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ABSTRACT

Systematic experimental investigations are carried out on electri-
cal and optical properties of amorphous semiconductors in the Si-As—

Te glass system. Temperature dependence of the dc conductivity GT

follows fairly well the formula of GT=co-exp{-Eg(el)/2kT},‘and the pre-
exponential term 0, is estimated to be (2.1#0.6) x10% (Q-cm)'1 for all
Si-As-Te amorphous system. A quite wide range of the dc conductivity
of 10—“’.\'10"11 (f+cm)”! at room temperature is obtained by controlling
the glass compositions. A systematic relationship between the composi-

tional changes in the electrical gap E and the optical gap E

g(el) g(op)

has been found. The energy-band gaps increase linearly with increasing
the Si content but decreasing the Te content, and are almost insensitive

to the As content. The relation between E and E is expressed

g(el) g(op)

by E =1.60 E -0.15 in eV. On the other hand, the optical

g(el) g(op)
absorption coefficient a(w) near the fundamental edge follows the empir-

ical formula, a(w)=ay-exp(fiw/Eg). The experimentally determined factor

E

g increases linearly with the gap Eg(op) and is closely related to the

energy difference between the two gaps. A tentative energy-band model

to éxplaiq these experimental results is proposed by taking account of

iii



the effect of potential fluctuations in such disordered materials.
Several steps of stabilization are realized from a rapidly quenched
state to the well annealed state by heat treatment at a temperature
below the glass transition temperature Tg. The weight density, thermal
expansion, heat capacity, dc conductivity, electrical and optical gaps
and the band-tailing facfor Eg change consistently with logarithm of
the annealing time, and saturate finally at certain values at a given
annealing temperature. It is considered that variations of the physical
properties are yielded from two separate sources; one is an increase of
the packing density in the disordered structure which is regarded as
rather an atomic fashion, and the other is a decrease in the local
strain and deformation fields corresponding to the electronic effects.
Since the Si~As-Te~(Ge) glass has a relatively high softening
temperature with a wide glass-forming region, suitable material proper-
ties for practical applications would be expected. In this viewpoint,
some attempts to make electronic and opto-electronic devices have been
made. Particularly, threshold switching phenomena of the chalcogenide
glasses are presented in the thesis work. To find the proper synthetic
conditions for fhe stable switching operation, the breakdown regime is
systematically examined for the material properties and device geometries.
A thin-film switching device with the composition Si6A526Te55Ge13 has
been fabricated in the form of a multi~film sandwitch-type structure.

Some basic technical data for practical operation are also presented.

iv



CONTENTS

Page
Chapter—I. INTRODUCTION +uvevurevncecnenoncansonnanncencoansnasee 1
1-1. Historical Background of Amorphous
Semiconductor Investigations ....ccceceeceecececs cececcnsne
1-2, Purpose and Significance of The Present Work ...........
REFERENCES=T ....vvveessesnssascssccccscccasccs
Chapter-II. GLASS-FORMATION METHOD AND BASIC PROPERTIES OF .
CHALCOGENIDE GLASSES IN THE Si-As-Te SYSTEM ......... 8
2-1. Introduction ..ceveeieernerncecneareacasssecesscsossenss 8

2-2. Definitions and Classification of
Non-Crystalline Semiconductors .......ceveveeescccocnnas 9

2-3. Sample Preparations .ccessvesssoesroscccsccscsccsnssecaas 12
2-4, Vitreous State and Glass-Forming Region ....ceeeeeeeee.. 14
2-5. SUMMAYY +eevveeeraecosancososacsosssasscscsosssssansssase 18
REFERENCES-II ® % 6000 002 s e s es L0 eceLstLeRseE N 20

Chapter-III. ELECTRICAL AND OPTICAL PROPERTIES OF
Si-As~Te AMORPHOUS SEMICONDUCTORS ¢veeescccccccasees 21
3-1. Introduction .....ceeeeeserossnssessscsssassssassscoscess 21
3-2. Optical Absorption and Optical Energy Gap ..eeceeeeveco. 22
3-3. DC Conductivity and Electrical Energy Gap ceeeeececeeees 29

3-4. Photo-Conductivity, AC Conductivity
and Localized StAteS .veievreeirsvscscecccvcnoneoveceanas 34

3-5. Energy-Band Model and Electronic Transport Mechanism ... 41

3-6. SUMMAYY .evcervconconn cesecaeas P certensecsess 48
Appendix—A ....cii000cann teecosceciecscsassaenaas 49

Appendix=B ...iiieinccncectttttctsccncavosenes 52

REFERENCES—IIT ...cccveeeeceanonnssacenensosnnsa Db

Chapter-1V. COMPOSITIONAL DEPENDENCES OF BASIC

PROPERTIES IN THE Si-~As~Te SYSTEM ....ececeececececess D6

4-1, Introduction ....ccveereeietsvrsossancccesecsccesennseenss 56

4-2. X-ray Diffraction Pattern and
Infrared Absorption SpeCLrUm .suvevevocessessocenanceeaee BT



4-3.
b4=by.
4-5.

4-6.

Chapter-V.

5-1.
5-2.
5-3.

5-4.
5-5.

CONTENTS (Continued)

Page

Compositional Trends of Thermodynamic
Factors and Structural Model .....cvveviiciiiieeinenee.. 61

Compositional Dependences of

Electrical and Optical Gaps .eeevcecscossceccans cesoenen 72
Chemical Basis of Static Electronic States .c..ccecovess 77
SumMmary ..ecevececcoe cesecoens Cceesececcsaasrctseenacacnn 82
REFERENCES=-1IV ..cccooavcoossococs cecceccscceson 83
ANNEALING EFFECTS ON ELECTRICAL AND OPTICAL ) )
PROPERTIES OF Si-As—Te GLASSY MATERTALS .veececocse sves 85
INtYOdUCEION v cveeroerecaccocnnasasosecancosssanannscsas 85
Glass Transition Phenomenon .........eeececesesceacceacs 86

Annealing Effects on Electrical and

Optical Properties ......... tsesececsssassessnsseacssens 93
Long-Range Disordering and Localized Tail States +...... 99
SUMMAYY ccoeeveosnneocns ceseoaressanan P 0711

REFERENCES=V ..coveves feeceesitenensaasanns ... 106

Chapter-VI. ELECTRIC BREAKDOWN PHENOMENON AND

THRESHOLD SWITCHING DEVICES OF

Si-As-Te~(Ge) AMORPHOUS SEMICONDUCTORS +eeveveesascoss. 108
6=1. INtTodUCLION et eeeseeeecacosoeconscncocococnacnconsssss 108
6-2. Structures and Fabrication of

Threshold Switching Devices ...c0v00v0e teceoassesacnssanes 109

6-3. Principal Parameters of Threshold
Switch and Electric Breakdown ......ccc... eserseneseennn 112
6-4., Mechanisms of Electric Breakdown and Threshold Switch .. 124

6-5. Stability, Life and Reliability of
Thin-Film Switching Devices ..iivivecirreecrsoancceocnan 130
6‘_60 Sumary R EE R EEEE I I TN SN S S R EEEEEEEEEE NN * 0 000000 137
REFERENCES-VI ...cee0co ceoeaese cceescsessnnnus 139
Chapter~VII. CONCLUSIONS ......... et ettt 141
ACKNOWLEDGEMENTS &t ¢ v ccecucesesecscoooocosososessssasesosososnsesacsss 145

vi



Chapter-1

INTRODUCTION

1-1. Historical Background of Amorphous Semiconductor Investigations

Since the age of ancient Egypt, vitreousAmaterials, mainly oiide
glasses, have been used as an important substance for favorite neces—
saries or ornaments in huﬁan life. In the 1920's the mass production
techniques of common oxide glassesfhad already developed to a consid-
erably high ;evel. Recent rapid advance of the glass technologies is
still more bringing new materials and their practical appiications
such as crystallizedrglass,voptical glass, optical fiber, glass laser,
photochromic glass. However, even an analysis of the glass strucfures

D A major class of non-crystalline solids

was not started uﬁtil 1936.
—common oxide glasées-—-ha&e been extensively studied mainly from the
point of view of their thermodynamical and structural-propertiesg not
for their electronic properties.

In 1968, Ovshinsky reported on a reversible electrical threshold

2)

switch of non-crystalline materials. This new kind of vitreous
materials, so~called semiconducting glasses qontainiﬁg S, Se, or Te
elements, was given attentioﬁ'as electronic and optical materials ex-
hibiting many interesting properties. Since then, the electronic
procesées in amorphous semiconductors, particﬁlarly chalcogenide
glasses, Have been intensively in#estigaﬁed in a field of basic solid-
state physics as well as on practical applications to electronic and
opto-electronic devices. The effort has been concentrated on the

purely scientific interest and on the search for possibility of new

active devices. However many important ambiguities have still remained



in the problems concerned with the structural stabilization and elec- .
tronic behavior; which play an important role.in various interesting
phenomena in the amorphous semiconductors.

A‘g:eat success of the solid-state physics consistiﬁg of analysis
of crystal structures and quantum mechanics has béen seen in studies
of almost perfect crystals such as metals, semiconductors'and magnetic

3

materials, In the last decade, solid-state physicists have started

an attempt to explore non-crystalline substances and disordered sys-

tems.4’5)

Some theoretical approaches like the coherent-potential
“method and the simplé tight-binding method have been made on the basis
of highly simplified model Hamiltonians for one electron in ideal

6,7) However, no accurate comprehensive theory for

disordered systems.
the electronic properties of real amorphous substances has ﬁeen yet
established because of the lack of long~range- order and symmetry in
their structures. By taking account of experimental results on elec-
tronié properties of semiconducting chalcogenide glasses,‘Davié, Mott
and Cohen et aZ.S) have recently proposed a concept of the mobility gap,
so-called thékMott—CFO model. Strictly speaking,this conceptive model
is available only to explain their temperature-dependent dc‘conductiVity.
Thus, the complexityvin these disordered systems keeps the most part of
this field on the 1eve1 of an empirical science. On the other‘hand,
experiméntalists are plagued not only with the vaguely definea concepts
and generalities of the present theories but also with difficulties of
mastering the reproducible preparations of materials. Besides, the-
inherent métastability of the amorphous state compared to the crystal-
line state is also responsible for many confusions and discrepancies

in the experimental results.



1-2. Purpose and Significance of The Present Work

In view of the present Status of the basic physics and the
practical applications in this field, the most necessary thing is
to interpret sufficientl§ correlations between the electronic
processes and configurational stability in real non-crystalline semi-
cohductors. To do this, one has to accumulate firstly systematic
experimental data on the eléctronic properties in connection with
the structural and compositional changes in individual amorphous
.ﬁaterials.

The subject matter of this thesis work is to carry out somé
systematic investigatioﬁs on compositional dependences and stabili-
zation process of electrical, optical and thermodynamic properties
of typical éemiconducting chalcogenide glasses in a Si—As~ie ternary
system.g-lz) Characteristic parameters of the electronic properties
like dec aﬁd ac conductivities, electrical and optical energy-band
gaps, band-tailing factor are examined, and an electronic structure
and transport méchanisms in the Si-As-Te amorphous semiconductors
are discussed from the viewpoint of the network structures.lB)
Another considerable effort is made to develop-a useful and reliable
amorphous active device of electrical threshold switch, and to
elucidate the physics underlying the switching operation to a practi-
cal interest. A series of engineering researches are carried out for
a thin-film crossover switching device of the Si—As—Te—(Ge) aﬁorphous
system, which exhibits the electrical threshold switching action
attributed to the electronic breakdown protess.l4)

In Chapter-II, the author discusses about concise descriptions

of classification and general features of amorphous semiconductors,



especially chalcogenide glasses, and makes clear the principal reasons
for using the Si-As-Te ternary glass system in this thesis work.
Then, a peculiar fabrication procedure by RF heating and preparation

techniques of the samples are presented.lo’ll)

By measuring the
basic thermodynamic properties and the X-ray diffractions of the
synthesized chaicogenide alloys of different compositions, their
vitrification is confirmed, and consequently the glass—forming
composition region determined in this Si-As-Te ternary system is
demonstrated.g)
Chapter—IIT first indicates the eiperimental results on elec~
trical and optical properties of the Si-As-Te vitreous semiconductofs
and manifests that the electronic parameters such as electrical and
optical band gaps play an important role in the semicondﬁcting
properties.g) It is verified that the basic factors for the elec-
tronic pfoperties in these disordered materials can be analogous
to those for band—éonduction processes in tﬁe intrinsic region of
covalent single-crystal semiconductors like silicon and germanium.ll)
In order to explain the electronic semiconducting properties in
the chalcogenide glasses, a tentative energy—Eand model is postulated
and transport mechanisms are discussed.lB)
In Chapter-IV, the author describes about a systematic investi-
gation on the compositional dependences of the electrical, optical
and other structural properties within the glass-forming region of

the Si-As-Te system.g—ll)

In looking through the experimental
results, the basic molecular structures of this vitreous material

can be ﬁroposed in the form of three-dimensionally cross-linked

and covalent-bonded networks to explain the data of compositional



N

dependences. Moreover, the static eleétronic state is discussed
on the basis of electroﬁic configurations of chemical bonds almost
preserved as a short-range order even in such a disordered system.
In Chapter-V, an experimental approach to ekplore an electronic
character of long-range disorders is given by‘studying on stabili-
zation effects during heat treatment upon the electrical, optical
and thermodynamic properties of the Si-As-Te amorphous semiconduc- .
tors.lz) In the stabilization process due to relaxation of internal
deformation enefgy stored in as—quenched glasses, consistent changes
of various electronic and configurational factors such as the band
gaé,vthe band-tailing factor, ac conductivity, weight density and
specific heat are observed as a function of the annealing time at
a temperature slightly below the glass transition temperature Tg-.
More detailed discussions are given about the correlation between
the configurational relaxation kinetics of the internalkdeformations
"and the electronic effect of the long-range disordefs like localized
tail states.ls)
Chapter-VI deals exclusively with reversible threshold switch-
ing devices made of bulk alloys and thin films in the Si-As-Te-(Ge)

14)

glass system. The author has concentrated primarily on the
critical experiments which separate the switching mechanism due to
electronic breakdown process from that due to thermal runaway,‘and
systematic .experiments on the electric pre-breakdown regime are

made for practical application under various conditions of the
material parameters and device geometries of the amorphous switching

devices.  Consequently the thin-film crossover switching device

with a considerably high reliability and reproduéibility has been




developed in practice;
In the final chapter, conclusions obtained in this thesis work
are summarized, and finally the author expresses his gratitude for

4

persons concerned with this work.
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Chapter-II

GLASS~-FORMATION METHOD AND BASIC PROPERTIES OF
CHALCOGENIDE GLASSES IN THE Si-As-Te SYSTEM

2-1. Introduction

Non-oxide chalcogenide glasses have various useful and attractive
characteristics as one of electronic and opto-electronic materials.l)
By controlling their compositions or mixtures, it would be possible to
achieve new and extensively desirable material properties. In addition,
the unique properties are ekpected not to change by means of thin-film
deposition processes, which do not limit their size and pile. However,
even at present, poor understanding of the amorphous or glassy states
as well as the absence of reproducible technologies of the glass fabri-
cation and amorphous thin-film processes impedes practical applications
of these materials.z)
In this chapter, an attempt is first made to classify many non-
crystalline semiconductors, particularly the chalcogenide glasses, into
some categories mainly according to the structural features. Next, the
author gives some principal reasons for the use of a Si-As-Te ternary
glass system in this work. The peculiar RF heating method which was
adopted to fabricate these glasses and the sample preparation processés
are presented in detail. Vitrification of the chalcogenide alloys
obtained is confirmed by means of X-ray diffractiop and basic thermal

analyses, and consequently the glass-forming region in this Si-As-Te

system is determined.



2-2. Definitions and Classification of Non-Crystalline Semiconductors

The author gives ekact definitions of a glassy (vitreous) material
and an amorphous semiconductor used frequently in tﬁis thesis. An
amorphous material is defined crystallographically as a substance which
does not have such three-dimensionally periodic and symmetric arrange-
ments of atoms or molecules as a crystal. Virtualiy it is character-
ized by the X-ray diffraction pattern, consisting not of sharp Bragg
reflections but of a few bfoad halos. However, the X-ray diffréction.
cannot distinguish evidenfly between a random arrangement of atoms
and a microcrystalline material containing approximately two hundred

3)

atoms. Amorphous and non-crystalline are synonymous in present

termenologyf A distinctive class of amorphous solids are glasses.
From the chémical'point of view, a glass (or a vitreous matefial) is
defined as an inorganic product solidified from the fusion without
crystallizing. Such a glass always undergoes what is called a glass
transitioh. These materials all can be classifiéd‘as a disordered
system. Most of non-crystalline and vitreous solids are characterized
as good insulators, but some kinds of them are included in a cafegory
of semiconductors, as shown as follows.

The amorphous-semiconductors may be grouped into three major cate-
gories as classified in Table—l.s) The first main group in the table
contains the oxide glasses including transition metal ions. The conduc—
tion proceeds via a éharge exchange among'the mixed valence transition

6)

metal ions. The dielectric films listed secondly in Table-1 are sen-

sitive to disorder, and their electronic conduction relies on deviations

from stoichiometry and on the presence of defect centers which act as

7)

donors and acceptors. The third group contains the covalently'



Table-1. Classification and Examples of
Non-Crystalline Semiconductors.

(after Fritzsches))

Semiconducting Oxide Glasses ' :
: Mﬂo—-Alz 03 "‘SiOz

V205 -P, O ‘

V,05—-P, 05 -BaO . Co0O-Al, 03.—8102
V2 05 -GeOz —BaO FCO—'Alz 03-—~Si02~
Vz 05 —PbO—Fez 03 ) T102 —*_B) 03 —BaO

.......................................

2. Dielectric Films

$i0,, A1, 03, Z10;, Ta, 03, SizNg, BN, ................ '

3.

Covaleni‘ N(;n-'Crystalline Solids

. A. Tetrahedral Amorphous Films

Si, Ge, SiC, InSb, GaAs, GaSb............... veree

.B. Tetrahedral Glasses, All giV oV

CdGe, As,, CdSi,P,, ZnSL P,, CdSn, As, ............... .
C. Lone Pair Semiconductors

(i) elements and compounds
© 8Se, S, Te, As;Se3, AS383 werreeveanns

. (i) cross-linked networks

Ge-Sb-Se Si-Ge-As-Te

Ge-As-Se As;Se;-As,; Te

As-Se-Te Tl,; Se-As,; Tej
D. Others

B, As, (Cuy.xAuy) Te, ..........

Table~2. Chalcogenide Glass Systems,

Elementary

System Vi Amorphous S, Amprphous Se
_ VI-VI S-Se, S-Te, Se-Te
Binary V -VI | As-S, As-Se, As-Te
System .
IV-VI Ge-S, Ge-S5e, Ge-Te, Si-Te
VI-VI-VI | S-Se-Te
Ternary V -VI-VI | As-S~Se, As—-S~-Te, As-Se-Te
System . .
V -V -VI | As-Sb-S, As-Sb-Se, As-Bi-S, As-Bi-Se
I1I-V-VI { T1-As-S, Tl-As-Se, Tl-As~Te, Ga-As-Te
I -v -VI Angs—S ‘
V-VI-VII | As-S-I, As-S-Br, As-S~Cl, As-Se-I, As~Te-I1
IV-v-VIl | Si-As~Te, Si-P-Te, Si-Sb-S, Si-Sb-Se,
Ge-P-S, Ge~P-Se, Ge-P-Te, Ge-As-S,
Ge~As-Se, Ge-As-Te, Ge-Sb-Se, Pb-As-S
Quaterna Ge-Si-As-Te, Ge-Sb-S-Te, Ga-Ge—-As-Te,
ty T1l-As-Se~Te, Ge~As—S-Te, Ge—-As—Se-Te,
System

K-Ca-Ge~S, Ba-Ca-Ga-S, etc.

- 10 -



bonded amorphous semiconductors: (A) the tetrahedral semiconductors,
which can only be prepared by thin-film deposition, (B) the tetrahedral
glasses and (C) the lone-pair semiconductbrs. ‘The lone-pair semicon-
ductors imply a large variety of non-oxide chalcogenide glasses and
thin-films, characterized by containing the Group-VI chalcogen elements,
i.e. S, Se, or Te. From the structurél point of view, they are distin-
guished (i) the elements and compounds with chain-like molecular com—
plexes of larger size as regarded as inorganic polymers, and (ii) the
three~dimensionally cross—iinked network structures which approximate
more closely the ideal of structural disorder.

As shown in Table~2, these chalcogenide glasses can be classified
according to the compositions from elementary systems to ternary or
more multicomponent mixtures. Through a great number of recent invésti—
gations on these chalcogenide glasses, various useful and interesting 
properties shown in Table-3 have been found out. These chafacteristics

can be controlled desirably over very wide ranges by changing the com-

Table~3. General Features of Chalcogenide Glasses

1. Electrical Properties

Semiconductive Materials8)

Memory & Threshold Switchesg)
Photo-Conductive & Photo-Voltaic EffectsS)
Thermo-Electric Powerd

2. Optical Properties

Infrared Transmissionl0)

Large Refractive Indexl

Large Acousto-Optic Effectll)
Photo-Induced Index Changel?)

3. Thermal & Mechanical Propertiesl3)

Large Expansion Coefficient
Low Softening Temperature
Low Hardness

Small Young's Modulus

- 11 -



positions and constituents within inherent glass—-forming composition
regions of individual glass systems. The glass-forming regions give
an important factor for glass formation and stability. In comparison
of the size of these regions especially of IV-V-VI ternary systeﬁs, it
has been qualitatively shown that the glass-forming tendency decreases
with increasing atomic mass of the constituent elements in order Si>Ge

>Sn, As>P>Sb, S>Se>Te in respective groups,lS)

This tendency is also
found in dependences of the physical properties like softening point
on individual elements of these glasses, except for.the reversal of P
and As.

In this thesis work, the author has conducted systematic investi-
gations on electrical and optical properties of the Si-As-Te glass
system chosen especially from among ternary chalcogenide systems of
IV-V-VI elements. Though few investigations on the electronic seﬁicon—
ducting properties have been made so far, this Si-As-Te glass system
has considerably high softening temperatures, a very wide glass-forming
region and a wide controllable dc conductivity range(10"4'{:10"11 Q—%cmfl)
éompared with other ternary systems. Therefore, this glass system would
be very relevant not only to studying on the compositional dependences

of the semiconducting properties, but also to some practical applica-

tions to electronic devices.

