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A review on current filamentation and switching effect in chalcogenide glassy semicon-
ductors (CGSs), which are promising materials for the development of phase change
memory devices, is presented. First, a history of the research on CGSs and their properties
is considered. Next, formation of a current filament in CGSs is discussed and the scale of
heat release in the material as well as the geometric shape of the filament is analyzed.
Finally, various hypotheses developed for the explanation of the switching effect in CGSs
are reviewed. It is shown that the most relevant model of the switching effect in CGS is
the model of multi-phonon tunneling ionization of the so-called ‘negative-U centers’. This
model is based on the assumption that an avalanche-like increase in current at a certain
point in time is associated with mass tunneling of electrons located on atoms, occuring due

to thermal vibrations of atoms.
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1. INTRODUCTION

Currently, we live in an era of the development of new
data storage devices, which will be more capacious than
the means for data storage of the previous generation.
These new materials include compounds based on chalco-
genide glassy semiconductors (CGSs). These are semicon-
ducting glasses incorporating elements of the VI group of
the periodic table, such as sulfur, selenium, and tellurium.
These materials possess amorphous structure and are co-
valently bonded materials, which experience externally
driven amorphous-to-crystalline phase changes. Record-
ing information in these materials is carried out by exploit-
ing the so-called ‘phase change’ memory (PCM) effect.
The PCM system undergoes a phase transition from an
amorphous state to a crystalline state and vice versa
(switching effect), and is able to remain stable in the new
state (memory effect).

Switching is achieved in CGSs by heating them with
the use of an electrical current or a laser beam. In order to
transfer the system from an amorphous state to a

crystalline state and vice versa, it has to be heated and then
cooled.

With the switching effect, a region of existence of a
negative differential conductivity is observed. This shows
in current—voltage characteristics as an ‘S-shaped’ part;
for such a system the uniform distribution of current is un-
stable, and a current filamentation (analogous to ‘current
crowding”) occurs. The two phenomena, switching and fil-
amentation, can be linked to each other, especially in rela-
tively ‘large’ CGS samples. This paper briefly reviews the
works on current filamentation in CGSs. Section 2 intro-
duces the basics of CGSs. Section 3 provides information
on current filamentation in various media, and on the in-
fluence of various external factors on the properties of cur-
rent filaments. This information helps to look at the phe-
nomenon of filamentation more broadly. Section 4
discusses the switching effect in CGSs and considers one
the latest theories of the occurrence of this phenomenon,
which relates to the multi-phonon tunneling ionization of
the negative-U centers.
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2. CHALCOGENIDE GLASSY
SEMICONDUCTORS AND THEIR
ELECTRICAL PROPERTIES

Before we discuss the appearance of current filaments, it is
first necessary to provide general information on the CGSs.
Since their discovery, these materials have been of genuine
interest not only for researchers, but for the electronic in-
dustry as well. The switching effect observed in these ma-
terials means that a CGS-based device can change its re-
sistance abruptly by several orders of magnitude, and this
process can be controlled and repeated many times. The
switching effect (Fig. 1a) was first demonstrated in 1963 by
Kolomiets and Lebedev (USSR) in the chalcogenide com-
pound TI-As-Se(Te) [1]. In 1968 Ovshinsky (USA) et al.
demonstrated the reversibility (more than 10* cycles) of this
effect in STAG (Si12TessAszoGerog) compounds [2].
According to Fig. 1a, the material will switch from a
high-resistance state to a low-resistance state in a short
switching time (¢, <1ns) when a voltage above the
threshold voltage V), is applied to the sample. The system
can remain in the electronic state into which it has passed,
and it is this phenomenon that is called the memory effect
(Fig. 1b). The memory effect is accompanied by a first-
order phase transition from a crystalline state to an amor-
phous state. The transition takes some time and it is gen-
erally believed that it occurs while the voltage is applied
to the sample. In the first approximation, it is considered
that this time is proportional to ¢, and does not exceed
100 ns [3], though it does depend on the chemical compo-
sition of CGS and on the external conditions. The ability
of CGSs to change their phase state under the action of an
electric field and to return to the previous state led engi-
neers to the idea of using these materials for data storage.
In 1971 a light-driven memory cell based on Te-Ge-Sb-S
was developed [4]. In 2011 Samsung developed a 8 Gb
memory cell implemented in a 58-nm manufacturing pro-
cess technology [5]. Around 2012 the development of 3D
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XPoint PCM-based data storage technology was started by
Intel and Micron (formerly Numonyx). 3D XPoint archi-
tecture differed from previous offerings of PCM, and used
chalcogenide materials for both selector and storage parts
of the memory cell that were faster and more stable than
traditional PCM materials like GeSbTe (GST). Until re-
cently 3D XPoint-based solid-state drives (SSDs) and
memory components with the so-called Intel Optane tech-
nology were widely available commercially, yet in July
2022 Intel announced the winding down of the Optane di-
vision, which effectively discontinued the development of
3D XPoint. Thus, the mass introduction of CGS-based
PCM devices into electronics and the displacement of data
storage units based on standard memory remains a matter
of the near future.

