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Recent work on threshold switching amorphous semiconductors has shown that the on-state current-
voltage characteristics are essentially linear provided the subholding voltage time (7,) does not exceed ~ 12
ns. For 74,> 12 ns the I-V curve displays the well-documented transient on characteristics (known as the
TONC) having the familiar barrier offset voltage. In this paper an interpretation for the transition from
linear to TONC behavior is given in terms of two alternative mechanisms for the initiation and sustenance
of the on state—that of single recombinative injection and that of a Mott screening transition. Experimental
data for the three major time constants 7, = 12 ns, 7, ~ 150-200 ns, and 73 =~ 1.8 us are reviewed and
interpreted. Calculations are given for carrier concentration and decay and for Mott degeneracy. The
disappearance of the blocked on state is shown to be predictable from the previously reported coupled-

carrier equations.

I. INTRODUCTION

It has been known for quite some time that if in
an amorphous semiconductor diode, a bias less
in magnitude than the bias sufficient to maintain
the on state is applied after switching, then the
device will exhibit a “blocked” on state of very
high resistance from which the low-differential-
resistance on state can be quickly obtained again
without reswitching. The blocked on state of a
threshold switch refers to the higher-impedance
subregime of the current-voitage (I-V) charac-
teristics as determined from short transient
pulses applied to the post switching on state of
the device. The resulting I-V characteristics
are referred to as the TONC and are shown in
Fig. 1(a). Recent work has shown that, in an
amorphous-alloy (Ovonic type) threshold switch,
the on-state characteristics do not display a
typical TONC behavior provided the subholding
voltage time (7,,,) does not exceed about 12 ns,’
which is the time required for the high-resistance
on state to develop. In this regime the charac-
teristics are instead essentially linear as de-
picted in Fig. 1(b), and do not reflect the blocked
on state and offset voltage of the TONC shown in
Fig. 1(a)® which are obtained only for 7,,,> 12 ns.
The purpose of this paper is to interpret these
data in terms of two models for the mechanism
that initiates and sustains the post switching high-
conductance on state—the injection model and the
field-induced phase-transition model.

II. BACKGROUND TIME-CONSTANT DATA

From on-state studies of zero-voltage interrup-
tion and subsequent recovery,® and from normal-
ized data on transient off-state conductance ver-
sus high frequency and versus ambient tempera-
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ture,®5 three time constants were clearly dis-
tinguishable. The normalized conductance data
taken on the transient on state suggested a fourth
time constant considerably faster than the other
three. The recovery work® yielded two of these
four time constants. These represented the
maximum zero-voltage time with which the initial
on state is maintained without need of any re-
switching transition and secondly, the zero-
voltage interruption time which required a sub-
sequent reswitching pulse of essentially the full
initial threshold voltage. These are here,
respectively, designated 7, and 7,, and experi-
mentally determined as® 7,22%X10™" s, and 7,
~1.,7x107% s, High-frequency work* independ-
ently concurred with the above measurements
and yielded 7,~1.5X107 s and 7,~1.8X107% s,
The normalized conductance studies indicated
the existence of two other time constants which
were faster than both 7, and 7,, and are here
designated as 7, and 7,. The data gave 7,107 s
and 7,<10™ s, and corroborated 7,=2.5X107" s.
Unlike 7,, 7,, and 7,, whose measurement in-
volved passing through the blocked on state, 7,
pertains strictly to the high-conductance regime
of the on state. At the time that this was first
observed, the interpretation of the very fast time
constant was not definitively discussed. Quoting
from the relevant Ref. 4,

“The normalized curves and the experimental-
interruption time study indicate two decay pro-
cesses probably associated with free carrier
decay in the transient off state, the room-tem-
perature time constants being about 107 s and
2x1077 to 3X10™" s. This suggests that an event
(bias change or interruption) of the order of 10 s
should not affect decay in the on state sufficiently
to cause a transition to the transient off state.”
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FIG. 1. On-state I-V characteristics for (a) T4,>12 ns
(blocked on state). (T, is the subholding voltage time.)
(b) Tqy <12ns (true on state). .

(Note that in this reference what is referred to
as “transient off state” is now called “blocked
on state.”)

A recent, more precise determination of T
gave the value of 12 ns as the maximum sub-
holding voltage time interval prior to the devel-
opment of the blocked on state or the offset volt-
age of the TONC.! Thus what are felt to be the
most accurate measurements of the four time

- constants that are associated with Ovonic thresh-
old switching are

Toslns, 1,~12ns, 7,~150 ns, and 7,~ 1.8 us.

Thus the observed time constant 7, that is asso-
ciated with only the high-conductance on state*
now becomes far more comprehensible as a
decay constant which is faster than the interval
that is required to develop the blocked on state
Ty.
It is part of the purpose of this paper to evalu-
ate the explanations of these time intervals in
terms of injection and also in terms of a field-
induced phase transition or Mott transition in
order to compare the two models in regard to
their explanation of the on state. Figure 2
reviews the data yielding the four time constants.
From the standpoint of the Mott transition, it
would seem that 7, ~#12 ns could represent the

interval of subholding voltage time during which
a sufficient number of carriers can recombine
such that the existing field cannot mobilize free
carriers in the conduction band.

