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NONCRYSTALLINE SEMICONDUCTORS: ELECTRICAL
AND THERMAL PROCESSES

I. Introduction E I v 1‘“"

This project has two related objectives:

1.

To compare the actual switching behavior of amorphous‘éémiéoﬂduétor
thin films with computer simulations of switching based on an

assumed thermal mechanism.

To apply electron spectroscopy to a basic understanding of electrical

conduction in amorphous semiconductors.

) During this first six months, the high speed switching in amorphous AsTe

was characterized‘asmdisgussed_ianectioanIB> Digital computer simulations of

the Joule heating and heat transfer processes in amorphous semiconductor

;
switches have been carried out,-and-are described.in-Section-TINY The ESCA

(Electron Spectroscopy for Chemical Analysis) equipment with an associated

computer was installed and our initial studies on amorphous semiconductors

using this technique are described,%ﬁ;ﬁij:jon IV,

IT. Experimental Studies of Switching

An experimental study of switching in thin films of AsTe was undertaken

with Dr. S. A. Kostylev, an exchange scientist® from the Soviet Union., A

publication(l) has been prepared on this initial work, in collaboration wifb

others, and is attached to this report. The portions of that work which

are most pertinent to the computer simulation work are summarized here.

chr

Kostylev was a participant in the exchange scientist program between the

National Academy of Sciences and the Soviet Academy of Sciences. He spent
three months here and three months at Wayne State University with M. P. Shaw.

[

{



AsTe glass was deposited on a brass plate by electron beam evaporation,
The films studied had a thickness of 2ym. Electrical experiments were
performed under pulsed d.c. operation with pulse widths tp from 0.1 to
10y sec applied at a rate of 50-100 hz. 1In a given experiment the "sample"
was considered to be the region of film in the immediate vicinity of the

brass counter electrode, which had a tip about 200ym wide at the point of

contact.

Two distinctly different types of switching were usually observed.
The usual delay-time switch was always observed in which the delay time
decreased as the pulse applied voltage was increased above some critical
voltage need for delay-time switching. The conductance of the film changes
by a factor of 103 during each delay-time switch. This event was usually
preceeded by a "minor" switch which had essentially no delay time (less
than a few nanoseconds) and involved only a five-fold conductance rise.
The minor switch was often accompanied by relaxation oscillations at
frequencies as high as 30M hz. The results indicate that the minor switch
is electronic in nature but is not a necessary precursor to the delay-time
switch. Delay-time switching can be made to occur at voltages lower than
those for minor switching by heating the sample slightly above ambient.

The current rise during delay-time switching was found to follow a two

power law

I = At" + 3™

where I = current,

t time, and
A, B, n, m are experimental constants
A typical delay time for switching in the 2ym AsTe film is between 1

and 10y sec for voltages slightly above the critcal voltage. As the pulse
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voltage is increased, the delay time decreases to about 0.1y sec.
The next section describes the first generation of computer simulationsg
of the delay-time switching process so that a comparison between the electri-

cal behavior and thermally-based simulations may be made.

ITI. Computer Simulations of Switching

Recent research reported at the most recent International Conference on

Amorphous Semiconductors(z) revealed that the mechanisms of switching(s) are

L . (4
being somewhat clarified between thermal theorles( ), "electrothermal

. 5 . . 6 - . . .
theorles( ) and electronic theorles( ). These various ilnvestigations have

-each focused on particular amorphous semiconductors. The apparent confusion
probably arises from the fact that switching occurs by different mechanisms
in different materials and under different pulsing conditions (e.g. voltage,
risetime of applied voltage, circuit resistance and inductance, etc.).

The current research in these laboratories focuses on switching in one
amorphous semiconductor, AsTe, which has already received some study(1’7).
The experimentally observed switching characteristics are being compared
with the computer simulations where the material's properties and circuit
parameter used in the computer simulation match those used in the real case.