The parameters of a memory cell depend on the cell
size; typically, the resistance in the amorphous state is
1 MQ (state "0"), and resistance in the crystalline state is
1 kQ (state "1"). The voltage applied to the cell during
reading does not exceed hundreds of millivolts, and the
reading time is several tens of nanoseconds.

In 1987 Yamada et al. proposed using the Ge-Sb-Te
compound for data recording and storage, which stimu-
lated commercial interest in Ge,SboTes [6]. Of all the
CGSs, this compound is now one of the most frequently
studied. In the 1970s Gelmont and Tsendin studied the
non-linear heat equation for a hypothetical thin film
(which can be considered as that with thermodynamic
characteristics of Ge,Sb,Tes) and found that when a con-
stant voltage was applied, a current filament was forming,
which was a strong non-uniform dependence of the cur-
rent density on the coordinate [7]. The equation that Gel-
mont and Tsendin derived described the distribution of
heat in a disk-shaped semiconductor, after which the cur-
rent contained in the filament /, was determined:
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Fig. 1. Switching effect (a) and memory effect (b). /,, and ¥}, are holding current and voltage, respectively, ¢, is delay time, and V,,

u I, are on-state voltage and current, respectively.
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where 7, is the maximum temperature, which is the tem-
perature at the center of the disk, F is the electric field, AE
is the activation energy, «k is the thermal conductivity.

Sovtus et al. [8] later derived an approximate formula
that described analytically the distribution of heat in such
a model, taking into account time and coordinates, and
have shown that the temperature in this model has the
form:

Toce ™™, @)

where a and b are constants, ¢ is time and x is the coordinate.

In Refs. [7,8] it was suggested that as a result of current
filamentation, the temperature at the center of the filament
for a film with a thickness of 1 pm might reach 1000 °C.
However, when performing calculations, the value of the
activation energy AE had to be taken smaller than that ob-
tained experimentally for the sake of achieving the agree-
ment between the calculations and the experimental data.

A large number of experiments have been carried out
with CGSs based on Ge, Sb and Te. Within the frame-
work of this review, it is impossible to mention all the
combinations made up from these elements. We only
mention that in what follows, in the text of the review,
CGSs will be generally understood as compositions of
the GST type. These include, for example, GeTe, Sb,Tes,
GeSb,Tes, GeSbTe;, and the above mentioned
Ge,Sb,Tes. The latter, as previously mentioned, is of the
greatest interest for both the research and the industry.
The reasons for this are the higher number of switching
cycles possible and the longer post-switching phase tran-
sition compared to the other GST structures (this means
greater stability and reduced tendency to phase transition
at the room temperature). GST has not only a crystalline
and an amorphous state, but also within the crystalline
state in Ge>Sb,Tes there can be a transition from a state
with a cubic lattice to a state with a hexagonal lattice.
Under normal atmospheric pressure, this change occurs
at temperatures from 200 °C to 365 °C [9]. Figure 2
shows the current-voltage characteristics (/I-V character-
istics) of GST glasses, which are of particular interest
because of what happens in them at high applied switch-
ing voltages. -V characteristics have three segments.
The thickness of the glasses in the case considered is
L ~ 1 um. At the low fields F < 103 V/cm, the depend-
ence of current / on voltage U is linear, at the intermedi-
ate fields 10 < F < 10* V/cm it is quadratic, and at upon
further increase of the field it becomes exponential [10].
With the specified L value, the magnitude of the applied
voltage was several volts.

The transition from the linear (Ohm type) law to the
nonlinear /-V characteristic is often believed to occur due
to the Frenkel-Poole effect, when in a strong electric field
electron tunneling from impurity trap centers is observed,
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Fig. 2. Current—voltage characteristics of GST samples at 300 K
(replotted using the data from Ref. [10]).

and also, according to a number of assumptions, due to
multi-phonon tunneling ionization, which will be dis-
cussed in Section 4. The conductivity in CGS at strong
fields and high temperatures depends on the magnitude of
the applied voltage exponentially.

Experiments devoted to the investigation of other elec-
trical and physical properties of CGS involved studying
the dependence of the V,, on the film thickness and the
external temperature and that of the filament radius on the
applied electric field and film thickness. The dependence
of the current density, through which the filament radius
can be calculated, on the film thickness (j ~ L) was es-
tablished by Kostylev [11]. The effect of an external elec-
tric field on the growth of the filament is discussed in more
detail in Section 4.

3. CURRENT FILAMENTATION IN
CHALCOGENIDE GLASSY
SEMICONDUCTORS. PHASE CHANGE
MEMORY

Current filamentation is in fact a widely known phenome-
non, which manifests not only in amorphous glasses con-
sisting of germanium, tellurium, antimony, indium, arse-
nic, etc. In this Section, we will discuss some experiments
and hypotheses related to this topic. Once again, it would
not be superfluous to recall that a current filamentation
may be related to the switching effect, when the system
passes from a high-resistance state to a low-resistance
state. In CGSs, this effect manifests itself as reversible, as
the system is able to return from one state to the other
many times. For example, in Ref. [3] 10'° transitions were
demonstrated.

