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The Director
Advanced Research Projeccts Agency
Washingion, D. C. 20301

Attention: Program Managcement

Contacts Between Chalcozenide Glasses, Metals

and Semiconductors

The two main purposes of the recscarch here described are to
elucidate the mechanism of threshold switching and to explore new
possibilities through the use of contact materials which can be electron-

ically altered in situ.

In pursuit of these cbjectives, four lincs of research have been

followed. They are concerned with
{a) the nature of the ON-state,

(b) the effect of semiconductor electrodes and contact asym-

metry on the switching process,
: | (c) the statistical nature of threshold switching, and

(d) scaling problems, i.e. the variation of switching param-

eters with thickness of the chalcogenide glass {ilm,

The last sub-project is still in its initial stages, and will be reported on
when the work is a little more advanced. The first three sub-projects are
covered by Appendices A, B and C.of the present report. These Appen-
dices are papers now ready for publication. In addition, Appendix D repre-
sents a review paper presented :it the European Semiconductor Device
Research Conference, Munich (Germany) in March, 1971,



Among the highlights of recent resulls are

(a) the discovery of a "blocked ON-state', of high resis-
tance but operationally quite distinct from the OFF-
state and convertible to the normal ON-state without
the necessity of going through any lh'reshold switching

process, and

(b) the discovery of a sharp boundary (in terms of applied
voltage) which separates the statistical operating re-

gime from a sharply defined regime.

The current measurements are performed in part on threshold
devices of commercial origin (provided by Energy Conversion Devices,
Inc., through the courtesy of Mr. S. R. Ovshinsky) and in part on sys-
tems locally made from chalcogenide alloy (also supplied by E. C. D. ) by
flash evaporation and sputtering. ‘I'he results continue tu support a
primarily non-thermal interpretation of threshold switching, as out-

lined in the detailed papers.

APPENDIX A:  "Nature of the ON-state in Chalcogenide Glass
Threshold Switches'", by R. W. Pryor and H. K. Henisch.

APPENDIX B: "Statistical Aspects of Threshold Switching', by S. Lee
\ and H. K. Henisch

APPENDIX C: "Characteristics of Ovonic Threshold Switches with
Crystalline Semiconductor Electrodes', by H. K

Henisch and G. Vendura, Jr.

APPENDIX D: "Amorphous Semiconductor Switching'", by H. K. Henisch.




(submitted to physica status solidi) APPENDIX A

Nature of the ON-state in Chalcogenide Glass Threshold Switches

by

R. W. Pryor and H. K. Henisch
Matlerials Research Laboratory
The Penneylvania State Universily
University Park, Pennsylvania 16802

GERMAN ABSTRACT

Durch Uberlagerung von vortibergelienden Spannungspulsen, wihrend
ein Dinnfilm-Glashalbleiicrelement sich im AN-Zustand befindet, ist die
kurzfristige Strem-Spannungskennlinie des AN-Zustandsfadens fiir zwei
verschiedene Arten von Graphitclektroden gemessen worden.  Mit beiden
Elcktroden wurden Schichien aus Tc40A5335(}e,7Si18 von ungefithr 1y Dicke
verwendet, Aus den Resultaten kann man dic Lebensdauer der freien
Ladungstiiger withrend ciner Unterbrechunyg des AN-Zustandes ableitei,
Solange noch solche Ladunsgtriiger {iberleben, kann der AN-Zustand ohne
neuen Schaltprozess wieder hergestellt werden. Wenn der AN-Strom sich
seinem Minimalwert niihert, dann niihert sich scine maximal-zuliissige
Unterbrechung auf Null. Es wird aus den Beobachtungen geschlossen, dass
der Verfall von Ladungstriigern in Haftstellen dem Verfall freier
Ladungstriger mit einer Zeitkonstante von etwa 1y Mikrosekunde folgt.
Die kurzfriétige Strom-Spannungskennlinic des AN-Zustands hiingt vom
Elektrodenmaterial ab. Die gegenwiirtige Arbeit unterstitzt die elektronische

Deutung von Schwellenspannung-Schaltungsvorgiingen in amorphen Halbleitern,



Nature of the ON-state in Chalcogenide Gluss Threshold Switches

by

R. W. Pryor and H. K. Henisch*
Materials Research Laboratory
The Pennsylvania State University
University Park, Pennsylvania 16802

ABSTRACT

By superimposing traasient voltage pulses during the ON-state of a
threshold switching cycle, the transient voliage-current characteristic of
the ON-state filament has been determined for two types of switching sys-
tems, using different forms of graphite electrodes. Botﬁ systems em-

ployed ~ 1 {ilms cf TC40‘A‘S%GG78118 as the.active material. From the
LY

data, the lifetime of free charge carriers following cessation of the ON-state

can be inferred. Until the free carrier decay is complete the ON-state can
be re-established without any switching process. As the ON-current ap-

proaches the minimum holding current, the maximum permissible interrup-

tion period appreoaches zero. It is concluded that the decay of non-equilibrium

carriers in trapping centers follows the decay of free charge carriers until
complete equilibrium is restored (after lusc\acs approximately). It is shown
that the transient ON-state characteristicé are dependent on the electrode
material. The conclusions heavily reinforce electronic interpretations of

threshold switching.

*Also affiliated with the Department of Physics.



2.A

1. Introduction

In previous papers (1-4) concerned with the mechanism of threshold
switching in thin (~11) chalcogenide glass films, it was concluded that the
ON-state involves a gross electronic disequilibrium.  According to present
understanding, this disequilibrium is maintained by carrier injection (pre-
sumably at both contacts hut not necessarily to the same extent), wcainst the
prevailing recombination mechanism, If the current density drops below a
certain value, then recombination 'wins' and the system returns (o the OFF-
state, This explains at least qualitatively the cxistence of a well defined
minimum holding current IMH (Fig. 1d). It has long been known (5, 6) that
prevails largely near the contacts, These are not assumptions, but are neces-
sary inferences drawn from the facts that (2) ON-currents are independent of
superficial clectrode area, and (b) ON-resistances depend only slightly on
film thickness, Beyond that, the nature of the ON-state has long remained
somewhat of a mystery. The experiments described below should prove help-
ful towards achieving a more complete understanding, Most were carried out
on encapsulited switches* based on 1 thick films of Te40A5350e7S'118
starting material, deposited on two highly polished electrodes of pyrolytic
graphite by vacuum evaporation and later assembled into » "double film

sandwich". The high conductivity direction of the graphitec was perpendicular

*Supplied by Energy Conversion Devices, Inc., through the courtesy of
E. A. Fagen and R. Shaw.
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to the {ilm surface. A few measurements were performed on locally pre-
pared (un-encapsulated) switches, made by RF sputtering the same alloy

on{o (a) graphite substrates as described above, and (b) clean (electrically
isotropic) solidification surfaces on vitreous graphite. In both cases, the
films were probed with pyrolytic graphite contacts. The three types of

systems thus differed in structure, as shown by (a), (b) and (c) on Fig, 1.

2. Operational Considerations

If the ON-state is completely interrupted for a very short time, it
can be re-established without a new switching process. The maximum value
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of t_ for which this can be done under prevailing conditi

(t,)

ty The corresponding voltage-time and current-time relationship is

max’
shown in Fig. 2. If the interruption is slightly longer (Figs. 3a and b), a
new switching process takes place upon reimposition of the voltage. This
switching process is characterized by a lower-than-normal threshold voltage

\'/ For sufficiently long values of ts’ the full original value VTH is

THS'
restored. This form of behavior is shownon Fig. 3c.

