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beams with similar good agreement between line
shapes above 40 eV. The agreement obtained for
each of these adsorbates in fourfold coordinated
bonding sites is similar to that obtained for clean
nickel surfaces' and is discussed and illustrated
for these other beams in more detail elsewhere. "
The good agreement between theoretical and ex-
perimental peak positions and line shapes of (22),
(Ol), and (00) beams for each adsorbate displace-
ment d adds to our confidence in our determined
structures.

In Table I we summarize the adsorbate dis-
placements above the substrate, corresponding
Ni-chalcogen bond lengths, and Ni-chalcogen
bond lengths from other sources. Our deter-
mined bond lengths for O, S, and Se are slightly
less than typical bond lengths found in bulk solids
and are comparable to those of Ni-chelate com-
plexes. However, the tellurium-Ni bond length
is comparable to bulk bond lengths.
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Experimental results suggest that (1) switching in thin chalcogenide glass films is fun-
damentally electronic, and (2} the regime of pure electronic initiation has been exposed.

We have investigated three aspects of switching
in thin amorphous chalcogenide films'. (l) the
response of unannealed virgin and "formed'"
films to voltage pulses 2 nsec in duration, where
heating is negligible; (2) the virgin threshold volt-
age as a function of pulse duration; (3) the phe-
nomenon of "minor" switching. ' The results in-
dicate that (i) a critical electric field E, must be
reached in part of the film in order for conven-
tional "delay-time" t„switching to occur, and

(ii) t, has a shortest value t„the characteristic
time required by the as yet unspecified electronic
mechanism that produces switching. " The ex-
perimental results support the view that switch-
ing is fundamentally electronic, ' ' and help elu-
cidate the role of thermal effects under condi-

tions where they can initiate the switching pro-
cess."

Samples were prepared in the following con-
figurations: (a) As4, Te» glass prepared from
99.999%-pure elements was evaporated by elec-
tron beam onto a polished Al plate coated with
0.1 p, m of Mo. These films were all of thickness
l near 2 p, m. ' A spherical-tip graphite counter-
electrode was set and maintained under slight
pressure here and for samples in (b) below.
"Off"-state resistances R, were typically between
10 and 50 kQ.

(b) AsTe, As, Te„and a few compositions in
the Te-As-Si-Ge system were sputtered onto pol-
ished plates of Mo-coated Al in thicknesses of
0.5, 1.0, and 2.0 p. m. ' Here the Rps ranged from
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FIG. 1. Virgin threshold voltage as a function of pulse
width.

3 to 500 kA.
(c) Films of Si-Ge-In-As-Te glass were sput-

tered onto Mo through a 20-p, m-diam hole (pore)
etched into a Sio, film on Si. Mo was then sput-
tered over the top. These films were slightly
less than 1 p, m thick" and Ra=4&&10' Q.

Experiments were performed with pulse widths

t~ in the range 2&&10 ' «t~ «10 ' sec, applied at
a pulse repetition frequency of 25-1000 Hz. For
configurations (a) and (b) the sample wa.s consid-
ered to be the region of the film in the immediate
vicinity of the counterelectrode. Samples (c)
were diced and packaged in TQ-5 headers with
wire-bonded leads. Forming' occurred for all
t~'s in all samples, and no effort was made to
control it."

Each datum bar in Fig. 1 represents the virgin
threshold voltage V,

„

for two or more individual
samples prepared as in (c) above. Single-shot
pulses verified that the constancy of V,

„

for t~ ~ 5

@10 ' sec is due to the fact that the virgin-switch-
ing delay time t„is always less than about 2x10 '
sec. The important point is that as t~ decreases
below about 10 ' sec, the rate of rise of V,

„

tends
to diminish, in contrast to the linear behavior ex-
pected from an electrothermal model. " By using
a. specific heat of 0.05 cal/g K, a density of 5 g/
cm', and assuming no heat flow out, we calculated
a 0.1'K temperature rise at threshold throughout
the sample volume of 12&10"cm' for t~=2x10 '
sec. Even if we assume pre-first-switch ther-
mal channeling into 25% of the cross-sectional
area of the virgin film, the temperature rise in
this region at threshold is less than 2'K. We con-
clude that for short pulses the virgin event is
electronically initiated. Figure 1 indicates an av-
erage critical field E,= 7 x10' V/cm in these par-
ticular films at room temperature. Buckley and
Holmberg" found that V,„scaleswith thickness
for t~ «10 ' sec, also suggesting the existence of
an E„andobserved that as the temperature was

reduced to liquid N, values, V,„/lapproached a
constant value = 5x10' V/cm in films of higher
conductivity than the ones discussed here.

Switching in formed films can occur in times
that are limited by the risetime (~10 ' sec) of
the SKL-model 503-A pulser employed in the
short-pulse experiments. To study the current
rise in such short times it is necessary to mini-
mize the load resistor R in order to reduce the
width of the displacement current spike that ap-
pears during the risetime. The price paid for
the reduction in R, however, is that the switch
evolves to a very high value of current, which al-
ters the samples "off" characteristics. " Thus,
when data are taken for increasing and then de-
creasing voltages, a hysteresis is observed in
the V,-versus-t, plots.