The structure of the filament in all materials is de-
scribed by the heat conduction equation:
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dT
c—=AT+0Q,
e 0

where p is the material density, c is the heat capacity, and
Q is heat.

In Ref. [12] the numerical simulation of current fila-
mentation in amorphous carbon was carried out. The cur-
rent filamentation in this material is accompanied by the
transition of carbon from an amorphous form to a graph-
ite structure. A similar change is the exact phenomenon
that is observed in GST [13]. Interestingly, current fila-
ment formed in carbon structures could take a helical
shape, as was shown with methods of quantum molecular
dynamics [12]. The current filament tended to curl into
this shape due to the effect of magnetic and electric
fields, and its behavior was also described by the equa-
tions of hydrodynamics.

If we turn to earlier papers, where some data on current
filamentation in CGSs were obtained and reported on,
Refs. [14-16] should be referred to. Ref. [14] describes the
manifestation of current filamentation in Sij»TessAszoGeio.
The equation by which the authors of Ref. [14] described
the current filament was again that of heat conduction. It
was shown that the filament formation could be explained
using thermal and electronic-thermal models. In thick films,
the model was electronic-thermal, and in thin films, only
heat should have been taken into account.

In Ref. [15] an important matter was pointed out,
namely, that the current filament is characterized by the
presence of an ‘S-like’ section (a portion with negative dif-
ferential conductivity) of the I~V characteristic, which ap-
pears to be due to the capturing of charge carriers by traps.
The filament was described using terms used in plasma
physics. The author of Ref. [15] proposed the following
pattern of the development of the filament formation: in
the conductor, when current flows, a pinch effect occurs,
that is, the compression of the current by its own magnetic
field, while inside the current filament there remain some
traps onto which the charge carriers are captured. The two
processes are filament compression and recombination,
which can balance each other. However, if equilibrium is
not reached, then the current formation will collapse with
the emission of light. The filament was experimentally in-
vestigated in GaP. It is noted that the appearance of the
filament was also accompanied by instability, for exam-
ple, two filaments were formed simultaneously, which
overlapped, while current fluctuations with up to 1 MHz
frequency appeared in the system.

Ref. [16] describes one more possible shape of a fila-
ment in a semiconductor, a conical one. It forms at the in-
terface between amorphous and crystalline semiconductors,
such as GaTes and n-Si. The study of Ref. [16] was carried
out mainly experimentally and the heat conduction equation
was not considered. However, some formulas were written

to describe the current inhomogeneity. The following for-
mula determined the filament radius:

d 4 1/2
=t [1+&J -1, 3)

nds; Rg;

where dg; is the thickness of the Si epitaxial layer, pg; is
the resistivity of silicon, Rg; is the impedance of the silicon
semiconductor. A potential barrier formed in the region
where the current filament was formed, which, as the au-
thors of Ref. [16] indicated, persisted upon transition to a
low-resistance state.

Research on current filamentation currently continues.
Of great interest are the time-dependent characteristics of
the current filament. Ref. [17] describes voltage fluctua-
tions in a semiconductor structure, which can be caused by
the destruction of a current filament. The structure was a
"sandwich", and in various structures, materials like
Ge,Sb,Tes, GejsSbisTero, and GejsSbsTegy were used. The
most suitable shape of the filament in Ref. [17] was rec-
ognized as a cylinder whose diameter exceeded its height.
According to the calculations, the filament radius turned
out to be of the order of 1 um. Heat removal occurred
through the side contacts, and the destruction of the cur-
rent filament was accompanied by a sharp cooling of the
sample. An example of a dependence of the temperature
of the current filament on time is shown in Fig. 3. This
time dependence of the filament temperature was restored
from the experimental data obtained by measuring the
time dependence of the filament resistance. In calculations
performed for obtaining the dependence, it was considered
that that the temperature at the maximum voltage U, ..
was 30 °C. In this case, the temperature after the switching
turned out to be ~ 320 °C, i.e., it was close to the temper-
ature of the phase transition of the GST to the crystalline
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Fig. 3. Time dependence of the current filament temperature
(replotted using the data from Ref. [17]). The solid line is only a
guide for an eye.
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Fig. 4. Calculated temperature distribution in a ‘large’ («) and ‘small’ (b) homogeneous CGS samples at various characteristic time
points: 2 ps (1), 4.2 ps (2) and 10 ps (3) (a), and 0.4 ps (Z), 0.6 us (2) and 2 ps (3) (b) (replotted using the data from Ref. [18]).

state. Close values of the filament temperature were found
for other currents through the sample and, correspond-
ingly, other oscillation periods observed in the experi-
ment. These estimates confirmed the assumption of the au-
thors of Ref.[17] that the voltage oscillations they
observed in the experiment were associated with the ap-
pearance of the hot current filament in the sample and its
subsequent cooling. The current filament formed during
switching, and when the voltage supply was interrupted,
decreased its temperature according to an exponential law
with time.