It is important to note that the precise shape of these relationships is
influenced by the operational conditions and, in particular, by the prevailing
overvoltage. In principle, this is related to the total duration (tp) of the test

pulse following the interruption (Fig. 3a). The smaller tp, the larger will be

the effective overvoltage when the ON-pulse is restored. For the present mea-
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surements, we always have tp .>>tDS, which means that the cffective over-
vollage is close to zero. These conditions contrast with those reported in
a previous paper (4 ) which was concerned mainly with the measurements
at a fixed value of tp (2 microscconds), Such conditions imply a substan-
tial overvollage, varying with ts‘ Morcover, before onc can designate a
time-interval as a switching delay, one nceds a safe criterion for switching
as such. When VTHS

vollages are comparable, as they are for small values of ts, voliage transients

/VH is nigh, this presents no problem. When the two

arising from specimen and stray capacitances can simulate switching processes
(i. e. can themseclves cause volltage peaks) and thereby lead to erroneous con-
clusions, To avoid these, it is necessary to observe current as weil as

voltage as a function of time. When switching proper occurs (Fig. 2b), the
current shows a rapidly decaying transient when the switching voltage is first
applied. After that, the current remains close to zero, until the switching de-
lay is over; then it rises very rapidly to its stable ON value. In the present

work, switching delay t B is defined by reference to this time interval on the

D

current trace, a relationship which is much less likely to be disturbed by
transients than the simultanecous voltage trace,

Measurements of (ts) " depend also on the external circuit capaci-

ma
tance Cext' This is so because, following an interruption of the ON-state,

there is a certain amount of charge exchange between the switching system and

C

ext’ It can be shown that, contrary to intuitive expectation, the larger Cext
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and the smaller any recistaonce that may be in series with it, the more
rapidly will the after-effecets of the ON-slate decay during its interruption,
Accordingly, (t ) diminishes with increasing C ., as can be simply
: CIRITHDN ext
demonstrated by measurements during which varying ballast capacitances
arc connected in parallel with the specimen., The absolute value of (ts)max

is therefore clearly defined only as an extrapolation to Cext = 0,

3. The Transient ON-characteristic (TONC)

The nature of the ON-state cannot be fully explored by display pro-
cedures which yield Fig. 1le¢; much more information can be obtained by
pulse mcasurements of the kind shown in Pig. 3, especially since VS cain have
any value, positive or negative. By varying V_, while keeping t_<(t ) ,

S s ‘s‘max

so as to avoid renewed switching, a "transient ON-characteristic' (TONC) is
obtained, as shown in Fig. 4. For small departures from the original opera-
ting point, the TONC of the evaporated double-film units (Fig. 1a) coincides
with the normal (stable) ON-characteristic. Because of the short pulse dura-
tion (low power dissipation) the voltage-current relationship can be pursued
over a much wider current range than the systems can tolerate under steady-
state conditions. For small negative departures {rom the original operating

point +V N’ the current diminishes very rapidly, so much so that (for some

0o
external circuit conditions) there is the appearance of a current jump. How-

ever, there is no reason for believing that zero current (or, at any rate, an
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exceedingly low current) is not in fact smoothly approached at +VH. As
i the current remains zero. At —VH, there is a

very rapid current increase, similar to that oboerved in the first quadrant

Vs tends via zero to -V

but with a slope somewhat steeper than that of the standard VON-ION rela-

tionship. In accordance with Figs, 2 and 4, the interval -V, <V 4V
b

1 H

represents a condition under which the hich ecorrier disequilibrivm charac-
teristic of the ON-state still prevails, but the current is nevertheless zero
or close to it. This condition might be called a "blocized ON-state', and is
clearly quite different from the stable OFF-state, even though both are high
resistance states. From the stable OFF-characteristic, the ON-state can
be reached only through a threshold swiiching process, From auy point of
the TONC of these particular switches, on the other hand, the original ON-
state is immediately restored when the probing pulse ceases. Even for the
highest ncgative pulses, a direct transition from a positive ON-state to a
ncgative ON-state and back is evidently possible, without going through any
OFF -state. |

The TONC of 'home-made' single film switches made with two pyro-
litic graphite contacts is very similar, Howcver, films deposited on vitreous
graphite show very different characteristics (Fig. 5). In particular, it lacks
the '"blocked ON-state' condition, and shows a certain amount of asymmetry.

Figure 3c shows how the threshold voltage behaves as a function of ts.

The points in regions A and B satisfy the switching criterion discussed in
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Scction 1 the broken line represents transient peaks which do not satis{y

it. In Mg, 6o the maximum permissible ts value for which renewed switch-
ine is still avoided |1 e. (tp)m“] after complete ON-state interruption is

(8] (2 ) e e

plotied against the oviginal current 1 (sce Fig. 1d). The results suggest

ON
that increasing current involves at least some increase in current deusity
and henee an inerease in the degree of carrier disequilibriuvm, Ina pre-
vious (1) experiment (limited to ts = 0, 6tsce) no such increase could be
detected, Tt is now known that, under the conditions of that experiment,
(ts)mu.\; was 0. 2/tsees and it will be shown (see below) that, in the circum-

stances, a positive resuit cannot be expected. The present experiments,
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reaching smalier 'LS values and being conduc
tage offer the necessary conditions for detection. The results also show that

(tq)m'm tends to zero as the operating point approaches the mininmum hLolding
. (&

current I .

MH
Firure 6b shows how (i depends o . As long as
s ( s)max pends on VS A a

"Vil < Vg <+V,, no current flows and (ts) is therefore constant. As V,

H max

approaches t VON’ (ts)max must obviously tend to infinity, For +VH \'VS .‘VON
and "VON < VS \-VH the (ts)max increases smoothly and rapidly, as onc would
expect. The small amount of asymmetry shown by the curves is not at this
time believed to be significant.

Experiments of this kind permit us also to test whether the lemperature

of the system shows any appreciable rise during the ON-period. This is done
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by varying the epoch, te’ of the interruption ts (Fig. 2). Over most of
the ON-period, (ts)max and hence, presumably, the temperature are in-
dependent of te’ as seen in Fig, 7. For very small values of te there arce
changes, but these cannot be ascribed to {emperature with any certainly

because the pulse edges tend to overlap under these conditions. In this

region, the results are questionable. Tn the sume way, over most of the

THS !

is any temperature change while the ON-state prevails, it must be over

te range, V s also indepeadent of te‘ The results show that if there

after the shortest time interva [te + (tp)mqv] accessible by this method,
g [P (RPN

t can be made as small as 0. 1usee, and (t ) tends o zero os 1, tends
e s’‘max ON

to 1, ,,, @s shown on Fig, 6a. In practice some margin, implyving
AvAda

(ts)m'-w = 0. lusec is desirable, which makes the shortest total interval

0.2 usec.

4, Temperature Dependence

The minimum holding current has been found to diminish with in-
creasing ambiént temperature, This is also shown in Fig, 5a and can be in-
terpreted as follows, Inaccordance with a mode!l previously proposed (1,4)
the ON-state corresponds to a condition under which all electron traps have
captured electrons and all hole traps have captured holes, the two types of
traps being present in equal concentrations on the basis of the Cohen-

Fritzsche-Ovshinsky band theory (7). "All", in this connection, means all
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the traps capible of holding carriers at the temperature eoncerned, i, 2.
traps which are separated from the mobility edges by more than kT.
With increasing ambicut temperature, the number of traps effective in
this way obviously diminishes, and so does the current which is neces-
sary to keep them full,

The transient ON-characleristics (in the above sense) examined
at lower temperatures (e. g, -78°C) show behavior identicai with those ob-
served at roont temperature, whereas threshold voltage and minimum
holding current (see above) are, of eourse, temperature sensitive. The

resulis can be interpreted as meaning that, in the short time interval

(t

"s)ma\c here considered, no redistribution of carriers i traps is invoiveq,

since any such process would be cxpected to be temperature sensitive and
to affect :
aflect Vpps

