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Amcrphous tin selenide thin films which possess
Ovonic switching properties are. febricated using vacuum ‘
deposition tOLhn‘quef Results obtained indicate that memory
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computer controlled testing procedure is developed which _
allows precise control over the shape of the applied VO¢1?§L
switching »ulse. A survey of previous experlmenLJI and
theoretical work in the aresz of Ovonic switching is alse
presented, ‘ ‘
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CHAPTER 1
INTRODUCTION

The National Aefonaﬁtits ahd‘Space Adminiétration
conducts worldwide meteroiogical rocket soundings to obtain
measurements of the propefties\bf the upper atmosphefe such
as temperature, pressure, density, and métiOn. The purpose
of that project is twofold: first, to lead to better short and
long range weather forecasting and, second, to supply data
needed for missile and space vehicle launches. The measufé;
ments are made by using a soundiﬁg rocket to carry an
instrument package to a desired aititude. At peak aititude,

“the Ttocket nose cone which contains the instrumentation ,
package is ejecfed and the measurements are‘telemeﬁered to'z
the ground as the payload desceﬁds on a parachuté:

The payload includes a temperature sensor_used-to'
measure atmospheric temperature durihg the descent. A bead
type thermistor is presehtly being used to measure tempera-‘ 
ture gnd it gives accurate resﬂltsrup'to approximétely
55 kilometers {34.2 miles). Studies have shown that a thin—i
film thermistor should have the sensitivity ne¢essary.td
extend the peak altitude from 55 kilometers to aboﬁt"

80 kilometers.[1]
The Departmentlof Electrical Engineering at Tennessee

Technological University was awarded a NASA research grﬁﬁé&in
1

*NGR 43-003-0/a



2 .
an effort to obtain a thin-film sensor whicﬁ had the necessary
temperature dependence as well as loﬁg term stability. Inves-
tigations by Ooten [1], Bynum [2], and Palmer [3] have led to
the present device flight configuration shown in cross section
in Fig. 1.1. Bynum [2] investigated the effects of silver
migratidn on the study of a thin-film tin selenide thermistor
and observed inconsistent reslistance-temperature characF.
teristics of the type shown in Fig. 1.2. |

These fluctuations were assumed to be the result of
passihg too much current through the device during test pro-
cedures and Ovonic swiﬁching was suggested as a possible
cause'of the observed inconsistencies. Ovonic switching is
a change that occurs in the conductivity of an amorphous
semiconductor following the application of a voltage pulse.
This phenomena will be discussed in detail in subsequent
chapters.

Since tin selenide is the amorphous semiconducting
material being used as the sensor in the thin-film devices
being studied for NASA, an-investigation‘bf the electricai
switching properties of the materia1 was necessary in order
to determine under what conditions fluctuations in fesist;nce
would be encountered. Because switching is a detriﬁental
factor in obtaining stablé resistance-temperature character- -
istics, a knowledge of what voltage levels cause switching to
occur is essential. |

This dissertation will be concerned with trying to

"isolate the conditions under which tin selenide films switch.
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Figure 1.1. Cross Section View of Thin Film Thormlqtorb
in PFlight Lonf;guratlon
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In particular, it is important to détermine whether thé"
switching 1s erratic or if the device has more tﬁan one stablél
state. By 1solating the switching Con&iticné, it should be
possible to fabricate sensors which do not exhiﬁit switchfng 4:

characteristics.



CHAPTER 2
AMORPHOUS SEMICONDUCTOR SWITCHING

In recent years semiconductof devices of a novel kind
have been made from materials that are neither érystalline |
nor highly pure. These substances are in fact amorphous;
that is, they have a disordered atomic structure. Amorphous
devices are presently being studied in laboratories around
the world and lend themselves to many novel applications.

The most important examples of such devices are the threshold
and memory devices which have been named Ovonic switches by
their inventor Stanford R. Ovshinsky, who pioneered the work
in this area beginning in 1958.

The metastable structure of these amorphous semi-
condﬁctors gives them certain unique prbperties fhat are of
considerable technological significance. One property is
that they are structurally disordered and, therefore, rela-
tiveiy insensitive to high energy radiation and bombardment
f4]. In the area of electronic switching, the amorphous
material is changed from a disordered or glassy state to a
more ordered structure. The transformations involved in this
process have a marked influence on the electrical, optical,
chemical, and mechanical properties of the amorphous materials,

with these properties being dependent on film preparation.



FABRICATION

The propertieé 6f bulk Ovonic devices &o not seem f&*.
depénd‘critically on the fabrication method and; moreover;¥
are insensitive to most trace impurities. However;‘thé.prof
cesses used in manufacturing these devices should be,caféfully
optimized to insure devices with precisely.fepeatable chafac%;
teristics and,ldng'operating life. The ultraclean concept
associated With'faﬁricafing Siﬁglé_crystal'semicoﬁduétoré
does'noﬁuapﬁeaf to'be a prob1¢m ih thi@'ar;a.f

| Switchiﬁg‘propérties‘have béen.qbsérved,qnd studied.
in numerous amorphous materials. These matérigis iﬁclﬁﬁé ”
the elemental sémicondﬁcﬁdrs germanium,‘siliéon, tellurium,
and sulfur; fhe-covalent Seﬁiconductors such. as GeTg,;ASQSééiﬁ
and the chalcogenide, arsenide, and boride glassés.fﬁﬁork ﬂifu
‘has also been done‘qn‘ionic amorphous‘semiconddctorg ?ﬁch:és¥1

v

2O

5> A1203, and the transition-metal oxide glassé§;= ‘
Glasses which are useful as amorphous semitoﬁdﬁ§tbr§:'Hﬁﬂ
generally contain from two to fouf.elemeﬁts. .Efém é sWitthfﬁg”
standpoint, the most important groﬁp of gléssés ié prdbabiy ‘
- the chalcogenides. Chalcogenide glasses contain at 1ea§tj7yf l
one element from Group VIa of the periodic tablé: ‘OXyéen;‘{
sulfur; selenium, and tellurium. These glassés‘inélude |
binary, ternary, and quarternary systems. Thef:dan-bq'c@st;
éxtrﬁded, rolled, hot-pressed, blown, deposited bf'evéporation->

in a vacuum, or sputtered.



 An imﬁortanf featufe of-Ovdniﬁ deviées'is that,

unlike mény other solid-state devicés,'they are uniquely
adapted to thin-film circuitrf: This could be a very 1mpof-
tant factor iﬁ large~s¢ale integration. Thln film ovonlc
switches éan take varioué forms, [5] Two of these forms, tHe;
planar type and the sandwich type, are shown in Fig. 2.ifandi
Fig. 2.2. | o

Figure 2.1 represénts one of the simplest thin- fllm‘

ovonic structures in which an amorphous semlconductor materlal

serves as a bridge. betwcen two electrodes. In the more elabo- o

rate conflguratlon of Flg 2.2, the active scm1c0nductor
material fills a p051t10n that is sandwiched between two;

electrodes. ' The electrodes in turn are overlain by contacts;‘
- CHARACTERISTICS OF OPERATION'

Current-Voltage Characterlstlcs'

The threshold and memory dev1§es are'closely relatéd‘
but their phy51ca1 mechanisms are qulte dlfferent ‘_ BQhaV10r_'- 'V'
with respect to time constants, voltages, and currenf lévéis f
leads one to believe that several mechanisms may be'involvcd;
More will be said about this effect later. .

Both the threshold switch and the ﬁemoryzswitCﬁlare
normally in a high impedance state after fabrication. ‘Tﬁis-
state is called the nonconducting or "off" state. UBdfh |
switches exhibit a threshold volfage VT’ above which’thé
material exhibits a low impedance.behafidr.i The tranéitioh -:

from a high impedance to a low impedance represents a



Active Amorphous
Material

Substrate

l Figure 2.1,

Cross Section View of a:Thin‘Film_
Ovonic Switch (Planar Type) .
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Figure 2.2. Cross Section View of a Thin Film |
Ovonic Switch (Sandwich Tyne) [5]
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negatiﬁe-resistance region on the i—V gharacteristip; The
- low impédaﬁde state is the conductiﬁg or "on' state of the
switch. If the'current'fhrough the threshold: switch isl
quickiy reduced below a cfiticéi valﬁg IH_éalled the hdidiﬁg'~
current, the device will return to the ﬁoff“ state; whereés;_ 
in thé memory switch, if the device 'is kept inthe'“on”‘sta£e'
for a critical time termed "lock—dn,ﬁ a further decrease‘in"'
"voltage 1s noted and_the sample wiil remain.highly conduttive
even if_the applied'véltage is completeiy.remqvedh ?Onﬁé in
the "ont sfate, the memory switch'will remain in this state
untilla reset pulse with,é.sharﬁ trailing edge is applied. o
This causes the memory‘sWitch to/return tb‘the nonconauctihg
or high impedance state. A typical plot of thefcurrent;H
voltagé characteristicé of these deviceg is éhdwn iﬁ

Fig. 2.3.[6]

Switching Parameters

- The major switching parameters ére the threshold
voltage VT, the thresﬁold current IT’ the delay tiﬁe to’ the .
sWitching;time ts; the holding voltage Vﬁ, and thétrééoverj.‘
time tR;[6] ~These parameters not only depend bnftempérature,h
preséﬁré, and composition, but also on the fabricatidn
process, thermal and electrbnic ﬁistory, and the nature of
the eléctrodes. Because of this complex dependehce,'it'is
yery difficult to compare results even on the same films.