III. INJECTION

The injection models for describing the on state
arose at least to some degree from the uncovering
of the transient on-state behavior shown in Fig.
1(a), and was first reported by Henisch and co-
workers.? - This TONC behavior was very unlike
that of any known thermistor curve. However,
the observation of the offset voltage (often called
the barrier or knee voltage) suggested the ex-
ploration of a barrier-tunneling or contact poten-
tial phenomenon. Such a behavior then suggests
a possible injection state occurring after activa-
tion is complete. This would be in harmony with
the very low average electric field present in the
on state because the greatest proportion of the
potential would necessarily fall in a very narrow
metal-semiconductor interface near the elec-
trodes (double injection®), or in a narrow region
near the anode called the recombination front
(single injection).” The former process is actual-
ly called trap-limited space-charge-saturation
double injection and demands nonequilibrium
electronic conditions throughout most of the
interelectrode spacing with well-separated quasi-
Fermi levels. This mechanism requires exactly
equal injection (neutralization of positive and
negative carriers) from junction contacts at the
respective electrodes and is, moreover, depend-
ent on the saturation or filling of all available
trapping sites. The second process is referred
to as recombinative space-charge injection and
displays appreciable recombination only in the
narrow recombination front. Materials exhibit-
ing this behavior must possess in their off state
a dielectric relaxation time which exceeds the
mean carrier lifetime (7,>7,) —a usual char-
acteristic of amorphous semiconductors of high
resistivity. Figure 3 depicts the interelectrode
voltage profile for double and single injection,
comparing it to the simple linear thermal be-
havior and to the Mott transition.

In both injection theories the on state must be
viewed as a semiconductor with either an abnor-
mally high charge density or an unusually high
carrier mobility. Since conventional four-
terminal measurements, which avoid electrode-
contact effects, cannot be conducted fruitfully in
thin-film geometry, and since bulk samples show
severe parasitic and obscuring thermal effects,
the dependence of electrical conductivity on the
field and the temperature is not yet precisely
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FIG. 2. Line drawing in Fig. 2 gives voltage vs time and corresponding current vs time obtained when on state is in-
terrupted for time 7;. The interruption time is divided into two segments 274 + 7, where Teny 18 the subholding voltage
time or the time between the holding voltage and zero voltage, and 7, the zero-voltage time. It is observed that when
Taw <12 ns, the I-V is linear (inset A) with no barrier offset voltage. However, when 74,>12 ns, the I-V is that of the
TONC (inset B) with a characteristic offset voltage which specifies the end of the blocked on state. The existence of
a decay time 7 of the order of 10 ns was shown in the normalized conductance data (Refs. 4,5) shown in inset ¢. Thus,
theseobservations indicatea time constant 7, of the order of 10—12 ns. Line drawing also shows that when 7; <150 ns,
no reswitching is necessitated to maintain the on state. As 7;>150 ns the reswitching voltage threshold increases. In-
set D shows that when the time 7, in the blocked on state (horizontal I-V region in inset B) exceeds 150 ns, the curve
of barrier or offset voltage vs 7, shows an inflection, and inset E shows that when 7,~170 ns, a negative differential
resistance region occurs in the I-V. The frequency for the inception of this region is designated as the turnover fre-
quency f; in inset D. The normalized conductance data of inset C show a distinct region corresponding to a normalized
decay time of order 10-8-10-" s. Thus the corroboration of these data indicate that there is a time constant Ty~ 150~
170 ns. Finally, when 1,=1.8 us, the reswitching threshold becomes substantially equal to the initial threshold. Insets
F and G show that at high frequency the maximum time allowed in the transient off state prior to a switchoff is 1.2 us.
This is because at 7,=1.2 us the barrier voltage has risen to the maximum cw amplitude, thus precluding reswitching
on. Extrapolation indicates that at about 7,=2 us the barrier voltage would be equal to the original threshold, thus con-
firming another time constant 73 of about 1.8 —2.0 pus. :

established. Thus, the quantitative separation
of carrier charge distribution and carrier mobil-
ity has not been feasible. However, upon consid-
eration of the reasonableness of localized states,
of valence alternation pairs, and of tails in band
structure, the hypothesis of a mobility gap and a

mobility transition was suggested. This was
called the Anderson transition and is treated
within the brilliant theory of Anderson localiza-
tion. This transition represents the mobility
analog of the Mott carrier-concentration screen-
ing transition. (The antithetical thermal view-
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FIG. 3. Interelectrode potential profiles for injection, thermal, and Mott-transition mechanisms,

point for the mechanism of threshold switching
would still view the on state as a semiconductor
but a very hot one due to joule heating along the
filament to about 500 °C, at which the ambient-
temperature dependence of the conductivity is
virtually negligible.)

Previous work in our laboratory®?® and else-
where® has shown that appreciable recombination
occurs during the threshold on state, and is indi-
cated in terms of radiative emission of either
full- or half-gap energy and of a nonblackbody
character.5%° This suggested to us that if the
explanation of threshold switching were cast in
terms of injection, the recombinative-single-
injection description advanced by van Roosbroeck”’
was given support. Further suggestion for the
predominance of an effect favoring a single elec-
trode and carrier—in particular, potential drop
mostly at the anode and on-state conductivity
due mostly to electrons—was provided by the
increased intensity of electroluminescence when
the transparent electrode was of positive polar-
ity.’° Because double injection is a very specific
case of injection that requires balanced injection
with near neutrality in the bulk, and since the
on state of an Ovonic device appears, instead,
to entail space charge, and because in its off
state an Ovonic device appears to be a relaxation

semiconductor (dielectric relaxation time 7, is
greater than the diffusion length lifetime 7,), the
injection case will be discussed in terms of
recombinative single injection.

