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FIG. 3. Potentials measured by a set of supercon-
ducting and normal probes situated within 3 pm of a
current-carrying S/N boundary. Note that the poten
tial of the superconducting lead is hi ghe~ than that of
the normal lead.

set in Fig. 3. When the whole film was normal,
a resistive potential drop was developed across
the two probes as indicated to the right of Fig. 3.
However, just below the superconducting transi-
tion, this voltage xe&essed in polarity. This we
take as additional evidence that the quasiparticles
are being subjected to an electric field even

though they are relatively far from the boundary,
and have a lower chemical potential than the pairs
near the boundary.

Most of these results agree with the predictions
of the theory. ' However, the effective coherence
length is larger than expected' in this thickness-
limited situation, possibly implying further non-
equilibrium effects.

We would like to thank Dr. H. A. Notarys for
his valuable assistance with these experiments.

below 3.99'K as it does.
A confirming test involved putting a supercon-

ducting voltage lead in between the S/N interface
and the normal lead. The leads, each slightly
less than 1 p, m wide and separated by 1 p. m from
each other, were situated as close as possible to
the interface such that the outermost edge of the
normal voltage probe was about 3 p, m away from
the interface. The geometry is shown in the in-
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Beversible threshold switching in the amorphous covalent alloys is explained by the
carrier transport and recombination properties of the "relaxation semiconductor, " de-
fined by dielectric relaxation time greater than recombination time. In these alloys, the
recombination after single free paths pins the Fermi level at the location for minimum
conductivity. Characteristic "recombinative injection" of minority electrons is the final
process in the switching, and it accounts for observed behavior in its various aspects.

This Letter explains on an electronic basis the
reversible threshold switching in amorphous
semiconductor alloys'~ and presents a related
new approach to understanding these materials.
The alloys are examples of the reLaxation semi-
conductor, ' which is defined by' dielectric relaxa-
tion time greater than recombination time or dif
fusion-lengN lifetime" T, The defin. ing condi-
tion has a drastic and fundamental influence on
the transport and on the trapping and recombina-

tion properties. It leads characteristically to
xecombinative space charge in-jection or, more

.briefly, recombinative injection. This is a type
of minority-carrier injection predicted by the
theory, "confirmed by experiment, ' ' and pro-
posed as a unifying principle for various elec-
tronic switching and charge-storage effects. "

First, an outline of the model: The alloys are
P type and their switching is due to recombinative
injection of electrons following a preswitching
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range. " In this range, carriers a,re activated by
the field. The threshold is reached upon activa-
tion of nearly all localized holes. In the switched
state, recombinative injection has produced a
steady-state region of minority-carrier space
charge in which recombination is just balanced
by thermal generation. The net volume recombi-
nation rate N, is nonzero only at the end of this
region, in a narrow recombination front' at the
anode. " That reversible switching or no field
breakdown in this front requires diodes shorter
than a few micrometers implies that a moderate
initial localized-hole concentration P, of order
10"/cm' is activated and neutralized. This impli-
cation is accounted for. Theory for the recombi-
nation indicates that the amorphous alloys at
equilibrium have equal electron and hole capture
rates per unit volume with recombination after
single free paths. Consequently, they have equal
mean free paths and equal electron and hole con-
ductivities, or minimum (P-type) conductivity for
a given band gap. ' The Fermi level is so pinned
simply by the recombination and not by large con-
centrations of ionized centers. In particular, the
recombination occurs at energy levels of centers
which are ionized in only moderate concentra-
tions and nearly all neutral as a result of self-
compensation. Such centers are in effect donors
towards the valence band and acceptors towards
the conduction band, and, with mobility edges, "
they are the centers in fairly short band tails.

Consider now preswitching with the field-acti-
vated current density""

I = [v, exp(- 8/kT )] [Eexp(eE/ /0 T)],

E &Z =kT/el,

gained in a mean free path therefore exceed kT;
microscopic velocities increase slowly, about as
E'". Meanwhile, observed I increases by a fac-
tor" exceeding about 20, an increase which must
be largely due to activated concentrations. Thresh-
old field, moreover, decreases with increase in
T; it extrapolates to zero'~ at about 500'K. Fur-
ther activation through temperature rise occurs
during the characteristic switching delay time at
the threshold. " The holes are first to be com-
pletely activated, and then I cannot increase fur-
ther by this preswitching mechanism.

