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seen. For specimens with increasing Zn con-
tent the photon energy of the peak increases (Fig.
3). This is in agreement with results obtained
by Biondi and Rayne'® and theoretical considera-
tions by Lettington'® and Amar, Johnson, and
Sommers.?° Investigations using higher photon
energies and other materials are in progress.

We are indebted to Dr. J. Slater and Dr. J. Con-
klin for helpful comments.
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Self-heating in films of amorphous silicon prior to switching results from application
of voltage pulses producing lateral currents. A smooth, rapid, and highly localized tem-
perature rise always precedes the switching event resulting in a filamentary formation
bridging the gap. The negative electrode edge is hotter than the positive electrode edge,
and the measured filament temperatures compare favorably with temperatures calculated
assuming intrinsic conduction takes place in the confined dimensions of the filament

channel.

Electrical switching phenomena reported for
thin films of amorphous silicon sandwiched be-
tween titanium electrodes® bears strong similari-
ty to the behavior exhibited® ® by mixtures of
chalcogenide glassy semiconductors. For sili-
con it was reported that memory switching is
prevalent with ac excitation; a current-voltage
characteristic is produced having a high-resis-
tance region linked through a region of negative
differential resistance to a low-resistance re-
gion. Two conductivity states, high and low, are
reported to exist for chalcogenides; transition

292

from one to the other occurs in short time inter-
vals. Upon switching from the low-conductivity
state in both the silicon and chalcogenide glass
devices, craters or pits in the electrodes are
reported which are attributed to filament path
formation. For those chalcogenide materals ex-
hibiting memory switching, the ends of filaments
are clearly shown® by some observers and by
others the filaments are displayed from the side®
Recent infrared viewer observations® on a chal-
cogenide glass semiconductor reveal a 650-800°C
filament during threshold switching.
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Reported here are observations of electrical
and thermal measurements made on films of
amorphous silicon, electron-beam evaporated on
pairs of thermally evaporated nickel electrodes
separated by narrow gaps. The configuration is
shown in Fig. 1, inset. The silicon exhibits the
threshold switching as well as the memory switch-
ing effects reported above. An infrared micro-
radiometer (Barnes Engineering Company model
RM2A) was used to observe radiance emitted
from the silicon surface in response to dc test-
ing pulses applied through a mercury-wetted re-
lay (C. P. Clare model HG2A) from a regulated
power supply. Signals from the microradiometer
were amplified and displayed on an oscilloscope
(Tektronix model 547 with 1A4 amplifier). Cor-
rections for silicon emissivity (measured value
0.47) and aperture effect have been made. Reso-
lution of the infrared reflection optics at 15X ob-
jective is 0.0014 in., and the aperture function
was determined to be approximately Gaussian.

Electron diffraction studies of the silicon film
verified its amorphous nature; there is no evi-
dence of crystallites greater than 10 A. Plati-
num-shadowed surface replicas of the silicon
also disclose lack of structure; at 134000X it is
reminiscent of an expanse of finely shredded
tobacco.

Initial room-temperature resistance of the
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FIG. 1. Effective blackbody temperature versus
position along midline of gap. Width of sample is
0.0225 in., gap is 25 pm, film thickness 0.8 um (ver-
tical scale is nonlinear). Inset depicts typical con-
figuration of samples tested.

silicon lies in the range of 400 to 700 Q cm as
determined by four-point probe measurements,
and also by an ohmmeter connected across the
nickel electrodes. Electrode gaps and silicon
widths and thicknesses (in the range of 0.8 to

1.3 pm) established initial dc room-temperature
resistances; Ohmic contacts prevail. Measure-
ments of the logarithm of resistivity versus 1/7T
were found to be in agreement with the results of
Grigorovici.” Capacitance of the test configura-
tions lies in the range of 0.28 to 0.38 pF. See-
beck voltages at room temperature measure be-
tween 15 to 30 uV/°K, p type, also in agreement
with data obtained by Grigorovici.

In response to an applied rectangular voltage
pulse the temperature in the silicon rises rapid-
ly from room temperature (25°C) to some peak
value depending on applied voltage, device initial
resistance, and duration of the pulse, and then
falls to room temperature shortly (typically less
than 5 msec) after cessation of the pulse. A suf-
ficiently large rectangular pulse causes the sili-
con to sustain a switching event, not taking place
instantaneously with application of the pulse but
delayed for a time interval (incubation time).
Temperature is observed to rise during this
interval, and its rate of rise increases such that
at the transition time it has reached an estimated
1400°C; a filamentary channel forms, widens,
and cools —all within nanoseconds —to a mea-
sured temperature in the range of 300 to 400°C
where silicon intrinsic conductivity for the mea-
sured filament dimensions substantiates the mea-
sured device resistance. Table I compares typi-
cal measured filament temperatures with those
calculated from filament dimensions using logp
vs 1/T for the material. It shows general agree-
ment between measured temperature and that
deduced from intrinsic conductivity. Ratios of
the dc resistance before switching to the resis-
tance (V/I) after switching lie in the range 40:1
to 8:1.

