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12 ABSTRACT
In the course of these investigations we have prepared over 460 amorphous

semiconducting alloys. The thermal, optical and transport properties of many of
these alloys have been investigated in great detail. Special emphasis has been
placed on the préparation and examination of zriorphous phases which cannot be
prepared by conventional glass-forming methods. This approach has enabled us
to determine many of the jeneral relationships between structure (chemical bond-
ing) and properties (thermal, optical and transport) within the entire family of co-
valently bonded amorphous semiconducting (A.S.) alloys. This was our major

goal.

_ A second major accomplishment was the recoegnition tha: the average number
N of outer electrons per atom or network connectedness C, defined as C =18 - 'ﬁ,
governs the thermal stability of A.S. alloys. Covalently bonded A. S. glasses can
be formed for 2 € C < 4, and within this range of C Tg increases with C for fixed
covalert bead strength or optical band gap. However, as C—» 4, the ease of
glass formation is drastically reduced, so that fabrication of large samples nf the
most stable high temperature glasses is impedea. For chalcogenide systems, the
practical limit of C for which easy glass-formatiou is possible appears_to be

C = 3, but in the Cd-Ge-As system bulk C = 4 glasses can be formed.™

In order to reproducibly prepare thin films of multicomponent amorphous
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DD LR 1473 Unclassified

< Security Classification

ot - e

i e i ;g8



T, N e g T

»
r:
q
4
3

ST TR AT A
‘ . P

v

e

SUVENEI SN

Ly
Unclassified . /!
Secority Classificztion
TRINK A LINK 8 LINK C
®xEY WORDS
KoLK wT ROLE oY LI-19 § wT

Amorphous Semiconductors
Amorphous Materials
Chalcogenide Materials

. High temperature device materials

alloys, we utilized the r.f. sputtering technique. Many deposition variables must
be controlled in this process, so that extensive studies were performed to charac-
terize the various effects of these deposition variables. In particular, substrate
temperature and dc substrate bias were extensively examined. The effect of sub-
strate bias and temperature on film stoichiometry and the effect of substrate bilas

n argon content were monitored.
While the alloys with C—4 appear to have the highest thermal stabilities,

we have found that the most interesting electronic and structural transformations

ccur-for alloys with C =~ 2 - 2.66. These studies relate to the application of A.S.
layers for information storage and as active electronic devices such as Ovshinsky
threshold switches. The chalcogen lone pair electrons which constitute the valence
and for this subgroup of A.S. alloys2 play a significant role in producing the
electronic excitation involved in threshold swiiching, and the bond-switching in-
ived in photostructural transformations.” These excitations oZcur under con-
ditions which do not permit the major structural rearrangements which would be
equired for crystallization to occur. In contrast to those subtle change%, crystal-
Iization of Te accompanies electronic switching4 intense optical pulsing™, and
electron beam exposure of Te-rich*memory alloys. '
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" INTRODUCTION AND SUMMARY OF MAJOR ACCOMPLISHMENTS
1.1 Inftroduction

This research program has addressed the factors which control the
behavior of chalcogenide amorphous semiconducting (A.S.) alloys at
elevated temperatures. While primary emphasis has been placed on
achieving a fundamental understanding of the structure-property relation-
ships which govern high temperature behavior, technological considera-
tions have guided to some extent the choice of topics. A.S. alloys have
been used for electrical switching1 and memory2 applications, optical
reuording3 , optical lenses, windows4 and filters, and a wide variety of
additional applications. Thus we have related alloy structure to techno-
logically relevant properties such as optical absorption and electronic
transport kehavior, including switching. Furthermore, inasmuch as most
of these technological applications require thin films, we have prepared
many of our samples as thin films, using both rf sputtering and thermal
evaporation techniques. These deposition techniques introduce a wide
variety of new variables which must be specified, and a significant porticn
of our research effort has been directed towards the relationship between

1

deposition parameters ad film structure and properties. Finally,
information storage applications of A.S. films, whether the information

2 3
is introduced electrically, optically, by electron-beam, or in other

fashion, involves structural transformations and utilizes the property

differences thereby produced for read-out. Thus the thermal crystallization
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f kinetics and the structure-property relationship of A.S. "memory" alloys

!

