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1. Measurement of T, versus composition in the Ce-Se-Te system have revealed

that the Tg singularity, which occurs at the fully cross-linked di-chalcogenide
composition (GeSes) in the Ge-Se binary system, does not extend along the GeTejp -
GeSe line of chalcogen saturation in the ternary system, but rather deviates pro-
gressively towards Ge as Te is substituted for Se. This tendency appears to reflect
. the competitive effects of bond strength, as measured by band gap, and connected-
ness, as measured by the 8-N rule, in determining Tg.
2. A region of liquid immiscibility was discovered in the GeSep-GeTep-Te sub-
system of the Ge-Se-Te ternary system. Tie lines appear to radiate from a GeSej-
rich liquid toward a range of Te-rich Te-Se liquids. This immiscibility leads to the
formation of 2-phase glasses for certain compositions in this region, and the Tg's
and Ty's of each phase can be separately measured by scanning calorimetry.
3. This immiscibility tendency is termed "primary immiscibility" since it can be
simp!y predicted as a topological consequence of the thermodynamic requirement of
forming the lowest energy set of covalent chemical bonds. Thus GuogSeyqqTeqq0r
GeSe,Te, can be regarded as a mixture of GeSej and Tep, which ure constructed of
Ge-Se and Te-Te chemical bonds respectively. Only by phycically separating thesg
two phases can one eliminate Se-Te, Ge-Te, Se-Se, and Ge-Ge bonds whose pre-
serce results in a demcnstrahle decrease in overall bonding energy.
4. We have observed copious nucleation of tiny Te crystals upon heating sputtered
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amorphous films of GeygSeqgTeqq. and we tentatively associate this phenomenon witH
the separation of a Te-rich liquid which spontaneously nucleates and crystallizes
without the requirement of the familiar surface nucleation sites which charactcrize
the nucleation and crystallization of most other telluride glass samples. Indeed,
unlike other telluride alloys, the volume fraction of Te crystals depends on time and
temperature alone, and not at all on film thickness.

S. The electrical and optical measurements of amorphous alloy phases in the Ge-Se-

Te ternary system supply abundant evidence for chemical ordering for well annealed
sputt_red films of composition GeTep and GeSep. Each of these alloys can be
modeled by the Si0, structure with tetrahedral Ge and 2-fold chalcogen, a structure
which contains only one chemical bond type (i.e., Si-O, Ge-Se, Ge-Te, etc.).

6. The thermopower of unannealed and annealed sputtered amorphous Ge-Se-Te films
has been surveyed extensively, resulting in the discovery of a wide variety of n-type
amorphous chalcogenide alloys among the annealed Se-rich and Ge-rich ternary alloy
sputtered film samples. Numerous examples of initially p-type sputtered alloys
 which become n-type .upon annealing at or below Tg have been discovered, leading
to a wide variety of new electronic device possibilities. In addition to exposing
these potential technological developments, the thermopower measurements have
served a highly useful scientific role in characterizing the majority charge carriers
as a function of alloy composition, state of annealing and temperature.
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L. INTRODUCTION AND SUMMARY OF MAJOR ACCOMPLISHMENTS
1.1 Introduction

The overall emphasis in this research program has been the correlation
of amorphous chalcogenide alloy composition and atomic structure on the one
hand, and with thermal stability, electronic structure, and electrical and ootical
properties on the other hand. The Fourth and Fifth Semiannual Technical
Reports analyze, respectively, two separate aspects of this problem: 1, the
role of chemical clustering and ordering tendencies in controlling thermal
and electronic properties; and 2, the role of thin film depositional parameters,
illumination, and annealing in controlling the structural state and thus the
electronic properties (primarily the optical properties) of amorphous films. No
overall synthesis of composition - property relations for this immense new
class of electronic and optical materials can be imagined prior to the establish-
ment of these two fundamental types of informatinn. In the present report, the
role of chemical clustering and ordering is assessed for a prototypical three-

component chalcogenide system, Ge-Se-Te. This system was chosen because

it spans a wide range of materials parameters: Tg varies from ~OOC (for pure Te)
o
to ~425°C (for GeSez) , while EO4’ the photon energy at which the optical ab-

4 -
sorption coefficient aitains the value 10" cm 1, varies from ~0.8 eV (for Te)

to ~2.4 eV (for GeSez). D.C. conductivity, broadly speaking, correlates with

optical gap, although the subtle differences between the conductivity "gap"
(twice the electrical activation energy) and the optical gap form the basis for

interpreting the electronic band structure as a function of alloy composition




o

and state of annealing as presented in the Final Technical Report. Thermo-

power, on the other hand, is an extremely sensitive function of composition

and the degree of annealing, shifting from p-type to n-type with annealing
for some of the Ge and Se-rich alloys.

In addition to having a wide range of property variations, most of these
ternary alloys can be relatively well characterized structurally. Pure
amorphous Ge, for examplé, is well described ‘by the Polk ModelSI, while
the binary Te-Se amorphous phases consist of copolymer 2-connected rings
and chains.10 GeTe2 and GeSe2 are usually assumed to be structural ana-

loges to SiOz, although the hard evidence for these assumptions obtained

sl and elsewhere50 is very recent. The

under the present research program
issue of the structure of amorphous GeTe and the GeTe-GeSe alloys was
examined in detail in our Third Semiannual Technical Report. Several colla-
borative ef.forts between ECD and their laboratories are currently under way to
resolve the issue of the 3-fold model vs. the 2-fold Te and 4-fold Ge model.
Thus the property trends toward higher Tg's and larger band gaps with
the substitution of Se for Te take place (again, with the pbssible exception of
the less understood GeTe-GeSe structures) along isomorphous series whose
structure depends, for the most part, on the Ge:X ratio rather than on the
Se:Te ratio. Since the number of valence electrons per atom, ne, varies con-

tinuously from 6 for the chalcogens Se and Te to 4 for pure Ge, this system

encompasses the entire range of average valence electron concentration which

leads to covalently bonded polymeric alloys. Values of n, higher than 6 lead




to molecular materials with low thermal stability and unstable amorphous

structures while values of ng lower than 4 lead generally to metallicly

We have felt it

bonded materials with low glass forming tendencies.
necessary to survey the properties of more complex ternary amorphous chal-
cogenide systems in order to obtain an ovérview of all of the factors which
determine thermal stability and electronic properties, and these studies

will be reviewed in the Final Technical Report. The present report, however,
represents the most thorough study, to our knowledge, of a ternary chalcoge-
nide system, and thus will be usecd is the starting point in attempting to

analyze the more camplex ternary systems.

In concluding this introduction, it should be noted that the technique of

rf sputtering to deposit amorphous thin films has been a cornerstone of the
technical approach we have utilized in these studies. When conductivities
and vapor pressures vary over 10 decades or more at a given temperature,
most other techniques of thin film deposition are inadequate for preparing
homogeneous films ranging between 3004 (for transmission electron micros-
copy) to 100um (for calorimetry and IR reflectivity studies) in thickness.
Flash evaporation, slow thermal e\}aporation, co-evaporation, dc sputtering
and other techniques have been successfully applied to some ranges of these
sample requirements by ourselves (for cross—checking- purposes) and by others.
Many of these latter techniques do present certain advantages compared to
rf sputtering, most noticeably in the area of oxygen, nitrogen and argon con-

tamination, which can, of course, be essentially eliminated by evaporation



under UHV conditions. However it has been our goal to prepare amorphous
filias of as wide a variety of compositions as possible and to characterize
these films in terms of properties like optical gap and glass transition tempera-
ture, which are largely insensitive to trace impurities,

A further word on the rf sputter deposition of multi~component chalco-
genide alloys is . »quired to charicterize compositional fidelity of the sput-~
tered filins with respect to the nominal hot-pressed cathode compositions.

We have used electron microprobe to analyze filins sputtered along the Ge-Te bina-
ry join and along *-e GeSe?_-GeTe2 pseudo-binary join. The accuracy of these
expariments was somewhat limited by the difficulty of obtaining homogeneous

bulk materials for use as reference standards. However, taking these diffi-
culties into consideration we can Simply ;ummarize the results of these

studies by stating that the measured concentrations of the elemental com-

ponents were within 1 - 2% of the stated compositions, depending on con-

centration. For example a thin film of GeSeTe or Ge Se T

33.3°%33 31843 4 Would

be expected to have the composition Ge33.3i1 Se33.3t1 Te33.3t1 . The ac-

S Te . Where the

342173241 €344

1% now represents the accuracy of the analysis itself. This is a typical

tual analysis for one sample of that film was Ge

result, indicating the difficulty of ascertaining highly accurate knowledge of
chemical composition using this method of analysis. We thus relied on the
hominal composition as the measure of film composition throughout these
studies, recognizing that this assumption introduces a small uncertainty into

the results thereby obtained. Furthermore, cur aaalysis of the role of dc bias
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in determining both argon entrappment and stoichiometric deviations for
sputtered GeTez, which will be presented in the Final Technical Report,
provides an additional warning regarding small compositional fluctuations
from sputtered sample to sample which may arise from differnces of induced
dc bias depending on minute details of sputterino procedure and substrate
type. These differnces tend to be troublesome only for materials like

GeSe2 whose properties depend so sensitively on stoichiometry and whose

high resistivity accentuates the possibility of self-biasing effects.