Consider a film of amorphous semiconductor, of thickness t, sandwiched
between massive metal electrodes of diameter d. The length and width of the
film is very large compared to the diameter of the electrodes and the thick-
ness of the film. Orient a coordinate system such that the origin is at the
center of the amorphous film on a line connecting the center of the electrodes
and the x-y plane is oriented parallel to the semiconductor surface. If the

conducting area, and thus the area heated in the sample, is considered to be



less than or equal to the area of the contacting electrodes then the heat

transfer can be described by

a’T 147 1 d’r  d%r +a" _ ldr
P Ratewe -z‘—z"—f v 1 (1)
ar®  rdr do” dz° k o dg

where 6 = time

¢ = angle from the x-axis
T = temperature
r = radial distance from the heat source
z = film thickness
k = thermal conductivity
¢ = heal capacity EL
w = specific weight
a = k/cw
The above configuration indicates that a hot element could be represented

(8)

by a short finite cylinder whose length is t and radius r = %d. Schneider

(9

and Carslaw and Jaeger have shown that the temperature history at the geo-
metric center of the cylinder, during cooling when no heat sources or sinks

are present, is described by

T-T

a
T = P(O) C(® (2)
i - a

where T = the temperature at any time 2]

=3
n

the uniform temperature of the element
Ta = ambient temperature

and the functions P(8) and C(@) are given by

471 2
2@ = 2 {1} ewl(-tm? o] ) (3)



with e = aLs 5 O for all odd integers n (4)
cwt
_ -1 2
c® = 2 {03 017" expl(-n)%] ) (5)
with @ = 4—k92= E o (6
cwd cwr

Figure 1 shows the simulated (from equations (2) thrus (6)) cooling curves
for a 2ym thin film contacted by electrodes of various radii. The progression
from essentially radial heat transfer away from the filament axis to linear
heat transfer perpendicular to the electrode surfaces is seen in the progression
from an electrode radius of lym to a radius of 4ym. Radii larger than 4yum
do not alter the temperature-time profile, indicating that for small thickness
to radius ratios, t/r < 1/2, cooling of a small filamentary volume is essentially
represented by the cooling of an infinite plate.

Figure 2 represents cooling of a cylinder 2ym long with a 200ym radius
from various uniform temperatures. It is seen that the region of thermal
inertia varies from 0.6 microseconds at 350°K to 0.4 microseconds at 600°K.
These results indicate that after reaching a particular temperature there is
no significant cooling of the central portion of the filamentary area until
after some finite period of time, approximately 0.5 microseconds for the
system considered, has passed. Thus validating, at least in the initial
stages of Joule heating, the assumption that there is no heat loss from the
conducting volume. This is substantially shorter than the 5y sec limit set
by Fritzsche and Ovshinsky(lo).

Most switching experiments utilize a circuit, similar to the one shown
schematically in Figure 3, which has a current limiting resister R in series

j/
with a gemiconducting device, having a resistance Rd’ and a voltage source.
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Figure 3.

Schematic flow diagram of computer computations and
schematic diagram of test circuit.
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The voltage across the device, Vd’ and the total current in the circuit
are monitored simultaneously on oscilloscopes.
Representing the conducting area of the device as a wire of length, ¢,

and cross-sectional area A. The heat per unit time generated in the wire is

0 . ;12 (7

where j = comstant (0.239 cal/joule)
Considering the conducting volume to be isothermal its change in temperature

with respect to time is given by

.2
dt SdCV

where I = current in amps

#7]
it

density of semiconducting glass

e
i

q resistance of the device

(@]
i

heat capacity of the semiconducting glass

v

volume of semiconducting glass being heated
In equation (8) both current and device resistance are functions of temperature
which must be expressed as functions of time for purposes of this simulation.

Referring to Figure 3, it is apparent that the following relation holds

I= V/(Rd + RZ) (9

It is known from experimental data that the voltage, V, supplied to the system
remains constant, for a square wave pulse; hence, I varies inversely as Ry
since all other quantities are constant. Thus the analog reduces to gener-

ating Rd as a function of time.
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The resistivity of the glass used in switching devices can be described

by a relation of the form

p = p,exp (E/T) (10)

the slope of the resistivity-temperature relation at any temperature, prior

to devitrification is

d
—9=--‘-;_-p (11)

dp _ dpdr |
dr dr dt 49

substituting equations (8) and (ll) into equation (12) yields

or
JE 2
# - [ = ]

The digital simulation was accomplished using equations (8), (9), and
(14). Time was used as the basic incrementing parameter beginning at room
temperature (27°C) and continuing for various pulse lengths. The parameters,
Py’ Eo’ c, PD, were determined in this laboratory(7).