L fall within he scope of the present Research Program, and several such

E examples have been carefully characterized in these respects .9 Other

E transitions, including the electronic transformation involved ir: th~eshold

E switching7’ 8 and the photostructural transformations which have been

% studied in two alloy systems, 0 occur without involving any crystallization.
h Ouf iasearch on the Properties of Amorphous Semiconductors at i’i:
3 Elevated T:mperatures can-therefore be organized into three broad topics:

& (1) Glassy alloy studies, including both survey studies and detailed

composition-property studies in a few selected systesm. Much emphasis

in these studies has been placed on the correlation of thermal, electrical,

and optical data in understanding chemical bonding and the associated
bana level structure in amorphous chalcogenide alloy systems; (2) The
role of deposition techniques in controlling thin film composition, structure
and properties with special emphasis on the roles of argon entrapment and
substrate bias during the r.f, sputter deposition of amorphous chalcogenide

j alloys; (3) Studies of controlied changes in conductivity, refractive index,

or absorption, produced electrically, optically or thermally in Ovonic \

threshold and memory alloys. Subtopics of emphasis within this broad

topic include various studies of the mechanism of threshold switching,

studizs of the thermally induced crystallization of electrical memory alloys

and studies of the photo

structural changes in amorphous holographic media,




All of these topics have been introduced in the five earlier Semi-
Annual Technical Reports under this Contract, and each has already been
covered by one or more publications. This report contains in Appendix 1
the entire list of publications and anticipated publications which have

resulted from this research program. In Appendix II are reproduced

five of these manuscripts which have not yet been published. The main

body of the present report contains some additional unpublished results
concerning Topic (1), glassy alloy studies, and also includes an extensive !

overview of the structure-property relationships for A.S. alloys.
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1.2 Summary of Major Accomplishments

In the course of these investigations we have prepared over 460 amor-

phous semiconducting alloys. The thermal, optical and transport properties

ot bk i 2 el o el

of many of these alloys have been investigated in great detail, Special

empb

g S L - TR et AN L i Lo et g
3 o e

asis has been placed on the preparation and examination of amorphous

phases which cannot be prepared by conventional glass-forming mathods.

This approach has enabled us to determine many of the general relation-
ships between structure (chemical bonding; and properties (thermal,
optical and transport) within the entire family of covalently bonded

amorphous semiconducting (A.3.) alloys. This was our major goal.
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i A second major accomplishment was the recognition that the average

Sl B

number N of outer electirons per atom or network connectedness C, defined

as C=8- .1-\1-, governs the thermal stability of A. S. Alloys. Covalently

bonded A.S. glasses can be formed for 2 < C <4, and within this range
of C Tg increases with C for fixed covalent bond strength or optical band
gap. However, as C — 4, the ease of glass formation is drastically
reduced, so that fabrication of large samples of the most stable high

r temperature glasses is impeded. For chalcogenide systems, the practiczal

limit of C for which easy glass forma:ion is possible appears to je C = 3 ’

but in the Cd-Ge-As system bulk C = 4 glasses can be formed.27

In order to reproducibly prepare thin films of multicomponent amor-

phous alloys, we utilized the r.f. sputtering technique. Many deposition
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variables must b:e controlled in this process, so that extensive studies




were performed to characterize the various effects of these deposition

variables. In particular, substrate tmperature and dc substrate bias
were extensively examined. The effect of substrate bias and temperature
on film stoichiometry and the effect of substrate bias on argon content
were monitored.,

While the alloys with C = 4 appear to have the highest thermal
stabilities, we have found that the most interesting electronic and
structural transformations occur for alloys with C =~ 2 - 2.66. These
studies relate to the application of A.S. layers for information storage
and as active electronic device:; such as Ovshinsky threshold switches.
The chalcogen lone pair electrons which constitute the valence band
for this subgroup of A.S. alloys = play a significant role in producing
the electronic excitation involved in threshold switching, and the bond-
switching involved in photostructural transformations. > These excitations
occur under conditions which do not permit the major structural rearrange-

ments which would be required for crystallization to occur. In contrast

to those subtle changes, crystallization of Te accompanies electronic

2
switching,” intense optical pulsing,3 and electron beam exposure of Te-rich

memory alloys,
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2. GLASSY ALLOY STUDIES
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2.1 Introduction
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Studies of glassy alloys represent the primary emphasis in this fegearch

Program, and thus dominate the Final Report. In studies described in earlier

I I T - P R T

Technical Feports or listed in Appendix Ii as preprints in the present report,

we have taken alloy composition as the primary experimental variable, moni-

toring the changes in thermal, electrical and optical properties as comnpo- X
sition is changed in some systematic fashion. The goal of this approach

has been to assess the role of all the conceivable experimental parameters

which determine the structural state of an amorphous phase by rianipulati..g

these parameters indirectly via the composition, and then to establish pre-

dictive principles in correlating the known structural state with its measured

o R i ol s B s e I e e e

properties. These alloys are for the most part covalently bonded, so that
the concept of covalency satisfaction11 has been useful in establishing

structural models which can then be tested by noting how properties vary
with composition.

