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(112) planes of W—amorphous-EuS field emitters exhibit a memory effect in the current-
voltage characteristics, the actually drawn current being "locked in." In contrast to
Ovshinsky-type memory switches, self-stabilization of the electron current occurs due
to negative space charge. Measurements of the electron-spin polarization exclude a
thermally induced mechanism. To our knowledge these memory structures are the small-
est in solid-state physics.

PACS numbers: 72.80.Ng, 73.40.Ns, 79.70.+q

Amorphous (glassy) semiconductors are begin-
ning to be understood to such a level that devices
with desired properties can now be fabricated.
The initial scepticism of both scientists and en-
gineers towards the discovery by Ovshinsky' and
others' has been slowly replaced by an optimistic
approach especially because of the considerable
recent progress in the physics of glassy materi-
als. We mention here the Qvonics, which are
memory devices made of an amorphous thin film
of, for example, Te„As35Ge,Si„sandwiched be-
tween two metal electrodes. By applying a volt-
age greater than the threshold value, these de-
vices switch into a low-impedance state with only
a small voltage drop across the structure.

We report in this paper the observation of a
memory effect in a system consisting of 'a tung-
sten field emitter with an evaporated, highly dis-
ordered EuS layer on top of it. The investigation
was performed in order to understand the differ-
ent switching processes that occur within the W/
EuS field-emission system, ' which is also a pow-
erful source for polarized electrons.

We attribute the memory effect to an electronic
process. Switching effects involving rare-earth
compounds have also been reported for highly
doped EuO (Ref. 4) and EuS (Ref. 5). The basic
differences of the present structure when corn-
pared with those reported so far are the follow-

ing: (1) The dimensions are very small (1000
times smaller than the Ovonics). It is not even
the small field emitter but only its (112) planes
which display the effect. (2) Only one electrode
is in contact with the insulating amorphous ma-
terial. (3) The substrate is a single crystal and
is atomically clean before the evaporation of the
EuS film. (4) The electrons tunnel into the vacu-
um, and can therefore be analyzed with respect
to their spin or energy, thus offering novel pos-
sibilities for the investigation of tunneling phe-
nomena.

The experimental setup consists of an appara-
tus which is basically a modified field-emission
microscope with a probe hole in the fluorescent
screen for measuring either the electron-spin
polarization or the electron current of a selected
part of the field-emission pattern. The electron
current is detected by an electron multiplier to
increase the sensitivity. For spin-polarization
analysis the apparatus was connected to a "Mott"
detector. The tungsten tip is mounted on a liquid-
helium-cooled cold finger with an improved cool-
ing system as compared to the original design, '
allowing selection of a stable tip temperature in
the range 4-50 K. The temperatures above 4 K
are obtained by resistive heating with a carbon
resistor which is glued to the heat exchanger
rather than by reducing the helium flow rate.
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EuS can be evaporated onto the clean field emit-
ter by means of an electron-beam-heated oven,
which can be moved in front of the tip. After
evaporation of the EuS, the emitter is annealed
as follows: The freshly coated emitter is cooled
to 4 K. After the liquid-helium supply is turned
off, a high current (8 A) is passed through the
filament supporting the tip until the desired an-
nealing temperature is reached. ' The tempera-
ture is kept for a few seconds on this level be-
fore the heating current is switched off. During
this process only the thin front bow of the fila-
ment becomes hot. Therefore, the emitter cools
down very rapidly with an estimated initial rate
of 3000 K/sec after the current is turned off (see
Ref. I, Fig. 3).

The initially evaporated EuS layer is about 500
A thick. The actual film thickness may be lower
since the film could become thinner during the
annealing process.

The emitter characteristics depend strongly on
the annealing temperature': The dependence of
the emission current on extraction voltage I(V)
for emitters annealed below 1000 K is well de-
fined and, especially for annealing at 800 K, is
described by a Fowler-Northeim equation as for
clean metal field emitters. Annealed between
1000 and about 1200 K, the I(V) curve displays
the reproducible "memory effect" as is shown in

Fig. 1. At constant tip temperature the emission
current is very small below a threshold voltage
V and increases rapidly with increasing voltage.
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On reducing the voltage the reached current level
is maintained until a minimum holding voltage
V,« is applied. Below V,f& the current decreases
sharply. V is only 20-25@ of the voltage which
is necessary to obtain the same current from the
clean tungsten emitter.