2-3, Sample Preparations

Vitreous materials are produced by being rapidly cooled from their
melts. Since many chalcogenide glass systems include volatile compo-
nents, e.g. arsenic, sulfur, tellurium, and much care must be taken to

exclude atmospheric oxygen, the sample fabrications are usually carried

- 12 -



out by heating the mixtures in evacuated sealed fused-silica ampoules.
In order to ensure good mixing and reaction of various components, a
rotating or rocking electric furnace is often employed. Reactions are
continued at a high temperature for many hours (8v24 hours) enough to
obtain a homogeneous low viscosity melt.la)

In this work, a new fabrication procedure by convenient RF heating
has been developed to obtain large ingots of the semiconducting Si-As-Te
glasses with a good homogeneity in a relatively short melting time.
Figure 2-1. shows a schematic diagram of the peculiar induction furnace
with a heater of a SiC ceramic tube employed in this thesis work. By
the method, these Si-As-Te glasses were synthesized in the following

15)

way . Each of the three raw materials of purity better than 99.999%

was ground to 100 mesh powder, weighed with an accuracy of 0.1 mg to

RF HEATING FURNACE

O le— ————MOTOR & GEAR I Y Al
& - —No-wre | S
1 emmcw AMORPHOUS SEMICONDUCTOR
fr== 7 _pt-1sAn : . ' R _...
;;T‘r/’ Su?f¥ﬁ41é2|_ e
"""'g RECORDER :
o SEALED QUARTZ
RF GENERATOR o — - —AMPOULE
10kW ~———==MELY
400 kHz o == SiC HEATER
o -BUBBLE ALO;
& ——— "CERAMIC MgO
S T -WORKCOIL
BerENeE
Sl ~  -FIREBRICK i. 7
Fig.2-1. A schematic diagram of the Fig.2-2. An ingot and disks
induction furnace used for fabri- of SigAsy,Tej; amorphous
cations of Si-As-Te chalcogenide semiconductor fabricated by
glasses. the RF heating method.

g



the total amount of about 50 g and at once sealed up into a fused-silica
ampoule at a pfessure below 10_5 Torr. The mixture sealed in the
ampoule was heated at 1100@1200 °C continuously for 6 hours by the RF
heating method. Self-agitating effect on the melt by the electro-
magnetic force has enabled the good reaction of mixtures in such a
relatively short time. After that, alr-quenching was accomplished by
removing quickly the ampoule from the furnace. The glasses fabricated
have a similar look of the silicon single crystal. Some disks about

1 mm thick were sliced from each ingot of the glasses stabilized suffi-
ciently by heat treatment. The disk samples were polished with 0.3 um
A1203 powder and washed well in alcohol. The 1 mm thick samples were
provided with evaporated Au film electrodes of 1 cm2 area on both faces
for electrical conductivity measurements. For optical measurements,
three types of specimens of thickness 100, 200 and 350 um having 5x5
mm2 area were prepared from the individual glasses, and then both
surfaces of all specimens were polished to a grade of optical flat with
0.3 ym diamond paste. A rod sample 10 mm long also was cut out of each
glass ingots to measure thermal expansion. Fig.2-2 shows a photograph
of an ingot and disks about 17 mm in diameter of a typical Si-As-Te

amorphous semiconductor.

»,

2-4, Vitreous State and Glass-Forming Region

The glass~compositions of about 25 samples prepared in the Si-As-Te
system were selected along the lines on which the‘atomic ratio of two
elements ié kept constant, as shown in Fig.2-3. The real compositions
were confirmed to be in good agreement with the values weighed at the

start within about 27 on the inspection By the atomic absorption analy-
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_ ® Crystallization
- after Hiltonl‘3 )-~—-present work)

Fig.2-3. Compositions of syﬁthesized glasses aﬁd
glass-forming region in the Si-As-Te system.
sis (Nippon Jarrell-ASH, Jaco AA—lE).

Vitrification of the as-fabricated alloys was examined by using
the following methods: (i) the X-ray or electron diffraction (Shimadzu
VD-1 or Electron Microscope JEM-7A), (ii) the thermal expansion (Leitz
Dilatometer model-UBD or Perkin ElmervTMS—l), (1ii) the thermal analysis
of DSC traces (Perkin Elmer DSC-1), and (iv) the electrical dc conduc-
tivity and the optical transmission (Shimadzu 2-beam Spectrometer), etc.
Aé previously mentioned, the vitreous (or glaséy) materials are consider—'
ed to be a kind of amorphous solids frozen in with disordered atomic
arrangements in their fused state. Such vitreous materials can be
structurally distinguished from crystaiiine ones by the X-ray or eiec—
~tron diffraction. Therefore, as shown in Figs.2-4 and 2-5(a) and (b),
the sample solidified to a glass does not exhibit sharp reflections
associated with various crystallized materials, but represents a few

broad halos in the X~ray and electron diffraction patterns from some
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— Intensity (arbitrary)

Fig.2-4. X-ray diffraction patterns of some
Si-As-Te chalcogenide alloys and a soda-
lime glass (Cu-Ka; 40kV, 20mA).

(a) (b)
amorphous erystalline

Fig.2-5. Reflected electron diffraction
patterns from two Si-As-Te alloy samples
(100 kV, beam 1 um%).

Si-As-Te glasses as well as a soda-lime glass. The crystallized mate-

rials can be identified mainly as Te polycrystals. On the other hand,
Fig.2-6 illustrates the linear thermal expansion curve and the differ-
ential scanning calorimetric (DSC) trace for a typical chalcogenide

glass, SilAséTeg, togather with those for a Sn metal at the same heating

rate of 20 °C/min. From these measurements, a vitreous state was
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Fig.2-6. Linear thermal expansion and differential scanning
calorimetric (DSC) curves as a function of temperature
for a typical chalcogenide glass, SijAsgTeg, and a Sn
metal at the same heating rate of 20 °C/min. ,

confirmed by the occurence of a glass transition: remarkable inéreéses
of thermal expénsion coefficient and of heat capacity in the vicinity
of the glass transition température Tg. On the DSCVtraces for the |
glasses containing silicon less than 10 atomic %, an exothermic peak T1
due to divitrification and an endothermic peak T2 due to the eutectic
melting appear above the Tg. At the same time, softening effect of the
sample is observed at the softening temperature Tg on the expansion
curve. From such thermal measurements made at the heating rate of 20
°C/min, the glass transition temperature Tg’ the softening temperature

Ty and the thermal expansion coefficient B below the Tg were determined
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for all the Si-As-Te glasses. Likewise, extreme qifferences between a
vitreous phase and a crystallized one have . been found in the electrical
and qptical properties; that is, the vitreous phase material is much
more infrared transparent and has . very much lower electrical éonduc—
tivity than the crystallized alloy.

As a result of thé‘above examinations, a glass-forming region of
the Si-As-Te ternary system has been determined and is depicted as an
island enclosed by a doﬁted iine'in the Gibbs' composition tiiéngle of
Fig.2-3. As seen in Fig.2—3, the glass~forming region obtained in this
thesis work coinéides almost with the result of Hiltom et al.ls), and
is localized below 40 atomic Z for the Si content‘and above 30 atomic 7
for the Te content in the Gibbs' triangle. Strictly speaking, this
region becomes the wider, the greater the cooling rate and the smaller
the sample volume. Crystalline materials such as small cryétallites
of elementary tellurium and stoichiometric binary compounds are apt to
'precipitate from the glass of compositions along the boundaries of the
region. Therefore, the Si—Aé—Te system having such a large glass—-form-
ing region enables one to get stable glasses, and the glass in. the

center of the region is of course more stable than one near the border.

2-5. Summary

In this chapter, the general features and the classifications of
various chalcogenide glasses and amorphous semiconductors have beéﬁ
reviewed. From among a large variety of chalcogenide glasses, the Si-
As-Te ternary system having a very wide glass-forming region and a wide
controllable dc conductivity rénge has been chosen for the use of this

thesis work. In order to fabricate a series of the Si-As-Te amorphous
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semiconductors of a large size with a good homogeneity in a relatively
short melting time, a peculiar RF heating method has been developed.
The‘confirmation of the vitrification has been made for the individual
Si-As-Te ailoys by means ‘of the X—ra& diffraction, the thermal expansion,
the scanning calorimetric traée, and the glasé—forming region iﬁ the

Si-As-Te ternéry system has been determined.
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Chapter-IT11

ELECTRICAL AND OPTICAL PROPERTIES OF Si-As-Te
AMORPHOUS SEMICONDUCTORS

3-1. Introduction

Recent intensive investigations on amorphous semiconductors have
revealed that there exists an energy-band gap in the electronic density
of states and it plays an important role in the electrical and optical

1)

properties. The band gap in semiconducting chalcogenide glasses is
usually determined from the activation enérgy of dc conductivity or the
optical absorption edge. Other experimental evidences for the presence
of the gap have been provided by means of fundamental optical absorp-i
2) 3) 4)

tion, photo-emission spectrum, tunneling spectroscopy, etc. in

amorphous Ge and Si films. In order to explain electronic processes in

5) and Cohen et aZ.6) have

such an amorphous semiconductor, Mott et al.
proposed a concept of the mobility edge, what is sometimes called Mott-
CFO model. The essential features of this model are (i) the existence
of an energy pseudo-gap in the electronic structure, and (ii) the elec-
tronic localized states in the pseudo-gap up to critical energies defin-
ing a mobility gap. However, this model has not yet been experimentally
confirmed in detail, aﬁd there is even some disagreement in the energy
profile of electronic states between the concepts of Mott et al. and
Cohen et al. These problems have not so far been studied systematically
because of the complicated features of localized states inside the
mobility gap.7)

This chapter deals with electrical and optical properties of the
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Si-As-Te amorphous semiconductors. From measurements of the temperature-
dependent conductivity and optical absorption spectrum, some electronic
parameters such as electrical and optical energy gaps are determined.

The author verifies that these parameters play an important role in the

8)

semiconducting properties. On the basis of the experimental results
on the electronic properties, a tentative energy-band model in the Si-
As-Te amorphous semiconductors is postulated in consideration of the
extended and localized electronic states, and then discussions are

.given as compared with the intrinsic band-conduction of covalent crys-

talline semiconductors such as germanium and silicon.

3-2. Optical Absorption and Optical Energy Gap

It is well known that most of non-oxide chalcogenide glasses are

9)

good transparent in a very wide infrared region. A typical infrared

transmission spectrum obtained in the Si9A514Te21 glass is shown in

Fig.3-1. This spectrum was measured for the sample 350 um thick by

(2]
o

i
Sig AS14T321 Glass

Trasmission (%)
i

20— :
- at R.T.: ; ]
, |
\ ; i
0 S l :
0 5 10 15 20 25

Wavelength ( Pm)

Fig.3-1. Infrared transmission spectrum of SigAslATe21 glass.
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using Shimadzu 2-beam Spectrometer (0.672.5 pm) and Shimadzu Recording
Infrared Spectrophotometer (2.5&25 ﬁm) at room teﬁperature. As seen in
this spectrum, an excellent and wide transparent region is founa between
two values. In this transmission range, the iow transmission of about
40750 % is not due to the absorption but caused by the large reflection;‘
therefore the magnitude of absorption coefficients in this region has
been found to be less than 0.1 mel for some chalcogenide glasses.‘ The
appearance of such a wide transparent region suggests that the Si—As-Te
amorphous semiconductor has a forbidden gap in the electronic density

of states similar to that in a conventional crystalline semiconductor.
Fundamental absorptions at the short wavelength edge of the transparent
range in Fig.3—l are caused by electronic interband transitions between
the valence and conduction bands. The absorption edge is corresponding
roughly to the width of a forbidden gap between both bands.‘ In contrast,
the long wavelength cut-off may be determined by the infrared absorption

of the constituent atoms or molecules. Fig.3-2 represents the transmis-

(%)
(=2
?

Si)((AszTe3)(1_x, "

N
-------------
.o
oo
2°

aof

/ . .
”I ' / /
20} X=038 '/0.29 . /0.20 /"0.13 ’::,:'0.06

TRANSMISSION
T

08 10 12 14 16 18 20
WAVELENGTH (pm)

Fig.3-2. Optical transmission spectra in the vicinity
of fundamental absorption edge of several Si-As-Te
glasses 350 um thick at room temperature.
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sion spectra in the vicinity of the fundamental edges of some Si-As-Te
amorphous solids 350 ﬁm thick at room temperature. As can be seen in
the figure, the optical absorption edge is rather soft as compared with
those of single-crystal semiconductors. General features in the obtained
spectra and compositional changes agree fairly well with the result of
Minami et aZ.lO)

Optical absorption coefficients a(w) can be easily calculated from
the transmission spectrum near the fundamental absorption edge by using

t = (1-r)%-exp[-a(w).d] , (3-1)
where t is the transmission, r the reflectivity and d the thickness in
cm of the glass specimen. Even without knowledge of »r, a(w) can be
estimated from the transmission spectra measured for two specimens of
different thickness, 100 and 200 um, cut away from the same glass ingot.
The transmission spectra were measured by using SPEX No.l1l700-III or the
Shimadzu 2-beam Spectrometer. The absorption a(w) estimated by using
Eq.(3~1) is plotted as shown in Fig.3-3 for various Si contents of the
Si-As-Te glasses. A spectral change in the optical absorption near the
fundamental edge is characterized by a(w) which increases exponentially
the incident photon energy #w in the range 10<a(w)<103 cm*l, obeying an
empirical relationship of the form:

a(w) = ageexp(Bw/El) , ... (3-2)
where do is a constant and E; a constant, so called band-tailing factor.
Such an exponential absorption edge is frequently called Urbach tail in
heavily doped covalent semiconductorslll Here, the optical energy-band
gap Eg(op) of the amorphous semiconductor is expediently defined as the
photon energy #w corresponding to a(w)=10cm—1° This value of d(w) gives

the upper limit of about 2.5 x 1017 states/cm3 for the density of gap
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states in amofphous Ge films.3)

In amorphous semiconductors, the transitions between localized and
extended states as well as the interband transitions have to be consid-
ered; however, when both initial and final states are localized, the
lack of spacial overlap between the eigenstates may cut down the transi-

1)

tion probability to small values. According to Fritzsche and Davis

2.

et a , the absorption coefficient oa(w) is expressed as follows:

) .
alw) = Al%$-f gv(E).gc(Hw+E).dE . cevas (3-3)

where A is a constant, M the optical matrix element and gv(E), gc(E) are
the densities of the initial and final states. The above integration

is over all pairs of states in the valence and conduction bands separated
by an energy Aw. Without knowledge of the form of g(E) at the band edges
it is speculative to take the calculation further. If either thé initial
or the final eigenstate 1is 1localized, the E;vector is not conserved

for the transition between the states, what is called non-direet transi-
tion having constant matrix elements and a relaxed i—conservation rule
found in most amorphous semiconductors unlike in crystalline semiconduc-
tors. Then the absorption edge for the non-direct transitions can be

expressed by the following simple form:

alw) =-%g-[ Ko - (3-4)

Eg(‘op) ™,
where o, is a constant, n is an exponent and EZ(op) can be defined as
another optical gap. Here Eq.(3-4) can be deduced on the assumption that
gc(E)=gv(-E) and g(E) obeys some power of E near the band edges.

It has been often observed in many semiconducting glasses, i.e.,
5,12)

ASZSS’ As_Se,., As_Te

)5e3s gTess whose absorption has perfectly fitted the
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fqrmulg with a value of n=2 in Eq.(3-4) at enough ﬁigh.absorptionAlevels
of d(_m)glO4 cm—1 above the exponential tail. Thé author also attempts
to re-plot [d(w)hw]llz against Aw in Eq.(3-4) from the experimental
results in Fig.3-3 for some Si-As-Te glassy semiconductors. As shown
in Fig.3-4, the plots fit the linear relation of [&(w)%w]l/z versus Huw

/2

only in the range of [a(m)hm]l >10 (eV/cle/z. It is expected that

the Eq.(3—4) might be more profitable in the high absorption range with
d(m);}03 cm_l. Unfortunately it is very difficult to obtain such high
values of o(w), because of the technical difficulty of making thin films
less than_SOVum thick for the multicomponent Si-As-Te glasses. As a
result of the above discussion, the optical gap E;(op) is determined
from an extrapolation of the plots of [d(w)kw]l/z versus Hw in the high
absorption region. In comparison of the Eg(op) with EZ(OP) for the

same sample, the small difference between both gap energies can justify

the above-mentioned expedient definition of the optical gap Eg(op)

corresponding.to a(w)=10 cm—l. Therefore, the value of Eg(op) is
adopted as the optical gap of the Si~As-Te amorphous semiconductor in
tﬁis work and shown in Table-4 together with the valﬁes pf E;(op) and Esf
Fig.3-5 shows temperature dependence of the optical absorptibn a(w)
of the SiBASBTe7 glass. The exponential tails of d(m) shift almosf in
parallel to the lower energies with increasing tempefature. Fig.3-6
exhibits typical curves of the temperature dependence of Eg(op)’ that
is, the shift of the photon energy HAw at a(w)=10 cm.—1 with.temperature.
As seen in Fig.3-6, the gap Eg(op) decreases almost linearly with the
‘increase of T near room temperature and can be approximated as follows:
Eg(op) = Eé(O) -yT , = ieeee.. '  (3-5)

where y is the temperature coefficient of Eg(op) near room temperature
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and . E'(O) is a constant zero-gap but not the real optical gap at T=0°K

because the curves are expected to approach T=0°K with zero slope.

From the slope of the linear portion in Fig.3-6, the y-values of 7.7x
-4 ~4 : . . '

10 " and 7.3x10 = eV/deg are estimated for the 513A33Te7 and 519A814T821

glasses, respectively. According to Kolomietsl3) and Fagen et aZ.lA),

the y-value in amorphous materials can be given by the following thermo—'v

dynamic relationship:

BE JoE 38 3E
Y (BT )P BT )V KS(BP )T s . ottt . (3 6)

in which 8 is the linear thermal expansion coefficient and Ky the bulk
compressibility. On the right side of Eq.(3-6), the first term arises
- from the interaction of electrons with phonons, and is at least an order
of magnitude larger than the second term due to lattice dilation of the

substance. Mott has suggested that the y-value is generally greater in
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amorphous semiconductors than that in crystalline ones because of large

thermal disordering of the network structures based on their spiral

15)

chains or layer-1like lattices. Indeed, the y-values obtained here

are relatively larger than those of crystalline semiconductors, and

besides are almost equal to y=7’ia8><10_4 eV/deg in most chalcogenide

16) 17) 18)

glasses other than a few such as amorphous Se and GeTe .

3-3. DC Conductivity and Electrical Energy Gé.p

Temperature dependence of the dc conductivity Op Was measured by
using a dc microvolt ammeter (TOA, PM~18C) and a high impedance electro-

meter (Takeda, TR-8651) for the 1 mm thick disk of each Si-As-Te glassy

A [ I
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Fig.3-7. Temperature dependence of dc conductivity O of
several Si-As-Te amorphous semiconductors.

- 29 -



semiconductor held in a metal vessel at a pressure below 10-3 Torr.

The temperature was raised very slowly from about =100 °C to the glass
transition temperature Tg of each of the glass samples. This upper
limit of the temperature range was determined with a view to avoid non-
electronic influences like ionic conduction, crystallization, devitri-
fication, deformation. The wvalues of Op were estimated from the dc
conductances in the low-field Ohmic region (Below 104 V/cm at room tem-—
perature) of the dc voltage-current characteristics. TFig.3-7 shows
typical data of the conduptivity Oop plotted semilogarithmically against
the reciprocals of absolute temperature T for some Si-As-Te amorphous
semiconductors. These plots give precisely straight lines as illus-
trated‘in the figure. Over the considerably wide temperature range, the
dc conductivity o,, is fitted into a familiar formula as

T

0, = 0q-exp(-AE/KT) = o .exp[-E

T )/ZkT] . ceves (3-7)

glel
Here 0, is a constant pre-exponential term, AE the thermal activation
energy and Kk Boltzmann's constant. In general, the eiectrical energy-
band gap Eg(el) of amorphous semiconductors is defined as twice the
activation energy AE in Eq. (3-7) by analogy with the intrinsic band-
conduction process in crystalline semiconductors. The values of Eg(el)
and o, determined for all the_samples in the Si-As-Te system are summa-
rized in Table-4. A remarkable point in the figure and table is that
the values of o, for all the Si-As-Te glasses prepared in this thesis
work are included within the foliowing range:

0o = ( 2.1+ 0.6) x 10 @em™t Ll . (3-8)

Therefore the dc conductivity o, at a certain temperature, e.g. oggg5 at

T
25 °C shown in Table-4, can be directly related to the electrical gap

Eg(el)’ as represented in Fig.3-8. Similar values of o, have often been

- 30 -



Table~4. Electrical and Optical Properties of Si-As-Te Glasses

COMPOSTTIONS O25 Oo Ege1) ZEg(op) PBglop)  Es Fy
(Atomic Retio) (ohm-cm)™* (Eﬁ?:@-l] (ev) (f‘zz)_ JEEX (ev) l%vl/,curl"le
=10¢em oah@ 10% duby
Sig As) Te36 1.01 x 10“6 2,12 1,21 : 10.6
51, As, Te, 7.15 x 107 2,03 0.9 2.8
S1, Asy Tey 3,05 x 10:2 2.07 1.03 5.0
Si, Asg Tey, 8.69 x 10 2.19 1.10 ‘ 6.4
s1) As, Te, 9.65 x 1077 2.23 1.22 0.8 0.057  13.k
S1, A5, Teng 7.11 x 10‘2 1.97 1.46
81, As, 7763 12,23 x 107 1.63 1,04 0.76 0.79  0.042 4.5
317 as Te28 8.15 x 10°7  1.70 1.22  0.85 0.057  13.4
si, As3 Te, 3.10 x 10"2 2.65 1.29  0.89 0.93 0.059  23.k
Si3 Asy Te, 1,60 x 107 2,10 1.kh 0.99  1.03 0.067
S1))As, Tey 155 x 1070 1,98 1.66  1.13 0.073
Si, Asg Te 146 x 1072 2,01 1.07  0.77  0.81 0.038 4.6
51, Asg Te 6.39 x 10'; 2.08 125 0.8  0.91 0.05  16.0
s19 As hTe 2,05 x 10~ 1.97 1.k2 0.98 1.02 = 0.059 69.0
812 As, Te3 52 x107° 2,05  1.61 1.1 113 0.067
3 As, Teg 1.29 x 107 2,06 178 1.20 122 0.075
1 As9 Te, 1.0k x 107 2,19 110  0.77 0.0k45 6.0
Si) As, Te, 5.81 x 1077 1.9 1.24 . 0.87 0.048  17.3
§i, As, Te, .2.96 x10° 2.5 1.1 0.98 0.051 k5.0
51, As, Teg 9.9% x 1071°  1.85 1.56  1.08 0.06}4
5i) As Te, 7.76 x 10711 2,19 171 1.15 0.070
Si 1 Asg Tey, o 3.bk x 10'2 1.58 1.27 . 23.9
Sl6 As, Te,), 2.17 x 107 1.60 - 1.39 0.9 0.05k4 51.6
si,, As o Teg 9.10 x 1077 1.59 1.57
As3OTeh8 %.05 x 10'8 S 1,92 1.37 : Ly 0
(Ovonic glass)

observed not only for most of semiconducting chalcogenide glasses but
also for the intrinsic conduction in the single-crystal silicon, germa-
nium, or other covalent semiconductors}ggs inscribed with black circlets
in Fig.3-8. This pre-exponential term 0, for the intrinsic crystalline
semiconductors is essentially expressed by a product of the effective
density of states and the microscopic mobility at the band edges. The

0o-value for the intrinsic band-conduction in purely covalent semiconduc-
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Fig.3-8. Relation between dc conductivity o
at 25°C and electrical gap Eg(e1) for all™™ -
Si-As-Te amorphous semiconductors, and for
intrinsic crystalline or amorphous Si and Ge.

tors is generally larger than that for hopping or ionic conductions in
various semiconductors and semi-insulators. These facts imply that the
basic factors for electronic coﬁduction in these amorphous semiconduétors
‘can be analogous to those for the intrinsic band-conduction in the
covalent crystalline semiconductors.