1.2

Summary of Major Accomplishments

1. Measurements of Tg versus composition in the Ge-Se-Te system
have revealed that the Tg singularity, which occurs at the fully cross-
linked di-chalcogenide composition (GeSez) in the Ge-Se binary system,
does not extend along the GeTe2 — GeSe2 line of chalcogen saturation

in the ternary system, but rather deviates progressively towards Ge as

Te is substituted for Se. This tendency appears to reflect the compe-
titive effects of bond strength, as measured by band gap, and connected-
ness, as measured by the 8-N rule, in determining Tg. In the Ge-Te
system, the Ge-Ge bonds are stronger than the Ge-Te bonds, while

in the Ge-Se system the reverse is true. Thus the highest Tg in the
Ge-Te sysiem presumably occurs at Ge (although this cannot be experi-
mentally verified bacause Tx occurs below Tg between GeTe2 and Ge)
whereas the highest value of Tg in the Ge-Se system occurs at GeSt‘e2 .

2. Aregion of liquid immiscibility was discovered in the GeSez—GeTez—Te
subsystem of the Ge-Se-Te ternary system. Tie lines appear to radiate
from a GeSez—rich liquid toward a range of Te-rich Te-Se liquids. Thi sw
immiscibility leads to the formation of 2-phase glasses for certain compo-
sitic;ns in this region, and the Tg's and Tx's of each phase can be sepa-
rately measured by scanning calorimetry.

3. This immicibility tendency is ti. 'med "primary immiscibility" since it

can be simply predicted as a topological consequence of the thermodymic re-

quirement of forming the lowest energy set of covalent chemical bonds. Thus
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Se or GeSe_Te_ can e regarded as a mixture of GeSe_ and

€20°%40 %40 278, 2

Tez, which are constructed of Ge-Se and Te-Te chemical bonds respectively.

Only by physically separating these two phases can one eliminate Se-Te,
Ge-Te, Se-Se, and Ge-Ge bonds whose presence results in a demon-
strable decrease in overall bonding energy. Of course entropic effects

are significaat, so that, for example, the GeSe,-rich phase of Ge, .Se,  Te

2 207740740

contains roughiy 13 atomic percent Te.
4, The chemical bonding origins of this immiscikility indicate that the
phase senarating glasses containing the most Te-rich low Tg phase should

lie along the join connecting Te and GeSe,, e.g., Ge Pure

20540 40"

liquid Te cannot be supercor.!ed by any known method to form a glass,

2

présumably hecause of homogeneous nucleation of crystals during the
quench. Thus the separation of a véry Te-rich liquid at temperatures well
below the Te melting point leads tn the possibility for homogeneous nucle-
ation of Te crystals i1 that liquid. We have observed copious nucleation

of tiny Te crystals upon heating sputtered amorphous films of GeZOSe4OTe40,
anrd we tentatively associate this phenomenon with the separation of a Te-
rich liquid which spontaneously nucleates and crystallizes without the
requirement of the familiar surface nucleation sites which characterize

the nucleation and crystallization of most other tc;lluride glass samples.
Indeed, unlike other telluride alloys, the volume fraction of Te crystals

depends on time and temperature alone, and not at all on film thickness.

We feel that this observation may be unique among amorphous chalcogenide




films, and may have practical consequences for situations requiring the
presence of electrically conducting particles in an essentially non-con-
ducting matrix.

9. The electrical and optical measurements of amorphous alloy phases
in the ée—Se—Te ternary system supply abundant evidence for chemical
ordering for well annealed sputtered films of composition GeTe . and

2
GeSe_. Each of these alloys can be modelcd by the SiO2 structure with

2
tetrahedral Ge and 2-fold chalcogen, a structure which contains only
one chemical bond type (i.e., Si-O, Ge-Se, Ge-Te, etc.). Along the
join Ge-SeTe the optical and electrical gaps both peak sharply for
annealed films at the di-chalcogenide GeSeTe composition, indicating
a high degree of chemical order for that alloy as well. Here, however,
both Ge-Se and Ge-Te bonds are concluded to be present, and, thus the
alloys are disordered with respect to the distribution of these two l?ond
types but are ordered with respect to the exclusion of the other 4 possible
bond types (Ge-Ge, Se-Se, Te-Te and Se-Te). These results confirm
our earlier speculation concerning local order in the amorphous GeSe .-

2

GeTe2 alloy system, and support our earlier conclusion that these pseudo-
binary alloys do not phase separate.3

6. The thermopower of unannealed and annealed- sputtered amorphous Ge-
Se-Te films has been surveyed extensively, resulting in the 'discovery of a

wide variety of n-type amorphous chalcogenide alloys among the annealed

Se-rich and Ge-rich ternary alloy sputtered film samples. Numerous

examples of initially p-type sputtered alloys which become n-type upon
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annealing at or below Tg have been discovered, leading to a wide variety
of new electronic device possibilities. In addition to exposing these
potential technological developments, the tharmopower measurements
have served a highlv useful scientific role in characterizing the majority

charge carriers as a function of alloy composition, state of annealing,

and temperature.

B e
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2 GLASS FORMATION AND PHASE SEPARATION IN THE
GeSe-GeTe-Se-Te SYSTEM

21 Introduction

The chalcogen and chalcogenide glasses are well known to exhibit
covalent bonding, and the valency satisfaction model of Mott1 is the
standard point of departure in interpreting electrical or optical properties

of these glasses. This model, and the nearly equivalent random cova-

2
lent model, assumes that each constituent atom in the glass forms 8-N

covalent bonds where N is the number of valence electrons. The identi-
fication of these bonds in the Mott model is left vague, while the random
covalent model assumes that a random statististical distribution of all
possible covalent bond types will occur. By contrast, various ordered co-
valent models have also been proposed3 which consider the effect of
relative bond strengths in calculating the distribution of bond types, and
can lead to complete chemical ordering at certain stoichiometric ratios

such as GeSez, SeTe, etc.

X-ray structural studies of chalcejenide glasses using the Radial Distri-
bution Function (RDF) technique confirm the covalent nature of the chemical
bonds, both with regard to bond length4 and with regard to average coordi-
nation number as predicted by the 8-N rule for each atom. Thus the valency
satisfaction model, which was created to account for the absence of impurity
band conduction in amorphous chalcogenide alloys, is thoroughly confirmed
by the X-ray studies which have been performed.

Unfortunately the X-ray studies do not successfully address the question
of chemical ordering, and the observed RDF functions can be fitted by a variety of

models including chemicall.y ordered covalent models, random covalent models,
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and even completely phase separated models, so long as each elemental

component retains its 8-N coordination. An additional problem arises by

the inability of RDF analysis to distinguish whether the 8-N coordination

-

applies for individual atoms or whether an average 8-13 cuordination applies
whele IG is the average valence number per atom. For example RDF analysis
cannot yet distinguish between a 4 fold Ge - 2 fold Te structure for amorp-

hous GeTe versus a 3 fold Ge - 3 fold Te structure .S Hopefully more sophis-

ticated diffraction experiments will resolve these questions, but in the

meantime other measurements will play some role for determining nearest
neighbor bonding within the constraints of covalent bonding models.
The Ge-Te-Se system can be decomposed into two sub-systems:

- Se - Te along the line of so-called

Ge-GeSe2 - GeTe2 and GeSe2 - GeTe

2
"chalcogen satura tion",3 GeSe2 to GeTez. While this study is primarily con-
cerned with the behavior of glasses in the latter, "exczss chalcogen" sub-
system, some measurements from the former "chalcogen deficient" sub-system
are presented as well. The chalcogens Se and Te have SZP4 valence elec-
tron configuration and thus form 2 covalent bonds each. Ge is SZPZ, or SP3,
when hybridized, thus forming 4 cc;valent bonds tretrahedrally distributed in
space.6 Both Se v and Te 8 form isomorphous hexagonal crystals with Sen
and Ten polymeric chains along their C axes, and these chain structures

are preserved in the glasses,9 although Se glass contains a substantial pro-

10
portion of Se8 rings as well. As Ge is added to Se or Te glass, these chains

become cross linked in the sense that each Ge atom uses its 1~ur bonds to

connect two chalcogen chains. If Ge retains its four-fold coordination, and




Se and Te retain their two-fcld coordination, ard no Ge-Ge bonds are

formed, then this cross linking process becomes fully saturated at the
Ge)(2 compositions which then contain only Ge-X bonds. These compo-
sitions are thus called chalcogen saturated, in that no chalcogen-chal-
cogen bonds exist for the completely ordered case.

The concept of average coordination number or average connectedness
is useful in understanding this cross linking process and the effects which
accompany the addition of further germanium beyond that nec;essary for
chalcogen saturation, i.e. in understanding the chalcogen deficient por-
tion of the Ge-Te-Se system. In this study, C =8 - ﬁ, where N is the
average number of valence electrons per atom, will bg interchangeably termed
average connectedness or average coordination number. C provides a
measure of the degree to which the glass forms a three dimensional net-
work and provides some index of the strength of that network . For exa_:mple,
for N=7, C =1, we have an unconnected network or a molecular solid, such
as Clz, etc. For N= 6, we have C = 2 which leads to chains as in the
cases of Se and Te. Of course for C = 2 we can have unconnected structures
like Se8 rings, but these are a perturbatior of the simple theory and will be
disregarded for simplicity at this stage of description.