For this reason, it 1is more appropriate to discuss the'results

of previous work individually rather than colleétively.
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Figure 2.3. Typical I-V Characteristics of an Ovonic
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Neale,et.al.,[7] discussed_the;switching process of a
glass, the cbmposition of which was not-given. A 50 microjoule
pulse applied in about 10 milliseconds wés sufficient to
change the material from a disordered or glassy state to
a more ordered structure. This resulted in a resistance drop
of three to four orders of magnitude.  The device was returned
to its high resistance state by applying a reset pulse of
approkimately 5 microseconds duration. This represented the
injection of approximately 5 microjoules of energy into the
sample, which supplied sufficient heat to return the matefial
to the amorphoﬁS‘state. The samﬁle cooled quickly and the
disordered state wés maintained at room temperature. A
typiéal-sample had a threshold Voltagé of about 15 volts, was
about 1.5 microns tﬁick and 5 ﬁicrons in diameter, and cooled
to room temperature in about one microsecond. Thegtomppsition
of the material was found to have a dramatic effect on the
1ifetimé of .the dEVice;A it was also‘deterﬁined‘that'the
energy-time Comﬁiﬁatiqns used for the set and resct bperations
ﬁrofoundly affected the life expectancy of the device. |
Certain regions on the energy versus fime plot shown in
Fig. 2.4 resulted in effective setting and resetting Qf the
device being investigated. It was found that energy-tiﬁe‘
comblnatlon% that fell below the roughly defined tr1angu1ar
regions would not produce stable changes 1in the state of the
device even after repeated switchings. A device set within
‘the set area must be reset at a compatible energy in the reset

area. In other words, if a device is set within the ellipse
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Figure 2.4. Plot of Energy Versus Time for Pulses Used
in Setting and Resetting Processes [7]
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marked B, then the proper‘reset condition would'lie-within
the circle marked A. The reaéon for‘tﬂis correspondence is‘
that the area of the converted or crystailized.?egion in the
amorphoué semiconauctor'film depends on the set energy-time
combinatién. As'more material is coﬁverted to the ordered
state, a larger energy 1S necessary to obtain‘a stable
.reconversion.

For the sandwich type structure shown in Fig. 2.2,
Ovsﬁinsky and Fritzsche[8] and Adler énd Moss[9] noted that
the threshold voltage increases linearly with electrode sepa-
ration. This result is shown in Fig. 2.5 for the memory
material TeglGeISSbZSZ.[s]- The slope of the curve in
Fig. 2.5 yields a threshold field of about 10° V/cm. The
average'threshold field is independent of thickness up to
about 10p and then decreases. The magnitude of V, decreases
with increasing temperature as shown in Fig. 2.6 for
T640G87A5355i18’ which is a threshold material, and for
TeSlGe15Sb282’ which is a,memory-materiai,

As shown in Fig. 2.3, the conducting branch of the
I-V characteristic is nearly vertical. That is, above the
holding voltage VH,

the applied potential. The value of_VH for a one micron thick

chalcogenide film is typically one volt with electrodes of Mo,

the current is relatively independent of

W, Ta, and nicﬁrome, and 1.5 volts for carbon electrodes,
The small voltage drop in the conducting state and the large
resistance difference between the "off" and "on" states make

these chalcogenide glasses suitable for switching and memory
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Figure 2.5. Plot of Threshold Voltage Versus Ilectrodo
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81Ge gb [8]
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applications. Ovshinsky and Fritzsche[é] observed that the.
holding voltage VH was iﬁdepen@éﬁt qf femperétufe, electrode
separation (for 0.4<d<5u), ele;trode area, and current.

They conﬁluded that, since VH is’practically indépendept of
electrode separation, the potential drop VH occurs preaomi-
nantly near the electrodes,

Adler[6] noted thét a finite delay exists between

the time that V.. is exceeded and the switching event. This

T
delay time t, is of the order of several microseconds at
threshold, but decreases sharply with increasing overvoltage,
and reaches the order of nanoseconds if the voltage is

fifty percent greater than V..
SWITCHING MECHANISMS

The mechénism of switching is as yet unresolved.
There appears to be a lot of disagrcement as to the actual
cause of the switching process itself, with at least four
models having beén proposed. They are:

1. The'Switching is due to a‘heat-induced phase
change that 1s propagated through the sample.

2. -The amorphous medlum undergoes a phase transfor-
mation when the valehce electrons are liberated by the high
electric field. |

3. The switching is due to the formation of con-
ducting filaments.

4. The switching is entirely thermal.
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Since the switching mechanism 1s sfrongly influenced by the
fabrication process and material composition, the results
obtained by different authors using different compounds will
be discussed individually, followed by a generél summary.

Oyshinsky[lm has shown that one means of initiating
switching in sémigon&uctiﬁg glasses between two.highly con-
ductive electrodes cén‘be.éaused bf'Joule heéting of a current
channel and results in a "pancake-shaped'" temperature profile
and thermally stabilized high-field effects cleose to the ”
electrodes. He stated that the actual switching could not
be thermal and that electronic processes involved prevented
a thermal "runaway.” A simple thermal "runaway" would require
temperatures in the current channel far in excess of those
sthat could be reached without destroying the samﬁle. |

Boer and Ovshinskyfli] have analyzed the switching
mechanism in a Semiconducting glass evaporated from an ingot
T A

of Ge As Their analysis indicates

1275 35 255 017® 22V 1
that the actual switching involves electronic protesses which
prevent a thermal runaway. They concluded that, in Ovonic
threshold switches of the type that were investigated, the
switching transition is initiated by an electrothermal
instability causing a high density current channel. A simple
thermal runaway would require the current channel to have
temperatures that would greatly exceed those that could be
reached without material destruction.

Fritzsche and Ovshinsky[12] have stated that most

materials cannot withstand electric fields larger than about
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10® V/em. For high resistance semiconductors, the breakdown
frequently causes a regenerative structural change in the
material or, without any material chahge, leads to a con-
ducting state that is maintained only above a certain holding
current. Both the mechanisms leading to breakdown and the
processes that take place after breakdown are difficult to
establish, These processes depend not only on electronic
and conduction processes, but on the thermal and structural
stability of the materials as well. Most nondestructive
breakdown effects are current-controlled and a conductive
state is reached with a simultaneous constriction of the flow
to a path or channel whose cross section increases with the
current,

Arguments against the possibility of explaining the
switching observed in the Ovonic threshold switch and Cvonic
memory switch by a thermal mechanism have been:

1. Apparent discontinuous change of slope from a
positive differential resistance at the point of break-
down to that of the lecad line.

2. The observation, supported by pulse measurement,
that during the delay time heating is rather insignifi-
cant. '

3. The switching time of a fraction of a nanosecond,
which is too short to permit heating of material in a
sufficiently large current channel to a temperature which
is high enough to achieve the conductance observed in
the conductive state.

Guntersdorfer [13] has studied thermal effects

connected with switching in commercial Ovshinsky switching

elements consisting of two graphite pellets coated with a one

micron Te-As-Ge-Si film and pressed tightly together in a
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glass tube. He concluded that melfing.was unévoidably.
 connected with switching in these devices and could not
decide whethér the switching process was initiated thermally
‘or electronically. | | |

Henisch and Pryor [14]have investigated Ovonic
switching in encapsulated switches based on one micron filmé
- of Te40A535GeYSil8 betweeq graphite electrodes. They showed
that the mechanism of threshold switching in thin chalco-
genide glass systems is essentially nonthermal. They indi-
cated that the problém of electronic versus thermal switching‘
is in need of further study.

Weirauch [15] has investigated threshold switching
and thermal filaments in aﬁorphous semiconductors. A
switching device 2mm by 3.6mm was fabricated by cbmpressiﬁg
a heated fragment of-the'n0noxide‘g1ass,'AszoGeEOSeSO, between
cﬁrbon electrodes in a pyrex tube. Upon heating the device
to 275°C and applying a sufficiently large AC vqltage across
the sample and 10 kilohm series resistor, threshold switching
was observed. The device was placed in a tubular furnace |
with a viewing port. At the instant that switching occurred
and with the aid of an infrared viewer, a bright.filament
was noted to extend between the two electrodes.

Baryshev [10] and others studied switching phenomena
on the surface of glassy CdGeASZL The device used was a diode
stfucture forﬁed by two tungsten point contacts on the surface

of glassy CdGeAs The appearance of a filament in the form

20
of a molten glass channel between electrodes was observed

t
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when the device switched to the high cpnductivity state.
The width of the filament ranged up to 1:8 microns. Upon
applying a current pulse that destroyed fhe filament and
increasing the Volfage to the switching threshold, the new
and old filaments between.the electrodes did not coincide.
These results.were used to explain electrode burn out in
thin film switchés and instabilities in switching voltage.

Ovshinsky [10] has also described a rapid and
reversible transition between a highly resistive and a con-
ductive state which was observed in various types of
disordered materials. The materials studied ﬁefe oxide- and
boron-based glasses and also materials that contained
tellurium and/or arsenic combined with other elements from
Groups III, IV, and VI of the periodic table.

