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SUMMARY OF MAJOR ACCOMPLISHMENTS

The survey of the whole spectrum of chalcogenide glasses for a broad
array of possible applications at high temperatures requires an understanding
of those fundamental properties which determine the range of attainable
behavior. In this regard we continue to consider glass transition temperatures
and the electrical and optical "band gaps” as most indicative of thermal
stability and transport properties, and have emphasized these properties
in our survey work.

We have found that for a multi-valent temary glass~-forming system
(Si-Te-As) the Tg maxima lie nearly along the line connecting SiTe to As,
i.e. along the line of average coordination number 3. We conclude that
network stability varies as a function of the degree of connectedness, and
that an average connectedness of 3 per atom produces the strongest network.
In addition, among the glasses which meet this coordination requirement,
those wiich contain mostly bonds between unlike atoms have the highest
Tg's.

Our attention has been increasingly focused on the properties of thin
amorphous films because many of the potential applications of these materials
lie in the realm of thin film technology. Many new problems are encountered
in the study of films which are neither noticeable nor important in the study
of bulk materials. Most significant of these "thin film effects" are the
property changes induced by annealing films above their deposition temp-

erature and below their glass transition temperature. These changes generally



do not relate to crystallization effects but rather appear to be charact:ristic
of defects in the freshly deposited films (broken bonds, strain). In general,
these annealing effects lead to higher resistivity films with lower optical
absorption. The annealing studies yielded the following results,

1. Annealing effects observed for the optical and electrical
properties appear to become fully saturated below the glass
transition temperature Tg.

2. The annealing process is a bulk effect in that the kinetics
are not affected by sample thickness.

3. The magnitude of the observed property changes produced by
annealing appears to scale with the difference between the
deposition temperature and Tg, i.e. the effects are especially
pronounced in films of high Tg.

4., The thermoelectric power is more sensitive to annealing and
perhaps to impurities than is the conductivity.

In addition to these annealing effects below 'l'g, we have been
concerned with stability of films above Tg in the range of temperatures where
crystallization, phase separation and selective volatilization become
important. These effects have been studied via transmission electron micro-
scopy. X-ray diffraction, and mass spectrometry. These techniques have
also proved useful for characterizing in greater detail the crystallization
and thermal decomposition behavior of the films in the Te-GeTe eutectic

family of memory switching compositions. While these compositions have
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relatively low glass transition temperatures, (~ 120-150° C), they

constitute a rather remarkable class of materials in terms of their reversible

crystallization and vitrification kinetics and reproducibility, properties which

have not been encountered in our systematic surveys of new Ligh temperature

chalcogenide glasses. Therefore, there is an even greater necessity to

characterize these materials in complete detail tov guide the search for

higher temperature analogues. The major results are the following:

1.

The crystallization of Te dominates the thermal crystallization

of the memory glass GelSTeBISbZSZ‘ (In fact, from what we

can determine, Te crystallization is the dominant facior in the
memory setting of the majority of thin film Te based chalcogenides).
The influence of impurities is yet to be discussed, but it seems
apparent that they must be important in determining the rate and
scale of Te crystallization and the ease of GeTe formation.

The particle size of the Te increases monotonically with annealing
temperature but is not so sensitive a function of time at any
temperature, At 275° C, the Te crystallite size has reached the
limiting observable value of 2 1,000 .

The Te appears to come out with a slight to strong (00.1) or
C-axis texture normal to the film. In other words, the C axis

tends to grow and/or nucleate more easily nommal to the plane

of the film. This tendency increases with increasing temperature

iii



and then fal)s off as the ease and rate of crystallization
enhances the tendency toward randomness.

4. The eutectic Ge-Te glass (with or without Sb, S) does not
homogeneously phase separate prior to crystallization. The
very earliest detectable crystallization above '1'g is invariably
heterogeneous.

5. These glasses tend to yield a very large volume fraction of
crystalline Te (and no GeTe) when annealed for a long time

just above Tg 5

6. The Gels'l'emeZS2 seems to show a lower volume fraction Te
at 275° C than at 140° C. At 275° C, a very rough estimate
yields 50% Te. This indicates an increased tendency to
develop more Te at lower temperatures.

We have continued to focus considerable attention on electrical trans-
port me 'surements, including probe switching studies of thin films at high
flelds, thermoelectric power measurements, and photoconductivity. The
switching measurements have revealed broad regularities among classes of
materials which should lead to improved threshold switching materials with
high thermal stability. In addition, .new switching measurements at elevated
temperatures are here reported which indicate that improved threshold stability
can generally be expected in a high temperature opérating mode. In particular,
a memory switching composition has been found to switch consistently and

reliably for long periods of time in the vicinity of its glass transition temperature.
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The thermoelectric power of amorphous semiconductor materials is of
fundamental physical interest as well as being potentially useful, so we
have undertaken an extensive survey of this property, primarily in thin film
configurations. This survey has initially catalogued the effects of
compositional variation as well as the subtle effects of thermal history.
While the thermoelectric power figure of merit for these materials is
relatively low below their glass transition temperature, we have been able
to extend these measurements well above Tg for some materials, depending
upon their ability to withstand crystallization under these conditions.

At higher temperatures, most chalcogenide glasses with reasonably

1 at 25o C) tend to become

high electrical conductivities (> 1'0-8 D-lcm-
essentially metallic liquids in terms of their electrical conductivity and '
viscosity. The transition from semiconducting to metallic behavior in the
liquid state is of great interest especially in view of the discovery of a
large excess heat capacity for Te83Gel7 liquid in this temperature range
reported in the first Semi-Annual Technical Report for this contract.
We have found such a large anomalous heat capacity maximum near
420o C in sevelal chalcogenide glasses containing Ge. We tentatively relate
its occurrence to an order-disorder transition of the following kind. In

GeTe,,, for example, the glassy structure contains essentially only Ge-Te

2 ’
covalent bonds. The bond ordering disappears upon heating and the mixed
bond structure is favored in the liquid because of its higher enthropy. The

disordering process yields the excess enthalpy which gives rise to the




maximum in heat capacity. The maximum is found to scale with the

Ge-Te bond ;:oncentratlon. A bond fraction model is developed which is
expected to yield further insight into the structure of chalcogenide glasses.
We have examined the properties of liquids in this range via continued

heat capacity measurements. The latter property is of crucial iaterest

in analyzing the behavior of any amorphous chalcogenide device operated

at a high electric field in this temperature range.

vi
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I. INTRODUCTION

This report describes the work performed during the second six-month
period of Contract DAHC15-70-C-0187. Emphasis on the compositional
derendence of electrical and optical gaps and glass transition temperatures
has been retained. In addition, detailed studies of thermoelectric power,
switching behavior, thermal stability of thin films, crystallization kinetics,
and electromigration have been initiated and extensive results of these
studies are presented herein. These measurements have been obtained
primarily on thin film samples produced by R.F. sputtering using an
Argon plasma. The effects of thermal history in determining the physical
properties of these thin amorphous films at 25o C and as a function of
temperature have been studied extensively. In addition the liquid heat
capacity results reported previously for liquid Ge”Te83 have been extended
to include six other tellurium rich alloys including pure tellurium. Three
contributed papers and one invited paper describing work performed under
this contract were presented at the Fourth International Conference on
Amorphous and Liquid Semiconductors in Ann Arbor, Michigan on August
9-13, 1971.

These studies are continuing, with current emphasis being placed on
the detaﬂe_d examination of a few prototypical materials selected on the
basis of their structural simplicity and their stability at elevated temper-
atures. In addition, we will continue to search for new families of high

temperature chalcoéenide materials and to characterize the thermal, electrical

and optical properties of these materials as they are synthesized.