Examples of glasses with N=5and C =3 are ambrphous As and Sb, and

binary materials like GeTe and GeSe. The question for the binary materials

is whether the value of C is the average of half of the atoms having C = 4

(Ge) and half having C = 2 (Se, Te) or whether each atom has C = 3. Some




L
thermal measurements from our laboratories~  in the Ge-Te system indi-

cate a strong possibility for the 3-3 rather than the 4-2 network for amorg-
hous GeTe but the question remains unresolved.
The group of glasses with ﬁ = 4, C = 4 include amorphous Ge,13 81,14
SlCls and appear to have the highest glass transition temperatures for a
given value of bond strength .16 Higher values of C appear to be unattain-
able, since 4 covalent bonds per atom lead to the highest ppssible number
of bonding valence electrons per atom(8).
Taere appears to be a trade-off between bond strength and connectedness
in determining the value of Tg for a given material. Rockstad and de Neuf-
ville16 have shown that at constant bond strength, Tg. increases with C,
while at constant N, Tg increases with bond strength. These competing
effects would be expected to be operative in complex systems like Ge-Te~Se
and indeed are to be expected in binary systems like Ge-Se where = changes
all the way from 2(Se) to 4(Ge) and the bond strength also varies strongly
with composition.
The theoretical relationship between network connectedness, bond strength
and Tg has only beeu analyzed in ;a few simple cases,11 and no general ana-
lysis of the prcblem is known to the author. For C = 2 materials such as
Se, analogies can be made to the behavior of organic‘polymers where Tg can be de-
rived in some simple cases by knowledge of the chain length and the pre-

17
sence or absence of side groups. The plasticizing by Se8 rings

bears sufficient analogies to effects in organic systems that some

18
rigorous analysis is possible. For these materials, viscous flow does




not require breaking any covalent bonds: the chains shear past each other
by segmental motions during viscous flow. Since Tg is defined as the
temperature at which the viscosity n = 1013 Poise (in c.g.s. units),
clearly Tg can be viewed in terms of a viscosity effect.

Semi-quantitative models for viscous flow exist for the tetrahedral
random network liquids like GeO2 and SiOz. " Here the licuid has no
weak bonds, so that some rearrangements among the strong covalent bonds
are required for viscous flow. The viscosity in such cases ap e:ars to he
thermally activated with a single activation energy which closely approxi-
mates the bond energy.

The interme“jate cases between chaip-like polymers (Sen and Ten) and
fully cross-linked tetrahedral networks (GeSe2 and GeTez) clearly represent
some sort of an average of these two limiting cases. That is, as the cross-
linking component Ge is added to Se or Te the viscosity will predictably
rise and Tg will increase.

The only crystalline compound in the Ge-Te system is GeTe, which has

a distorted NaCl structure and is thus not bonded covalently in contrast to

4
GeTe glass. GeSe has a comparable crystal structure,20 involving an
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orthorhombic distortion of the NaCl structure. GeSe2 has a distorted

2
version of the CdI2 structure, 0 and is thus more ionically than cova-

lently bonded.

Ordering tendencies are significant in the Ge-Se and Ge-Te systems
while they are less predominant in the Se-Te system. The heat of forma-
tion of GeSe crystals is 9.85 k cal/gm atom20 vs. 4.0 k cal/gm atom20
for GeTe. These ordering tendencies persist in the Ge-Te glasses12 but
have not been quantitatively determined for the Ge-Se glasses. In Section
2.5.1 of this Report the energies of the possibie covalent bond
types will be calculated using the Pauling electronegativity criterion in
lieu of more quantitative experimental information.

Ordering and clustering tendencies are always intimately related in
structural chemistry, because each type of departure from a totally ranc}om
structure implies the possibility of departures in the other direction: chemi-
cally ordered configurations tend to cluster relative to other chemically
ordered configurations leading to regions of clustering separating regions
of chemical order.24 Thus phase separation is to be expected in any multi-
component amorphous system, and many references to phase separation in

’ , 2 ,
chalcogenide systems have appeared in the literature. 25,26,27,28

By phase separation liquid-liquid immiscibility is implied, where the




fmmiscibility should rigorously be a sub-li,uidus metastable phenomenon.
However the rigorous d:iinition is not particularly useful since liquidus
temperatures are not well known in multi-component systems, so phase
separation and liquid immiscibility will be used here interchangeably.

In spite of all these qualitative observations of phase separation and

even 2-Tg behaviorzain one system, no thorough study of one single chal-
cogenide system has ever been reported which attempts to define the
immiscibility tie lines and interpret the immiscibility tendency in chemical

bonding terms.
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2.2 Limits of Glass Formation

This study concerns the properties of amorphous semiconducting
alloy phases in a portion of the Ge-Te-Se ternary system. The primary
emphasis has been placed upon the compositional dependence of the
glass transition temperature. In order to obtain fully amorphous sampl s,
a variety of experin...:tal techniques were utilized. The results of these
efforts are listed in Table 2.1, which identifies the alloy compositions
investigated, indicates what method or methods were successfully utilized
to produce fully amorphous samples if any, end tabulates the glass transi-
tion temperature or temperatures obtained by DSC. In addition, these
investigated compositions are mapped in the Ge-Se-Te ternary system in
Figure 2.1.

Note that five categories of alloys are represented in Table 2.1. These
categories are as follows:

1. No amorphous phase obtained by any method

2. Homogeneous glass obtained

Single value of Tg indicating no phase separation

T <T , soT cannot be measured
X g g .

Two values of Tg , Tg. and ng, indicating phase separation

1

< > .

Tx1 Tg1 but sz ng, Tg1 cannot be r.neasured but ng
can be measured.

In general no glass formation (category 1) means only that the

amorphous phase was not obtained by the methods employed. 1In
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TABLE 2.1

COMPOSITION, METHOD OF GLASS PREPARATION AND GLASS

TRANSITION TEMPERATURE FOR Ge-Te-Se ALLOYS

Method of Preparing Glass

Composition (%) Water Spray rf Tg Tx
Ge Te Se Quench |Cooling | Sputtering (°c) (°c) !
70 30 - X = 352
60 40 - X - 268
50 50 - X - 232
45 55 - X Cry.
40 60 - x - 208
36.7| 63.3 - _ X - © 220
33.3| 66.7 | - X 230
66.7| 33.3| - X , Cry.
30 70 - X 213
25 75 - X | 190
22 78 - X . 162
20 80 - X 159
17" 83 - X .i45

X 148
15 85 - X Cry. |
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TABLE 2.1 CONT. -

Method of Preparing Glass

Composition (%) Water Spray rf Tg 'l‘x
Ge e Se Quench [Cooling | Sputtering (°c) (°c)
10 90 - X 105
7. 92. - X ‘ . Cry.
) 95 = x 100
2 98 - X Cry.
= 100 = X Cry.
X Cry.
= 90 10 x Cry.
- 80 20 X Cry.
- 70 30 x Cry.
- 60 40 x Cry.
- 50 50 x 57
- 40 60 X 75
= 25 75 x 65
- |16 |84 x 59
12 88 x 56
10 90 X 55
8 92 X 54
4 96 X 47
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TABLE 2.1 CONT.

Method of Preparing Glass

Composition (%) Water Spray rf Tg Tx

Ge Te Se Quench |Cooling | Sputtering. | (°C) (°c)
= - : 100 As 45
10 = i 90 X 95
20 = 80 X 168
30 = 70 X 364
33.3 = 66.7 X 422
X 408
35 = 65 x 423
a0 | - 60 x | 302
50 - 50 | X 324
50 25 25 x 272
40 30 30 X 296
38 31 31 X 302
36 32 32 | x 295
33.3 | 33.3 33.3 X : 292
X 288
32 34 34 x 282
30 35 35 ¢ X 270
27 36.5 36.5 x 260
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TABLE 2.1 CONT. .

Method of Preparing Glass

Composition (%) ) Water Spray rf Tg =
Ge Te Se Quen~h Cooling Sputtering . (OC ) (OC )
25 37.5 | 37.5 X 236
22 39 39 X. - 208 230

354 360
20 40 40 X - 142
340 350
18 4] 41 X - =
320 334
16 42 42 X = 165
284 340
15 42.5 | 42.5 X 105 157
292 330
10 45 45 X 110 180
280 -
S 47.5 | 47.5 X 86
33.31 60 6.7 X 242
35.3 53.3 | 13.3 X 217
33.3| SO 16.7 X 254
33.3| 46.7 | 20 x 260
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TABLE 2.1 CONT.

Method of Preparing Glass

Composition (%) Water Spray rf Tg Tx
Ge Te | Se Quench | Cooling | Sputtering (OC) (OC)
33.3] 40 26. X 282
25 65 10 x 201
25 5SS 20 x 210
45 25 30 x 208
20 75 S x 168
20 60 20 x 169
15 80 > x 138
15 75 10 x 140
10 {80 |10 x Cry.
30 S 65 x 375
25 10 65 x 252
20 15 65 x 190
20 10 70 x 17S
15 20 65 x 145
15 10 75 x 135
10 25 65 X 105
10. 10 80 x 102
S 30 65 x 82
5 10 85 X 78
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Fig. 2.1

Mapping of preparation method and investigated alloys
in the Ge-Te-Se system where: circles represent
materials quenched from the liquid state, triangles

h represent spray cooled materials and squares represent

sputtered materials.
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some cases, i.e. pure Te and Te rich alloys, neither spraying nor r.f.
sputtering at ZSOC sufficed to give an amorphous sample, although both
evaporati019 andr.f. sputterln930 on LNzcooled substrates can produce
the amorphous phase. A distinction is often drawn between amorphous
alloys produced by quenching, spray-cooling or splat cooling of the liquid
phase (called glasses) as contrasted to alloys which cannot be prepared
as glasses by continuous cooling of the liquid phase and must be evapo-
rated or sputtered, etc. to form the amorphous solid phase (called non-
crystalline solids). In this system that distinction appears to be arbitrary,
in the sense that Tg's obtained on amorphous sputtered films (outside the
phase-separating regime) are in good agreement with Tg's obtained on sprayed
or quenched glasses where the two values can be directly compared.