Measurements were made on an amorphous semiconducting

film of Te The sample was 5 x 10 °cm thick

4853051125810
between carbon electrodes with a contact area of appfoximately
10 *cm?. The material had a room téﬁperaturé resistivity

of p =2 x 107chm-cm. ‘A 60-Hz AC voltage was applied across
the sample and a 10“‘oﬁm load resistor was,uséd...The same
switching characteristics were found to exist for both sput-
tered and hot;pressed samples even when the electrodes were

of different contact areas or were of different materials.

The threshold voltage V.. was found to increase 1inear1y with

T
fiilm thickness even when different electrode materials were
used. Threshold voltages between 2.5 and 300 volts were

observed.
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Upon switching-to the low resistance sta£e, a current
filament appeared to form, growing in diameter with increasing
current flow. Filament‘diameters of 5 x 10 3cm were observed.
Boer and coworkers have also observed similar filaments. By
applying a rectangular voltage pulse across the sample,
switching was found to occur éfter a delay time ty with the
duration of the switching process lasting less thgn
50 nanoseconds.

Stocker [17] has discussed switching and memory
effects in thin film semiconducting chalcogenide glasses.
Numerous thin film devices were fabricated by both thermal
and flash evaporation. Different geometrical configurafions,
substrate materigls, and contacting procedures_wefe also
used, but noné of these things were found to have a marked
effect on the electrical characteristics that were observed.
The I-V characteristics of the thin film devices were found
to be similar to those observed in bulk samples of the samé
material. A series of films of the same material but with
varyihg thicknesses was prepared, but no significant corre-
~lation Between film thickness and threshold voltage was found.
The voltage required for the initial switching event was
found to be nermally higher than the threshold voltage
observed under continuous AC operation. . This initial vol-
tage was found to be thickness dependent, similar to the
dependence of the path forming voltage on the distance of the
electrodes. Fach of the devices was examined before and

after the threshold switching; Evidence of partial
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devitrification was found under the contact area in all
cases. An Au-glass-Au thin film sandwich was evaporated onto
a glass substrate. When an AC voltage of sufficient magni-
tude was appllcd across. the sample to cause threshold
switching, localized regions of deV1tr1f1cat10n could be
observed. -The word devitrification in this case implies a
change in the physical structure of the glass film, The
following qualitative model was proposed as an explénation
for fast threshold switching: |

1. Upon application of an electric field heating
produces local devitrification. This process proceeds
extremely rapidly and produces a filamentary path of
devitrified material.

2. The current increases further until a limit
determined either by the external circuit or the resis-
tance of the structure is reached. The filamentary path
now consists of molten material at high temperature.

3. Upon reducing the current, cooling results in
the transformation of the molten filament into the glass:
state. The cooling rate must be fast enough so that
transformation to the glassy state rather than phase
separation occurs.

Although thermal switching is possible, it is probably
not the sole cause of switching in QOvonic devices, as it would
involve too much heating in too short a time. For thicker
films there appears to be considerable evidence that the
switching mechanism is thermal. For thin films under about
8 microns in thickness, the situation is not as clear, and
one study suggested that the switching mechanism may be
thickness dependent. Another study showed that, even for

thin films, many switching properties can be explained from a

thermal standpoint. Many investigators concluded that the
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memory effect must be understood as a thermally induced |
crystallization'of the amorphous material-which leads to
high conductivity. Several authors attributed switching
to a filamentary plasma with high conductivity that traﬁelléd
from one electrode to the other. Observations of melting
and crystallization during switching and the dependence of
switching characteristics on device thickness and temperature

tend to support the thermal mechanism of switching.
SUMMARY

The application of amorphous semiconductor devices
has increased in recent years. Chéltogeﬁidé glassésihave
received considerable attention because of their establishe&
or possible importance‘in‘the-areaé of.electroplating, glec-
trophotography,'infrared transmitting Qindows, electronic
' switching, and electronic and optical memory applications.
‘Threshold switches are being used in electroluminescent
displays, AC thermostats, and logic circuits._'Receﬁt work
on optical switching has helped to broaden the range of
applications for memory switching. A recent development
uses amorphous memory switching in a 256-bit electronically
alterable read mostly memory [7] built by Energy Conversion
Devices on substrates from Intel Corporétion. |

Because of the uncertainty which exists concerning
the relative role of electronic and thermal switching |
mechanisms, it appears thaf much more experimental data is

needed that can distinguish between them. One means of
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gaining additional insight as to the switching mechanisms
involved in thin film devices is to obfain more detailéd data
on the dependence of device behavior on thickness, tempéra—
ture, deposition parameters, and composition. A study of the
microscopic nature of the filaments observed during switching
and their effects on electrical characteristics would'help
clarify some of the problems associated with-memory devices.

One problem to be‘reckoned with is that of repro-
ducibility. Reproducibility has long been a problem in this
area, Sample reproduction is directly related to materials’
characterizations, which in turn involves such things as
chemical composition, whether or not the sample‘is,truly and
completely amorphous, and whether or not there are multiple
pﬁases present. |

The field of amorphous semiconductor switching ié a
relatively new aﬁd exciting'areé. Whéther or not these new‘
devices can Ee fabricated into smaller, lower cost; more
reliable devices and compete on the commercial market reméiné

to be seen.



- CHAPTER 3
AMORPHOUS SEMICONDUCTOR MODELS

Although there has been considerable interest in the
last few years in the switching properties of amorphous'sémi~'
conductors with an emphasis on the chalcogenide glasses,
there is still no theory that adequately accounts for the
observed characteri%tics [18]. Numerous mechanisms have been
proposed to explain the observance of threshold switching in
amorphous semiconductors. Adler { 6] has stated that memory
switching is simply an amorphous-crystalline transition which
has now been confirmed in detail., Hé also stated that, except
for the fact tﬁét memory switching was electrically induced
and occurred after a pfidr threshold switching, the mechanism
leading to memory switching was well understood and that the
area of controversy was in the mechanisms 1ea&ing tdzthreshold
switching. Owen and Roberfson [19] have stated that threshold
switéhing always precedes memory switching and that any
mechanism established for the former is therefore applicable
to the latter., Based on the observations of Warren and'Adlef,
it secems that, qualitatively, memory switching is well under-
stood from the standpoint of therambfphous-crys;alline
transformations jﬁyolved, but quantitativeiy,'there is not a
rigid theory tolsﬁpport the observed characteristics of either

the threshold or memory devices.
27
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Considerable contréversy exists as to whether threshold
switching is primarily an.electronic or a thermal process.
Thermal.mechanisms stress the importance of Joule heating in
connection with fhe observed exponential increase in conduc-
tivity with temperature. When the rate of heating of é
material rises rapidly and this heat cannot be conducted away,
a very hot conducting filament appears to form between the
electrodes of the‘device. -However, Adler [ 6] clainms that a
pure thermal model cannot account for threshold switching in
thin amorphous films since non-ohmic conduction has been
~shown to be due to an clectronic mechanism. As a result, an
electrothermal model of switching has been déveloped which
appears to be in agreement with a variety of experimental
data. The relative impoftance of these effects depénds on the
composition and thickness of the amorphous material, the nature
of the contacts, and the device geometry. The controversy
between thermal and electronic effects in regard te threshold
switching is best summarized by Adler [ 6] when he states,

"one particular device can exhibit either purely electronic
or primarily thermal switching depending on the procedure
'used to induce the 'on' state."

Before discussing some of the theoretical models
proposed to explain threshold switching iﬁ amorphous méterials,
the concept of order—diéorder in amorphous solids should be

mentiocned.
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ORDER-DISORDER IN AMORPIHOUS MATEIRIALS
A'ﬁerfect crystal in its ground energy state is said -
to have perfect compositional, positional, and magnetic (spin)
order. This simply means that, if we knoﬁrfhe'pOSitiOn and
type of any atom in the crystal and the crystal's orientatioh,
we can determine the position and type'of evefy other atom in
the crystal. Crystalé are never perfeét, however, and we can
classify their imperfections. The introducfion of impﬁrities
into a crystal would result in compositional disorder, while

defects that exist within the crystal are examples of posi-

tional disordér. There are also dynamic imperfections which
can come into play. All amorphous solids have long-range
poSitional disorder, buf for the elemental amorphous semi-
conductors, this is the onlf type of disorder, while the
amorphous compoﬁnd semiconductors always possess both
compositional and positional disorder.

The band theory of crystalline solids says that, for
perfect periodicity of the atoms, the energy étates that an
electron can occupy as it moves in the solid are continuously
distributed over energy ranges called bands, but are excluded
from other energy ranges called gaps. It is interesting to
noterthat the existence of periodicity is not essential in
explaining the electrical properties of crystals. By taking
materials through their melting point, which is the tempera-
ture at which long-range periodicty vanishes, it is found
that, except for several materials whose short-range order.

changes discontinuously at the melting point and leads to a
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semiconductor-metal trénsition, almost nothing happens to the
electrical conductivity. This means tﬁat upon melting, metals
rémain metals, semiconductors remain scmiconductors, and
insulators remain insulators. Thus, one approach to take in
determining thé electrical properties of an amorphous material
is to assume perfect short-range order and then introduce.
long-range disorder. This might include both a perturbation
on the band structure and a scattering process that could

- 1imit the free carriers' mobility.
THEQORETICAL MODELS

Because of the overabundance of models, both electrenic
:and thermal, which have been proposed to explain the switching
phenomena, it 1is impbssible to.aisqﬁsslthem-ail.‘ The
following discussion .is a:review-of a few of the theoretical
models propbsed to deséribe,the switching observed in amor-
phous Semicondﬁctérs.”'The-models ﬁresented below are
electronic in nature,.as théy deal with conduction mechanisms
that take place within the material és opposed to the thermal
mechanisms which assume'Joule heating as being the primary
cause of switching. The following models were selected :
because they incorporate the basic ideas contained in other‘
models. Electronic models seém to be at a disadvahtage since
the electronic structure in the amorphous state is not cléarly
understood and it is, fherefpre, difficult to.discuss topics -
such as space-charge formation, non—oﬁmic behavior, and the

roll of barriers at the electrodes, in anything othexr than
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semiquantitative terms. Since a rigid theory in the area of
amorphous semiconductors ﬁoes not exist at this time and
since a given set of data cannot be used to eliminate a
particular model because different compositions and gegmetries
lead to different switching mechanisms, each of the eléctronic
models will be discussed individually, followed by a general

SUMMATYy.