2.1.1 Summary and Structural Concepts

The basic structural chemical information which one requires is the con-

centration of possible covalent chemical bond types, and the spatial distri-
buticn oi these bond types. This :nformation more or less establishes the
short range structural order and determines whether the amorphous phase

is homogeneous or phase separated. Various additional structural parameters

must also be specified, such as the concentration of nonequilibrium atomic

E
1
!."
|




defects (vacancies, "dislocations", voids, bond strains, etc.), the
molecular constituency (polymer-monomer ratio, polymer chain length)

and the concentration of nonequilibrivm electronic defects (broken l'onds,

trapped charges). We have used the concept of chemical ordering as a

constant reference point throughout tt.ese studies, having anticipatad such
crdering effeci: in mu.:icomponent chalcogenide alloys in our initial =ro-
posal. ke The discovery of such ordering tendencies13 substantially re-
duced the complexity of examining and analyzing these alloy systems, and
permitted the identification of a handful of structural prototypes which
serve as the conceptual basis for analyzing very complex systems. In a
very real sense, every homogeneous covalent glass is a chemical compound
with a structure which, at least in principle, can be established with rela-
tive precision. In order to analyze the general case we need to have in
mind a series of structural prototypes to which we can refer ar unkrown
structure for comparison. The glassy compounds we have chosen to repre-
sent these structures are relatively well characierized, at least in the sense
that all the prototypes have a single covalent chemical bond type and thus
are demonstrably single~phase and chemically ordered. Ir this sequence
of prototype alloys we span the entire range of covalently bonded inorganic
polymers from the viewpoint of connectedness, C, which is defined as the
average number of network connections per atom.

Connectedness of a polymeric netwcrk can vary from 2 to 4. The lower

limit of two is given by the requirement that an infinitely extendable structure
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must have two connections for each unit member: a chain is the minimally

connected network. The 8-N rule, where N iz the number of valence

;
1
2
3
£
:
!

electrons, establishes the coordination number, wnich for covalent networks

correspond to the connectedness. Thus the chalcogens, 8, Se, and Te with

PR AR TS

N = 6 have the minimum connectedness of 2 and can form one-dimensinnal

R B T N R

polymer chains. S and Se tend to have an equilibrium fraction of S8 or Se8

P

monomer rings ‘n the amorphous state, and thus are not maximally polymerized.

We shall therefore use Te as the prototype of a 2-connected A.S. polymer.

& T e B

The upper limit of connectedness of a covalent network is set a 4 be-

cause the 4 pairs of elecirons per atoin thereby produced fill the entire 8 s
and p valence stat.s per atom. By the 8-N rule this gives N=4 for C = 4,
corresponding to column IV of the periodic table. Si and Ge are well known
to form this maximally connected network, and this limiting structural proto-
type has been well characterized experimentally I and theoret;ically.15

The entire sequence of structural prototypes and the connectedness which

they describe is listed below:

(of N Materiais Comments and Reference

2 6 Te 1 dim. chain polymet‘16

2.4 5.6 A5283 2-connected S and 3-connected As17
2.666 5,333 GeS, 2-connected S and 4-connected Ge 1°
3 5 As (Krebs and Steffen)19

4 4 Ge (Sc'hevcik)20




The C = 2 structure is so intuitively analogous ts the myriad carbon-

based polymers as to require little further elaboration in terms of structural

description. While the structural details, surh as chain length and inter-

chain bonding ccnfigurations, may be poorly established, the topology of

intertwined chains is familiar.
chains, at least in the Te-Se system, but the intreduction of much Se or
S adds the possibility of copolymer rings to complicate the structure.21

The C = 2,666 structure for GeS_ is probably the next most familiar,

2

occuring for vitreous SiO2 and having been modeled and studied in that

manifestation for over 40 years.22 This simple structure has C = 8/3,

because one third of the atoms are four-connected (Ge) and one third are
two-connected (S). The topology o. the 4-connected Ge structure can be
directly obtained from the topology of the 2.666 connected GeS, structure

2
by removing the S atoms and reconnecting the Ge atoms to each other. It

turns out that this is exactly the topological relationship between the familiar
SiO2 (or GeSZ) "random network" structure and the Ge "Polk-Turnbull" model

for describing the structure of tetrahedrally connected Ge and Si, and that,

in these two cases, the experimentally determined RDF's are in excellent

agreement with the model predictions.

The C = 3 structure prototype, arsenic, has been much less well character-

ized than the C =2, C = 2,66 and C = 4 structures, perhaps because of the

difficulty of constructing a three-dimensional model of a structure which is

19
locally two-cimensionai . The RDF analysis ~ indicates for arsenic three

The chaicogens apparently form copolymer

s
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nearest neighbors at the covalent distance, and a next-neighbor shell at
approximately a van der Waals distance. However, the topological re-
lationship which connects these local environments together to create the
"long-range order" which actually specifies all the non-local features of
the RDF is not yet known.