The interpretation in terms of single injection
is as follows: The interelectrode space in the
single-injection regime is essentially one of
space charge with near-zero recombination ex-
cept in the narrow recombination front near the
anode, where the Fermi level splits into two
quasi-Fermi levels., The existence of a space-
charge regime is supported by the observation
that the offset barrier voltage in the TONC de-
creased pavabolically as the time in the blocked
on state 7, decreased from 300 to 60 ns.* These
data could not be smoothly extrapolated to the
origin (or to zero offset voltage for zerc blocked
on-state time). This suggests the existence of
an abrupt slope change in the curve of offset volt-
age versus subholding voltage time, 7,,,=T,

+ Teanl time- 1O reduce 7, to about zero, an un-
distorted square wave of fall time about 1078 s
was required, thus forshadowing the more recent
measurement of 7, %12 ns.

In terms of this recombinative space-charge
injection, T; can be interpreted as the relaxation
time of the on state, or the time required for the
recombination front which is initially near the
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anode to separate into two recombination fronts
near the two contacts after the on-state bias or
the holding voltage is suddenly removed. These
fronts quickly become high-resistance fronts by
decay of electrons out through the contacts.
Then, 7, (150 ns) can be viewed as the time re-
quired for the resulting electron distribution of
the TONC to decay by further flow of electrons
out through the two high-resistance fronts. Sub-
sequent to interruption of holding voltage for
~150 ns, a reset pulse is required to restore the
on state as described by van Roosbroeck.!!

Thus, the recombinative injection of electrons,
having occurred during the switching, is invoked
to explain the presence of the offset followed by
its absence as 7, decreases. Presumably,
then, 7, is the relaxation time at thermal equi-
librium. )

In the above approach, the temperature inde-
pendence of the low differential resistance of the
true on-state I-V regime'® (as well as the tem-
perature dependence of the blocked on-state dif-
ferential resistance*:®) is explained in terms of a
change in current producing a change in the posi-
tive space charge in the recombination front over
which occurs nearly all of the potential drop.
(The space charge has the sign of the less mobile
carrier, since in the recombination front, current
is mainly due to drift with electron and hole drift
currents nearly equal, so that holes are the more
numerous.) If one considers that the change in
space charge under forward bias in the on state
is due to changes in concentrations of mobile
carriers, then the change in potential is precisely
proportional to the change in forward current.
The result is then a constant differential resis-
tance R in the front.” The blocked on state
develops after the front splits into two fronts,
near the respective contacts and generally after
some initial decay with the time constant 7, of
electrons through these fronts to a certain critical
concentration, their resistances increase, and
large R results.

Concerning the injection model, it is perhaps
worth remembering that space charge in the on
state gives rise to no depletion regions which
could, as in certain semi-infinite cases, give
instability of compensating space charge. This
is because the material is itself essentially of
minimum conductivity, and injection everywhere
increases local conductivity.

IV. PREDICTIONS FROM COUPLED-CARRIER
EQUATIONS

The recent measurements of the disappearance
of the TONC and barrier offset are in harmony

with two-carrier coupled differential equations
which can describe a wide range of threshold
behavior.’? These are the equations that apply if
the usual simplifying assumption is made that
spatial variations of all concentrations in the
diode do not affect its circuit properties and may
be neglected. Then the distance variable does
not appear, and time is the only independent var-
iable, and behavior in the circuit is ascribed
simply to properties and behavior that are uni-
form in the bulk. For these equations in the
present context, n, is the concentration of local-
ized carriers, n,. is the concentration of localized
carriers required to fill a critical number of
traps leading to the switching transition, #, is the
concentration of free carriers (which are for the
most part created from #,), and n,, is the criti-
cal concentration of free carriers when the on-
state channel propagates from cathode to anode
and the switching transition is initiated.

From the present known data we should expect
the equations to predict that for decay times of
the order of 10 ns or less, the differential con-
ductance of the device should be that of the on
state since the transient off state has not had
time to appear or develop. It should also be
expected that for very fast switching (incubation
times of less than 10 ns) the carrier equations
should provide for the possibility #, =»,,=0, that
is, for the free carriers to be directly created
from field emission from the valence band.

From Ref. 12 the conductance of the on state
(state A) is given by

Gon = (Tnz/ Tnl)[Gof!(TO)] ’ (1)

where T,, is the emission time for trapped elec-
trons and 7, is the capture time for free elec-
trons.

The temperature T, (~490 K) is the experi-
mentally observed temperature at which the
conductance of the blocked on states and the
normal off state become equal. This can be
interpreted as the temperature at which nearly
all of the electrons are activated from traps.