Figure 1 shows an energy-band diagram for a
region of injected electrons maintained by mini-
mum holding current I„between nonrectifying con-
tacts, a forward current by convention. In this
region of 6t =0 the product nP of the concentra-
tions retains its thermal-equilibrium value, so
that the electrochemical potentials y„and y~ for
electrons and for holes have a common value,

.the t'e laxation Potential' y~. In the recombina-
tion front, p& separates into y„and y~ as shown,
and electron current changes to hole current in
transit time of order &,. In this case of revers-
ible switching, the space charge in the diode un-
der I„self-consistently gives a largest field in
the front equal to the threshold field E„. If for-
ward bia, s is reduced below the holding bias V„,
then the current decreases and some positive
charge shifts externally to the cathode and re-
duces the space charge. The field in the front is
then less than E„and activates fewer carriers,

O'F JL

that many of the alloys exhibit. "".Here 0, is a
conductivity roughly the same for most alloys,
h is an effective conductivity band-gap energy,
and l a characteristic length for the field depen-
dence. The conduction process of Eg. (I) in the
high-field range is the same as it is near equilib-
rium, the shape of a normalized current-voltage
characteristic being independent of T. This ob-
servation' ' is explained by the minimum-con-
ductivity property: The electron and hole conduc-
tivities remain equal as carriers are activated by
fields from the respective ionized centers. Hence
single-free-path recombination still obtains, and
l is essentially the common mean free path; its
observed value"" is at 300'K somewhat smaller
than 10 ' cm, which is of order of an electron
wavelength. For the fields of Eq. (I), energies
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FIG. 1. Energy-band diagram for minimum hoMing
current after recombination space-charge injection of
electrons.
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and a further decrease in current causes more
positive charge to shift, and so on until the space
charge is gone. An increase in forward current
above I„requires carrier injection. The elec-
trons go mainly to the front, where velocities
are largely saturated, so that any increase in
current requires increased concentrations. The
field is hardly increased in the front, which sta-
bilizes readily through increases in n, P, and 8, ,
with y„and p~ moving towards the band edges.
In this way. the injection results in a differential
resistance @ which is small, positive, and sub-
stantially constant despite the varying cross sec-
tion"" of the current path.

The model accounts further for observed behav-
ior. The transit time under a microscopic elec-
tron velocity of 10' cm/sec, which is 10 "sec
for a length of 10 ' cm, should be a lower limit
for the switching time, and this time is observed"
to be of order 10 "sec. Induced space charges
near the contacts before switching partially
screen the field. Hence the injected charge re-
verses the space-charge polarization" and ob-
served' '" differential capacitance goes negative
at the threshold. Figure 1 shows V„. The varia-
tion in potential from the large-signal space
charge is a major fraction of the band-gap poten-
tial ~„and the Fermi potential pF at the con-
tacts lines up with p&. Hence ~„ is somewhat
larger than t/'~ but less than 2V~ and does not
depend on length nor strongly on temperature.
This is the holding voltage that is observed. ""
Any growth after theshold switching of a con-
ducting crystalline "lock-on memory" filament
of modified composition is always from the an-
ode" "; most of the heating is in the recombi-
nation front, and electron injection"" puts this
at the anode, Heating there has been shown by
a scanning electron microscope. " The "tran-
sient ON characteristic*'" is a definitive indica-
tion of the narrow front. This is current from a
short probing pulse whose polarity and voltage V

can be changed and which is applied shortly after
reversible threshold switching. When IV'I, re-
gardless of polarity, is less than ~» a high re-
sistance, or the "blocked ON state, " is observed,
while V of either polarity with IVI»„gives
about the same differential resistance as in the
steady state. The high resistance for IVl & V„
is simply that of recombination fronts at both
contacts with fields less than &~; one is reverse
biased. The low and constant 8 for IVI & V„ is as-
sociated with a single front at the anode and the
injection from the contacts. Reversal of polarity

