
THEORY OF ELECTRONIC SWITCHING EFFECT AS A COOPERATIVE PHENOMENON* 

Daniel C. Mattis 
Belfer Graduate School of Science, Yeshiva University, New York, New York 10033 

(Received 20 February 1969) 

A modified form of Zener tunneling theory, in which we assume that the tunneling bar­
rier is a decreasing collective function of electronic excitation, is shown to imply insu­
lator-to-metal switching characteristics similar to those reported by Ovshinsky for 
glass film devices. In addition, our 1- V characteristics display a region of negative re­
sistance. Some criteria for the existence of polyconductivity are discussed, and are 
shown to be met by several classes of material. 

A phenomenon recently reported by Ovshinskyl 
concerning the reversible switching of glassy thin 
films from the insulating to the conducting state, 
which we here denote "polyconductivity," is suffi­
ciently startling to warrant speculative theoreti­
cal investigation. We wish to report here the re­
sults of one such speculation: Zener tunneling 
theory seems capable of explaining the unusual 
insulating- state characteristics of Ovshinsky's 
devices provided it is assumed that the tunneling 
barrier Eg is a decreasing function of the degree 
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of electronic excitation. It is possible then that 
the switching properties are a new manifestation 
of the Mott transition.2 

The set of equations which is discussed below 
was solved numerically by the present author in 
close collaboration with L. Landovitz and M. Plisch­
ke. Some interesting results obtained by the 
three of us are displayed graphically herewith. If 
our basic hypotheses are correct, these results 
imply that the glass devices should be character­
ized by a figure of merit which we have denoted 
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by b, which should normally be in the range -10 
<b<+10. If b is larger than +10 the device is es­
sentially always metallic, whereas if it lies be­
low -10 the device closely simulates a conven­
tional insulator, although we predict that at suffi­
ciently high temperature all devices become me­
tallic. The usual variables, temperature, elec­
tric field, and energy gap (and eventually, mag­
netic field-which we have not yet studied) are all 
expressible in terms of reduced variables, so 
that all devices belonging to the same parameter 
b share a common set of characteristic curves. 

Let us start with the assumption that the elec­
trons within an impurity band are in a collective 
insulating state with an energy gap E g which is a 
decreasing function of the degree of electronic 
excitation. Define n to be the fraction of carriers 
excited out of the collective state, and assume a 
linear relation3 

E =E (1-2n) or e = 1-2n gO' g , (1) 

which defines the "reduced-gap" parameter eg 
(eg = 1 for n = 0 and eg = 0 for n ?- ~). The fraction 
of carriers which are thermally excited out of the 
condensed state is given by 

n h=[1+exp(E /2kT)]-1 
t g 

= [1 +exp(2e /t)]-l 
g 

(2) 

in which a "reduced temperature" t is defined in 
terms of the critical temperature Teas 

t= T/T and kT =iE . 
ceO 

In zero electric field nth = n, and simultaneous 
solution of the above leads to3 

e =tanh(e /1), 
g g 

(3) 

(4) 

which has a nontrivial solution for all t < 1, Le., 
all T < T C' and only the trivial solution eg = 0 at 
higher temperatures. Since this result turns out 
to be independent of the applied voltage, one of 
our predictions is that each device has aTe 
above which it is always metallic, although this 
temperature might not be physically attainable if 
it exceeds the melting temperature of the materi­
al. In units of numbers of particles/unit time the 
Zener current4 is 

jt = 10(1-n) exp(-4maLE 2/1i2eV) 
un g 

= 10(1-n) exp(-e //u). (5) 

10 is assumed a constant parameter, L is the film 
thickness, and u is the dimensionless electric 
fie ld parameter 

(6) 

where a- 3 =density of the impurity-band elec­
trons (upwards of 1019/cm3 in the experiments1). 
After a lifetime 'T an excited particle recom­
bines, so that the net fraction ntun of electrons 
excited out of the collective state by tunneling is 

n = (I
0
'T)(1-n)exp(-e 2/U ) 

tun g 

= (1-n)exp(b-e 2/U ). 
g 

The important parameter in our theory is b 

(7) 

= In(Io'T). Positive b implies long lifetimes and 
easy excitation by applied fields, Le., easy 
breakdown of the insulating state, whereas nega­
tive b implies the diametric opposite. Equations 
(1), (2), (5), (6), and (7) together with 

n=n +n 
th tun 

(8) 

are a set of self-consistent nonlinear equations 
with rather unexpected structure, as we shall 
soon see. At constant t it is possible to solve for 
u as a function of eg , viz., 

[ 
1+e J- 1 

u=e/ b+lntanh(e /~)-e 
g g 

(9) 

and by inverting the solution, Le., conSidering 
e g to be a function of u and t, to obtain the tun­
neling current as a function of u and t: 

jt = ~Io[tanh(e /t)-e ]. un g g (10) 

At fixed u, we may solve for t given eg : 

t=2e [In(1+F)/(1-F)]-1, (11) 
g 

where F=eg +(1+eg )exp(b-e//u), and invert the 
solution to find eg(t) at fixed u. Figure 1 shows 
the solutions eg(u) at various values of band t. 
The resulting tunneling current, Eq. (10), is 
plotted in Fig. 2 for various values of b and t. 