Basic Electronic Structure

Before discussing the band structure of amorphoﬁs
semiconductors, we need to briefly review the band structure
of a typical intrinsic crystalline semiconductor. A crystél-
line semiconductor is one in which a band of electronic statés,
complefely filled at zero degrees kelvin {(valence band);‘is
separated from a band which is completely empty af ZeTo
degrees kelvin (conduction band) by é narrow region of for-
bidden energies called the energy gap. An energy band diagram
of a pure semiconductor at absolute zero is shown in Fig. 3.1.
At absolute zero a semiconductor is a perfect insuiator,
ﬁince no partially filled bands exist. At higher tempera-
tures electrons in the valence band may-acquire enough thermal
gnergy to be excited across'thé'éﬁergy gap and become con-
dﬁction electrons in the conduction band.. The empty states
which were left behind aiéo contfiﬁute to the conductivity
since they represent available energy levels within the
valence band. It is evident, then, that as the temperatufe
increases, the number of conduction electrons and the number

of holes will incredse as will the electrical conductivity.
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A semiéon&uctor in which the electrons and holes are créated |
entirely by thermal excitation across the energy gap is called
an intrinsiclsemiconductor. In order to discuss how these
partiéles are distributed in energy, we nced to say somethiﬁg
about the‘density of states function. If we let f(E) denote
the average number of particles that occupy a quantum state

of energy E, and let g(E)JE denote the number of quantum
states whose energies lie in a range between E and E+dE, then
the number of particles whose energy is in the rﬁnge between

E and E+dE 1is given by
N{E)dE = £(E)g(E)dE -(3.1)

where f(E) is called a distribution'function. Since free
electrons in semiconductors obey Fermi-Dirac statistics, the
distribution function f{(E) becomes

1 L
(E'EF)/kT

f(E) (3.2)

1+e

Because only one ﬁarticie ﬁay occupy a given quantum State,
the value of f(E) at a particular energy is equal to the
probability that a quantum state of that energy will be occu-
pied. A plot of the density of states, g(E), as a function

of E for an intrinsic éemiconductor is shown in Fig. 3.2, with
the fermi level lying in the center of the forbidden gap. Now
that we have briéfly reviewed the band theory concepts of
ctystalline semiconductors, we can continue our discussion of

amorphous semiconductors.
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Harrison [20] has described a basic model of the |
electronic structure of amorphous materials and has shown
how tﬁe transport properties of the material can be explained
in terms of the model. He considers a solid semiconductor
which has each atom surrounded tetrahedrally by four nearest
neighbors. Disorder is introduced into the solid while
retaining the tetrahedral éoordination which results in some
unfilled or '"dangling" bonds that can produce states or fraps
‘in the forbidden band. These deviations may also cause
localized states to rise into the energy gap from the valence
band with the energies of these states depending on the detaiis
of the local structure. Harrisén'states that these energies
can be distributed throughout the gap but will be for the
most part in the vicinity of the valence and conduction band
edges;'with states near the center of the gap .being localized:
while those near the band edges will be spread out. The
energy states'in the "forbidden band" are localized and,
although the density of states at these energies may be low,
they are not zero. Thus, even if impurities are‘added, the
fermi level at room temperature will shift only siightly and
remain in a region where all the states are localized. This
is what makes amorphous semiconductors appear to be intrinsic
even when they are impure. Keeping in mind the discussion of
Harrison and returning to the density of states plot we made
earlier for the infrinsit semiconductor (Fig. 3;2), we should
be able to modify the density of states plot to include amor-
phous materials. Instead of being sharp, the conduction and

valence bands should tail off into the forbidden gap due to



Figure 3.2.

Tlot of Density of States Versus Energy
for an Intrinsic Semiconductor
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" the presence of the localized states caused by the disorder
that was introduced into the material structuré, as seen in
Fig. 3.3. The short lines that are shown in what was origi-
nally the forbidden gap represent trap sites that have been-
created due to the disorder. The 10ca£i0n of the fermi level
will depend on the local structure. -As the disorder becomes
more and more pronounced, these band tails may meet or
possibly even ovérlap. In-order to obtain conduction, it is
necessary to have electrons in states well above the fermi
energy, EF’ or holes in states well below the fermi energy.
Since the electrical conductivity cannot be raised signifi-
cantly by doping, other means have to be considered. One such
means is that of injecting large numbers of electrons (or
holes) into the material. This can be accomplished by applying
a large potential to metal electrodes on the amorphous semi-
conductor. Harrison suggests that,lif the potential 1is then
reduced, electrons could drop from conducting states back into
higher-lying traps in the forbidden gap and, at a latér time,
could bs easily reexcited into conducting states, thus causing
an occupation of levels in the vicinity of the top of the gap
just as if the fermi level had been elevated to that region.
The presentation above is analagous to the Ovshinsky effect,
which is nothing more than én observed increase in conductivity

of an amorphous semiconductor following a pulsed voltage.

Basic Band Model (BBM)

The basic band model was proposed by Mott [7]. He

defined an ideal covalent glass as a one, two, or three



Figure 3.3.

Plot. of Density of States Versus linergy
for an Amorphous Semiconductor
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dimensional random network with excellent short-range order
and no long-range order. Every atom has its valence require-
ments locally sétisfied with no dangling bonds or structural
defects. Mott stated that the following were considered
to be basic experimenfal facts regarding amorphous
semiconductors:

1. The electrical conductivity, o, appears to be
primarily intrinsic in its temperature dependence. even
for alloys of varying valence and different compositiom.

2. The electrical conductivity has the form

-AE/ZkBT

G = g,e over a wide range of temperatures.

3. The pre-exponentials, Gy €an be an order of
~magnitude or more smaller than ~the value for crystals,
but the energy gaps are of comparable size.
Mott suggested that defects such as vacancies, dangling
bonds, voids, and impurities might lead to nonuniformities
in the density of states as seen in Fig. 3.4 and that alloys,
because of the presence of both compositional and positional

disorder, could lead to an overlapping of the taiis in the

‘density of states as seen in Fig. 3.5.

Cohen, Fritzsche and Ovshinsky Model (CFQ)

Because chalcogenide glasses may have almost any
composition and since disorder has been assumed to have a
marked influence on the density of states, extensive tailiﬁg
can be expected for these materials. Cohen, Fritzsche, and
Ovshinsky [7] suggested in their model that the tailing is

great enough to make the valence and conduction bands overlap.
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Figure 3.4. Variation of Density of States of an Amorphous
' Semiconductor Due to Defects Such as Vacancies,
Voids, and Tmpurities



Figure 3.5.
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Variation of Density of States for
Alloys Having Both Compositional
and Positional Disorder
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A diagram of the Cohen, Fritzsche, Ovshinsky model is shown
in Fig. 3.6. Observation of Fig. 3.6 raises two questions:

1. Since the valence and conduction bands overlap,
is it possible to make any distinction between them?

2. If states exist in the conduction band with
energies that are lower than some of the valence band
states, should a repopulation ef states take place in
order to achieve equilibrium?

Cohen, Frit;sche, and Ovshinsky answer these questions-in
the following manner. They conclude that a localized state
in the valence tail is normally filled,with the corresponding
atom being neutral. If the localized state is empty, it
represents a positively charged ion. . Similarly, a localized
state in the conduction tail is generally empty,with the
corresponding atom neutral. An electron assuming one of
these states wbuid create a negatively charged ion. Thus,
there is a distinction between localized states in the two
bands. Their answer to the se&ond question is that, pro-
vided no donor or acceptor states exist, enough electrons
will exist to exactly fill the valence band and leave the
conduction band empty. Electrons in higher valence band
'states may lower their energy by faliing inte states at the
bottom of the conduction band tail. This process continues
until the system energy is minimized. Neale [7] has indi-
cated that this model predicts two types of electronic
transport: an intrinsic conductivity due to the excitation
of electrons above Ec or below EV (see Fig. 3.6) and a‘

hopping type conductivity among localized states that exist

in the gap.