5. Discussion and Conclusions

A conclusion which may be derived from results of the kind shown
on Fig. 3c is that two distinct rclaxation processes are at work following
the interruption of an ON-state. One of these is relatively fast (e.g. 0.1 to
0.4 microsccond) and is concerned with the decay of free carriers, This
follows from the fact that the ON-state can be {ully restored without re-
newed switching within such a time interval. The exact inagnitude of this

time interval depends on the interrupted current and hence, presumably, on
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the density of the free carrier concentration prevailing before the inter-
ruption. The other process is slower (c.g. 1.0 - 1.2 microsecond) and

is presumably concerned with the recombination of non-cquilibrium car-
riers in traps. After a time interval of that order, the original cquilibrium
condition (and hence the original threshold voltuge) is restored almost com-
pletely. [Some small residual effects can be observed after longer time
intervals. These will be dealt with in a future pap=r. | If the interruption
is short, then the initial nonequilibrium population prevailing in the ON-
state (or, at any rate, a significant part of it) rem=aing in the traps. This
advances the sturting point of the subscquent switching event and thereby
lowers the threshoia voliage, as compared with the value which ordinarily
governs transitions from the OFF- to the ON-state. This interpretation is
in harmony with the findings of Haberland (8) on the necessity of a fixed
amount of charge storage before switching can oceur, It is also in agree-
ment with the temperature independence of the TONC mentioned above.

An interpretation of the TONC itself (and its correlation with struc-
tural features) is obviously more complicated, butl a tentative picture can be
formulated, It is known from observations by Cvshinsky (9) that asym-
metric contact structures can lead to unequal values of the minimum holding
current IMH in the two directions of current flow. Similarly, Henisch and
Vendura (10) have shown that highly asymmetric holding voltages (VH) can

be obtained under such conditions. Both sets of observations and results re-
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ported by Altunyan and Stafecv (11) indicate that the ON-state is sensitive
to the precise nature of the contacts. This is, inter alia, what one would
expect from the potential profile (curve a) shown in Iig. 8. The high ficld
regions arise, presuinably, from some kind of barrier, through which

clectrous and holes tunnel, At this stage, nothing précise is known about
their shape and nature. Complete electron-hole symmetry is assumed, if
only for want of any dcefinile evidence to the contrary, but this assumption
is not essential. When transient probing pulses are applied, the potential

profile must become distorted, and because of the high internal ON-state

conductivity, any such experiment is primarily a test of barrier behavior.

M the divection of increasing applied voltages (curve b), the disterticn tends
to make the barriers thinner and thus more highly conductive. TFor the sys-
tems with pyrolytic graphite electrodes, tunneling strongly suggests itself as
the prevailing mechanism of charge transfer because of the steepness of the
corresponding V-I relationship which also tends to make the system self-
stabilizing (compare Fig. 4).

Since the TONC (Fig. 4) is symmetrical, it is necessary to conclude
that the prevailing space charge configuration is also symmetrical with respect
to applied voltage. The transition from -ION to +ION can be achicved within a
time too short to be measured by the available instrumentation (50 n sec). It

follows that the space charge adjustment from profile (a) to profile (c) on

Fig. 8 must likewise be very fast. In view of the large number of {ree car-
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ricrs present, this is not altogether surprising,

The situation is less clear within the vollage region —VH ',VS \VH.
Figurc 4 suggests that, in that region, the barrier is too thick to pase any
currcnt, The question is why there should be o barrier af all. Figure 8
does not contain this information explicitly because it is conceined only with
the manmner in which the _Q_Mll potential difference is distribuiced.,  Since
no (or very little) current is flowing, it follows that whatever barriers may
exist for VS =+ VH are maintained in come form when temporarily

-V <VS <+V Their survival time must be at least as long as the lifetime

I 1
of the {ree carriers within the bulk of the f{ilm, since no measurable change of

currcnt {5 ohscirved during (ts)ma}:' Though the O ) -state and the "blocked
ON-state" arc both characterized by high resisiances, the functional and
operational differences hetween the two states are clew  and unmistakeable,
As shown on Fig., 5, the TONC of systems made with one pyrolytic
and one glassy graphite electrode is "soft"., This means that the nature of
the barrier is evidently sensitive to the contact material, It is not yet known
why it should be so; differences in barrier height may be responsible,
Under the present test conditions, the magnitude of the {ilamentary
ON-current determines the magnitude of the electronic disequilibrium,
using (ls)max as a symptomatic criterion. The results on Fig, 6a suggest

that the current density increases with increasing current, but not in propor-

tion. The lack of proportionality could be due to a progessive increase of
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filament dianmeter which would tend to keep the current density more
nearly (but not entirelv) constant.
* ok ok K ok ok ok ok ok F
This rescarch was supported by the Advanced Research Prejects
Agency of the Department of Defense ana was mox’nitore‘d by G. Beghosian,
U. S. Army Rescarch Office, Durham, under contract No, DAL C04-70C
C047. The authors wish to thank S, H. Lece and S. R. Ovshinsky for much

valuable advice.
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Figure Captions

FIG. 1 System configurations and schematic threshold switching
characteristics,
(a) ‘'double-film' system,
(h) ‘'single-film' system, asymmetric contacts.
(c) ‘'single-film' system, symmetric contacts,
(@) voltage-current relationship observed under AC
conditions,
Film thickness ~1p,

Contact area ~20. diam,

VTH = threshold voltage.
IMH = minimum holding current,
VON = operating point after switching.

FIG. 2  Short interruption of the ON-state.
() shape of pulse voltage across system,
(b) current through the system for ts<(tS)max and

VS= 0.

FIG. 3 Long interruption of the ON-state.

(a) shape of pulse voltage across system; tS variable.
o8 of o (o N
(b) current profile corresponding to (a) when ty” (ts)max

and -VH<VS\+ VH'
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() Vv versus t rejationship.

THS
Region A: ON-stale re-cstablished after
switching at the original threshold
voltace V...
Age ) TH

Region B: ON-stale re-established alier
switching at & reduced threshoid
vollage V., ..
L Vi (&
Region C: Switching process not well defined,
if defined by voltage eriteria above.

Region D: ON-state re-established without

srrid
4
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FiG. 4 Typical transienl ON-characteristice of threshold switches for

t <(t) ; 'double-~film' system as shown on Fig. la and lc.
s  ‘s’‘max’ y

FIG. 5 Typical transient ON-characteristics of threshold switches for

t <(t : sinele film system as shown on Fig, 1b.
s\( s)max > y Fig

FIG. 6 Relationships between maximum permissible ON-state interrup-

_original ON-state current (I.,,) (&) and systems

tions (ts)mn

ON
voltage VS‘ (b) Double film system (Fig. 1a).

FIG. 7T Maximum permissible ON-state interruption as a function of

epoch, for different ON-currents. Double-film system (Fig. 1a).



17.A4

FIG. & Schematic representation of potential profiles witkin the

amorphous semiconduclor film during the ON-state,
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(Intended for Ann Arbor Conference) APPENDIX B

On the Time-delay in Chalcogenide Glags Threshold Switches

by
S. H. Lee, H. K. Henisch* and W. D. Burgess
Maticerials Research Labovatory
The Pennsylvania State University
University Park, IPennsylvania 16802

ABSTRACT

o e e

It is shown that two distinet operating regimes exist, a low voltage
regime (close to the threshold point) under which the switching delay is
subject to substantial fluctuations and a high voliage regime (hizh over-
voltages) for which the delay is closely determined. The results suggest
that the origin of the scatter lies not primarily in Uie mechanisi whereby
the threshold point is approached but in the transient and semi-permanent
after-eflfccts of previous switching events. These after-cffects ean he de-

tected in terms of a diniinished pre-threshold conductance.

1. Introduction

Threshold switching processes in a variety of amorphous semi-
conductors (1) and especially in chalcogenide glasses (2) have been exten-
sively studied in recent years. However, although many important obser-
vations have been available for some time, the fact that these processes

are statistical in character has received very little attention. When

.