The distinction between category 2a and category 2b appears to reflect
significantly different behavior. In the case of amorphous films which
crystallize before reaching Tg, Tg is not experimentally observatl2, Addi-
tionally, the physical properties of such films depend on the annealing
history and no fully annealed state is available, since annealing at Tg is
the normal prescription for eliminating the defects incorporated in amorphous
films during deposition. a1

Glasses produced in category 2c result in fine scale phase separated
materials exhibiting a two Tg phenomena. That is, each phase has a

distinctive glass transition temperature and crystallization temperature.

These materials lie entirely within the Ge-Te-Se ternary system and are
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thermodynamically bounded by a single phase homogeneous glass typical
of category 2a.

A special case of category 2c is observed in category 2d where one

amorphous phase nucleates and crystallizes spontaneously as soon as

compositional fluctuations exceed some limit. As temperature is increased,
concentration fluctuations develop within the homogeneous amorphous phase,
which eventually coalesce into separate phases. At this point the metastable
Te-rich phase finds itself in the vicinity of T*, its homogeneous nucleation
temperature, and rapidly crystallizes (see Sertion 3.4),

2.8 Compositional Dependence of T

2.3.1 Binary Systems
Glass transition temperature data for amorphous materials observed in

the Ge-Te system are plotted in Figure 2.2. The Te rich portion of the dia-
gram exhibits typical single phase homogeneity with steadily increasing glass

transition temperatures as a function of increasing Ge content until the

stoichiometric composition GeTe2 is reached. For a two component system

the amorphous phase at Tg must be homogeneous if T changes with composi-

t.ion.zs'3 At GeTe,_, Tx becomes less than Tg which limits DSC observation

2

of the Tg at higher Ge concentrations. This observation conflicts with our

earlier measurement3 of Tg for the alloy Ge

38T662’ which result is now con-

sidered to be in error.

Fig. 2.3 combines existing glass transition data .of Nemilov32 and
Feltz, Blittner et. al.33 with current data for glass transition temperatures
as a function of composition for high Se compositions in the Ge-Se binary

system. It is noted that the data obtained by Feltz, Blittner et. al. were




Fig. 2.2

Metastable portion of Ge-Te phase diagram where Tg

is represented by circles and Te represented by squares.
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Fig. 2.3

Glass transition temperature in the Ge-Se binary system:
solid circles from this study:; open circles from reference 28;

squares from reference 39.
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taken by differential thermal analysis measurements at 4°C/min. scan-
ning rates or less. The glass transition temperature peaks at or near

the toichiometric composition GeSez. Similar res'.lts have been reported
by Kawamoto and coworkers34 for the Ge-S system and by Myers and Pelty35
at AszS3 in the As-S system. These binary Tg singularities occur at chal-
cogen saturated compositions where complete chemical ordering (i.e.,
Ge-Se bonds only) can occur, and where the chalcogen rings and chains

can become fully crcss linked by the cross linking additive (i.e. Ge in

this case). When additional Ge is added to the chalcogen saturated or fully

cross linked GeSe2 composition, a decrease in Tg is observed.

Existing data has been extended in this system by means of r.f. sputtering to

include the GeSOSe50 composition., Tg values for pure GeSe2 were mea-
sured on samples obtained both by liquid quenching and by r.f. sputtering.
These Tg data, which are listed in Table 3.1, are in relatively good agree-
ment, and the lower Tg value for the sputtered filin may be attributable to
a slight deviation of stoichiometry assoctated with the sputtering process.
It is interesting to note that as Ge is added to pure Se, Tg increases
more rapidly than when Ge is added to pure Te, as can be seen by a com-
parison of Figures 3.2 and 3.3. This portion of both systems has been
viewed in terms of the cross linking of the chalcogen- chains, and this

cross linking thus appears to be more effective in the Ge-Se system than in

the Ge-Te system.
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The compositional dependency of Tg for the Se-Te system is plotted in
Figure 2.4. The glass transition temperature increases gradually in the Se
rich portion of the Se-Te system with increasing Te content toward a
shallow maximum at approximately TeSez. From TeSe2 to TeSe, Tg gradu-
ally decreases. The glass forming region is reduced in the Te rich portion
of this system as compared to that of Ge-Te system. As amorphous TeSe and
c;'ystalline Te were the only sputtered compositions in this system, it is not
known how much additional Te could be added to TeSe and still yield a glass
which is stable at 25°C.

2.3.2. Pseudo-Binary Systems

The compositional dependence of the glass transition temperature in the
pseudo-binary GeTez-GeSe2 system is plotted in Figure 2.5 These results
have been previously published.3 This is a chemically and structurally

simple system in the sense that both end members presumably share the
fully cross linked random network structure observed for SiOz36 p GeO2 i
and similar glasses. Again, the typically smooth monotonic increase of Tg

with the addition of GeSe, is suggestive of single phase homogeneity. The

2

non-linearity of Tg with composition in the vicinity of pure GeSe2 indicates
that the addition of a small amount. of GeTe2 substantially decreases the
glass transition temperature. This is analogous to the lowering of the SiO2

38
glass transition temperature with addition of small amounts of GeO2 5




Fig. 2.4

Glass transition temperature in the Se-Te binary system.
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Fig. 2.5

Glass transition temperature in the GeTez--GeSe2

psudo-binary system from reference 3.
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The glass transition temperature decreases continuously from GeSe
toward GeTe in the pseudo-binary system GeSe-GeTe. These data are
plotted in Figure 2.6. Again at GeTe, Tx is less than Tg, making Tg un-
obtainahle with calorimetric techniques, so that Tg values between GeTe

and GeZSeTe are extrapolated.

The compositional dependence of Tg along the chalcogen rich portion
of the pseudo binary system Ge-SeTe is an example of a glass forming
system exhibiting two glass transition temperatures. These data are plot-
ted in Figure 2.7. Within the miscibility gap, two distinct glass transitions
are noted: one of substantially lower temperature than the other. The two-
phase region is completely surroundec by a single phase homogeneous
glass. The two-phase region between TeSe and GeTeSe returns to a single
homogeneous phase at both end members. Both phases show a sharp increase
in Tg from SeTe with addition of Ge. In the steeply varying regime between
TeSe and GeTeSe, the addition of Ge to either phase increases the degree
of cross-linking with a resulting rise in glass transition temperature.
2.3.3. Ternary Systemn

Within the single phase region Tg isotherms are drawn to indicate
regions of constant temperature glass transitions. This can be seen in
Figure 2.8 where these isotherms show a continuous decline in Tg radiating

from the Tg maximum of 422°C at the stoichiometric composition GeSe2 s

This decline is very steep at first, becomes more gradual and then becomes
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Fig. 2.6

Glass transition temperature, represented by circles,

and crystallization temperature, represented by boxes,

In the GeTe-GeSe psudo binary system.
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Fig. 2.7

Glass transition temperature and crystallization temp-
erature showing the two-phase region of the Ge, TeSe-

TeSe psudo-binary system where Tg is represented by

solid circles and Tx by open circles.
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Fig. 2.8

Glass transition temperature isotherms and tie lines

in the Ge-Te-Se ternary system.
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nearly flat within the chalcogen-rich regions of the system. The Tg
maxima for an increasing Te/Se ratio start at GeSez, and curve away

F from the chalcogen saturated GeSez-GeTe2 pseudobinary, perhaps curving
towards GeTe, although the line of Tg maxima crosses into the Tx < Tg

regime at a composition of roughly Ge Se

457845510

The curvature of the isotherms near the Ge-Se join between Se and

Gezs-Se75 are consistent with the lower slope of Tg vs. Ge content in
this porticn of the Ge-Se system as compared to the Ge-Te system.

2.4 Evidence for Phase Separation

2.4.1 Construction of Tie lLines

No Tg isotherms are plotted in the two phase region, although, in

a sense, the tie lines are Tg isotherms, lines along whicﬁ both values

of Tg are invariant. The compositions of the coexisting glassy phases

in this portion of the ternary system are plottea so as to best fit the pair
of Tg values at the boundaries of the two phase and homogeneous glass
forming regions at the end points of the tie lines. In practice this pro-
cedure was simplified by using tie lines which radiate from GeSez, which
appeared to fit the data as well as any other set of tie lines. The compo-
sitions used to define these tie lines lie along the join Ge-TeSe within
the two-phase region; higher accuracy might have been obtained by using

a modified version of the method of Mazut‘in46 and plotting tie lines between

compositions which share the same values of Tg1 and ng within the two-

phase region.
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In the two-phase region, tie lines are used to connect the compositions
of the two "coexisting" glassy phases obtained by the particular quenching
method employed. These are thus not truly isothermal liquid-liquid "tie-
lines" in the thermodynamic sense, since the liquid-liquid equilibrium is
frozen during quenching at some particular composition values (corresponding
to some unknown temperature). If all samples could be equilibrated at some
T > any ng, say at 400°C, for a long time (without crystallization which is
probably not possible) and then quenched to 25°C with no further com-
positional changes, then the coexisting compositions thus obtained from

the two Tg data points would give the coexisting isothermal (400°C) liquid-

liquid phase equilibrium.