Figure 3.6. The Cohen, Fritzsche, Ovshinsky Model for
the Density of States of a Typical
Chalcogenide Glass
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Henisch, Fagen, and Ovshinsky Model (HFO)

The model proposed by Henisch, Fagen, and Ovshinsky
[7] to explain threshold switching is based on double-
injection of charge carriers from the electrodes and makes
use of the model proposed by Cohen,_Fritzéche; and Ovshinsky
that was described previously. According to Henisch, Fagen,
and Ovshinsky, a negative space charge is formed near the
cathode due to the trapping of electrons and, similarly, a
. positive space charge is formed near the anode. These two
space-charge regions limit the current, causing an incfease
in the electric field in the bulk material. As the two
space-charge regions eventually overlap, a region is produced
in which all positite and negative traps are filled. Since
this region is neutral, it is highly conductive. Electrons
will be accelerated toward the anode and holes toward the
cathode, and a highly conductive state will form rapidiy.
The strongest evidence against the charge—injgction.models
for switching is the absence of polarity effects, although-
some experiments do suggest that at low temperatures some

charge-injection processes may play a more dominant role [7].
SUMMARY

Numerous advanées have been made recently in trying
to understand the structural and electrical properties of
amorphous semiconductors. Experimental data has been dis-
cussed in terms of mobility gaps and density of states, and

a basic band model has been developed. It appears that
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several conclusions can be reached about each material.
iﬁvestigated, but many difficulties still remain unrgsolved
and .a basic simplification of the area is needed.

Producing well-defined reproducible sémples for
electrical measurements is often impossible. Two séts:of
films apparently of the same amorphous material.could COn-
ceivably behave quite differently from each other. It.is
possible that several different types of metastable disor-
dered structures could be formed from a single chemical
composition, depending on the ekact préparatioﬁ technique,

There.appeafs to be one shortcéming'iﬁ the several
models discussed above for threéhold switching. Different
compositions and different geometries can often lead to
different switching mechanisms; therefore, using a given set:
of data to eliminate a particular mbdel will eliminate it
only for that particular case. Although the models presented
above resulted from studies of thin film sandwich structures
of chalcogenide giasseg, the results should be applicable
for devices fabricated in a planar structure. )

Thermal runaway resulting from rapid Joule heating
has long been a frequent explanation of threshold switching.
The thermal model accounts for filament formation, the pre-
switching delay time, and the negative resistance region. At
present, switching seems to be thermally induced for bulk |
samples and for films thicker than about eight microns.
Thermal runaway has been observed in thin films for particular

compositions and geometries.
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The thérﬂéllmodel as shown_in Fig. 3.7 interprétS'
the switghing.action as arising soléiy.from the heating/
conductiVitytcytle, In many of the thin. f11m dev1ces used
in experimental work, it is difficult to separate fleld and
iemperature phenomena because the devices switch at voltages '
wheré the field and temperature Contributidns to the -
conduct1v1ty increase .and have similar magnitudes.

A number of eclectronic processes have been sugge%ted
as appllcable to threshold bhehavior and behavior in the 'on"
-state of chalcogenide glasses, but nonc has been developéd tb
the stage where quantitative calculations and prédictioﬁs
can bé made. Thé proposed models make few concessions. to
the amofphous nature of the material. .The chalcogenidé‘glassl
is often regarded as a typical .semiconductor modified_only‘;‘“
by the presence of a larger than ﬁormal density of traps agd/"
or Tecombination centers. -

There is curprlslngly little published dara on - the
I-V characteristics of the. kind of chalcogenlde glass -
compositions generally used in switching dévices;ll

A large amount of the publishéd data is essentially
coﬁcerned with the same type of device using basically the
same or similar compositions. It'is, therefore, difficult“

- to be sure whether the data are typical‘éf peculiaf to .that
particular form ofldevice.

Electronic processes make an important contribution
to the non-ohmic conductivity of chalcogenide glasses in the

preswitching region, but none of the models seems to give an
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adequate account of this, at least not in its elementary forﬁ.
For smaller electrode separations, thefe,appear to be signifi-
'cant_chénges in the temperaturé and thickneés depeﬁdence of -
threshold voltage and this is generally accepted as evidence
that eledtronic effects are predominant.. Experiments to
measﬁre the-threshold voltaée aska'functiqﬁ of electrode
épacing are difficuit to perform. It is obﬁiously necessary
to maintain both ﬁaterialg and boundary conditions while
varying the electrode spacing. Since the threshold voltage
deﬁends'on the immediate history of the applied voltage and
the temperature, the threshold voltage should bé measured by
aﬁplying é slowly varying VOItage-to the device.

At the present time models and theories of higﬁ;field
phenomeha are not_devéloped well enough to apply confidently
to complex sWitching processes. Discrimination between.the
thérmal andlelectronic-models appeafs to require the méasure~
ment of device temperatures during the switching actions.
Thus, at the present time, one can only speculaté on thej
rélaéionship between the behavior in the preSWitching_region

and the actual threshold conditions.



CHAPTER 4
EXPERIMENTAL PROCEDURE
FILM FABRICATION

The thin-film silver-SnSe devices used for this
investigation were vacuum deposited. Figure 4.1 shows a
cross-sectional view of two typical devices. The devices
were planar and consisted of é layer of SnSe overlain with
silver contacts or silver contacts overlain with SnSe. The
materials were evaporatéd by means of an electron beam gun
system and the deposition parameters were controlled by a
Sloan Omni II unit. Figure 4.2 shows a schematic of the
vacuum evaporation system used in this investigation. In
this system the kinetic energy acquired by the clectrons
as they leave the filament of the gun is converted to heat:
upon striking the surface of the material being deposited.
This heat raises the temperature of the material, thus causiﬁg
it to evaporate. The evaporated material leaves the surface
in all directions and condenses through a mask pattern onto
the substrate above.

All depositions were made on glaés substrates which
were cleaned by the same process as that described by Yen({21].
After completing the cleaning procedure, the substrates were

visually inspected and immediately loaded into the vacuum

48
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Figure 4.1; Cross Section View of Typical Ag-SnSe Devices
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system;' A mechanical and oil diffusion pump were then used
té evacuate the system to a pressure of ‘approximately 10_6
Torr. |

A quartz crystal oscillator, connected to the Sloan
Omni II, was used to give a continuous reading of the thick-
ness of the films being deposited. The quartz crystal
received a deposit of material at the same time as the suE—'
strates. This deposited material resulted in a change in
the natural resonant frequency of the crystal. The total
change in frequency during deposition is proportionél to the
mass of the material depbsitedionlthe‘crystal and, thereforé,
a measurement of the cﬁange in fféquency allows one to |
determine the thickness of the deposited films. To correlate.
the ffequency shift with film thickness;silvef and tin
selenide films of varying thickness were deposited and fhe
corresponding frequency shifts recorded. - The film thiék-
ﬁesSes in éngstrbms were measured with a multiple beam inter-'?
ferometer and callbratlon curves f01 ‘thickness as a functlon
of frequency shift were obtained (see Fig. 4.3). From thl;‘
point on, the assumed film thicknesses‘were based entirely -
on the measured frequency shifts. - B .

Initial dev1ces used in this 1nvést1gat10n were’
‘fabricated using the mask patterns shown in Fig. 4.4, whereas
the patterns shoﬁn_in Fig. 4.5 were used in subséquenf
~devices. All mask patterns used in this study were‘made of
beryllium copper using the process previously described by

Baxter[22].
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Figure 4.4, Mask Patterns Through Which Initial Films
Were Evaporated
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- Figure 4.5. Mask Patterns Used in Fabricating Tinal Devices
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Using the mask patterns shown in Fig. 4.5, it was
possible to fabricate six devices at one time. As scen in
Fig. 4.5a, the devices were divided into three groups hy
spot welding a 2, 5 and 10 mil wire onto the beryllium-
copper to define electrode separation. A thin layer of silver
deposited at a low rate was used to define the electrode
spacing. The low deposition rate was necessary in order to
reduce the possibility of the gaps being shorted out by the
diffusion of material around the wires. Solder pads were
formed by depositing additional silver through the pattern
shown 1n Fig. 4.5b and, finally, the active material (SnSe)
was deposited using the mask pattern shown in Fig. 4.Sc{

During the fabrication process for the last several
series of devices, the rate of deposition of thé.tin selenide
was monitored with a minicomputer interfaced to a data acqui-
sition system, high speed digital plotter,.and high speed
reader/punch. A block diagram of the monitoring system is
shown in Fig. 4.6. The rate was monitored at one second
intervals and the corresponding values stored in the computer
memory. Since the minicomputer contains a limited amount of
-memory, the monitoring time was limited to approximately ten
minutes. Once the monitoring cycle was completed, the rate
was plotted as a function of time and a pﬁnched paper tape of
the data for later use was obtained.

Difficulty was encountered in attempting to control
the rate at whiﬁh the tin selenide films were deposited.