On the basis of the standard semiconductor theory, the g, term of
the temperature-dependent intriﬁsic conduction can be derived in Appen-
dix-B as follows:

Oy = 2e.g(EC’V)-uo-exp(y/2k) , ceecens (3-9)
where g(E. y) is the effective density of states at the band edges, g
the microscopic band-conduction mobilities of electrons and holes, énd

Y the temperature-dependent coefficient of the band gap near room tem-

perature as assumed in Eq.(3-5). If g(E) and u(E) do not vary too
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rapidly with T above E. and below Ey into the bands, one can use their
average values, g(E; i) and ;.  The value of g(Ec,y) can be estimated
to be about 2.5 X 1019 cm_3. If extended states at the band edges are
not strongly affected by disorderness, l, might describe the motion of
nearly free electrons or holes with occasional scattering. In most
amorphous semiconductors it appears likely that u, = sbwloo cmZ/V.sec,
which corresponds to a mean free path less than average de Broglie

)

wavelength of free electrons in solids (~100 A).ZO By substituting
these values and y=7'.3><10—4 eV/deg, the value of 60 can be approximately
estimated to lie within 246 x 104 (Q.cm)—l, which agrees very closely
with the experimental result of Eq.(3-8) obtained for the Si-As-Te
system.

In studies of the optical absorption and of the electical conduc-
Ation,their infrared transparency and thermal activation energy of.dc
conductivity have evidently taught that there ekists an energy-band gap
between the valence and conduction bands and nearly intrinsic electronic
band-conduction is predominant in the Si-As-Te amorphous semiconductors,
in a similar way to intrinsic. semiconductors such as silicon and
germanium. Recently, many ekperimental investigatibns on the presence
of band gap and band-broadening mainly in amorphous Ge and Si films
have been made by means of the €, spectra (imaginary part of dielectric

2) the

constants) from optical absorptions above the fundamental edge,
photo-emission spectra,3> the tunneling conductance spectroscopies,a)etc-
These results have manifested that even in the amorphous Ge and Si films
a pseudo-gap is preserved between the valence and conduction bands, at

the edges of which band-broadening takes place. Likewise, the electron

tunneling spectroscopy has provided strong evidence for a Fermi level
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that, at the film surface least, is positioned close to the center of
the band gap. Unfortunately, these experimental methods have not been
yet applied to multicomponent chalcogenide systems like th_e Si-As-Te
amorphous semiconductors, but the above-obtained results on the optical
and electrical properties make one feel confident that similar ‘electron—

ic processes proceed in the Si-As-Te amorphous materials.

3-4. Photo-Conductivity, AC Conductivity and Localized States

As shown in Table-4, one can find out considerably large difference
of the electrical gap Eg(el) to the optical gap Eg(op) determined in the
Si-As~Te amorphous system. A linear relation between both gaps is

plotted in Fig.3-9. As seen from the figure, the energy difference,

1.8~

1.6~

(eV)

141

Egel)

1.2
Ege=160 Egop~0.15
1.0
1 L 1
08 10 12
Egop  (eV)

/

Fig.3-9. Empirical relation between E (e1) and Eg(op)

in Si-As-Te amorphous semiconductorf.
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Eg(el)_Eg(op)’ varies linearly with the width of the band gap as follows:

= 0.60 E - 0.15 in evV. vesse (3-10)

Eg(el) h Eg(op) g(op)
As discussed in detail in Appendix-B, this value can be derived in the
following form: 5

E 1) ~ Fglop) = 2°Et * Yy TFE . ceee.e (3-11)
The above equation (3-11) indicates that the large difference between
the two gap energies should originate from the activation energy E; of
the effective trap~limited drift mobility, the temperature coefficient ¥y
of the band gap, and an error £ from the procedure used to determine the
opfical gap. Therefore,.the measured difference must offer an experi-
mental evidence for the presence of localized tail states near the band
edges. Since all Si-As-Te amorphous semiconductors used iﬁ this work
are considered to have an almost constant y-value of about 7@8 x 10~4
eV/deg regardless of the cdmpositions, the term of yT is assumed about
equél to 0.21 eV at room temperature. The error € in Eq.(3—1l)'will be
negligible. As a result, the E¢-values are estimated to be 0.04 fo 0.19
eV in the Si-As-Te system, and thus the term of 2E; is likely related
to the compositional-dependent term in the empirical equation (3-10).
Therefore, the simple correlation between E. and Eg(op) implies that in
the Si-As-Te amofphous system the distribution depth of the‘localized
tail states into the pseudo—gap increases as the opticgl gap Eg(op)

increases.

By Nagels et aZ.21)

,» the activation energy of thermo-electric power
curve has been recently found to be less than the corresponding slope
of the dc conductivity in the Si-As-Te amorphous semiconductors. In

account for the difference in the activation energies of 0.110.2 eV and

the positive sign of thermo-power, Mott suggestedlS) that the range of
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localized taii states at the conduction band edge is wider than at the.
valence'band edge, so that conduction by holes slightly predominates,
and one-carrier conduction in the localized states, involving an acti-
vétion energy for hopping, also is taken part in. Buch an outline of
electronic processes is supported by the experimeﬁtal fact that the
drift mobility of holes is larger and has a higher activation energy

22)

than that of electrons in amorphous selenium. Further, energy values
in the range of 0.1&0.3 eV obtained as the E -value have often been
observed for trap—limited drift mobility, photo-conductivity, Hall
mobility, etc. in varioué amorphous semiconductors.23’24)
On the other hand, the reciprocal of the slope of exponential
absorption tail, i.e. the Eg in qu(3—2), at room temperature has been
shown in Table-4. The values of Eg are called the band-tailing factor
and are of the same order of 0.05 eV as that of Urbach tail observed in

11)

ionic or covalent solids. Fig.3-10 shows the Eg factor as a function

of the gap Eg(op) for the Si-As-Te glass system. The linear relation-

0.08-
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Fig.3-10. Peciprocal of slope of exponential absorption edge, Eg
factor, as a function of optical gap Eg(op) in Si~As-Te glasses.
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ship is'empiricaliy obtained by the method of least squares as shown in
Fig.3-10:

Eg = 0.068 [ Eg(op) - 0.10 ] in ev. ceesads (3-12)
As shown in Fig.3~ib, the value of Eg factor changes linearly with the
optical gap Eg(op)’ and particularly it is 1ikely to increasebconspic—
uously with the Si content in the Si-As-Te system. Two plausible ek—
plénations have been offered for the existence of an ekponential abéorp—
tién tail; (i) It would be corresponding to optical transitions involv-
ing the localized tail states, which are exponentially distributed from

25)

the band edges into the band gap. (ii)‘It is due to an effect of

internal electric microfields and potential fluctuations, which may be"

26)

associated with various kinds of disorders. Though it has recently
been reported by Olley et aZ.27) that the ion bombardments oﬁ amorphous
Se and ASZSe3 films cause increases of the optical absorption &(m) and
Eg-value, there is no conclusive evidence yet at the present stage of
experiments on amorphous materials. Whichever is true, it should be
obvious that the existence of the exponential tails and the Eg factor
are closely related to the potential fluctuations at the valence and
conduction band edges. Because the value of Eg is exﬁected to be in

26) the linear rela-

proportion to the average magnitude of microfields,

tion in Fig.3-10 indicates that the microfields due to the fluctuations

increase with increasing the gap energy. From a theory and measurements

of the Franz-Keldish effect, the internal fields have been estimated to
5 . .6 , . 28) o .

be about 107710 V/em in magnitude. Thus, it is obvious that the

microfields and potential fluctuations give rise to localization of the

electronic eigenstates and to the smearing or tailing of the band edges,

and they break the k-conservation selection rule for some optical tran-
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sitions to result in the exponential absorption edge.

Twé other experiments have been made in order to study about the
localized states: photo-conductivity and ac conductivity. Figs.3-11
and 3-12 show spectral and temperatufe dependences of photo—conductivity
responses measured for the Si-As-Te amofphous semiconductors with an
interdigital surface electrode of a gap 0.5 mm Qide and 5-pair fingers.
As shown in Fig.3-11, the spectral response has a relatively sharp
rising and a peak at a photon energy above the electrical gap Eg(el)'
Th¢ photo~current consists of the pro&uct of quantum efficiency, recom-
bination rate, d?ift mcbility and incident light intensity. The observed
peak is caused by spectral changes of the quantum efficiency and the
incident light. The rising point Ey is in good agreement with the mobil-

ity gap at room temperature, i.e. Eg(el)-YT’ and a tail is observed
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Fig.3-11. Spectral dependence of Fig.3-12. Temperature dependence

photo-current for some Si-As-Te of photo-conductivity Ao,p and
amorphous semiconductors at dark dc conductivity o gor
room temperature. . Si3A38Te12 glassy semiconductor.
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below the E, in Fig.3-11. These facts suggest that the recombination
process may be governed mainly by the transitions related to the local-
ized tail states near the valence and conduction band edges, but provide
no explicit evidence that the midgap states at the Fermi levelvpartici—
pate in the process. From the temperature deéendence of photo-conductiv—
ity response shown in Fig.3-12, the thermal activation energy can be
estimated to be about 0.26 eV for the Si3AssTe12 glass, and thé value
obtained is much smaller than that of the dark dec conductivity. This
activation energy is doubtlessly associated with a distribution depth

of the localized tail states through those for the carrier lifetimes by

29) Minami et aZ.30)

reconbination and the trap-limited drift mobilities.
have pointed out that superlinearity observed in the weaker light range
of the light-intensity dependence of photo-current for the SifAs~Te
system is related to trapping and recombination centers of aifferent
cross—-sections lying at various levels. In principle, thus, suchvphoto—
conductivity measurements have offered much information on the trapping
and recombination centers at the band edges, but details of the mechanism
have been unclear so far. |

The other experimental evidence about the localized states can be
gained from ac cdnductivity'measurements for the Si-As-Te system. 'The
temperature dependence of the ac coﬁductivity o(w) was measured in a
range from 180 to 350 °K with a transformer bridge (Andp—Denki, TR-10C),
and the results obtained for the Si6ASZlTel4 vitreous semiconductor are |
shown in Fig.3-13 as a parameter of frequency. To one's surprise, both
magnitude of o(w) and its frequency- and temperature-dependences are
almost similar to those of a large number of non-crystalline semiconduc-

31)

tors and insulators. As seen in the figure, the ac conductivity o(w)
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Fig.3-13. Temperature dependence of ac conduc-
tivity o(w) as a parameter of frequency for
Si6A321Te14 amorphous semiconductor.

3 5

in the lower temperature region becomes larger/by several orders of
magnitude than dc conductivity with increasing the frequency, and is
little temperature—dependent.  As the temperature is increased, o(w)
approaches asymtotically the dc one at all frequencies. The frequency
dependenée of o(w) is éxpressed by o(m)mwl'7 at 250 °K. According to

a theory of o(w) developed by Pollak,32) Austin and Mott,33)

and

34) . : ;
Rockstad, carriers can move only by phonon-assisted hopping (tunnel-
ing) between pairs of the localized gap states within an energy pseudo-
gap in amorphous semiconductors. When d(m)cmz, the ac hopping takes
place between identical sites of localized states rather than between

random distributed states. Using the theory and the obtained values of .

o(w) the density of localized gap states participating in this process
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is roughly estimated to be 10l eV—lcnf3, while the distribution

can not yet be described adequately by any of the existing theoretical
treatments of amorphous materials. Austin and Mott have assumed33) the
presence of the high density of localized midgap states at Fermi level,

34) on the basis of his

and on the other hand Rockstad has suggested
observations that regular tail states localized near the band edges
participate in the ac hopping process. At the present time, few experi-
mental evidences have been obtained to manifest the existence of high

dense midgap states at Fermi level, at least in this work about the

Si-As-Te amorphous system.

3-5. Energy-Band Model and Electronic Transport Mechanism

The amorphous covalent alloys in the Si~-As-Te system can be charac-

terized as a low-mobility intrinsic semiconductor with a proper energy

distance x density (oEf)stateg mobility p(E)
glE:
(a) (b) )

Fig.3-14. A sketch of energy-band model for the Si-As-Te amorphous
semiconductors. (a) Energy-band diagram. (b) Energy distribution
of density of electronic states. (¢) mobility u(E) as a function
energy (T>0"°K). The critical energies E; and E, define a mobility
gap or the electrical gap E (el) Electronic states in the valence
and conduction band-tails w%thin the gap are localized.
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band gap. On the basis of the eﬁperimental results on the electrical
and optical properties described in the previous sections, a tentative
energy-band model for the electronic states of the Si-As-Te vitreous
semiconductor can be postulated and demonstrated in Fig.3-14(a) and (b).
Essential features of this model are qualitatively (i) the e#istgnce

of a composition—-dependent pseudo-gap between conduction~ and valence-
band states and (ii) the high dense localized states tailing into the
gap from critical energies, E; and E,,. The valence-band states are
filled almost perfectly by valence or lone-pair electrons and the
conduction-band states are almost empty, like in conventional single-
crystal semiconductors. The distribution of states in each band is
assumed as g(E)aEllz. The character of the wavefunctions changes at
the energies E, and E; which separate the extended and the localized
states, The width of (E.-Ey), defined as a mobility gap by Mott and

7.3+8)

Cohen et a , may correspond to the electrical gap E y? while

g(el
the optical gap Eg(op) is defined as an ene;gy region which does not
contain gap-states more than the density of about 1017>eV-;cm_3. The
energies E, and E,, defined as mobility edges in Fig.3-14(c), can be
discernible optically, and the concept is meaningful and useful oﬁly
if one tries to explain the temperature-dependent dc conductivity.
Both band-tails of AE, below E. and AE; above E, contain the high
density of localized states more than 1019 cm73 estimated:roughly from
the ac conductivity o(w). The depthes of tails, maybe AE >AE,, are of
less than 0.2 eV, and related linearly to the width of band gap. The
Fermi level may be situated near the middle of the gap. This model

does not have essential conflicts with the conceptive Mott-CFO model

and the expectations of other theoretical studies, except the distribu-
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tion of the density of localized states. No experimental result to
prove the presence of the high dense midgap states at Fermi level or
the overlapping of both band-tails has been obtained for the Si-As-Te

vitreous system.

Great efforts of theorists have been concentrated on establishing

35)

a plausible model for elec;ronic structures in amorphous materials.
- In order to gain the electronic states from the one-electron Schrédin-~
ger equation in such a disordered system, recently, successive approx-
imations for a configuration average of the Green function have been

formulated. One theoretical approach is made by using the quasi-free

%2

—-§;;V2 + V(¥), where the perturbation

one~electron Hamiltonian; H(¥F)=
term, V(f)=§v(?;§i), is randomly distributed potential in one~ or three-
dimensional atomic chains.36)‘ In another method, the electronic states
are discussed on the basis of é simple tight—Binding Hamiltonian;

H =g Ejafaj +,1

jVijafaj, where E; is the intra-atomic interaction on
. .

the site i, Vij the overlap integral between the sites i and j, and

a; and ai are annihilation and creation operators for an electron on

37)

the site 1, respectively. In a similar way, Weaire and Thorpe have

recently derived rigorous bounds for the density of states of tetra-
hedrally bonded amorphous solids, silicon and germanium, by taking

account only of interactions between nearest neighbors of perfect

38)

4-fold coordination. In the most recent chemical-bond approach,b

253 and ASZSe3 have been

successfully interpreted by the extended Huckel's (molecular—orbital)
| 39)

the electronic states of amorphous Se, As

theory. The interactions between the nearest-neighboring bonds, or
lone-pair hybrid orbitals, are presented by using a molecular orbital

obtained as a linear combination of atomic orbitals. In this case,
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‘the effect of disorder is treated by imposing a Gaussian distribution
a priorf on each energy level calculated by assuming the short-~range
order. The resulting lone-pair and antibonding orbital states form
érincipally the vaience and conduction bands, respectively, in the
chalcogenide glasseé.

From the above-mentioned theoretical approaches to amorphous
materials, universal features of the electronic structure have been
obtained as follows:

(i) allowed energy levels, forming continuous or quasicontinuous

bands,

(ii) a pseudo-gap in the electronic energy spectrum, containing

" localized gap states,

(iii) the electron behavior is described by cértain waves propagated
in the disordered substance, at least in the first approxima—
tion; i.e., electrons are quasi-free.

This theoretical conclusion so far obtained is essentially consistent
with the experimeﬁtal results characterized in the band model of Fig.3-
14 for the electronic energy spectrum of the Si-As-Te amorphous semi-
conductors.

The conductivity op for any semiconductor can be given from the
Kubo-Greenwood formula: v

op = e J g(E)-u(E) - £(E) - {1-£(E) }.dE . (3-13)
Here g(E).is the density of states, u(E) the average mobility for éll
carriers at energy E and £(E) is the Fermi-Dirac distribution function.
- In an amorphous semiconductor with the energy-band profile as shown in
Fig.3—14, the electronic transport is strongly affected by the energy-

dependent mobility u(E), which can be principally distinguished in three
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energy ranges in Fig.3—14(c)éo)Sufficiently deep into the band beyond

Ex and Ey, band-conduction s;milar to that in crystalline semiconductors
will occur with normal mobility ﬁ=-§;<f>, where <t> is a carrier mean
free time. The mobility in this range can be estimated about 50&100
cmZ/V-sec by using a mean free path equal to the de Broglie wavelength
of an electron. In the next region immediately beyond E, and E, where
the states remain still delocalized but the mean free path is ekpected

to be of the order of an interatomic distance a; therefore the mobility

anl
in the Brownian motion regime is expressed by u=%§?ve=£%%, where Ve is

an electronic frequency. The upper limit of mobility is 5540 cm2/V-sec.
In the electrical gap Eg(el) between E, and Ev‘where the states are
localized, the electron motion can take place only by a thermally acti-
vated tunneling process similar to impurity conduction ih a heavily
doped semiconductor. The mobility is given by ﬁ=ﬁ0-exp(—W/kT), where
W is a measure of the average activation energy required for the ﬁhonon—
assisted hopping, and is estimated to be less than 0.1 cmz/V sec at
finite temperatures. The mobility in this range gdes to zero at T=0°K.
Thus, the electron and hole mobilities drop sharply at the critical
energies E. and E , and these so-called mobility edges défine a mobiiity
gap which contaiﬁs only localized states, as shown in Fig.3-14.

To explain the near-intrinsic conduction in an amorphous covalent

semiconductor, Mott, Davis and Cohen et aZ.5’6)

have speculated that
individual constituent atoms can satisfy their coordination and valency
requirements and high density of overlapping or midgap centers pins the
Fermi level at the middle of pseudo-gap. However, it is unlikely fhat

such high dense localized states lie at the midgap in most amorphous

semiconductors. According to Roosbroeck et aZ.Al), dynamic electronic
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behavio? in most amorphous semiconductors may be macroscopically char—
acterized as the relaxation—case regime, in which dielectric relaxation
time tg=ee /04 is greater than recombination time or d?lffusionalength
iifétime To+ The Si-As-Te amorphous system having the time_fd larger
than 10”7 sec and the lifetime fo about 10—‘12 sec>estimated from a mean
free path of the order of the electron wavelength may be regarded‘as a
typical relaxation case material. As shown in Appendix—A, in these
materials with the relation t4>>7,, the product n.p of the electron and
hole concentrations in extended states retains lqcally its thermal-
equilibrium value nj; through the electron-hole recombination rather
than the dielectric relaxation; n-p=ni2. When carriers are injected,
thus, these materials no longer obey a neutrality~conditiqn;'therefore
the steady-state carrier transport in such an amorphous semiconductor
may be strongly affected by a region of minority-carrier space-charge.
In the region of injected space~charge, where electron and hole curreﬁts
are equal through change of sign of the space~charge, the conductivity
is fixed nearly to its minimum value for the given intrinsic carrier
concentration ny:

Op =Opin = 2e.nj_m = 2e-ni.ﬁeff s cerenen (3-—14)
where u, and up are electron and hole mobilities. Accordingly the tem-
perature dependence of deconductiVity op should show always near-
intrinsic behavior because n; = g(E. ) .exp[-E,(T)/2kT] for the real
energy—band'gap Eg(T). Thus, the amorphous_semiconductors are eipectéd
to have the Fermi level pinned at the position for the minimum and
near~intrinsic conductivity simply through the recombination statistics
and not necessarily by large concentration of the midgap centers.

42)

On the simple and unified electronic basis, Roosbroeck has
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accounted for many other aspects of macroscopic carrier-transport -
observed in amorphous semiconductors. Photoconductivity is, as one
consequence, due mainly to majority carriers. Non-linear high-field

dc conduction and threshold switching in semiconducting chalcogenide
glasses are dominated by the characteristic iﬁjected space~charge
effects of minority carriers. In these materials, the drift mobility

ugq is usually not equal to the microscopic band-conduction mobility ﬁo,
and observed as the trap-limited drift mﬁbility approximated by ﬁd =
Ug-exp(~E¢ /KT) , where E. is an activation energy associated withidepth
and distribution of trapping centers near the band—tails. In addition,
under ac current of frequencies larger than the reciprocal time—congtant
of establishing the steady state, the measured ac conductivity o(w)
corresponds” rather to the bulk coﬁductivity much larger than opq,.

Other aspects treated include the small negative Hall coefficient, posi-
tive thermoelectric power, preswitching delay time and the field éffect,
which are closely related to the recombination and trapping processes
and space-charge effects in amorphous semiconductors.

Recently Seager et aZ.aB)

have employed a new cdnduction model to
explain consistently various transport coefficients dbtaine& from
temperature depeﬁdences of Hall mobility, Seebeck coefficieﬁt and dc
' conductivity of As-Te based glasses. In this model, the prevalent
charge carriers are hole-like small-polarons between sites associated
with a common As-Te structural entity.

However, no unified theory of the electronic process and transport
mechanism in amorphous materials has been estabiished so far. In the

present theoretical arguments based on the energy-band model and carrier

mobilities in amorphous semiconductors, many problems in microscopic
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carrier kinetic studies especially associated with the recombination

and trapping processes still remain almost outstanding.

3-6. Summazz

In this chapter, some basic electrical and optical properties.meaS*
ured for the Si-As-Te amorphous semiconductors have been represented.
The temperature-dependent dc conductivity Op obeys the formula of oy =
co.exp[-Eg(el)/ZkT], and the o,-term has been estimated to be about
(2.1i0.6)X104 (Q-cm)—l for all Si—As—Te glasses. The optical absorption
spectrum near the fundamental edge has an exponential tail; o) = 0 X
exp (Aw/Eg) , where the.band—tailing factor Eg is of the order of 0.0SLeV
and increases linearly with increasing the band gap. The electrical and
optical gaps, Eg(el) and Eg(op)’ have been determined for varioﬂsvSi-As~.
Te glasses. An empirical relationship between both gaps is expressed
as Eg(el)=l.60Eg(op)—0.15 in eV. TFrom these experimental results'andv
the evaluation of 0, -value, it has been cleared that the basic electron-
ic properties in these semiconducting glasses are essentially analogous
to those in intrinsic crystalline semiconductors.