The present report is organized like its pradecessor in that each
class of measurement is presented in a separate chapter. Chapter 2
presents the continuing survey work and comments further on classes of
chalcogenide glasses which appear to be suitable for high temperature
applications. Chapter 3 presents a continuation of the electrical and
optical survey work reported earlier, with a current emphasis on the
effects of thermal histcry upon the electrical conductivity and optical
absorption. Chapter 4 reviews our progress on transport measurements,
thermoelectric power, photoconductivity, and high field (switching)
measurements. Chapter $ is a detailed property study of a single OMS
material, TeelGeISSbZS2 deposited by R.¥. sputtering at a variets of
substrate temperatures., This study contains in addition to electrical and
optical characterization data, a detailed study of the thermal decomposition
of the sputtered films in a mass spectrometer. Chapter 6 emphasizes our
structural studies ox TeesGe15 based OMS materials, involving extensive
X-ray diffraction and transmission electron microscopic examination of
thermally annealed and partially crystallized thin films. Chapter 7 describes
the liquid state property measurements in the vicinity of the gradual
semiconductor-metal transformation observed for the Te based liquids in

the vicinity of 350 - 550° C. Measurements of electrical conductivity,

heat capacity and electromigration are presented.
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2. SURVEY OF GLASS TRANSITION TEMPERATURE FOR HIGH TEMPERATURE
CHALCOGENIDE ALLOYS

2.1 Introduction

2.2

The survey of thermal stability of chalcogenide glasses reported
in the first semiannual technical report of this contract pointed to
several compositions with critical chalcogen saturation (i.e. with the
minimum concentration of cross linking additive to completely cross
link all chalcogen atoms) which display high thermal stability. These
relatively high glass transition critical chalcogen saturated compositions
X GeSez, SlTez, Gaz'l'e3 and InzTe3. Consistent with
our overall goal of evaluating the properties of thermally stable

include GeTe

chalcogenide glasses we have selected the GeSe2 - GeTe2 system for
detailed study. In this chapter, the composition dependence of the '
glass transition temperature and the density are presented, and in
Chapter 3 we present results of optical absorption and electrical
conductivity experiments. In addition, we have extended our survey of the
AszTes - GeSe2 pseudobinary system towards higher GeSe2 compositions.
Our studies of glass formation in the SiTeAs ternary system which yielded
glasses with extreme thermal stability ('l‘g > 430° C) have been extended
to better delineate the Tg isotherms in the vicinity of the Tg maximum.
Experimental Results and Discussion

The compositional dependence of the glass transition
temperature and the density are plotted as a function of composition

for the GeTe,, - GeSe2 pseudobinary system in Figure 2.1. This

2
is a chemically and structurally simple system in the sense that




Fig, 2.1

Composition Dependence of Glass Transitlon Temperature and Density
for Glasses in the Ge'l‘e2 - GeSe2
System
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both end members presumably share the fully cross-linked random
network siructure observed for SiOz,l GeOz2 and similar glasses.

In addition, the smooth monotonic increase of Tg with the addition

of GeSe2 provides convincing evidence that these glasses do not
phase- separate. Therefore the structures of the pseudobinary glasses
can be considered as composed of Ge(Se, Te) 4 tetrahedra connected
together by the shared chalcogen atoms of their vertices. Clearly

the Ge-Te bond is weaker than the Ge-Se bond as predicted chemically
and as indicated (Figure 3.3, page 24, this report) by the variation

of electrical and optical gap in this system. It is therefore of interest
to observe the nonlinearity of '].‘g with composition in the vicinity of
pure GeSez; the addition of a few Ge-Te bonds sharply lowers the
glass transition temperature. An analogous lowering of the glass
transition temperature of SlO2 occurs iu the S!,O2 - GeO2 system3

and the observed nonlinear dependence oi '1‘g upon composition can

be simply related to the weakening of the SiO, glassy network by the

2
addition of a small concentration of weaker Ge-O bonds.

Also plotted in Figure 2.1 is the compositional dependence of
density in this pseudobinary system. Note that all the p points and
the '1‘g points obtained on the pure Ge'I‘e2 and Ge'l‘el.BSeo-2 compositions
were measured on thick sputtered films. The densities of several of

these compositions have also been measured on bulk samples (GeTeSe,

GeTe ), ylelding values about 8% higher than on the unannealed

0.4%1.6
sputtered films. This density deficit in the sputtered films agrees closely
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with our results reported15 for the AszTe3 - GeSe2 system. We

did not observe any annealing effects in measuring the Tg of these
sputtered films. Presumably the annealing effects observed for the
optical and electrical properties of these films reported in Chapter 3
have beccme fully saturated below Tg. The Tg data from both film and
bulk samples appear to be well fitted by a single curve. We have
confirmed the validity of the bulk vs. sputtered glass comparison by
Tg measurements on compositions which can be prepared using either
technique and are reasonably confident that the method is generally
valid, i.e., that Tg of the sputtered films closely anproximate the bulk
glass value. Clearly, however, this method will be invalid when

the bulk glass is phase separated, since the sputtering process would ‘
force such a composition to come down as a homogeneous glass, so

that an independent confirmation of homogencity of the sputtered

glass after heating above Tg is required. For example, if no exotherm

or shift in Tg accompanies annealment just above Tg then it may be 1

reasonably assumed that the composition in question has little

tendency to phase separate.

st 0 il

In order to verify the mixed network model for the pseudobinary
GeTe2 - GeSez join in the temary Ge-Te-Se system, we have taken
a pseudobinary slice at right angles to this join, i.e., we have

measured the compositional dependence of Tg in a portion of the

pseudobinary system Ge-SeTe. These data are plotted in Fig. 2.2




Fig. 2.2

Composition Dependence of Glass Transition Temperature in a
Portion of the Ge-SeTe System.
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and indicate a steep increase in Tg up to the GeTeSe cross-linked
composition, rising toward a broad plateau with the addition of
further Ge. In the steeply varying regime between TeSe and GeTeSe,
the addition of Ge increases the degree of cross-linking and thereby
drastically raises the glass transition temperature. In this excess
chalcogen regime, some of the free volume produced at the glass
transition temperature is obtained by breaking weak interchain
van cder Waals bonds rather than strong intrachain covalent bonds.
On the other hand, adding Ge to GeTeSe retains the interconnected
cross-linked network structure, and at the same time increases
the average coordination above the 2,67 value at GeTeSe. At
present we interpret the observed tendency toward a 'I‘g platgau in
this range (in contrast to the sharp maximum observed in Tg for the
Ge-Te system at the composition GeTez) in terms of increased covalency
of the temary glasses relative to the binary glasses between GeTe2
and GeTe.

The compositional dependence of Tg in the Asz'l‘e3 - GeSe2
pseudobinary system, part of which was plotted in Figure 2.3 of
the previous semiannual fechnical report of this contract, is shown
in its entirety in Figure 2.3. Note that the curvature observed in
Figure 2.1 is here enhanced due, perhaps, to the even greater

disparity of Tg between the two end members. All of these glasses
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Fig. 2.3

Composition Dependence of Glass Transition Temperature

in the GeSe2 - AszTe3 System
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Fig. 2.4

Composition Dependen-e of Glass Transition Temperature
in the Si - Te - As System
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are relatively easy glass formers and all the reported data were
obtained on bulk glass samples.