This result turned out to be in full agreement with the
results of Ref. [18], where similar filament dimensions
were obtained numerically. The thickness of the CGS
sample to which the voltage was applied was 50 nm. The
typical dimensions of the filament can be assessed using
Fig. 4 for ‘large’ and ‘small’ (radius <2 pum) samples.
Here, for modeling the current filament, the following
parameters were used by the authors of Ref. [18]:
AE =0.28 eV, the product of density and thermal capac-
ity pc = 2-10° J/(m*-K), x« = 0.5 W/(m-K), heat exchange
coefficient A =4-10° W/(m?-K), CGS film thickness
L =50 nm, ambient temperature 7, =300 K. Another
subject of interest is the study of quantum effects that
may occur during the formation of the filament [19].

Current filamentation occurs not only in amorphous
semiconductors, but in crystalline ones, too. For example,
in Ref. [20] Bi,Te; crystals doped with copper were stud-
ied. The authors of Ref. [20] referred to current filamenta-
tion as to the “skin effect,” a phenomenon in which the
main current flows in the near-surface layer of the mate-
rial; according to them, copper atoms diffused into the
same surface layer. Whether current filamentation is ben-
eficial or detrimental, one can answer by studying the be-
havior of the filament directly in devices, for example, in
magnetically controlled transistors [21]. The filament in a
p—n—p transistor [21] had a conical shape and was

represented by a current of holes propagating from the
emitter to the base contact. The density of holes along the
edges of the filament decreased exponentially depending
on the radius of the filament. The magnetic field, due to
the Lorentzian deviation, controls the magnitude of the
current filament. The redistribution of the current in the
sample manifests when negative differential dependence
of the emitter current on the voltage between the emitter
and the base contact occurs. In Ref. [22] current filament
in a Si diode was studied. The equation of thermal conduc-
tivity for the adiabatic process, which is filamentation,
was solved. The adiabaticity of the process was mani-
fested in the fact that the heat release was much higher
than the heat removal from the transistor to the environ-
ment. The heat conduction equation was written in the

form:

dr ocU

—=—, 4
dt  cpW

where W is the thickness of the base of the diode. The con-
ductivity o was described by a temperature-dependent
polynomial & =aT? +bT"", where a and b were con-
stants. Both experimental and theoretical studies showed
that the silicon diode would be destroyed under the action
of the current concentrated in the filament, which would
heat the diode up to the melting temperature.

In Refs. [23,24] a team of authors considered in detail
the process of alleged current filamentation that occurred
when information was recorded in GST films located be-
tween two electrodes. According to the results of those
studies, a crystalline region of a semiconductor with low
resistance was formed inside the current filament, while
outside the filament there was an amorphous high-re-
sistance region. Of particular interest in Ref. [23] was the
statement that the current filament was dynamic, namely,
it reduced its radius at the moment of switching.
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Kroll thoroughly analyzed current filamentation in
Ref. [25]. A model of switching in semiconductors was
considered, the conductivity of which varied according to
the law (electronic-thermal model):

a=oyesp| 5L ®)
0

where £ is the Boltzmann constant, ¢, and F, are initial
conductivity and electric field, respectively. This is a
widely used formula that describes conductivity in various
classes of semiconductors including CGSs. Kroll solved
the heat balance equation for a cylindrical GeisTessX4
sample, where X was a multi-element additive. The values
of the electric field at which breakdown occurred and their
dependences on the thickness of the semiconductor and
the ambient temperature were calculated. It was shown
that a current filament indeed could form in a region with
a negative differential resistance. It should be noted that,
according to the results of that research, for film thick-
nesses from 100 um to 1000 um, switching depended
solely on the distribution of heat in the semiconductor and
the electric field played practically no role in the break-
down. In Ref. [26] the team of authors also witnessed cur-
rent filamentation in a GST semiconductor sample under
Joule heating.

Nakashima and Kao in 1978 studied a sample of
Si12GajpAsszoTess with indium electrodes [27]. A formula
was obtained for V),

1
Vo = (ﬁlz Texp[ = ] ©)
o, AE 2kT,

The sample was also exposed to the beam of a helium-
neon laser (400 mW/cm?). The beam did not affect the
spatial dimensions of the current filament formed during
switching, but increased the switching current, due to
which the transition to the low-resistance state occurred at
a lower applied voltage. When the supply of the light was
stopped at a constant external applied voltage, the system
returned to its original state.

Madatov et al. [28] exposed the CGS sample made of
germanium monosulfide GeS, also a promising recording
medium, to y-radiation. The samples were grown in am-
poules at a pressure of about 10 mm Hg, some of the
samples were doped with rare earth elements such as Nd,
Sm, or Gd. The samples were bombarded with gamma
quanta, the source of which was ®Co. The results prom-
ised to be of interest, since rare earth impurities signifi-
cantly increased the resistance of the sample, and exposure
to y-radiation in the range of up to 100 KRad reduced the
switching voltage. At high fluxes of gamma rays, the
switching effect did not appear. The authors of Ref. [28]

have mentioned that they considered current filamentation
to be a phenomenon accompanying the switching effect.