Theoretical backgrounds for the Eg factor and the relation betwéen
both gaps have been discussed on the basis of the localized tail states.
The presence of the tail states has been confirmed by measurements of
the phbto—conductivity and the ac conductivity for the Si—As4Te‘system.

A tentative energy-band model of the Si-As-Te émorphous semiconduc~
tors has been postulated by taking account of a pseudo-gap and localized
tail states to explain the whole electronic seﬁiconducting broperties.

Discussions have been given on the theoretical approaches to the elec~

tronic band model and transport mechanisms.
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Agéendix—A
Current.densitj f generated in a solid by electric field ¥ can be

determined from the following equation:
T=S573®-rak, L (A-1)
where f is a distribution function dependent on the énergy (i.e., K) of
electron, temperature and the field ?, and Y(X) is a group velocity of
electrons in the state K:

F(®) =—/},Tgrad.EE(K) . (a-2)
The current density T will equal zero if the distribution jﬁffﬁ) is
equal to the Fermi distribution function cofresponding to the equilib-
rium state; fo = {1 + exp[(ELEf)/kT]}-l. The new distribution f induced -
by the field ¥ is calculable from the condition of stationary state,

termed the Boltzmann-Bloch's transport equation:

af _ eF 3f L f=fo_ g | _
== ﬁak T = . v(A 3)

In Eq.(A-3), the collision term (afyat)coll israssumed, as a first
approximation, to be proportional to a very small change (f-fy), and
the relaxation time t(K) is introduced. Here the following mean values

are defined:
<> = [|¥]|2.1(%). 9f°.dk / fl'*l2 3f°~d7€
n 4 =5 ffo dE ....... (A-4)

By using Eq.(A-2), Eq.(A-4) and the function f calculated from Eq.(A-3),
integration of Eq.(A-1) can be carried out separately for the conduction
and the valence bands, and it holds in general that

T=T,+%L,. .. @5
for the carrier concentrations of electrons and holes, n and p, the

) - >
electron and hole current densities I, and 1, are given by
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cieeense (A?6)'
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= eprup-F , )
where the electron and hole mobilities, u, and up, are expressed by
using effective masses, m, and Mp s of electrons and holes as follows:
e e
=<t > =l T > cereane A-7
Pn =T s Vp T T<Tp (A-7)
Therefore, the conductivity Op of the semiconductor with two-type
carriers can be expressed as
op = ~5— = e( n-yuy + Pelp ) . Ceaeean (A-8)
To derive an expression of the conductivity in amorphous semicon-
ductors, the mean value of relaxation time <1> in Eq.(A~4) must be calcu~-
. . , .41 .
lated by taking account of the relaxation-case regime, “i.e.,recombina-

tion and trapping processes rather than carrier scattering. From the

Boltzmann-Bloch's equation, continuity equations can be written as

follows:
an .,
3" div In/e - R+ Ag
W _ _a: T fa -9).
-E_E——dlv Ip/e R+ Ag TR (Ag)

where R and Ag are net non—equilibrium interband recombination and
volume generation rate of electron-hole pairs. Poisson's equation in
its general form includes changes Ap and AA in concentrations of fixed
charges:
P <o e A A e A A
div ¥ = —(p—ntp-1) = ——(Ap+Ap-An—-An)) , ceees (A~10)
E€q €€q

where P and 1l are concentrations of fixed positive and negative charges.
If trapping is present, P or i is not constant and departs from its
thermal equilibrium.

‘In the simple case of acceptor-type traps in which recombination
occurs at a single energy level, the recombination rate in steady state

is derived in the following form:
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Cn.CE‘Nt ]( n.p - n.
Cy (ntnp)+C, (p+pq) L

R=1[¢Cy+ 2) e (A-11)

in which Ny is density of the traps, C; the direct electron-hole recom-
' bination coefficient, C, and Cp the recombination coefficients'for
electrons and for holes through the traps, and nj and py the electron
and hole concentrations if the Fermi level were at the energy level of
the traps. The relaxation-case material, in which dielectric felaxation
time Ty exceeds diffusion-length lifetime t,, will no longer obey a
charge-neutrality—-condition. Injected excess carriers recombine before
their charges can be neutralized through dielectric relaxation. there-
fére, the net local recombination rate in Eq.(A-11) is approximately
zero after an initial rapid recombination; i.e., R=0. From Eq.(A-11),

n.p = nj? . (A-12)
Eq.(A-12) can be interpreted by saying that local equilibrium isialways
enforced by traps and recombination processeé in steady state. When
one type carriers are injected, the other type mobile carriers are
depleted locally through recombination, space charée will occur and the
conductivity no longer increases after injection. On the application
of the external field F to such a material, there will always be one
point where the conduction or the space-charge changes from n-type to
- p—type. This implies equation of the hole and électron currents at the
conversion point; i.e., the current is always fixed at this point, then,

Mpem = Hpep - | (a-13)
By substituting the above Eq.(A-13) into Eq. (A-8), the conductivity has
locally a near-intrinsic minimum:

OT = Opin = 2e-ny Mol - (.....; (A-14)
A similar discussion can be made for traps of more than one kiﬁd, and

R still has ( n.p - niz) as factor.
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Appendix-B
As can be seen from Eq.(A-14), the temperature dependence of dc
gonductivity of amorphous semiconductors would always show a near-
intrinsic behavior because ny is given by
ng = g(Ee,) - expl-Ey(T) /211 e (8-1)
whefe Eg(T) is a band gap in the density of electronic states, and
g(Ec,v) is an inherent constant associated with the effective density

of states at reduced band edges. As shown in Fig.3-14, the distribution

of states in both bands éxcept tail-states is approkimatedls) as
' 2mn. 372 1/2
Be(®aE = 42 ¥ 2 (epy 2
2 1/2
gy(E)dE = 41r(-'—2—;§%-) 32 eny 2w (B-2)

Accordingly the gap Eg(T) is corresponding to (Ep~Eg). Near room tem-
perature, the gap Eg(T) can be assumed to have approximately the same
temperature coefficient as Eg(op) in Eq.(3-5):
Eg(T) = Eg(0) - yT , | (B-3)

where Eg(O) is a constant not corresponding to the real gap at T = 0°K.

Carrier mobilities, ﬁn and u, in Eq.(A-14), are obtained by calcu-
lations of mean free times <fn> and <fp> for an electron and a hole in
Eqs.(A-4) and (A~7). In amorphous materials, the recombination and
trapping processes dominate their carrier transport rather than the
carrier scattering. From Eq.(A-11) on the assumption of Ci<<1 and

44)

Ny >ng,p,, the equilibrium lifetimes are derived as follows:

Cplngtny) + Cp(Agtpotpl)

< > =
n CH.CP (p0+no)Nt 'Nt ?

Cp(PotP1) + Cn(Np-Agtngtni)

cesesene B-4

<Tp> =

for the simple case of acceptor type traps. Here Ni is introduced as
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the trapping factor, and can be approximated with Boltzmann statistics:

Ny =1+ E;ﬁ}—- 1+ ech—EE—a >> 1 ceeeees (B-5)
in which iy is the concentration of traps that have become filled by
the minority carriers and ﬁt the depth of trap level from thé edge of
conduction band. For various kinds of traps near the band edgeé, also,
the mean free times include the trapping factors related to the depth
of traps. This factor insures the predominant drift, and then the
ﬁobilities are rather the trap-~limited drift mobility ﬁ/Ng than the
microscopic majority—-carrier mobility or the minority—carrier mobility.
Therefore, in such a trap-dominated relaxation-case semiconductor, the
effective mobility “eff /rﬁg—ﬁ; in Eq.(3-14) méy have approximately
the following temperature—dependent form: |

ﬁéff = v”ﬁ;?ﬁ; = ygrexp(~E¢/KT) ,  esveeea (B-6)
where ﬂo is the effective band-conduction mobility and E¢ the activation
energy of the effective trap-limited m&bility associated ﬁith the'dis—
22)

tribution of the localized gap states.

Inserting Eqs.(B-1), (B-3) and (B-6) into Eq.(3-14), one deduces

il

o = ogrexpl-[Eg(0)+2E¢1/2kT} , ... (B-7)

i

where Oo »2e-g(EC,V);ﬁo-exp(y/2k) . cievens (B-8)

Comparing Eq.(B-7) with Eq.(3-7) yields

Eg(er) = Eg® * 2B . ...l (B-9)

On the other hand, the optical gap E ) is assumed to be different by

g(op
*€ eV from the real gap Eg(T) at room temperature. Hence

Eeop) = Eg(T) # € = Eg(0) £+ € =T .. ....... (B-10)

Then the energy difference between Eg(el) and Eg(op) is derived from
Egs. (B-9) and (B-10) as follows:

E - E = 2E, + £ . e -
g(el) ¢ (op) t YT F € (B-11)

- 53 -



1)
. 2)
3)
4)
5)

6)

7)

8)

9)
10)
11)

12)

13)

14)

15)

16)

17)
18)
19)
20)

REFERENCES~TIIL

H. Fritzsche, J. Non—Cryst. Solids 6, 49 (1971).

J. Tauc and A. Abrahdm, Czech. J. Phys. B19, 1246 (1969).

W. E. Spicer and T. M. ﬁonovan, J. Non-Cryst. Solids 2, 66 (1970).
J; W. Osmun and H. Fritzsche, Appl. Phys. Letters 16, 87 (1970).
E. A. Davis and N. F. Mott, Phil. Mag. 22, 903 (1970).

M. H. Cohen, H. Fritzsche and S. R. Ovshinsky, Phys. Rev. Letters
22, 1065 (1969).

H. Fritzsche, J. Non~Cryst. Solids 8-10, 1025 (1972).

M. Nunoshita, H. Arai, T. Taneki and Y. Hamzkawa, J. Non-Cryst.
Solids 12, 339 (1973).

A. R. Hilton and C. E. Jones, Phys. Chem. Glasses 7, 112 (1966).
T. Minami and M. Tanaka, Bull. Univ. Osaka Pref. A18, 165 (1969).
D. Redfield and M. A. Afromowitz, Appl. Phys. Letters 11, 138 (1967),

See, e.g., K. Weiser and M. H. Brodsky, Phys. Rev. Bl, 791 (1970).

" F. Kosek and J. Tauc, Czech. J. Phys. B20, 94 (1970).

B. T. Kolomiets and E. M. Raspopava, Soviet Phys. Semi. 4, 124 (1970).

E. Q. Fagen, S. H. Holmberg, R. W. Seguin and J. C. Thompson, in
Proceedings of the 10th International Conference on the Physics of
Semiconductors, Cambridge, Mass, (1971) p.672.

N. F. Mott, Phil. Mag. 24, 1 (1971).

J. T. Edmond, Brit. J. Appl. Phys. 17, 979 (1966).
N. S. Platakis et al., J. Electrochem. Soc. 116, 1436 (1969).

K. J. Siemsen et al., Phys. Rev. 161, 632 (1967).
R. Tsu, W. E. Howard and L. Esaki, J. Non-Cryst. Solids &, 322 (1970).
J. Stuke, J. Non-Cryst. Solids 4, 1 (1970).

K. W. Bder, Phys. Status Solidi 34, 721 (1969).

- 54 -



21)

22)
23)

24)
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)

35)

36)
37)
38)
39)
40)
41)
42)
43)

44)

P.

Nagels, R. Callaerts and M. Denayer, in Proceedings of the 5th

International Conference on Amorphous and Liquid Semiconductors,
Garmisch, (Taylor & Francis, London, 1974) Vol.2, p.753.

J'
J.

C.

M. Marshall et al., J. Non-Cryst. Solids 8~10, 760 (1972)
L. Hartke, Phys. Rev. 125, 1177 (1962).

Main and A. E. Owen, in Proe. 5th Intl. Conf. on Amor. and Liquid

Semi., Garmisch, (Taylor & Francis, London, 1974) Vol.2, p.781.

M.

J.

J.

J'

B.

K.

T.

A'

A.

Roilos and E. Mytilineou, Zbid. (1974) Vol.l, p.319.

Tauc, A. Menth and D. L. Wood, Phys. Rev. Letters 25, 749 (1970).
D. Dow and D. Redfield, Phys. Rev. B5, 594 (1972).

A. Olley and A. D. Yoffe, J. Non-Cryst. Solids 8-10, 850 (1972).
T. Kolomiets et al., Soviet Phys. Semi. 5, 2004 (1972).

Weiser, J. Non-Cryst. Solids 8-10, 922 (1972).

Minami and M. Tanaka, Oyo-Butsuri 39, 541 (1970).

I. Lakatos and M. Abkowitz, Phys. Rev. B3, 1791 (1971).

Pollak and T. H. Geballe, Phys. Rev. 122, 1742 (1961).

G. Austin and N. F. Mott, Adv. in Phys. 18, 41 (1969).

K. Rockstad, J. Non-Cryst. Solids 8-10, 621 (1972).

I. Gubanov, Quantum Electron Theory of Amorphous Conductors

(Consultants Bureau, New York, 1963).

S.

P.

D‘

I.

E.

W.

W.

C.

W.

F. Edwards and J. M. Loveluck, J. Phys. C, S261 (1970).

Soven, Phys. Rev. 178, 1136 (1969).

Weaire and M. F. Thorpe, Phys. Rev. B4, 2508 (1971).

Chen, Phys. Rev. B7, 3672 (1973), ibid. B8, 1440 (1973).

A. Davis and R. F. Shaw, J. Non-Cryst. Solids 2, 406 (1970).

van Roosbroeck and H. C. Caéey, Jr., Phys. Rev. B5, 2154 (1972).
van Roosbroeck, J. Non-Cryst. Solids 12, 232 (1973).

H. Seager, D. Emin and R. K. Quinn, Phys. Rev. B8, 4746 (1973).

van Roosbroeck, Phys. Rev. 119, 636 (1960).

- 55 -



Chapter-IV

COMPOSITIONAL DEPENDENCES OF BASIC PROPERTIES
IN THE Si-As-Te SYSTEM

4-1. Introduction

It has been well known that electronic structure of single crystals
can be derived from the consequence of long-range order and perfect
periodicity of their atomic arrangements. Recently great interest has
been focused on electronic band structures in non-crystalline semicon-

1)

ductors having no long~range order. Ioffe and Regel * first pointed
out that basic electronic properties of a solid are governed by short-
range order rather than by long-range order like periodicity and symme-
try; that is, even in amorphous materials their energy bands and band
gap depend prima;ily upon characters of chemical bonds such as coordi-
nation numbers, interatomic distances and bond energies between the
nearest-neighboring atoms. Therefore, the knowledge of their molecular
structures, particularly of the short-range order is necessary to make
theoretical treatments for the eiectronic spectrum in amofphous semicon-
ductors. However, it has been very difficult to find available experi-
mental techniques which can determine directly a three~dimensional
picture of the short-range order in amorphous chalcogenides. So far,
even diffraction experiments with X-rays, electrons and neutrons have
been quite powerless for the structural analyéis of ternary or multi-
component amorphous alloys.

In this chapter, in order to obtain useful informations about the

structure and short-range order of amorphous semiconductors in the Si-
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As-Te system, compositional dependences of their electrical, optical
and other basic properties have been systematically measured. It is
found out in this glass system that the electronic properties iike the
energy-band gap, dc conductivity and breakdown field have the same com-
positional dependence as their structural parameters. From these
experimental results, a structural model of the Si-As-~Te glasses can be
constructed in the form of three—dimensionally cross-linked and covalent-
bonded networks. On the basis of this model and the theory of chemical
bonds, a discussion is given about the close correlation between the
static electronic states and the electronic configuration of covalent
bonds preserved almost as the short-range order in such a disordered

material.z-h)

4-2. X-ray Diffraction Pattern and Infrared Absorption Spectrum

Informations about the periodic and symmetric lattices of crystals
are obtained mainly from the structural analysis by X~ray and electron
diffraction. As described in Section 2-4, amorphous matefials do not
exhibit such sharp reflections as observed for crystalline solids, but
exhibit.a few broad halos. In Fig.4-1, the X-ray diffraction patterns
for three Si-As-Te glasses with different Si content are presented.

As seen from this figure, they exhibit three haloed peaks of the scat-
tering X-ray intensity in the measured angle range, and the angles of.
the peaks shift slightly with the change of the glass‘compositions.
Thege peaks for amorphous materials do not always reflect exact inter-
atomic separation between the nearest neighboring atoms, but result
from an interference effect of the X~rays scattered from several pairs

of atoms with certain interatomic distances.S) The angle 26 of the
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Fig.4-1. X-ray diffraction paterns of Si-As-Te
glasses having different Si content.

maximum peak corresponds to the averége interatomic distance estimated
roughly from the weight density. These aspects suggest the existence
of some three—dimenéiohally configurational short-range order in the
glass network. However, it is impossible to deduce the three-dimen-
sional short-range order of the amorphous solids from these diffraction
patterns. By a standard Fourier inteégration method, only a one-dimen-
sional description of this order is given in the form of a radial dis-
tribution function, which yields the electron or atomkdensity as a
function of the distance from an arbitrarily chosen atom. The position
and area of peaks in the radial distribution function indicate respec-
tively the average interatdmic distances to neighbored atoms round the
chosen atom and the number of atoms at the distance. Howevér, for
multicomponent glasses there is not eiactly a one-to-one correspondence
between the short-range order and the peaks of the radial distribution
function, so that it is difficult to identify the configurational oxder

by these peaks.
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Another experimentai technique aimed at the structural analysis of
chalcogenide glasses is infrared spéctroscopy. In Figs.4-2(a), (b) and
(¢), the infrared transmission spectra are shown for some Si-As-Te
giasses as a parameter of the contents of Si, As and Te, respectively.
The transmission curves exhibit a few absorption bénds at 960 and 680
cmfl. Usually infrared absorptions in a solid are associated with three
main sources, i.e., impurity absorption; molecular vibration of constit-
uent elements, as well as fundamental absorption described in the previ-
ous section. Impurity ox&gen bound chemically to.silicon,'arsenic

and/or tellurium produce absorption peaks at 1040€,770 and 620 cm—l for

6,7) These impurity absorptions .

Si~0, As-0 and Te-O bonds, respectively.
are not ébserved in Figs.4~2. No conclusive analysis is still done to
show whether the absorptioﬁ bands for the Si-As-Te glasses are dué to
oxide or not. Judging from the obvious compositional changes in the
‘spectra, they are rather likely to be caused by chemical bonds between

‘the constituents and to suggest the presence of the short-range chemical

order. The general aspects in these spectra are very similar rather to

7,8)
1 3’

facts seem to imply that the basic network of the Si-As-Te glasses

that of amorphous Si Te4 than that of amorphous AszTe These

consists of mainly tetrahedral Si—Te4 configurational unit; however
what chemical bonds are formed in the glasses is still doubtful.

By using the X-ray diffraction and infrared reflection methoas,
only an attempt to obtain the informations about the short—fangé order

9 It has been

in the Si-As-Te ternary system was made by Hilton et al.
concluded that zig-zag chains of Si-Te covalent bonds are constructed

in these glass networks. Thus, by the refined methods of X-ray diffrac-

tion and infrared spectroscopy a qualitative speculatiom about the
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short-range configurational order can be represented, but none has.
succeedéd in more ekact description of the three~dimensional structure
of multicomponent chalcogenide glasses. The purpose of this work is
not to investigate the structural nature itself. Here, the author will
only give a tentative structural model necessary to discuss the elec-
tronic properties in the Si-As-Te amorphous semiconductors from the
compositional dependences of electrical, optical and other physical

properties.

4-3. Composifional Trends of Thermodynamic Factors and Structural Model

In order to measure compositional dependences of various physical
properties, 24 glass specimens of different compositions were prepared
along the lines on which the atomic ratio of two elements reméins
constant within the glass—forming region in the Si-As-Te ternary system,
as shown in Fig.2-3.

Weight density is a reciprocal of specific volume which is one of
the most basic thermodynamic variables of the substance, and denotes a
structural factor of spch macroscopically isotropic materials as glasses..
The weight density at 25 °C, Py5s Was measured by the Archimedes’
method, in which a 3mm thick disk sample (about 2 g) was weighed in air
and pure water at 25 °C. The measurement error of P, was within *0.5%.
Table-5 shows the results of the density measurements for all the glasses
in the Si-As-Te system. Dependences of p,, on the content of Si, As and
Te (in atomic %) are shown in Figs.4-3(a), (b) and (é), respectively, as
a parameter of the atomic ratio of the other two constituent elements.

As can bé seen from the figures, the value of Pys depends strongly upon

each of the contents of Si and Te. Namely, it inereases linearly with
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of Pys depicted in the Gibbs' triangle.
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decreasing the Si content and with increasing the Te content, but is
almost independent of thé As content. In other words, Pys éeems to
depend linearly on only the atomic ratio of Si to Te contents, which
is less than 1.0 within the glass-forming region. | The aspect of com-

positional changes of p is again shown in the Gibbs' triangle of

25

Table-~5. Basic Physical Properties of Si-As-Te Glasses.

COMPOSTTTIONS o 25 25 Tg Ts Tps B
(Atomic Ratio) (ohm-cm)’l (g/cm3) (°x) (°x) (°x) (xlo's)
51, As) Tey < 5.62 (367)

Sig As) Tey 1.01 x 10 . 5.07 430 459 18.5
§1) Asy Te), 7.5 10:5 5.50 373 395 523 18.8
81), As9 Te36 3.05 x 10-6 5.41 387 Lok 21.3
81, As3 Te,n 8.69 x 10 . 5.28 Lo3 ko7 478 | 18.7
Si, As) Tey 9.65 x 10~ 5.07 L33 L63 18.3
81,45, Te,g 7.11 x 1077 L7k 513 552 695 15.8
Si, As, Teg. 2.23 x 1070 5.38 39% th 17.9 -
Sip A8, ey 8.15 x 10"; 5.05 Ll 473 16.7
si, As3 Te., 3.0 x 10:8 k.99 453 488 16.5
Big As, Te, 1.60 x 10 1o L.7h 513 550 1h.9
SilhAsg Te,, -1.45 x 107 4. 46 606 646 11.6
51, Asg Teg 1,46 x 1077 5.35 109 136 s02 18.1
Siy Asg Te, 6.39 x 10'; 5.07 150 189 15.9
s19 As,)Te,) 2.05 x 10° k.79 506 550 633 14,8
51, As, Te k.52 x 10‘1(1’ k.54 580 629 1.k
313 As, Te3 1.29 x 10~ 4,26 673 721 730 8.8
Si, A59 Teg 1.04 x 10": 5.30 Ly Lks 15,4
81, As, Te, 5.81 x 10‘8 5.08 k58 kg1 493 ik,0
Si3 As7 Te7 2.96 x 10~ 4,82 512 548 12,1
51, Asy Tey 9.94 x 1o’iCl’ k.60 569 619 710 1.1
Siy As) Te, . 7.76 x 10”7 4,32 650 695 " 9,2
Si, Asg Te, 3.4 x 10‘; - 5.05 77 510 12,7
Sig As, Te 2.17 x 10~ Lol 508 550 535 12,2
s1,, Asg Teg 9.10 x 1079 %.60 567 617 10,9
5i, As3 Te, 4,28 (645)

Sil2Ge10A530Teh8 L,05 x 1078 5,07 502 550 12.6
Siy e As Tey) 120 x 10‘2 5.06 489 531

Ge, As), Te) 3,00 x 10~ 5.38 453 478 .
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Fig.4-3(d). In the vitreous materials, the density may be determined
statistically from the atomic geometrical arrangement (packing density)
and the atomic weight of the constituents. The mean intefatomic dis-
tance can be estimated to be.about 3.5 & from the measured vﬁlﬁe of 92
on the assumption of a close-packed network structure and from the
maximum peak on the X-ray diffraction pattern. This value is comsider-
ably greater than about 2.5 & bond length in the Si-Te zig-zag chains
indicated by Hilton et aZ.g) These facts infer that the two atoms, Si
"and Te, tend to link together preferentially and more closely to form
a basic cross—linked netwofk structure, whereas most As and eicess Te
atoms seem to be loosely bound in the basié,voided network as inter-
mediators. Therefore, the packing density of the network structnxé is
considerably smaller than that of crystalline solids.

