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As a result of studying the current-voltage characteristics of Te—GeXASyTe100_X_ ~Al
structure at a negative potential of the tellurium electrode, it have been found tha%, at
applied electric field voltage exceeding 5-10% V/em, the current-voltage dependence has the
N-shape and exhibits instability in the form of irregular current oscillations. The observed
features of electric charge transfer under the influence of strong electric fields are
interpreted taking into account the topological features of amorphous chalcogenides and
the role of U -centers in the process of generation and recombination of electric charge
carriers in the studied structure.
Keywords: chalcogenide glass, amorphous, non-crystalline, switching effect.

Boiue Tomoaoriyaux ocobauBocTeil Ta U -I@HTPIiB HA IEePEHOC eJEKTPUYHOTO 3aPsi-
Iy B CHJIABHHUX EJIEKTPUUYHHMX IOJAX B amMOpdHUX ILIiBKAax GexAsyTewo-x—y- Allcaes,
C.I.Mexmiesa, H.I.Mamnmadosa, P.M.Psaes, P.I.Anexbepos

Ax pesynpTar goCHigiKeHHS BOJbT-aMIEPHUX XapaKTepUCTUK Y CTPYKTYpi
Te—GeXASyTe100_X_y — Al npu HeraruBHOMY NOTeHIIiaJi Ha TeJIyPOBOMY eJeKTpoxl 6yio
BCTAHOBIIEHO, 1[0 MPH IPUKJIAIeHOMY HOTEHI[ali eleKTpuuHoro mois Buime 3a 5101 B/em,
3aJIlesKHICTL cTPyMy Bif Hampyru gemoHcTpye N-dopmy u HecTabinbHicThL y BUTIALL Hepery-
JAPHUX OCUMAAIIN cTpyMy. BuapieHi ocobamBocTi IepeHOCY €IeKTPUYHOTO 3apARy IIix
BIJINBOM CHUJBHUX €JIEeKTPUYHUX IOJIiB IHTePHIpPeTYIThCSA 38 ypaXyBaHHAM TOIIOJOTiUHUX
ocobamBocTeli amopdHUX xXanbKoreHimiB i posi U -1eHTpiB y mporiteci reHepariil Ta pexombi-
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Harlii HociiB eIeKTPUUYHOTO 3apALy B JOCHITKYBaHIN CTPYKTYpPi.

1. Introduction

Chalcogenide glassy semiconductors
(CGS) are transparent in the infrared (IR)
region of the optical spectrum and have a
high refractive index. These materials are
easily amenable to unlimited alloying and
variation of chemical composition, which
makes it possible to obtain compositions
with a wide range of parameters. The noted
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unique properties, as well as the functional-
ity of CGS have been of great interest to
researchers of this class of materials since
the 1990s [1-9]. In 1962, the author of [10]
reported the observation of a region with a
negative differential resistance on the cur-
rent-voltage characteristic (CVC) of the As—
Te—-J system, i.e. the S-shape CVC. A char-
acteristic of this type was also observed by
the authors of [11] in the T-As—Se(Te) sys-
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tem at an applied pulsed voltage. Ovshinsky
[12] observed the S-shape CVC and the
memory effect in the Si12Te48A530Ge10 Sys-
tem and showed the possibility of commer-
cial use of these materials a pronounced ac-
tive area of electronic keys and memory
cells, which caused an increase in the inter-
est in this class of materials. But long-term
attempts to use CGS for these purposes
were not successful. The operation of the
created devices was unstable and their prop-
erties deteriorated over time, which led to a
gradual decrease in interest in the study of
CGS. The rapid growth in the number of
works devoted to the study of the effect of
switching and memory in chalcogenide
glasses was occurred in the 90s, when it
was proposed to use the Ge-Sb-Te system
in a rewritable optical disk [13]. Recently,
many works have been devoted to the study
of switching and memory effects in CGS
materials and various mechanisms have
been proposed to interpret their features.
The memory effect was first observed by
the author of [14] in chalcogenide glasses
and explained by the transition of a sub-
stance from an amorphous state to a crys-
talline one, which was confirmed by other
authors. However, despite the existence of
numerous studies devoted to the switching
effect in chalcogenide glasses, there is cur-
rently no definite mechanism that could ex-
plain all the features of this effect and fur-
ther research on this problem is required.
The choice of compositions consisting of
three and more elements with different
short-range order (SRO) parameters, as well
as contacts of various types will provide
information about the mechanism of current
depending on the chemical composition and
type of contacts.

