acta phys. slov. 36 (1986), No. 2

SYNERGETICS OF THRESHOLD SWITCHING
IN NON-CRYSTALLINE SEMICONDUCTORS

J. KREMPASKY?"), . BEDNARIK?), Bratislava

On the basis of a simple model of electrical conductivity of non-crystalline semicon-
ductors it is proved in the paper presented that the thireshold switching effect in those
materials is of the synergetic character, i.e. threshold switching is a rapid qualitative
change of a system of free electrons from one stable state to another. The new result here
is the fact that it is necessary neither to suppose the space self-organization of the system
of electrons (the generation of a filament of high electrical conductivity), nor to postulate
the inhomogeneities of the electric field intensity. Moreover, our model allows the
explanation of the “pure” electronic mechanism of threshold switching and gives the
fundamental qualitative and quantitative characteristics of this effect in very good
agreement with observation.

CHMHEPIETHKA TIOPOT A NIEPEKTIOYEHUA
B HEKPUCTAJLTHYECKMX ITOJXYNMPOBOTHHKAX

B pabote Ha OCHOBe MPOCTOH MONENH INEKTPONPOBOJHOCTH B HEKPHCTATITHICCKHX
ITONYTIPOBOHMKAX AOKA3aHO, YTO OPOr 2hheKTa NEPEKMOYEHHS B ITHX MaTepHanax
HMEET CHHEPreTHIECKHI XapaxTep, T:€. YTO NOPOT NEPEKITIOYEHHS IPEACTaBAsieT coboH
6LICTPOE KaueCTBEHHOE U3MEHEHHE CHCTEMBI CBOGOIHBIX 3NECKTPOHOB U3 OJHOTO YCTOM-
YHBOIO COCTOSHHA B Apyroe. B naHHOM cnydae HOBBIM PE3yNbTATOM ABAETCA TOT (akT,
YTO HET HeOGXOAUMOCTH HH MPEANONAraTh MPOCTPAHCTBEHHYIO CAMOOPTaHU3ALMIO CHC-
TEMBbI JEKTPOHOB (TEHEPHPOBAHME BONOKHA BBICOKO# 3/IEKTPONPOBOIHOCTH), HH NOCT-
YAMPOBATL HEOMHOPONHOCTH HANMPAXKEHHOCTH JNEeKTpHyeckoro nons. bonee Toro, nax-
Has MOJIEND NO3BONNAET OGBACHUTD IOPOT NMEPEKIIOUYEHUS H2 OCHOBE YKCTOTO JIEKTPOH-
HOTO MEXaHM3IMA M [Ia€T OCHOBHbIC KA4YCCTBEHHDIC W KOJIMYCCTBEHHBIE XAPAKTEPUCTHKH
31010 3dpeKTa, KOTOPbIE OYEHb XOPOLIO COrNAcyrOTCH ¢ HabmOneHUAMH.

L INTRODUCTION

The switching effect in non-crystalline semiconductors {1, 2] was discovered
more than 25 years ago, but this phenomenon has been attracting the attention of
experimental and theoretical physicists up to now. Electronic elements using this
effect are examples of elements of a new generation, i.e. of elements working in
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a state very far from equilibrium. Practical applications (see, e.g. [3]) are based on
the existence of the so-called memory switching, the mechanism of which is well
understood {4, 5] or on the existence of threshold switching, which is still the
.mcE.oQ of fundamental research. All models of threshold switching can be grouped
into two categories: thermal or electro--thermal models [6—10] and electronic
models [11—13].

Many years ago, practically in the time of the most intensive research into
mechanisms of threshold switching, some papers appeared in which a uniform point
of view on both types of the switching effect was proposed [14—16]. These theories
were based on the assumption that some relatively small regions (microcrystallites)
generated either due to the existence of the short range order only or due to some
type of inhomogeneities are present in non-crystalline semiconductors. These
regions are separated by some potential barriers, which represent the scattering
centres for free electrons during their transport. The so-called theory of modified
relaxation time was useful for understanding some peculiarities of transport effects
in non--crystalline semiconductors including a general -qualitative model of
threshold switching, but the attempt of using a synergetic approach to this effect
was not realised at that time.