*also affiliated with the Department of Physics.
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swilches are repeatedly "addressea™ with pulses ol constant voltage and
substantial duration, the statistical character shovs itself us o spread
in the observed swiiching delays; when switehes are addressad with volt-
age pulses of fixed width und adjusiabic amplitude, it shows itself as a
spread in the ohserved switching ollage V. The two variations are
given schematically in Fig, 1, which also shows that the @nean) switeh

ing delay L is o function of the applicd voltage V. Thic reliticiship bas

n
been representcd (3,4) by the empirict] couation

t.=1_ exp-(V-V,. Vv 1

D7 tpo V-V MV, (1)
where tDo and Vo 2re constants, and V TH ig the threshold voltage, he-
tow which switching is nof ordinarily ohserved (sce below).  Oa the bagis
of various assumplions, can. (1) has also heen derived from operation:]
modcels of threshold switching, e. g, one involving a charge-controlled
double injection process (5), and one involving thermally assisied double

injection coupled with a ficld-dependent bulk conductivity (6).

Since tD is the subject of a statistical distribution, it is reason-

able to explore, whether this arises from & corresponding fluctuation of

ourse, if V ig ined as 5 aQ ¢ : swiich-
VTH' Of course, if \TH is defined as the loweast voltage at which swiich

ing is cver obscrved, then there can be no such fluctvation,  In practice,

however, and for simple opurational reasons, V'I‘H is usually taken as the
"most probable” switching voltage, and that practical definition leaves

scope for fluctuations. When V is large, such fluctuations nre obviousiy
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unimportant, bt the overvoltuee concept V-VTH ceasces Lo have a precise

meaning when V and V are comprralble,

TH
All the results here discussed were oblained on encapsulated

threchold swiiches®, congsisting of thin (~1) chalcopenide ¢lass films
between polished graphite electrodes,  The films had been preparcd by
vacuum evaporation, using Tu/lOSimGe,.i;‘;sSB as starting material, It is
knowi Ut the properties ¢f such ewitches {encept for aspects connected
with working life) do not depend at all sensitively on composition, and the
resulls shoula therefore have a more general validily than a single com-
pocition would suggest. TTor temperadure runs the specimens were im-

mersed in a liquid bath,

2. Ixperimcental Resulis

In general the threshold switching delay time show.s not only a scat-
ter hul also a systematic drift.' The laller is most prevalent in new speci-
mens, especially if large ON-currents are permitted. By using small cur-
rents, and pulse repetition [requencies smaller than 1000 per second, the
drifl can be made pegligibly smaller, and this was done in the experiments
here prescnted.

Figure 2a shows a series ol switching time delays associated with a

hundred successive events at each applied voltage. Each event was pro-

*oblained from Energy Conversion Devices, Inc., through the courtesy of
Mr. S. R. Ovshinsky.
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duced by means of a single voltage pulse of §psee duration at 30 sec in-
tervals and of a fized amplitude close to the threshold vollage (over-
voltage <20, 5 volis).

H eqn. (1) were the only relevant relationship and V"r‘H the only

{luctuating quality, then it would follow that the uncertainty .MD would he

directly proportivnal to t ., i e.

0y
o~ T 2

&

Fizure 2a shows, however, that this is not th:ie case. There is no statis-

tical regime at all for small values of lD' As the overvollace diminishes,

the onset of seatter is very sudden. Moreover, the Jocus of mean values

i i 3 PSR N I : O S R, a5 o= o
ic not n continvation of the high veltage relationship, For the case undes

<0, 2 volts and the Jongest delay t =

investigation, V0 ~ 2 volls, AV D

TH

4psecs, This would give At = 0, 4sces whereas the observed valve is

D

about 2 secs. Figure 2 also shows the temperature dependence of the

V-tD

higher-temperatures. Ifs general form follows

relationship. The widih of the statistici] regime decreases towards

NtD/No = exp(-tD/tU) (3)

where Nt /No is the probabilily of encountering a delay of time {, ana to
D

D’

is a constant, Equation (3) is well obeyed cxcept at high values of tD where

Nt /No diminishes sharply. The results also show that for ON-currents less
D

than about 6mA, the spread of tD values and their mean value remain con-

stant during a long serics of successive switching events. For higher cur-
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rents (. g, 10:A or more) there is a snbstantial increase in seatter and
also o systemotic drift towards higher V’I‘I-I values as the number of cvents

increases,

4 B i

The results show that there are two distinet switching regimes:
a low voltave (close te threshold) regime of statistical character and a high
voltaee regirae in which the switching time is closely defined. The stalis-

tical notuve of swilching at VX V an itself be regarded as o proof of

TH ©
the fact thal switching is not primarily due to self-heating. At room tem-
peralive, iD conmumonly fuctuades by E‘L factor of Z, and at low temperetures
by 25 much as 4, as shown in Fig., 2a. Since the threshold carrent is al-
most constant, this implies fluctuations of input encrgy by the same factor,
and corresponding variations of the maximum temperature reached in the
course of self-heating, If thermal filament formation due to self-heating
were the essential cause of switching, there would seem to be no conceivable
reason for such & pronounced ranxdom fluctuation of the energy requirements,

It is evident that closeto VX V H the switching conditions (possibly

i
the length, condition or location of the ON-state filament in the course of its
formation) are not closely defined. Increasing over-vollages imply ulti-
mately an increasing local temperature, even if the switching mechanism at
V= VTH is essentially non-thermal., The inevitable result of increasing
the applied voliage would therefore be 2 more precise localization of the
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swilching event and a corvesponding reduction of .;\tD. However, there
is no reason for believing thal this process chould set in very abruptly.
as shown on Fig. 2a (considering the logarithmic scale)., Thus, although
healing may play some localizing role, it is more plausible to counelude
that two distinel electronic processes arce at worls, | This is also indi-

cated by the discontinuitias in the {,, versus V relationships on Tig, 24,

D

At low voltages the two mechanioms mny be taken to compete with one an-
other; at high voltages the process responsible for the fluctuntions evi-
dently disappears.

The question of whal these proccsses arve cannot as yel be unegui-
vocebly answered, bul sume general comnients can be made,  In previods
work (7, 8), "complete trap filling" has been proposed as the criterion for
the threshold point, and still appears as the most appropriate assumption,
However, diffcrent mechanisms can be envisaced wherchy this state is
reached. One of these, impact ionization, is favored by Hindley (9),
Rockslac‘i‘t (10), and Mott (11); another is trap-to-trap hopping, as proposed
by Fritzsche (12). Yet another, favored by low temperature, is space
charge overlap, as sugecested by Henisch, Fagen and Ovshinsky (7). Of
these processes, impact ionization is the most "obviously statistical™ bt
difficulties are encountered on other grounds, e.g. because VTH - 0as

T > ~170°C, and also because of the observed relationships between VTH

and film thickness,
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I priveipte, there is an alternative possibility, namely thut the
statistical Huctudion resulls not from the peculiarvities of the excitation
mochanism itselr, bal fram the residunl consequences of the previous
switehing event, W is tnovn (13) that the pre-threshold resistance of 4
switeh s recaced by o previous switching evenl. A Jarge part of this re-
duction is very shori-lived (~1psee), but a part lingers demonstrably for
up to several minuwtes and, below the limits of mieasureraent, presumably
for Jonser, In some way not yet understood (hut under aetive investiga-
tion), a threshiold switeh is in a different 'state' after each switching event,
cithor hecause of a4 re-distribuiion of residual charge or because of some
viry ainor structural change.  In cither ecase, i would have {o be as-

g

sumced that the effect is obliterated when a sufficiently hich voltage is ap-
plicd.  The random nature of the f{luctuations would seem to favor a non-
structural interpretation, e.g. possibly one deperdent on carrier trapping
in association with the compositional heterogeneity of the materials (14, 15),
Whereas the role of the excitation process in producing fluctuating threshold

conditions remains uncertain, the fluctuating after-effects are not in doubt

and are bound to influence subsequent switching events.
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FIG. 1