The simulated data of Figure 4 and Table 1 indicate that as the radius of
the filament increases the maximum temperature attained decreases. Considering

(7)

the softening point of the glass of the simulated system, TS=355°C=628°K , and tha

the change in current with respect to time will be nearly zero at the temperature
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Figure 4.

SIMULATED SWITCHING OF lgm THICK As-Te
FILM WITH VARIOUS FILAMENT RADII.
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; Maximum Temp Total Heat Input
RAD ym og Input Maximum Current
after 300M sec Calories
5 4121 2.91 x 10~/ 159.67
25 980 1.29 x 1076 159.20
50 694 3.00 x 10°° 158.16
100 525 6.88 x 107° 154.87
200 413 1.38 x 1077 142.10

Table 1. Illustrating the interrelation among filament radius. maximum
temperature, total heat input and maximum current level in
various filaments 1ym in length.
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maximum, then the radius of the filament should be approximately 100ym.
This corresponds to the radius of the contacting electrode used in the
switching experiments(l). The conclusion that the diameter of the con-
ducting area during nonmemory switching is the same as for the contacts is
further supported by photomicrographs presented in support of experimental
data by Eusner, et al.(7), and Ultecht, et al.(ll), which show a hot zone
whose width corresponds to the diameter of the electrodes.

Figure 5 represents simulated switching at various applied voltages for
a lym film usiug 200ym contacts. The delay time, td’ for switching, at the

previously defined point is well described by the empirical relation

= 2
ty = A(l/v v,) (15)
where A = constant
V = applied voltage

V, = the voltage at which an infinite amount of time would be required

to cause switching.

This relation is in complete agreement with the experimental work reported
by Sugi, et al.(lz) For the system simulated A = 585.6 voltsz-sec and Vo = 0.62
volts with ty in milliseconds.

Figure 6 is simulated switching using 200ym contacts on films of various

thickness and a 16 volt potential. The delay time is seen to be a function

of 22 that can be expressed empirically by

tg = 5.5x 1010 ;2 (16)

with td in milliseconds and ¢ in meters.

Taken together relations (15) and (16) indicate that the delay time for

switching is expressed by a relation of the rorm
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2
L
g o { 7 ) an

This generally agrees with the results of other investigators(lo’lz), at least

concerning the thickness dependence of delay time. The real difference is in

the form of the expression for the voltage dependence, the delay time being

inversely proportional to the square of the difference between the applied

voltage and a reference voltage Vo'
Figure 7 shows the dependence of delay time on Py Shaw, et al.(l)

indicate a minor switch at which time the conductivity increases by a factor

of about five. This has been simulated by dividing po by five. This results
in a shifting of the temperature versus conductivity curve up by a constant

amount.

Figure 8, like Figure 6, shows the effect of different thickness (i.e.

from 0.1 to 0.5um in 0.1ym steps) on switching characteriscics. However,

Figure/g's ows the same thicknesses, only a program has been added which now

cools the: filament after each increment.

B

0.5ym on both Figures 8 and/glare nearly identical leading to the conclusion

Inspection reveals the curves for

that for a filament of thickness greater than or equal to 0.5ym cooling may

be neglected.

In summary, the heat flow equation hasg been solved, digitally, for a

real experimental system. The basic assumption is that there is no heat

loss, from the conducting area, with respect to time. The resultant switching

characteristics are shown to be similar to those of other investigators, any
differences arising from the use of a Square wave potential to induce switch-

ing and the simulation of a real test circuit.

(t is shown that the delay time predicted from this simulation ig directly

e B e LT
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proportional to the square of the electrode separation and inversely prepor-
tional to the square of the difference between the applied potential and a

unique reference potential.

