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1. Introductory Note

This is the final report relating (o contract work carried oul hetween
June 1, 1970 and May 31, 1873, Its delay was due to the belief that the report

could be deferred while o rencwal proposal is pending,

The main purposes of the research were the eluciduation of swilching

mechanisms and the exploration of systems with contact materials which can

be eleclronically altered in situ,

2. Review of Resulls and Cuwrrent Status*

All the work done under this contract was concerned with threshold switch-
iug in multicompouent chalcogenide glass alloys. The initial emphasis was on
"Grand Principles” and, in particular, on the respective roles pnlayed by thermal
and non-thermal processes. A decision on this point was considered essential,
lo permit « realistie evaluation of the subject as a whole, not only in academic
terms but as regards its commercial future. There was also a need to develep
new measurement procedures, desigued to reveal characteristics of switch be-
havior other than the vollage-current relationship. These have been referred to
as "sccondary switching characteristics". In the circumstances, it was impor-
tant to restrict the number of variable parameters; accordingly, nearly all the
measurements were performed on TellO/\.s:j5(}078118 layers, or else on composi-
tions closely similar. This is a typical material for the preparation of threshold
switches., The systematic variation of switch material was not part of the initial
program, though some measurements on niemory type material and some on a
non-ciilcogenide glass (CclAsZGe) were done during the closing stages. Fora
given type of alloy, it is well known that switching behavior is not sensitively de-

penceunt on small compositional changes; the significance of the understauding

o

already gained is therefore believed to be much wider than a single starting com-

*Results oblained here, unless otherwise stated.
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position would otherwise sugeest.  Most of the specimens used were placed at
the disposal of the principal iuvesticator by Encrgy Conversion Devices, Ine, ;
some were deposited here by flash evaporation or else by RF sputterine from

an B5CD cathorie.

At the outset of this research, most oulside observers and perhaps also

most activists in the field were inclined to regard threshold switching as a
purely thermal process. The corresponding models relied on the heat halance

cquation in its simplest form;:

e

v (KVT) + j2/0 =0 (1)

subject to suitable boundary conditions. [K = thermal conductivity, T = tem-
. )

perature, j = current densily, ¢ = electrical conductivity,] The only key as-

sumption concerned the temperature dependence of o, usuvally taken to be

CAS G (-AE/kT) (2)

Althouh such models were able to account for a sudden resistance col-
lapse at a definite threshold voltage VTH’ they did not survive for long, because
they failed to reproduce the observed linearity of the relationship belween VTH
and film thickness. They 2lso failed to provide a convincing picture of the high
conductance ON-slate as w separate part of the V-1 characteristic, nor for the
discontinuous nature of the return to the OFF-state. It has recently been shown
by Adler and co-workers that, when correctly analyzed, such models do not

lead to non-stabilizable ("ovonic") switching at all.

Modifications were therefore introduced at an early stage. They took i
the form of a field dependent conductivity o(F). Some of the corresponding
models could be solved explicitly after the introduction of simplifying approxi-
mations, others had to be solved by computer. In each ase, the introduction
of 0(I) led to a much better fit and, indeed, to superficially fair agreement

with the primary switching characteristics. Even at that stage, such models

should not have been called "thermal", since the eleciricai terms played an es-
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sential role. "Electrothermal” would have heen a better nomeunclature, but,
inthe heat of the debate su rrounding the whole field, this important distine -
tion was rarely mude. Morcover, the quality of the agreement with the pri-
mary switching characteristies distracted atteation [rom the lack of agree-
ment with almost every secondary switehing characteristic (palse response,
recovery processes. femperatura dependence, ete.), Of course, i also took