As the temperature increases, the number of
localized trapped carriers must decrease, and
the number of activated free carriers will in-
crease. With an independent interpretation, we
note that the coupled carrier equations predict
that the conductance of the on state is very nearly
proportional to the electron concentration #,, and
consider n, as the concentration of electrons
trapped at low temperature. Then #, would also
represent the concentration of free electrons at
T,. Hence the conductance of an on state corre-
sponding to some other free-electron concentra-
tion n, is simply represented by (#,/7,)G 4, (T,).
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If it is assumed that a quasi-steady state applied,
so that the capture and release rates R are ap-
proximately equal, then it follows that »,/7,,
=n,/T,,=R. Rearranging gives us #,/n, =T7,,/T,,
and Eq. (1) follows. It is then clear in the con-
text of the coupled equations that the blocked on
state cannot develop unless the emission time 7,
has elapsed so that trapped concentration »#, can
decay and no longer support the creation of
mobile carriers 7n,, and provide as well trapping
vacancies for the n, carriers. The emission
time 7,, can with the model thus be identified
with the time constant 7,.

Turning now to the condition of very fast switch-
ing and the hypothesis that complete trap filling
is not necessarily required for the initiation of
n,, we write for the high-overvoltage-short-time-
delay case [from Eq. (34) of Ref. 12(a)]

tD:Tz(Ilc/Iv)[m(Izc/Izi)]' (2)

This equation should really be cast in terms of
charge carriers #; ‘it is easier to handle, how-
ever, in terms of measurable current. The
critical and initial free carrier currents are [,
and I,;, respectively. When I, becomes equal to
I,., the charge carrier concentration of n, is suf-
ficiently high to stabilize the on state across the
interelectrode gap. I,, represents the virtual
current connected with localized sites or states
when the local carrier concentration #, has
attained the level such that further field emission
causes trapped carriers to empty into the con-
duction band. This would occur at a certain
concentration because the localized internal field
around trapping sites opposes further trapping
unless an already trapped carrier is released.
The intensity of the field at this condition causes
the released carrier to be promoted into a con-
duction band as a free carrier. The term I, in
Eq. (2) simply represents the total current re-
sponse to a voltage V.

For very high overvoltage, I, will increase but
remain finite. The argument of the natural loga-
rithm in Eq. (2) will remain approximately con-
stant or will increase because of the very high
currents observed in the fast-switching regime.'?
7, refers to the lifetime of the distribution and not
to the rise time of #,, hence will not be affected
by short pulses of high overvoltage. Hence, ¢,
will effectively decrease if I,, also decreases.
This could be interpreted in two ways. Either
there is no localized conduction of holes because
the traps are saturated and there is not ample
time for electrons to be released from traps,
thereby causing further electrons emitted from
the valence band to populate directly the conduc-
tion band with »n, carriers, or there is essentially

no trapping and a localized or a hole current
plays no part in switching in the fast regime.

In either case if I, approaches zero, then fast
switching appears to bypass the blocked on state,
and conversely, the very fast interruption mode
Tsny < 12 ns should do the same. In reality, under
the steady state the », concentration should
always be finite because after the on state is
formed, some carriers must fall into localized
states until a quasiequilibrium is reached where
further recombination is opposed perhaps by the
high n, carrier concentration. If electrons are
created directly from the valence band in the
very fast regime, then the on state is produced
by a mechanism other than, though a consequence
of, the normal switching mechanism. Then from
Ref. 12(a), V, =G, (1), (1,)—~ 0, or the holding
voltage is inconsequential in the fast regime.

V. CALCULATION OF NUMBER OF CARRIERS THAT
MUST RECOMBINE OR BE IMMOBILIZED TO CAUSE
DEVELOPMENT OF A BLOCKED ON STATE

We can now calculate the change in carrier
density which is required to develop the blocked
on state. This will occur when the generation
rate minus the recombination rate fall to a criti-
cal level. The excess of the volume generation
rate over recombination rate equals the time rate
of increase of the free electron concentration:

o ()

where N,/U=mn,. The blocked on state develops
for 7,,>12 ns, hence dV/dt=AV/At=V,/12 ns
=8x10" V/s. We also know that the on state is
ohmic or linear with typical differential resis-
tance of about 20 Q. Then, dI/dV=4; A/V=0.14
(Coul/V sec)=10'" ¢/(Vsec). The current den-
sity can then be written as dJ/dV=d(I/A)/dV.
The area A of filament cross section for fila-
ment radius of 12 yum is about 5X107® ecm?. Thus
dJ/dV=2x%10% ¢/(V seccm?). This must now

be multiplied by the voltage drop of 1V and the
time interval of voltage drop, 12 ns. Then
(dJ/AV)(Tegny=12 ns) (V,=1 V)=2.4X10" ¢/cm?
=dN,/dA. We then rewrite as dN,/dV=(dN,/dA)
X (1/4al), where Al is the filament length. Thus
dN,/dU=2.4x10" ¢/cm?®,

Therefore, for the blocked on state to be
developed the mobile carrier concentration must
fall a magnitude of 2.4 10" carriers/cm® That
is, if recombination or immobilization reduces
the free carrier concentration at a rate greater
than the existing field can generate free carriers,
such that the mobile carrier concentration falls
about 2 x10'® carriers/cm?® (when 7,,,> 12 ns),
the blocked on state will develop. In the time
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interval of about 12 ns the free carriers cannot
recombine into the valence band because from
recovery and electroluminescence studies such

a recombination requires 150 ns. Thus it is

this author’s contention that the recombination
occurs into a trapping band or into a localized
state. The sites in the trapping band are vacant
to accept free electrons because the lifetime of
the local », carriers is about 10 ns, hence during
Teny they (n,) can decay into the valence band.