This article is devoted to studying the
effect of a strong electric field and chemical
composition on the current mechanism in
Te-Ge,As,Tepp_y_ Al structures. The choice
of the Ge,As,Te;po, glass composition as
an object of the study is due to the fact
that, the replacement of metallic Sb with As
will allow one to obtain a material with a
stronger covalent bond, which ensures its
chemical stability [84]. Secondly, it is
known that the electronic properties of CGS
materials, including binary and complex ar-
senic-containing compositions, are control-
led with their own charged defects with a
negative correlation energy — U -centers;
their concentration can be changed by vary-
ing the chemical composition, as well as in-
troducing impurities, which manifests itself
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in the form of charged centers [15-18, 31,
33-386]. Studies [19, 20—30] show that the
topological features of the Ge—-As—-Se(Te)
chalcogenide glass system change depend on
the coordination number, which affects the
electronic processes. These facts indicate that
the chosen object, as well as the planned stud-
ies, will provide information on the mecha-
nism of the influence of these factors on the
current flow through the chalcogenide in the
regime of a strong electric field.

2. Experimental

The synthesis of Ge,As,Te;gp_y_, compo-
sitions was carried out in the following se-
quence: highly pure elemental substances
(Ge, As, Te) in the required atomic percent-
ages were placed into quartz ampoules with
an internal diameter of 12 mm; then air was
pumped out to a pressure of 1.383-107¢ Pa to
prevent oxidation of the materials; then they
were heated to a temperature of ~ 900°C dur-
ing 3 hours and kept for about 12 hours at
this temperature. The synthesis was carried
out in a rotary furnace in order to ensure the
homogeneity of samples, and cooling was car-
ried out in the out-of-furnace mode. Films
with a thickness of 3 um used in research were
obtained by thermal deposition at a rate of
0.3 um/s on glass substrates in vacuum at a
pressure of 1.33-107¢ Pa. Ges_33A516_67Te75,
GepASoTe70s Gep5As5Tes2 55
Ge18_2A518_2Te63_6 and Ge18A517T655 glass
compositions have been synthesized. The
amorphous properties of the thermal evapo-
rated films were proved by X-ray diffrac-
tion analysis on a D8-Advance powder dif-
fractometer (Fig. 1). The amorphous state
of chalcogenide glass substances was con-
firmed by wide maxima observed in the
diffraction patterns. The current-voltage
characteristic of the Te-Ge,As,Te;pq , ,~Al
structure has been studied in direct current
by applying the voltage of both poles. Plane
parallel electrodes made of aluminum and
tellurium were also deposited by vacuum
thermal evaporation. A tellurium layer with
an area of 6.25 mm? and a thickness of 8 um
was deposited on a glass substrate (meas-
ured with an MII-4 optical microscope). The
second electrode as a layer of aluminum
with an area of 8.2 mm? was also deposited
by thermal evaporation on the free surface
of the sample.

The deposition rate and the physical pa-
rameters of the obtained layers (density and
resistance) are presented in the Table.
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Fig. 1. X-ray diffraction patterns of Ge-As—Te
chalcogenide glass compositions:

1 — GegasAsigerlerss 2 — GeqpAsyglerps
3 — Geqpshsyslegy 5, 4 — Geqg RS g,Teq365
5 — GegAs ;Tess-

The choice of contacts is based on consid-
erations that Ge—-As-Te chalcogenide glass
is a p-type semiconductor. Tellurium, also
possessing p-type conductivity, ensures the
injection of holes, i.e. main current carri-
ers. A metallic aluminum electrode is used
as an ohmic contact. Current values are re-
corded by a voltage source 64876 picoamme-
ter (Keithley). The current-voltage charac-
teristics of the samples were measured in a
stationary mode.

3. Results and discussion

Fig. 2 shows I-V characteristics of
Al-Ge,As Te po_y_,~Te structure at room
temperature, Wit{l positive (Fig. 2a) and
negative (Fig. 2b) potentials applied to tel-
lurium electrodes. In this case of a positive
potential applied to tellurium electrode, the
observed features of the curves (Fig. 2a) in-
dicate that the transfer of electric charge is

Table. Physical parameters of deposited
chalcogenide glass layers

Chemical Thermal Densitéz, Resistance,
compositions |evaporation| g/cm Q
rate, Um/s
Geg 33AS16 671 €75 0.3 6.22 1.8-10%
GegAs,pTerq 0.3 6.01 6.7-106
Geqy5AS,5T€g5 5 0.3 5.14 2.0-108
Ge 57815218636 0.3 6.03 2.1.106
GegAs 7Tess 0.3 5.96 5.5.100
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Fig. 2. I-V characteristics of the Al-Ge,—

As,Te gg_x_y—Te structure: positive (2a)

and negative (2b) potentials applied to tel-

lurium electrodes: I — Geg 33AS6471€755

Current, A

2 — GejpAsygTerps 3 Geqy sAs,5Tes; 55

4 — GeygAs g Tee365 5 — GeygAs7Tess.

carried out by monopolar injection currents
with the participation of traps. CVCs start
almost with Ohm’s law, but with increasing
voltage they move to power-law dependences
(I~V" n=2) (in this region, the value of
current is proportional to the cubic thick-
ness of sample). Further, a section with n >
2 is observed, which, with increasing volt-
age, also covers the area where n = 2. I-V
characteristics of other chemical composi-
tions almost repeat the graphs shown in
Fig. 2a. The observed features of the cur-
rent-voltage characteristics indicate mecha-
nisms of the monopolar injection currents,
which manifest themselves as local states
located at different energy distances from
the top of the valence band.