Figure 2.4 reviews our present status on glass transition
temperature measurements in the Te-As-Si temary system. It
supercedes Figure 2.4 in the previous semiannual technica! report
of this contract, which was incorrectly plotted in some copies of
that report. The data were all obtained in the chalcogen unsaturated
region of the system, i.e., in the region where Si-Si and As-As
covalent bonds are anticipated in addition to Si-Te, As-Te
and Si-As bonds. With five possille bond types, it becomes
overwhelmingly difficult to determine the relative concentrations
of these bonds, much less to speculate regarding bond topology
once the bond concentrations have been determined. Chemical
intuition suggests that the four strongest of the five probable and
six possible covalent bonds are Si-Si, Si-As and Si-Te and As-As,
in order of decreasing strength. Te-Te bonds are apparently the
weakest. |

Indeed some of the very highest 'l'g glasses lie entirely within
the subsystem Sl-Si'l‘e2 - 813As 4 i.e., they can be constructed
entirely with Si-Si, Si-Te and Si-As covalent bonds. If we restrict
ourselves to this subsystem and assume that only these three strongest
covalent bonds are present, then every composition within this sub-

system coiresponds to a unique distribution of bond types. Further,
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if bond strength alone determined Tg, the 'l'g data would plot

along a smooth surface rising toward the component having the
strongest bonds. However, Figure 2.4 shows that this is not

the case, i.e., thnt 'l'g has a well defined aaximum within this
subsystem. Apparently "bond topology", most simply described

in terms of the average number of bonds per atom, plays an important
role in determining Tg. Specifically, the Tg maxima lie nearly along
the line connecting SiTe to As, i.e., along the line of average
coordination number 3. To our knowledge there currently exist

no theoretical models which treat the question of network stability
for three dimensional random networks as a function of the degree

of connectedness (i.e., coordination number). These data

represent the first indication that an average connectedness of

three per atom produces the~ strongest network, all other factors
being held constant. Indeed, such a result might be anticipated

on topological grounds in considering the bond distortions encountered

in constructing a structural model of a 4~-connected random network.4
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3. SURVEY OF ELECTRICAL AND OPTICAL PROPERTIES OF SFUTTERED

AMORPHOUS SEMICONDUCTOR FILMS: EFFECTS OF ANNEALING

The electrical and optical properties of elemental amorphous semiconductor
films have been extensively studied as a function of subsequent anccaiment
treatment : and striking changes have been shown to occur. Therefore,
a survey of amorphous semiconductor materials in sputtered film form must
inevitably consider the effects of annealment in order to sample the entire
spectrum of properties attainable by these materials. In the first semi-
annual report of this contract we reported some observations on electrical
conductivity and opflcal absorption of sputtered I\s:‘ls'l‘e2 BSZIGel 6’ showing
that a relatively large increase in the effective electrical and optical gaps l
occurs during annealment on the order of 1/2 hour at 150°C, and that
the properties of annealed films show little hysteresis over the range
25 - 200°C. The plot of log @ vs. photon energy, fiw, where a is the
optical absorption coefficient,showed a lateral blue shift of ~ 0.15 eV
on annealing but did not show any significant change in slope. Recently, |
Theye 2 has published a careful study of the effects of annealment on the i
optical properties of very thin (~500 k) evaporated amorphous Ge films !
showing large shifts of optical absorption and a progressive steepening
of the log @ vs.-h« plots as a function of annealment. We have, therefore,
examined a variety of sputtered amorphous semiconductor materials of

various thicknesses to see whether our previously reported annealing studies

are typical of amorphous chalcogenide films and whether thick (~1 - 10 u)
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sputtered amorphous Ge films anneal like thin evaporated amorphous

Ge films.

Figure 3.1 shows the temperature dependence of the electrical
conductivity of a series of GeTe2 sputtered films varying from 0.6 to

45 p in thickness measured at a scanning rate of ~ 3 deg min. Note that

all films show essentially similar features, in terms of initial activation

energy (~ 0.5 eV),initial conductivity, temperature of annealment (100 -
150°C), final activation energy ( ~ 0.6 eV) and final conductivity. These
curves are qualitaiively similar to the conductivity data presented in

Figure 4.7 of the first semi~-annual technical report. We can draw the

following conclusions from these results:

1. The measured conductivity is a bulk effect, in that it remains
essentially constant while the sample thickness is varied over
roughly two decades.

2. The annealing process appears also to be a bulk effect in that the
annealing kinetics are not affected by sample thickness.

3. The annealing process does not involve atomic rearrangements
(i.e., ordering, phase separation, etc.) in that the annealing
temperature is ~ 90 degrees below the glass transition temperature
( ~ 230°C measured on sputtered films), and thus atomic diffusion
coefficients are essentially zero. Healing of broken bonds and
release of residual stress are possible annealing mechanisms

which are in accord with this requirement and with conclusion #2.
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Fig. 3.1
Electrical Conductivity of Sputtered Films of GeTez; 45.5 pu(e),

5.94 (a), 1.10 g (o), 1.03 p(A), and 0.59 p m.
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Optical absorption data for these films were obtained before
and after annealing and are plotted in Figure 3.2. Note the parallel
shift to higher energies, analogous to that reported for A53 s'l‘e2 882 1Ge 16
in Figure 4.8 of the first semiannual technical report. The shift of the
optical absorption to higher energy is in qualitative agreement with the
increase in electrical gap obtained during annealing, although the per-
centage of lateral blue-shift in optical absorption is smaller than the
percentage increase in the slope of log ¢ vs. 1/T (7% vs. 14%).

It is interesting to note the qualitative similarity of these optical and
electrical annealing effects to those previously reported for Te2 811\535821Gem.

GeTe, is considered to have a hic ly regular structure analogous to the 8102

2

and GeO2 “random network" structureé, i.e., containing essentially only
Ge~-Te covalent bonds, while the quatemary alloy is considered to be proto-
typical of a multi~component multi~bond type chalcogenide alloy. Apparently
the similarity of electrical gap and glass transition temperature for these
two alloys is more indicative of their relative behavior than are details of
their electronic structure.

To ascertain the generality of these annealing effects for chalcogenide
films we undertook to measure the electrical conductivity annealing behavior

in the GeTe,, - GeSe2 system. The electrical gap before and after annealment

2
is pfotted in Figure 3.3 as a function of compositic . in this system. The

anneaiment treatment consisted of heating the samples to 225°Cin N gas

2

for 1 hour, which was sufficient to saturate the annealment process without

permitting any crystallization. In spite of th2 relatively large variation of T g
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Fig. 3.3

Electrical and Optical Gap (see text) for Glasses in the
GeTez- GeSe2 System

|
|
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with composition, this single annealing temperature appeared to be
appropriate for ally compositions examined in this system. In general,
these films behaved similarly to pure Ge'l‘e2 with the exception that the
magnitude of the relative annealing shift of the electrical gap increased

substantially with increasing GeSe, content. Optical absorption studies

2
on (GeTez)go(GeSez) 10 and GeTeSe indicate that the log a vs. photon
energy curves shift laterally to higher energies in analogy to the data
presented for Ge'l‘e2 and As3 STeZSSZIGel 6° The relative magnitude
of these annealing effects appears to be related to the difference between
the deposition temperature and the glass transition temperature, as indicated
by a comparison of Figure 3.3 with Figure 2.1 on page 5, i.e., the greater
the departure, the greater the annealing effect. This result can be under-
stood equally well in terms of a bond healing model or a stress relief model
for annealing.

In order to compare the composition dependence of optical absorption
and electrical conductivity in this binary system, the photon energy at
which the optical absorption coefficient attains 104 cm-1 for the freshly
deposited films has been divided by 2 (an arbitrary normalizing factor to
make the optical data and the electrical data more closely comparable) and
plotted as "optical gap” in Figure 3.3. Note that the "optical gap" thus
defined departs p.rogre'ssively from the "electrical gap" of the unannealed
films.