Concluding this Section, one can summarize that cur-
rent filamentation in CGS is an acknowledged and a fairly
well-studied phenomenon. Being manifested in other sem-
iconductors and metal structures, as well as in metal-sem-
iconductor hybrid structures, filamentation can damage
the device by heating it to the melting temperature. The
current filament can take on a variety of shapes: cone-
shaped, cylindrical, or helical. In the latter case, a rapidly
destructible filament may be formed with the emission of
light.

The heat conduction equation is used to describe the
non-uniform distribution of current in a semiconductor, as
according to some beliefs, its occurrence mainly has the
thermal nature. However, this is not solely a thermal phe-
nomenon. In the next section, it will be shown that the cur-
rent filamentation that occurs in CGS can be the result of
a multi-phonon tunneling ionization. According to the ex-
perimental results, current filamentation can manifest it-
self under the switching effect in CGSs with a low-re-
sistance crystalline region forming inside the filament.
The current filament is not a fixed formation, it is able to
grow and shrink. However, the switching effect is not al-
ways ascribed to the formation of a current filament.

4. SWITCHING IN CHALCOGENIDE GLASSY
SEMICONDUCTORS

4.1. Initial hypothesis

This Section mainly represents a summary of the results
presented in Refs. [29,30]. Thermal and electronic-ther-
mal breakdowns were considered to be the very first
switching models. In the first case, it was believed that the
increase in current density in a certain region of the semi-
conductor is directly related to the heat release in this re-
gion and to the exponential dependence of the conductiv-
ity on the temperature. At the same time, there was no
mention of current filamentation, switching occurred in a
certain homogeneous volume due to a sharp increase in
conductivity during heating. This model was first devel-
oped by Wagner [31] and was considered in Refs. [32,33]
and in many other works. We only note that the ‘S-shape’
of the -V characteristics (see Fig. 1a) cannot be explained
solely within the boundaries of the thermal model.

Under electronic-thermal breakdown, the semiconduc-
tor conductivity also depended exponentially on the ap-
plied electric field [34].

In addition to the thermal and electronic-thermal mod-
els of the switching effect, there exist some other models:

e amodel based on impact ionization of negative-U

centers;
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e amodel based on hopping conduction over local-

ized states;

e anucleation model;

e clectronic models (electronic phase transition

model, double carrier injection model).

To date, there is no unified theory of the switching effect
that would explain the ‘S-shape’ of the /-V characteristics
and the transition from a high-resistance state to a low-re-
sistance state. For example, in Ref. [28] it was reported that
the thermal breakdown model is not applicable for semicon-
ductors at low temperatures (those of the order of 200 K).
One of the first authors to consider thermal breakdown as
the cause of the switching effect was Eaton [35]. He studied
switching in As-Te-I glasses and found a strong dependence
of the breakdown field strength on temperature. However,
as it turned out experimentally, the theory of thermal break-
down is suitable only for the case of rather thick (thickness
greater than 10 um) films. This is its main difference from
the electronic-thermal model.

In 1970 Warren and Male [34] considered the process
of current flow in a semiconductor, in which the conduc-
tivity depended on temperature and voltage exponentially;
see Eq. (5). To date, not only dependences of a similar type
for conductivity on the field strength have been proposed,
but also dependences of another type, for example, a de-
pendence of the form:

czcoexp[—%Jranj, (7)

where a is a constant that describes the electron tunneling
between adiabatic terms. This type of conductivity was
proposed by Bogoslovskiy and Tsendin [29] and is asso-
ciated with the presence of the negative-U centers in a sem-
iconductor. It will be discussed in more detail below, after
the consideration of purely electronic models of the origin
of the switching effect.

An interesting model was proposed by Savransky [36].
This model is based on the Auger effect involving two or
more electrons. According to the Savransky model, the
electrons located at the negative-U center affect each
other, and when one electron leaves the center as a result
of interaction with a heated lattice or a third electron, the
interaction energy of two electrons at the center passes to
another electron and transfers it to the conduction band.
Ryvkin [37] also studied the origin of the emergence of
the ‘S-shape’ of /-V characteristics. In one of his works,
he suggested that potential fluctuations are present in an
amorphous semiconductor due to disorder in the position
of atoms. Because of this, the material is a series of n- and
p-regions and has the ‘S-shape’ of the /- characteristics.

Considering the nature of the origin of the ‘S-shaped’
I-V characteristic and the current filament, it is necessary
to refer to the scale of physical quantities that are

encountered in solving problems associated with the de-
sign of cells in which switching is observed.

Popov et al. [38] analyzed in detail the engineering
side of the problem of the switching effect. Ref. [38] did
not explicitly mention current filamentation, but discussed
a crystalline filament, which was formed when current
flowed simultaneously with the transition from a high-re-
sistance state to a low-resistance state. The magnitude of
the current increased with switching by 2—3 orders. The
authors of Ref. [38] proposed three types of cells based on
GST and CgH2004Si and C4H604Sis dielectrics. For ex-
ample, in cell 1, the GST element was represented as a
film with a thickness of 550 nm. The heat released during
the flow of current through the cell was calculated accord-
ing to the Joule-Lenz law and was of the order of 107! J.
Given that the released power was of the order of 107 W,
the switching time was approximately 1078 s.