Using Lambert’s classic theory of injec-
tion currents, it is established that the elec-
tricity transfer is controlled by small trap
centers located between the wvalence band
and the Fermi level. The parameters of
these centers are defined by the depth of
occurrence and concentration. It is shown
that the current in the third region of the
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CVC increases according to a power law in
the region of the trap filling limit according
to the Lambert theory for monoenergetic
levels of hole traps. The observed feature is
explained by the Pool-Frenkel effect taking
into account the transition of the distribu-
tion function from the Boltzmann approxi-
mation to the Fermi-Dirac approximation,
caused by a change in the position of the
Fermi level [387, 88]. The critical values of
electric field strength at which the thermal
field of Coulomb barrier decreases down to
zero blocking of the free current carriers of
the thermal field are evaluated, and the
magnitude of the electric field strength in
the transition from the trap quadratic law
to the trapless one is determined. The re-
sults mentioned above were published in our
paper [15]. Therefore, in this article the
current-voltage characteristics (Fig. 2b) of
the structure are studied in detail when a
negative potential is applied to the tellu-
rium electrode.

As can be seen from Fig. 2b, the I-V
characteristics of the structure under study
when a negative potential is applied to tel-
lurium electrode differs greatly from Fig.
2a. In this case, the current-voltage charac-
teristic begins with a linear section, which,
with increasing voltage, is replaced by a
nonlinear dependence and passes into an N-
shape region starting from an electric field
of ~5-10% V/cm. In some samples, an insta-
bility of the type of irregular current oscil-
lations is observed (Fig. 2b). To understand
the mechanism of electronic processes in
non-crystalline materials, it would be rea-
sonable to use the existing theoretical ap-
proaches concerning the main features of
the microstructure, as well as the role of
defect states in the control of electronic
properties. The basic concept of the theory
of electronic processes is based on the peri-
odicity of the structure of crystals. This
approach is not acceptable due to the lack of
long-range order in the arrangement of
atoms in non-crystalline substances. There-
fore, the topological concepts are success-
fully applied in the interpretation of elec-
tronic properties of non-crystalline materi-
als. Physical properties of amorphous and
glassy substances are largely determined by
the rigidity of the amorphous matrix. Ac-
cording to the topological constraint theory
developed by Phillips and Thorpe [16-18],
an amorphous matrix is in a flexible state
when the number of degrees of freedom per
atom exceeds the number of constraints in
the interatomic force field. When these val-
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ues are equal to the value of the average
coordination number (Z = 2.4) there is a
transition of the amorphous matrix from a
flexible state to a rigid one. Thorpe [18]
proposed the idea of a relationship between
the rigidity of the matrix and the number
of vibrational modes with zero frequency
and predicted that with increasing Z, the
proportion of such modes decreases and dis-
appears at the critical value of Z (Z = 2.4),
which leads to a decrease in rigidity. How-
ever, other studies [19-20] showed that in
chalcogenide glasses, there is an intermedi-
ate phase between the flexible and stress-
rigid states of the amorphous matrix [21-
22], i.e. the transition from the first state
to the second occurs in a certain range of Z.
When studying the percolation of the struc-
ture of chalcogenide glasses, the R-parame-
ter also plays an important role, which is
determined by the ratio of the number of
possible covalent bonds of chalcogen atoms
to the number of possible covalent bonds of
nonchalcogen atoms [23]. At R =1, the
amorphous matrix is characterized by het-
eropolar bonds; its stoichiometric composi-
tion Ge12_5A525Te62_5 (R=1; Z = 2.50) cor-
responds to the chemical threshold. Samples
under study become stress-hard
(Ge18_2A518_2Te63_6 and Ge18A517T655 compo-
sitions) [24] as a result of the further in-
crease in the value of Z and a decrease in R.
To interpret the features of current-voltage
characteristics of the structure, one should
also take into account the role of charged
defects with negative correlation energy
(U™ -centers). As a result, a deviation from
the 8-N rule appears as topological defects
in chalcogenide glass materials, the valence
requirements are not met and broken bonds
occur. For example, the broken bonds arise
due to destruction of Seg ring molecules in
selenium (Se). In addition, defects of this
type also exist at the ends of long chain
molecules. Each broken bond containing one
electron is also electrically neutral. A bro-
ken bond with a defect is denoted as- C,°.
Based on the idea by Anderson [26] about a
strong electron-phonon interaction, Street
and Mott [25] suggested that a broken bond
without an electron or with two electrons is
energetically more favorable than two states
of the C;° type. These states are denoted as
C,", C;”. The existence of these defects in
high concentrations in these materials is
confirmed by the fact that the Fermi level
is fixed in the middle of the band gap, as
well as by the study of photoluminescence
and conductivity in an alternating electric
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field. In the models proposed by the authors
of [27], U -centers are considered as de-
fects, which are predominantly in the Cg*
and C, -states, which are called valence al-
ternation pair (VAP). The triply coordinated
C3" defect promotes the interaction between
the positively charged end of a dangling bond
without electrons and the lone pair of elec-
trons of neighboring chain molecules [28].

