the two major research problems which have been

opened up by the thesis work.

The work on Se
100-X

T1 illustrates the possibility of a wide
X

range of correlation between the motion of a charge and motion of

the associated charged molecular complex in LS. Diffusive motion of

the charged molecular complex becomes increasingly important when

localization of the electronic states occurs. The ionic contribu-

tion is relatively small when the states are delocalized. We have

managed to follow in a quantitative manner the transition from

extended states to localized states. It has been possible to obtain

information about the ionic contribution in terms of the the

transport number. This concept of drift of a charged molecular

complex could be an explanation for some aspects of behavior of

other liquid chalcogenides in the low conductivity regime, which

show apparent inconsistencies between the behavior of a and
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S. This problem calls for more attention. We have not been able to

separate in a quantitative way the contributions of the ionic motion

and the electronic transport to the total transport in the

composition range where the acceptor band is weakly localized. A

microscopically heterogeneous picture has been introduced to

describe this range but that needs to be examined further. The

detailed understanding of the interaction of ionic and electronic

transport in the weakly localized acceptor band provides another

significant research problem for further work.

This research is the first to report extensive investigation of

the behavior of a and S of Se
100-X

As
X

over the range 0 < X < 40.

Strong evidence of impurity effects is observed in the Se-rich

range. The electronic behavior is very similar to that of the Se-Te

system where a p-n transition appears at compositions up to X = 20.

Progress in describing Se-As (and Se-Te) systems seems to be tied to

a clearer understanding of the underlying mechanism in liquid Se and

to a solution to the problem of oxygen contamination . In addition,

the Se-As system is expected to contain high densities of atoms with

three-fold bonding, and an extension of BET to that system will be

very helpful. The groundwork for such an application has been laid

(105). In brief, a conceptual framework for modeling the Se-As

alloy system is still needed.
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APPENDIX A

REMOVABLE INTERNAL PLUG

The removable internal plug (figure A.1) was originally

designed to seal the upper part of the cell using a grafoil

bushing. It was made of a machinable ceramic attached to a

stainless steel tubing by means of a screw. Composition was changed

by pulling the stainless steel tubing up and adding a measured

amount of constituent. This was done at low vapor pressures, i.e.

at low temperatures. Some precipitates were seen on the grafoil

bushing which made the removal of the plug very difficult and damage

to the cell could result. Therefore the grafoil bushing was

omitted. A number of runs were done on each composition to assess

the reproducibility of the data and to see how the composition

changed with time. It was found that a change occurred usually

after 72 hours.

Later, the ceramic plug was replaced with a graphite plug to

help maintain a system free of oxygen.

stainless steel tubing cer m

screw bushing

an NMI
grav

reservoir

Figure A.1. Removable internal plug.

111. =MN.
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APPENDIX B

LEAK TEST ON THE ELECTRODE COMPARTMENT

The rate at which vapor escapes through the electrode

compartment depends on the vapor pressure and is also believed to

depend on the flatness of the region surrounding the holes. It is

found that a rough surface introduces a greater leak. Therefore a

test is performed beforehand (figure 8.1).

The electrode configuration described in section (3.2.2) is

placed at one hole with the spring replaced with a small clamp. The

remaining three holes are cemented with wax, then the electrode

region is pressurized and the rate of change of the pressure is

observed. It is given by

4E = KP

dt

or P(t) = P(o) expr-Kt] .

P(o) is the original pressure and r1112 I = K is the leak con-
dt

stant. When the surface is rough, K is in the order 10-2-10-3

sec-1. A smaller value is obtained by polishing the flat surface.

The best value obtained in this work is around 8 x 10-5 sec-1. The

flat surface surrounding each hole is tested until K is around

8x10-5 sec-1.

electrode cemented with
wax

air 117
pressure gauge

Figure 8.1. Leak test arrangement.
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APPENDIX C

TWO-BAND ANALYSIS

Two different transport mechanisms occur in Seloo_xTex

for 30 < X < 50. At low temperatures (region I), transport is

entirely at the mobility edge of the valence band. At high T

(region II), a bipolar transport takes place with a contribution

from a narrow acceptor band, formed by negative centers D- and

dangling bands D*, and a contribution from the mobility edge of the

valence band.

C.1 Details of the analysis

The pertinent equations describing the two domains are

1) region I:

and

a/ avra
vo

exp[ -
E
F
-E

v]
(5.1)

kT

k
EF -E

v
(5.2)

I v
e kT

e S
v

a
v

a
vo

exp[1 (C1)

k

a . 610(111d- I)
vo 1024 6

S
v

is fitted to a straight line and is of the form

S
v
= c-dt 5

(5.4)

(C2)
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with t = 1000/T (K-1).

2) region II:

all
GA + (Tv =G

(5.5)

SAGA + Svav
SII S , (5.6)

aA + av

and

E
F
-E

A2d-
= exp[ ] , (5.7)

d* kT

, k r
J

EF -E
A k 2d-

A =L --i, n'
e kT e d*

EF-EA

aA aA0 exPE --kT
3

(5.8)

(5.9)

S
v

is extrapolated at high T from the low T curve using equation

(C2). A self-consistent calculation is used to get information

about d- and a
A'

A value of d- is assumed and a is
vo

calculated from equation (5.4). Knowing a
vo'

a
v

is evalu-

ated from equation (C1) and a value of aA is deduced from

equation (5.5). Let this value be GA1 with

aAl a-av

a
A

can also be determined with the help of equation (5.6) and

(5.8). The assumed value of d- is used to calculate S
A

in

equation (5.8), with the density of spin centers d* taken from

(C3)
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magnetic susceptibility measurement on Se-Te alloys done by Gardner

and Cutler (53). Equation (5.6) is rearranged to give

OS-a SV V
cA2=

S
A

The assumed value of d- is considered to be good if a.,=a
Al A2.