By analogy to the relationship between GeS2 and Ge, there exists
in principal a one~to-one relationship between the C = 3 structure and the
C = 2.4 structure, whereby S atoms can be introdiced between each pair
of covalently bonded As atoms without aff:cting the relative topology of
the As atoms. Of course As remains 3-connected, which is experimentally
demonstrable in a number of ways it A5283 , while S is demonstrably 2-
connected.17 Since detailed "nodels exist for neither structure, it is not
clear whether this geometrical transformation correctly describes the re-
lationship between these two structir¢l types, but at this stage of analysis
it must certainly be taken as the least complicated hypothesis.

Our five prototype amorphous covalent network structures obey several
simple rules which can be summarized for clarity at this point before we
proceed to analyze more complicated alloys in terms of these structures:

1. They are either elemental (Te, As, Ge) or peiiectly ordered chemi-

S_) and thus each can be constructed using a single co-

cally (GeS 254

X As
valent bond type.
2. They are covalently bonded in the sense that each atom has a full

shell of electrons, and thus each chemical bond contains a pair of electrons.
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3. The coordination number for each atom is given by the 8-N rule for
that atom, i.e., the covalent bonds are classical in the sense that
(for these five structures) they are all constructed with a pair of shared
electrons, one electron originating from each partner of the covalent bond.

The domination of the third rule above leads in certain alloy systems
to a very simple interpretation of the structure as a function of composition.
For example, in the As-Se an” Ge-Se systems, if we ignore the Se8 ring
component, the role of As and Ge as each is added to pure Se involves the
introduction of chain branching points (As) or chain cross-linking points (Ge).
Since the chemical ordering tendency which is complete at GeSe2 and AszSe3
is already present for dilute As or Ge alloys, one need not consider the possi-
bility of As-As bonds or Ge-Ge bonds in these concentration limits. Thus the
progression from C = 2 to C = 2.4 (Se-AsZSea) orfrom C=2toC=2.666
(Se—GeSez) is well characterized in terms of a gradation from one structure proto-
type to the other. While this analysis ignores the long range topological con-
siderations and the possibility of such alloy sequences separating, under certain
circumstances, into two phases which may approach the structural prototype
end members in composition, it certainly provides a first level of understanding
of tne srructure-composition relationship for such systems.

However, the applicability of the foregoing rule 3 to other more complex
alloy systems is clearlv limited, and an alternative rule involving the average
value of N, ﬁ, where N = ZZ‘){iNi and X, is the fraction of i atoms, can be shown

i

to apply in certain circumstances. Borrowing now from the much more extensive

3
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experience with crystalline materials,23 and focusing atiention on alloys
which have l\: = 4, we find many examples where the connectedness or
coordination number is given by C = 8-ITI rather than C = 8-N for each indi-
vidual atom. Examples of such behavior abound: ZnS, CdTe, GaAs, 2nO,
24

CdGeA52 etc.

A few of these ITI = 4 structures have been studied in the amorphous

25 2
phase (GaAs, ™" CuAsSe alloys,26 CdGeAs2 / etc.) and all apoear to retain the

short range order of their respective crystals, i.e., C = 8-§ rather than
C = 8-N. The bonding in these materials can be viewed as a generalized
form of covalent bonding in the sense that each bonded atom contains a
full shell of valence electrons, obtained in part by sharing adjacent
electrons, and that each chemical bond contains a pair of electrons. How-
ever, the parentage of these shared electron pairs does not obey the
classi:;al rule for covalent bonding, for the electron-rich atoms such as
the chalcogens supply more than their classical share of shared electrons.
Of course all of the final electron wave-functions are hybridized to yield
the appropriate geometrical distribution, so that the parentage for a par-
ticular bonding electron is meaningless. But in these maximally connected
covalent structures all the valence electrons are shared (there are no lone
pairs), so that on the average each atom contributes N/4 elecirons to each
bond, where N is its number of valence electrons in the atomic state.

The question which now arises in examining the structure-composition

relationship for any complex A.S. alloy system is whether the 8-N or the
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8-N rule determines the local coordinaiion environment for an individual

atom.

AL

This certral question has been discussed with respect to many
of the binary and ternary alloys we have examined, especially in the case
of GeTe, which has ﬁ = 5, like As, but which may have the C = 3 arsenic

structure or a mixture on a local scale of the C = 2,666 GeTe? structure

’ and the C = 4 Ge structure.