The field-emission pattern generally displays
just one small, bright spot on the otherwise dark
screen. At higher extraction voltage other spots
appear which together with the first one are ar-
ranged with the symmetry of the (112) planes of
the underlying tungsten emitter. '

In Fig. 1 I(V) characteristics are shown for tip
temperatures of 5 and 20 K. The shapes of the
loops are rather different for the different tem-
peratures and the threshold voltage V is much
smaller at the higher temperature. The electron-
spin polarization I' of the field-emission current
selected by the probe hole was P = 60% at 5 K.

The observed high electron-spin polarization
excludes the thermal model for the on state, ac-
cording to which the free carriers are produced
by local heating of the structure to 800-900 K,"
since the Curie point even of nonstoichiometric
EuS is known to be well below 150 K."

The strong dependence of the threshold voltage
on emitter temperature, especially below 20 K,
shows that the memory effect must be electronic
in nature. The occurrence of a current-voltage
hysteresis cannot be explained with free-electron
tunneling models; there must be localized elec-
tric charges present. We interpret the observa-
tions on the basis of the one-dimensional emitter
model shown in Fig. 2. The EuS Fermi level is
pinned to the tungsten Fermi level by electron
transport from the EuS to the tungsten tip.

We consider the EuS layer to be strongly dis-
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FIG. 1. Current-voltage characteristics of a%-EuS
field emitter annealed at 1000'C, measured at 5- and
20-K tip temperature.

FIG. 2. One-dimensional band model for the W—
amorphous-Kus field emitter (schematic) .
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ordered or "amorphous" because of frozen-in
dislocations, occurring with the high annealing
temperature. The transition of samples annealed
near 800 K from the crystalline to the amorphous
phase can be observed by measuring the depen-
dence of emission current on tip temperature at
constant extraction voltage. Samples which are
annealed near 800 K, display an increase in cur-
rent on cooling below 17 K by about three orders
of magnitude. Since the Curie point of crystal-
line, pure EuS is at 16.5 K,"we conclude that
these EuS layers are well ordered. The charac-
teristic current increase on cooling vanishes
gradually when the emitter is annealed at a high-
er temperature, "and the Curie point increases.
The samples studied here have lost the current-
increase property which we attribute to strong
disorder.

Amorphous semiconductors are described by
means of conduction bands and valence bands,
but the band gap (which is called the "mobility
gap" for amorphous substances) is filled with
localized states, which can act as donors and ac-
ceptors. " The donor states are the sulfur vacan-
cies, which are known to be able to bind two
electrons. "

An external positive electric field, which pen-
etrates into the insulating EuS, will then ionize
the donors due to Zener tunneling. For a small
applied electric field, the ionized traps will be
refilled in a time shorter than the ionization
time. In this region we are still in the off state.
At a critical field of about 10' V/cm (Ref. 15),
the ionization rate will become greater than the
recombination rate and a positive space charge
builds up, which increases the injected electron
current.

Under these conditions, the ovonics would go
into the on state, which produces a dramatic
drop of voltage across the junction. Without in-
cluding a series resistor into the circuit, the
ovonics would be destroyed. In contrast the cur-
rent for the tungsten EuS system need not be ex-
ternally limited. For the extraction voltages
shown in Fig. 1 the current is stable at any value.
We conclude that the current limits itself by neg-
ative space-charge buildup inside the EuS layer.

The negative space charge does not compensate
the positive one at the W-EuS interface. The in-
jected electrons are, in fact, "hot" and have a
high velocity, thereby yielding only a small space
charge. Inelastic scattering slows down the in-
jected electrons on their way through the EuS
layer and they are trapped so that the negative

space charge will primarily accumulate near the
vacuum interface.