The alternative explanation would suggest that
the free carriers simply become a low-mobility
space charge during 7,,,> 12 ns and do not physi-
cally recombine (such as in an exciton state).

VI. INTERPRETATION IN TERMS OF FIELD-INDUCED
PHASE TRANSITION

A. Calculation of degeneracy

In this section we examine the characteristics
of threshold switching which are common to a
field-induced phase transition such as a Mott
transition.

In a Mott insulator the Coulomb potential V(7)
for the attraction of a single free electron and a
single free hole is V(r)=—(e?/e,»). If the effect
of screening were included, the above equation
must be modified to V(r)=(¢*/e,7) exp(—ar). The
lowest-energy state of this interaction corre-
sponds to an exciton or a hydrogenic bound state
preventing positive and negative conduction. In
this relationship the screening parameter « is
not a constant but increases monotonically with
free carrier concentration n,. At the critical
carrier concentration (which we call nzC) the
attraction between electrons and holes (resulting
in recombination under low-concentration condi-
tions) becomes so heavily screened that a large
number of carriers flood the conduction band and
maintain the on state. The carrier density in
the on state then stabilizes at about 10'° cm™.

The equation for Mott degeneracy, giving the
carrier concentration n, for critical screening is
1,2 (4agem/e;m*), where m and m* refer to the
rest mass and the effective mass of the electron.
€ and ¢, are the dielectric permittivity of the
switching material and of a vacuum, respectively.

If a 3-coordinated selenium site or tellurium
site in a chalcogenide glass is assumed to be the
pertinent trap for the electron-hole attraction
that is to be screened, then this site acts as a
hydrogenic donor because of the single antibond-
ing electron tending to lower its energy by being
donated to a neighbor.!* Peterson and Adler!*®
calculate that the Bohr radius for such a carrier
is 13 A and that the donor level is only 0.05 eV
below the conduction-band minimum. This means
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that the sphere of influence is about equal to the
short-range order of the glass, thus allowing the
transition from localized to extended (Bloch-type)
states, and it also means that transitions from
donor to conduction band or recombinations are
readily accomplished. On this basis the Mott
criterion for degeneracy of the trapping band is
n,=Tx10'" carriers/cm?®. This is about the
value of the charge carrier density in the on
state (10'° electrons/cm?®) where we postulate
n,=mn,,, and is about a factor of 3 larger than the
critical decrease in free carrier concentration
required to develop the blocked on state.

If the above analysis is applicable to threshold
switching in chalcogenide glasses, then the
screening transition takes place in the band in
which the »n, carrier becomes trapped, and the
buildup of 7, remains in the impurity band until
the concentration is sufficiently large to cause
the screening-induced electron avalanche to the
conduction band.

B. The interpretation of the time constants using a Mott-
transition model for threshold switching

The time constant 7, should represent the
emission time for electrons from localized states
or from an intragap narrow band. Then at 7,
~ 7,~12 ns a critical number of the trapped
carriers could recombine into the valence band
and begin the development of the blocked on state
because n, becomes less than #,,, and the n,
carrier creation rate will be decreased. The #,
carrier density becomes smaller (in the conduc-
tion band), and recombination may occur to the
trapping band. The major question at this point
is whether or not the reentry of #n, carriers into
the trapping band causes the initiation of an in-
verse screening transition. Since at 12< 7,
<150 ns there is no indication of a first-order
discontinuity or catastrophic effect, it would
appear that inverse screening does not occur and
a critical recombination does not occur. The
alternative is that the bulk of the n, carriers are
temporarily populating a localized band where
they can participate only in semiconduction under
the influence of the subholding value of the elec-
tric field. The inverse of the screening transi-
tion does not then occur until a critical recom-
bination, after which a reswitching transition is
necessary to reinitiate the on state.

This interpretation leads us to believe that the
n, carrier must exist during the on state because
it is the decay of that carrier which triggers the
transition to the blocked on state. Conversely
the existence of the blocked on state without the
appearance of a first-order discontinuity indi-
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cates that the n, carrier is present during the
blocked on state. Then in a Mott screening
regime a high carrier concentration precludes
either the critical recombination to the trapping
band or the critical recombination to the valence
band. Thus it appears that the concentration of
the n, carrier governs switch-on characteris-
tics, and the decay of the n, carrier governs the
transition to the blocked on state.'®

The time constant 7,~ 150 ns might then repre-
sent the zero-voltage time interval during which
a critical amount of 7, carrier decay and recom-
bination to the valence band occurs and would
then demand a reswitching pulse to reactivate
electrons out of the valence band to reinitiate the
threshold-switching process. The phrase “a
critical number of traps” would really refer to a
critical localized carrier concentration. Thus
at 1,,,> 7,, the inverse screening transition
occurs. :

The time constant 7, could then be considered
to represent the total zero-voltage time interval
for complete decay such that the full magnitude
of recharging energy is required to satisfy the
conditions #, =#,, and n,=n,,. In time intervals
of subholding voltage intermediate between T,
and 75, there are still enough », carriers such
that only a partial recharging is necessary to
initiate critical screening.