In order to reconcile th£s annealing behavior with the amorphous Ge

dataS: we have measured the optical absorption of two sputtered samples

of amorphous Ge, one 19 pm and one 0.35 um thick. Data were obtained for
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the films in the freshly deposited condition and after annealment at 220° C
for two hours. In this case the annealment cannot be considered complete;
abundant evir.lence5 suggests that amorphous Ge anneals progressively with
temperature increases up to ~ 300° C. However, the present experiment
is sufficient toc distinguish the direction and character of the annealing
process. Note first that the slope of log o vs. photon ensrgy before and
after annealment is of the order of 1.25 eV-l in the log ¢ = 3-4 range
Vs, ~2.5 eV-l for the chalcogenides in the same absorbing range. Also,
note that the effect of annealing is to shift the slope of log ¢ vs. photon
energy curve rather than to translate the curve laterally, i.e., the magnitude
of the change of log & is greater at lower energies and almost zero at 2 eV.
However, no indication of a sharp edge, as reported by Theye5 on the
evaporated films annealed at a similar temperature, is observed. This
discrepancy may derive from the greater (10X - 400X) thickness of the
present samples or from the nature of defects introduced by sputtering
relative to evaporation deposition. In either case, the present results
are in agreement with Theye's results in the sense that the initial slope
of log @ vs. photon energy is much lower than for the chalcogenides
and that the annealing process involves an increase in this slope rather
than a lateral blue shift of optical absorption as in the chalcogenides.

In addition to the above reported annealing effect studies, we have
continued our survey of optical absorption and electrical conductivity of

sputtered thin film samples of new materials in the freshly deposited
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amorphous state. We have measured the compositional dependence of

optical absorption and reflectivity in the As 2Te3-rich portions of the

As,.Te, - GeTe, and the As,Te,- Ga,Te, pseudobinary systems whose

273 2 273 2773

15
glass transition temperature was previously reported as a function of
composition. Both systems show slight increases of electrical and optical

gaps with the progressive addition of GeTe, and GaZTe respectively, although

2 3

the observed increases are scarcely outside the scatter of the data (~5%).

Wea have also measured the optical absorption of a series of
sputtered Te-As-8i films from compositions in the high glass transition
temperature portion of this system as reviewed in Chapter 2. of the present
report. While the scatter of these data was larger than usual (i.e., ~ 10%),
probably due to compositional variations from run to run (the cathodes were
inhomogeneous in some cases due to fabrication difficulties), the variation
of optical absorption with composition in the log a = 4-5 range for all
six compositions tested was only about 5 fold, with a = 104 cm-1 at an
average energy of 1.55 eV.

The compositions tested were as follows:

Te, As,Si

40 72535

Te351\s408125

Te,sAs5Slys

T630A5208150

Te35As308135

Te301~\s458125
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Unfortunately these films were deposited on electroded substrates which
were inappropriate for measuring the conductivity of such large gap materials
so that no electrical data could be obtained for comparison. Several

4-point probe measurements of these materials at room temperature indicated

resistivities in the range 1010 - 10ll cm.,
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4., TRANSPORT MEASUREMENTS

4.1 Thermoelectric Measurements

4.1.1 Introduction .
The thermoelectric power, or Seebeck coefficient S,
was measured for a number of chalcogenide films., Purposes
of the study are to gather information about the transport
mechanisms and to detérmine the most suitable amorphous
chalcogenide materials for high tempera-ture thermoelectric
generation. Annealing studies were included.
Chalcogenide compositions which were studied
include the (GeTez)x(GeSez)l_x system, AszTe3 ,
GelsTeBISbZSZ, Te40As358118Ge7 , and G916A535T928821 .
These compositions include stoichiometric materials and
complex multi-component alloys. The observed Seebeck
coefficients were large and positive, being of the order of
1 mV/deg for all amorphous materials studied. Electrical
conductivities for these amorphous materials are also small,
so that the highest thermoelectric figure of merit estimated to

1, is two to three orders of magnitude smaller

date, 10”° deg”
than that obtained for the best crystalline materials such as
InSb. However, some of the amorphous materials are stable

to fairly high temnperatures where the electrical conductivity

becomes sizeable, and the figure of merit increases nearly
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exponentially in (- 1/T) for a given material. It is therefore
possible to improve the value for amorphous materials hy
examining at higher temperatures materials which resist
crystallization under these conditions.

The thermoelectric power was found io be very sensitive tc
annealing, with the thermopower changing in annealing ranges
where the electrical conductivity did not change. Apparently
the thermoelectric power is much more sensitive to subtle
structural changes and perhaps to impurities than is the
conductivity.

The theoretical formulas for the temperature dependence
of the Seebeck coefficient contain a parameter A which, in
the case of crystalline semiconductors, is usually 1 to 4
depending upon the carrier scattering mechanism. Treating
A as a disposable parameter, we find for our materials in
various stages of annealment that A ranges from about --10
to +4, The negative values are extremely puzzling. Never-
theless, it is interesting to note the trend in A as a function
of composition and annealing. It appears that A might be
considered to be a disorder parameter, with A being largest
for the material with the greatest disorder. For example,
materials with both structural and compositional disorder,

suc_h as GelsTeBISbZSZ' give A ~ 4, Unannealed AszTe3 and
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GeTe2 also give A ~ 3 to 4, but A decreases progressively
with annealing for these latter materials, becoming large and
negative for heavy annealing.

It also appears that thermoelectric data for the complex
alloys may be best explained by the assumption of a

temperature-dependent mobility, whereas such a mobility

is not implied for simpler compositions in their annealé

4.1.2 Experimental Procedure 3 3

Thermoelectric power and elactrical conductix;ity ar
measured consecutively in the same apparatus with the sample
in a vacuuim chamber. Film samples on sapphire substrates,

with molybdenum electrodes, are in the configuration of Fig. 4.1.

sapphire //

A
\ N \\ﬁ\ _—— amorphous
semiconductor
XY \fg
R .

molybdenum

T -~ UIT==. thermocouples
Flg. 4 l

The substrate is contacted on each end by independently
controlled heater coils to provide the reference temperature

T, and the temperature difference across the sample AT.

AL AR PR
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Copper-constantan thermocouples attached to the back face

of the sapphire substrate and aligned with the electrodes
measure the temperatures of the ends of the sample. Because
of the design, 0T acrdss the substrate thickness is negligible.
The Seebeck voltage AV and the temperatures T and AT are
measured with a Keithley 610 CR electiometer and a Keithley
149 voltmeter, respectively. As the temperature of one end

of the sample is varied relative to the other, AV vs AT is

automatically recorded ~ the slope gives the Seebeck
coefficient at a particular reference temperature. S can be
measured for sample resistances up to 1010 or 10ll .
When S(T) and R(T) are measured, generally S(T) is
measured as the sample is heated, and R(T) is measured
continuously as the sample cools with no input to the heater
coils, so that the sample temperature is nearly uniform for
the resistance measurement, For detailed studies of the
effect of annealing, another procedure is also used. In
this procedure, the sample is annealed briefly at a given
temperature Ta,and S and R'are both measured at a certain
low temperature Tm. The sample is then annealed at
successively higher temperatures and S(Tm’Ta) and

R(T_,T ) can be plotted vs T_.
m’ a a
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Materials which have been studied include the
(GeTez)x(GeSez)l_J< system, AszTes, GelsTeBISbZSZ,

Te40A535811RGe7, and Ge16A835T6283b21' Al]l samples
were films sputtered onto substrates held at ~ 40° C.
Results

Figure 4.2 summarizes S(T) for some of these materials
in the virgin or unannealed state, The samples of (GeTez).g(GeSez).l
and (GeTez)J(GeSez).3 may not be equivalent to virgin samples,
since they were exposed to temperatures of about 70o C or more
during processing. Data for all samples measured was usually
well presented by a linear S vs 1/T plot. All materials studied
have shown positive thermopowers with a neqgative temperature
dependence in the virgin state, The thermoelectric power
was of the order of 1 to 1.5 mV/deg between -30 to +125° C
for all virgin materials.