of bias that gives low R simply shifts the front
rapidly from one contact to the other, showing
the absence of an extended region" of "space-
charge overlap. " Also, reported effects of po-
larity, duration, current, and voltage of the first
of a pair of short pulses, as mell as elapsed time,
on switching by the second pulse permit distinc-
tion between electronic and thermal behavior and
are consistent with switching by carrier injec-
tion. "'" Concentration of centers well within the

gap less than about 10"/cm' is indicated by opti-
cal data. ""Recombination at levels not far in-
side the mobility edges is consistent with photo-
conductivity and luminescence measurements. "
Energy of activation eE„l= 0.1 eV gives the
switching threshold. "

The ionized concentration n, =P, may be esti-
mated from measurements" of the ac field effect
in amorphous chalcogenide films. Considering
the recombination, electrons scattered into and
out of surface states will cause band bending by
about a Boltzmann potential, with holes in a sur-
face layer of about IO ' cm. The films do show
erihanced P -type surface conduction. " Minimum
conductivity in the bulk implies a surface conduc-
tance hg with zero linear (or odd-order) depen-
dence on small AW, =-ehV, /kT, where 6V, is the
surface potential increment; the dependence is
very n'early

where I-D is the Debye length for change in occu-
pation of the recombination centers. Reported
conductivity a„dependence of &g on gate charge,
and field-effect mobility" are then fitted by &W,
=1 at zero bias, N, = 1 0/ cmeV for surface
density of electrons, and p, = 5&&10"/cm'. This
moderate po is in good agreement. Its value also
indicates that the apparently thermal behavior in
diodes longer than about 10 ' cm must result be-
cause of the fixed space cha.rge from neutraliza, —

tion by the injected electrons. Large anode fields
then cause pronounced heating and even avalanche
br eakdown,

Minimum conductivity follows from the general
principle of equality recombination, or recombi-
nation in equality centers which capture elec-
trons and holes at the same rate per unit volume. "
Typical of the relaxation case, these a,re the do-
nor or acceptor centers located in energy as here
specified. They are realized at each of their
energy levels self-consistently and by detailed
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balance which depends on the scattering and the
electrostatic forces. Mobile carriers are rela-
tively few; the centers are unscreened and have
extremely la.rge ca,pture cross sections. ' Only
a small fraction of centers can be Coulomb at-
tractive, and these have "space-filling" cross
sections. Local space-charge neutrality at equi-
librium is accordingly not maintained through the
usual dielectric relaxation process dominated by
Coulomb forces between mobile carriers. It is
manifested through the equal capture rates in-
stead. In the case of the alloys, there are a num-
ber of recombination centers within a mean free
path, so that probability of localization and re-
combination after a single free path is nearly uni-
ty. The electron and hole conductivities are then
equal because the carriers scatter or diffuse into
(or out of) a volume element containing many at-
oms at the same rate. ' The ambipolar Hall coef-
ficient is then negative, and the Hall-effect-See-
beck-effect anomaly may thus be simply resolved. "'
Also, with the free times of carriers the same
as their capture times, the equal conductivities
and volume capture rates are readily seen to im-
ply equal mean free paths and microscopic mo-
bility ratio p„/p~= (m~/m„)"', where m„and m~
are the effective masses.

In summary, the present model for the amor-
phous alloys embodies new concepts of semicon-
ductor behavior that are necessary consequences
of transport and recombination fundamentals. It
explains preswitching, threshold switching, and
related behavior on a simple and unified elec-
tronic basis.

The author appreciates the contributions of
earlier co-authors, H. C. Casey, Jr. , and H. J.
Queisser, and is indebted also to P. W. Anderson
and B. G. Bagley for helpful comments, to H. K.
Henisch for communicating results prior to pub-
lication, and to G. K. %ertheim for his continued
interest and encouragement.
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