Thus in zero-voltage time interval 7, the con-
duction and donor bands should become depopu-
lated of n, carriers to result in the low-tempera-
ture insulating-energy-band configuration and be-
havior, which is what is clearly observed. In the
zero-voltage time interval 7, to 7, the donor
bands (or localized states) should be partially
empty, and the valence band partially filled as
is the case for semiconductors. This condition
represents the observed semiconducting behavior
of the blocked on state (in previous work called
the transient off state). Actually there are an
infinite number of these semiconducting states
depending on the value of the subholding voltage
or zero-voltage time interval, as has been
described experimentally.* Each state has a
typical semiconductive temperature dependence
of conductivity.

Finally, in the time interval 0< 7, <12 ns,
the electrical behavior of the material is similar
to that of a metal, as has been shown by the vir-
tually zero temperature coefficient of differential
resistance over a range of at least 400 K. In a
field-induced phase transition of the Mott type
in materials where trapping is inescapably sig-
nificant, the metallic state is not generated by
a complete band overlap as in a pressure-induced
transformation to a metallic polymorph. Accord-

ingly, the electrically metallic on state can and
does behave optically, as does a semiconductor,
and exhibits electroluminescence.

The observed electroluminescence implies the
existence of an optical gap. However, the tem-
perature independence of differential resistance
in a noninjection regime implies a gap of less
than 12X10™ eV. Thus in the metallic regime,
the population of the conduction band may occur
isoenergetically from a donor-band maximum to
a conduction band-minimum. This could be the
explanation for the constant voltage intervals
shown in Fig. 4 after subholding voltage times
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FIG. 4. Voltage (upper trace in each oscillogram, 5
V/div) vs time and current (10 mA/div) vs time for on
state using subthreshold ramp cw in conjunction with
set pulse. (Ramp characteristic allows variable sub-
holding voltage time 7y, simulating a zero-voltage in-
terruption time.) (a) 74, =150 ns (¢=100 ns/div). Note
40-ns interval of constant voltage prior to increase in
current. This constant-voltage interval may be interpre-
ted as arising via tunneling from filled trapped band to
conduction band in order to reinitiate the on-state con-
duction. () 7, ~ 300 ns (=200 ns/div). Note constant-
voltage interval remains at 40 ns. (c) %y, =~ 500 ns (¢=
=200 ns/div). Note indication of high-frequency re-
switching (falling voltage just prior to increasing cur-
rent) because free-carrier lifetime has been exceeded.
Reswitching does not show any tunneling appearance and
may not be associated with any isoenergetic phenomen-
on. Note: the equivalent zero-voltage interruption time
for cases (a) and (b) would be about 100 and 150 ns, re-
spectively.
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of about 150 to 300 ns. The interval of constant
device voltage (even though applied voltage is
increasing) may be a tunneling time. This is in
harmony with the undulating-band model of amor-
phous materials advanced by Ingliss and
Williams.'® _

The above suggests that there should not exist
any discontinuity in I-V characteristic at the
point where the blocked on regime intersects the
true on state I-V—what is called the knee voltage
or barrier offset [Fig. 1(a)]. At the value of the
knee voltage (the magnitude of which is slightly
less than the critical holding voltage) the elec-
tric field is adequate to accelerate charges in
the on state provided a critical time has not
elapsed for those charges to decay. One would
_ then predict that the I-V condition at which the
knee or the slope-change occurs is independent of
frequency and is independent of ambient tempera-
ture provided 7,,,> 12 ns (yet less than 150 ns).
This is exactly what is observed and is reported
in Ref. 4, Fig. 10(a) under the conditions that the
time in the transient off state does not exceed
150 ns (1,). For 7, > 7,=150 ns the knee voltage
increases very slightly with increasing 7, and
with increasing temperature. This slight depend-
ence probably occurs because a partial switch
off has taken place during each ac cycle and as the
cw frequency decreases (in order that 7, increase)
the level of voltage for 7,,,=12 ns is higher for
the lower frequency carrier wave. Hence a car-
rier that is under the I-V condition at the knee
can belong to either the on state or the blocked
on state depending upon whether it is in the con-
duction band or in the trapping band. This also
suggests a possible tunneling-induced conduction.
Thus the value of the electric field at conditions
under the holding voltage is not critical; however,
the time at which the field is less than the hold-
ing condition is quite critical. This, therefore,
is why a carrier concentration condition is
postulated to be inextricably connected to the
on state.

On the other hand, it appears that a holding
field or holding voltage is a significant param-
eter. This must be considered in the present
context as the electric field that supplies the
force or the energy that overcomes the electron-
hole Coulombic attraction which acts on the #,
carrier. Even with screening, if the n, carrier
is not supplied with enough kinetic energy to
overcome the attraction of the multitude of trap-
ping sites, then that carrier will undergo decay
(in an average time of about 150 ns).

At subholding voltage times just slightly less
than 150 ns, a negative differential resistance
appears in the true on state in the down-voltage

direction of applied field [Ref. 12(a), Fig. 12(c)].
This is interpreted to be a consequence of direct
decay of mobile carriers to the valence band just
prior to a direct switch off to the true off state
rather than a transition to the blocked on state,
with which the absence of this negative resistance
suggests that the carriers populate localized
states.