time for the sccondiry characteristics to hecome betlor ziown,

Thermal models were always based on the notiong (a) that power ic dis-
sipated, and (1) that the corresponding temporature rise (ina bicaly tempera-
ture sersitive material) is bound to have clectrical consequences. Of course,
there was never any chance that the temperature rise might be miraculously
avoided; but this does not by itself prove the thermal nature of switching, Alter
all, the sime arguments apply Lo a transistor, We do not consider a transistor
"thermal", because the essential transistor action remains when the power dig-
sipation is extrapolated to zero. It wus clear atl the outsel that an ovonic thresh-
old switch vould have to he tested, in corresponding terms, on the basis of the
same criterion.  Thal was one of the initial tasks; not a simple one because the
consequences of heating and the consequences of electronic disequilibrium ore
superlicially alike: both cause the systems resistance {o diminish., As long as
one is limited (cffectively) to resistance measurements on a two-terminal sys-
tem, the distinction hetween the (wo types of effects was not expected to be a

straight-forward matler,
B

A "rare double pulse" technique was devised to solve this problem (Fig.
la). "Rare" refers to the low repetition rate of a pulse pair, the objective being
to keep the average power dissipation low. The second pulse of every pulse pair
1s used as a diagnostic tool for investigating the consequences of the {irst, and
its own power dissipation is kept at a minimum. The basic fact that a recovery

o

process is associated wilh swilching events (IFig, 1d) has been known for a long

time. If switching were primarily thermal, then the recovery could be simply
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ascribed to cooling, i e. to the heat loss alter the initial swilching pulse.
However, by means of the double pulse technique, it was demonstrated that
switching of the second pulse, thoush influenced by the existence of the first,
was totally independent of its power and total cnergy, ‘The experiments show
that the recovery is non-thevmal, and this stronely sugee sts that switching is
essentially non-thermal aleo, even though some Leating must always be pre-
senl.  Experiments carried out to reveal the pature of the ON-state (by & modi-
fication of the rare double pulse technique), and the nature of the observed
switching delay, reinforced that particular conclusion. By now, the cleclronic
component of threshold switching is widely accepted, even though individual
workers in the field confinue to have personal preferences as regards the choice
of models. The remaining question was whether the electronic component,

recognized as cssential, might actually be sufficien

L to cause switching even

if the thermal component could he suppressed.  The change of outlook was

profound; what a few years earlier had been regarded by many as a purely

thermal artefact, heeame a candidate for consideration 1s a new form of solid
bl

state clectronics,

The notion that one is dealing with an electronic phenomenon has heen
strongly reinforced by van Roosbroeck and his co-workers. In a series of dis-
tinguished papers, they have pointed out that semi-insulators cannot be simply
regarded as "poor" semiconductors. New bhenomena are expected o occur as
a result of the fact that, in most of these materials, the dielectric relixation
time (Td) exceeds the carrier lifetime (7). The suggestion is that this relation-
ship has far-reaching conscquences, including some which, according to the
authors, can lead to switching. To be sure, the van Rooshroeck model has been
under criticism in the literature (e.g. for neglecting diffusion processes), and
its final predictions may be different from those made Lo date. Nevertheless,
the "relaxation' aspects of the subject are now recognized as deserving close

attention.  In many laboratories, all over the world, they are now receiving it,
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Jemonstrations of the faet that threshold switching _Lmot essentially
thermal had to be followed with investigations designed to reveul what thresh-
old SWiteling is. Inthis connection, extensive serics of experiments on the
ON-staic were pursued. They concerned themscelves in the {irst instance with
the manuer in which the ON-giale (Fig, 1b) responds to transient digsplacements,
The results suagested
(@) that the ON-slute consists of a dense electron-hole

plasma,

(b) that the total QN -state con ductance is barrier con-
trolied (2 conclusion which had been reached by pre-
vious workers on quite different grounds),

(¢) thut the barricrs are macde up of free carrier space

charges (which accounis foy temperature insensitivity), and
(d) that they are tunnelled through unless distorted in
the direction of increased by ricr thickiness,

Indue course, the effcetive lifelime of the plasma (= 10_7 secs) was also
determined by pulse measurements and its sensitivity to contact conditions estab-
lished. There is now some doubt as {o whether the measurements yielded a true
bulk recombination ttme, since ihe possibility of carrier loss to the electrodes
cannot bz excluded. Calculations were also made on IPowler-Nordheim emission
through u free-carrier space charge, giving good agreement between calculated
and observed ON-stale characteristics, Asa result, it may well be that the ON-

state is now better undersiood than other parts of the V-1 switching characteristic.