Mattis [12] was the first who pointed out that threshold switching can be of
a moovnnﬁ?a nature, but his assumption was not very realistic. In [17] it was
pointed out that some unstabilities can arise on current--voltage characteristics of
noncrystalline semiconductors due to Joule’s heating and due to special conditions
of heat transfer resulting in the jump from the state with a small electrical
conductivity into the state with a greater conductivity. All theories of this type are
of electrothermal character and they are not capable to explain pure electronic
threshold switching. The most popular theories in this field were theories based on
the process of a continuous filling of traps [11] or theories based on the supposition
that the activation energy of electrons decreases with the concentration of electrons
(see, e.g. [18]). Theories which took into consideration the influence of strong
electric fields on the transport of electrons [19, 20] acquired great importance.
Howefer, theories representing this influence using the factor exp (U/U,), where
U is the electric voltage and U, a characteristic constant, were not able to explain
the presence of a discontinuous change in current-voltage characteristics of
noncrystalline semiconductors. Marschall and Miller [22] came to the conclu-
sion that the electrical conductivity stimulated by the electric field can be expressed
by the relation

0= 0, eXp Aﬂhﬂ. 1)

where L is the so-called “activation length” and E the electric field intensity.
According to the measurements published in papers [23] and [24] the value of this
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activation length in chalcogenide glasses is approximately 5 nm, thus we can use the
model of free electron transport in a good physical sense.

In the last few years, especially in connection with amorphous silicon, the
“crystallite” model became topical again., (see [25] and [26]). That is the reason
why we tried to make use of some interesting results of crystallite theories and with
regard to the expression of field activated electrical conductivity of type (1) to work
out a uniform theory of threshold switching based on the synergetic method as
used, for instance, in the cases of the laser, of Gunn’s diode, etc. (see e.g.
[27—29]). We shall show that it is the mean free path which can be used as an order
parameter of the system.

II. MODEL

It is clear that we can write today for electrical conductivity of non-crystalline
semiconductors the formula

, 2
0=0y SGAIM‘MV ANV
where o, is the pre-exponential factor, W the activation energy, T absolute
temperature. It is known that the activation energy of non-crystalline semicon-
ductors is always greater than that in the same material in the crystalline state

W=W,+6W. (3)

The aditive activation energy 8W is connected in crystallite theories with the height
of potential barriers existing at the boundaries of crystallites. A formal combination
of relations (1—3) gives the relation

oW el
o=0. oxvhlﬂun+nlwﬁ 4)

where o, stands for g, exp (— W./kT) and represents the electrical conductivity of
the semiconductor in the crystalline state. (In fact, it need not be always correct,
since it was shown that the pre --exponential factor do in (2) depends in general on
the technology of the sample and on some other factors and therefore it is not
identical with the pre --exponential factor corresponding to the crystalline state;
however, this fact will not be éssential for our consideration).

It seems that the formula (4) is not very “natural”, because its physical
interpretation is not in accord with general physical mechanisms. We can show very
easily that this relation represents a limit case of a more general formula resulting
from a more realistic physical model.
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We can start with the expression

@s\v )

J = 0g eXp Alwﬂu

where T* is the temperature of the electron gas, which may substantially differ
from the temperature T of the lattice, due to a relatively high electric field intensity
used in the region of threshold switching. According to the known simple formula
T* =2W/3k, where W is the total energy of electrons, i.e. W= Wr+eEq’, Wy
being the thermal energy corresponding to the lattice temperature and q' the real
mean free path of electrons, it is possible to express the formula (5) in the form

oW V

oo (7 oBg

with a modified mean free path g =2q'/3. For kT> eEq this relation transforms
into formula (4) where we denote

2 6W ,
Hﬁlwwmuﬁ . Amv

This is the relation between the activation length L and the real mean free path of
electrons q'. It follows from this relation that for room temperatures and for the
most probable value of 8W (0.2 eV) the real mean free path corresponding to the
_measured values L =5 nm in chalcogenide glasses is about 1.2 nm, which is a very
realistic value. Using the clasical formula for electrical conductivity in the crystal-
line state o, = e’n.q./mv, where n, is the concentration of electrons, m the mass of
electrons and v thermal velocity and using an analogous formula for the non-
crystalline state o = e’nq’/mv, we get the following result for the modified mean
free path of electrons

SW v %)

4= qocXp AQT{E
where g, is the preexponential factor proportional to the mean free path of
electrons in crystalline semiconductors. The relation (7) is a fundamental one and it
expresses a very simple physical reality: electrons can use the thermal energy as
well as the energy gained due to the electric field on the mean free path for the
crossing of potential barriers of the height 6W.