Although the structure-composition relationship lies at the heart of
any composition-property relationship, other categories of structural in-
formation are required to complete the description of the structural state

of an amorphous alloy, as enumerated below:

l'

The role of chemical ordering. The recognition of chemical ordering

effects extends the covalency satisfaction model of Mott, 1 by analysing

the relative concentrations of possible covualent bond types which are

established by short-range chemical ordering effects. Such ordering is

nearly complete at certain stoichicmetrics (e.g., GeTe_, 13 GeSe ,28
17 29

2 2
AsZSeJ . As?S3 ) for well annealed amorphous phases. Chemical order-

ing is a universal feature of the 8—& = C = 4 group of crystalline alloys,
and thus, by inference, must be essential for the analogous amorphous alloys

as well. All the examples cited previously contained equal concentrations

.

of electropositive and electronegative elements, i.e., GaAs, CdGeAs _,

N N

etc., permitting complete chemical ordering o:i the more positive and the

more negative elements on separate lattices, and enhancing the ionic con-

tribution to bonding. While compounds like CdAs2 which have I_\I~ = 4 must

i B, ok A SE _‘}.2.,:-&:\-*5"“3') Wik
3 ey oA TR
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form bonds between like atoms (As-As) to have C = 4, such compounds
are less common due to the diminished ionic stabilization of the struciure.
An important question regarding the structure of the amorphous analogucs
of the crderea crystalline N = 4 alloy concerns the degree to which the
chemical order can be preserved as long range atomic order is lost. For
example it is not pocsible to con.pletely order Ga and As in the Polk-Turn-
b ull model due to the presence of 5-membered rings. 23

2. The role of phase separation. This question involves the distri-

bution of the chemical bonds. Of course if chemical ordering causes only
a single bond type to occur as in the case of GeSz, ASZS3 , Or, perhaps,
GaAs, then the possibility of phase separation is clearly excluded. On
the other hand if chemical ordering tends to favor the formation of certain
sets of chemical bonds and the exclusion ot others, this may prohibit
attainment of homogeneity, as exemplified by the GeSez-Te alloys con-
sidered in the Fourth Semi-Annual Technical Report. The obvious rule

for creating an amorphous covalently bonded multi-component hemogene-
ous alloy (an amorphous compound by previous definition) is to equalize
the bonding tendency between all pairs of atoms, so that one type of bond

is not favored above all others. This is of course the same criterion for

the formation of multi-component crystalline compounds, a rule which can

30
be expressed in terms of the electronegativities of the component atoms.

We shall see in later discussions some examples where amorphous aliov

formation is restricted by the application of this rule.
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Phase separation which is based on chemical ordering has been termed
"primary phase separation" in the Fourth Semi~Annual Technical Report
(ref. 32, p.5), because it is a topological consequence of the requirement
for formacion of the lowest energy set of covalent bonds. However, manry
real cases of phase separation which we have ohserved cannot be accounted
for on this basis, because the concentration of bond types in the separated
alloy is the same as could be obtained in a homogeneous version of the same

composition. An example of this effect is the ASZS -As_Te pseudobinary

3 2 3

system. Here the two bond types, As-S and As-Te which are predicted on
the basis of chemical ordering effects can coexist with each other in any
concentration and yet the two end-member phases tend to separate from
each other in nearly the entire concentration range. This effect wich we
shall term "secondary phase separation", is analogous to the size effect
rule for metallic alloy solid solutions. A positive heat of mixing is intro-
duced if the geometries of the species to be mixed together (As-Te and

As-S bonds, in this case) are sufficiently dissimilar.

3. The role of molecularity versus network connectedness. Here we

are concerned with a question which is independent of the connectedness
per atom cr the concentration of bond types, but is very relevant for under-
standing the complete structure of the amorphous alloy. For examp'e,
pure Se contains rings and chains, and its properties very much reflect

the presence of both. gl However, its RDF is relatively insensitive to this

structural distinction, because the nearest (Se-Se covalent bonds) and
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next-nearest (van der Waals bonds) neighbors are fixed by chemical
considerations which apply equally to both molecular species (rings
and chains), and the RDF technique is relatively insensitive to the
long 1ange topological parameters which would distinguish a pure ring
glass from a pure chain glass.

It is often convenient to ignore this problem, and assume that it is
confined to Se-rich and S-rich glasses. However, we have shown31
that these effects can be very important in controlling the properties of
films evaporated under certain conditions from a vapor stream containing
molecular entities, such as AS4S6 molecules. A metastable molecular
glass can be so produced whose structure and properties differ completely
from the more stable fully cross-linked (i.e. . fully polymerized) glass.
Here the concept of connectedness loses its usefulness, because the
As486 molecular glass has the same (C = 2.4) connectedness per atom
as the fully polymerized version of the same composition. We shall refer
to "network--connectedness ' to describe the topology of the fully poly-
merized version of a given alloy, recognizing that under some conditions
(equilibrium or otherwise) the topology of the actual glassy structure may

be less connected than expected.

4. The role of defects. This is a particularly important topic in under-

standing the properties of amorphous films. Two cases have been observed

and described by us in the course of these studies.

1. Alloys which are deposited near Tg, (e.g., the low Tg electrical

oy i e
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memory alloy TeBIGGISSbZSZ’ Se, etc.) or can be annealed to

Tg without causing crystallization (Te-rich Ge-Te alloys up to

GeTez, Ge-Se ailoys between Se and GeSe, etc.). These alloys
can be fully annealed to achiev ' properties which are usually
indistinguishable from those measured on alloys of the same
cemposition produced by other techniques, including cooling of
the liauid.