FIG. 2
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Figure captions

Schematic represeatation of stutistical threshold switching as-
pects,  (a) constant voltage; spread of delay times, V = VTH'
(b) constant delay time; spread of switching voltages.  (c) rela-

tionship between applied voltage and switching time tD-

Characteristics of statisticol switching effects. (a) distinct

high and low vollage regimes. V... = 13.5 volts al 293°K and

TH

16.5 volts at 210°K. Dots denote mean values. (b) effect of

ON-current on gtalist

correspond to constant over-voltage within 0, 2 volt. Events at

30 second intervals,
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(Subinitted to Applied Physics Leiters) APPERDIX C

Characteristics of Qvonie Threshold Switches

with Crystalline Semiconductor Fleetrodes

hy
H. K. Henisch* and G, J. Vendura, Jr.
Mauterials Researceh Lahoratory
The Pennsylvania Staie Universily
University Park, Pennsylvania 16802

ABSTRACT

The paper deseribes asymmetric threshold switching pheno-
mena observed on thin {ilms of T()/} OASB*IGC'YSiJ_B (0.2 to 1. 9), de-
posited by flash evaporation on erystalline Ge and surfnce probed by
means of a pyrolytic gruphite counter-electrode, "Dynamizcally tri-
stable' systems can be made in this way. The asyminetries are re-
versed for n-type and p-type Ge. Suitably binced systems can be
switched by illumination. The differences between the present re-
sults and those obtained on conventional threshold switches with two
graphite clectrodes call for an interpretation in terms of electronic

interface phenomena,

The voltage-current switching characteristics of threshold de-
vices based on multicomponent chalcogenide glasses and graphile or
metal electrodes are well known {e.g. 1-4). Such effects are observed
for a wide variety of alloy compositions and their detailed featurces

(apart from operational life) do not ordinarily depend on the choice of

*also affiliated with the Department of Physics,
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the electrodes in any sensitive way., However, changes in the cha-
ractevistics can niake themselves felt after reprated use, as a result
of diffusion and chemical interaction, It is conceivable that the
variable holding vollages reported by Altunyan and Stafeev (5) ori-
gpinale in this mamner. The situation is very different when one or
other of thic ¢lectrodes is a crysialline semiconductor, The chal-

As
407735
carcfully clched substrates of single crystal germanium by flash eva-

coecenide Jayer (in this case of Te Go73118)* was deposited onto
poration,  X-ray diffraction measurements confirmed the amorphous
character of the resulting films, Such systems lend themselves bet-
ter than metals to an investigation of the role played by the electrode
material, because of (a) the wider range of carrier concentrations of-
fered, (b) the possibility of changing that concentration in situ by ir-
radintion with abeorhed light, (c) the possibility of irradiating the con-
tact interface with infrared light (to which the erystalline material is
transparent), and (d) the opportunity of experimenting with n-type and
p-type contact systems. Preliminary results show that such systems
exhibit a variety of phenomena nol observed with metallic electrode

materials.

Figure 1 shows a cross-scction of the specimens, Typical
switching characteristics of thin films (~0. 2 thickness) on n-type Ge
substrates are given in Fig. 2 (a to d). Symmetry was observed up to
and including threshold while the ON-states showed asymmetry., For
p-type substrates this asymmetry is of opposite polarity. A similar
film, simultaneously deposited on a graphite substrate and tested in the

same way, yielded conventional (symmetrical) characteristics.

*Obtained frem Energy Conversion Devices, Inc., through the courtesy
of Dr. John de Neufville.
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Gbservations of asymmetry as shown in Fig. 2 sugeest the
possibility that one might be deiling simply with a non-interacting
series combination of a convertional (symmetric) switeh and o
contact rectifier, the rectifyine action being ascribed to the intev-
face between the amorphous {ilm and the substrate, However, 1n-
gpection shows that this cannot be the cuse. UM rectifying action vore
to prevail ot Jow currents, the OFF-charocteristic would be asvn-
metrical, and thic is not chserved (Fig, 22 and b). U rectific: tion
were assumed to be absent for low and present only for high currents
(and such an assumption would be perfectly reasonzble), then the ON-
states should be asymmetric (as cetually observed) but the OFF - stute
should have identical threshold vollages. In fact, & threshold point is
not reaclied in the lirst guadront unti) much higher cadernal volluges
are applied o the system (Fig. 2¢). Morcover, espceinally in the
firet quadrant, the threshoid current and the minimum holding current
in the ON-state are almost equal and thus not subject to different de-

grees of control by a series rectifier,

It is thus clear that a simple "non-interacting rectifier-in-
series hypothesis cannot apply. Nevertheless, conduction asymmetries
one aspect of the overall behavior. According to their direction, it is
necessary to conclude that the amorplious layer behaves as if it were
"relatively p-type' compared with the n-type Ge substrate, and '""relatively
n-type" compared with the p-type substrate. This is qualitatively in
harmony with previously formulated models which assume that the multi-
component chalcogenide glasses are almost intrinsic semiconductors,

It is nccessary to ascribe the above asymmetries to the detailed nature
of the contact interfaces and, in particular, to the differences hetween
graphite and germanium as contacting materials., On the basis of pre-

vious work (6-8), the ON-condition is believed to be sustained by a
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double injection process,  Accordingly, it would be necessary to
conclude that Ge on the one hand and graphite (or similarly conducting
materizls, such as Mo, W, cte. ) on the other are injectling contacts

of very unequal injecting efficiency.  The same conclusion is sug-
gested by the magnitude of the observed holding vollages (as asscssed
by extrapolation of the ON-characteristic to the vollage axis). On con-
ventional systems these vollages are of the order of 1-2 volls, and this
was found 1o be correct when the particular layers here used were tested
between a pair of graphite electrodes. On the systems with one Ge and
one griphite electrode, the holding voltages varied between 2 and 10
volts in the first and 2 and 8 volts in the third quadrants while the {ilm
thickness varies from 0. 20 to 1. 9., The detailed mechanism of these

holding voltage relationships remains {o be ascertained,.

Typical characteristics of thicker switches (c. g, 1,6 to 1, 9p)
are similor to those shown on IFig. 2d, but always with symmetrical OFF-
states. Tor these systems the V-I relationships are symmetrical up to .
and including both threshold points, whereas the ON-characteristics arc
not. Again, the threshold currents and the minimun holding currents are
almost equal, which means that the above argument concerning rectifica-
tion must apply. Chuaracteristics of the type shown on Fig. 2d arc "dynam-
ically tristable', in the sensc that they have one stable OFF-state and two

distinct quasi-stable ON-states.

For the cffects here observed, a thermal interpretation is tm-
plausible. It is clear that the first order thermal properties of n-type und
p-type substrales are the same. Thermal interpretations of threshold
switching (e. ¢. 9-11) depend on the magnitude of the electrode heat sink and
therefore lead, in the present circumstances, to the expectation of identicil

characteristics. This is contrary to the observations reported above.
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Thouch some degrec of heating ie inevitable as a result of internal

o te] o
power dissipation, the results indicate that the switching mechianism
must be essentially clecironic, This is in harmony with experiments

by the "rare double-pulse teclmique' (7) previovsly decceribed.