2.5 Discussion and Conclusions

2.5.1 Analysis of Tg vs X Behavior in the GeSe-GeTe-Se-Te System

Primary emphasis has been placed on relating the compositional de-
pendence of glass transition temperatures, phase separation behavior, and
thermal crystallization to achieve some basic insight into the role c¢?
chemical ordering and network connectedness8 in the glass forming region
of the Ge~Te-Se system.

From calculations of bond strengths and random retwork connectedness
for various stoichiometric compositions within the ternary system, it is
possible to estimate relative Tg's. The glass transition temperatures, phase
separating tendencies and crystallization behavior of amorphous Ge-Te-Se
alloys can best be understood by reference to the bond energies of the six
possible covalent types: Ge-Ge, Se-Se, Te-Te, Ge-Se, Ge-Te and Se-Te.
Energies of individual bond strengths utilizing the Pauling electronegativity
criterion are calculated below.

Table of Bond Energles6
A. homopolar single bonds

bond energy

bond type (K cal/EA bond)
Ge-Ge 37.6
Se-Se 44.0
Te-Te 33.0

B. heteropolar single bonds

1. Paullng6 Electronegativity Scale




electronegativity (X)
1.8
2.4

2.1

Assuming the arithmetic mean approximates the geometric mean, Pauling6

calculates the bond energy (EAB) as

A 2
EAB =1/2 (EAA and EBB) *+ 23 (XA XB)

Calculating the heteropolar single bonds gives:
bond energy
E:AB
bond type (K cal/bond)
-Ge-Se 49.08
Ge-Te 37.37

Se-Te 40,57

Rearranging the six bond types by descending energies results in the
following order:
bond energy
bond type - (K cal/bond)
Ge-Se 49,08
Se-Se 44
Se-Te

Ge-Ge




bond energy
bond type (K cal/bond)
Ge-Te 37.37

Te-Te 33

In the Ge-Te and Ge-Se chalcogen systems, Tg singularities occur at
Or near stoichiometric compositions. These singularities are strongly
suggestive of an SiO2 type tetrahedral random network of coQalent bonds
involving a high degree of chemical ordering. These binary system Tg
singularities occur at chalcogen saturated compositions where the chal-
cogen rings and chains have become cross-linked by Ge. Additional
amounts of Ge beyond this saturation limit result in either a sharp de-
crease in Tg » @s in the case of the Ge-Se system at GeSe2 or termination
of the Tg effect (i.e. T < T ), as in the case of the GeTe system at GeTe2

The critical concentration of Ge wh:ch is sufficient to completely cross-link

the chalcogen polymer chains appears at GeXz, assuming no bonds between

like atoms.

It is noted !n Figure 2.2 that in the Ge-Te system the maximum T does
not occur at the same stoichiometry as the only binary crystalline phase.
This singularity in Tg does not correspond to the stable crystalline phase
as in the case of GeSez, indi cating that the glassy solid state does not al-

ways correspond to the structural chemical properties of the crystalline

State.

Viscosity at Tg is, by definiticn, n = 1013 poise,
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In an SiO2 type liquid, the covalent bonds must be broken to pemit viscous
flow. But viscosity, in the region of high viscosity, is most affected by
weak links of low chemical bond energy. Based on the calculation of chemi-
cal bond energies, in the case of the fully cross-linked GeTez-GeSe2 pseudo-
binary system, Ge-Te bonds (37..:7 K cal) are considered weaker than Ge-Se
bonds (4.9.08 K cal). This gives rise to the non-linearity in Tg as GeSe

2

is approached from GeTe2 seen in Figure 3.5.

In addition to cross-linking of the chalcogen atoms by the Ge atoms,
the role of structural dissimilarities within a single component can lead
to a significant contribution toward compositional dependencies of the
glass transition temperature. This is seen in the Te-Se system where Se

8

molecules tend to lower viscosity as compared to Sen chains. A. Eisen-

18
berg calculates Tg to be equal to ~100°C for a pure chain Se liquid com-

posed of equal chain lengths, while the actual Tg of amorphous Se con-

taining a mixture of chains and rings is 45°C. Since pure Te has no ring
10

components, Se8 or possible SeGTe2 are the only stable rings in the

binary Se-Te glasses. ,The shallow peak observed at or near TeSe2 in the
Te-Se binary system as shown in figure 3.4, may possibly be explained in
terms of ring-chain effects by assuming that the Tg matrix corresponds to
the composition at which the ring (plastisizer) concentration increases
rapidly with increasing Se.

In the Ge-Te system Tg increases with Ge content in the observable

range of Tg as shown in Figure 3.2. The addition of Ge to Te increases

both the bond strength and the connectedness,
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continuously from pure Te to pure Ge. Thus C \;aries from 2 at pure Te

to 4 at pure Ge, while Te-Te bonds (33 K cal) are replaced by Ge-Te bonds

(37.4 K cal) between Te and GeTez.
A progressive reduction of the monomer Se8 ring component by the

addition of Ge atoms would tend to increase Tg. However, the observed

rise in glass transition temperature in the Ge-Se system in Figure 3.3 is well

past the limit which could be attributable merely to the elimination of

rings. This observed increase in Tg is consistent with the model of

progressive cross linking of chalcogen polymer chains with Ge in 4-fold

coordination introducing a chain cross-linking point. A direct analogy

can b2 made between the Ge-Se system and the Ge-Te system in terms

of cross-linking effects. In Ge-Te, Tg rises linearly with atomic percent

Ge between Te_,Ge, , and Te

90710 66.6

tion of the Ge-Se system Tg increases very non-linearly. In fact at

Ge33.3 (GeTez), while in the same por-
10 percent Ge, the '1‘g in the Ge-Te system is ~105°C while the Tg in the
Ge-Se system is ~84°C. These compositions have the same connectedness
and the Se system has uniformly stronger bonds, so this result is sur-
prising. Nor can the elimination of Se8 rings with progressive Ge additions
be invoked as a source of the discrepancy since the elimination of rings
should cause Tg to increase more rapidly with 1ncreaéing Ge. Perhaps
clustering of the Ge atoms into fully cross-linked highly viscous regions
separated by fluid Se-rich regions is the operative mechanism here. Glass

transition isotherms in the homogeneous portion of the ternary Ge- Te-Se

system in Figure 2.3 reflect the same cross-linking effects of Ge which




occur in the binary systems. Glass transition temperatures are increasing
non-linearly from the chalcogen members toward the fully cross-linked
GeTe2 - GeSe2 pseudo-binary join as the network connectedness increases.

Along this pseudo-binary join GeTez-GeSe2 of constant connectedness, T
increases toward the higher bond strength GeSez. For intermediate com-

positions (i.e. compositions within the single phase regions but not falling

along binary or pseudo-binary joins) effects of bond strength and network

connectedness both contribute to determining the value of Tg . The obser-

vable Tg maximum occurs at 4220C at GeSe2 where C = 2.66 and the bond

strength (Ge-Se) is 49.08 K cal/bonds. Thus bond strength effects dominate
C effects at this composition. With the addition of further Ge atoms to
GeSez, weaker Ge-Ge bonds are added as C is increased. At first the bond
strength effect dominates the C effect, and Tg decreases. Perhaps be-
tween GeSe and Ge this process is reversed and Tg again rises, but the
present results do not address this possibility.

In addition to the increase in C from 2.66 at GeTe, to 4 at Ge, the

2

effect of adding Ge atoms to GeTe2 is compounded by the increase in bond

strength (E ). Both these effects predict an increase in T

> E
Ge-Ge Ge-Te

beyond GeTe2 toward Ge but since Tx < Tg in this regime, this prediction

cannot be experimentally verified. In the ternary system, the Tg maximum
occurs at GeSe2 while the ternary Tg maxima are decreasing and moving away
from the line of chalcogen saturation as the Se/Te ratio decreases. This

line defines the balancing condition between the bond energy effect and the

connectedness effect. Interpretation of directionality of these balancing
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condition maxima is difficult in the chalcogen deficient portion of the
system due to insufficient data, but preliminary results indicate a maxima
radiating out from GeSe2 and terminating at Ge. The complexity of con-
necting this line of Tg maxima has some analogy to the Tg behavior ob-
served in the Si-Te-As systemll where the Tg maxima occur on a ridge
connecting Si-Te to As.
2.5.2 Analysis of Ordering and Separating Tendencies

The region of liquid immiscibility or phase separation within the
chalcogen-rick region of the Ge-Te-Se system exhibits for the most part
a two Tg glass forming regime. With the possible exception of the homo -

geneous nucleation results of Ge e, Se,  the two phase region is well

ZOT 40 40

behaved in terms of two phase glass formation. Most compositions
studied within this region consisted of a low temperature amorphous phase

whicn exhibited a Tg1 and Tx distinct from the high temperature phase.

1

A rough calculation can be made to determine the energy of GeZOTe‘mSe40
in the randomly bonded and phase separated state. These assumptions will
give an appropriate estimate for the thermodynamic tendency to form GeSe2
plus Te clusters versus a completely randomly bonded glass at low temperatures
(i.e. considering enthalpy only and ignoring entropy effects).