Zz. Alloys for which Tg > Tx’ and which thus crystallize below Tg.
For these alloys, including the Ge and the Ge-rich portions of the
Ge-Te and Ge-Se systems, Tg is not an ob.servable quantity, and
it is not possible to ensure that a given funealing treatment below
Tx achieves metastable homogeneous equilibrium at that tempera-

ture.

These defect effects include many structuaral effects listed under classes
1-3 of structural parameters described above, such as "wrong" chemical bonds,
homogeneity and even molecularity, since all of these properties can be
affected by the annealing near Tg of an amorphous film deposited well below
Tg (i.e., more than 750C' below Tg). Annealing near Tg is presumably suffi-
cient to assure attainment of metastable homogeneous equilibrium at the
annealing temperature, so that the properties of glasses so annealed
depends only on the subsequent thermal history. Thus annealing, in prin -

ciple, wipes out all memory of the deposition conditions. An alloy which

normally phase separates upon cooling from the liquid can be prepared as a
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homogeneous amorphous film by rf sputter deposition, e.g., GeZOSe‘mTe40
as described previously.32 Also, "wrong" bonds may be largely responsible
for the properties of unannealed rf sputtered GeSez-GeTe2 films as described
by reference 4 in Appendix II to this Report. And, finally, the thermally
induced structural changes of evaporated A5283 and ASZSe3 ﬁlms3 involve,

in the same sense, the removal of structural defects, if the molecular con-

stituents present in these films can be regarded as defects.
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2.1.2. Summary of Properties Studied: Definitions and Relevance

All of the properties which were systematically examined for a large
number of amorphous chalcogenide alloys under this program can be classi-
fied into two groups: 1. Thermal vroperties, including glass transition
temperature, 'I‘g, and crystallization temperature, Tx' and 2. Optica:
and transport properties, including optical absorption, o, electrical con-
ductivity, o, versus temperature, and thermoelectric power, S, versus
temperature. Many other properties in these two broad categories were
measured for specific alloys, including deis:ty, therma! conductivity,
enthalpy photoconductivity, optical absorption versus temperature and
ressure, etc. In this section appear references to the definitions and
experimental determination of these five 'nost studied properties, Tg 8 Tx'
a, 0 and S, and of the various parameters which are derived from them.
In addition each of these key properties is examined in terms cf its physi-
cal and practical significance.
2.1.2.1., Thermal Properties

The key thermal properties which we have investigated in a wide
variety of bulk and thin film amorphous semiconducting alloys are the
glass transition temperature, Tg . and the thermal crystallization temperature,
Tx' Both properties were measured only by differential scanning calorimetry
(D.S.C.) at a scanning rate of 20 deg min-]'. Tg is the temperature at
which the calorimeter output, which is proportional to Cp, attains the
value half-way between the glassy value below T and the liquid value

g
above Tg as the temperature is scanned through Tg at 20 deg min_1 . Lower
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scan rates result in lower values for Tg, because of thermal lag effects
associated with scanning, and, in some cases, because the value of T
itself is sensitive to the time scale of the measurement. The former effect
depends only on sample size and thermal conductivity, and tends to raise
the measured value of Tg S-IOOC with respect to the actual value tor
typical materials and sample sizes. The latter effect, which is also

o) z
sensitive to prior heat treatments, can introduce an additional 5-10°C

correction term.

Tx is the temperature at which the calorimeter output begins to deviate

in an exothermic manner from the steady-state glass or liquid value. For

materials which have Tx > Tg, the identification of T is usually unambiguous,

because crystallization occurs relatively sudden'y and involves a large exo-
thermic effect. Occasionally Tx approaches TL’ the beginning of melting or
solidus temperature, which can reduce the crystallization tendency to the

point where Tx is poorly defined. In the limit, of course, Tx is undefined be-
cause an alloy can be heated throughout the entire region of liquid metastability
from Tg to TL’ the end of melting or liquidus temperature, without nucleating
any crystals.

For materials which have Tx < Tg, crystallization preceeds any glass

transition as the amorphous sample is heated. Such amorphous materials can

only be prepared by evaporation, sputtering or other thin-film deposition

process, and thus tend to undergo exothermic reactions upon heating which

are assoclated with the removal or redistribution of various defects, and
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which preceed crystallization. The onset of the crystallization exotherm
occurs during the defect removal exotherm, so Tx is identified by a break
in the slope of the calorimeter output rather than by the beginning of the
exotherm itself.