IV. ESCA Studies

A portion of this study is devoted to utilizing ESCA (Electron Spec-
troscopy for Chemical Analysis) to develop a basic understanding of the
conduction mechanism in amorphous semiconductors. Electron spectroscopy
should be well suited to a study of this kind since the data obtained is
directly proportional, in intensity, to the number of electrons occupying
a given energy level. Before Presenting a portion of the electron spectra
accumulated, it is useful to review the two conduction theories that are
most often used to describe electronic conduction in amorphous materials.
The polaronic hopping condition theory proposed by Mott(13’14’15’16)
is based on a spin diffusion model developed by Anderson(17) and extended
by Miller and Abrahams(ls). The essential elements of this theory are:
a. The valance requirements of each atom are satisfied locally.
b. There are extended states of localized energy levels above the
valance band and below the conduction band. These states do
not overlap the fermi level and are separated by an energy gap
of the order EgskT.

c. The activation energy for conduction is the energy of the band gap.
Conduction proceding by polaron assisted hopping from the extended
states of the valance band to extended states in the conduction band.

A second conduction model, proposed by Cohen-Fritzsche-Ovshinsky (CFO
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model)(lg), has the following distinctive features:

a. The localized states of the valance and conduction band tails

actually overlap each other and the fermi level.

b. Localized conduction and valance band stateg are distinguishable

as belonging to their respective bands even in the overlap region
of the extended states.

c. There are well defined energys evand ec in each band at which the

transition from extended to localized states occurs,

d. The well defined activation energies reported for amorphous

materials are the result of the activation of charge carriers
from the fermi level to one of the localized statés.

The two models of electronic conduction, presented above, are very
similar in that they both postulate an electron diffusion mechanism, the
main difference being due to visualization of the band gap. In the first
model conduction occurs due to polaron agsisted hopping between points of
electrical discontinuity arising from defect type structues. Conduction
in the second model results from extreme disorder in the material structure.
However, in both cases the theoretical basis for a semi-quantitative des-
cription of the conduction phenomena is based on Anderson's theory and its
extension by Miller and Abrahams,

Experimental evidence has been offered by several investigators(ZO’ZI’22’23)
which seems to indicate that polaron assisted hopping is the Primary mode of
electronic conduction in solids containing multivalent components, Cohen(lg)
indicates that the CFO model is useful in explaining, at least qualitatively,
optical absorption, phetocon&uctivity, electronic field effects, ohmic con-

tacts, recombination radiation, and radiation hardness effects.

ESCA is well suited to studying the energy levels actually occupied by
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electrons and has been rather extensively used in studies of chemical bonding.
Since the development of the high resolution electron spectrograph by Sieghahn
and his coworkers in 1968, many organic compounds have been studied to ascer-
tain the different bonding arrangements of a single atom in a complex mole-
cule. The band structure of some metallic compounds have been studied by
Novakov(24), Hamrin(zs), and Ramquiét(ze). It is clear that any ESCA study
whose aim is to develop an understanding of the conduction mechanism must be
conducted in two parts:

i. A study of outer valence electron levels.

ii. A study of -the ionic species present as determined from the
strongest exitation level of each atomic species.
To this end the system As-Te was selected for study, partially due to
familiarity with the system and partially because it is a simple system
representative of the chalcogenide glasses that are semiconducting and
exhibit both bistable and memory switching phenomena.

ESCA samples of amorphous AsTe1.07, crystalline AsTe1'07, and stochi-
metric AszTe3 were prepared by grinding to a fine powder under ethyl alcohol
in a dry box flushed with forming gas, then cold pressing into a 48 mesh
copper screen to 20,000 psi. Electron spectra were collected over 80 ev
of binding energy beginning at 78 ev and decreasing in 0.2 ev steps. The
results are shown in Figures 9 and 10. The binding energies shown represent
the true binding energies in the solids being investigated. The only notable
difference between Figure 9 and 10 is the beginning of an oxide peak, labeled 0,
in Figure 10. The obvious conclusion being that there is little difference in
the structure of the glass and the crystalline material. Further confirmation
of this conclusion was gained by examining the 3d electron levels of tellurium

metal, 1e02, amorphous AsTe1.07, crystalline AsTe1'07, and stochiometric AszTe3.
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Twenty ev scans for each of these materials are shown in Figures 3 thru 7.
Each scan begins at 589 ev of binding energy and ends at 569 ev of binding
energy.