From the above standpoints there may be a
fairly simple explanation of how the high-resis-
tance on state (blocked) comes about through
decay and redistribution of the space charge in
the device after a holding bias is removed. This
mechanism does, in general, entail some decay
of the space charge to a suitable concentration in
the device such that high-resistance regions near
the contacts are realized. It should be noted that
without such regions, the space charge would
continue to decay rapidly through the contacts.
However, if the coupled equations are to give a
good description, it must be because the redis-
tribution takes place as quickly as, or more
quickly than, the decay. This possibility is
plausible in view of the large estimated carrier
concentration in the on state. It is this concen-
tration that is proposed to give a screening
transition. It should also be noted thatif the
decay (through the contacts) is a dielectric-
relaxation decay of mobile carriers, then it and
the redistribution are essentially the same.
Furthermore, near the blocked-on-state thresh-
old, the space charge is largely that of trapped
electrons, and its redistribution is controlled
by the time constant 7,; which is the same as the
electron emission time.

C. Calculation of on-state carrier concentration from high-
frequency on-state data

The on-state carrier concentration cannot be
calculated from the data on off-state charging
versus delay time because in the screening transi-
tion regime this would only calculate the carrier
concentration required for the critical screening
at the switching threshold. Such a calculation
would neglect the increase in carrier concentra-
tion due to the liberation of trapped electrons.
Thus the on-state concentration must be calcu-
lated from data during the fully charged on state,
prior to the decay of #,.

From our previous study of reinitiated time-
integrated on-state mobile charge for conditions
of 7, slightly less than 150 ns (most of this time
interval corresponded to transient off time) we
experimentally showed that the charge for a fully
charged on state was equal to fg(dq/dt)dt:40
x107° Coulomb (Ref. 5, Fig. 13). By a fully
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charged on state, it is meant that because 7,
<150 ns, there is no requirement for a partial
reswitching and the on state is in a quasisteady
state for a certain time interval.

A charging of 40x107° Coulomb in a filament of
radius 25 um and length 1 um gives rise to a
carrier concentration # =N/UV=2 x 10%° ¢/cm?.

This carrier concentration is about an order of
magnitude larger than the generally accepted
measurement of 10'° ¢/cm?,*® and is about four
orders of magnitude greater than the concentra-
tion calculated from off-state data up to the
switching transition. The low-field off-state
carrier concentration is about'® 5x10° cm™.
It was shown in Ref. 5 that the effect of decreas-
ing ambient temperature caused an increase in
the charge required to sustain the true on state
for a given value of time in the blocked on state,
which can be rewritten in terms of a given 7,,.
The functional temperature dependence was a
series of nested curves and indicated that a small
proportion (about 10%) of the on-state mobile
carrier concentration may be due to thermal
excitation because of the relatively long periods
of on-state maintenance (500 ns—1 us). Thus
it is suspected that the thermal contribution may
have caused an order of magnitude increase in
on-state carrier concentration as calculated
above. (This includes time in blocked on state.)

In our most recent measurements® of the on
state at or above the holding voltage conditions
and for durations no longer than 240 ns, the
above integrated calculation yields a value of 1.4
X107 Coulomb for minimum mobile charging,
and hence a carrier concentration of 7Xx10'® car-
riers/cm® for true on-state conditions. 7This is
in excellent agreement with the eavrlier calcula-
tion for Mott degeneracy in the trapping band.

D. The importance of critical temperature T,

The data showing a critical temperature at
which the conductances of the transient off states
at frequencies from 1 MHz to 50 kHz all coalesce
with that of the normal off state (T, ~ 490 K)*5
were one of the important observations leading
to Walsh’s suggestion that some type of phase
transition accompanied threshold switching.

The success of his original development of the
coupled-carrier equations'? to explain a wide
spectrum of switching and on-state data in terms
of the conditions »n, =n,, and n,=n,, then suggested
to him the possibility of a screening-type transi-
tion. The coupled-carrier differential equations
can b_g derived from the current continuity equa-
tion V+J =—p (here J is the displacement current
part of total current density and p is a space-

charge density) and from Poisson’s equation in
the presence of two carriers,®®!! rather than
being simply phenomenological, as originally
assumed. We are thus left with the necessity of
explaining the existence of T, in a regime domi-
nated by the electric field and also; in the author’s
opinion, by the carrier concentration.

The interpretation given herein leads to attrib-
uting T, to the temperature at which », can build
up to n,, thermally, but with no switching occur-
ring because the zero-field condition does not
mobilize trapped carriers, nor bend energy
bands, nor create sufficient screening. The
thermal release time fromthese traps for a value
of E orquction— Ftrap (2SSumed to be about 0.4 to
0.5 eV) would be about 0.1 ms to about 10 ms.
This corresponds very nicely to the eventual
asymptotic regime for the total recovery of the
initial off state shown in the diagnostic probing
pulse data and the rare-double-pulse data (see
Fig. 2, top plateau region of recovery curve,
and Refs. 2-4, 17).