Tg is a fundamental parameter which defines the onset of diffusive
motions in amorphous solids. These motions, in turn, lead to the increased
values of fluidity, heat capacity and thermal expansion which serve to
characterize the liquid state. Because crystallization of an amorphous

alloy usually involves diffusion, Tg tor such alloys sets a lower limit on

the possible values for x 93 Conversely, it would appear that crystalli-

zation must occur without diffusion for those alloys for which TX ST n
Further study of this class of alloys will be required to verify this inference
From a practical standpoint, Tg and Tx’ taken together, provide an
index of the thermal stability of amorphous alloys at elevated temperatures.

Other factors can limit thermal stability, such as chemical reactivity, sub-

limation, "cold flow" below T , etc. Therefore, the suitability of a particular

alloy for use at elevated temperatures is dependent on many properties in

addition to Tg and Tx' Furthermore, some high temperature applications for

amorphous semiconductors permit34 or even requlre35 the material to be

above Tg. Nonetheless, Tg and Tx’ measured at a fixed temperature scanning

rate, provide an easily attainable and extremely useful preliminary index

of thermal stability.
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2.1.2.2 Optical and Transport Propertics

An excellent review of the behavior and significance of the opticai
constant o and the transport parameter 0 and S for amorphous semi-
conductor materials is contained in the Mott and Davis text.36 A brief
summary of some salient features of these properties is provided below.

Knowledge of the optical constants as a function of photon energy
provide a wealth of information concerning the electronic band structure
and the optical phonon spectrum. Most optical studies of amorphous
semiconductos have emphasized the dependence of the absorption co-
efficient & upon photon energy fiw in the vicinity of the optical absorption

edge, and only a few complete determinations of both, 61 and 62 over an

’

extended range of photon energy3 2 have been performed.

Near the absorption edge itself, where we have performed the majority
of our studies, the two important experimental variables are the position
and the shape of the edge. We arbitrarily define the optical gap EO4 as

4 -
the energy EO4 at which o= 10 cm 1. EO4 is of universal interest in these

studies because it characterizes the energy gap at a joint density of states

)

corresponding roughly to the C.F.O39 mobility gap,4 ! and thus can be
closely related to the transport parameters ¢ and S. Since the density of
states pseudogap is also closely related to the chemical bonding through
the separation between valence band non-bonding (lone pair) or bonding
states and ccnduction band antibonding states,42 the value of EO4 is also

a scaling parameter for covalent bond strength. Covalent bond strengths

can also be calculated from thermochemical data if the atomic coordination

i e v L L
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is established, so that a close connection exists between EO4 and the

thermodynamic properties of amorphous semiconductor elements, compounds

and alloys. We have therefore emphasized E__, as a useful optical parameter,

04

easily measurable on the 1-5 um sputtered films used for ¢ and S characteri-

zation.
The shape of the edge can be expressed either as A, the slope of

log @ vs hw which is usually constant for log a < J,or as B, the slope

of /ohw vs hwwhich is usually constant for 3 < log < 5.5. A and B vary

little with composition or annealing history for most chalcogenide glasses:,36

whereas the amorphous tetrahedral elements43 and alloys44 can have
values of A which are exceedingly sensitive to preparation method45 and
annealing hist:ory.46 A becomes interesting for specific chalcogenide
systems such as Ge-Te47 and GeSez-GeTez48 where its compositional
dependence hints at changes in the shape of the pseudogap.

The transport properties which we have emphasized are the dc con-

ductivity ¢ and the Seebeck coefficient S, both of which have been extensively

measured as a function of temperature in these studies. Most amorphous
chalcogenide alloys including sputtered films have nearly linear log ¢ vs
1/T plots both in the unannealed state and after annealing to an elevated

temperature just below Tx' To the extent that the conductivity obeys this

simple relationship:

o=0_ exp (- AEo/kT)
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we generally consider that conduction is occurring in the extended states

in the vicinity of one mobility shoulder with a relatively constant mobility

contained in 00. This picture is confirmed when the slope of eS/k vs

1/T closely approximates AEO. Th= sign of S under these conditions which

O T L R 0 T AT WS o W (. Y T W

is positive for tellurium-rich alloys and can be negative for As or Se-rich

At o e .

alloys indicates which mobility shoulder lies closer to the Fermi level E_.

Exceptions to this general behavior can occur when the Fermi level is

PO | TR RS Ty A 0 S

so situated that valence and conduction bands make roughly comparabi

contributions to the conductivity, or when the density of localized states
at the Fermi level is so great that conduction takes place primarily by )
hopping. Both situations lead to a thermopower which is small in magnitude

N
and whose temperature dependence is less than the apparent activation ¢

energy AE0.49 Additionally, the former situation can give rise to a thermo-
power which varies continuously through zero with heat treatment.