HI. THEORY

Let us have a sample of the form of a planparallel plate with the cross-section S
and of the thickness ho. Supposing that the thickness of the sample is sufficiently
small we can write the equation of thermal balance in the form
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—=———(T~To) (8)

where E is the electric field intensity, s specific mass, ¢ specific heat, a the
coefficient of heat transfer from the surface of the sample, T the lattice tempera-
ture of the sample and T, the temperature of the environment.
After the derivation of equation (7) we get with regard to relation (8) the
“eyolution” equation of the system in the form
dg_ _G(q)

dt scH(q)

q=F(q) )
where

H(q)= W :1%4@
0

QAavu>a+m_=L%l+O
0
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First we shall try to analyse the equation (9) qualitatively. The dependence of the
function y = H(q) on the mean free path is illustrated in Fig. 1. At sufficiently
small values of the electric field intensity this function is a monotonously increasing
one (curve 1). At higher values of the electric field intensity a characteristic fold
can arise (curve 2), which touches the axis g at a critical value of the intensity E*.
This critical value results from the condition dH(q)/dq =0 and is determined by
the formula E* = §W/4eqo, which (at standart values 5W =0.2 eV and q,~10 nm)
gives E*=~3x 10" V/m. Threshold switching takes place at lower values of the
electric field intensity. Thus we can suppose that in all practically important cases
the function H(q) is a non--negative and monotonous one and therefore it can
influence neither the sign of the function F(q) nor the stability of stationary states.

One of most fundamental functions (from the point of view of the possibility of
generating threshold switching) is also the function G(q). Its dependence on the
electric field intensity is illustrated in Fig. 2, It is seen that under the condition
dG(q)/dq <0 only one stationary and stable state exists (corresponding to the
equation dq/dt=~G(q)=0). At high values of the electric field intensity the
dependence y = G(q) has the form of the curve 2 in Fig. 2. At that moment two
other stationary states are produced. However, the lowest is stable (dG(q)/dt<0),
and so the element remains in the first stationary state and the electrical
conductivity of the sample changes very little.
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There is a rapid change when the lowest part of the fold losses the contact with
the axis q (curve 3). The originally stable state becomes unstable, the system of
electrons jumps from the point P in the state characterized by the point Q and the
electrical conductivity discontinuously increases. That is a qualitative explanation
of threshold switching in non--crystalline semiconductors.

H(a) 1/ 2] 3

Fig. 1. Dependence of the function y = H(q) for

N %
10 three various values of the electric field intensity.

-10
16f aht! Fig. 2. Dependence of the function y = G(q) for

=15 various values of the electric field intensity.

Fig. 3. “Synergetic” curves of threshold switchin-
g: dependences of the potential function V(q) on
-10°F the electric field intensity.

Let us consider now the mechanism of threshold switching without the above
approximations. As usual in synergetics, we introduce a potential function V(g) by
the definition

V(g)= |ﬁ F(q)dq .

It is very well known that the extremes of this function represent stationary
states. The states corresponding to the valleys are stable and the states correspond-
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ing to the peaks are unstable. The dependences V(q) for various values of the
electric field intensities (calculated by computer) are illustrated in Fig. 3. It is seen
that in agreement with the qualitative analysis made above only one stationary and
stable state exists at small field intensities (curve 1). At given values of this
intensities (curves 2—S5) a second stationary and stable state arises, but due to the
stability of the lower state resulting from the presence of some “barrier”, threshold
switching does not start yet. This effect realises exactly when a critical value of the
electric field intensity is reached (curve 6) at which the first stationary state
becomes unstable. On the contrary, the second state remains stable at the decrease
of the electric field intensity exactly when the state corresponding to the curve 1 is
reached. At this moment a reverse threshold switching takes place. As a result
a hysteresis (observed in praxis) arises.
When the sample is connected with the current source with a given value of the
current intensity I the equation (8) transforms into the form .
dI_ P 2a

dt osc  sche

(T-To) . (11)

The evolution equation is of the form

dg_1,,4
Qi intt 12
T SQSV (12)
where
G(gq)=Aq In™! %'+ Bg+C
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With regard to the inequality g <go the function G(q) is a monotonous one
(Fig. 4). As a result, only one stationary and stable state exists under all
circumstances. The sample of non-crystalline semiconductor controlled by electri-
cal current cannot switch.