Fig. 4.7 and Fig. 4.8 show deposition rate versus time plots
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for tin selenide obtained from two different suppliers. Rate
fluctuations of this tyﬁe can have a marked effect on the
properties of the final film, especially with a ldw melting
temperaturce material such as tin selenide. Since SnSe 1s a
compgund, it is desirable to deposit this material at a slow,
controlled rate in order to keep the material from decomposing
and yiclding a tin-rich or selenium-rich film. Efforts are
presently underway to allow a minicomputer.to have contrel
over the rate of deposition, but this project was not

advanced enough fer use with this study.
FILM TEST PROCEDURES

To test the devices for possible memory switching
characteristics, a series of valtage pulses of varying height,
width, and decay time was applied to the dévices and the
resistance was measured after ecach applied pulse. Initial
devices were tested using a signal generator with a push
button switch to initiate the pulses. The voltage drop across
the sample and the voltage drop across a fixed resistor in
series with the sample were displayed on a dual trace storage
oscilloscope. These voltage drops along with the value of
the series resistor were used in calculating the sample
resistance. - -With the signal generator used, there was no way
to obtain pulses with.a trailing edge, that 1is, a finite decay
time. To overcome this problem a multiposition rotary switcﬁ
was wired with differcnt resistance-capacitance combinations

in order tc obtain different decay times.
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Because of the large amount of time involved in the
above testing procedure and since the pulses that were attain-
able were not of sufficient magnitude tc obtain switching in
many of the films, an automated testing procedure was
developed, This technique was somewhat elaborate as it
involved the interconnection of a digital to analog converter
{D/A}, minicomputer, data acquisition system, high speed
digital plotter, high speed rcader/punch, and a linear
amplifier using a wA 741 operational amplifier.

The 12 bit D/A converter used took a digital  input
between zero and 4096 (2'%) and yielded a proporticnal analog
output between zero.and 9.99 volts, By setting the D/A to a
desired value, leaving it on‘for & predetermined time, and.
controlling how fast it turned off, rectangular pulses of
varying height, width, and decay time were obtained. Since
the maximum output voltage cbtainable from the D/A was §.99
volts, 1t was necessary to use a linear amplifier in order to
achieve the desired voltage levels. The output of the. ampli-
fier was connected to a series combhination of a fixed resistor
and the device to be tested. A schematic diagram of this
arrangement is shown in Fig. 4.9.

A computer program which caused the D/A converter to
generate a series of rectangular pulses of varying height,
width, and decay time was written to control the testing
procedure. These pulses were then amplified and applied to
the series combination of sample and fixed resistor. A small

iecakage current (<10 pa) flowed through the fixed resistor



Input (Blue)

O
Shield D/A

100K

o AAALLBLIECK) Ut o5
in
—{White) N o
OF AMP . D/ A + 275 volts
pho 741
4 3 2 1 Purnic)
10K
5 6 7 8
T (Orange) Output
IR @
i -
T G\ 161 244 & o
50K
- N —°
1 et 1000
°o+V = 15 volts ? &
o .
€ 5
(Yeliow) A
§
LICRY = -15% volts P
ce | .
| I
h——
VVAA -
3 OMEG

Figure 4.9.

Schematic Diagram of Lincar Amplificr Circuit

et
s

< ==

R i e I Ve B N el Iy

19



62
and device with no pulses applied. The veltage drop across
the device and the voltage drop acress the fixed resistor
were medsured using the data acquisition system. After the
application of each pulse, the data obtained was punched out
on the high speed punch for possible use at a later date; the
sample resistance, pulse height, pulse width and decay time
were plotted on the high speed digital plotter and a tabular
listing of the applied pulses and associated resistances were
printed on the teletype. The computer then waited for a
specified number of éecondé before applying the next switching
pulse.‘ The purpose of this delay was to allow time for the
dissipation of heat generated in the sample by the applied
pulse. A sample of the printed output and a sample plot are
shown in Tahle 4.1 and Fig. 4.10, respectively.

‘The coimputer program was set up in such a way that,
if the device switched from a high impedance to a low imped-
ance state, the bhell on the teletype would ring several times
and either of two options were available. The resistance
in this state could be monitored for any given number of times
or a subroutine could be initiated which would try to switch
the device bﬁck to its high impedance state by applying a
series of pulses having a sharp cutoff,

To test the devices for thresheld behavior, they
were connected to a transistor curve tracer. The voltage
across the device was increased gradually and the voltage-
current characteristic displayed was visually observed for

any abrupt changes in slope caused by the sample switching



Table 4.1, Sample of Output Data Obtained

During Sample Testing

A

SAVMPLE: 4

TEST DATE:

VALUE OF SERIE
SIZE OF GakP 1

SAMPLE
NESISTANCE

/T4 /7 2.31

17 2 74 /01

TESISTOR IS 10425 QHNMS

13 MILS
PULSE PULSE ‘ DECAY
HEIGH" WIDTH TIME

{ OIS D/ACYOLTSED (SECONDSS SECONES)
THS4T 45

TIL22739 « 5 L A0835 02
71341183 » 5 B8 - 02
TIEDR14 o 5 L BB2 . 230
Te39563 o5 0G4 G
TR2H2159 . 5 . 208 L 02
T3335467 . 5 AL E B2
7332271 «D » @32 G2
T341 312 « 5 MEGRCTAIN 02
7349657 « 5 . 128 G =
7367252 ) 255 2
7371855 ) 512 e
T36149% 1 - AEEGS L2
7343591 } <301 G2
72322217 ! 382 _ . « B2
7345301 ] B34 o .52
7325628 1 0D 82
TIZTIEG 1 016 @2
T32G596 I @32 k 34
1207422 } 364 s B4
TRE5526 1 128 o4
T282790 I . 256 « @4
72618743 1 e 512 04
724l 534 1.5 L BOBES « 22
7215375 1.5 «PA1 « A2
T215421 1.5 302 « 228
7212214 1.5 04 A2
1196634 [.5 » 3308 .32
7183793 1.2 316 B2
TI54195 1.2 L3332 +B6
T166733 1.5 P64 06
T14al717 1.5 128 s 5
7119811 1.5 » 256 «G6
7146189 1.5 51z L0



Table 4.1.

(continued)

G4

Sample Pulse Fulse Decay

Resistance Height Width Time

(Ohms) D/A(Volts) {(Seconds) {Seconds)
TEH2 G 2 LEADH .00
THERE259 2 331 . B2
TEEGTEE 2 . Bne B2
TH184A36 2 » GBEA w2
TREHZ285 2 G .52
TaeTen7d 2 B16 A2
C898G42 e 32 ng
6OHBHET 4 2 . B O4 LG8
Ga71212 2 . 128 e 58
6996241 2 . 256 .08
TH33125 2 « D12 . A8
6G 1 6EI3 2.5 AIE5 G2
GEOT252 2.5 PREIUE 22
egodzag 2.5 2 « B2
6871568 2.5 o Af4 s 22
BRULAR 2.5 N ARty 02
6836638 e 5 LBL6 » 22
CRZAEL 9 Ce 5 « 32 o 1
CRAZ2TE 2.5 e 364 .
DREL G224 2.5 128 o1
6R55019 2.5 L 256 |
69344 23 512 o
6T o647 3 LBE85 L2
CET3B527 3 PR - B0
6711593 3 - GE2 G E
GTE3ETE 3 B4 P02
6CTET 48 3 - @38 e A0
6685461 3 +BA16 $ G2
E6TE532 3 32 1P
GBEBGTEL 3 R GE e + 12
&0 5939 3 . 128 12
6724438 3 « 256 10
6816433 3 . 512 12 '
EHER3I3RA 3+ 5 B3G5 -2
6577236 3.5 BBt G2
6557304 3.t L dE2 G2
6536143 25 BG4 B2
6536457 3.5 A28 + B2
6545544 3.5 SEB16 .32
6541938 3.5 .32 « 14
6358876 3.5 264 « 14
6SAGGED 3.5 128 14
137¢9.65 3.5 . 256 - a4
5537.209 3.5 « 512 |
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from a high to a low impcdance state. Several samnples were
tested in this manner and an irreversible process was observed;
that is, at certaln voltage levels, some of the deviceé
exhibited an abrupt change in resistance but, as the voltage
was slowly decreased, the samples remained in their low Tesis-
tance state. Since no indication of threshold switching was
observed, further testing for this mode of switching was dis-
continued and all of the effort was concentrated on checking
the devices for memory characteristics. |

During this investigation the fabrication and testing
procedures were modified several times in an effort to obtain
information that would be beneficial in the final analysis.
As mentloned previously; the initial manual testing procedure
was rTeplaced with an automated process because of the time
involved in making the measurements and, alsc, because of the
inability to obtain sufficient magnitudes of pulse height,
pulée width, and decay time., Earlier devices were fabricated
as shown in Fig. 4.1 with a fixed electrcde spacing {gap
width) of 10 mils. Later devices were fabricated using the
patterns shown in Fig. 4.5 so that devices could be deposited
under essentially the same conditions with the only variable
being the gap width. This was done in an effort to check the
correlation between the switching characteristics observed
and the electrode separation.

During the entire investigation approximately 120
devices were fabricated, of which about 60 showed some indica-

tion of changing resistance. This vemark, however, should
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not be taken to mean that the other films did not possess -
switching preperties. The testing procedure was set up to
take devices which were initially in a high resistance state
(typically greater than 100 k&) and switch them into a low
resistance state. Some devices had initial resistances that
were too low to warrant testing although, during the latter
part of the study, devices that were in anlinitial low imped-
ance state were able to be switched between two stable
resistance states. This will be discussed further in the next
chapter.