4.2. Models that take into account the presence of
negative-U centers. Multi-phonon tunneling ioni-
zation.

Models that were taking into account the influence of neg-
ative-U centers first appeared in 1975 with Anderson's hy-
pothesis [39]. Negative-U centers are sites, defects, atoms
of dopants, etc., on which electrons are located. Electrons
affect each other with the forces of the Coulomb repulsion,
yet they are also affected by the semiconductor lattice. Un-
der certain conditions, the interaction of the electron with
the lattice can prevail over the Coulomb repulsion and the
electrons are able to gather in pairs similar to the Cooper
pairs in superconductors. In contrast to superconductivity,
electron pairing in Anderson's model occurs at room tem-
perature. A pair of electrons can be considered as a boson,
and the current of these pairs, as a superfluid Bose gas,
which manifests in the form of a sharp increase in current
at a certain voltage (switching effect). In this case, both
electrons can be in the conduction band. The repulsion of
electrons leads to the fact that a pair of electrons is shifted
towards one of the negative-U centers, while the neighbor-
ing center, having given an electron to its electron pair, is
thus positively charged. Of the two negative negative-U
centers, one positive center is formed, with a hole, and one
negative, with a bound pair of electrons. This process can
be described by the equation:

2D° 5> D" +D". (®)

CGSs are interesting because, in addition to current
filamentation, another type of a high current density
manifestation in them is also possible, which is super-
conductivity [40—42]. It was observed experimentally in
GeszAsizSess [40], GesSes [41], and As,Tes [42]. The
concentration of negative-U centers and, consequently,
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the conductivity depend on pressure; at elevated pres-
sure, the band gap decreases and at a high pressure of
140 kbar [40], the semiconductor acquires superconduct-
ing properties. At the same time, it was suggested that
superconductivity was associated with the interaction of
electrons located at negative-U centers and in the valence
band [43]. In Ref. [44], an analysis was made of the ther-
modynamic parameters of a phonon gas, and it was
shown how the phonon pressure increases in the region
that can be spatially attributed to the current filament (in
that paper, the current filament was represented as a cyl-
inder with a uniform temperature distribution).

At present, the main reason for the flow of large cur-
rents in semiconductors, be it current filamentation or su-
perconductivity, is considered to be associated with neg-
ative-U centers. Let us consider in more detail the model
of impact ionization of negative-U centers. The model of
impact ionization was developed even before the appear-
ance of the term ‘negative-U centers’. Zabrodsky, Ryv-
kin and Shlimak [45] suggested that in some cases con-
duction proceeds via hopping mechanism based on
electron tunneling transitions from one energy level to
another. Some localized electronic states near the Fermi
level were considered to be the levels in question. In a
strong electric field, electrons that populate the excited
levels are ejected, which is accompanied by a sharp in-
crease in the current and results in ‘S-shaped’ I~V char-
acteristics. The impact ionization model implies that the
electrons involved in the flow of current will interact
with other electrons that are in a bound state (in the case
under consideration, at negative-U centers) and will
transfer these bound electrons to the conduction band.
There are a number of models similar to the above model,
for example, the model with thermally stimulated hop-
ping conduction through localized states. In this model,
electron tunneling occurs between certain states (defects,
impurity atoms, free electronic bonds) and is enhanced
in an applied external electric field (the Frenkel-Poole
effect) [46]. This idea differs from the one based on neg-
ative-U centers in that the description of the motion of
electrons is given without negative correlation energy.
We can mention that CGSs are frequently doped, for ex-
ample, with bismuth, tin, or indium [47]. Doping has a
positive effect on the probability of filament formation.
In Ref. [48], the observation of the switching effect in
the Geo.15SeossvAgy (0 <x<0.2) structure was de-
scribed in detail. In particular, the authors of Ref. [48]
mentioned that at low concentrations of silver (x = 0.08)
the switching effect was not observed up to an applied
voltage of 1100 V. The current filamentation was one of
the scenarios. The filament was formed in the region
where the Ag,Se crystalline phase appeared due to the
migration of silver ions in the studied CGS. The

1000+ m Geo.15seo.a5—xAgx
800
>
o [ |
o)
£ 600}
<)
>
o
°
S 400+
o
<
'—
200 .
H—
i By B
1 I 1 1 1 I 1 I 1 1 1

0 L |
0.08 010 0.12 014 016 0.18 0.20
Composition x

Fig. 5. Dependence of the threshold voltage on silver concentra-
tion in Geo.1sSeo.ss-+Agx alloy (replotted using the data from
Ref. [48]).

conductivity of the Ag,Se phase is higher than that of
chalcogenide glass; this is precisely what the authors
used to explain the growth of the current filament. The
geometric characteristics of the filament have not been
studied, but Fig. 5 describes the experiment quite in-
formatively.