The binding energy shift for the 3d electroms of tellurium, from the
pure state to the oxide, is seen from Figures il and 12 to be an increase
of 3.4 ev of binding energy.

There is no evidence of peak shift or broadening when Figures 12, 14,
and 15 are compared to Figure 11 indicating that there is little or no
ionic charter in As-Te bande. This is as would be expected since Pauling's
electronegativities indicate that there would be 0.5% ionic character for
As-Te bonds compared to 39% ionic character for Te-0 bands.

Examination of binding energies in the range 50 ev - 30 ev shown in
Figures 16 thru 18, which includes the arsenic 3d electrons and the telluriu
4d electrons, also indicates that there is little difference among the elec-
tronic structures of the amorphous, crystalline, and stochiometric samples.
This suggests that the hopping mechanism may not be valid for these material
However, such a conclusion would require more data and it must be remembeged
that only those electron states that are occupied by a large enough number
of electrons so that the probability of detection is significant are recorde
by ESCA.

Clearly, more spectural studies are needed to clarify the conduction mec
ism, particularly studies of the outer electron levels near the zero of bind
energy. As seen in Figure 9 and 10, labeled V, these are low intensity peaks
and on the scale at wﬁich these studies were conducted appear to be identical
However, the differences in electrical conductivity between the amorphous and
crystalline materials, 10-4 and 10-2 mhos/cm at 25°C, indicate that there

should be some difference.
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V. Future Work

The experimental studies of switching, started prior to this project,
were performed on samples in which the geometry of the active amorphous
semiconductor could not be determined with great accuracy because the top
electrode was a metallic hemisphere pressed against the amorphous semi-
conductor film. Current research includes the fabrication of thin film
arrays in which all geomctries are accurately knewn. Although past work
has focused on a familiar amorphous semiconductor (AsTe), future work will
include other materials. It is believed that a more conducting amorphous
semiconductor will demonstrate delay~-time switching at voltages lower than
those needed for the minor switch. If this is true, a regime of resisti-
vities can be defined in which switching is strictly thermal. The deter-
mination of the physical parameters (electrical and thermal conductivity,
heat capacity, and density) is continuing.

The minor switching phenomenon observed in AsTe is the focus of new
research. 1In particular, the effect of the circuit properties (inductance,
capacitance, resistance) on the minor switching characteristics will be
determined to gain an improved understanding of this phenomenon.

A continuous effort is being made to eliminate all assumption in the
simulation of thermal switching. For example, heat loss from the active
region is known to be important for low voltage, long delay time, switching.
Future simulations of the current rise will correct for the heat transfer
during the heat-up process.

The ESCA studies will focus on the shape of the occupied valence
electron bands in an effort to understand the difference between the elec-

trical properties of amorphous and crystalline semiconductors of the same
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composition. Care is now being taken to obtain only the electronic spectrum

S T CE R

of the amorphous semiconductor without that from the sample holder. All

future samples for ESCA and for the electrical experiments will be radio

frequency sputtered thin films.
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‘ABSTRACT

Low duty-cycle pulsed d.c. switchiﬁg experiments ha.ve been performed
on a variety of thin film Te-based semiconducting glasses. No premonitor'y
effects are observed in the cuirent-time profile of the non-switching OFF
state. If, however, the.threshold voltage is excéeded, a continuous
current increase with time throughout the normal delay-time regime
(pre-switching OFF state) is always ubserved prior to switching. Ina
given device or film this current rise is interrupted, independent of over-
voltage, by the rapid switching transition at about the same relative
current increm_ent above the current background extrapolated to zero-time
(leakage current). In the switched or ON (filamentary conduction) state
the current level, as limited by the series load resistor, can determine
the response of the device in the .subsequent pre-switching OFF state.