Several problems were encountered in dbtaining films
with suitable base resistances. Some samples were shorted
due to the diffusion of material around the wires deflining
the gaps orw because the spot-welds had broken loose on the
mask pattern. Another problem was encountercd when the Snde
film was deposited first, followed by the Ag contacts. When
tﬁe contact pattern was mated with the substrvate during the
deposition process, the wires on the contact pattern would
scratch the SnSe film and cause open circult conditions to
exist. This problem was eliminated by putting the contacts
down first, followed by the tin selenide. The above reasons
account for the high attrition rate among the 24 devices
listed in Table 4.2. Thus, in most of the final devices that
were tested, those films which had suitable base resistances
showed some evidence of changing resistance. The devices

listed in Table 4.2 are representative of the final devices



Table 4.2. Samples Used for Comparison of
Switching Characteristics

Sample TiégE“ Gap Width Switching In?z?a]

Number{Amgstroms) {(Meters) Observed Resistaﬁce
Al 580 0.0000508 NO Yes
A2 580 0.000127 No Yes
A3 580 0.000254 Yes No
Bl - 580 0.0000508 No Yes
B2 580 0.000127 No Yes *
B3 580 0.000254 No No ##
C1 580 0.0000508 Yes No
c2 580 0.000127 Yes No
C3 580 0.000254 Yes No
D1 650 . 0.0000508 No Yes *
D2 650 0.060127 No Yes
N3 650 0.000254 Yes No
El 1350 0.0000508 Yes No
E2 1350 0.000127 Yes No
E3 1350 0.000254 Yes No
F1 1350 0.0000508 No Yes *
F2 1350 0.000127 Yes No
F3 1350 0.000254 Yes No
G1 1350 0.0000508 No Yes #
G2 1350 0.000127 No Yes *
G3 1350 0.000254 Yes No
H1 1350 0.0000508 No Yes #
H2 1350 0.000127 Yes No
H3 1350 0.000254 ~ No .. No

* Possible Shorted Gap

#E Possible Open Gap
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fabricated in this study. An analysis of the data obtalincd

from these samples will! be discussed in a later section.
ANALYSIS PROCEDURE

Due to the large number of wvariables involved in this
study, the correlation procedures were long and tedious. . In
order to determine when and under what conditions the SnSe
films exhibilted switching properties, it was necessary to téke
the raw data obtained from the testing procedures described
above and correlate it with deposition parameters {rate,
thickness, and electrode separation), energy per unit volume
applied to the sample during each applied pulse, and switching
percentage, which is simply the percentage change in the
resistance rvesulting from cach applicd pulse. Assuming that
the sample resistance is large compared to the I0k{ series
resistor, the energy supplied to tﬁe sample by an applied
voltage pulse can be expressed as® -

V?F
2R

_v?
By =~ *

< (4.1)

where V height of voltage pulse (volts)
D = width of voltage pulse (Sseconds)
F = decay time of voltage pulse (seconds)
R = sample resistance prior to applied pulse (ohms)
The quantity SF is a measure of the percentage decrease

in resistance that occurred due to an applied voltage pulse

and is given by the expression
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R;-R
B T e,
SF = (‘“‘ﬁ*j‘[*"*) X 100% (4.

D

It

where R sample resistance prior to the applied pulse

1
RZ

sample resistance after the applied pulse.

Siﬁce data tapes had been obtained during the testing'
procedure as explained in this chapter, computer programs
were written‘that would read the data tapes and calculate Sp»
ES, and ES/VS where Vg represents the sample volume. The
sample Voiume was calculated using the expression

Vg = WLT (4.3
where W = gap width in meters
L = gap length in meters
T = £ilm thickness in meters.

The gap 1ength for all the samples listed in Table 4.1 was
0.00508 meters. A plot routine was incorporated into the
programs to allow the variables to be piotted on the high
speed digitallplotter.

“As explained previouély, the output voltage of the
D/A converter was used as the input to a linear amplifier in
order to obtain the necessary voltage variation during testing.
Fig. 4.11 shows the amplifier output. voltage versus D/A vol-
tage with the load resistance as a parameter. For analysis
purposes, these curves have been approximated with the

following equations:

v, = 17.2 V

A D/A tn(fn R) R < 100k ohms (4.4



and

Vv, = 27.7V R 2 100k ohms

A D/A

where the resistance R in {4.4) is expressed in k ohms:
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(4.5)
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CHAPTER 5
RESULTS

As seen in Fig. 4.10, the D/A voltage started at an
initial vatue of 0.5 volts and remained fixed as the pulse
width was varied from 0.0005 seconds to 0.512 seconds. The
decay time for each pulse was set at a maximum value deter-
mined'by»the limitations of the D/A converter. At this point
the D/A voltage was increased to one volt and the process
repeated. An example of the encrgy variations that occurred
due to the applied voltage pulses can be seen from Table
5.1. The energy values werec computed using (4.1) and (4.5)
and a fixed resistance of 100 k. A sharp drop in energy is
noted when the amplifier voltage is increased and the pulse
width is reset to 0.0005 seconds. This observation will be
useful in explaining the results.

Figures 5.1 through 5.12 show plots of resistance
VEersus %ime, percentage decrease in resistance versus energy
per unit volume, and rvesistance versus energy per unit volume
for each of the devices 1listed in Table 4.2 which exhibited
switching characteristics. The curves shown in part (a) of
these figures are the resistance versus time characteristics
that were obtained experimentally during the test procedures.
The general shape of these characteristics can be explained

by looking at the resistance versus energy per unit volume
73



Table 5.1. Energy of Switching Pulses

HPglse Pglse Dggay : Energy
eight W1dth- ‘ Time (Joules)10
(Volts) {Seconds) (Seconds) .

13.85 .0005 . .02 20
13.85 .001 .02 21.1
13.85 002 .02 : 23.0
13.85 .004 .02 _ 26.9
13.85 .008 02 34.5
13.85 016 .02 49,9
13.85 032 .02 80.6
13.85 .064 .02 O 141.9
13.85 128 .02 264.7
13.85 256 .02 510.2
13.85 512 .02 1001.3
27.7 .0005 ' 02 80.6
27.7 .001 .02 84.4
27.7 .002 .02 92.1
27.7 .004 | .02 107.4
27.7 008 .02 138.1
27.7 .016 .02 199.5
27.7 .032 .04 399.0
27.7 064 .04 644.5
27.7 128 .04 1135.6
27.7 .256 .04 2117.7
27.7 .512 .04 4082.0
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plots in part (b) of the figures and recalling the energy
variation of the applied pulses during testing. In general,
as long as the energy of the applied pulses continues to
increase, the device resistance will decrease. This seems
natural since an increase_in energy should result in an
increase in temperature of the amorphous material, which
should result in a decrease in sample resistance. However,
when the amplifier voltage is increased and the pulse width
is reset to .0005 seconds, there is an accompanying drop in
energy, possibly allowing the sample temperature to drop and
resulting in an increase in sample resistance. This increase:
in resistance appears to continue until the cnergy reaches a
value which is consistent with the value it had toward the
end of the previous set of pulses. At this time the resis-
tance begins to decrease once again. The resistance versus
energy per unit volume plot for sample G3 in Fig. 4.11 indi-
cates that the device resistance started decreasing at an
energy value which it had for a,previbus pulse, but at a
higher voltage. This suggésts that theAreéistance changes
which occur may possibly be voltage depeﬂdent as well as
energy dependent. The resistance decrsase versus energy per
unit volume plots in part (c¢) of Figures 5.1 through 5.12
show that, in general, the percentagé decrease in Tesistance
increases with increasing energy, which is consistent with
the explanations given above.

The resistance versus energy per unit volume curves in

Figures 5.1 through $.12 indicate some correlation between
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gap width and energy per unit volume. Fig. 5.13 is a bar
graph showing the energy density ranges in which maximun
changes in resistance were observed for the threc gap widths
used in this investigation.

The discussion above might lead one to believe that
some type of destructive mechanism was responsible for the
observed switching due to the amount of energy being supplied
to the devices., This is not true in general, however, as it
will be shown later that devices can be made to switch back
and forth between two distinct resistance states.

As mentioned earlier,-the efforts of this study were
primarily concerned with taking films that were initially in
a high impedance state and determining when and under what
conditions they would switch to a low impédance.sfate. Some
films that were initially in a low resistance state were‘able
to he swi%ched to a high resistance state, but there was no
basis for comparing these results to those already discussed
since the switching characteristics depend on the previcus
hisfory of the sample;

lTable 5.2 shows the results of switching a sample
back and forth between two distinct resistance states. The
sample had a gap width of 2 mils (0,0GOQSQ% meters) and a
thickness of 1550 R and was initially in s low impedance
state. The energy-time combinations that resulted in effec-

tive setting and resetting of the device are shown in
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Table 5.2. Results Obtained in Switching a Sample

Between Two Stable Resistance States

Sample 4-16-74 1.11

Gap Size 2 mils (5.08 x (10) °m)}

Thickness 1550 Angstroms
Volume 4.0 x (10) '*m?