The model described above is also supported
by the shift of the I(V) characteristic to lower
voltage with increasing temperature (Fig. 1). Ac-
cording to the magnetic impurity model of Kasuya
and Yanase" one of the two electrons trapped in
a sulfur vacancy orders the surrounding 4f' spins
of the Eu" ions ferromagnetically, forming a
giant spin molecule. The binding energy of the
trapped electron is E = —p, J(S,), where (S,) is
the mean value of the surrounding 4f ' spins and
J the ferromagnetic coupling constant. The low-
er the temperature, the tighter will the impurity
electron be trapped due to magnetic ordering,
and a higher extraction voltage is required to ob-
tain the same current. A purely thermal explana-
tion for the current increase is excluded since
the I(V) characteristics do not shift to lower en-
ergy with higher tip temperature.

The I(V) curve for the tip at 20 K increases
steeper than the 5-K curve. We consider this to
be caused by a diminishing of the number of traps
at the higher temperature because of the vanish-
ing of the magnetic binding energy. The highest
trap levels thus become degenerate with the con-
duction bands, and we reach the case of "space
charge with low trap density" as defined by Gep-
pert, "which results in a much steeper I(V) char-
acteristic.

Our model is also consistent with the double-
injection model for the ovonics as proposed by
Mott" and Henisch. " In that model electrons are
injected from one electrode and holes from the
other one, so that any space charge will be com-
pensated in the interior of the layer. This re-
sults in the small on voltage across these de-
vices. In the W-EuS system only electrons are
inj ected, and the missing hole inj ection is con-
sidered to be responsible for the large negative
space charge which stabilizes the electron cur-
rent.

The important observation of the "current lock-
in, " as is evident from Fig. 1, is explained as
follows: The charge distribution inside the EuS
layer and at the W/EuS interface adjusts itself to
deliver the current. In this equilibrium condi-
tion, the ionization and recombination rates are
equal. Increasing the external field increases
the electric field at the interface and hence also
the number of ionized traps becomes larger, re-
sulting in the higher tunnel current. Reducing the
external voltage does not diminish the positive
space charge since the recombination rate near
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the interface is very small because of the high
electron velocity. ' Thus, the charge distribution
"locks in, " and also the electron current, which
depends on the charge distribution rather than on
the extraction voltage.

According to the above arguments, the memory
effect would not necessarily be specific for the
(112) planes, although we did not observe it to oc-
cur for other directions. We interpret this ap-
parent specificity as being caused by a local re-
duction of the height of the potential barrier near
the (112) planes at the W/EuS interface. With in-
creasing extraction voltage, the effect is first ob-
served for the planes with the smallest barrier.
The reason for the local work-function lowering
is probably the same as for CsO or ZrO on W.
In those systems, the W(112) planes are unique
in the sense that the negative ions fit into the W-
lattice voids and that the number of adsorbed pos-
itive ions equals the number of W-0 bonds, re-
sulting in the smallest binding distance between
the positive and negative ions. This yields a
larger work-function reduction for the (112)
planes than for other planes. The especially
strong reduction of the W(112) work function with
EuS on W is observed most clearly for emitters
annealed above 1200'C, when all (112) planes ap-
pear as bright spots on the otherwise dark fluo-
rescent screen. " In this very high annealing
temperature case a memory effect is not ob-
served, indicating that the EuS layer has become
very thin.

We conclude our discussion by comparing some
of the characteristics of the ovonics and of the
W/EuS system. The fact that the W/EuS struc-
tures store the value of the actual current drawn
shows that in principle more than one bit of in-
formation can be stored in memory cells, if hole
injection can be suppressed.

Since the emission is strongly confined to
W(112) faces under the present experimental con-
ditions, we estimate the cross section of the con-
ducting filaments to be about 100x 100 A'. This
suggests for the first time that with amorphous
materials much smaller memory structures may
be possible than with doped crystalline semicon-
ductors. In fact, for the latter the dimensions
cannot be made much smaller than the volume

which contains at least several impurity atoms,
which results in minimum dimensions of at least
1000x 1000 A .
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