Glass transi;ion temperature Tg, glass softening temperature Tg
and thermal linear expansion coefficient B were determined from the
linear expansion curves measured at a heating rate of 20 deg/min;with
the Parkin-Elmer TMS-1 or the Leitz Dilatometer modelﬁUBD.i As shown in
Section 2-4, Tg was obtainedvfrom the cross point of two e#trapolated
lines out of the smaller and larger expansivity régions, ahd Tg was
‘determined as the temperature at which the glasé specimen begins to be
shrinked by the measuring probe abdut 5 g in weight on the experimentalv
curveé. The coefficient B was estimated from the slope of the curve in
the glassy phase below Tg. The values of Tg wére also coﬁfirmed_by the
method of the scanning calorimetric tracev(Perkin—Elmer DSC—l) at the
same heating rate of 20 deg/min. The difference between the walues of
,Tg by both methods did not exceed 10 degrees. These basic thermodynamic

factors determined for ail the Si~As-Te glasses are listed up im Table-5.
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Compositional dependences of T, and Tg in the Si-As-Te system are

g
shown in Figs.4-4(a), (b) and (c). As shown in Fig.4-4(a), Tg increases
remarkably with the increase of the Si content, and Fig.4-4(b) shows
that Tg decreaées monotonously with the increase of the Te content.

In Fig.4-4(c), however, T is almost insensitive to the As content.
Fig.4-4(d) illustrates the whole aspect of the compositional changes of
Tg within the glass—forming region in the Si-As-Te ternary system. As
shown by the dotted lines in Figs.4-4(a,b,c), Tq has the completely

same compositional changes as Tg with the constant ratio of Tg/TS%O.94
(T in °K). The highest values of Tg seem to lie along the line connect-—
ing Si~Te to As with average coordination number 3 and within the

chalcogen deficient region of the Si-As-Te system. These compositional

dependences of T
10)

and TS are almost similar to the results of Minami et

)

and de Neufvillell . Since Tg measures the onset of diffusive

24
al.

motions, it closely corresponds to a fixed value of viscosityj; i.e.,
another definition of Tg is empirically adopted as the temperature at

14,6

. .12 , .
which the wviscosity is 10 poise. ) Likewise, these T_, and Tq

g
depend linearly upon the value of Knoop hardness, which as physical
strength of a glassy material, of course, reflects étrength of the
chemical bonds in the glass.lB) Turnbull and Cohen have suggested that
T, and T4 depend directly on the average coheéive energy for a molecular

g
14) . '
In a multicomponent glass, the

type in a given vitreous material.
cohesive energy is strongly _dependent on the molecular configuration
and the composition; the temperature Tg should be also very structure-
sensitive. From the compositional dependences of Tg, this Si-As-Te

glass consists of a three-~dimensionally cross-linked network structure

rather than of two-fold chain-like molecular complexes of large size
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wﬁich are held together Qith weak van der Waals forces.

The expansion coefficient B is estimated for the glassy phase on
the linear thermal expansion curve observed at the constant heating
rate, as shown in Fig.2-6. Figs.4-5(a),(b),(c) and (d) iliustratevcomr
positional dependences of B in the Si-As-Te system. The'value of B
tends to decrease rapidly with increasing the Si content but with
decreasing the Te content, and_it seems almost independent of the As
content. Therefore, high softening glass has generally low coefficient
B. The behavior of 8 of_fﬁese glasses is similar to that for the

specific heat C As in the case of the B value, it follows that the

p*
thermally oscillatory motion is essentially responsible for the specific

15)

heat Cp in the vitreous state. It has been found in the vicinity of

Tg that Cp also changes remarkably accompanying the change in 8. Thus,
" this B coefficient has obviously compositional changes similar to ﬁhe
density p,. and other properties.

In looking through the compositional dependences of thermodynamic
properties, it can be speculated that the giass netwdrk structure of
the Si-As-Te glass is three—~dimensionally cross—linked and ié based

~y
4

on the two-dimensional Si-Te zig-zag chain. TFig.4-6 demonstrates a

mainly on the tetrahedral molecular unit of Si-Te, ' (or Si—Tez), not

three~dimensionally structural model for the Si-As-Te glass. As shown

by Ovshinsky et aZ.lG)

a notable point is the heavy cross-linking and
“lack of long tellurium chains in this model. in such a chalcogenide
substance, a chalcogen, i.e. tellurium, can be chemically incorporated
into the basic network through its covalent bonding properties and those

of its alloying elements, following the chemical rule. Tetravalent

silicon and trivalent arsenic act to cross—linked the tellurium. It is .
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SilAslTe3 glass

Fig.4-6. A three-dimensional structural model for Si-As~Te glass.

Light balls represent Te atoms and the dark balls are Si and

As atoms. The coordination can vary from site to sitej however,

in this model Si and As are shown as 4- and 3-coordinated, re-

spectively.
natural that Si~Te covalent bonds having the highest bonding energy of
heteropolar bonds between the constituents play a predominant role in
formation of the basic network structure in the Si-As-Te system. The
Te and As atoms in excess would be combined relatively loosely with the
basic network as network-modifier atoms. At the chalcogenide deficient
compositions, of course, Si-As, Si~Si and As-As bonds also exist in

11)

substantial concentrations. Such a structural model based on the
three-dimensionally cross—linked network éeems to account nicely for
the observed compositional dependences of Tg, P,s and other basic prop-
erties of the Si~As-Te vitreous materials. It also is concluded that

these glasses have a short-range configurational order built around the

Si atoms mainly in the form of the tetrahedral molecular configuration
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of Si-Te,™", |

In order to obtain another evidence for the chief contribution of
the Si-Te cavalent bdnds to the basic neﬁwork, a qualitative study of
vaporization or sublimation from the Si~-As-Te glasses was madevwith the
quadrupole mass spectro-analyser (Mitsubishi Ele; Co.) over the temper-
ature rangé from 25 to 500 °C. Glass samples were-éut into a small
fused silica furnzce fitted in the cavity of a highbvacuum (&10_7 Tofr),
and the temperature was very slowly raised at about 1 deg/min. Ioniza-
tion of the vaporized atoms of molecules was done b& an electron beamn.
Fig.4-7 illustrates typical mass—spectrometric durves obtained for pure
arsenic, tellurium and the SigAslﬁTeZI_giass. The detectable sensitiv-
ities were calibrated with the pure arsenmic and tellurium under the same
experimental conditions, and are aboﬁt 7X10—8,Torr'for the vapor of As
ions and_4§10_7 Torr for the Te ioﬁs. The sensitivity for the Te ions
is relatively low and the vaporization of silicon can not be detected
in this femperature range. .In Fig.4-8, detectébie temperatures,TAS and

++ ++ '
T,. for the As+, As and Te  observed first with the above sensitiv-

Te
ities are plotted for the different As fraction of the Si-As-Te system.
TAS for several glasses is also shown in Table-5. As can be seen from

thevfigure, these TAS and TTe decrease rapidly with increasing the As
content in spite of no change of Tg and TS. This low—-temperature
appearance of‘As and Te in the vapors over the heated ternary glasses
indicates that fhe'considerable pért of As and Te atoms is only weak
and loosely bound in the basic gléés network. This fact supports

the structural model in Fig.4-6 speculated from the compositional

dependences of the basic properties of the Si-As-Te vitreous materials.
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4-4, Compositional Dependences of Electrical and Optical Gaps

As shown in Table-4 and Figs.4~9(a;5;c); the electrical gap Eg(el)
and the qﬁtical gap Eg(op) also are gtrongly sensitive to the glaSS com—
positions. ‘Both gaps increase linearly with increasing the Si content
but with decreasing the Te content, while they are almost independent of
the As content. vTherefore, the value of gaps is determined only by the
atomic ratio of Si to Te, in.common with Tg’ Tq, 925’ etc. The whole
aspects of compositional changes of both gaps are shown in the Gibbs'
friangles of Fiés.4¥10 and 4-11, again.17)

As shown in Fig.4—12; ; 1iﬁear relation is found between the gap
Eg(el) and thé density Pys for all the Si-As-Te vitreous semiconductors.
The empirical relationship is given by.Eé(el) in eV and py5 in g/cm3 as

4.5 - 0.65 p,. » in eV. (4-1)
18)

E =
g(el)
For amorphous Ge films

and dense Hg vaporlg), essential relations
between the band gap and the density have been discussed on the basis of
their average interatomié separations. Even in the»multicomponent glass
system, there is an obvioué correlation between the prevailing type of
chemical bonds and the résulting glass network structure. The linear
relationship in Fig.4-12 manifests that the band gép in the Si-As-Te amor-
phous semiconductors is governed by electronic configurations of the same
chemical bonds that construct predominantly the inherent three-dimension-
ally cross-linked network. Especially, the Si-Te covalent bonds in the
tetrahedral molecular unit,pxeserved as the‘short—range chemical and
configurational order play an important role in the static électronic
properties of the si*As-Te glasses. As shown by the dotted line with

these black circlets in Fig.4-12, the experimental results on other glass

system containing germanium for silicon by 10 atomic 7% seem to lie on a
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line in parallel with that for the Si-As-Te system. This substitution
effect causes a decrease of Eg(el) and an increase of Pys by about 5 4,
which may be respectively due to differences of the bond strength and
the atomic weight between Si and Ge atoms.3)

An attempt to plot the gap Eg(el) against each of the two thermo-—

dynamic parameters, Tg and Ty, is made for all the Si-As-Te glass, as

shown in Fig.4-13. Simple relationships are expressed as follows:

T, = 178-exp[0.75-E

19O°exp[0.754Eg(e1)], in °K.

g
- (4-2)

It

S

These simple relationships hint at the underlying correlation between the
bond energy and the glass tramsition. Likewise, they will supply valu-
able information regarding the static electronic process in the three—

dimensionally cross—linked network structure of the Si-As-Te glasses.
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Fig.4-13. Relationships between electrical gap Eg(el) and
each of two characteristic temperatures, i.e. glass tran-
sition temperature T, and softening temperature T, for
Si-As-Te vitreous semiconductors of different composition.
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Recently; deNeufville et aZ.ZO) have introduced a concept of connected-
ness C defined by'the average coordination number for covalently bbnded
materials, to classify relationships of Eg(op)vversus Tg for a wide
variety of stoichiometric chalcogenide glasses. For two-fold coordina-
tiop mate?ials of C=2, Tg‘is substantially iﬁdependent Of_Eg(op) due to
the covalent bond strength because 'l‘g is associated with the breaking of
weak van der Waals bonds between chains and rings. In rather three~
dimensional glasses with C>2, the gap Eg(op) haé a'1inear relationship

g

sional network structure of the Si-As-Te glasses is heavily cross-—linked

with T, for the same C value. This fact suggests that the three~dimen-

and almost lacking in long Te chains as shown in Fig;4—6. In these
glassy materials, bonds taking part in the static electronic process are
no longer distinguishéd from those forming the basic cross—-linked network
structure. A similar procedure wés'successfully employed by Kastner to
correlate the band gap and the melting point’Tm for numerous crystalline.
semiconductors.21)
Contribution of the Si~Te bonds fo the band gap can be made clear
by re-plots of Eg(ei) against the mole fraction of the Si-Te for the
bAs—Té bonds as shown in Fig.4-14. Anbincrease of the mole fraction
leéds to a linear increase of Eg(el) and a decrease of Pysge Therefore,
the value of Eg(el) or Eg(op) is determined by the concentration of thek
Si-Te covalent bonds in the Si—As~Te_amorphous semiconductors. Further,
Fig.4-15 shows dependences of Eg(el) on the contents of Si and of other
substituent atoms, germanium or thallium in place of siliéop, in the
(AszTe3)—based ternary glasses.zz) For thévélass system cnntaining Ge

atoms, Eg(el) increases rather gently with the Ge content as compared

with the glasses having Si atoms because the binding energy of Ce is
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smaller than that of Si by about 0.2eV. 1In the case of the TléﬁszTe3
glasses, since the Tl atoms of valency 3 have lower binding energy than

the As atoms, E rather decreases with increasing the Tl content.

g(el)
Thus, the Si-Te covalent bonds play a predominant role not only in the
construction of the three-dimensionally cross-linked network structure
but also in the presence of the band gap in the electronic spectrum as

the short-range chemical and confugurational order preserved in such a

disordered Si-As-Te system.

4-5, Chemical Basis of Static Electronic States

Little is known in detail about chemical characters of the heavily
cross—-linked network structure which governs the electronic properties

in the multicomponent Te-based vitreous semiconductors. According to
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the Pauling's theory about the chemical bonds,23) the chemical trend of
bonds is given by the following fractional ionicity fi;

£ = 1 - expl~(x,~x)2/4] , (4-3)
where X, and xp are the electronegativities of atoms A and B. Since
the electronegativities are given to be 1.8, 2.0 and 2.1 for the respec-
tive constituent atoms, Si, As and Te, the fractional ionic character
of this chalcogenide alloy can be estimated to be 2.2% at maximum. In
addition, the binding energy E(A-B) of a heteropolar bond between two
atoms, A and B, is approximated by the following form:

E(A-B) = 5[ E(A-8) + E(B-B) 1+ (x,-x)2 , ..... (4-4)
where F(A-A) and E(B-B) are the covalent bond energies of homopolar
bonds. By using the homopolar bond energies of Si, As and Te, the

heteropolar bond energies between the constituent elements in the Si-As

~-Te system can be obtained as follows:

E(Si-As) = 1.65 eV , (4-5)
E(AS‘TE) = 1043 eV °

From the physico-chemical viewpoint, thus, it can be concluded that the
covalent bonds between Si and Te atoms should combine in preference to
the other covalent bonds so as to maximize total bond energies of the
network. Such a covalent bond is in general characterized by the firm
reétriction of valency and the spatial orientation for the valence-
electronic configuration of each atom, which is given by a concept of
so-called orbital. Each atom tends to surround itself with the number
of nearest neighbors required by its valency and bonding configuration.
In the case of the Si-As-Te ternary glass with atoms of different
valency, therefore, the three-dimensionally cross-linked and strongly

covalently bonded network structure can be formed naturally with as few
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misfits as_possible, as shown in Fig.4-6. The valency satisfaction of
each atom gives rise to short-range chemical ordering effects like the
tetrahedral Si—TeZ“ molecules in the disordered Si-As~Te system.

As recently pointed out by Phillips,24) chemical bond arguments
can be available in describing the electronicbproperties in covalently
bonded crystalline and amorphous materials by some average over their
valence electrons. For example,Fig.4-16 shows a relation between the
gap Eg(el) and the average coordination number corresponding to the
connectedness ( introduced by deNeufville et aZ.ZO) The gap Eg(el)
increases linearly with iﬁcfeasing the number C by the content of cross-
linking Si atoms, while for the As content the increase of C 1éads to a

rather decrease of the gap Eg(el)' Accordingly, the number ( is not so
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suitable for the factor indicating the band gap. In Fig.4-17, the gap
Eg(el) is plotted against the average covalent bond energy per one co-
valency for all the Si-As-Te vitreous semiconductors. As can be seen
in the figure, tﬁere is found'a~goba linear correlation between the gap
energy Eg(el) and the average bond energy, despité of neglecting the
ionic bonding character. Some similar relationships were found for

some groups of diamond and zincblende type semiconductors by~Manca25)

and Vijh.26)

‘Such a good linear cofrelation suggests that the glass
within the glassffofming region has the same kind of network structure.
The short-range chemical ordering effects only between nearest neighbors
can give clues to calculate statistically the gap energy in the disor-
dered semiconductors. Therefore, the chemical—bond:approach is essen-
tially valuable in interpreting micioscopic electronic pfocesses in
such covalently bonded amorphous materials. The basic assumption in the

27)

approach developed by Mooser and Pearson is that the electronic band-

states of the solid are a broadened superposition of molecular-orbital

28)_and Chenzg) have

states arising from the constituent atoms. Kastner
recently discussed the electronic structures of soﬁe chalcogenide semi-
conductors in terms of bonding bands and lone-paif bands by using this
molecular—~orbital method. As well known, the Si atoms in four—fold
tetrahedral coordination have hybridized sp3 orbitals, which are split
into bonding (o) and antibondiﬁg (o*) statés. In tetrahedral sémicon-
ductors the c—’and o*-states are broadened into the valence and conduc-
tion bands, respectively, as the nearest-neighboring distance decreases.‘
For the group-VI elements such as Te atoms, only‘two of the six p—sfate

valence electrons participate in the two-fold coordinated bonding (o)

‘within their molecules, and the other four electrons form two sets of
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lone-pair non-bonding (LP) orbitals. The As atoms have three bonding
(o) and one LP hybridized orbitals. The covalent bonds in the Si-As-Te
vitreous alloy are formed by the molecular orbitals between the bonding
hybrids of Si and Te and between the other d-orbitals. In the common
chalcogenide glasses, the o-orbital states lie considerably lower in
energy than the LP states, so that the o-states seem no longer to act
as the valence band and this role may be played by the LP band. As ob-

30)

served in real amorphous Se, Te, ASZS GeTe, etc. from photoemission

33
and other experiments, however, the og-orbital and the LP-orbital levels
are sufficiently closed and intermixed in the valence band, and seem to
contribute together to the upper valence band edgé.sl) It is speculated
for the multicomponent chalcogenide alloys that the o- and LP states of
various molecular orbitals are mixed still more within the valence band.
The speculation is also made from the identified compositional depend-
ences of the structural factors and of the band gap in the Si-As-Te system.
The unoccupied o*-states of all the constituent atoms are of course
broadened and intermixed into the conduction band. Then, the band gap

is corresponding to the average energy value necessary for ekcitation

of electrons from the valence to the conduction bands. The baéic
electronic properties of the Si-As-Te amorphous semiconductor alloyé

are governed by the short-range chemical order based on the chemical
characters of Si-Te covalent bonds, not by the long-range ordering.

So far, more detailed\discussions can not be promoted because of the

lack of both the theoretical and experimental studies about the elec-

tronic states in such a multicomponent semiconducting glass system.
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4-6. Summary

In this chapter, the compositional dependences of the electrical
and optical gaps, in common with those of other structural parameters
like the weight density, the glass transition temperature, the thermal
expansion coefficient, have been measured systematically for a series
of Si-As-Te amorphous semiconductors prepared within the wide glass—
forming composition region. Similar compositional trends have been
found out for all the electronic and configurational properties, which
depend strongly upon the contents of Si and Te, i.e. only on the atomic
ratio of Si to Te contents, but are almost insensitive to the As con-
tent. In this glass system, particularly, linear relationships of the
band gap to the weight density, the glass transition temperature and
the softening temperature have been found. In taking account of these
compositional dependences observed and the chemical characters éf the
constituent atoms, a three-dimensionally cross-linked and heavily co-
valently bonded structural model has been tentatively demonstrated for
the Si-As-Te glass. It has been made clear that the basic electronic
properties such as the valence- and conduction-band states and the band
gap can be determined only by the short-range chemical order like the
tetrahedrally bonded Si—TeZ“ molecules which remains relatively unaf-
fected by disordering. Qualitative discussions have been done about
the electronic states in the Si-As-Te vitreous semiconductor from a

viewpoint of the molecular-orbital of covalent bonds.
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Chapter-V

ANNEALING EFFECTS ON ELECTRICAL AND OPTICAL PROPERTIES
OF Si-As-Te GLASSY MATERIALS

5-1. Introduction

A vitreous material is believed to be in a metastable configura-
tional state, but is indeed realized in a thermal non-equilibrium state

1

below its glass transition temperature Tg' | Such a glassy substance
is relaxing towards a more stable state through the kinetic process
called the glass transition. Physical properties of a vitreous semicon-
ductor are closely associated with its excess stored energyvand internal
deformations, so that they may be sensitively affected by the stabiliia—
tion process. Thus, in addition to structural, compositional, or
topological disorders in an Zdeal amorphous solid, there usually ekist
ionized impurities and other electronic active centers originated from
deformations, voids and other defects in a real vitreous semiconductor.
These long-range disorders cause potential fluctuations on an atomic
scale, which affect the electronic properties not only as scatterers of
electron waves but also as localized carrier-trapping states in the
band gap. Nevertheless, few investigations have been done on the kinetic
correlation between thé electronic and configurational systems in amor-
phous and vitreous states on the basis of the glass transition process%’3)
In this chapter, some systematic investigations about anneaiing
effects on the electrical and optical properties in the Si-As-Te glasses

have been carried out. To study the annealing effects, several steps

of the stabilization were realized as a function of the annealing time
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during heat treatment at a temperature slightly below the T Besides

g’
the dc and ac conductivities and the optical absorption, other physical
properties such as thermal expansion, weight density and heat capacity
have been measured for various grades of stagbilization. Discussions
will be given about the correlation between the relakation kinetics of
the internal strains and excess stored energy and the localized elec—
tronic states within the band gap in the Si-As-Te amorphous semiconduc-

tors.4’5)

5-2. Glass Transition Phenomenon

When a melt is cooled, it is well known that the substance can
crystallize or solidify into a glass state according to e#perimental
conditions; i.e., by different cooling or heating rates or by producing
isothermal after-effects. Fig.5-1 depicts (a) a volume—temperatﬁre
dependence and (b) a schematic of the physico-chemically configurational
energy states of the crystalline and vitreous phases. As represented
schematically for the crystallization in Fig.5-1(a), it is found that
at the melting point T, a jump occurs in the volume, which usually
decreases. On the other hand, in the glass formation the expansion
coefficient of the melt is unchanged near the T, and below the T, the

g
substance will be solidified from the metastable supercooled melt into
a rigid glass phase because of a rapid increase of the viscosity. As
shown in Fig.5-1(b), the idea of equilibrium metastability in the tem-

perature range between Ty and T, requires free energy barriers impeding

g
the transtion of the system from the metastable into the stable states.
These barriers for the amorphous-crystalline phase transition may be

determined from crystal nucleus formation and from crystal growth.
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Fig.5-1. (a) Schematic of a volume-temperature depend-
ence of a material in various states. (b) Schematic
of physico-chemical configurational energy states of
vitreous and crystalline phases of a material.