There are four orbitals per Ge

two orbitals per Se

two orbitals per Te
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Number of orbitals in Ge. .Te, Se

20" 40 40
(0.20)(4) = 0.8 Ge orbitals
(0.40)(2) = 0.8 Se orbitals
(0.40)(2) = 0.8 Te orbitals

Total orbitals/atom = 2.4

Total number of bonds/atom = orbitals X bon.ds =
atoms orbitals

2.4x1/2=1,2
of these 1.2 bonds there are

ol \ .
(T%) \2_3, 1-2) Ge-Ge bonds etc.

Bond energy for a random model of Geone‘mSe40
Ge-Ge = (1/9)(1.2)(37.6 K cal/bond) = 5.01 K cal/bond
Ge-Te = (2/9)(1.2)(37.37 Kcal/bond) = 9.97 K cal/bond

Ge-Se = (2/9)(1.2)(49.08 K cal/bond) = 13.09 K cal/bond

Se-Se = (1/9)(1.2)(44.0 K cal/bond) = 5.87 K cal/bond
Se-Te = (2/9)(1.2)(40.57 K cal/bond) = 10.82 K cal/bond
Te-Te = (1/9)(1.2)(33.0 K cal/bond) = 4.40 K cal/bond

n

Total bond energy per g atom 49,15 K cal

Bond energy for a clustered model of GezOTe‘mSe40 consisting of ordered

GeSe2 and Te clusters

Ge-Se 39.26 K cal/bond

Te-Te = 13.20 K cal/bond

Total energy per g atom = 52,46 K cal




From rough calculations using Pauling's criteria for electronegativity
it is shown that an ordered structure is thermodynamically more stable
than a random structure by (52.46 - 49.15) K cal/g atom or 3.31 K cal/g
atom. This relatively large energy difference predicts the phase separa-

ted structure for GeZOTe4OSe4O, assuming no large differences in entropy

of the two structures which is reasonable at these moderate temperatures.
The resulting theoretical cclculations of thermodynamic stability based
on individual bond energies are experimentally verified in Figure 3.8

which shows G820T84ose40 in the heart of the phase separated region.

6
In using a modified version of Mazurin's3 method for determining
isothermal tie lines within a metastable phase separating region certain

limitations and restrictions should be noted. Mazurin takes the Tgl iso-

therms within a region of phase separation as the directions of the tie
lines. This method is thus limited to determining only the tie line and not
its end points. Measuring both values of Tg within the phase separating
region can give the tie line directions and their end points by comparison
of the two Tg values with the Tg values outside the region of phase sepa-
ration. The locus of the end points of these tie lines defines the boundary
between the homogeneous and the phase separating regions. It is noted

that even the composition Ge_, .Te, .Se, . does not reach either pure GeSe

207 40 40 2

or pure Te, indicating that some energy-entropy compromise for phase

equilibrium is reached. It is noted that Tg, varies little with Ge:SeTe ratio

2

of average composition but Tg. is very sensitive to average composition,

1

consistent with tie lines radiating from near GeSe Unfortunately, Tg

2.

1
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cannot be measured for this interesting composition, which may lead to
further evidence of Te being the low viscosity phase.

When r.f. sputtered and spray cooled samples of GeonelmSe40 are
compared, they glve very similar ng results, indicating that nearly the
same equilibrium is attained whether separation occurs during heating or
cooling.39 Mazurin states that the composition of the low glass tran-
sition temperature phase for two-phase glasses stays in equilibrium with
the surface of the high Tg phase, but that otherwise the equilibrium can be
frozen because diffusional processes may be quite slow in the high vis-
cosity phase. If large viscosity differences exist after phase separation
has occurred, it may take considerable time for the phases to equilibriate
during cooling. This may lead to erroneous conclusions utilizing a rela-
tive voluIr\e? approach for the determination of tie lines. Possible limitations
of taking Tg measurements to determine tie lines may arise from the unknown
role of thermal history. Since equilibrium is not reached for all tempera-
tures during quenching from the liquid, compositional fluctuations based on
diffusional barriers may be set up. If this is indeed the case, only the
high Tg phase could show compositional fluctuations due to viscosity and
diffusional effects on quenching whereas the low temperature phaée would
remain fixed or frozen in composition. This phenomer;on may account for the

non-uniform appearance of the high temperature boundary between homoge-

neous and phase separated regions near GeSe2 in Figure 2.8.




8. CRYSTALLIZATION OF SPUTTERED GeZOSG4OTe4O

1.1 Introauction

Examination of material along the Ge-TeSe pseudo binary join led to
the composition GeZOTe4OSe4O, an unusual example of a material which
forms very fine (~1001'\) crystallites when cooled from the melt., The presence
of these crystals was determined from X-ray diffraction patterns and cauld
not be observed by the appearance in optical microscopy of a metallurgically
polished and etched surface which was typical of a homogeneous glass.
Crystallization on this scale suggests internal nucleation which has not
been previously reported for bulk chalcogenide materials. This composition
falls in the midst of the two-phase region with two Tg materials lying on

either side along the Ge-TeSe join. Since Ge Se,  lies along the

20740540

GeSez-Te join, it is perhaps indicative of the most extreme case of phase
separation if indeed, GeSe2 is the separating phase. This composition
could not be rendered amorphous using the spray cooling technique although
vitreous samples with slightly higher (22%) and slightly lower (18%) Ge
content could be prepared by spray cooling. This result supported the view
that homogeneous nucleation of Te crystals was occurring during cooling.,
When samples prepared by r.f. sputtering were examined with the DSC to
determine the low temperature phase glass transition .(Tgl) only Tx1 was
observed. X-ray analysis revealed these to be very fine Te crystals (~604).
The thermal evolution of these internally nucleated crystals led directly to

a detailed X-ray investigation including the study of kinetics of Te pre-

cipitation and particle growth as a function of annealing temperature.
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A side-light of phase separation in glass forming systems is its close
phenomenological association with “controlled" or "catalyzed" crystalli-
zation.40 While glass forming liquids rarely can be supercooled sufficiently

2T
to reach T* »~ Tm/2,41 before reaching Tg ~ —0 where T* is the temperature

3

for homogeneous nucleation of crystals, the process of phase separation of
a homogeneous liquid often leads to the situation where one or both liquid
phases are sufficiently supercooled below the liquidus of the separated phase's
composition that T* is achieved and homogeneous nucleation can occur. This
highly interesting effect lies at ti.e heart of the Pyroceram technology42 de-
veloped at Corning Glass Works in the 1950's and 1960's.

The phase separating process produces ideally dispersed and non-inter-
acting droplets for a study of homogeneous nucleation since free surface
nucleation can only affect a miuor portion of the droplets involved. The

observation of phase separation and the nucleation of tellurium crystallization

on an ultra-fine scale for the composition Ge Se, . appeared to be a

2078405840
unique example of such behavior in chalcogenide systems and was there-

fore deemed to be worthy of the detailed study of the kinetics of tellurium

nucleation and crystallization which is described in this Section.

8512 Qualitative X-ray and TEM Observations of Crystallization Behavior

Results of the X-ray diffraction data taken from a single substrate of
sputtered Geone‘mSe40 at increasingly higher temperatures are shown in
Figure 3.1 . X-ray diffraction traces of the substrate annealed at 1250C for

30 minutes revealed no evidence of crystallization. The Bragg reflections

of hexagonal Te increased in height and sharpened in breadth at each annealing
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Fig. 3.1

X-ray diffraction patterns of a 3.2 Geone‘mSe40
sputtered film after a saries of 30 minute annealing
cycles at the following temperatures: eeew=as

deposited; — --—125°C; ——— 150°C; ——— .. 175°C;

asvssm— ZZSOC.
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temperature from 150°C - 275°C. Only slight orientational effects appear

to accompany crystal growth, with all reflections increasing continuously
in intensity with progressively higher temperature annealing. Temperatures

were kept considerably below the high temperature phase glass transition |

temperature of 340°C. 1
The extreme breadth of these Bragg reflections indicate a very small

tellurium crystallite size. To confirm this result we sputtered a 300 £

thin film of GeZOSe‘mTe40 onto a carbon coated Ni TEM grid. We then

annealed the substrate at 145°C for 30 minutes and examined it by TEM,

obtaining the image shown in Figure 3.2a and the diffraction pattern shown

in Figure 3.2b. The crystallite size calculated from the dimension of a

typical diffracting (dark) particle in Figure 3.2a is 70k. Since these particles
are significantly smaller than the film thickness, they may have nucleated
inside the film ratier tﬁan at the film surface. As we shall see from the
results to be presented in Section 3.3.2, this particle size compares favorably
with the size of the coherently diffracting regions in the 3 - 5um thick films
crystallized at the same temperature and analyzed by X-ray diffraction. This
agreement in crystallite size independent of film thickness provides a strong

indication that the Te crystallites have indeed nucleated at many closely

spaced points internal to the film itself.