Figure 4.3 illustrates the annealing behavior of S(T) and

o (T) for a GeTe, sample, For annealing temperatures up to 150° C,

2
S increases as the conductivity activation energy AEO increases,
and the conductivity simultaneously decreases. However, the
most striking changes in S with annealing occur near and above
238° C, where the conductivity change has saturated, In this
latter annealing region, S actually increases to a maximum

and then decreases. Thus, in certain annealing regions the

thermopower is more sensitive to annealing than is the conductivity.
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Fig. 4.2

Seebeck coefficient vs 103/'1‘ for several amorphous chalcogenide
films in the virgin or near-virgin state. Two materials, labeled
(1.a.), were lightly annealed.
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Fig. 4.3

Seebeck coefficient and Electrical conductivity for a ‘Ge'l'e2 film
in the virgin state and after annealing briefly at each of several
annealing temperatures. The insert shows the Seebeck coefficient
and conductivity measured at 60° C as a function of annealing

temperature,
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The annealing behavior of S(T) and ¢ (T) for a nominal
Gels'l‘emezS2 film is shown in Figs. 4.4 and 4.5. Unfortunately,
this sample is apparently impure due to temporary problems
in sputtering, Nevertheless, except for somewhat different
slopes and activation energies, its gross behavior is likely
to be qualiitatively the same as properly prepared material,
which will be rerun later.

S(T) in the virgin state and when annealed up to 155° C
is linear with 1/T. At annealing temperatures above 194° C,
S dropped while o rose. The slope of S vs 1/T went to zero
even though S itself was still 0.4 to 0,55 mV/deg, and the
sonductivity activation energy decreased. o(Tm,Ta) and
S('l‘m,'l‘a) with Tm = 87° C are plotted vs the annealing
temperature Ta in Fig. 4.5a)., The conductivity activation
energy AEo and AES are plotted vs Ta in Fig. 4.5 b),
illustrating the abrupt change in behavior between 160 and
190° C. Obviously there is a change in the conduction
mechanism as the material is annealed at those temperatures.
The o (1/T) data in Fig. 4.4 for the annealed states show
considerable curvature, which may represent an extrinsic'
type of conduction rather than representing a drastic reduction
nf the intrinsic activation energy with annealing. That is,

the annealed ¢ - /T data for T_ = 194°, 214°, 266° C can be
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Fig. 4.4

Seebeck coefficient and electrical conductivity for a GelSTeBISbZSZ
film in the virgin state and after annealing briefly at each of several
annealing temperatures. The film is highly crystallized after

annealing at and above 194° C.
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extrapolated to give at higher temperatures approximately the
same intrinsic activation energy as the 0.5 eV of the data for
Ta = 155° C. Such annealing behavior has been shown in detail
for another chalcogenide alloy by Fagen and Pritzsche6 in their
Fig. 1. Nevertheless, in view of the temperature dependent
conductivity, the temperature independent thermopower is
difficult to explain. X-Ray analysis indicates that in the last
annealing stages, at and above 194° C, the material contains
Te crystallites in an amorphous matrix. Crystallization began
with annealing between 155° and 194° C.

Figure 4.6 shows the temperature dependence of thermo-
power for an 1-\32'1‘93 film in the amorphous stétp and after
crystallization. Curve a) contains data points from several
ann“eal'lng steps up to 110° C. Although the thermopower did
not change during these steps, the conductivity increased
modestly by ~ 50% and the activation energy increased from
0.43 to 0.47 eV,

Heating to about 160° C gave curve b)., X-Rays showed
the material at that stage to be essentially crystallized,
containing crystalline phases not identifiable as either
crystalline Asz‘l‘e3 or Te. In this crystallized state the thermo-

power is small and positive, and its magnitude Increases

with temperature. The conductivity at room temperature increased

e A UYL B A A5 S i
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Fig. 4.5
Seebeck coefficient and electrical conductivity measured
at 85° C as a functfon of annealing temperature for the
GelSTeBISbZSZ film of Fig. 4.4. l

Conductivity activation energy AEO, slope of eS vs

1/T, AES, and AE, where AE is obtained from the slope

of the o vs 1/T curves in the annealing region where

intrinsic conduction was not observed, all vs annealing

temperature.,
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Fig. 4.6

a) Seebeck coefficient vs 103/T for an as-sputtered amorphous
AszTe3 film. .
b) Seebeck coefficient, after annealing at 160~ C has brought

about crystallization.

45
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from about 6 x 10"5 ('}-lcm-1 in the amorphous state to
6 Q-lcm"1 in the crystallized state.
The activation energy for these sputtered AszTe3

films is somewhat higher than the ~ 0.39 eV observed

!

for evaporated As,Te and the conductivity is accordingly

2773
less. The discrepancy is not understood.

Figures 4.3 and 4.4 illustrate annealing effects on two
widely different types of materials. In general, we have found
that the thermopower is very sensitive to subtle differences
in samples which are not seen in conductivity, optical
absorption, or X-ray measurements. For example, another
GeTe2 sample nominally identical with that of Fig. 4.3 had
a thermopower which annealed down only, rather than up before
down, illustrating that subtle differences in the two sampies
were detected by thermopower measurements.

Generally, intrirsic conductivity acti\}ation energies
ABO were greater than slopes ABS obtained from eS vs 1/T. |
ABO and AES are summarized in Table 4.1 for a number of materials
at various annealing stages.

Structure
The (GeTez)X(GeSez)l_x films with x = 1.0, 0.9, and 0.7

also were amorphous to X-rays at the annealing stages examined

up to 250o C. That is, for all the annealing stages considered

s
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in Fig. 4.3 and Table 4.1 the materials were amorphous
to X-rays. Even though the materials remained amorphous
to X-rays during annealing, large changes were observed in
the conductivity and thermopower lines. The conductivity
activation energies and the S vs I/T slopes both increased.
It is not certain whether the annealing process involves healing
of broken bonds or the formation of an undetectable degree of
crystallization, although we favor the bond healing model.
Another GeTe2 sample which was partially crystallized with
about 1% crystallinity showed a much smaller thermopower
(ranging from 0 to 0.5 mV/deg depending on temperature) than
the above samples, If there was any crystallinity in the other '
samples in the (GeTez)x(GeSez)l_x system, in any of the
annealing states described, it must have been much less than 1%.
Of course, crystallization of these materials is possible, but
at higher temperatures than discussed here.
The final states of As,Te, and Ge,_Te_.Sb S3 , as shown in

2°73 157781772
Figs. 4.4 and 4.6, are highly crystallized, as discussed earlier.

Theory of Thermoelectric Effect:s in Amorphous Semiconductors

Defining Ce and Ch as the separations of the Fermi level
and the conduction and valence bands, the thermopower for either

type of carrier is

Sh,ezi(k/e)[ch,e/kT+Ah,e] 4.1
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where Ah e is a positive constant. Taking account of the

tempereature dependence of the band gap, with

ch,e = cho,eo - ﬁh,eT’ the two-carrier formula for thermo-
power is
Lo B ] S B
ho Pn ) [__eo _Pe ]
k °h[ kT "k M "olyr “x A
S = ———— 4.2
e o +0
h e

with Gh and Oe being the hole and electron contributions to

the conductivity, UL =L, ., B = ﬂh =';- B, and

Ae = A.h = A, Eq. 4.2 becomes

s-k e [Zho_B,,] 43
e g, +to, LkT 2k :

for an intrinsic semiconductor.