Strictly speaking, a glass or vifreous substance is in a thermo-
dynamic non—-equilibrium state below the temperature Tg at which a
certain transition takes place. The question whether glassy solidifi-
cation can bé a thermodynamic transition has been frequently discussed.
Since the early stage of this kind of investigations, the glass transi-
. tion has been confused more or less with a thermodynamic second-o;der
transition by reason of their formal similarity. However, because the
glassy state is essentially in non-equilibrium, the vitreous solidifi-
cation or vitrification cannot be identified as second—ordei transition

in the thermodynamic sense, and is realized by an inhibition of pure
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kinetic processes.6) It is widely agreed that this glass transition is
caused by a relaxation effect, through which some kinetic process in
amorphous materials occurs too slowly at low temperatures to permit
thermodynamic equilibrium. The evidence that the transition is really
a relaxation phenomenon accompanied with structural changes in the glass
networks will be presented in this chapter. These changes occur over a

relatively wide temperature range in the vicinity of T_; therefore it

g;;
would be better to use the term of glass transition interval. Such a
relaxation process is called stabilization phenomenon of glassy materials.
In order to investigate such kinetic processes of the glass tran-
sition, the most fruitful experiment has been carried out by measuring
annealing effects on various properties of vitreous phase materials.
For the purpose, several steps of stabilization process in the Si-As~Te
vitreous substances were realized as a function of the annealing time

during heat treatment at a temperature near the Tg‘ Most of measurements

in this chapter were made for the Si_As Te21 glass (in atomic ratio)
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Fig.5~2. Thermal expansion curves on some steps of stabilization.
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having the Tg of 233 °C, located in the center of the glass-forming
region. The heat treatment was continued for the required hours mainly
at 200+3°C below the Tg in atmosphere of dry nitrogen. After that, the
samples were rapidly cooled in air. The linear thermal expansion curve
ﬁas obtained with the Perkin~Elmer TMS-1. .The'thermal analysié in the
glass transition region was made by using a differential scanning calori-
meter, the Perkin-Elmer DSC-1. Because arsenic and tellurium have high
vapor pressures, the specimen was sealed in an aluminium capsule. The
weight density was again measured by the Archimedes' method. As shown
in Fig.5-2, the thermal ekpansion curves for different steps of stabili-
zation of the SigAslaTe21 glass vary clearly with the annealing time at
200 °C. During the heat treatment a continuous contraction of the glass
specimen was.observed until the glassy state approaches equilibrium at a
given annealing temperature, as displayed in Fig.5-3. The rate of the
contraction increases rapidly as the annealing temperature T, decreases,
and is corresponding to a stabilization (or relaxation) rate 1 shown in
Fig.5-1(a). Therefore, the dimensions, specific volume and weight den-
sity of the specimen at room témperature are strictly dependent on the
the grade of stabilization reached by the annealing. Fig.5-4 shows
changes of the weight density p20 as a function of the aﬁnealing time at
200 and 225 °C. As seen in the figure, the density increases logarith-
mically with the time on the early stages of annealing, and eventually
approaches a constaﬁt value for a given annealing temperature. This
saturation appears at the earlier time and the smaller density value for
‘the higher annealing temperature. From these results on the expansion

and density, the full annealing makes the vitreous substance a more

stable and close-packing network structure. It has been confirmed by
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the X-ray diffraction measurement that the phenomenon is not due to a
phase transition from the amorphous to crystalline states, and it may be
due to certain structural changes in the amorphous phase.‘ For the well-
annealed glass, the thermal e;pansion curves observed depart from the
complete equilibrium curve which is denoted by a dashed line in Fig.5-2.
This behavior is attributed to a large overshoot by a plastico-viscous
nature of the network structure at the finite heating rate.7) It would
be expected therefore that such a large overshoot results in a high endo-
thermic peak on the increasing heat capacity versus.temperature curve of
the DSC analysis. The endo— and eko—thermic effects of the glass transi-
‘tion on the DSC traces at the constant heating rate of 20 deg/min are
illustrated in Fig.5-5(a) as a parameter of the annealing time at 200 °C
for the SigAsl4Te21 vitreous material. As can be seen in Fig.S—S(a);

the height of fhe anomalous heat-capacity peak in this region increases

with the annealing time. The area of the peak corresponding‘to the

- Annealing at 200°C
5 % = 233°C
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3
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Fig.5-5. (a) Variation of DSC traces in glass transition
temperature region for SigAs; Teyq glass as a parameter
of annealing time at 200 °C. (b) Plots of endothermic
peak of glass transition against annealing time at some
annealing temperature for SigAsl4Te21 glass. The measure-
ments were made at a constant heating rate of 20 deg/min.
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enthalpy difference AH is considered to depend closely upon the release
of internal configurational energy, chiefly the decrease of excess-

8)

stored energy, during the annealing. On the assumption that the tem—
perature width of the glass transition intervai is constant regardless
of annealing conditions, an attempt is made to plot the peak height as
a function of the annealing time. Fig.5-5(b) shows variations of the
peak height by annealing. As shown in the figure, with increasing‘the
time at a given annealing temperature the height of anomalous heat

capacity in the vicinity of the T_ seems to increase also logarithmically.

g
Once equilibrium has been attained at an annealing temperature, an in-
crease of the peak height occurs no longer on further heating. As shown
in Fig.5-5(b), the higher the annealing temperature is, the earlier and
smaller saturation of the peak is observed. On annealing at 200 °C,
the height is saturated for about 50 hours. Low annealing temperatures
can make the glassy substance attain finally to a more stable and lower
energy state, in spite of a decrease of the relaxation rate.

A real vitreous substance maintains essentially more or less the
order and disorder of the supercooled melt. Glasses having the same

composition do not always lie in one inherent metastable state, but can

be realized in various physico-chemical energy states depending on

their own thermal history. Espeéially, an as—-quenched glass has consid
erably low packing density and high configurational energy. During
stabilization through glass transition processes, the as-quenched glass
can be stabilized towards a more stable and close-~packing state, i.e.,
from glass~I to glass-II as shown schematically in Fig.5-1l. Recently
Tool has attempted to interpret the kinetic nature of such a glass

transition by introducing a concept of fictive temperature, at which
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the glass would be in thermodynamic,equilibrium.g) As suggested by a

10)

few experimental results,z’ however, the eicess configurétional
energy stored in non-stabilized glasses can be regarded mainly as local
stresses and deformations. The stabilization process by annealing may
be governed by releases of the local stresses and deformationé through
local rearrangements of chemical bonds, and rather as the result an
increase of the packing density occurs. When the kinetic process of
the glass transition take place, the glassy material is stabilized and
ekperiences a contiuous increase of the degree of ordering. The simplest
conception of the release of thermally induced internal stress in non-
stabilized glasses may be derived from the Makwell‘relation as follows:
S(£) /S = exp(-t/1), T = G/n . (5-1)
Where S(%) is the internal stress or strain at time ¢, Sy the initial
stress or strain, G the modulus of rigidity, n the viscosity and { the
relaxation time. Indeed, since the viscosity n changes considerably
with time during the annealing in the glass transition range, no experi-
mental datum to fit the simple exponential formula has been observed.
Therefore, a quantitative explanation of the experimental results ob-

tained in this thesis work can not be made so far.

5-3. Annealing Effects on Electrical and Optical Properties

Structural changes due to the stabilization process should affect
sensitively electronic semiconducting properties like dec and ac cénduc—
tivities and optical absorption of the Si-As-Te glasses. If is very
interesting to study about electronic effects of the excess-stored
energy and local stresses through the configurational stabilization

process by annealing. It is expected that they give rise to potential
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fluctuations on an atomic scale, and further contribute to a breakup of
long-range order and to a formation of localized electronic states.
A contribution of the localized states to the electronic process can be

12)

observed by the measurement of ac hopping conductivity o(w). Fig.5-6
shows the influence bf aﬁnealing on temperature dependence of the ac
conductivity o(w) as well as the dc one oy of the 319A814T621 vitreous
semiconductor. The anneéling was made at 200 °C, too. The o(w) was
measured with the transformer bridge mentioned previously. The salient
features in the ;eﬁperatufe depeﬁdence ére: (i) the o(w) approaches the

dc conductivity for all frequencies in the high temberature region; (ii)

the o(w) has a vefy small activation energy in the low temperature
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Fig.5-6. Semilog plots of ac and dec Fig.5-7. Frequency dependence of
conductivities versus reciprocal ac conductivity at 250°K for as-—
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full-annealed SigAsqi,Tepy glasses, Asy,Teyq glasses.
at different frequencies.

- 94 -




region; and (iii) the o(w) at low temperatures increases with the -
frequency. Similar characteristics were observed for amorphous Se,
13)

AsZS3 and As,Se

)Ses- As seen from the figure, the ac conductivity o(w)

decreases more remarkably than the dc one by the full ammealing under’
the same experimental conditions. Fig.5—7’shows frequency dependence
of o(w) at 250 °K for both as—quenched and well—énnealed SigAsll}Te21
glasses. From the figure, the notable changes of o(w) by the annealing
are the decrease of activation energy from a finite value to zero and
the increase of exponent n.from n=0.87 to 1.70 for the frequency depend-
ence expressed by o(w)= w®. The conduction model for the temperature-
and frequency-dependent ac conductivity can be described reasonably as
thermally activated hopping or tunneling. 7Pollak and Geballélz?,have
pointed Qut'thaf if the hopping takes place between randomly distributed
localized states, then 0.5 < n < 1. Since the hopping process is phonon-
assisted, a small but finite activation energybshould be observed for
the temperature dependence of o(w). In the case of the hopping between
identical levels, the value of n is équal to 2 when the frequency ?s
smaller than the characteristic hopping frequengy. Then the activation
energy is nearly zero. In the Si-As-Te vitreous semiconductor, the
most likely process seems to occur between localized tail states rather
than between midgap states at the Fermi 1eve1.14) As comparing the
results in Figs.5-6 and 5-7 with the hopping theory, the author can
conclude that the hopping process in the as~quenched glass takes place
mainly in a random distribution of the localized tail states, whereas
after the glass is well-annealed it occurs rather‘befween ideﬁtical

sites of the regularized tail states. Of course, this arises from the

change in distribution of the localized tail states by the anﬁealing.
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At the same time, the well-annealing makes the Value of tand take a
figure down one place in the low temperature region. There is found
little compositional change of the ac condﬁctivity o(w) except only a
slight increase of o(w) with decreasing the Si content. In contrast to
~o(w), variations of the dc conductivity during the‘ annealing are fairly
small as shown in Fig.5-6. 1In Fig.5—8, the appriciable changes in dc

conductivity o at 25 °C and the elebtrical gap Eg(el) are plotted as

25
a function of the annealing time at 200 °C. About-30% decrease of 0,50
mainly caused by the increase of about 0.04 eV in Eg(el)’ is observed

as the anmealing time increases. Both values are saturated after about

50 hours, similarly for other properties.
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Fig.5-8. Dependences of dc conductivity Oy and
electrical ‘ ing time.
ectrical gap Eg(el) on annealing time
Figure 5-9 shows the effect of the same heat treatment on the
optical absorption spectrum measured for the same glass specimen at room
temperature. The exponential absorption edge shifts clearly towards

higher photon energy side with increasing the annealing time, as seen
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from Fig.5-9. Therefore, the optical gap Eg(op)’ defined as the photon

energy Aw at d(w)=10 cnrl, becomes slightly wider (50.02 eV) by the

annealing. At the same time, the band-taili

ng factor Eg obtained as

the reciprocal slope of the exponential tail is reduced gradually. The

changes of Eg(op) and E; by annealing are re-plotted

in Fig.5-10.
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Consequently, both values also change logarithmically with the early -
annealing time and no longer after the complete stabilization by the
heat treatment for about 50 hours. The value of E; would be linearly
dependent on the root-mean square of electronic microfields or of
potential fluctuations due to the disordering and local stresses.ls’le)
The results about the E; factor in Fig.5-10 implies that the local
stress and deformation energy decreases and the internal microfields
also weaken during the annealing. In summarizing the above experimental
results, the configurational rearrangement during the complete stabili-
zation leads consistently not only to a little increase (@0.0ZéV) of the
energy-band gap, but also to appreciable reduction and regularization of
localized states at the band edges in the Si~As-Te glass. The increase
of gap may be almost due to the decrease of localized tail states.

In recent studies about annealing effects on amorphous Ge films,
it has been obviously observed that an exponential absorption edge of
an as—deposited film changes into a sharp edge and shifts towards higher
energy side with an increase of the degree of order by anneéling.17)
Its dc conductivity changes from a variable range hopping type obeying

1/4

the logo « T law to an intrinsic band-conduction type, and its

thermo~electric power starts to change from small positive to large

18)

negative values. Photoemission experiment also has shown that the

spectrum of valence band states in amorphous Ge films approaches that

19)

in the single-crystal form with the grade of annealing. Annealing

effects on amorphous Si films reduce the density of localized gap

20) These

states appreciably as observed in field effect measurements.
annealing effects on the amorphous Ge and Si films agree essentially

with the author's conclusions in which the localized tail states
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'decrease and are regularized with increasing the degree of order in the

amorphous Si-As-Te semiconductor during the stabilization process.

5-4. Long-Range Disordering and Localized Tail States

8

&1020

High dense localized states of lO1 eV—lcﬁ—3 in the mobility
gap play a fundamental and rather characteristic role in electronic
properties of amorphous semiconductors. Some knowledges of their nature
and distribution are essential for a closer understénding of electrical,
optical and magnetic properties of non-crystalline solids. According to
Mott's view of amorphous semiconductors, localized states lie in the
middle of a band gap in high density of about 1019 'eV’-lcm_3 and rather

21)

narrow width of a few tenths of 1 eV. Also the CFO model for a chal-

cogenide alloy has predicted an overlap of band-tails of localized states

22)

extending from the mobility edges into the gap. Such high dense
localized gap -states are assumed only to effectively pin the Fermi level
near the center of a pseudogap. As discussed in Sec.3-4, howevér, many
experimental data for the Si-As-Te glasses and other amorphous semicon-
ductors seem to contradict the presence of the high dense localized mid=
gap states in these models. For example, the distinctive part of an
absorption curve below a(w)=lcmfl in Fig.5-9 leads to an estimate of

1016’@10l7 cm_3'for the total density of localized gap'states.lé)

On the
other hand, there is little doubt of the existence of localized states
in tails at the band edges. This is evidently supported by many experi-
mental results for the Si-As-Te vitreous semiconductors on the exponen-—
tial absorption edge, the. energy difference between the electrical and

optical gaps, the temperature-dependent photo-conductivity and the ac

conductivity measured in this thesis work, as well as by the measurements
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of Hall mobility and thermo-electric power.ZB) The width of tails is
consistently obtaiﬁed to be about 0.1 n 0.2 eV from all the experiments. -
The density of localized tail states decreases gradually into the gap
from 'illO19 to less than 1017‘evﬁlcm“3, destroying the sharpness of the
valence-and conduction—bandFedges, as demonstrated‘in Fig.3-14. |

Why the character of eigenstates changes abruptly from localized
to extended at certain critical energies remains in question. Anderson
has first given a theoretical discussion about thg‘condition under which
1océlization of the electronic eigenstates occursiiﬁva certain kind of

24)

irregular lattice, so—calle&'Anderson's transition,” Mott has pointed

out that if the’Anderson‘s criterion is satisfied, the dc¢ conductivity
o(E) at T=0°K can be adopted as a criterion for localization.zs)
Because of complexity of real vitreous materials, it is still unknown
whether such a standard criterion is applicable to the real systems.
Cohen has made a simple plausible arguments on electronic structures in
non-crystalline semiconductors on the analogy of a single isolated band

26)

in perfect and imperfect crystals. Lack of long-range order in the
potential gives a more drastic effect to the eigenstates particularly

near the upper and lower edges of the band. As shown as the simplest

EXTENDED

LOCALIZED

Z,
EC

Fig.5-11, The simplest model fér the density of
states of a single isolated band in a disordered
material. (after Cohen26))
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band model in Fig.5-11, for E.<E<Eg the elegtronic states remain ex-
tended with a finite phase coherence length, i.e. 1§ng—range prder in
the phase. For E<E. and Eé<E, the wavefunction is restricted only in

a finite region of potential well and its localization can not be
‘destroyed by tunneling, since an overlap of the electronic wavefunctions
decreases ekponeﬁtially with the separation befween the nearest states
at the same energy level. In the tails of the band, the states all are
localized. There exist two characteristic energies E, Eé separating
abruptly the regions of localized states from that of extended states,
and these enérgies are called mobility edges.

The basic idea underlying the quantum-mechanical calculétions is
that in disordered matefials the localized tail:--states aré dominated by
potential fluctuations but are not in general corresponding diréctly to
individual single—imperfections. The avetage or superpositioﬁ of
various kinds of disordering effects should act on electrons. It apﬁears
important to point out that the potential fluctuations depend self-con-
sistently on the electronic occupation of thekloca;ized states. An ideal 
‘amorphous.substance is thought of as a uniform‘three-dimensional random
network structure in which structural, compositional or topological
disorders, based on variations in ionic radius, valency or electroﬁega—
tivity of the constituent atoms, are included in nature. In addition,
any réal disordered system has usually various kinds of disorders in the
the form of dangling bonds, voids, local deformations or 6ther electronic
active defects. As mentioned previously, the latter random disorders
is closely related to the excess—stored configurational energy and local
deformations, and therefore is very sensitive to the thermal history of

the material. Both categories of configurational inhomogeneities are
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associated with nonuniform charge distributions which cause random
potential fluctuations and internal electric microfields introduced

by Dow and Redfield.ls)

In order to obtain the magnitudé of the internal deformation or
stress fields, an attempt to measure an electro~aﬁsorption effect was
made for the SigAsl4T321 amorphous semiconductor. ) The specimen of
6x5%0.3 mm3 having the coplanar electrode gap of 0,5 mm was prepared.
The electro-optical measurement was made with a conventional two Lock-In
system with a monochromater as employed elsewhere.27) As shown in
Fig.5-12, a linéar field—iﬁduced change in the optical absorption
Ad(ﬁw,F) near d(F=0)=lO cmﬁlvat Hw=1.0 eV was observed on'application
of an external field F=l.'4><103 V/c¢m. By comparing this field~induced
energy shift of d(w) with that by the full annealing, the ekcess—stored
deformation fieldsvreduced by the full stabilization can be esfimated

4

to be about 5x10° V/cm. This value is very reasonable in comparison with

that in nearly covalent semiconductors dbped heavily.ls) According to
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Fig.5-12. Field-induced change in optical absorption Aa(Aw,F)
in measurement of electro-absorption effect for SigAs]ATe21
amorphous semiconductor.
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the theory of internal Franz-Keldish effect by the microfields, estimates

of the average field intensity and the barrier height of the potential

fluctuations are obtained to be the order of 105’5106 V/em and 0.1&0.2eV,

respectively from the observed exponential absorption edges of amorphous

15,16)

semiconductors. From the measurements of Franz-Keldish effect,

the root-mean-square value of the microfields has been found to be equal

the Poole-Frenkel formula to dc high-field V-I characteristics, the

to 4.5><106 V/cm for amorphous Aszs On the other hand, in applying

maximum Coulomb potential of ionized centers is estimated in the range

4 6 29)

of 107 to 10 V/cm. The photoemission experiment shows that the

average value of fluctuations is below the resolution of Nielsen's

30) It seems thus likely

experiments which he claims to be 0.15 eV.
that the concentration of localized tail states due to thé fluctuations
extending deep into the gap is small. Most of the poteﬁtial fluctua~-
tions have an average amplitude below 0.1 to 0.2 eV, and the magnitude
of microfields may be the order of 105';1106 V/em. It is rather surpris-
ing that these values can be estimated nearly equal and eiperimental
aspects like the exponential absorption edge and the ac conductivity of
various amorphous semiconductors are closely phenomelogically similar,
in spite of having a large variety of possible sources of the random
potential fluctuations and internal microfields in real amorphous solids.
The observations suggest that there may be some internal electronic
mechanism which adjusts the average value of internal fields into rela-
tively narrow limits.

1

As summarized by Fritzsche3 and Spearzo), many ambiguities of
the character and distribution of localized gap states give rise to

considerably different experimental results and conclusions not only by
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the compositions and thermal histories of the substances but also by

the eipe:imental methods. The quantitative treatment of the transport
mechanism as well as of the trapping and recombination kinetics governed
by the localized tail states is further difficult at present. There
still remain a great number of intensive and challenging problems about
the correlation between the configurational states and the localized

states in vitreous semiconductors.

5-5. Summary

In this chapter, an effect of annealing on electrical, optical and
thermodynamic properties has been systematically investigated for amor-
phous Si-As-Te system, mainly for the SigAslaTe21 vitreous semiconductor
(Tg=233 °C) located near the center of the glass~forming region.
Sevral steps of stabilization from an as—quencﬁed to a well-annealed
states have been realized as a function of the annealing time by heat
treatments at a temperature slightly below the glass transition tempera-
tﬁre Tg. As a result of measuring the changes of the thermodynamic and
structuraliproperties like the weight density, thermal expansion and
heat capacity during the annealing, it has become evident that the Si9
Asll"l‘e21 glassy substance is stabilized completely until it reaches a
more stable and close-packing configurational state by the continuous
heat treatment for about 50 hours at 200 °C. The configurational stabi-
lization process in the glass transition is governed by releasé of the
local stresses and deformations corresponding to an excess-stored physico-
chemical energy through some structural rearrangeménts, and consequently
the degree of orders in a non-stabilized glass increases continuously

during the annealing. The decrease of internal electric microfields by
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restoring some kind of orders has been estimated to be 5x10* V/em from
the electro—absorption measurement. Dc and ac conductivities, electri—:
cal and optical gaps and band-tailing factor also have been observed to
change consistentlyvwith,logarithm of the annealing time and to saturate
‘gﬁter the continuous annealing for about 50 hours at 200 °C. Especially,
notable changes of the ac conductivity o(w) by the stabilization have
been found: i.e., the decrease of thermal activation energy from a

finite value to zero and the increase of ekponent n in o(w)= w® from

0.87 to 1.70 at 250 °K. It follows that the structural change during

tﬁe stabilizétion leads to appreciable reduction ang regularization of
the localized tail states as well as a little increase of the band gap
(about 0.02 eV). On the basis of these experimental results, the elec~
tronic effects of configufational disordering and the correlation between
localized states and random potential fluctuations or internai electric
microfields produced by the lack of long-range orders in the Si-As-Te

amorphous semiconductors have been discussed.
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Chapter-VL

ELECTRIC BREAKDOWN PHENOMENON AND THRESHOLD SWITCHING
DEVICES OF Si-As-Te—~(Ge) AMORPHOUS SEMICONDUCTORS

6-1. Introduction

One aspect of practical interest in the field of non—-crystalline
chalcogenide semiconductors is the possibility of realizing electronic
and opto-electronic acfive devices by means of thin-film processes.