Fig. 3.2

o]
TEM photomicrograph and TED for ~ 500 A Ge. .Te . .Se

207740 740
film annealed at 14S°C for 30 minutes.
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3.3 Study of Structural Evolution

3.3.1 Volume Fraction Calculations

From the X-ray diffraction data, it was possible to calculate volume
fraction of crystals by measuring the area under the diffraction peaks; and
to determine the crystallite size from measurements of peak breadths. To
calculate the volume fraction of crystalline phases, the ratio of the inte-
grated X-ray intensities for a given phase at a given temperature to the
intensity from the corresponding reflection in the fully crystalline state is
multiplied by the crystalline volume fractions in the fully crystatiine
state, i.e.

a) Volume fraction of Te crystals as a function of temperature =

(Te area)T
el x 0.45

(Te area)fully crystalline

b) Volume fraction of GeSe2 crystals as a function of temperature =

(GeSe2 area)T

(GeSez area)fully crystalline

x 0.55

c) Volume fraction of glass =1 - (v.f. Te + v.f, GeSeZ) where the fully

crystalline fractions are calculated as follows:

. 3 3
Molecular volume = Molecular Weight - e -

Crystalline Density g mole mole

Ape = 6.25 g/cm3

3
pGeSeZ = 4.6t g/cm

Molar volume Te2 = Z(E-lz'g)(127.60) = 40.84 cm3/mole




Molecular weight of GeSe2

75.59 + (78.96)2
230.49 g/mole
velume GeSe,,

‘e

_ 230.49
4.68

49.26 cm 3/mole

Total molar volume = volume GeSe2 + volume Te2

= 40.84 + 49.26 = 90.10 cm3

Volume fraction:

_ 40.84 _ g
= s = dB.o%

_ 49.26 _ B
GeSe2 = 90.10 = 54.7%

3.3.2 Particle Size Calculations
In addition to volume fraction calculations, it is possible to determine

average particle size of crystalline phases from X-ray diffraction data. The
widths of various Bragg reflections at one half maximum intensity were

measured as a function of annealing temperature. The crystalline particle
size was calculated by use of the Scherrer formula:

0.94x

BcoseB

particle size diameter in A
wavelength of X-ray in A

angle of incidence
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B = broadening of diffraction line in radians.

To determine B, the instrumental broadening must be subtracted from
the measured broadening by some appropriate method; the method of
Warren43 was used in this study. To determine the broadening due to
particle size effect alone, the instrumental broadening Bs‘ was taken as
the Bragg reflection breadth of a silicon powder standard extrapolated as
a function of 26 within the region of interest. According to Warren, the

calculated peak breadth B, is related to the measured breadth, Bm’ by:

This method of crystallite size determination is shown in the following
example for a Te(lOl) reflection annealed at ZSOOC for 60 minutes. The
base line drawn beneath the Bragg reflection is taken to be the lower limit

or base intensity while the peak is taken as the upper limit or maximum

intensity.

Maximum intensity 98%

Base intensity = 14%

Intensity at 1/2 maximum = 56%
= (o] o

A29(101) = 1.075726 at 27.6 26

826 from St standard at 27.6%26 = 0.156%¢
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B =B -8B
s

B? E1.o7s°ze)(o.0174s rad/deg] ‘
- [(0.156°2e)(o.0174s rad/deg)] Z

B = 0.01856 rad

_ 0.94x
Bcos#

_ (0.94)(1.542})
(0.01856) (cos 13.8°)

80.44

This is in good agreement with the upper limit of the Geone‘mSe40 tie

line in Figure 3.8.

3.3.3 Integrated Bragg Peak Intensity Results

X-ray diffraction of bulk thin film of GeZOSe‘mTe40 and of sputtered
samples indicated that Te crystallites are not nucleated on the surface but
are internally nucleated with random orientations. These observations were

confirmed by TEM observations as described in Section 3.2. To monitor

the nucleation, growth, and ripening of these Te crystals, a quantitative

X~-ray study was carried out with a series of amorphous sputtered
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film samples held at progressively higher annealing temperatures. The i
integrated intensities and breadths of the Te (100), (101), (003) and GeSe2
(111), (103) Bragg reflections were chosen to determine particle size,
shape and volume fraction during thermal crystallization. Table 3.1 gives
the relative integrated X-ray intensities of these peaks related to those of

the fully crystalline state at 3750C.

A measurable increase in Te diffraction intensity accompanies the

precipitation of GeSe2 at 375°C. The volume fraction as a function of

annealing temperature is taken from the average of individual (hkl) reflections.
The comparison of the A.S.T.M.52 standard powder pattern reflection intensi-

ties for Te and GeSe2 to the measured X-ray intensities verifies the random

orientation of the crystallites present.

The volume fraction of each phase is shown in Figure 3.3 as a function of

annealing temperature. It can be seen that Te reaches a saturation volume frac-

tion of roughly 0.34 between 175°C and 275°C until nucleation of GeSe2 crystals

occurs. The increase in the volume fraction of Te crystals upon nucleation
and growth of GeSe2 crystals can now quantitatively be evaluated and pro-

vides a measure of the Te content of the high Tg glassy phase of GeZOSQ,, 0Te‘m.
ks

A rough calculation for the atomic percent of Te in ghe GeSez—rich

Se, . at 350°C can be made from the volume

amorphous phase of Geone40 40

fraction data before and after GeSe2 crystallization shown in Figure 3.3. The

amount of Te in the GeSez—rich phase is simply the difference between the

lower saturation level of Te crystallites between 200 and 350°C and the
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Fig, 3.3

Volume fraction of crystallization products for Ge20

Te‘wSe40 films as a function of annealing temperature.
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upper saturation level of Te crystals nucleated by crystallization of GeSe

at 375°C. This calculation is as follows:

o]
Atom fraction of crystalline Te at 350 C

_ | atom fraction / volume fraction of Te crystallized \
Te in Geone4ose4o \ :;omn'}i frascetion of Te in
207%40°%40
0.34
4) ——— =10.30
0.9) \07as)

By difference, the composition of the residual glass phase at

3500C contains 0.4 - 0.3 = 0.1 gm atoms of Te, i.e., GeZOTeIOSe4O,

corresponding to Ge T S

28.6 e14'3 when normalized to 100 atomic percent.

$57.1

This value is in close agreement with the composition of the high Tg GeSez—

rich glass calculated by the tie~line method.

3.3.4 Particle Size Evolution vs. Annealing Temperature

The nucleation growth of Te and GeSe2 crystalli.tes as a function of
annealing temperature from particle size determinations of peak breadths
are shown in Table 3.2. By direct comparison of the particle size for
Bragg reflections in Te and GeSe2 it is noted that no strong shape assymetry
accompanies primary crystallization or grain coarsening. The particle sizes
corresponding to these reflections are plotted in Figure 3.4 as a function of
annealing temperature. Very rapid growth of the Te crystaliites occurs be-
tween 135°C to 150°C in the same range where the Te volume fraction is
Increasing rapidly. Between 200°C and 350°C the particle size increases
slic:;htly while, as we have seen in Figure 3. 3, the crystalline Te volume,
fraction stays roughly constant: GeSe2 nucleates at 375°C leading to a

rapid increase in Te particle size.
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Fig. 3.4

Crystaliite size as a function of annealing temperature

for Ge, .Se

20 40Te40 films.
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3.4 Discussion and Conclusions

To understand the rather unique crystallization behavior of Ge

20 40 40"

one must recall Luo's44 unsuccessful efforts to splat cool pure Te liquid to

form the amorphous state. Even holding the splat-receiving surface at liquid

nitrogen or liquid helium temperature had no effect on the structure of the
resulting crystaliine splatted products. Of course no pure metallic liquid
has been splatted to form an amorphous solid, and liquid Te has many metallic

5 A
properties. Furthermore, sputtered and evaporated amorphous tellurium films

crystallize in the vicinity of OOC,46 and, if we take this temperature as an

approximation of Tg. then Tm/Tg ~ (0.4, Because typical values of T*/Tg =
0.5, where T* is the critical temperature for homogeneous nucleation, T* lies
above Tg, and a liquid being cooled from Tm toward Tg would be expected to
nucleate and crystallize at T* unless the viscosity of the liquid T* is suffi-
ciently high to inhibit the nucleation rate. Similar effects would be expected
in super cooled Te-rich alloy liquids whether obtained by cooling of a homo-
geneous liquid phase or by separation of a Te-rich liquid phase during the
cooling of some «ther liquid alloy which undergoes phase separation upon
crossing into a region of liquid immiscibility.

This latter possibility apparently occurs during the cooling of liquid

Ge 205940T9 which separates a liquid Te-rich phase which rapidly crystal-

40°

lizes. Analogous behavior presumably occurs as initially homogeneous sput-

tered amorphous films of Ge208e40 40 are heated above about 125°C, and

Te crystals are formed on a very fine scale (~504 or less) within the film.

—r
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The agreement between particle size and volume fraction measurements on
4004 thick TEM samples and 4um thick X-ray diffraction samples annealed

at the same temperature indicates that the crystals form at a uniform rate
throughout the film thickness, and are not preferentially nucleated at the
surface. This result controsts with the observations of Moss and deNeuf-
ville 2 who cbserved surface nucleation of Te crystals on sputtered films

of Te83Ge17 and TeBlGeISSZSbZ when these films were annealed in the
vicinity of Tg - In that case transmission electron diffraction (TED) and reflec-
tion electron diffraction (RED) indicated Te crystals at a much lower annealing
temperature than X-ray diffraction, proving the role of surface nucleation.
Indeed, chalcogenide glasses in general have been shown to nucieate crystals
mostly at free surfaces, and the present observations represent an unusual
contrast to this normal result.

In order to understand the uniqueness of the crystallization behavior of
GeZOSe‘wTe40 in comparison to alloys containing slightly more or slightly less
Ge (which can be sprayed to form two-phase glasses), it is useful to further
examine qualitatively the compositional dependence of Tg, T* and Tm in the
ternary Ge-Se-Te system in the vicéinity of Te. In Figure 3 we show such a
schematic plot for homogeneous Te-rich alloys which indicates that T* de-

creases and Tg increases as the Ge and Se content of the alloy increases.