If they are different, a new d- is tried until equality is

obtained. a and S are experimental values.

C.2 Method for finding (d; + d;)

(C4)

Assuming that ammonia purified alloys are deoxygenated and that

the acceptor band is associated with Te, an estimate of (d1-:, + d;)

can be made as follows:

1) E
F
-E

v
is determined from the experimental values of S

v

2) EA-Ev is taken from ammonia purified Seloo_xTex

3) EF-EA=(EF-Ev) - (EA-Ev)

4) dT and SA are evaluated from EF-EA using equations (5.7)

and (5.8).

5) At low temperatures, av=a (aA<<av) and d- = drr + d(-) + d;

is computed from equations (C1) and (5.4).

6) At high temperatures, av is calculated from equa-

tions (5.5) and (5.6) and d- = dT + c-) + d; is again

obtained from equations (C1) and (5.4).
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Calculations of dA(X) and Se(X) for Seloo_xTlx

D.1 Calculation of d*(X)

The total concentration of spin centers is given by ds(X) =

dt(X) + dA(X). dA(X) is obtained if ds(X) and dt(X) are known.

A theoretical expression for dt(X) is derived from BET

(1-L)

dt(x) 2 /(1 ..3x) dt(o)

(1- It) 2

2
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(6.22)

with x = X/100. An empirical fit can be deduced for dt(0) using the

magnetic susceptibility data of Gardner and Cutler (53):

-.682

d*(o) = e
3.25

e
kT

(6.24)

Consequently dt(X) can be generated at any composition.

D* and D* are paramagnetic centers and the total paramagnetic

susceptibility follows Curie's law

-
x,
v 3kT

N is the number of paramagnetic defects (N=NAds with NA

being the Avogadro's number) and p = gp6[J(J+1)]
1/2

is the

magnetic moment. g = 2 and J = S = 1/2 for these defects.

Therefore d
s
can be expressed as

(D.1)
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(X T) ,

N
A
p2

B

P
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(D.2)

with k/NAp2B = 8/3. Misonou and Endo (96) carried out magnetic

susceptibility measurement on Seloo_xTlx for 0 < X < 26.

d
s

is deduced from reference (101) and it is plotted in figure

(D.1). dj(X) is calculated from dA(X) = ds(X) - d*(X)sand it is

shown in figure (D.2). For X > 8, the curves exhibit approximately

the same slope especially at X = 20 and X = 26. This is predicted

by BET. dt(x) decreases with X and at higher concentration of Tl

most of the spins are on DA and consequently In dA versus T-I should

have the same slope according to the theoretical expression

dj(x)
x

sM

(1 )

2 k
e e

a e*

6(2-3x) (1 -I)
2

(6.23)

sA/k -aeA

Letting F = dA(x)6(2-3x) (1-x/2)/x(1-3x/2) = e e , plots of

In F versus T-1 for different x should fall on a single curve since

sA/k and eA are constant. eA and sA can be deduced from the slope

and intercept of the common curve. The curves corresponding to

F(.08), F(.2) and F(.26) [figure (D.3)] show approximately the same

slope. eA and sA are Fav = [F(.08) + F(.2) + F(.26)]/3. It is

found that eA = .418 eV and sA/k = 4.03. The generated spin density

dg(x) = d*s (x) + dA(x) is also plotted in figure (D.1) [d*(x) is

calculated from equation (6.25)3. Comparison of ds and d9 shows
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a rather large difference at low x.

D.2 Calculation of Se(X)

The thermopower associated with a narrow acceptor band formed

2d

Se =

by DM* and DA is given by

and by

kln
e d*

k
EF - E

A]
S
e

= [

e kT

(6.16)

(6.17)

with EF-EA = (EF-Ev(o)) - (EA - Ev(o)). Ev(o) is the top of the

valence band at T = 0. The position of the Fermi energy with

respect to Ev(o) can be deduced from BET assuming a DI - Du ion

equilibrium:

X

cF EF Ev(o) = gA
kT Pas

2 2 XMXs
(0.3)

With XM = x /p1, EF - EA can be expressed as

kT p1p3

F A
(D.4)

2

where A = EA - Ev(o) + (gTh - gI)/2. Equation (6.17) is now written

as



S
e

= B + IL In P1P3

2e x

with B = A/eT.
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(D.5)

Let us define S(x) = S(x) + (k/2e) in x. At two different

compositions xl and x2, ge(x2)§e(xl) = 0. Therefore Se is

expected to be the same at different compositions if transport is

purely electronic. Plots of S(x) versus T-1 are shown in figure

(D.4). S(.31) and S(.227) have the same slope whereas S(x) for

x < .194 deviates from a straight line. It is concluded that

transport is purely electronic at x < .227. The average of S(.227)

and S(.31) is taken for Se and the generating equation for the

electronic thermopower is

S
e
(x) = S

e
-

k
-- In x ,

2e

with 5e = 257.24t - 153.04.

(D.6)
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Figure D.1. Plots of d

s
and d

s
g. d

s
is deduced from

data in reference (101).
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Figure D.2. Ln dm versus t. dm = ds- ds with ds

deduced from data in reference (101).
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Figure D.3. Ln F versus t.
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Figure D.4. -S-(x) versus t. The dashed lines represent S =

rf(.31) + S(.227)3/2.