For crystalline semiconductors, A is determined by the
carrier scattering mechanism, and is usually expected to be
between 1 and 4. A is related to the kinetic energy of transport
of the carriers. Little theory exists for amorphous semiconductors,
hut Hindley9 gives Eq. 4.3 with A = 1 from the random-phase
model.,

In Table 4.2 the expressions for S are summarized for two
cases which give linear S vs 1/T relaticns: two~-carrier intrinsic
and one-carrier conduction., If the carrier mobility is independent
of temperature AES is related to AEO as shown in the third

column, We see AEs/ AE_ < 1 due to two-carrier contributions.



51

Abious uojeATIOR L]1TATIONPUOD = om< ‘1/1 sa § 30 ado(s = m\mmd

|

-
1 o o P AE:) ]
v - 3V v <+.Ium||.wllu <+|xab satou
:Q mm< ] zn §) L B J19t111e0-3auQ
1
1 o 2 + 4, o m.o + Y% s °0, Y OSTsurIul
(av - 39) —+ 2 1V ~<+ A bu_ < + JeTuRO-OM],
°, _ Y% 3, _ Y zn onu A 9,5 _Uy
1] o
av + °13 = %av |
(13 "av -)dxo ~ g-fav |
(1)1 = 103 juelisuod = 1 103 I
s s |
av av i S
|

'y 319V1L




4,1.6

If the mobility is temperature dependent and can be
approximated by p (T) ~ exp (- AE“ /kT) over the temperature
interval of interest, then the conductivity activation energy
contains AEu as AEO =L ho + AE“ . Hence, for one-carrier
conduction AES is less than AEO as AES = AEO - AE“ .
Expressions are‘also give in the final column for AES for
two carrier conduction, thcugh these expressions are unlikely
since they assume AE“ is the same for both carriers. The
two useful expressions relatmg_AEs and AEO are outlined in
bold in the table. In summary, AEs‘can be less than AEO
for two reasons: 1) two-carrier contributions and 2) a mobility
increasing with T.

Discussion of Thermopower Results

The data for lightly annealed GeTe2 and Ge('l‘e. Se.l)2
agree well with Eqs. 4.3 and with the (!h/ae ratios being
large. Using A= 1 in Eq. 4.3 gives reasonable values of
B ~6to9x 1074 eV/deg, or, conversely, assuming
B=6x 10-4 eV/deg gives small values of A ~ 1. However,
the materials with complex compositions (e.qg. GelSTeBISbZSZ)
and the virgin (as-sputtered) materials with simpler compo~-

sitions (AszTe and GeTez) give large values of A ~ 4.5 to

3
8if g =6x 10"4 eV/deg is assumed.
In Table 4.1 on Page 48, several parameters are presented

for a number of measurements on virgin and annealed samples.
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For each sample, A1 - ph/k is calculated from Ea. 4.3

and .1«\2 - ﬁh/k is calculated from Eq. 4.1 with Cho = AES

for the latter, A1 and A2 represent A calculated in two
extremes of temperature~independent and dependent mobilities,
respectively (i.e., AEO - AES is attributed to two-carrier
contributions and a temperature-dependent mobility,
respectively). As was noted in the last section, A is related
to the kinetic energy of transport, and its magnitude depends
on the nature of scattering. In Fig. 4.7, A2 - ﬁh/k and

A1 - ph/k are plotted vs sample composition and annealing.
Both A, - ﬁh/k and A

and AEO so that an error of at least + 2 should be attached

9~ ph/k are quite sensitive to AES ‘

to the A values in Fig, 4.7. Nevertheless, trends in A can

be discerned. For a given composition A (either A, or Az)

1

apparently decreases with annealing., Also, A depends upon
composition. Generally, |A2| < IAII .

In summary for the first four materials in Fig. 4.7, it
appears that materials with greater disorder give larger
values of A, This disorder includes both compositional disorder

as in Ge,_Te_.Sb S2 and a positional disorder that is reduced

157€g)5P,

by annealing, as in GeTe Complex compositions such as

2’
GelSTeBISbZSZ maintain a large value of A even with annealing,

whereas simpler compositions such as GeTeZ give a much reduced
A with only slight annealing, far below the glass transition

temperature.
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Fig. 4.7

Upper: The parameter A2 - ﬁh/k calcuiated for a variety of
materials in various stages of annealment with the
assumptions of single-carrier conduction and a
temperature~-dependent mobility.

Lower: The parameter A1 - Bh/k calculated with the assumptions
of two-carrier conduction and a temperature-independent
mobility.
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Typical valuvs of 8 that may be expected are 5 to

10 x 10-4 eV/deg. Some values given in the literature for

amorphous chalcogenides, obtained from optical measurements,

are:
A 4 -4 10
szbe3: 7x10 " eV/deg Getov et al.
AszTeaz 5x 10-4 eV/deg Welser and Brodsky8
TegoSiz0 11 |

7x 10-4 eV/deg Fagen et al.

Te,gAsqy5Ge) 657

Taking ﬁh = p/2 ~2.5t05x 10-4 eV/deg, we may then
expect ph/k ~ 3 to 6.

For GelSTemeZSZ' Te 40A8358118Ge7 and as-sputtered

As,Te A, - ﬁh-/k ~3and A - ph/k ~4to6orA, ~6to9and

41\1 ~ 7 to 12. Both A1 and A2 are extremely large, since the

largest A predicted for crystals is 4. Choosing the smaller A,

it seems likely that the mobility is temperature dependent so

that A~ A, ~ 6.

2

For as-sputtered GeTe2 , Al can be 4 to 5 which is plausible
so that it is unnecessary to assume a temperature-dependent
mobility. However, a temperature-depéndent mobility also gives
a comparable. A2 A mixture of the two extreme cases, with a

temperature~-dependent mobility and contributions from both

carriers is a reasonable interpretation, as well.
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The decreases of AZ - Bh/k or Al - ph/k with replace-

ment of Te by Se in the Ge(TexSe x)2 series is puzzling.

1-
In the first place, A should be positive. In the second

place, if A does increase with increasing disorder, as

suggested earlier, then one expects A to increase as x decreases
from 1 to 0.7 because of added compositional disoitder. Both

A1 and Az are negative for annealed Ge (Te. 7Se.3)2 unless

ph is extremely large. ph ~7.5x 10.4 eV/deg would give

but an even

A and A, = 1 for lightly-annealed Ge(Te 7Se 3)2,

1 2

iarger Bh is required to explain the heavily annealed data.

A large ﬁh could result from a large 8 = Be + ﬁh, or
itr could result from an ordinary magnitude of g but with the
Fermi-level position being a strong function of temperature.
It is conceivable that the density of localized states spectrum
ih this system is such that the Fermi~level position relative
to the center of the band gap is a strong function of temperature.
Also, the increase of energy gap with decreasing x may imply
a corresponding increase in 8.

Finally, for the last two materials in Fig. 4.3, agreemert
with the conventional model is only made more difficult by
the introduction of y = u(T).

Further work will be necessary before we understand thc

large but temperature independent S in Fig. 4.4 when the
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conductivity shows extrinsic behavior. It is of interest,
however, that degenerate conduction with an A ~ 5 to
6.5 could account for S ~ 0.4 to 0.55 mV/deg independent
of T.
Thermoconductivity

Apparatus has been built to measure the thermoconductivity
x of bulk materials directly in the steady state as a function
of temperature, from room temperature to 170° C. With minor
changes, the range can be extended to - 40° to 200° C.