The OF'TF-stule is choracterized by a voltage-dependent conductance, and
though some rectification is observed, it was quickly established that the voltayea
dependence is mostly a bulk property. The idea of a field dependent conductivity
is therefore justified, even though a salisfactory explanation remains

be found for it. A number of different explanations have been proposed, e, ¢

(a) the Poole-Frenkel Effcct,

(b) impact ionization,
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(c) field-assisted hoppine, and

iR

(d) heterojunction effects (F. E. Williams),
The Poole-Frenkel efteet appears to yield the best fit, hut the underlyine argu-
ments ave nol wholly convineing, In particular, it is not clear how the Poole-
Frem- el arguinents can apply to carriers in traps (rather than in donors or ac-
ceptoirs). Inthis connection, the graded band cgap models developed by F. E.
Willlivas and co-workers sre of great interest because of their conceptual novelly
aml because they suggest a plausible mechanism for the ficld ~dependent conduce-
tivity, and one which is in principle applicable over a wide teraperature range.

On the other hand, recent experiments on {hreshold material performed (21beit

ina dilferent context) here have shown that the photoconductivity AOL/U is vir-

tually independent of field up to threshold fields, and this strongly suggests that

we are dealing with a mobilily effect, i.e. with opiion (¢) above,
o . )

Whatever the final decizions miay turn out to be on this point, thers are
now reasons for belicving, contrary to earlicr opinions, thal the non-linearity
of the OFF-state is an incidental phoenomenon and is not intimately connected with
the character of the threshold condition. In part, this conviction comes from the

(locel) observation thai threshold switching in orsanic polymers is associated

with linear pre-threshold characteristics.

The work under this contract was also concerned with contact properties
and, in particular, with the behavior of contacts hetween single-crystal and amor-
phous scmiconductors. This line of experimentation demonstrated that there is
electronic interaction hetween contacling and conacted material, leading to un-
usual V-I characteristics and unusual photo-effects, different for n-type and p-
type semiconductors. The inatter is important, partly because no such effects
can be expected on the basis of any thermal switching model, and partly because
all (inert) metallic contact materials (and graphite) had heei found {o exhibit iden-
tical behavior. A beginning has been made Lo clarify the situation, but much rc-

mains to be done.  The great advantage  of semiconductor electrodes is, of
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course, that their carrier coacentration can be altered in situ, e.¢. by illumin-

R 3]
ation, as shown in Fig. 2.

In systems g0 new, care must be taken to distinguish between intrinsic
projperties (i.e., modes of helavior directly involved with the switching process)
and incidental artefacts, instebilitics or deterioration during use. For this rea-
son (inter alin) experiments were undertaken on "mode-of-address” cffects,
They revealed variations ol switch hehavior depending on the rate of voltage in-
crease towards the threshold point.  These effects, arising from an internal po-
larization, are regarded as incidental rather than fundamental, hut they do point
to the need for standardized mezsurement procedures. Experiments performed
under AC and pulse condilions do not yield comparable results, Similarly, ex-
periments are not comgperable unless performed at the same overvoltage and un-
der identical regimes of average power dissipation. Enormous pitfalls await the
unwary, especially in connection with AC measurements at variable frequency.
Moreover, as overvoltuges and current levels are increased, it is quite inevit-
able that thermal factors should intervene at some stage, as they do in all other
clecironic devices,  Tovestigations of the intrinsic mechanism must thevefore
confine themselves to minimum operating voltoges and power conditions., Ap-
propriate procedures had fo be devised in the course of the research, just as the
technique of transistor measurements had to be worked out during the years after
1048,