However, the above theory only includes interactions
of electrons with each other and with ions. Therefore, to-
day one of the most advanced theories of current flow in
amorphous semiconductors can be considered to be the
theory of negative-U centers with the multi-phonon tunnel-
ing interaction. In this theory, the nuclei of atoms, which
play the role of negative-U centers, are considered as har-
monic oscillators. Electrons are located on these atoms,
which, from the classical point of view, are located in the
field of inertial forces, since the nucleus performs thermal
oscillations with acceleration w”x (o is frequency). In the
above model, electrons are treated using quantum me-
chanics, and their binding energy dependence on the coor-
dinate is described by a polynomial of the first degree. As
a result of harmonic oscillations, an electron can (via tun-
neling) leave the negative-U center with which it is asso-
ciated. In this case, the negative-U center is ionized, and
its energy increases, since the energy of an electron at the
center is negative. There can be more than one tunneling
electron, so it should be taken into account that subsequent
electrons will tunnel in the electric field of an ionized
atom. In addition, the Frenkel-Poole effect will appear,
which means reducing the potential barrier in the applied
electric field. Ionization is called ‘multi-phonon’, because
in order to ionize the center by removing an electron from
it, an energy of the order of several tenths of an electron
volt is needed, which is much more than the energy of a
single phonon at a temperature comparable to the Debye
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temperature for CGSs. Tunneling of an electron occurs
when several phonons affect the negative-U center. It was
reported in Ref. [30] that the expression for the ionization
probability € of the negative-U center in an external elec-
tric field looks like:

2 22
e(F) ~exp{%} )

where 7 is the tunneling time, ¢ is the elementary charge,
7 is Planck's constant, m is the electron mass. According
to this formula, the logarithm of the ionization probabil-
ity is proportional to the square of the electric field. How-
ever, this formula turned out to be inapplicable for cen-
ters with a binding energy of the order of 0.3-0.5 eV;
according to Bogoslovskiy [30], the linear dependence
of the logarithm of the ionization probability of the cen-
ter on the applied external field turned out to be more
accurate. The conductivity in this case depends exponen-
tially on the applied electric field. Ionization is accom-
panied by mass tunneling of electrons from the negative-
U centers, which leads to the appearance of an ‘S-shaped’
section of the /-V characteristics and a transition to a
high current over time ~ 10~'* s. This results in a switch-
ing effect. Yet the effect does not appear in the whole
cell, but only in some part of it, that is, the current is ac-
tually filamented (here, by the cell we mean a memory
cell based on GST). Current filamentation occurs in the
region with the lowest resistance, and the difference in
resistance arises from the inhomogeneity of the amor-
phous phase.

The current density depends on the applied electric
field in different ways. In Ref. [30] it was shown that
with an electric field F = (2-8)x107 V/m, the current
density in the filament is proportional to /2. When the
field increased up to F = (8-18)x107 V/m, the current
density becomes proportional to F. Also, the current den-
sity in the filament depends on the thickness of the film
L, the experimental dependence states that J ~ L™'4; the
theoretical dependence has a slightly different form,
J [0

Thus, the switching effect in CGSs can be explained
by multi-phonon tunneling ionization, and the current fil-
amentation that accompanies the switching effect can be
described in terms of heat release. Thermal effects have
not been discussed in detail in this Section, although the
behavior of phonons and the release of heat are closely re-
lated to each other.

It should be briefly explained how the parameters of
the filament can be derived from the heat equation. Often,
the equation is considered in the form of a dependence on
one variable, representing the filament as homogeneous
(near the maximum heat release) with the corresponding
equation:

dr T-T,
c—=j(T,F)F -\ 0. 10
pe— J(T.F) 7 (10)

Finding the dependence T'(¢) helps in determining the
so-called delay time, which is the time it takes for the for-
mation of a filament in the sample. In this equation, the ther-
mal conductivity is assumed to be constant, however, dur-
ing heating it can vary within small limits, given that it has
a phonon and electronic nature. Similarly, the problem can
be considered only for the stationary case of thermal con-
ductivity depending on the coordinate. For example, in
Ref. [8] it was proposed to find the second derivative with
respect to the radial coordinate to determine the boundaries
of a steady-state filament. It was assumed that in the coor-
dinate that describes the filament boundary, the heat flux
proportional to the first derivative and going along the radial
coordinate, will have maximum value. Based on this, the
dimensions of the current filament were calculated, whose
radius appeared to be inversely proportional to 2.

Finally, let us note that apart from filamentation mod-
els based on heat conduction and balance, electronic mod-
els of current filamentation in CGS were also developed.
An example of such model was presented by Karpov et
al. [49]. This model is based on the nucleation of conduct-
ing cylindrical crystallites in amorphous media. In this
case, the filament was represented not by a flux of charged
particles, but actually by a phase transition. Namely, in the
model, the switching started with the field-induced nucle-
ation of a shunting crystalline cylinder, which caused volt-
age drop and acted as a “lightning rod” concentrating the
electric field. The stronger electric field facilitated nucle-
ation of an additional conductive particle at the cylinder
end making it longer, hence, further increasing the field,
etc. This instability resulted in a conductive crystalline fil-
ament reaching through the entire amorphous region and
stabilized by the electric field energy. The filament param-
eters were defined from the minimum of Helmholtz’s free
energy, and the minimum threshold voltage for the for-
mation of the crystalline channel was:

Vinin = L kf, (11)
4Rj €

where R, is the channel radius and ¢ is dielectric permit-
tivity. With channel radius 3 nm and film thickness
100 nm this minimum voltage equaled 1 V.