Other transport parameters, in particular the a.c. cu’)rlduct:ivity50 and
the photoconductivity,51 provide further information concerning the density

of states and mobility functions. These parameters have been carefully

B

e
L R e T

analyzed " '"" and utilized to expand the kncwledge of electronic transport

in a few selected cases.
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2.1.3 Cmphasis and Summary of Experimental Results.
The emphasis of the glassy alloy studies has been directed on the ‘ %
one hand to the preparation and preliminary characterization of a wide i
range of amorphous semiconducting alloys and on the other hand to the 3
i
thorough characterization of a much more restricted range of carefully A

chosen prototypical compounds, alloys, and systems. The procedure J

1
for thorough characterization involved in addition to the standard T i

and Tx thermal measurements, the measurement of optical absorption,
o, electrical conductivity, o, and thermoelectric power, €. 0 and S were
measured versus temperature throughout the experimentally accessible
temperature range, which was limited at the lower end by the tolerable source
impedance of our instrumentation and at the upper end by crystallization or
by mechanical failure of the thin-film sample.

The summary of alloys investigated under this program is contained

in Section 2.2 and tends, at first examination, to emphasize the preliminary

survey studies due to the numerical predominance of alloys in this category.
However the "Properties Measured" column in Table 2.1 serves to

identify all of those alloys examined in detail, which, though numerous,
constitute a relatively small proportion of the tota! number of alloys synthe-
sized in the course of the program.

The preliminary results of the thermal, optical and transport investi-
gations of the specifically selected prototype compounds, alloys and

systems have heen presented in the first four Semi-Annual Technical Reports,
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most especially in the Third and Fourth of these Reports. More of these
results are included in Section 2.3 of the present report. The complete

list of publications and publications in preparation concerning this tnpic

is given in Appendix 1 of this report.
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2.2 Summary of Alloys Investigated Under this Program

This section briefly describes the overall strategy of this program from
a materials point of view. We began with a largely empirical perspective,
bearing in mind the role of chemical ordering in determining short range order
in complex alloys but without attempting to describe in complete detail the
atomic and electronic structure as a function of composition. We certainly
believed that most A.S. alloys could not be produced by normal or even
rapid spray-quenching54 of the liquid, so that an integral component
of our approach to the subject was to develop reproducible tech-
niques for fabricating a wide range of alloy compositions in the amorphous
state via rf sputter deposition.

As these studies progressed it emerged that a good measure of structural
information could be determined indirectly by the variocus thermal, optical
and electronic property measurements we were making. We therefore chose
to examine in detail a few selected simple binary and ternary systems,
establishing structure-property relationships for them as a guide to other
systems. We also selected a few binary and ternary alloy compositions
representing well known or potentially analyzable structural prototypes,
and measured this thermal, optical and electronic properties in order to
draw some preliminary conclusions regarding structure-property relationship

in their parent binary or ternary systems.
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Thus, rather than continue the composition-property measurements

S e ekl o B

on tr2 many alloy cystems which we began as the first stage of this materials
investigation, we chose instead to characterize the thermal, op.ical and
electronic properties of prototypical alloy compositions (AsZS3, AsZSe3 ;
GeSebs, GeTeAs, etc.) binary systems (Ge-Te, Ge-Se), pseudobinary systems
(GeTez-GeSez, GeAsTe-GeAsSe) and ternary systems (Ge-Se-Te) which typi-

fied, to a first approximation, the range of behavior observable in the multi- ;

component alloys. One surely must depart from the elemental and compound

A.S. materials in order to witness many of the interesting and useful

P e Tl i o el e

complexities of these alloys such as phase separation, optimum memory and
threshold switching behavior etc. However, the excursions into three and
four-component space must be judiciously selected in order to achieve des-

cribable and intelligible results.

The entire list of alloys fabricated under this program is listed in

Table 2.1. We have grouped these alloys into elevan categories which attempt
to reflect the various purposes which motivated the selections of compositions

to be studied. Of the 460 or so alloys prepared, many were merely fabricated §
;

and stored after making certain visual observations of the melt or the ingot ;

itself. Since we were concerned with amorphous phases, the alloys which

e

were not at least partially glassy had to be sputtered to yield any useful

el ks

samples, a process which is very time consuming in terms of cathode fabri-
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TABLE 2.1

List of materials and index of measuremeniz for all alloys investi-
gated under this research program. Tg = glass transition temperature;
Tx = beginning of crystallization exotherm, bcch measured at 20°C/min
by differential scanning calorimetry. Other properties measured in-
clude: o, electrical conductivity versus temperature; s, thermoelectric
power versus temperature; o, optical absorption versus photon energy;
x, x-ray diffraction pattern; k, thermal conductivity. Where no bulk

Tg value is reported, (a) indicates that a portion of the ingot appeared
glassy, while (b) indicates that no bulk glass was obtained. The

categories 1 - 11 refer to the classification of materials investigations

which is described in Section 2 of the text.
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