The following data have been obtained:

T % (mW/cm-deg)

A5283 33°c 3.2+.,1
‘ (o]

Ge,gAs, Te, S, ) 35°C 2.3+.1
= 0O

Te,,AS, 51, J0e, | 35°C  3.0+.1

88°C  3.9+.1

Ge, _Te_.Sb,S 31°C 2.0+.1

157781 272

To date we have focused our attention on Seebeck
coefficient measurements, and have not made detailed
thermal conductivity measurements.

Thermoelectric Figure of Merit

S‘nce the figure of merit Z is given by Szo'/u , it is

necessary to know S, 0, and X as a function of T to give

Z(T). However, we can assume that ® does not vary




59

drastically from orie amorphous chalcogenide to another,
and estimate Z without measurements of ®. In Fig. 4.8
Z°*n/(3 x 10—3 watt/cm deg) is plotted v = /T for several
materials. Since X increases with increasing T by ~ 2x
from 300° to 400° K (e.g. the % data above and published
data for Aszss), s the Z curves should be slightly (but only
slightly) flatter than the curves of Fig. 4.8.

As expected, for a given material, Z increases exponentially
with (-1/T) because Z(T) is determined primarily by o (T).
Also, smaller band gap materials give a larger Z at a given T
than do large gap materials. Although S2 Increases as the gap
increases, g decreases exponentially, since 0 = o, exp(—AEo/kT)
and oo is roughly the same for the various materials. Never-
theless, in a given temperature range the smallest band gap
materials may not be the most desirable. For example, below
100o C, As:.zTe3 has the highest Z shown. Near 200° C, amorphous

Asz'.'l‘e3 is not stable, so that annealed GeTe

that temperature.

2 has a higher Z at
The highest estimated figure of merit for the various materials

we have studied to date is 10-'6 deg"1 , which is twwo to three

decades less than that obtained for crystalline materials such

as InAs P & Since the electrical conductivity is the

0.9°0.1°

dominate variable in Z, the problem of obtaining a large Z is
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Fig. 4.8

Temperature dependence of Z * %/(3 x 10-3 Watt/cm deg) for
various amorphous chalcogenide films. This quantity approxi-
mates the thermoelectric figure of merit Z to the extent that the
thermoconductivity is near 3 x 10"3 Watt/cm deg.
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one of optimizing a small band gap with stability of the
amorphous state at high temperature. We anticipate that
improvements in Z can be obtained in other materials.

Furtl.er Experimentation

In addition to continuing measurements of the Seebeck
coefficient, thermal conductivity will be measured in more
detail. Z(T) will be extended. Also the temperature
dependence of the gap, 8, will be determined for more
materials by optical measurements, for possible correlation

with the thermoelectric analysis.
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Photoconductivity

The measurements of photoconductive response in amorphous
chalcogenide alloy films, whose generic properties were described
in the first Semiannual Technical Report tu this contract, were
undertaken initially in order to elucidate the band structure of
this family of materials, presently a matter of some éontroversy.
Despite the establishment of certain broad regularities and simi-
larities of behavior, it had not been possible to extract from the
experimental data quantitative information regarding the equilibrium
density-of-states function or the dynamics of trapping and recom-~
bination, owing to the lack of a suitable conceptual model on
which to base mathematical analysis. It now appears that a
successful model can be constructed and made to yield (albeit in
a somewhat oblique manner) numerical estimates for both the total
density of states and a number of important transport parameters.
The essential feature of this model is a high density of effective
recombination states located within an energy E* from each band
edge, the energy E* lying in the range 0.1 to (.3 eV for several
common chalcogenide alloys. A paper describing the model will
be presented jointly with Professor R. Bube and Mr. T. Arnoldussen
of Stanford University at the Fourth International Conference on
Amorphous and Liquid Semiconductors at the University of Michigan

in August 1971,
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The necessity to guide development of the model at each stage
by direct comparison with experiment has in tum provoked renewed
laboratory effort in' the refinement and extension of measurements.
In particular, the properties of the prototypical memory alloy
Ge, . Te

157781
photocurrents and excitation intensities than hitherto reported,

szsz have been measured over a much wider range of

with results shown in Fig. 4.9. The characteristic features of this
family of curves are a high temperature region in which the photo-
current increases exponentially with reciprocal temperature and is
substantially linear with intensity, a low temperature region in
which the photocurrent decreases exponentially with reciprocal
temperature and becomes sublinear with intensity at high intensities,
and a very low temperature region in which the photocurrent asymp-
totically approaches temperature independence and is again sub-
‘stantially linear in intensity. Additionally, the temperature of
maximum photocurrent is independent of intensity at low intensities,
but proportional to the logarithm of intensity at high intensities.

Al]l these features are satisfactorily explained by the proposed
model. Note that the steady state photiocurrent contains only two
temperature dependent factors, the drift mobility and the lifetime

of excited carriers. Thus the existence of maxima in Fig, 4.9
implies either a maximum in the lifetime c. opposing thermally

activated temperature dependences for the lifetime and the
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Fig. 4.9

Equilibrium dark conductivity and steady-state photoconductivity
15Te818b282 alloy,
with coplanar molybdenum electrodes. The uppermost photoconductivity

curve corresponds to illumination with approximately 1.4 x 1017

of sputtered thin film (1.1 pm thickness) of Ge

photons/cmz-sec of narrow-band (A\/ )\o ~ 0.4) light, centered
about )‘o = 1,06 ym; below this the intensity decreases in decade
steps. Photoconductivity curves are interrupted below the dotted
contour, a region in which the steady state is not attained because

of instrumental limitations.
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mobility. (The maximum cannot occur in the mobility alone, for
there is no corresponding anomaly in the electrical conductivity.)
Therefore the task of analysis may be viewed as essentially that of
decomposing the curves of Fig. 4.9 into lifetime and mobility contri-
butions. In this instance we lack the assistance of independent
measurements of the mobility. We can, however, profitably cor-
relate our data with those derived from measurements of thermo-
electric power and thermally stimulated conductivity currently in
progress. A detailed account of these investigations, together

with refined numerical estimates for various transport parameters,

will appear in forthcoming publications.
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Switching Measurements

4.3.1

4.3.2

Introduction

A survey type evaluation of switching characteristics
was made on a large number of compositions in order to classify
them as to their memory or threshold behavior. Measurements
were also made on the "first fire" characteristics, threshold
voltage as a function of thickness and composition, and
threshold and memory switching as a function of temperature.
Experimental Methods

To provide the necessary pulses, a four pulse generator
was designed and constructed which provided pulses with
independently adjustable temporal spacing, widths, rise and
fall times, and amplitudes. The arrangement is a master
timing unit controlling three pulse amplifiers and conditioners.
The amplifiers are diode coupled through independently adjust-
able series load resistors to thc sample, For measurements
of memory switching, a pulse train shown in Fig, 4.10
was applied to the specimen. The voltage measured across
a device undergoing switching is shown in Fig, 4.11

Referring to Fig. 4.10, pulse A is the "set" pulse;
pulses B and D, the "read" pulses; and pulse C is the reset
pulse. The pulse height of the set pulse is chosen so as to

exceed the threshold voltage of the device. The series load
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resistor coupling the set pulse to the device is chosen

to limit the "set" current delivered to the device after

switching e.g. a 50 V set pulse amplitude and a series
resistor of 10 K ohms would deliver a set current of 5 mA.
The standard pulse shape has a rise and fall or 2 msec and
a total duration of 17 msec.