The thin film charaeteristics described above were found to be
light sensitive, as shovn in Fig. 3. Inter alin, this means that, fora
suitable volloge bias cloce to threshold, the switching process can be
light activated. The light sensitivity was greatest at low temperatures
(-70°C). During such measuremeaents, the specimens were completely
immersed in alcohol. Tests showed that incidental heating effects
were not responsible for these observalions,  In principle, the light ef-
fects could thus be due either to the action of light-gencrated carriers on
the Ge-amorphous inlerface or, more simply. to pholoconduction in the
germanium layer which acts inevitably as & series resistanee,  For the
latter explanation to hold, the light effect on the specimen volltage at i
given current level would have to be symmetrical. In practice (IFig. +4),
the light cffect is considerably greater in the third than in the first guad-
rant, Thus, although photoconduction ne doubt plays some purt, it is not
by itself sufficient to account for the observed behavior, It is necossary
to conclude that light has an effect on the switching mechanism itsell, and

the most plausible point of interaction is the Ge-amorpheus interface,
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FIG.

F1G. 2

FIG. 3

Figure Captions

Cross~gection of the test assembly,  Chalcogenide
glacs 0.2 - 1, 0u thick, Ge (n-type or p-type) 0. 02 ¢m

thick, with low vesistance contuet aliached,

‘Typical switching chavacteristics of thin (=0, 250) {iln sy -
tems on n-type Ge substrates,  Externally applied volluge
(60 1iz) increases from (1) to (@), The firat quadeant cor-
responds to negative graphite, OFF-stiles as shown in (d)
are vsually but not always asymmet rical,

Bifcel of light on switching charactericiics of a "thin'
(~0.21) system; D - dark, L - light, lilumination {rom

below as shown in Fig, 1.
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AMORNITOUS SEGAICOHRLBUCTOR SWITCHING:

Papd HNon-thermal Processes o Chitleorenide Glass:

Therinn
11‘)y
B W WMenisch
Metericly Rescareh Tatoiutory
‘The onn ;'"':'1 io Stade Universily
Universily Turk, Peanrylvenin 16802

]nh o. el tw 1

Phenemenn of vivrious kinds which arce often discuseed under the
Joosely cefnid heading of "switehins" have boaen obrerved in thin film stroe-
turcs of niovy difflerent micterials, Switcehing retios, spaeds end other pu-
P ciora vory enomnounly Irom oo o cace and, ag foran ig lnown, only
switches hesed on chaleogonide olasses (1-5) huve reached the degree of
overall cficetivences required for practical devices, "‘h(*v have been called

"ovonic', aticr their inventor, S, R. Ovshinsly, and the piresentl paper is

confined to devices and device-lilie cirvelures of this kind.,

The first switches were made by coating graphife electrodes with

chalcogenide glass layers and preasing them together., Experimental speci
mens arve still made in this way, butl this is not the manuer in which the de-
vices are «f o)1 litely to fisd their most imporant applications,  hiodern
switches are pure thin film devices, of the general type shown on Fig. la.
In this form, as many as 2500 con be accommodated in an area of 6 cmz,
Cand the methed of their deposition is fully compatible with normal integrated
circuit {echniques, I ig obvious that the small size of these switches im-
plics cortain power limitations whieh must be borne in mind by the user and,

¥also aiisliated with the bopnrtimient of Dhysics.

A
Jor presentation at the Jhwropenn Sericonductor NDevice Resecarch Con-

ference, Munich, diarceh 1071,



of ¢ o by the investicator of their proaperties. Deposition of the
am sovs Gilee can be aecomplished by flash evaporation or sputicring of

i

the Glectrodes cod of the ed cogenide glass,  The glauses used are 4-
conipenent or even d-component mixtures of Ge, 8i, Se, S, As, Te, In, cle.
For cevery sdlection of eomponents, there is a compogition range within
which materinis tond to Be erystadline or ot woust partially ordered, and
gnother with:in which they tend to be cmorphous,  We now now that there
can be no chiict boundery hotwen {hese ranges: whether something is de-
posited i placsy or crystolline form depends, cmongst other things, on the
vate of cooling.

As far as clectrical chavacteristies are concerned, the devices can

be made in twoe Tosms, called threrbold switches and memory swifches

Their choractoriafics nre shown on Figs, b and 1e respoctiy ol’\-'. Ifor

!
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in the gliracy stale; for memory switches one which ig ¢luse to the boundary
of {he olissy-crystalline composition range. The process of compositional
optiwaiantion muet, of cource, concern itself not only with performance but
also with menuincturing concisteney and working life, Thp materials used
have low-ficld room temporature resistivities between 10‘520m and 1075'?cm.
Switching phenoniena can Le obcerved over a wide range of compositions and

can therefore be discussed in quite general terms,

It has long been nown that the change of @ memory switch from the
O1'i" to the CN state involves phase transformation of a type that can be ob-
scrved on bullt speeimens of the smme glasses,  On such specimens, trans-
formations which lead to a large increase in conductivity can be brought
about by purely thermal means, Accordingly, it was at one time believed that
the ovonic memory switeh is a purely thermal device. Also, there is an ex-
fensive literature on thermal breakdown processes in dielectrics, and it was

at once tempting to asceribe threghold switching likewise to purely thermal
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processes, Both conclusions are now believed to Le [ulse,  The present
Feper gives o smuamary of the situation ns far as the controversy hetween
thermmal aud non-thermal interpicetations is concernced.

L ]
nechanim of rMewmosy Switehing

Uhe basic mechuanisin of the memory swileh involves an ordering
process, inthe course of ".','hich new (and more hivhly conductive) phases
2re also formed. The oxderi poprocess has been convineingly moanitored
by differcenticl thermmnl analysic (6, 'f), and such resnlts eloo explain how
device can return from the QI Lo the origined CIF9 stater by heatling to

ey

the softening puint and subseouent ¢quenching,  ‘i'his {2 accomplizhad by a

L5t

sharply cut-off pulse, the power beiug digssipated not in the devies

-

witole but in ithe filameniary chonnel which ig known o sugiainihe ON con-

Tege ~ o B b} . LY PO s .11 - S oG 7 Ayele Ay av ey N HPS N ot
ditien, In one chaleanenile allny) Jdlor and co-worlars (8) identificd the

coiinetive components peesent in the ON-stide as degenerative GeTe and

metallic e,

There is no doubt that cuch a transformetion {akes place and, in
that sense, the thermal character of the memory switch has been estab-
lished., Mowcever, at least two other procceses have come to licht which
accompoy the travsformation and which wre not thermal, One was re-
vorted by Ulrecht and co-workers (2, 10) whose experiments were performed
with wide (e, g. 0.5 num) electrode spacings,  Afler application of & constant
voltagre, a "atreamer' was seen to move slowly from the unede to the cathede,
It was distinzuished from the rest of the materizl by its veflectivity,  Voltage
reversal before completion of the process caused the streamer o reverse
its direction of movement, accompanicd by a now streamer emeryging from
the (new) anode. Completion of the process (streamer reaching cathode)
conslituted "lock-on" of the memory device,  Oaly then was the ON condi-

tion stable, The polar nature of the phenonena naturally sugyests interpre-
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tations i Joetrelviie terims (17) or elze m termis of an "electron wind"
(12, 32), woprocess which is believad to have boen cheerved in a varicty of
moetalhe oy, bul boperbhaps less firmly establishod, At this Ume, it

1 il une v 1o whi

crtent similar processes play a role in the thin
Jilm struetuses actuslly veed for momory switehing,  On the other Land,

it i difficalt Lo bolieve hat they pley no significant role at all,

The other reports (34) concorns mewory transformations by means
of Inser heams, Tnono sense, o pulsed laser heam is merely a convenient
wity of dissipitivg eneryy inan cmorphous film in ordeyr to hring wboul ils
transforimation to the more consduetive (or, in the present context, to the
more light seattering) form, Hoewever, when the situaiion is examined in
adetail, i is found thet the transformation ig greatly aecelerated by the pres-
cuce of lienhi, os opposced to heat, presumably as a result of the clectronie dis-

B ) ey, o0 mYoagodeang arao 0 Jeo § 1. 14 R
LUt Ve conctusion was infecl devived from

2 ommch more sonhiati-

cated experitaent, but s conseanences can be simply represented in the sche-
matic pmpnor shewn on g, 2, Ta this highly idealized arvangement, a sharply
defined laser Boam wonld produce o tempesrature profile ih the amorphous {ilin
s stiown, I {hat profile were allowed to prevail for a sufficiently loag time,
the filn wrea converted to the erystalline form would be considerably larger
than the arvcea actually irradiated. The time involved wonld be of the order of
minutes, as is known from conversion experiments with conventionnl heat
sources, Incontrast, laser heoting achieves the conversion in times of the or-
der of microscconds. Even for considerably longer heating times (i.e. long
cnouch to guarantee o stable temperature distribution, but shorter than min-
utes), conversion to the crystalline form would be observed only in the region
actually irradiczted. Cohen (15) hos sugeested that this is due {o bond-breaking

by incoming photons, and the resulling increase of atomic mobility.