The filamentary channel which forms appears
to bridge the gap between the electrode edges.
All filaments observed have tapered ends where
they join the electrodes. They are approximately
0.8 um wide at the ends, and 5 um wide at the
midpoints. While conducting after the switching
event the temperature of the negative-electrode
end of the filament is approximately 1200°C; the
positive-electrode end is approximately 980°C;
and the body of the filament approximately 350°C.
X-ray analysis of switched samples containing
filaments reveals traces of nickel-silicon com-

293



VOLUME 25, NUMBER 5

PHYSICAL REVIEW LETTERS

3 AucusTt 1970

Table I. Data on filament resistivity and temperature characteristics.

Temperature
corresponding
Filament to intrinsic Measured
length?® Resistance Resistivity resistivity temperature
(Lm) (£2) (2 cm) (°C) (°C)
25 13360 0.2135 335 340
25 43300 0.6920 302 271b
25 13360 0.213 362 377
50 9200 0.0736 315 302
50 19500 0.312 332 323b
50 24900 0.199 340 270°
15 15300 0.408 324 350
15 15300 0.408 322 393
50 13900 0.111 361 355
50 8350 0.0667 384 370

2Width 5.0 um, thickness 0.8 um.

pounds; those that have not switched reveal no
nickel. The analysis is so far inconclusive re-
garding crystallization of the silicon in the fila-
ment. Typical current densities at the filament-
negative-electrode interface lie in the range of
(4.0 to 5.0)xX10° A/cm?.

Every filament that forms in response to a
large test pulse forms at the location which ex-
hibits the largest transient rise in temperature
in response to the smaller testing pulses pre-
viously applied. A smooth and rapid rise in tem-
perature of silicon in the gap becoming locally
prominent always precedes the switching event.
The localized position of highest temperature
coincides with the formation of the filamentary
channel. Evidence for a progressively narrow-
ing, rising-temperature channel is derived from
the infrared radiaometer scans of switching
events in which the bore sight of the microscope
viewed a filament forming on center; then in
another sample viewed a filament forming off
center, and so forth. By observing the radiance
from the silicon at regularly spaced sampling
positions along the gap midline in response to
subswitching test pulses, a temperature contour
is obtained. Approximately 16 pulses are re-
quired to obtain one contour. Figure 1 shows the
result of this plot of the temperature peaks for
three sizes of pulses versus position for a typical
sample. For the smallest pulse, the tempera-
ture contour exhibits a gradient of less than
1300°C/cm, and has a maximum temperature of
53°C near the center. The contour for the inter-
mediate pulse shows a maximum gradient of
2500°C/cm; its maximum is 72°C. For the larg-

294

b Threshold switching; the remainder are memory
type. '

est pulse the contour shows that the maximum
temperature gradient is about 90 000°C/cm, and
the maximum temperature is 340°C. The materi-
al represented by this contour switched from low
resistance to high resistance in response to the
largest test pulse. Scans of the positive and
negative edges of the gap in the silicon prior to
switching show the negative edge to be of higher
temperature than the positive edge. A typical
pair of temperatures is 105 to 98°C.

Transition times decrease with a decrease in
gap dimension as illustrated in Fig. 2(a). Sam-
ples with gaps of 15, 25, and 50 um were
switched; the switching time was determined
from the voltage drop across the device. Transi-
tion times increase only slightly with an increase
in load resistance. Incubation times shown in
Fig. 2(b) decrease with increasing input power,
measured as the product of the initial peak volt-
age across the device times the coincident input
current.

If the test pulse that is applied to the silicon
causes it to switch, the filamentary path which
forms will be one of two possible types. A mem-
ory filament will form or a threshold filament
will form. We observe that a memory filament,
while carrying current, at midgap has a tem-
perature greater than that of a threshold filament.
This trend is seen in the table. Circuit load re-
sistance and applied voltage magnitude and dura-
tion determine these temperatures for fixed de-
vice geometry.

Samples were examined in a scanning electron
microscope (JELCO model JSM1) at 2000x, while
being subjected to a cumulative succession of in-
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FIG. 2. (a) Transition time (nsec) versus gap width
(»m) for 50, 100, and 200 kR series load resistors.
(b) Incubation time (msec) versus initial input power
for 50 and 100 um gap width samples.

cremental steps of 10 V up to a voltage at which
switching occurred. At the time that switching
occurs, the resistance of the silicon drops and

a channel forms in it. The channel spans be-
tween the nickel electrodes, and globular forma-
tions lining the sides of the channel are observed,
which are suggestive of melting. Channels have
tapered ends, and widths at midgap approximate-
ly 3 pm.

A comparison is made of current densities,
based on estimates of the nickel-silicon filament
boundary cross-sectional dimension, with those
calculated using a Schottky-barrier thermionic
emission equation.®® Assuming reverse-bias,
p-type silicon, a temperature of 1473°K at the
filament-negative-electrode boundary, g¢p, of
0.64 eV, and A**=30 A/(cm °K)?, one calculates
a current density of 4.2X10° A/cm?. The mea-
sured current density corresponding to the above
negative-electrode temperature is 4.58 x10° A/
cm?®, Considering the difficulty in obtaining an
accurate temperature, and an accurate measure-
ment of the nickel-silicon interface area, the
agreement is remarkable.