In Fig. 2(a) we show the voltage (across the
sample and R) and current (voltage across R di-
vided by R) versus time for a type-(c) sample as
measured on a Tektronix 7504 sampling oscillo-
scope. The voltage difference between the traces
is the voltage across the sample. For V, =26 V,t„is about 1.5@10' sec. For slightly higher volt-
ages, however, the conventional delay-time con-
cept is inapplicable since the current starts its
rise before the peak voltage is reached. The cur-
rent rise also becomes much "cleaner, " indicat-
ing that the statistical fluctuations associated
with the delay-time event have disappeared. For
peak voltages higher than about 27 V the data can
be interpreted as an instability initiated at a criti-
cal voltage= 26 V. Here the switch occurs in the
time t,. Figure 2(b) is a typical plot of V, versus
t„for increasing and decreasing voltages.

We estimate a temperature rise of less than
5'K within the formed filament just prior to the
switching that occurs in less than 10 ' sec. It ap-
pears that if E, can be reached prior to the onset
of appreciable heating, the sample will switch to
a higher-conductance state. Delay-time (D)
switching in samples with well heat-sunk elec-
trodes also appears to be a consequence of. E,.
For longer constant-voltage pulses at lower volt-
ages the sample starts to heat in its central por-
tion" during the preswitching "off" state. " Heat-
ing increases the conductivity, lowers the field
in the center, and increases the fields near the
cooler electrodes. When an electrode field ex-
ceeds E„Dswitching can occur." In electro-
thermal calculations, the "virtual electrode"
model of Kaplan and Adler is quite similar to the
effect of an E,. Their numerical calculations
showed that without a field-activated conductiv-
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FIG. 2. (a) Total current & versus voltage V for a
type-(a) configuration. The load line is shown at vari-
ous values of bias. The heavy double arrow denotes
the I-V excursion during the relaxation oscillations.
(b) Total current versus time in the M-switch relaxa-
tion oscillation mode. Frequency, 3 MHz; R = 1 kO;
I& 5x10 6 se-—c. Vertical scale, 0.1 A/div; horizontal
scale, 2 x10 ~ sec/div.
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ity, "switching would not occur unless high fields
existed near the electrodes.

There exists further evidence for the existence
of a critical-field phenomenon. On rare occa-
sions formed samples (a) and (b) would exhibit
"minor" (M) switching, ' which we studied using
an EH model 132A-8 pulser (risetime= 10x10 '

0 & s i s s i&il i i I i i (I II
10' 1 10 102

(b) &d (nanOSeCOndS)

&G. 2. (a) Voltage (top trace) and current (bottom
trace) versus time for two values of peak applied volt-
age (26 V, bottom figure; 21 V, top figure). Voltage
scale, 4 V/div; current scale, 40 mA/div; horizontal
time scale, 0.5xl0 ~ sec/div. (b) Threshold voltage
versus time at which the current is observed to rise
sharply. Crosses, increasing voltage; circles, de-
creasing voltage; bar, range of times obtained with six
different values of the peak voltage (&27 V} and inter-
preted as occurring at 26 V.

sec). A typical room-temperature M Dswitchin-g
sequence proceeded as follows for R & 100 Q (re-
fer to Fig. 3(a)]: (I) At the first threshold, V= V,
(1-5 V), an M switch occurred (usually symme-
tric with respect to pulse polarity) in a time lim-
ited by the pulse risetime. (II) %'ith further in-
crease in bias (V,- V,), the total current I in-
creased. Here the product IVt~ increased with
increasing t~. (III) At V, (2-15 V) another switch
to a higher-current state occurred. This pro-
cess was a D switch with IVt~ = const, and was
characterized by its onset at the trailing edge of
the pulse.

7fhen the bias was reduced after M switching at
V„the sample often simply switched back to its
"off" state. However, we also observed many of
the following events: (A) At V„(&V,) a high-fre-
quency relaxation oscillation" appeared at a fre-
quency that increased as V increased and de-
creased as R increased. The observed frequency
range was from 3—20 MHz [see Fig. 3(b)], which
is 1 to 2 orders of magnitude higher than the typi-
cal relaxation oscillation frequencies observed in
a D mode. " (B) At V, the oscillation quenched
and another small stable range of currents ap-
peared. (C) Finally, a switch back to the "off"
state occurred.
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We interpret the results as follows: We as-
sume that the formed filament in configurations
(a) and (b) is partially crystallized, " leading to
a smaller active volume and grossly inhomoge-
neous field distribution. The distribution is such
that E, is reached locally by flux concentration
before it is attained by Joule heating in the center
of the filament. At this point part of the sample
shorts (here the voltage redistribution does not
cause other parts of the sample to reach E,), and
the conductance exhibits an upward step.

In summary, we find that reversible switching
in thin amorphous chalcogenide films is funda-
mentally electronic and can occur by electronic
initiation if (I) E, is reached fast enough so that
heating is negligible, or (2) large inhomogenei-
ties produce local fields greater than E,. For
the case where the field is initially below E„but
Joule heating causes a hot spot to initiate, then

E, can be reached near the electrodes and D-
mode switching will occur.
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