As T* approaches Tg, a new effect46 enters into the th2ory of homogeneous nucle-
atlon, the rate of aggregation of unstable equilibrium clusters due to viscosity

effects. For T* near Tg this effect rapidly reduces the nucleation rate, rendering

invalid the correlation of T* with Tm which we have assumed. As the Te content of the
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Fig. 3.5

Schematic representation of Tm' liquidus
temperature, Tg' glass transition tempera-
ture, and T* (T* = Tm/Z), homogeneous nucle-

ation temperature, all versus Ge+Se content

in Te-Ge+Se system.
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Te-rich amorphous phase in the immiscibility portion of the GeSez-GeTez-
Se-Te sub-system is also a sensitive function of the average composition
of the phase-separating alloy, it is thus understandable that the probability

of homogeneous nucleation of Te crystals is itself a ver/ sensitive function

of average alloy composition.
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4, ELECTRICAL AND OPTICAL PROPERTIES OF AMORPHOUS PHASES
IN THE Ge-Se-Te SYSTEM

4.1 Introduction

In other papers we have described optical, electrical, and thermo-
electric properties of the Ge-'I‘e47 and GeTez-GeSe248 binaries in detail.
Here we will summarize these properties for sputtered films in the entire
Ge-Te-Se ternary system. The GeTez-GeSe2 pseudobinary line in this
system is particularly interesting because it represents the line of stoichio-
metric compositions for four-fold coordinated Ge and two-fold coordinated
chalcogen atoms. That is, it is possible to obtain chemical ordering along
this line in the sense that all bonds are between Ge and chalcogen atoms.
Binaries in tha other direction, such as the Ge-Te ana Ge-Se binaries, are
also interesting, because striking changes in properties with composition
can result as atoms from two different columns of thé periodic table are

mixed.

4.2 Summary of Electrical and Optical Properties

Here we summarize properties both for films as-deposited on room
temperature: substrates and for annealed films. For materials which have
a Tg the films were heated to a t»mperature near T where tte optical and
electrical properties were independent of annealing temperature (see Fig. 2.13
of the 3rd Semiannual Technical Report). For the Ge-rich materials which have no
Tg; choice of an annealing temperature is somewhat arbitrary, although it is

limited by the crystallization temperature. Also, the crystallization temperature
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itself is somewhat ambiguous since the crystallization rate is a thermally
activated process. Figure 4.1 shows glass transition temperatures and
crystallization temperatures for the Ge-Te and Ge-Se binaries. The glass
transition temperature was determined in a scanning calorimeter at a rate
of 20 deg/min. Crystallization temperatures are approximate temperatures
obtained on a convenient laboratory time scale (of the order of seconds or
minutes). For the physical properties ascribed to an annealed state in
this discussion, we chose annealing temperatures that increased with in-
creasing Ge-content, as indicated in Fig. 4.1.

Figure 4.2 shows the optical gap E 4 (defined as the photon energy

O
at which the absorption coefficient is 104cm_1) vs. fraction of germanium

for the Ge-Te, Ge-Se, and Ge- T S ) binaries. Just as a strong

©0.5°%0.5
peak at GeTe2 was found for annealed ma'terials in the Ge-Te binary, so
also are such peaks found in the Ge-Se and Ge-(TeO.SSeO.s) binaries. Un-
annealed materials have smaller optical gaps and show the same general
qualitative bahavior as the annealed materials, except that the peaks near
the stoichiometric compositions are not sharp. On the Ge-rich half of the
binary, all three binaries have optical gaps which lie below a linear line
connecting the endpoints; this wiil be discussed for the Ge-Te binary in

the Final Technical Report for this contract,

The conductivity at room temperature is shown for the same binaries

in Fig. 4.3. This plot is similar to an inverted optical gap plot, and

reflects the fact that the major variations of conductivity with composition
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Fig. 4.1

Glass transition temperature Tg, crystallization
temperature Tx' and the annealing temperature
employed in this work for the germanium-rich por-

tion of the Ge-Te, Ge-Se, and Ge-(S T )

*5.5 0.5

binaries. Transition temperatures were determined

in a calorimeter scanned at a rate of 20 deg/min.
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Fig. 4.2

Optical gap E (photon energy at which the absorp-

04

g
tion coefficient is 10 cm 1) vs, fraction of germanium

for annealed films in the Ge-Se, Ge-(S T ), and

€0.5°%0.5
Ge-Te binaries. The discontinuity in the line for the

Ge-(S T ) system corresponds to the phase

€0.5°%0.5

separating region.
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Fig. 4.3

o)
Electrical conductivity at 25 C vs. fraction of ger-

i

manium for annealed films in the Ge-Se, Ge-(S

€0.5°%0.5

and Ge-Te binaries. The discontinuity in the line for the

Ge-(S Te,. _) system corresponds to the phase separa-

%o, 8%%0.5

ting region.
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are dominated by the variations of the gap.

4.3 Discussion

The extrema in various physical properties at GeTez, GeTeSe, and

GeSe2 are associated with the structure, the bond strengths, and the

fonic components of the bonds for the various alloys. This was discussed
47

by Rockstad and deNeufville for thz Ge-Te binary. Let X, = Te_, Se_,

2 2
or TeSe. Based on the observed extrema we infer the following. The

structure of annealed amorphous GeX2 is a fully cross-linked covalently bonded

structure, with Ge in 4-fold coordination and Se and/or Te in 2-fold coordir.ation,

in analogy with vitreous silica. The only bonds in this structure are

bonds between Ge and chalcogen atoms. Compositions to 2ither side of

Gex2 have excess Ge or excess chalcogen with respect to GeX_, and hence

2
must have Ge-Ge or X-X bonds as wall as Ge-X bonds. Because of the ionic

component of the Ge-X bonds, the effective bond strength is greater for

Gex2 than for other compositions, giving rise to the maxima in the optical

gaps and to extrema in other phvsical properties.

Based on the electrical, thermoelectric, and optical data, we believe

that the dominant room temperature dc conduction in the Ge-rich portion of

the ternary takes place near the Fermi level by hopping in localized states.

Addition of up to about 10% of Te and/or Se adds more localized states in the

gap, which results in a larger hopping conductivity in the case of Te additions,

For more than 30% of Te and/or Se, the dominant conduction takes place

in either the valence or conduction band. For these alloys with more than 30%




Te or Se the densities of localized states in the gap between the valence
and conduction bands are considerably smaller than the density of localized
states for Ge. This observation is apparently the result of the bonding
flexibility introduced by tellurium or selenium as opposed to the inflexible
tetrahedral bonds of germanium.

Although the germanium tellurides were found to be p-type in both the
unannealed and annealed states, except for greater than 60% Ge-contents,
we found that replacement of Te by Se brought abou. a tendency toward
negative thermopowers (S) and negative slopes of the S vs. 1/T plots for
the annealed state:. The unannealed states of these materials were never-
theless p-type.

Figure 4.4(a) and (b) shows the p-type and n-type regions of the ternary for
unannealed and annealed films. Compositions included in this study are
indicated in the figures. It is interesting that p-type behavior persists to
larger Se:Te ratios along the GeTe-GeSe pseudobinary than along the GeTe -

2

GeSe2 pseudobinary. Note also the sizable composition rocnge where un-

annealed alloys are p-type but annealed alloys are n-type. Iso-resistivity
lines for the ternary are shown in E"igure 4.5(@) and (b). For annealed alloys

there is a sharp peak in resistivity alorg the GeTe _-GeSe

) 2 pseudobinary

line and a valle, centering near Ge The resistivities in the vicinity

90 10"

of GeSe2 and Se have a relatively high degree of uncertainty both because

of difficulty in measuring them and because, for such high resistivity materials,

the sample resistances are very sensitive to impurities and contacts. Also,
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Fig. 4.4

P- and n-type regions for sputtered amorphous
films in the Ge-Se-Te ternary.
(@) Unannealed films deposited on substrate
0
held near 25 C.
(b) Annealed films

The regions in the vicinity of selenium ar~ unde-

termined.
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Fig. 4.5

Isoresistivity lines for sputtered amorphous films
in the Ge-Se-Te ternary.

(@) Uncnnealed films.

(b) Annealed {ilms.

Broken lines for high resitivity materials indicate
materials whose resistivities have unce tainties

as high as one to three decades, as discussed in

the text.
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these high resistivities at room temperature are estimated from high temperature
extrapolations. Homogeneous annealed alloys are unobtainable in the phase
separating region.

4.4 Summary and Conclusions

Extrema in electrical and optical properties were found along the entire
GeTe=2—GeSe2 line of the Ge-Te-Se ternary, for annealed films. These
extrema are associated with the strength (and partial ionic character) of
the germanium-chalcogen bond and the fact that along this pseudobinary
line all bonds can be between Ge and chalcogen atoms, with Ge in four-fold
and the chalcogen in two-fold coordination. The structure is presumed Simi-
lar to that of vitreous cilica, as exemplified by the Evans-King random net-
work model,

N-type thermopowers were discovered for annealed alloys from a large
region of the ternary, suggesting the possibility of ‘abricating amorphous
chalcogenide semiconductor devices employing n-type as well &s p-type
layers. By control of annealing steps, either n- or p-type conduction can
be obtained in the same composition for a sizeable range of compositions.

Two factors were discovered which give a general trend from p- to
n-type conduction: 1) annealing of the sputtered films increases the tendency
toward n-type behavior, particularly for alloys containing selenium; and %)

increasing the Se:Te ratio increases the tenden.yy toward n-type behavior in

the annealed alloys.
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