Since the report of Ovshinsky,z) many intensive efforts have been devoted
to the study about two types of useful switching phenomena: i.e. memory
and threshold switches. Such two-terminal switches have need of operat-
ing at a higher speed and of integrating in a smaller size as one of the
most basic elements in the computer and communication systems. The mem-—
ory effect has been already clarified to be due to lock-on process accom-
pagied with a phase transition from amorphous to crystalline forms.3)
A read-mostly-memory device withAabout 108>failure—free cycles has beeﬁ '
4)

realized by using a Te81Ge155b252 amorphous film. In contrast, the

field of the threshold switch suffers from a large degree of ambiguity.

Its physical process has been explained by therma1,5—7) 8-12)

13-19)

electro-thermal
and electronic models. It is still unclear whether it arises from
a thermal runaway or from an electronic breakdown. It is very difficult
to solve this question exactly because the material parameters and the
external effects like device geometries are not only poorly understood
but also interact complicatedly one another.zo) The most important thing
in practical application is to know what parameters for the thin—filﬁ

techniques lead to significant improvements of reliability, reproducibil-

ity and characteristics of the amorphous thin-film devices.
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This chapter describes exclusively about the reversible threshold
switching devices made of some Te-based chalcogenide alloys or amorphous

21)

thin-films in‘the Si-As-Te~(Ge) system. Bulk and thin-film switching
devices have been fabricated as a trial in the author's laboratory. A
égries of practical experiments on the pre—switéhing electric breakdown
and threshold switch‘h;s been carried out by using parameters of sample
thickness, duty cycle. of ;he applied voltage pulses, glass—composition,
etc. The primary aim was directed to finding device parameters which
can separate the switching mechanism due to the electronic breakdown
from that dué to the thermal process. Consequently, the performance of
the thin-film switching device has attained to a considerably high
degree of reliablity and reproducibility in practice. The switching

mechanism will be discussed in consideration of influences of the

material parameters and the external effects.

6-2. Structures and Fabrication of Threshbld Switching Devices

Two types of threshold switching devices shown schematically
in Figs.6-2(a) and (b) havé beeﬁ fabricafed in the author's laboratory.
Fig.6-2(a) presents a typical bulk device of the Si-As-Te—(Ge) amorphous
-alloys. The disk of alloys used in this work.waé cut from individual
.alloy ingots in the form of about 1 mm thick and 15 mm in diameter.
One of surfaces of.the disk Was mirror-polished with 0.3 ﬂm A1203
powder. By means of vacuum evaporation techniques, molybdenum, gbld'
or platinum thin-film was deposited as the lower electrode onto the
whole polised surface. Then the disk was mounted on a metallic block

with Ag paste, as exhibited in Fig.6-2(a). This metallic block acts as

a good heat sink as well as the lower electrode. The upper surface was
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«Pt,W point contact

-—glass bulk
Ag Paste bessmsemmrmmmania P, Mo
7 7

(b)

,—~,»< )

}{3« glass thin film

g *Au Mo electrode
~~Zmicro slide glass

Glass thin film sample

v Fig.6-2. Device configurations of threshold switch
(a) point—~contact device of bulk threshold switch,
. (b) crossover sandwitch-type device of all-film
threshold switch,
grinded and polished mechanicaliy with.A1203 fine ﬁowder‘and 0.3 ﬁm
diamond paste tb prepare desirable thick devices above 20 ﬂm. As the
other electrode, a point-contact of a platinum or tungsten needle 0. 2mm
in diameter was placed'pn the polished upper surface. Such a point-
contact elecfrode was gmplngd to obtain the better switching character—
istics with a high offlto-onkresistance ratio. Measurements of the
switching characteristics were made as soon as the sample was polished
and well washed. Little influence of chemical etching and annealing
was observed in the characteristics. Fig.6f2(b) illustrates a crossover
sandwitch-type device of all-film threshold switch. This thin-film
devices up to 12 ﬁm thick were fabricated by means of a vacuum evapora-
tion technique on a microscope slide glass or a BeO ceramic plate.
Aé shown diagrammatically in Fig.6-2(b), the active region of the amor-

phdus thin-film was contacted by thin-film molybdenum or gold crossing
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electrodes of 0.5 mm width in the form of sandwitch structure. Composi-
tions of the thin films were chiefly employed near the Ovonic fractions
(SilZGeloAssoTeasi as'the result of wvacuum evaporation. To‘obtain this
film composition, the source material of a certain composition was chosen
by eiperience under the fi#ed evaporating condition. The atomic frac-.
tions of films were measured with the atomic absorptipn.analysis (Nippon
Jarrell-ASH, Jaco AA-1E) shown in Fig.6-3 with an accuracy of about 2%.
For the purpose of preventing the device from Worsening,‘the thin-film
device was overcoated with SiOz.and A3253 amorphous films. The thickness
of active material was measured using a Hg spectrum interferometer and

an electro-micrometer. The switching characteristics on applying ac and

pulse voltages were observed with osciloscope.

Atomic Absorption Spectrometer

hollow monochro
cathode mator

lamp : tigm r,
samp| ution anTpfﬁqer

phototube

‘ recorder gbmmeter
Conditions ppm ~PES!
element As Te Si Ge
Source (A) | 1937 | 2143 | 2516 | 2651
| Fuel | Hz | CoHz | C2H2 | CoHz

| Oxidant | Air | Air | N,O | NO
Burner ' | Hetco| Slit Slit Slit

Fig.6~3. Schematic of atomic absorption spectrometer.
Chathode lamps of As, Te, Si and Ge are made in
Westing Hause Co. Dilution solution of 0.5 N
HNO4 containing 0.05% HF was used.
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6-3. Principal Parameters of Threshold Switch and Electric Breakdown

Two different types of non-destructive switching phenomena, memory
and threshold switches, have been observed in chalcogenide glasses and
films. Figs.6-4(a) and (b) show the schematic current-voltage (V-I)
characteristics of the threshold (0TS) and the memory (OMS) switching

operations. In both types of switches, first the threshold switching

I |
on on
load load
HHHHHHH V‘h -‘-""h--..__,
In| M = =
e e " off v = off v
(a)OTS (b) OMS

Fig.6-4. Idealized current—voltage characteristic of (a) an Ovonic
threshold switch (0TS) and (b) an Ovonic memory switch (OMS).

{Vert.: 10 V/div.
Hori.: 10 }Jsec/div.

Fig.6-5. Time responce to a voltage pulse applied to a threshold
switching device. Vertical voltage scale: 10 V/div; horizontal
time scale: 10 psec/div; series load: 100 kQ; repetition rate:
1 kHz; temperature: room temperature; thickness: 5 um.
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process occurs when the applied voltage exceeds a threshold voltage Vip

(or breakdown voltage Vp). As shown in Fig.6-5, this process proceeds
' -10

very rapidly within a transit time tg<10 1 sec along a load line from

6&107 2 to the conductive on-

high—resistancé off-state in the range 10
étate. However, it does not occur simultaneously with the application
of pulée voltage,butvafter a delay time ty which is observed as a rela-
=tively large statistical value for the applied évervoltage. In the
conducting state the voltage drop is about equal to V=1 V. Such a
switching behavior is led by an electric breakdown_accompanying with a
~current—controlled differential negative resistance, and during,the.l
breakdown a transverse spatial instability contracts the current flow
to a filament of high current denSity.zz) The principal difference
between two éwitches is that OIS returns to its original off-state when
the on-current falls below the holding (or sustaining) current I
whereas the OMS retains its on-state if it allows sufficient time for
lock-on process to occur after being switched. The CMS effect is obvi-
ously due to crystalline filament growth of a Te-Based crystal in the
Lock-on process, and then the memory reset is achievéd by revitrifica- -

1

tion of the crystal. ThevOTS seems to invoive no structural or com-
positional changes during the switching operations.

The threshold switching behavior is either explained as a thermal
process or as an electronic one; but the purely thermal effect is no
longer available for reliability and opérating life of the éractical
OTS devices. Since the external parameters like ambient temperature
and device geometries are still poorly understood in amorphous semicon-

ductor devices, the mechanisms leading to the high-field breakdown as

well as the dynamic process taking place once the breakdown has occurred, -
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are very difficult to be identified. It is therefore indispensable to
take these parameters as well as the material properties into sufficient
consideration for the device design. At the same time these remarks

i may suffice as wérning against accepting the experimental data on the

0TS ﬁixhout explicit cross—cheéks of the physical conditions of the

2
amorphous materials and device structures. 3

Fig.6—-6 shows typical dec V-I characteristics in the high-resistance

off-state for bulk and thiﬁ~film‘devices'of 0TS with the fractions near-—

I3 e 5 s & 2) Y 'Y ,
ly equal to the ?v0n1c75112Ge10A3301e48 (atomic A}e From this figure,

iﬁ can be seen that the Ohmic region appears at low electric fields and
that the non-Ohmic current increases rapidly for the high fields larger

than F = 104 V/cm. When the pre-breakdown current increases still more

and the applied voltage exceeds a threshold value Vins 2 sudden electric

16° 1

Asgole, Ce £, Glass
at 300°K

o

-
[~]]

o

T
Thin Filin
Thicness; 9.6 p
Area; 0.5mm®

Current { Amperes )
b
Q,

~

—
=]

502pm
point contact

L
0

-
(=]

10().1 1 10 100 1000
) " d.c. Applied Voltage (Volis)

Fig.6-6. Current-voltagé characteristics of bulk and thin-~film

0TS devices of 8112A530T648Ge10 glass in high-resistance off-state.
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breakdown takes place and then the device switches from the off- to the
conducting on-state. Such characteristics are almost unchanged by the
polarity of applied voltage and by the electrode metals. A similar
behavior has been found in many kinds of amorphous semiconductors and
insulators.

In order to understand the switching process and to obtain the
desirable amorphous devices, experiments have been firstly carried out
on influences of the external parameters and the material properties
upon the high-field transport and pre-switching breakdown. Fig.6-7
shows oscilloscopic photographs of the switching V-I characteristics for
the Si3A58Te12 bulk devices having different area of the upper electrode.
As be seen from the pictures, an electrode area as small as the point
contact is suitable to reduce a pre-Bﬁé;iéown leakage current and a
capacitive stored energy and to realize a better switching characteristic
with a high off-to-on resistance ratio. This reason is that the diameter

of an active area of the filamentary breakdown is the order of 10 um.

@ upper electrode
Si3A53T812 Glass
thickness 200pm
Vert. 2 mAAdiv.
Hori. 50 V/div.
Load 100 kQ

point contact
scme(

© lower electrode

flat contact of
diameter 15mm

flat contact
of diameter

2.5mm

flat contact
of diameter |
4. 0mm

Fig.6-7. Dependence of switching characteristic on upper electrode

area for Si_As_Te,, bulk device. Vert. scale:2mA/div: Hori. scale:
: Fe=8r =12 <
50V/div.

~-135 (=



The much leakage current and stored charges bring on destroying the
electrodes and on shortening the operating life of the devices.

Fig.6-8 displays photographs of the switching operation for point-con-
tact devices of different thickness. Apparently the switching charac=-
teristics, e.g. breakdown voltage, resistances in the on and off states,
change with the device thickness or electrode separation. The threshold
switch for the sample thickness less than about 200 ﬁm is at a glance
superior to that of the thicker devices. In Fig.6-9, the off-state
resistance R in the Ohmic region is plotted against the thickness d of
the bulk devices. It follows that R remains constant for d > 150 um
and decreases linearly with decreasing d below 150 ﬁm. The point-con-
tact area is estimated to be about 50 Qm in diameter. The affect of
such a point-contact seems tx{giméagover into the bulk 150 um deep and

must be closely related to the mechanism of the threshold switches.

Fig.6-10 represents plots of the initial breakdown voltage Vi as a

1.0mm

200pm 130pm 85um
s ]
SizAsgTe,, Glass !

Vert. 2 mA /div.
Hori. 50 V /div.

scale {

Load 100 kQ)

62 pm 40}Jrn o=

Fig.6-8. Thickness dependence of threshold switching
characteristics for a point-contact bulk devices of
Si3A58T312 amorphous semiconductors.
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' 104 10°
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Fig.6-9. Off-state resistance R in Ohmic region as a function
of sample thickness d for pointwcontact devices of SijAsgTe,,
and Si;As Teg amorphous alloys.. _f

function of d for the applied voltages of various waveforms; dc, recfi—
fied 60 Hz ac and 1 msec wide square pulse voltages, respectiveiy.
Likewise, thickness dependence of the average breakdown field Fp=Vy/d
is plotted in Fig.6-11 as a parameter df duty cycle of the applied pulse
voltage. As shown in Figs.6-10, 6-11 and 6-12, identical>thickness
dependences of V and F, have been observed for other glasses in the
‘Si—As—Te and Si-As-Te~-Ge systems. From the results, it can Ee seen
that Fy remainsialmost independent of d below about 100 ﬁm and it
follows the empirical relationships in the thickness region above ZOOﬁm:
) Fp = a2/3 for impulse breakdown,

Fp « d1v-3/2 g4 steady-state breakdown.  ..... . (6~-1)
These results differ fairly from the datum of Kolomiets et aZ.ZA) for
a Si—As—fe—Ge glass,. as shown in Fig.6-12. Because of no description

about the glass composition and the device structure in their report,
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Fig.6-10. Dependence of breakdown voltage Vy on sample thickness d
for threshold switch (a) of SijAsgTe,, glass and (b) of S:LlAs6Te9
glass as a parameter of duty cycle of applied voltage pulse.
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Fig.6~11. Dependence of average breakdown field Fb on sample thick-
ness d for threshold switch of (a) SigAsgTe;y glass and of (b)
SijAsgTeg glass as a parameter of duty cycle of applied pulse.
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this disagreement cannot be solved. For the thick devices, Vp and Fy
are strongly affected by thermal boundary conditions due to the contact

and shape of the devices, well connected to a heat sink. For example,

-t
oh

T~ T T 17T 1T T 171 1T T T 11T1TH
Si,GeygAsyoTe,s Glass 3
at 300°K

LR R

11

-
o
(3]

= from Kolomiets

Breakdown Field F, (V/cm)

-1
Lol it NIRRT =<d
10 102 10°

Thickness d (pm)

-
Q
-

Fig.6-12. Average breakdown field F, as a function of
sample thickness d for Si-As-Te—Ge glassy semiconductors
as compared with the datum of Kolomiets et ql.2

T 1T T rorair T T 1 TTTTT T
Si; As Te, Glass

5
- at 300°K

b
o

-t
oh

Breakdown Field F, {V,/cm )

thin 'ep oaéy
103F_ electrode separation: 500 pm

Thickness d ( }lm)

Fig.6-13. Average breakdown field Fy as a function of sample
thickness d for two-point—contacts devices of SilASGTeg
amorphous semiconductors. The electrode gap is 500 um.
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anothe; experimental result obtained for a different structure of SilAs6
Te9 OTS device with two point—contacts séparated by 500 ﬁm.on thg upper
surface is shown in Fig.6¥13. As compared the result with Fig.6-11, the
aspects are quite different. For this device structure, the field Fy

is éimbst independent of d above 200 ﬁm, and Fb«d"i/3 for small thickness
below 200 ﬂm; Unfortunately the breakdown measuremeﬂt in excess of
Fb=3X1C4 V/em is hindered by a>gluw discharge betwéen the two needles.
This result comes from Only the thermal condition of the active region,
and therefore thg heating-up region between the two point—cqqtacts is
likely to be localized wi£hin the depth of about 206 Qm fromkthe surfacé,
because of relatively sma11 therma1 conductivity of these chalcogenide
glasses. Below 200 ﬂm’a release of heat from the active region to the
heat sink ﬁay be predominant. Thetefore, it is considered that the
CIytical value of 100@200 ﬁm is due to the cooling condition rather
than due to the electrode separation and the spreading resistance of a
point—-contact. The critical value is of course shifted by the device
structure. In #he thinffélm devices on a microsgébe glass substrate,

Fp, does not remain independent of d beyond about 10”§m as shown by

?4) No unique functional dependence of Fblon d can be

Kélomiets et al
gi&en for the thicker devices since it is influénéed by the thermal
boundary conditions set by the contacts and.device geometries. Thus,
the glass thickness, electrode area and separation are very important
for the OTS devices. | |

The thick devices having d >100 ﬁm are affected strongly by the
duty cycle, i.e., the mean power of the applied éulée voltage. On apply-

ing 60 Hz half-wave voltage, the steady-state breakdown voltage drops

relatively lower than the initial threshold value because of heating-up
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Fig.6-14. Relation between breakdown voltage Vg and duty
cycle of applied pulses as a parameter of thickness d
for Si3AsgTejs bulk and SigGej3AsygTess thin-film
devices at room temperature.

by steady-state on-current. In Fig.6-14, a relation between Vy and the
duty cycle is plotted as a parameter of the sample thickness difor the
SiBASBTelz bulk and the Si6Ge13A326Te55 thin-film devices. As be seen
in the figure, the thin devices up to 100 ﬁm have little duty—dependeﬁce
of V, whereas for the tﬁicker devices Vy is in-inverse proportion to the
one-third power of duty cycle of the applied pulse voltage. Such duty-
dependent and constant-field breakdown in thin devices suggests that |

| the mechanism of threshold switch arises from some electronic process.
The strong duty-dependence of Vi is caused by thermal effects in thick
0TS devices above 200 ﬁm.

Fig.6-15 shows temperature dependence of Vy for the SisAssTe12

point~contact devices of thickness 100 and 500 ﬁm. Both,devices have
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the same exponential temperature-dependence of V. The activation
energies are about 0.2 eV over the measured temperature range. The
branch in the high temperature region is caused by distortions of the
switching pulse waveform, as shown in Fig.6-16. The resemblance between
two data in Fig.6-15 may occur merely accidentally. For steady-state
breakdown in a thick sample with 1 cm2 electrode area, the switch takes
place when VXL is constant, i.e., Vbz-c(To) is constant, as shown in
Fig.6-17. This is in agreement ﬁith the result of Tizima et'al.zs)

For impulse breakdown, the activation energy in the 500 ﬁm thick sample

corresponds to one-third of that of the dc resistivity. On the other

hand, the activation energy for thin devices is likely to be related to

: (SigAsgTe;, glass, 100um thick.)
i i f $ 4 ' : : : :
| SiyAsgTe,, Glass | il
10* ‘ E=110F
- applied pulse _PI n
il {width 1ms DEdevs 5 i 3 FREET
> £ duty 5% / 7 S 0.2ms /div 0.2ms /div
Tk s 27°C |110°C |
@ = 3 e T ' AL |
£ e e |
$10° 110° oF =
c 2 z N
3 5 3 é:
3 1 =
© [ %]
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] K 5 Frs
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OD o
o ot | 40°C 140°C
10 | L 1,:33_3 v
2 3 4x10 -- - d'
Reciprocal Temperature 1/T(°K™") el
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Fig.6-15. Temperature dependence Fig.6-16. Temperature dependence of
of impulse breakdown voltage Vi applied pulse waveform for thre-

for threshold swith of SijAsgTeq, shold switch of SijAsgTej, glass.
glass.
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Fig.6-17. Dc V-I characteristics for thick sample
with 1 cm? electrodes at varying ambient tem-
peratures.

the localized states.
As shown in Table-4, Fp, depends on glass composition. Figs.6-18
and 6-19 represent relations between the breakdown field Fy and the

inherent dc conductivity o,,. at 25 °C for impulse and dc steady-state

25
breakdowns in various Si-As-Te-(Ge) glasses with tﬁe identical thick-
nesses. As seen from the figures, F, is closely dependent on O
rather than the composition. Above 200 ﬁm thick, the impulse breakdown
is approximated by Fb“o;%73 and the steady-state breakdown is expressed
as Fbmo;élz. The data for the thin devices do not follow the above
empirical relationships.

The threshold switching characteristic is influenced by many other

external parameters like a load resistance, frequency and overvoltage

of the applied voltage, and on-state current.
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conductivity o,. of Si-As-Te-(Ge)  conductivity 0,5 of Si-As-Te-(Ge)
glasses at room temperature as a glasses at room temperature as a
parameter of sample thickness. parameter of sample thickness.

6-4. Mechanisms of Electric Breakdown and Threshold Switch

The threshold switching process observed in various amorphous
semiconductors is characterized not only by the electric pre-switching’
breakdown but also by the presence of a positive feedback mechanism
in the region of an electrical instability. The procesé is inseparably
tied to the mechanisms of high-~field non-Ohmic conduction and breakdown.

26)

As pointed out by Mott , the non-Ohmic pre-breakdown conduction can

be considered as three categories: (1) Bulk effects such as Poole-Frenkel
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mechanism or hopping conduction, (2) space-charge effects near the elec-
trode interfaces, and (3) thermal effects. For a few‘thin amorphous
films, Hill succeeded in analyzing the data of non-Ohmic cgrrent in
terms of a thermally activated internal field-emission from localized

2
states to the conduction band .(Poole-Frenkel effect). N

Otherwise,
with traps present, many of injected carriers will be captured by the
trapping centers and consequently the space—charge~1imited current may
take part in the non-Ohmic behavior. It is difficult at present to
find indisputable experimental evidences for these.processes because of
few experiments about.the nature of contacts and of localized statés.
Whether the result is breakdown or switching, however, the essential
conditions 1ea&ing to the instability can arise naturally from the pre-~
breakdown processes.

As described in the previous section, the breakdown can be phenome-
nally separated into two regimes by the sample thicknéss d. Although
the aspects of OTS may be more or less puzzled by various parameters
like material properties and device geometries, the mechanism can be
either interpreted as a thermal effect or an electronic process. In the
case of the thermal runaway in terms of Joule's éelf—heating, the'non—
linear pre-breakdown regime is governed by the following heat balance

equation:

2T
v at

where T is the temperature as a function of position and time ¢, C, the

Cy o= o(T)-F2 + V. (xVI) , Ceeeeees (6-2)
specific heat per unit volume, k the thermal conductivity, ¥ the local
electric field and o(T) the electrical conductivity of the appro#imate
form of Eq.(3-7). The thermal breakdown theory as a true bulk effect

is independent of the detailed conduction mechanism. A general solution

- 125 -



to Eq.(6-2) cannot be found with realistic boundary conditions. Accord-

& 6) and Fritzsche et aZ.,lo)

ing to Chen, ° Stocker, however, the solution
of Eq.(6-2) for a point-contact can be approkimately obtained in two
limited cases: (i) For the impulse breakdown which can approximate Eq;
(6—2) by neglecting the heat conduction term, i.é., %-(K%T) = 0, the
average breakdown field Fy is derived in the form,

Fp @ [CyeT3/d2-Egea(To)11/3 . (6-3)
(ii) The steady-state bréakdown by de or 60 Hz ac voltage allows one to
neglect the time derivative term, i.e., 3T/dt = 0O, and then Fp can be
expressed as

Fp = [k-T2/Eg-0(T)11/2/d . (6-4)
Here T, is the ambient temperature, d the sample thickness, Eg the elec~
trical energy-band gap [Eg(el)] and o(T,) the conductivity at T,. These
results of Eqs.(6-3) and (6-4) agree closely with the dependencesvof Fp

on d, o T, and the duty cycle for the thicker devices above 200 ﬁm

25°
as obtained experimentally in Eq.(6-1) in Sec.6-3. Accordingly, it can
be evidently identified that the breakdown and switch for the thick
devices are invited by the thermal effect of Joule self-heating in the
amorphous semiconductor bulk. Fig.6-20 displays an actual surface
temperature profile between a pair of point-contacts measured with AGA
infrared thermo-vision. The steady-state temperature rise of the on-
current filament of 1 mA is about 50 deg and thatvin the pre-switching
state is less than 20 deg. These values are coincident wifh.the results

6)

of Stocker,

aZ.ll), and Fritzsche et aZ.lo

but are relatively lower than the estimates by Kaplan et
) .