For loads in excess of ~ 1k, there is no. effect on the pre-switching OFF
state characteristics. For appreciably smaller loads, thex:e— is a ;:ontinuous

increase in delay time with increased pulse length (time spent in the

previous ON state).
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This letter describes some low duty-cycle pulsed d.c. switching
experiments on thin film Te~-based amorphous semiconductors. dur
objective has been to characterize further the nature of the switching
process, including the evolution of the .filamentary ON state, and to
démonstrate fhe influénce of some simple circuit parameters such as
the series load resistor, R, and pulse duration, tp. "Ovonic" thre.shold

1)

switching has been the subject of articles and review papers too

numerous to reference properly. (The proceedings of the recent Fourth
- International Conference on A:nox;phous and Liquid Semiconductors (2)
is an appropriate source.) The mechanism of switching is now being
clarified as the distinctions among electro~thzrmal theories(s) and

(4)

theories in which purely electrr ‘c effects dominate the switching
transition become more clearly delineated. . Our results should prt;vide
a furthe: basis for distinguishing among these theories and determining
the circumstances under which each may be applicable. '
Thin films were prepared as foilows to be compafe?d with the experi-
mental DO-7 threshold switches developed by Energy Conversioril- Devices,
Inc.:
1. A homogeneous As49Te51 lglass prepared from 99.999%
pure elements was eleciron-beam evaporated onto either
a brass foil or a metallographically polished Al plate coated
with ~ 0.1 pm of Mo. These films were all 2 pm tﬁick.

2., AsTe, AszTe3 and a few compositions i1 the Te-As-Si-Ge

system were sputtered onto metallographically polished
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plates of brass or Mo-coated Al (as above) in thicknesses of

0.5, 1.0 and 2.0 gm. |
X-Ray diffraction patterns were takén to check the amorphous nature of
the films,

| Experin'\en'ts were performed with tp's from 0.1 to 30 .usec applied at

a pulse repetition frequency (PRF) of 50-1000 hz. Interpulse heating
effects were negligible because of the long interpulse times. Ina
given experiment, the sample was considered to be the region of the film
in the ir'nmediate vicinity of the copper or graphite _counter—electrode.
The copper electrode (~200 ym wide at the tip) made a larger area contact
than the graphite. The counter-electrode was set and maintained under a
, slight constant pressure similar to that in the DO-7 package. [This
device consists of two hemispherical graphite electrodes identicai to the
ones used here as counter-electrodes. The elecirodes a.re each coated
with an evaporated film of a Te~Se-S glass ~ 0,5 ym tﬁick,-hél’d tog‘éther
under a slight pressure and hermetically sealed in a convenient package.]
The measured low-voltage resistances of As, ,Te_, and As'i‘é filr-n.s ranged

497751
from 10-50 kQ, the AszTe3 from 3-10 kQ(these are on the edge of glass
formation) and the Te-As-Si-Ge film; from 100-500 kQ . All films contained
many samples that demonstrated reproducible switching.
Fig. 1 shows the results of the evolution of current, I, with time in

the DO-7 threshold switch. The low-current ohmic OFF state resistance

of this device was ~2.4 M and the steady state bias at threshold, vth A
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was ~ 27 volts. Of principal interest in Fig. 1 is the continuous rise
in the pre-switching OFF state current up to the point of.the switching
transition, In this well-known "delay—time" regime, the delay time,
t q decreases rapidly with increasing overvoltage (voltage in excess

(;f Vth). In f‘ig. 1(a), the lowest I{t) profile (non-switching OFF state)
shows a current.that decreases very slightly with time. We attribute
this fall primarily to the long relaxation tail of the initial displacement
current spike that occurs upon application of the fast risetime voltage
pulse. The important point is fhat in the absence of switching there is
no premonitory rise in current. If there is a conductivity change due

to uniform hea'ting, it is completed in 1 ysec or less and the device
achieves a uniform steady non-switching OFF state at all current levels

below Vt No evidence exists for the development of current density

n
inhomogeneities, thermal or otherwise, in the non-switching regime.