The matier is dircctly relevant o memory switching of the elec-

{rical kind, hecause of the controversy concerning the status of the device
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at the points 1”1 a1 l”;Z (IWig. 1¢). At these points, the device hag just
completod a stace of (hreshald swirching,. Acecording to thermal theorios
of threghold switchine: (see below) the system is then hot, but nat in elece-
tronic discoguilibrium wherews, according to clectronic theories, gross

electronic diceguilibrium provails at Dooand P such a disequilibrium

1 2
could cexplain why the memory tronsformation which follows (i1 cullicient
power is discipated at thege points) is so much faster ina switel than it

is in bulk or cven in ordinery thin {ilm form, Such an argument doos not,

]

of course, constitule o proof of the dicequilibrivin, Lot it Jends o certain

tl

amount of support o the non-therinal interpretations pursued e:losw,,

H

'T‘hmm‘\l Tuter R oi-*‘ ones of Mhree-hold &w xir‘; e

5 e S L 41 B e e e S e 1 40 e e £ 45 ot S % 1 Sm et oAt e VRN

)

Vhiermaol inwcrpreiations gre brised purtly on analogies voith other
known inctanuens of o slative bres Ldown and parily oo celeuladicns, Tn-
evitubly such caleulations meke cimplifving zzs;::sux'.n11_~;i()11:~; which may or
may not Le valid for the devices under consideraticns The general conien-
tion is (16-21) thut self-heating leads fo the Jormation of a highly conduc-
tive filament, a process which can occur very rapidly hecouse of inherent
positive fecdback. In support, Stocker (21) and Pearson (22) have demon-
strated the existence of high temperatures over substantial regions of their
system. Iowever, such demonstrations prove no more than that come
device-lile systems become very hol when excessive power ic dissipated
within them,  They do not by themselves distinguish between causce and ef-
feet, nor do they prove that switching in devices of fully conimercial de-
sign is escontinlly due to heating,  Jritzsche and Ovshinsky (22) for instance,
have shown that therimal interpretations become increavingly plausible, as
the Jayer thickness inereases bey ond 101, whereas commercinl devices

cmploy Javers of 0.7 to 1, Spum thick.nc‘.‘s‘s.

A number of specific arguments awd demonstrations are now avail-
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ciomideie very stronaly agniost thermal interpretitions; for

FPritysche and Ovabinsly 23) have shown that the very short
svitching times ohserved (oo g, of the order of a nunosecond)
do nob permit even o thin fitvment to be heated to tempera-
tures which can be reconciled with the observed conducinnces.
Diminishing ibe (hypothelica)) filament diameter does not solve
the problem, It ircreases tie tomperature for o given power

diseipation, hut alueo calls for highev temperatures to produce

compasable corauetances,  'The argument is dependent on the

assunrpion thet the activation energy is constant.

Rlvte ond Wareen (C4) have found that thermal {heories do not
Yood {o o corveet sealing of threshold voluge with layer thick-

prrg. e (.;.i?-L‘."()l.‘;li(iit?.‘i cen be reconciicd by assuming that
the oloetrical balis conduelivily is field dependent, but such an
ad hoe assumpiion would seem to call for un electronic explunu-
tion of almost ws ereat in complexity as the swilching process
itscll, Morcover, no thermal model has as yetl reproduced the
observed swilehing charecleristics as a function of temprrature,
nor has any viclded a V-1 discontinvity at the minimum holding

current II-I’ as shown on Iig, le,
‘:‘1.-'4,-(

Systoms which are known to be thermal, e, g. turnover in {=int
&nﬁ(ffk diodces (25), always exhibit a V-T loop which is strongly
freguency dependent in relation to the thermal time constant,

By way of contrast, the Joop shape and area of a threshold switch
is almost constaat up to about a Mz and, what is equally im-
portant, down {o zero frequeney. M is true, that filiument for-

mation has been experimentally established in the Jatter case wad
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not in tho former, but whether this is @ critical or incidental
diffcrence is npot yel fully understood, Indeed, il is doubiful
whether thermeal breakdown can ever occur without filinent
formation. Morcover, as far as is known, there is ne vet no
convinring thermoaynamic proof that such a Joop is possible

al all al »ero freguency on thermal grounds alone.

The switching procens is stulistical in charoeter, 1 e, swileh-
ing delays at v given overvoliage are subject to a distribuiion,
for low overvollages, this can imply tirne variolion by a facior
of 2 or so (26). In thermul switching models, the delay is
heating-up poriod, and & statislical variction of switching
times at o constont vollape would imply on enormous variation
of switching temporatures., ‘;'hilo it is Lrue that no model has

(AP Al Al e 4 e {hae
via

o h ol aon Al annonon A et e s ce e 8 ey ol e 8 S
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model secms peculinrly vnsuitable s an interpretational frame-

worlk,

Thermal theories which make very different agssumptions con-
cerning the bohavior of the model, ¢, g. as regerds the role of
the contacts as heat sinks (18-20), and arrive at very difierent
estimates for the maximum temperature reached (varying from
20°C to several hundred degrees above ambient) nevertheless
achicve equally good agrecment with limited sets of experimental
results,  The inevituble conclucion is that the criteria employed
arc not sensitive to functional differences, and the range of ob-
servations not wide enoupgh to permit a critical evaluation,
Albough swilching processes are observed on a great variety
of materials, the chalcogenide glisses appoar to occupy @ very

special position.  As far as is known, no other system appears
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to have procively the foatures vvhieh distinguish the switehing
process choan on e lny Onoaothermal mede), with only
one Loy reguirements o sulficient]y high activation enorgy,

the specis] position is hard to uiderstand,

UNY [ A Pryor (29,30 bave chown by means of a "rare
double prdue’ teehmicoe, find the energy dissipated by o fivst
e palee (4) does not, within wide limits, alfect the
switehing prirameers of a subsccuent pulse (8) (0. 87:02¢) later,

Cn the ooy hend, the threshold voliage of the B-pulse is low-

cred Tor thue deloyve up to ~1-2 psee, The experiment confirmed
(20) Ut srvitehing hows after offcets, but demongstyated that these
are non-theemal jn ehazacter and are thovefore, presumably,
clectronie,  Ino shwilar way, il was shovn (31) that vollage

1

. S PR B Y SR RPN B,
JONVE g i N oendin O (80 A EHRAR S DROREEE

S

(i, 0, ¢
vt vould ordinnrily be the switching deliy) led to a sub-
stantial posiporemant of switching, inexpliczble on thermal (and,
indecd, any other non-polar) grounds. This is chown in Fig, 3,
The tetal enerpy dicaipated belore switching oceurs is at least
5O hivher in cave (b), The resulls of pulse experiments by
Labeylond () lkowise proved to be inconsistent with a purely
therinil hypothesis, and could be most readily inferpreted in
terms of charge, rather than other operntional parameters,