Thus, because of thermal trap filling, the tem-
perature T, is the value at which a linear field
extrapolation of AE(7)= AE - BT approaches zero
(as stated in Ref. 12). This is not to be inter-
preted in the conventional sense of “wiping out”
a gap, but in the sense that the imposition of an
electric field, however small in magnitude, will
nonetheless at T'=T, populate the conduction band -
in a manner not affected by a further increase in
ambient temperature (unless, in the amorphous
case at hand, a devitrification occurs). The ab-
sence of further temperature effects reinforces
the likelihood of a tunneling effect promoting the
population of the conduction band and thus in-
creasing »n, until »,, is achieved, whereupon
screening may be sufficient to flood the band with
free carriers through tunneling or percolation.

VII. THE RELATIONSHIP OF CARRIER LIFETIME TO
THE DIELECTRIC RELAXATION TIME

The dielectric relaxation time 7, is actually
the time required for the net field in the material
to decrease to zero. It is clear that in the off
state the relaxation semiconductor condition 7,
> 71, should apply, since resistivity studies®
indicate 7, ;¢ g1aie~ 107 s. Furthermore, if we
include mobile carriers and postulate that the
average carrier diffusion length lifetime is be-
tween 12 and 150 ns, then the relaxation semi-
conductor condition still holds. As the increas-
ing electric field continues to empty filled traps,
the magnitude of 7, will decrease while the resis-
tivity is decreasing. In the on state the value of
7, (taken from resistivity and capacitance data')
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is generally accepted to be 107™° to 107! 5, Thus
in the on state the relationship of 7, and 7, is re-
versed (i.e., 7,<T,).

Two important implications can be derived
from the on-state relationship of 7,and 7,. First,
a condition must have been passed through at
which 7,= 7, and this could indeed specify the
switching condition. In terms of injection, this
would mean that when 7,= 7, the polarization
distance diverges and electrons will separate
from holes. This results in minority electron
injection and the development of the true on state.
In terms of a Mott transition, when enough car-
riers build up to screen the Coulombic potential,
the resistivity will have decreased, forcing a
decrease in 7,. At the condition 7,= 7, the exci-
ton attraction is overcome, and the electrons and
holes become separated, with the electrons
rapidly populating the conduction-band.

The second implication is that because 7,
< Tiwny DY atleast two orders of magnitude,
any voltage excursion from V=7V, to V=0 or vice
versa, in time 7,~12 ns, should be visible.

Thus if a contact potential does exist, then it
must be somehow affected by a reduction of volt-
age beneath V, for a time interval ¢ such that 7,
<t<T,. This would, on the other hand, not be
expected if 7,> 7, in the on state; a change in
potential in time interval 7, would be invisible,
instead, at the contacts, and ohmic behavior would
result.

However, we find that even though the contact
potential should redistribute itself in the time
interval 7,<{< T,=7,, there is no evidence of
nonohmic behavior in terms of development of
an offset [Fig. 1(b)]. The underscore of this
argument is thus the strong indication that the
development of a contact potential should take a
far shorter time than the observed 7, =12 ns.

The above description has been developed to

counter the argument that the observed subholding

voltage time interval of 12 ns merely means a

determination of the time interval for the barrier

contact potential or resistance barriers to
develop.

VIII. THE TEMPERATURE INDEPENDENCE OF THE
RECOVERY CURVE

It is well known that the recovery curve charac-
teristics, or more explicitly the experimentally
determined value of 7,, have been shown to be
essentially temperature independent over the
range of 4 to about 400 K. The number of filled
traps should be considerably different at 4 than
at 400 K, according to n,,=N,,/[1+(1/g) exp(E,,
—Ep/kT)], where N,, is the trap concentration,
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g the degeneracy factor, and E,, the energy of the
trap level. Thus as T decreases, n,, also de-
creases. In the double-injection regime complete
trap-filling saturation is normally cited, and
therefore it should require a different time inter-
val to empty the saturated traps for each value

of ambient temperature. However, the time for
full carrier decay 7, is independent of ambient
temperature as shown in the recovery curve data.
(The time interval of zero-voltage interruption
which requires a full reswitching pulse is tem-
perature independent.) Such a property is not

at all semiconductorlike in behavior. Further-
more, the time interval 7, is also temperature
independent. )

The above suggests that 7, does not involve
trapped carriers or trapping states but instead
represents the total decay of the free carriers
in the conduction band. Thus, in the time inter-
val 1.8 us, a calculated value of 2.4 %10 car-
riers/cm® must recombine into the valence band.
A sufficient number of these carriers recombine
in 7,,,> 150 ns such that a critical screening con-
centration no longer exists and a reswitching
transition is necessary. The actual recharging
time for the subsequent switching events will be
temperature dependent.

IX. CONCLUSIONS AND SUMMARY

The major conclusion of this article is that the
recently discovered time constant 7, is the
emission time of a trapped or localized carrier
which is under the influence of an electric field
less than the holding value. Experimentally, T,
is the subholding voltage time required for the
development of the blocked on state. Thus 7, is
clearly associated with localized carriers.

The further conclusions of this article are that
the free-carrier concentration of the on state is
approximately 10 ¢/cm?® as calculated from the
7, data yielding the blocked on state, as well as
from the high-frequency data. Correspondingly,
the criteria for Mott degeneracy is also clearly
calculated as approximately 10'° carriers/cm3;
This work also affirms that the other three time
constants 7,<1ns, 7,~#150 ns, and 7,~ 1.8 us
are all associated with either free carriers in the
conduction band 7,, or free-carrier recombina-
tion into the valence band (during the interval
from 7, to 7,).
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