Having acknowledged that power dissipation is bound to play some part,
anattempt wias made (o identify and measure that part., Assessments of fila-
mentary tewperature rize have been made. Because they are indivect, great
precision cannot be expected from such altempts. "A few degrees'" (c.g., 8-
12°C) are the best available estimates, depending on the ON-current, of course.
[It i5 interesting to note that the estimates much more confidently quoted in the
literature vary from 20°C to sever:l hundred °C, equally good agreement beine

claimed for all such values. ]
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The "minimum power" clause can be readily illustrated by refcrence
to measurements of the switching delay, one of the characteristic features of
any threshold switching system (Fie. 1c). 1t was shown that the time distribu-
tions are mueh wider than is generally believed, ¢, g, between 3 pscee and 30
tsec, when the applied vollage is very close to threshold. During the delay,
the current bus been shown to be absolutely constant, whicl makes thermal ef-
fects bighly bmplausible, With increasing overvoltage, the distribution narrows
very rapidly. At the siwme time, the threshold current during the delay ceases
to be constant, but rises in v manner highly sueeestive of heating.  Any mechan-
ism proposed to account for switching must be capable of reflecting the statis-
tical charactcs of the switching delay at wero overvoltage, as well as the con-
stancy of the threshold current,  Clearly, the switehing delay is not a wait ing
period for soomething to heat up, it is a wailing period for a random ("nmucleat-
ing") event. A tentative explanation has been sucpested in terms of impact ioni-

zation by ooy with the dielectric breakdown in gases,

The nature of the instability puint is, of course, one of the princijal is-
sues, Tt is known from the work of van Roosbroeck, Keilson, Casey and Queis-
scer that Tq = 7. ma vk the condition under which an initially neutral electron-

hole cluster would separate into positive and negative space charges respectively,

Accordingly, the condition Tq T Tp was taken as the threshold criterion ina

mcadel formulaled by S, 1. Lee and the Principal Investigator. The hypothesis
was in nmerical agreement with many observations, and accounted for (a) the
relationship belween applied voltage and switching delay, (b) the temperature de-
pendence of the threshold voltage, (¢) Haberland's results whereby every switeh-
ing event demaands the passage of a winimnm charge, and (¢) the temperature-
idependence of the threshold current at low temperatures. Nevertheless, it had
to be abandoned, at any rate, pending further clarification. If Tq = Tp were to
constitute the threshold criterion, then the pre-threshold conductance should be
characterized by Td e T and should therefore exhibit typical "relaxation semi-
conductor"” hehavior., We have no evidence that it does so in the cases here ex-

amined.




11,

In more general terms, consideration has also been aiven to the rela-
) tionship hetweon switching and band structure. The Cohen-Fritzsche-Ovshinshy
(CIO) mode! {or the hand stiucture of multicamponent chaleogenide alloys was
} not origin:ily proposed as an exnlanation of switching, bul has been found pe-
culiarly helpful in this context. The same applies {o all other bund models

which envisage full wnd automatic compensation, I is in a fully compensated

mzaterial that current-limiting hulk spiace chirges can most easily be avoided.
This has been demonstrated by the fact that Lighly conipensated crystalline layers
i also exhibil switching, c.g. thin layers of silicon, Ina crystal, complete com-
pensation is always difficult, and obtainable only as the outcome of skillful doping;
ina multi-component g¢lass, it is believed to be automatic, and this is thought to !
be the intrinsic reason for the suitability of ihese materials for threshold switch-
ing. Certainly, perfeet charge compensation is demanded for all models which
associate the ON-stale with the cxistence of a high density electron-hele plasma.

The fact that this association is realistic has since been demonstrated by Kolo-

miets and co-workers in Lenivzrad, They observed radiative recombination :

from their switches vhen in the QN-state.

No doubt our picture will undergo various stages of refincment during the
next few years, bul whereas many éspects remain to be clarified (a proposal for
the continuation of this research is pending) threshold switching is no longer the
impenetrable mystery it seemed to be a few years ago, nor can it be dismisced as
"a type of thermisior cffect”™., Cn the cont ary, it remains a topic of great intevest

in "pure' and "applied" contexts, and is thought to deserve much more attention

and suppert than !l is now receiving. A list of publications resulting from work

on the present contract is given below,
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