It is not very difficult to demonstrate that our model permits a pure electronic
threshold switching, which is not stimulated by heating. Supposing that the
temperature is constant, we get from equation (7) for the electric field intensity the
relation

IIP -_.Q. V
1 R?s\_: LrkT). :8

Graphs of this function are illustrated in Fig. 5. The temperature of the sample
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(identical with the temperature of the environment) is here as a parameter. The
function (13) has the form of a monotonously increasing curve (curve 4), therefore
no switching at high temperatures occurs. At lower temperatures there exist two
stationary states of electrons (curve 3 and 4) characterized by two different values
of the mean free path of electrons. Once the value E, of the electric field intensity
(point A) is reached, the system of electrons suddenly changes jumping in the point
B (Fig. 5). At the decrease of the electric field intensity at the value Ec the system
of electrons jumps spontaneously into the state defined by the point D in Fig. 5,
and so the hysteresis also takes place.

G(a)
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Fig. 4. Illustration of the function y=G(q) for  Fig. 5. Dependence of the function y = E(q) for
current controlled regime. various values of temperature.

IV. DISCUSSION

Curves illustrated in Fig. 3 show clearly that threshold switching can occur in
non- -crystalline semiconductors connected with a voltage source under special
circumstances. It is not very difficult to specify the necessary conditions. We can
deduce from the form of curves in Fig. 2 that two conditions “sine qua non” of
threshold switching are

dG(q) _ , _Bed

= ——22U; = L P HAV
P A §v? eo=2.71 (14)

G(q)e-r,=C~2<0 (15)

where the value of E, is defined in Fig. 2. Two very important conclusions can be
derived from these inequalities:
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1. There exist a critical value of the electric field intensity determined by the
relation

IQEc mw»@ﬂ\:}c_s
E.= kenh, :~ t 2amuqg, v L (16)

below which threshold switching cannot take place and
2. there exist a critical value of the temperature given by the relation

oW
T.=— 17
Y (17)
A
0
+
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Fig. 6. Current-voltage characteristics with nega-
tive dynamic resistivity in current controlled re- 158 {H<u
gime of non-crystalline semiconductors. 0 ’ ’ 01

above which threshold switching is impossible. The calculation using standart
characteristic values of unknown parameters gives an approximate result:
E.=~10*V/m, T,=500 K. The existence of the critical field intensity and the
critical temperature for threshold switching was experimentally well verified.
Equation (9) permits the calculation of time constants by the integral

gas [ e d (18)
w F(q) 1

where (1) stands for the initial and (2) for the final state of threshold switching.
Numerical calculations (at W =0.2 ¢V, hy=0.5 pm, n=10* m3, g,~10 nm,
v =10° m/s and sc 10° JK~! m~*) give the values =10 pus in good agreement with
measurements. The values of decay times for pure electronic threshold switching
are limited only by the time which is necessary for passing the distance g, by
electrons, i.e. by the time = go/uE, u being the mobility of electrons. With regard
to the fact that u=10"* m*/Vs, E~10° V/m and ¢, (10—10?) nm we can deduce
that the decay time in pure electronic threshold is of the order 10~ s in good
agreement with measured values.

It was pointed out by the analysis of the evolution equation (12) that no
threshold switching can occur in the current controlled regime of semiconductor
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samples. It is easy to find that the current voltage characteristic is expressed in this
case by the relation

QH.}:&GA iy v

KT+ BI (19)

where A and B are constants. The graphical illustration of this dependence (Fig. 6)
shows that current-voltage characteristics with negative dynamic resistivity (the
termistor type VA characteristics) are generated in this case. This behaviour of
non-crystalline semiconductors is very well known.

V.CONCLUSION

It seems that many interesting peculiarities of threshold switching in non-
crystalline semiconductors can He understood on the basis of a synergetic concep-
tion of this phenomenon. The most interesting result of this consideration is the
knowledge that threshold switching can start without the electro-thermal initia-
tion and without the formation of a specific filament. The accurate measurement of
the temperature field at switching showed that there was observed in reality neither
the gradient of temperature nor a significant increase of temperature of the sample,
which was in the form of a thin film. It seems that in the case of a bulk material
thermal processes are of fundamental importance.

It was demonstrated in this paper that Ovshinsky’s threshold switching diode is
an element analogous to Gunn’s diode, or to the laser: in the state far from
equilibrium an instability of the system of electrons takes place and physical
parameters discontinuously change. .
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