TS e B T sy mersvor BRI npe
[Oh;ns] [lets] [sec]x10 “[ec]x10 ° [Joules]x10 ® [J/m’]1x107 Pulse Pulse
2657.7 .5 5 5 62.6 160 2768.9 U
2768.9 .5 10 5 117.3 293 375204.1

375204.1 .5 20 5 1.04 2.5 409151.6 U
185353.5 5 5 2000 1.1 10. 4 189604 .1 D
489604.1 .5 10 2000 4.3 10.8 499601.9 D
499601.9 .5 20 2000 4.6 11.5 489724.5 D
4189724.5 .5 40 2000 5.5 13.7 486541.4 D
486541.4 .5 80 2000 7.1 17.7 478244.3 D
478244.3 5 160 2000 10.4 26.1 2577.8 D
3034.0 .5 5 5 554 138 52244415 U
U - denotes switch up pulse
D --denotes switch down pulse
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Table 5.2. These results show that SnSe films can be made
switch betwecn two distinct impedance states and that the

switching being observed is a nondestructive mechanism.
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CHAPTER ©
SUMMARY, CONCLUSIONS AND PROPOSED FUTURE WORK
SUMMARY

The purpose of this research was to determine if .
Ovonic switching occurred in tin selenide thin films and, if
so, what methods could be used to minimize its occurrence.
This study was brought about by the observance of inconsis-
tent rvesistance-temperature characteristics for some cf the
thin film thermistors being fabricated and tested for NASA.‘
These inconsistencies were attributed to Ovonic switching,.
although a thorough search of the literature uncovered no
record of Qvonic switching having been observed in tin sele-
nide. In all cases, the investigations of Cvonic switching

involved the use of bulk amorphous materials or the evapora-

tion of materials which were known to have Ovonic properties,

a

In no cases werc the investigations on films under 5000 A in

thickness or of configurations other than sandwich, whereas
we were interested in film thicknesses on the order of 1000
or less and of a planar configuration.

In order to determine whether Ovonic switching does
occur in tin selenide films and under what conditions, a
large number of parameters had to be considered. These

included the deposition conditions: substrate temperature,

92
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evaporation rate, and film thickness; device geometry:
electrode spacing and device configuration; and testiﬁg pro-
cedures: sample temperature, pulse helght, pulse width, and
pulse decay time. In addition to the abové parameters, the
results obtained indicated that source material obtained
from different manufacturers could result in samples with
quite different characteristics.

Puring the fabrication process, control was maintalned
over all the deposition parameters except for deposition rate
and source material. There was some difficulty in attempting
to control the-dcposition rate of thertin selenide films.

The degree of difficulty scemed to depend on the ﬁanufacturer
of the material. There were considerable rate fluctuations
obtained using the SnSe from one source, whereas the &nSe
from a second source could be controlled to within #1.5 Hz/
sec. during the deposition. Fluctuations such as those
observed using the SnSe obtained from the first source could
result in a tin rich or selenium rich film which would affect
the observed‘sﬁitching characteristics. Another problem to
consider is that of contamination of the source material,
Since the SnSe used was a fine powder, it is susceptible to
trapping impurities and gas particles which could affect the
switching characteristics. |

To control the parameters associated with the testing
procedure, a computér—controlled automatic testing procedure
was developed. Based on the published literature, the testing

techniques used by other investigators involved the use of a



04
sinusoidally varying voltage or a square pulse generator with
the pulse decay, being controlled by an R-C network. Both of
these techniques had very searious drawbacks; The use of an
A-C signal meant that only the amplitude of the signal could
be controlled, the sample would be continuously heated, and
there would be no way to correlate any observed switching
properties with either the energy into the sample or the
thermal and electronic history of the sample. The use of a
square pulse gencrator for testing of samples was selected
initially but proved to be a very slow and tedious prccess.
In addifion, the pulse decay time could not be controlled to
a high degree of accuracy since the sample itself formed part
of the R-C network. For these reasons, an automatic testing
procedure was developed which had two major advantages over
previously used techniques.

The first advantage was that pulse shape and repetition
rate could be adjusted to a wide range of desired values. By
using the D/A converter and linecar amplifier,pulse heights
of greater thaﬁ 200 volts with a resolution less than 0.1 volf
" can be obtained. The pulse width can be varied from 0.0001
seconds to 3.2 seconds with a resolution of 1060 ps indepen-
dent of pulse amplitude. The maximum decay time that can
be obtained does, however, depend on the_amplitude of the
voltage pulse since the smallest increment by which the D/A
can be decreased is one bit.

The second advantage of the testing process ﬁas the

fact that the testing procedure could be programmed on the
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computer. This meant that for an hour or more a sequence of
pulses of different shapes could ke applied to the sample at
selected intervals and, based on subsequent measurements,
the testing was either continued, terminated, or modified.

The switching properties of the tin selenide films
investigated are probably not suitable for use in commerciail
type devices. Most commercial Ovonic devices use complex
compounds such as the chalcogenide glasses to which impuril-~
ties are added to lower the melting temperature and allow
better control of the switching properties. The addition
of impurities has also been found to have a marked effect
on the lifetime of devices. Since the energy density ranges
at which switching occurs in SnSe are now known, it should
be possible to fabricate a number vathese:dgvices under
identicai conditions, reduce the voltage variation in the
testing procedure, and find an optimum pulse that will result
in maximum switching.

There 1s no adequate_theofy that presently accountsfor
the observed switching mechanisms which are taking place.
Because of fhe large variation in parameters in this study,
it is hard toc isolate electronic and thermal processes., It
would not be justifiable to use the data obtained in this
study as the basis for a theoretical development to explain
Qvonic switching for several reasons. The tin selenide films
did not exhibit good switching properties. Rate fluctuations
could have caused a wide variation in the composition of the

films, leading to different characteristics. The most
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feasible approach to decveloping a méthematical or theoretical
model would be to establish switching in an elemental amor-
phous semiconductor such as germanium or silicon. Once this
was accomplished, it would be possible to study the effect

of certain types of pulses on the observed characteristics.

One approach would be to vary the decay time while holding

the pulse height and pulse width'constant. This would

permit a determination of the effect of decay time on switching
properties. Investigations of this nature would help in
trying to isolate the mechanisms leading to switching and

possibly lead to the formulation of an adequatc theory.
CONCLUSIONS

Rased on this research, therc arc several conclusions
that can be drawn concerning Ovonic switching in tin sele-
nide thin films. Ovonic memory switching does occur in these
films with switching properties being dependent on the energy
of the applied pulses. There is also strong impiication that
the switching is dependent on the magnitude of the applied

-voltage. The energy densities necessary to observe switching
~in amorphous tin selenide films are proportional to the
spacing between the electrodes of the device (gap width).
Although some overlap does exist, the larger gap widths
require larger values of energy density for switching to
occur. Films with a 2 mil (5.08 x 10 *m) gap show signifi-
cant decreases in resistance in the range {1x10°% - 1x10°)J/m?

while the 5 mil (1.27 x 10 *m) samples switch in the
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(3x10°% - 7x10°) J/m® range, and the 10 mil (2.54 x 10 *m)

samples switch in the (1x10° - 3x10'%) me3 range. Keeping
the values of energy density low will therefore reduce the
possibility of switching being observed, This can be accom-
plished by increasing the volume of the sensing area which
means going to a wider gap, a thicker film, or a combination
of both. In the work preéently being conducted for NASA, it
would be possible to increase the film thickness while main-
taining the present flight configuration and at the same
time reduce the possibility of switching occurring in the
films. During this study several films were switched back
and forth between two distinct stable resistance states.
Since the devices are actually capable of being switched
between two states, this implies that the thin film devices
are not being destroyed by the high encrgies and possiblc
high temperatures associated with the applied voltage pulses

when switching cccurs. That is, the process is reversible.
PROPOSED FUTURE WCRK

In order to obtain a better understanding of the
switching mechanisms that account for the observed switching
phenomena, whether they be electronic or thermal, it is
necessary to obtain a large amount of data on films deposited
under identical conditions at precisely controlled rates and
with a wide variation in gap width and thickness. New mask
patterns have already been designed that will allow 21 devices

to be deposited on one substrate. Each substrate will contain
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seven sets of devices with three devices per set. The gap
widths of the seven sets of samples will be 2, 5, 10, 20,

40, 80 and 160 mils. By going to this arrangement, it would
be possible to obtain a better correlation between the
switching parameters and the deposition parameters.

It has been stated that previous electronic and
thermal history could have a marked effect on the observed
switching characteristics of a device. This refers to the
fact that the obseryance'of the first switching event may
require a higher voltage or cnergy density than subseqﬁent
switchings. Once switching has been established, the computer-
controlled testing procedure can be programmed to switch the
devices back and forth and record the differences in energy
densities ‘required to observe switching for subsequent
processes.

Based on the results of this study, if a series of
pulses are to be used for testing, it is recommended that the
pulses be chosen in such fashion that the energy of subsequent
pulses is always increasing. This would reduce the fluctua-
tions in resistance caused by possible temperature variations
in the material which are a result of applying pulses of
varying energy. Another possibie variation in testing pro-
cedure would be to hold the pulse width fixed and increment:
the applied voltage.

An investigation of device temperatures during the
switching process and their effect on the observed charac-

teristics would provide information which would be useful in
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attempting to isolate the thermal and electronic mechanisms
of switching. The thin film thermistor being developed for
NASA should be capable of detecting temperature changes which
occur during switching. By fabricating a structure in:which
the switching device is deposited over a thin film thermistor,
it would be possible to make measurements at different sample
temperatures and obtain a great deal of insight into the
nature of the switching mechanismn.

Scanning electron microscopy studies could also
provide useful information in future work and could be used
to observe the strucfure of the material before and after
switchiﬁg had occurred.

The field of Ovonic switching is a relatively new
and exciting area. and one which holds much promise. However,
an extensive expansion in both experimental and theecretical
work in the future is nceded tb further explain the obsecrved
phenomena.,. The suggestions mentioned above would help fulfill.

this objective.
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