The Ohmic conductivity ne J.,L yields a current 
which has the same qualitative features as the 
tunneling current, as can be seen by use of Fig. 
1 and the relation n = ~ (l-eg ) of Eq. (1). It is 
however essential that the mobility J.,L be extreme-
1y small in the insulating state, else the Ohmic 
cur rent will shunt out the applied fie ld and e limi -
nate the effect we are interested in observing. 
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FIG. 1. Reduced-gap function versus applied electric 
field for various reduced temperatures t and figure-of­
merit parameters b. For negative b at low tempera­
ture the curve is not continuous but has two branches 
-one near eg =l and the other near eg=O. In the exam­
ple shown, the b = -5 curve does not become continuous 
until t exceeds 0.95, whereupon it rapidly shrinks to 
zero (cf. plot shown for t = 0.98). 

This may be the key to the success of the glass 
devices as opposed to the use of "good" semicon­
ducting materials. The usual Mott insulators, 
transition -metal oxides and salts of all kinds, 
are also good candidates for the switching effect, 
owing to their generally low mobility. 

In order to discuss the switching effect, it is 
also necessary to turn to the metallic phase. Let 
us first assume that the insulating phase becomes 
unstable, for reasons that will become apparent 
with study of Fig. 3, and that a large current is 
made to flow through the material. In the metal-
lic phase internal fields and potentials are screened 
out, trapped carriers are liberated, and the mo­
bility will in general be relatively high. The 
high-current characteristics of a semiconducting 
device, such as a p -n junction in reverse bias, 
obey the quasi -Ohmic law 

j =a(u-u) 
cond h 

(12) 

in which the parameter uh, related to a threshold 
potential denoted as the "holding voltage" in Ref. 
1, may be related to the avalanche breakdown of 
the insulating state or to some other parameter 
such as the excess free energy per carrier re­
quired to maintain the conducting state, assum­
ing the insulating state to be the ground state. 
The metallic -state characteristic is shown in 
Fig. 3 as the straight line RQX, and the insulat­
ing characteristic is curve OZQP. Straight lines 
a, b, and c are load lines for three different ap-
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FIG. 2. Tunneling current in the insulating phase at 
various band t. Note that the characteristics are 
double valued and for b '" 0 have a maximum field, 
which depends on b and t. All curves shrink to a point 
at the origin at temperatures above t = 1. We take !Io 
=1. 

plied voltages across a device in series with a 
fixed load resistance: 

jR L =u
batt 

-u. (13) 

Thus the intersection of the load line with the de­
vice curve yields the operating point of the cir­
cuit. 

As the applied potential is increased from zero 
to ub one follows the insulating solution (as indi­
cated by point 1). Beyond ub the solution jumps 
from point 4 to point 5 and then travels up the 
metallic characteristic as U is further increased. 
The jump from 4 to 5 should occur in a time not 
exceeding the inverse of the plasma frequency, 
i.e., very fast compared with the usual transit 
times in semiconductor phenomena. Upon de­
creasing the voltage, a metallic solution is re­
tained until the load line intersects Q, whereupon 
a jump to the insulating characteristic at a point 
slightly to the right of pOint 1 is mandated. Thus 
portions of the curves RQ and QP are never ob­
servable, and OZQX represents the observable 
characteristics. 

Region ZQ has the property of negative resis­
tance, and a properly designed Circuit configura­
tion (in Fig. 3, a bias slightly to the left of ub) 
can be used for current, voltage, or power am­
plification. Evidently, the use of a high load re­
sistance and a large bias voltage is most favor­
able since then the largest possible range of in­
tersections with ZQ will be allowed. 

In comparing the theory with experimental data 
on glass,l we find qualitative agreement, such as 
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FIG. 3. J- V characteristics for b = 0 and t = 0.2. The scale of current is in Wlits of ~Jo = 1. (It is assumed that the 
mobility in the conducting phase greatly exceeds that of the insulating phase.) 

in the temperature dependence and the fact that 
the applied voltages must scale with film thick­
ness. Quantitative agreement with the predicted 
threshold voltage (point Z) in the neighborhood of 
u;= 0.28 for a b ;= 0 device at low temperature re­
sults if we assume Eo = t eV, a = 50 A (corre­
sponding to 1019 donors/cm 3

), and a field of 3 
x 10 5 V /cm, with the first two values being rough 
estimates and the last being the experimental val­
ue. The comparison of theory with experimental 
results in iron oxide are given in a companion ar­
ticle. 5 At this stage, several mysteries remain 
in the understanding of the phenomenon of poly­
conductivity. But if our partial explanation is 
correct, the dynamic properties of the coopera­
tive insulator-the "Wigner electron lattice" or 
the "Mott insulator" - should prove an exciting ob­
ject of study, theoretically as well as experimen­
tally. Optical excitation of carriers, and the ef­
fects of applied magnetic fields, are but two as­
pects which now bear close scrutiny. 
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