It has hoen demonsirvated (62) that the nature of the electrodes
can have a prolound cifect on switching characteristics, even
when (n:f:ic rials of identical thermal properties and chemical
'L/’i;;.;“l’r—’ <I'~':~§<?-;;)111‘0 usod. Thus, filns with asymmetrical electrode
systens show asymmetric switching characleristics in a maneer

quite inconsictent with thermal interpretations,
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Phose, in swmnuiry form, are the recsons which lead to the adop-
tion of non-thermal swiiching models, On the otler hand it is, of course,
undeniable that energy is beire dissipated in the devices and {hat the mao-
terials ave highly temporature #onsitive, In the ciranmstonees, one would

A | )

expecel that heaving wonld give rise to come demonsirable side ¢ffects, even
if it doos nol nceounl for swiiehivs itself, Such side offcets, amounting to
a small power-discipntion dependent reduction of threshold volluapee, have

been identifizd (50),

Non tlmvm'ﬂ mtornrei i‘(m, nf J ; “o]} E"..-( nm‘

viodels, albeit in fertolive and qualitaiive form, are available which
im atl an explenation in non-thermal ferme, They con L divided into tvo

Lpeat

clacges: polar apd non-polar, Polay inferprefations (e, g, in terms of

i) --\
1y

space chavge fovination cud oventual spce-ah oree overiep) coe mosi pliusd
in the lover tempoevetare range,  in that range (roughly from room tempera-
ture dovn to the limil of convenicnt experimentation) polarity depondent of-
feels have been obszrved (29, 30),  In particular, it has been shown that the
switching pariuimetlers find, indeced, other feafures of the 5 cth:x.mcieri.«,:tic)
depend on the polarity of volizges (whether swilching or not) previously ap-
plied to the systeim,  Their after-eifects persist for @ few microseconds,

The dircction of these ¢ffectls is cualifatively in hurmony with o double injec-
tion spsce charge model previously advenced (2,33), and grecifically with a
predicied spice charge reversal during threshold switehing {Fig, 4). A de-
toiled quantitolive analysis bas not yvel been possibie, butl order-of-maonitude
agrcement prevails between the {ofal charge injected during the switching de-
lay and the total number of traps believed to be present,  The polarity effcets
are experimenally significant, but not so pronounced as {o suggest that they
arc in sole conirol of the switching process,  Inthe absence of ealculations

this is, of course, an intuitive judument, but it is believed that the non-polar
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mechenicor which ie evident)y aelive nt roomn ‘LOl]]];:.?l‘Zl'\ll.l'C ind above is not
corplotely insetive at Jow temperatures,  However, the predominating
meehanione of veachiing the thresheld point oppears o change with tompera-
tore, A osympltom of this can be fonxd in the temperatore deprndence of the
pro-throshold V-1 cloracteristic,  Figure b shows this, ag given by
Fritvoceho (61), At high temperatures, the threshold point is approached

J

abinost Lincorly, at low temperstures very non-linearly,

The above obaervalions ean Bo interpreted by envisogine one ceri- .
terion for Cie threshold point, wnd two different mechanisms of recching it, =

The throsholl eriterion is taken to be that condition under which all space
chargos in tho matevinl nre elinminated throvgh the mutual neutralization of
electron nict hole teapn, it being assumed (hed electren and hole traps are
precent in cgueld concentrutions (2), Such o model is supported by the Cobhen,

L PO AR [ T 4 PETRE P FOUS PRETE 1Y S on . .
FERAECHE G GVDTNINY DU GRIOLY { ) cf umo

eutomutic cquality of clectron and hole {raps is one of the essentinl jeatures
of {his thoory, which was originally put Jorvard not in the context of threshold
switching, but in order to cxplain the elecirienl and optical propertics of
amorphous cewiconduciors in bulk,  Neutrality (and thus conduction free of
space~charye control) would prevail if all electron traps (effective at the
temperature concerncd) were full of electrons and all hole traps {full of holes,
This siiie of aflzirs can indeed come about in two ways, of which onc is more
likely at low and {he other more likely at high temperatures., At low tempzra-
tures, corrier trapping is effective, and the screening mechanism is not,
Space charges are thus likely to be eatablished rear the electrodes as a re-
sult of carrier injection, This can be readily understood by reference to

the considerations of van Rooshroeck and Casey (36) concerning materials in
which the diclectric relaxation time is muceh longer than the non-equilibrivm
carricr lifetime. These circumstances ceriainly prevail in the materials

usced for switching,  With increasing applicd voltage, these would eventually
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ovorlep ard thus neutinlize ench other threvehoul most of the Lall,  Such
a mechaniom o beliovea to b the oslodn of the polaity effocts wmentioned
above, Towvards hichor tomporefores space ehuvee foemation would be-
come unlilely beeause of more officient serceaing,  This means thit the
Lraps coold bocome Filled, cither rongly injection, or throuch {icld-
assisted bopping, as propoced by Pritzeche nnd Qushinsly (3) or throueh
bolh mechanismes, vithoul space charge formation, A model hy Lot (37)
cmphasizes the possibilitios for imntet jonization, copeciully in viow of
the fact had the carrier mobilitics are helicoved Lo inererce with incronsing
cnergy, Impact fopizotion would erente e ehnrge earriors nit, albeit in-
diveelly, woeuld also leed to Gap {illineg,

In accordance with the :t'n‘;urw.c:ntss hove cavencen, the notion ¢f two

mechanisis ariges noturally from the C-10-O beand theory, Tna cimilay
woy ane exn exalein fhecsistenea of o shaeply Gofined minimun threghold
current waieh diminicbos with inercasine mmblont taupaature o5 ohsorved,
I the trap-Tiiled state s 1o be maintained, this sivst be done againsi the
previiling recombivation mechinizn, A winimum current density (Irjoe-
tion rate) is necessary to do this, When the current fulls helow thico value,

recombination wine and the {raps emply.  Thoe cifective {raps are those
which are (2)within the conduction fikuuent, ard (b) deep enough notl to be
thermally ionized, Condition (b) implies that their number diminishes with
increzsing temperatvre; therefore the current density recuired to keep them
filled should likowice diminish, It is belioved that the filnment dimmeler in-
creascs with increasing OR-currents (29,30). Wiy a filament is formed in
the first ploce is another issue, and the actual causc is net yet known,  The
formation might indecd be thermuilly initiated or else might arise from es-

sential plosma relationships,



There jo no donbl o the prezent inteeproeflations of switching

phenomena v ammovphous soonieopdvctors rely heavily on analogies with
Vne manterinds, Moy be thot these analugics will continue {o be
susticined vs more experituental evidanee beecomes availible,  On the
olher hana, the exporicence with Lk properties (e, g, coullicting sirms of
thermo-power ood Dell effeet) lenda one o believe that such interproin-
tions of switehine will not ultimately prove sotismetory.  They will cer-
fainly buave to be reviewed in the lieht of new incieht into the mweaning of
bapd concepis or amorphons materinds and the sienificance of transport
j

relavionshing in the presonce of very slow diclecivie relusations,  Another

iscue in nece of clorilicriion concerns the differonces betvweon "thick"
1"

(c.«. 10 or wore)wwd "thin" {eo g 1) swilehes,  In the farmoer, thermal

effects nre Lobiovad to ploy a greater role, but ihe owitching charecievistios
of thin md thick gwilehes nre, supsrficially at any rate, very similur,
Doulle pulee capzrimoents of (he kind veferred to above have not yel heen
1;:1ff)~'mo Von thick switehes,  MMewmnvhile, there are atso muny problems

of an ow\r wiona) noture which call for urgent atiention: the nucleation (if
any) of the conversion protess in memory switches, the mechanism of light-
accelerated ordering, the real couse of filoment formation, the esact nature
of {lic ON=-staic of threshold switches and the role contacts under these con-

A

, onthe posilive side, the exploration

,\

ditions play, feilure mechanisms an

of three-terminid systems,
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