Once the applied pulse exceeds vth' however, quite ihe-ré\/ersé is
true. This can be clearly seen in the magnified cux:rent scale of Fig. 1(b).
Following the capacitive discharge, all the pre-switching OFF..s.tate curves
show an upward trend in current eventually terminating with the rapid
vertical switching transition. Within our ability to detect it, the gradual
current evolution begins approximately at the onset of the pulse, a point
which we shall demonstrate more clearly with anofher sample. The

conclusion seems inevitable, and is borne out by all cur experiments

performed at varying overvoltages on a variety of devices and thin film




sandwich structures, thatt 4 is the time during whiqh the eventual
instability is forming. This is not surprising, and the ease with which
the evolution of the filamentary ihstability can be obseryed should depend
mainly on the spatial extent of this instability compared with the active
érea of the film. A rapidly evolving current density inhomogeneity (a
nucleating filament, or growing filamentary plasma or collap.;,ing
electro-thermal filamentary column, etc.) will make its pres:ence felt if
the amount of current carrying or short circuiting that it performs is not
negligible compared to the currént flow through the rest of the device.
If the evolving filament is very thin, it will be barely observable in the
I(t) profile until it finally is fully established and the device switches.
A wider lateral instability will be more readily observed as it forms.
These ideas closely parallel those of Homﬁla (5) concerning the dévelopment
of observable electrical precursors to switching on the surface of an
amorphous chalcogenide semiconductor.

To demonstrate the phenomenon discussed above\in a mo_re quantitative
fashion, we show in Fig. 2 results of I(t) profiles taken on an AsTe film.

Because of the lower resistivity of this glass, Vt was just under 3.5 volts.

h
Each curve in Fig. 2 represents a large number of oscilloscope traces of
the type shown in Fig. 1 but with much higher current levels both because
of the lower resistivity and because of the larger area contact of the
copper counter—electrqde. [Because copper eventually alloys with the

Te~-based glass and promotes its crystallization, sample lifetimes with

the brass and copper systems were much shorter than with the graphite -

b~
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Mo (Al) cc;mbixlation.] These higher current levels and differing boundary
conditions from the DO-7 configuration permitted a ;nuch maore careful
determinafgion of the I(t) curves, éspecially in the vicinity of the

zero-time point. The averages of several I(t) profiles were plotted on

a log=-log scale to test for power law behavior and two distinct dependences

were seen at each overvoltage. The time dependence of the current growth

n n
followed the general form I = At 1+ Bt 2, where A and B are constants.

n1 was in the range 1-3 and increased with increasing overvoltage, n2
was roughly 9 and appeared not to depend on .voltage in any systematic

way. The transition point between the two dependences, which we call

the threshold ¢urrent, Ith' increased with increasing overvoltage,

especially when the zero time (leakage) current was not subtracted. The

speed, t q° and spatial extent with which the threshold 1nstabilit§r develops

(the smaller . thé less the lateral extent of the growing instability) depend .
strongly on overvoltage and are measures of how high the device is biased.

At any given overvoltage, threshold occurs at about the current I., = on (const.)

th

\

where Io is the current extrapolated to zero time and the éonsta-r;t is 1

independent of overvoltege. 1

The post-switching behavior of these films, including the nature of the ,

filamentary ON state and the temperature levels achieved during and after !
switching, (especially as they relate to the question of the "forming" (6)

of a switching device) is also of great interest. As described recently by s

(6)

Coward ™", it is well~known that Ovonic threshold switches have a first-fire

I

or break-in voltage at threshold that is substantially greater than the

running threshold that obtains after several cycles of operation. Most

!

:
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likely among the causes of both the large first-fire voltage é’nd the
subsequent locating or pinning of a higher conductivity filamentary
region in a fofmed device are: |
1) Healing of a dirty or imperfect electrical contact at
the.glass-electr.ode interface. This may always be an
important component of the first-fire effect.
2) Electromigration in the filamentary region which produces
a crystalline pedestal shortening the glassy portion of
the device. This would usually be limited by the ensuing
back diffusional gradient that is simultaneously established(7)
if solute cannot easily flow laterally into the filamentary
column. a.c. operation of a device would tend to form
and dissolve such a pedestal on successive switchings:

3) Interfacial crystallization at the electrodes dué to the
eventual development in the ON state of mos;t of t-he'\}oltag;e
drop in the vicinity of the electrodes. In electronic models
of switching, most of the joule heating would tai:e pla!:e