We conclude that the switching phenomenon in
these amorphous silicon films is the result of
Joule heating produced by the input excitation
interacting with the bulk negative temperature

coefficient of resistivity of the material. Tem-
perature events leading to current filament for-
mation confirm what Ridley® had pointed out for
materials having bulk negative temperature co-
efficient of resistivity, i.e., filamentary current
paths will form as the limiting case for these
types of materials.

The switching event is the culmination of tem-
perature rising high enough to reach the melting
point of the silicon at least momentarily so that
metallic conduction takes place; all the device
current flows in the filament at that time. As a
result of the high temperature some of the nickel
at the electrode interface partly dissolves into
the silicon. The silicon bordering on the conduct-
ing filament receives heat energy from the fila-
ment by thermal conduction, driven by the large
temperature gradient. The neighboring silicon
can become part of the conducting path, and it
will widen until the necessary heat balance be-
tween generation and loss is satisfied. Radiation
plays a minor role. The higher thermal conduc-
tivity of nickel compared with that of silicon may
explain the narrower cross section observed at
the nickel-filament interface compared with the
filament body, since the nickel at these dimen-
sions is about 3 times as thermally conductive
as the silicon.
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A model for paramagnetic Ni-Cu alloys is proposed, wherein magnetic clusters with

giant moment (~10u) interact via the itinerant electrons.
oscillate in space with a wavelength of the order of the cluster size.

The interaction is shown to
A Curie-Weiss

susceptibility results in 6 becoming negative (antiferromagnetic interaction) at low Ni

concentration.

Ni,Cu,_, alloys have been studied extensively
over a wide range of ¥, the atomic Ni concentra-
tion. On the ferromagnetic side of the critical
composition (¥ >0.44) neutron-scattering,’ high-
temperature susceptibility,? and saturation-mo-
ment®* measurements indicate that a magnetic
clustering phenomenon occurs. The clusters are
spin-polarization clouds which are formed in
local Ni-rich regions of the random alloy.

Recently Kouvel and Comly® extended these
measurements into the paramagnetic region of
Ni concentration (0.32<x <0.44). From their
bulk magnetization measurements they find that
the zero-field susceptibility x, has the form

Xo=X'+B/(T-9). 1

In Eq. (1), x’ is essentially independent of tem-
perature and Ni concentration. In the Curie-
Weiss term, B and # decrease with decreasing
Ni concentration, and in particular 6 becomes
negative (indicating antiferromagnetic interaction
between clusters) below x ~0.39. Attributing the
Curie-Weiss susceptibility to the interacting
clusters, it follows that B=CM /3k, where M is
the magnetic moment per cluster and C is the
cluster concentration (number of clusters per
atom). Using saturation-moment data extrapolat-
ed to zero field (which gives NCM), they conclude
that M is fairly constant, (10-12)up, consistent
with the moment deduced from neutron scattering
in the weakly ferromagnetic alloys.!

To account for the Curie-Weiss susceptibility
and for the variation of 6 with x, we propose a
model of localized magnetic clusters interacting
via the itinerant electrons. The clusters are
randomly distributed in the alloy, each one ex-
tending over a large number of neighboring sites
(12-20). The itinerant electrons interact with
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the magnetic moment of each cluster as a whole,
rather than with its atomic constituents. Thus,
the interaction Hamiltonian is

i =En2{'](§n —Fi)gn'g(;i)- (2)

Here ﬁ are the (random) coordinates of the (cen-
ter of the) nth cluster, and T, the coordinates of
the itinerant electrons S is the nth cluster spin
operator and 5(%;) the spm operator of the itin-
erant electrons. J(R ~T;) is the interaction
coupling and has a finite range in space, of the
order of the cluster size. In terms of the elec-
tron spin-density operator

- d%p -

@ = [ Gy s 7vie e ®
we rewrite Eq. (2) as

Hip, = (2n)3J(Q)E S S(Q)e‘q R" (4)

In Eq. (3), G4p are the Pauli spin matrices, and
c¥ and c the itinerant electron creation and an-
nihilation operators.

The cluster spin susceptibility can be expressed
by

X= 20 Xnm (5)

where the sum extends over the cluster coordi-
nates. X, is the time integral of the correlation
([S,(1),S,,(0)]) and is shown diagramatically in
Fig. 1. The shaded bubble represents y,,, the
open bubble represents y,,° (the paramagnetic
spin susceptibility of noninteracting spins), and
the wiggly line represents V.., the effective
cluster-cluster interaction (located at ﬁ,,, and
Rmr, respectively). The diagram in Fig. 1 cor-
responds to the integral equation

Xnmzxnm0+ Z),xrm’ovn'm'xm’m9 (6)
n'm