On the other hand, the experimental data for the thin-film switch-

ing devices do not adequately fit into the above thermal model.
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Fig.6-20. Temperature profile between a pair of
point-contacts of 0.5 mm gap on a bulk surface
measured with AGA infrared thermo-vision.

Ion=1 mA. Temperature rise is about 50 deg along
on-current filament on dec operation.

Since Fy, is duty-independent and depends only on the dc conductivity,
the breakdown and consequent switching effects in chalcogenide films

must be associated primarily with electronic processes. The threshold

13) 14)

switch very likely is not due to avalanche and Zener breakdowns,

because hot-electron effect and interband tunneling probability enough
to overcome the recombination rate cannot be expected from the break-
down field of 105 V/cm. A number of plausible models for electronic
breakdown and positive feedback processes have recently been proposed
in taking account of high-field conduction based on the mobility gap

and localized states in amorphous semiconductors, as follows:

(1) charge-controlled double injection mndel,ls)

(2) field-assisted hopping mode1,16)

(3) space-charge overlap model,l7)

(4) double injection recombination instability model,ls)

(5) relaxation-case recombinative injection model.lg)
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These models all have much in common with the double injection and the
space Charge. In an amorphous semiconductor with a high density of the
localized states, a large fraction of two-types of carriers injected
from both contaéts is likely to be trapped in the localized states or
to recombine with positively and negatively charged states. Through
these processes, the space charge is established and limits the current
flow in the vicinity of the electfodes. By using crystalline Ge élec—

) and Stiegler et aZ.zg)

trodes of different doping, Henisch et aZ.28
have verified that the double injection is the primary cause for the
switching operation in chalcogenide glass films. If merely one kind of
carriers was injected, no switching process could be triggered even by
applied voltages and currents above the threshold level. This fact
also indicates that an electronic process is eVidently'predominant in
such a thin-film switching device.

In the model of Fritzsche et aZ.16)

in Fig.6-21(a), since non-
equilibrium excess current cannot be enough replenished from the elec-

trodes, the field-induced carriers can produce a positive space-charge

ELECTROOE —-—1 SEMICONDUCTING GLASS |—— ELECTRODE ELECTAODE ~——] SEMICONDUCTING GLASS |—— ELECTRODE
: ELECTRON INJECTION

ELECTRON INJECTION

{e) TRAPPED
NEGATIVE SPACE
CHARCE {a)

HOLE
INJECTION

(b)

ENERGY —o
ENERGY —»

{e)

(e}

(2) (b)
Fig.6-21. Tentative switching models, (a) The FO mode1ll6)and
(b) The HFO model.l7)
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near the cathode and a negative space—charge at the anode. At higher
voltages trap-limited current proceeds until traps are filled, and then

switching takes place rapidly. The HFO mode117)

assumes that a negative
space-charge builds up near the cathode and positive space—chafge near
the anode because of trapping the double—injected carriers. The switch-
ing process occurs as soon as the two space—~charge regibns overlap at -
the threshold voltage, as shown in Fig.6-21(b). Trap-free space-charge-
limited current makes the overlapping region inside the film highly

| 18)

‘conductive. The model of Lucas is based on the idea of récambination
instability, in which the lifetime and diffusion-length in front of the

electrodes increase sharply with recombination centers filled. Further,
Schmidlin has speculated a build-up of mobile carrier’agcumulations near
both contacﬁs and a field-enhancement charge~controlled double injec-

tion.ls) 19)

Recently Roosbroeck has discussed in detail a unique trans-
port and switching mechanisms in the relakation-case semiconductors,

and that the threshold switching is caused by characteristic recombina-
tive space-charge injection of minority éarriers (electrons) in a narrow
recombination fronﬁ at the énode.

Thus, most of explicit predictions in these tentative switching
models resemble one another at glance. It is not clear, however, whether
the space-~charge is established by negative or positive charges and
is associated predominantly with free carriers or with traps. At the
present time, it is not possible tb reéch any firm conclusions about
the dynamic mechanisms of the electronic breakdown and the positive
feedback in thin-film OTS because of the lack of diréct experimental
evidences. On the other hand, most models have a similar band profile

for the on-state, as shown in Fig.6-21. It has been speculated by Mott26)
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and Ber et al.g) that the carriers in the on state should be supplied
by electron tunneling through.the high field barriers at the contacts.
Then, the holding voltage Vi, observed for metallic electrode devices is
appro#imately equal to or somewhat larger than the band gap of the
switching material. The on-currént flow is always concentrated into a
filament of high current density after the current-controlled switch.
The filament has a diameter of about a few microns and a current density
of the order of 105 A/cmz. In the thin~film amorphous device, an elec-
‘tronic mechanism sustaining of such a surprising high current density,

as well as the drastic switching process, is pending so far.

6-5. Stability, Life and Reliébility'of.Thin—FilmvSwitching Devices

The wide range of controllable material properties, the low cost
of film deposition processes and the lack of limitation in the substrate
size have always been the motivating forces in the search for thin-film
amorphous devices. The most important point in the device-~fabrication
work of amorphous materials is to find out critical conditions for the
material properties and eiternal factors such as device shape and elec-
trode material. Indeed, the practical threshold s&itching devices can
be obtained only in the form of amorphous thin~films, in which the prin-
cipal switching process is induced by an electronic breakdown rather |
than by thermal effects. The nature of vitreous materials is unlikely
to be structurally affected by vacuum film-deposition teéhniques,

On the basis of the results obtained in the previous section, the
earliest attempt was made to fabricate a thin-film crossover device of
threshold switch. The first all-film devices were obtained on the

microscope slide glass by using a vacuum evaporation method, as demon-~ -
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strated in the upper of Fig.6-22. Two important structural parameters
that control the switching characteristics were determined: the film
thickness of switching material controls the threshold voltage and the
contact area establishes the off-state resistance. For this thin-film
device, the switching material of thickness about 5 ﬁm was evaporated
from the Ovonic glass source at a pressure of SXI0_6 Torr and at a
source temperature of 700 °C. Evaporated Au thin-films 500 um wide
were employed as the crossover electrodes which sandwitch the active
material film. This device could not be switched over only 103 cycles
on applying unipolar pulses.

The strong influence of the choice of amorphous materials and of
contacts is exerted on the success in obtaining more stable and repro-
ducible switching devices having a very long operating life. The glass
composition relevant to the threshold switch is to have no peak of

crystallization, devitrification, decomposition or phase separation on

e S

SR SRS B P W TI 0 1 41

b L ARV i T

Fig.6-22. Crossover sandwitch-type devices of all-film
threshold switch on microscope slide-glass substrate.
The underlaid devices are covered with two thin-films

of SiO2 and A5283.
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the DSC trace at temperatures up to 500 °C. The alloys containing Si
content less than 10 atomic %Z and Te content above 80 atomic 7% are
inadequate to a stable threshold switch because of their low-temperature
crystallization. Glasses with too much As content are eliminated by
reason of the As vaporization on switching. On the othef hand, evapo-
rated films of Si-As-Te system are very liable to peel and crack, so
that germanium was added in the films. The films containing Ge atoms
are easy to be deposited very stably.and reproducibly on the slide glass.
To deposit an amorphous film with the required composition, the sourée
material composition was chosen by e#perience under the fiked evaporat—
ing condition. Considerable work was expended in developing techniques
to compensate for the compositional changes resulting from the vacuum
evaporation process and caused by the differences in vapor pressure of
the individual components of the source material. As the result, the
stable switching devices in this thesis work have been realized by
using tﬁe bulk of Si3AssT¢12 and the film of S:'L6A326Te55Ge13 mainly.
Thus, mofe stable threshold switching materials are found among nearly
ideally three~dimensionally cross-linked chalcogenide glasses in the
Si-As-Te-(Ge) system. Moreover, the stability and reproducibility of
the non-crystalline films are affecte@ by factors other than the compo-
sitions, like the substrate material, surface dirt, atmosphere and the
preparation conditions. For example, the films and vitreouS'alloys in
the system are very hygroscopic, and free crystalliné tellurium educed
on their surfaces upon exposure to wet alr worsens the characteristics
of the switching devices, i.e. it makes the devices short-circuit be-
tween the electrodes. In particular, the as—~deposited amorphous films

contain many kinds of structural unstableness, as well as are strongly
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affected by the surface.

For successful operation of the threshold switches, it is further
important to select the electrode metals. Poor reliability and short
operating life also result when metal contacts such as Al, Au, Pt, Cu,
or other low melting eutectic forming elements are used. Figs.6-23(a),
(b) and (c) represent respectively appearances of the upper Al, Au and
Mo electrodes destroyed by switching operations. As can be seen from

these photos, the destruction of each electrode is enhanced by a consid-

(a) _ (®)

(c)

Fig.6-23. Micro photographs of top electrode of thin-
film OTS devices destroyed by impulse switching
operations. (a) Thin evaporated Al strip, (b) thin
evaporated Au strip and (c) thin evaporated Mo strip.
Each electrode metal has partially dissolved and been
depressed at current filaments formed on switching.
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erable high température rise due to a filamentary currenf and a high
electric field at the contact. Especially the upper electrode~strips
are badly broken down. The Al and Au strips have partially dissolved
in current filaments. The Mo strip has been depressed around filaments.
Whenever a switch occurs, the filament seems to jump here and there in
the active region. The breakdown voltage becomes higher and at last
the device is burnt down. As a result of evaluating the effects of
electrode metals (Al, Au, Cr, Cu, Mo, Nb, Pt, Ti, Ta, W), the most
stable characteristics have been obtained with molybdenum electrodes.
From the views of Figs.6-23, the cross section of a cﬁrrent filament is
about 10'-'8 cmz and its density can be estimated to be more than 105
A/cmz. Such a local concentration of large power is easy to give rise
to eutectic forming, in-diffusion, or thermo-mechanical destructions
due to melting, evaporation, or thermal ekpansion. In a thin-film co-
planar gap device, a sandwitch—-type film device having smaller electrode
area, and even a point-contact bulk device, similar behavior has been
observed.

With the aim of the thermal release and isolating the eiternél_
atmosphere, the crossover devices have been covered with two other thin
films of Si0, and As

2 2

author's laboratory. Another attempt to eliminate thermal effects still

S3, as shown in the bottom of Fig.6-22, in the

more has been made by using a ceramic BeO substrate coated with a very
thin $10, film. As a result of these improvements, the devices have
been prevented remarkably from destructions of the upper electrode, and
kept continuously operating for more than 109 cycles (about 1600 hours)
for 2-mA on-current by using unipolar pulses of width 80 ﬁsec and of

duty cycle 33 7Z. A typical ac 60 Hz switching characteristic of the
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0.5 mA/div.

20 V/div.

Fig.6-24. Threshold switching characteristic of thin-film
crossover device 7.6 um thick of SiGAszﬁTe55Gel3, coated
with SiOp and AsyS3 films. Load resistance: 200 kQ.
Scale: horizontal, 20 V/div. and vertical, 0.5 mA/div.
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Fig.6-25. Threshold voltage Vi as a function of
electrode separation (or thickness) for thin-film
of 516A526T855G313 and Ovonic fraction devices.

device is represented in Fig.6-24. The off resistance is about 1v10 MR
and the on resistance is nearly equal to 1 kQ. As shown in Fig.6-25,
The breakdown field Fy is constant and the threshold voltage Vin=Vp is
controllable for the film thickness of switching material in the wide
range from 5 to 100 V. One observes fluctuation in Vip of roughly +10%

for the same lot of devices.
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Another important factor has been found in the testing procedure
or in the operating condition of threshold switches. Switching devices
are strongly affected by the sort of applied voltage (amplitude, duty
cycle, frequency, polarity), on current, load condition or e#ternal
temperature. Under the conditions of high field and current densities
the device suffers even compositional changes in the current filament.
On applying voltages of a single polarity, field-enhanced diffusions of
electrode metals and of free constituent ions were observed as shown in
Fig.6-26. The EPMA observation (Shimadzu, EMX-9734) shows compositional
segregation induced by switching of high current density in an OTS bulk
device with a pair of point contacts. Provided that the device is oper-
ated under conditions of its rated voltage, current and load, the visco-
elastic motion of amorphous material and the internal strains produced
by the large non-uniform current flow can be sufficiently held in check.

It may be possible to prolong its operating life by at least a few

A Ge"},"-""fiv nﬁaﬁ T i"‘:“‘ %&N

(a)+ electrode (b) middle (€)= electrode |
Siles 30TE.4 8Ge.lo Glass

Electrode separation:500 um
Applied voltage: 60 Hz half wave
I,n=10 mA

Time: 1 min.

Electron Microprobe X-ray Analyzer
{20 kv, 0.01 pA, 2 um
Scanning speed: 24 um/min.
Fig.6-26. EPMA observation of compositional segregation by
threshold switching in OTS bulk device with a pair of
point contacts.
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figures beyond 109 cycles in the all-film device.

The stable thin-film device of threshold switch can be realized
through designing with the above-mentioned factors in mind. Such an
amorphous switching device is in the improvement stage for practical
application at present. Reliability andbreproducibility of the charac-
teristics of thin-film éwitching devices depend essentially on the film—
deposition technologies and the device fabrication processes like sput-

tering and micro photo—etching.

6—6. Summary

In this chapter, the author has dealt with threshold switching
phenomena of the Si~As-Te-(Ge) amorphous semiconductors from a bractical
interest. Two types of switching devices, a point-contact bulk device
and an all-film sandwitch-type device,vhavé been fabricated; A series
of systematic ekperiments has been carried out on the electric breakdown
and threshold switching regimes for these devices. Effects of the
material properties and the eiternal factors such as.device configura-
tions and applied voltage conditions upon the pre-breakdown regime, e.g.
the breakdown voltage Vs have been examined in detéils; For thick
devices above 100 ﬁm the average breakdown field Fb has been 6bserved
to decrease with the sample thickness d,Adc coﬁductivity 9,5 and duty
cycle of applied pulse voltage, while for thin devices Fb is constant
except for 0,5+ From these results, the author could separate evidently
an electronic breakdown from a thermal runaway in the thin devices
below 100 um. For successful operation of the threshold switch under

unipolar ac and pulse conditions, the improvements of the thin-film

sandwitch device having an active area of 500 um square have been made
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as follows: (1) The adoption of a device structure having a BeO substrate

as a heat sink and two coating films of SiO, and As,S_ in order to

2 23

eliminate thermal effects and isolate the eiternal atmosphere. (2) The
film evaporation of composition Si6A526Te556e13 having a nearly ideally
cross—linked network structure. (3) The use of evaporated molybdenum
electrodes. As a result of these improvements, the all-film device has
been kept continuously operating, for example, for more than 109 cycles
(about 1600 hours) by ﬁsing 2-mA on-current and unipolar pulses of width
80 ﬁsec and of duty cycle 33 Z. The off resistance is about 1&10 MQ
and the on resistance is less than 1 kQ. The VB is controllable for the
film thickness of switching material in the wide range from 5 to 100 V.

The fluctuation in Vb of roughly +10 % has been observed for the same

lot of devices.

- 138 -



W)

2)
3)
4)

5)
6)
| 7)
8)
9
10)
11)
12)

13)

14)
15)
16)

17)

18)
19)
20)

21)

22)

REFERENCES-V1
S. R. Ovshinsky and H. Fritzsche, IEEE Trans. on Elect. Devices ED-
20, 91 (1973).
S. R. Ovshinsky, Phys. Rev. Letters 21, 1450 (1968).
K. Tanaka et al., Solid State Commun. 8, 1333 (1970).

H. Fritzsche, in Proc. 5th Conf. on Solid State Devices, Tokyo
(Japan Soc. of Appl. Phys., Tokyo, 1974), p.32.

F. M. Collins, J. Non-Cryst. Solids 2, 496 (1970).

H. J. Stocker, J. Non-Cryst. Solids &

» 371 (1970), <bid. 4, 523 (1970).

A. C. Warren, IEEE Trans. on Elect. Devices ED-20, 123 (1973).

H. S. Chen et al., Phys. Stat. Sol. A-2, 79 (1970).

K. W. Bder et al., J. Non-Cryst. Solids 4, 573 (1970). -
H. Fritzsche and S. R. Ovshinsky, J. Non-Cryst. Solids 4, 464 (1970).

T. Kaplan and D. Adler, J. Non-Cryst. Solids _§-_]£, 538 (1972).

D. M. Kroll and M. H. Cohen, J. Non-Cryst. Solids 8-10, 544 (1972).

A. E. Owen and J. M. Robertson, IEEE Trans. on Elect. Devices ED-20,
105 (1973). '

D. C. Mattis, Phys. Rev. Letters 22, 936 (1969).
F. W. Schmidlim, Phys. Rev. B-1, 1583 (1970).
H. Fritzsche and S. R. Ovshinsky, J. Non-Cryst. Solids 2, 393 (1970).

H. K. Henisch, E. A. Fagen and S. R. Ovshinsky, J. Non-Cryst. Solids
4, 538 (1970).

I. Lucas, J. Non-Cryst. Solids 6, 136 (1971).
W. van Roosbroeck, Phys. Rev. Letters 28, 1120 (1972).
R. G. Neale, J. Non-Cryst. Solids 2, 558 (1970).

M. Nunoshita, T. Suzuki, M. Hirano and H. Arai, Mitsubishi-Denki
Giho 47, 1303 (1973). | '

B. K. Ridley, Proc. Phys. Soc. 82, 954 (1963).

- 139 -



23) H. Fritzsche, Amorphous and Iiquid Semiconductors, Edited by J. Tauc
(Plenum Press, London & New York, 1974), p.334. '

24) B. T. Kolomiets et al., Soviet Phys. Semicond:. 3, 267 (1969).

25) S. Iizima et al., in Proe. 2nd Conf. on Solid State Devices, Tokyo
(Japan Soc. Appl. Phys., Tokyo, 1970), p.73.

26) N. F. Mott, Phil. Mag. 24, 911 (1971).
27) R. M. Hill, Phil. Mag. 23, 59 (1971).
28) H. K. Henisch et al., J. Non-Cryst. Solids 8-10, 415 (1972).

29) H. Stiegler and D. R. Haberland, J. Non-Cryst. Solids 11; 147 (1972).

- 140 -



Chapter-VII

CONCLUSIONS

A seriés of experimental investigations has been carried out on
the compositional dependences and the stabilization process of electri-
cal and optical properties of the Si-As-Te-(Ge) amorphous semiconductors.
Characteristic parameters of the electronic semiconducting properties
such as dc and ac conductivities, electrical and optical energy-band
gaps, band-tailing factor have been determined, and systematic changes‘
of these parameters with the glass compositions and the annealing have
been observed. Such electronic processes in the Si-As-Te glasses have
been clarified from a viewpoiﬁt of the glass-network structures by
considering a pseudo-gap and localized tail states. A thin-film device
for the threshold switch having a considerably high reliability and
reproducibility has been fabricated.

In conclusion, the principal results obtained in this thesis work
are summarized as follows:

1) A new fabrication procedure by the convenient RF heating has been
developed to obtain a large size of semiconducting glass ingots
with a good homogeneous quality in a relatively short melting
time.

2) The electrical dc conductivity of stable chalcogenide semicon-
ductors in the Si-~-As-Te system can be coptrolled very widely (e.g.
within the range of 107% + 10" Q7l.em™l) by changing the compo-
sitions within the wide glass-forming region.

3) From the measurements of dc conductivity and optical absorption,

it has been cleared that the electronic properties in these glasses
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are essentially analogous to those in 'intrinsic' crystalline
semiconductors. The temperature-dependent dc¢ conductivity Op

follows nicely the formula of ¢, = co.exp{-Eg(el)/ZkT}, and the

T

pre-exponential o, term has been determined to be about (2.1%0.6)
X lO4 (Q*'c:m)-l for all Si-As-Te vitreous semiconductors. This
value of 0, is also consistent with the theoretical value in the
conventional crystalline semiconductors.

4) The electrical and optical band gaps, Eg(el) and Eg(op)’ have been
also determined for various glass compositions in the Si-As-Te
system. From these data, an empirical relationship between both
gaps are expressed as Eg(el) = 1.60 Eg(op) - 0.15 in eV. Theoret-
ical backgrounds for this relation have been discussed on the
basis of the concept of mobility edges.

5) An optical absorption spectrum near the fundamental edge has aﬁ
exponential tail; a(w)=og-exp(Aw/Eg), which is originated from
the localized states due to potential fluctuations in the disor-
dered system. The band-tailing factor Eg is of the order of
0.05 eV and increases linearly with increasing Eg(op)°

6) A tentative energy-band model has been postulated to explain the
electronic semiconducting properties of the Si-As-Te amorphous
materials. This model is characterized by the existence of a
pseudo-gap between the valence-and conduction-band states and of
localized tail states at the mobility edgesi

7) In the Si-As-Te glass system, the electronic properties like the

electrical and optical gaps, as well as the glass-structural para-

meters, are strongly dependent on the Si and Te contents, and

relatively insensitive to the As content. This fact observed in
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8)

9)

10)

their compositional dependences implies that this glass has a three-
dimensionally cross-linked network structure based on covalent Si-Te
bonds. It can be concluded that the static electronic properties
such as extended band states and a band gap are originated by short-
range chemical and configurational order preserved around the Si-Te
bonds in the disordered system.

A relatién between localized tail-states and random potential fluctu-
ations by the lack of long-range order has been characterized by
annealing effects on dc and ac conductivities and optical absorption
in the Si-~As-Te amorphous semiconductors. During the stabilization
process of an as—quenched glass, relaxation of the ekcess stored
deformation energy involving a decrease of a kind of disorderness
leads to not only a little increase of the band gap, But also to

appreciable reduction and regularization of the localized tail-states

at the band edges.

In order to find the proper synthetic conditions for a stable amor-
phous switching operation in the material properties and the device
geometries like electrode area and sample thickness, the pre-breakdown
regime of the Si-As-Te—(Ge) vitreous semiconductors has been system~
atically investigated. It has been confirmed that the threshold
switch in thin device less than 100 ﬁm thick is governed by eléc—
tronic breakdown rather than by thermal runaway.

By using film deposition techniques, thin-film switching devices
have been manufactured in the form of a crossover sandwitch-type
structure. The device improvements have been made by using a BeO
substrate, two SiO, and As,S, coating films, tﬁe Si As, Te

2 253 6252678556213

switching material-film and molybdenum electrodes. As the results,
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~the all-film device has a long operating life, for example above
1600 hours (109 cycles) for 2-mA on-current in applying unipolar
pulses of width 80 ﬁsec and of duty 33 %. The off resistance is
about 1710 MQ and the on—resistance is less than 1 kQ. The Vth is
controllable for the film thickness of switching material in the
wide range from 5 to 100 V. The fluctuation in Vth of roughly +10%

has been observed for the same lot of devices.
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