(8)

at the electrodes’' '. In an electro-thermal model, there

\

(3)

" would be an abrupt temperature decrease at the electrodes
which might provide the appropriate boundary condition for
heterogeneous nucleation. Electro-thermal arguments that
might lead toa crystallization front limited to the vicinity
of the electrode under continuous operation are, however,

somewhat tortuous.
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To test these ideas, the'data in Fig. 3 were collected for a Te-As-Si-Ge
film over Mo with a graphite counter elecirode. The qualitative results
were égain_independent of the substrate and counter-electrode and were
reproducibly and reversibly obtained with most of the samples. Fig. 3(a)

demonstrates the dependence of t, on tp at fixed overvoltage. With the

d

larger R there is no dependence. With 1000, however, there is a steady
increase in td as the device is left for longer periods of time in the ON

state (longer tp) . This indicates that if the filamentary conducting material
is left in the ON state at a low éurrent level (large R, low power dissipation),
there is no alteration of the "formed" conducting path. Once formed, it

remains so with a well-defined Vt which is lower than the surrounding

h

glass and does not decrease continuously with cyclilng. However, if the
power dissipation in the ON state is increa.sed by decreasing R, 1.t is our
opinion that the filamentary region spreads, the temperature rises at the
higher current levels, and the filamentary region is rehoniogeriized. The
crystalline interfacial material (or pedestal) is thus \remelted, or redissolved,

and requenched as a glass. Vth is thereby raised in this up-quench and

down-quench treatment and the device is returned to a more nearly virgin

state. Figure 3(b) shows the partial recovery of the virgin th under fixed

)

tp. This figure also clearly demonstrates the dependence of t, on over-

d
voltage. Because the threshold is raised for R = 100Q, the applied voltage

represents a substantially reduced overvoltage and t q is consequently in-

creased.



The results shown in Fig. 3 are reversible. By increasing R or decreasing
tp, t 4 gradually decreases as the running threshold again drops. Increasing

tp again (or decreasing R) will then restore the higher Vt 's and longer t,'s.

h d
This process naturally cannot usually be repeated indefinitely because the
high current 'levels with R = 1000 eventually degrade the device.

In summary, our experiments elucidate both the development of the fila-
mentary instability in the pre-switching OFF regime ~ it starts approximately
af zero time for any overvoltage - and the nature of the forming or breaking~-in
process in the post-switching pbrtion of the I-V curve. An important
consequence of the filament forming process is that it represents a favored
area for subseduent threshold switching. This means that the developing
instability has a lateral extent which may be compafable with this favored
area, thus rendering it visible throughout the delay time period.
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FIGURE CAPTIONS

Figure 1

Figure 2

Figure 3

Current vs. time, I(t), for a DO-7 device. The zero-voltage

. base lines are on the left in (a) and the vanishing of the trace

on the right in (@) and (b) corresponds to the occurrence of

-switching. R=2kn, tp = 30 usec, PRF = 30 hz, anh

trace corresponds to a different applied voltage.

a) The lowest trace is 27 volts (non-switching OFF state)

and the succeeding traces result for voltages increased up

to 32 volts. Horiz.. = 1 usec/div. Vert. = 0,05 ma/div.

b) The top trace is 28 volts and the succeeding traces again _

re;')resent increased voltages above threshold. Horiz. = lysec/div.

Vert, = 0.02 ma/div. Note especially the positive slope of

I(t) at 28 and 29 volts. | ‘

Current rise with time during a switching mode in a Zum thick

AsTe film on a brass substrate using a coppei‘ boﬁﬁter-electrode.
R=1kQ. 3.5Vis the d.c. threshold voltage. |

a) tyvs. tp at two different R's for a Te-As-Si-Ge film. ‘ 1
The data were taken with a PRF - 50 hz and a bias of 22 volts, i
starting at the shortest tp. When the large R data is taken |
starting with a long pulse, t 4 decreases slightly as tp | a

increases. This feature is not completely understood.

b) t, vs. Vat two different R's with tp = lusec.
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