5. CONCLUSION

In this paper, we reviewed some works concerning current
filamentation and the switching effect in chalcogenide
glassy semiconductors (CGSs). Surely, current filamenta-
tion occurs not only in CGSs, and the switching effect is
not a full-fledged synonym for filamentation. Still, in our
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review we paid attention to current filamentation that oc-
curs during the switching effect in CGSs, as these materi-
als are very promising for the development of memory de-
vices, which should be more advanced than a magnetic
disk or floating-gate-transistor memory.

Section 2 of the review briefly considered the history
of the discovery of CGSs and the fact that they can exist
in two phases — crystalline and amorphous. Section 3
considered formation of a current filament, the scale of
heat release in the corresponding materials, and the geo-
metric shape of the filament. Section 4 presented in detail
the hypotheses that were put forward to describe the
switching effect in CGSs. It was indicated that under cer-
tain conditions the switching effect leads to the formation
of a filament. After analyzing various early hypotheses ex-
plaining this effect, it was shown that the most relevant
model of the switching effect is the model of multi-phonon
tunneling ionization at negative-U centers. This model is
based on the assumption that an avalanche-like increase in
current at a certain point in time is associated with mass
tunneling of electrons located on atoms (including impu-
rity atoms). The idea of electron tunneling at negative-U
centers in the presence or absence of an external electric
field was presented in detail. It was noted that when an
external electric field is applied, the probability of an elec-
tron transition from a localized center to a higher energy
level increases sharply. In the same Section, we also men-
tioned that the current redistribution can also be described
by impurity diffusion processes, and not necessarily by
multi-phonon processes. Study of current filamentation is
a very relevant matter, since the current filamentation can
destroy the material structure. On a smaller scale, filamen-
tation can affect the quality of data recording, since it is
accompanied by ‘chaotic’ current fluctuations, and thus,
noise is generated. Analytical description of this noise has
not yet been presented. In relatively large samples, it is
impossible to completely avoid the growth of the current
filament, and today’s goal is to create devices with an op-
timal structure, in which the redistribution of current den-
sity could perform some key useful function.
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IlInypoBanue Toka v 3PPeKT NepeKJIIUYEHUS B XaJIbKOTeHUTHBIX
CTEKJI000pa3HbIX MOJYNIPOBOIHUKAX: 0030p

H.B. CoBtyc, K./I. MbIHO2CB

Ortnenenne dusuku TBepaoro tena, ®TU um. A.@. Nodde, [Tomurexanaeckas yi., 26, Cankr-IlerepOypr 194021, Poccns

Annortanus. [Ipencrasien 0630p 1o sddexram mHypoBaHUS TOKA M IEPEKITIOYEHHS B XaJbKOTCHUIHBIX CTEKJIOO0Pa3HbIX MOIYIPO-
BogauKax (XCII), ssBisonuxcs IepcneKTHBHBIME MaTepHaIaMHy JJIsI CO3J[aHus yCTpoiicTB (azoBoil mamstu. Bradane paccmarpusa-
etcst ucropust m3ydenust XCII n ux cBoiicTs. [lanee o6cyxnaercs Gpopmuposanue muypa Toka B XCII u anammu3upyrorcs Macmralbt
TEIUIOBBIICIICHNUS B MaTepuale, a Takxke reoMeTprdeckas popma mHypa. Hakonemn, paccMOTpeHbI pa3InaHble TUITOTE3bl, pa3paboTaH-
HBle 1 00BsicHenust dddexra nepexmrouenus B XCII. [Tokazano, uto Hanboee akTyaabHOH MOJENBIO A deKTa MepeKIoYeHHs B
XCII sBistercst MOJeTTb MHOTO()OHOHHOH TyHHETbHON MOHM3AIMH TaK Ha3bIBaeMBIX «U-MHHYC» IEHTPOB. DTa MOZENb OCHOBaHA Ha
IIPEIIOJIOKEHHIH, YTO JJABHHOOOpa3HOE BO3pacTaHUe TOKA B ONPE/IENICHHBI MOMEHT BPEMEHH CBSI3aHO C MACCOBBIM TyHHEIHPOBAHHEM
9JIEKTPOHOB, HAXOJSIIUXCS HAa aTOMaX, IIPHIEM TYHHEIUPOBAHNE MPOUCXONT 3a CUET TEIIOBBIX KoJIeOaHU aTOMOB.

Kniouesvie cnosa: XaabKOreHUIHbIE CTEKJIO00Pa3HbIE ONTYNPOBOAHUKY; 3G (EKT nepeximoueHus; 3G GeKT namMaTH; LIHYPOBaHHE TOKa