The reset pulse is uniform for all measurements and is
a current pulse of 150 mA in amplitude and 6 usec; wide.

The read pulses are low voltage pulses Z to 5V, two
milliseconds wide interposed between the set and reset
pulses, and following the reset pulse. Its purpose is to
determine the state of the device - set or reset. It is
coupled through a high value series load resistor, approxi-
mately 100 K ohms, so that in a low impedance state its
amplitude would be severely diminished but in an off or
reset state its amplitude would be virtually unaffected as
shown in Fig. 4.11.

The values of the threshold voltage were determined by
displaying the characteristics shown in Fig. 4.11 on a
mernory oscilloscope and by using a peak reading memory
voltmeter in conjunction with a fast, strip chart recorder.

The resistance values of the specimens were determined

by measuring the voltage drop across the devices when passing

e ALY MR N A L VAR SR o
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10 amperes through the device. This method reduces
the probability of disturbing the state of the sample during
the measurement.

The preferred sample configuration would be a sandwich
type where the amorphous layer is disposed between two
parailel conducting electrodes. Because of the large number
of compositions to be evaluated, the sample configuration was
impractical and a "probe"” technique was utilized. This
technique consists of depositing the material of interest on
a previously metallized substrate, the metal layer, molybdenum
in all cases, serving as one electrode. The other electrode
was a tungsten probe with a two micron radius tip which was l
gently lowered into contact with the amorphous layer with a
micromanipulator. The switching voltage was then applied
between the probe and metal layer. The polarity of the probe
was positive with respect to the metal layer. This technique
was proven to give results similar to sandwich configurations
by employing a material which had been well characterized
using sandwich samples and comparing the results to those
obtained by the probe technique. The probe technique also
offers the advantage of more measurements per sample since
a one square centimeter sample has hundreds of measurement
sites; therebhy allowing one to obtain a good statistical

average of results,
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OTS switching and OMS switching are distinguished
by what happens after the "on" state is reached by
exceeding the threshold voltage. OTS materials return from
the "on" state to the "off" state as soon as the current falls
below a certain current holding value. OMS materials remain
in the "on" state as a result of the power dissipatior during
the setting action. The OMS devices thus require a reset
pulse under normal operating conditions to return to the
"off" state. The effectiveness of the reset pulse in resetting the
device determines the reset "off" resistance and the threshold
voltage for the next operating cycle.

The OMS devices can, however, be operated in a trarsient
switching (TS) mode. Here the switching pulse is kept
sufficiently short so that the OMS device is not set in the "on"
state but returns to the "off" state at the end of the switching
pulse.

For pruper evaluation, it proved useful to subject each
material to a TS (transient switching) and an OMS (memory
switching) test pulse train,

Transient switching was achieved by means of a current
sensor and electronic "crowbar" circuit., The combination
of current sensor and crowbar circuit is referred to as the zero

power tester (ZPT). When the current through the device exceeded
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the level set on the current sensor, adjustable from 0.25 mA
to 5 mA, it tripped the crowbar circuit thereby shunting the
current from the device and preventing any significant setting
action. For all TS measurements, the ZPT was set to

trip at 0.5 mA and would reduce the voltage across the
device to approximately 0.65 volts within 50 nsec after

the threshold switching action.

Results

4.3.3.1 Switching at 298° K

A thorough investigation of threshold voltage
as a function of thickness was made on the compo-
sition TeBIGeISSbZSZ , which is a typical OMS ‘
material. Several hunired devices were prepared
in a sandwich configuration with sputtered Mo
electrodes and an active glass area twenty microns
in diameter. The thickness was varied from 0.5 p
to 1.6 u.

The results are presented in Table 4.2 for TS
operation and in Table 4.3 for OMS operation.

The resistance and geometry of virgin films
gives a resistivity at 298 K of p = (1.15 + 0.15) x 105

ohm-cm, The virgin resistance is shown as a

function of film thickness in Fig. 4.12.
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TABLE4.2 TS OPERATION
Off State Average
Device No. Thickness Virgin First Fire Resistance Threshold
(microns) Resistance Voltage (10% ohms) Voltage
(106 ohms)
4 0.63 2.29 25.2 ' 1.70 12.5
6 0.675 2.70 26.0 1.90 12.9
8 0.73 2.50 27.0 1.81 12.2
10 0.78 2.75 28,2 1.90 12.8
12 0.83 2.86 28.8 2.00 13.1
14 0.88 2.90 29.6 1.90 12.2
16 0.93 3.21 - 3L.0 2.10 14.5
18 0.97 3.22 31,2 2.10 14.5 !
20 1.00 3.30 32.2 2.10 15.0
22 1.02 3.50 33.0 2,20 14,5
24 1.04 3.52 34.0 2.21 14.5
26 1.06 3.60 34.5 2.20 15.8
28 1.08 3.71 35.2 2,22 15.9
30 1,09 3.89 35.8 2.37 16.2
32 1.11 3.90 36.8 2.30 16.0
34 1.12 4.05 37.2 2.32 16.2
36 1.14 4,15 33.0 2.38 16.8
38 1.15 4,30 38.5 2.40 16.2
40 1.17 4,40 39.0 2,48 16.8
42 1.18 4,42 39.2 2.56 16.9

44 1.20 4.49 40,2 2.50 17.2 -
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Off State Average
Device No. Thickness Virgin First Fire Resistance Threshold
(microns) Resjistance Voltage (106 ohms) Voltage
(10” ohms) : '

46 1.22 4,76 40.8 2.52 : 17.2
48 - 1.23 ' 4.85 41.0 2.60 17.1
50 1.25 5.30 a1.6 2.74 17.7
52 1.26 4,95 42.0 .2..61 17.8
54 1.28 4,90 42.5 2.68 17.8
56 1.29 4.82 42.6 2.58 17.8
58 1.31 4,71 | 43.0 2.35 18.1
60 1.32 4.94 43.2 2.70 18.1
62 1.34 5.00 43.9 2.77 18.1 {
64 1.36 5.11 43.9 2.86 18.1
66 1.37 4,86 44,1 2.70 8.1
68 1.39 5.04 44,2 2.75 18,5
70 1.4 4,80 44,8 2.68 18.1
76 1.45 4,50 44,9 2.59 18.5
78 1.47 5.13 45.1 2.74 18.5
80 1.48 5.20 45.1 2.90 18.5 |
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TABLE 4.3 OMS OPERATION
bvice Thickness First Fire Reset Res, Device Thickness Pirst Fire Reset Res,
o, (microns) Voltage  (ohms x 106) No. (microns) Voltage  (ohms x 106)
4 0.63 27 1.50 17 0.95 33 1.88
5 0.65 27 1.80 18 0.97 33 1.92
6 0.68 28 1.60 19 0.98 34 1.91
'7 0.70 28 1.56 20 1,00 34 1.95
'8 0.73 29 1,61 21 1,01 34 1.92
9 0.75 29 1.62 22 1.02 35 1.98
,':0 0.78 30 1.80 23 1.03 = --
1 0.80 30 1.70 24 1.04 35 2.07 |
2 0.83 -~ -- 25 1.05 36 2,00 |
3 0.85 31 1.72 26 1,06 36 2,00 i
4 " 0.88 31 1.81 27 1.07 37 2,00
5 0.90 31 1.87 28 1.08 37 2.10
6 0.93 32 1.90 29 1.08 37 2,01 ]
30 1.09 38 2.01 i
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These samples all exhibited a first fire effect, i.e.
the threshold voltage on the first firing of the virgin sample
was highexj than any subsequent firing and is not aga<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>