C{ +C3 — Ci.

To explain the switching effect in the
Ge-Sb-Te system, a mechanism was pro-
posed based on the thermal field ionization
of U -centers and the capture of charge car-
riers by them [7, 29]. Taking into account
that the energy of the main state of nega-
tive U -centers is several tens of electron
volts, we believe that thermoionization and
capture of charge carriers is a multiphonon
process. The theory of multiphonon tunnel-
ing ionization of deep centers was developed
by authors [80—-83]. We believe that the fea-
tures of current-voltage characteristics ob-
served by us in the structure under study
are also associated with the processes of
multiphonon thermal field ionization of U~-
centers and capture of charge carriers. As
can be seen from Fig. 2b, the I196V charac-
teristic of the Al-Ge,As,Teyy_,_,~Te struc-
ture at a negative poten%/ial at the tellurium
electrode begins with a linear law, while at
the electric field voltage of ~ 10* V/cm,
this law is replaced by a nonlinear depend-
ence of current on applied voltage; but at
the value of 2-10%4:10% V/cm, the current
decreases sharply with increasing voltage,
i.e. we observe the N-shape region, and
chalcogenide glass compositions passes into
a high-resistivity state. Finally, in the last
section of the I-V characteristic, the de-
pendence corresponding to the low-resis-
tance state is observed. It is assumed that
the section of the I196V characteristic
starting from the electric field strength of ~
5108 V/cm is associated with the release of
charge carriers from shallow local states.
Ionization of U~ -centers begins with an in-
crease in the electric field strength; as a
result, at a certain field strength, when the
concentration of free charge carriers
reaches a critical value, an avalanche-like
capture of carriers by U -centers occurs or
recombination of electrons and holes, which
is accompanied by a sharp increase in the
resistivity of the sample. The observed in-
stability as irregular oscillations in the
I196V characteristics with an N-shape re-
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Fig. 3. Dependence of I,/I, on the average
value of the coordination number (Z) (3a) and
on the parameter R (8b) in the N-shape re-

gion is apparently associated with peri-
odically repeating processes of ionization of
U~ -centers and capture of charge carriers by
these centers. The probability of capture of
charge carriers is greatly reduced at high
electric field voltages and again the resis-
tivity of samples decreases. With a positive
potential at the tellurium electrode, the
strong injection of charge carriers prevails
over the processes of ionization and trap-
ping; and in this case, there is no an N-
shape region in the I196V characteristics
(Fig. 2a).

Fig. 3 shows the dependence of I,/I, on
the average value of the coordination num-
ber Z (8a) and on the parameter R (3b) in
the N-shape region of I-V characteristics,
where I, is the current in the low-resistance
region and I, is the current in the high-re-
sistance region.

It can be seen that with an increase in Z
or decrease in R, the ratio of I/I, de-
creases in the area, where Z increases from
2.4 to 2.55 and R decreases from 1.4 to
0.998. This is explained by the fact that the
indicated range of Z and R corresponds to
an isostatically rigid state, in which a grad-
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ual transition of a substance from a labile,
flexible structure to a stressed-rigid state
occurs [24]. The observed features of the
current-voltage characteristics for studied
structures indicate a significant role of
topological features in the processes of elec-
tric charge transfer. Taking into account
that the electric charge transfer in chalco-
genide glasses is controlled by U~ -centers,
we can assert that their concentration is
controlled by topological features. The
changes in the numerical values of I;/I,
depending on the chemical composition can
be associated with the changes in the con-
centration of U -centers. In this case, the
accumulation of U -centers is expected in
samples with a high concentration of tellu-
rium atoms (where Z < 2.4; R > 1). The pro-
portion of Te-Te chemical bonds is quite
high [24] in the indicated chalcogenide glass
compositions and their low binding energy
contributes to the breaking of this bond;
this leads to an increase in the number of
dangling bonds and the concentration of U~
-centers associated with them (pairs with
alternating valence C3* and C;~ increase in
the value of Z and a decrease in R are ac-
companied by an increase in the proportion
of chemical bonds with high binding ener-
gies (Ge-Te, As—Te) [24], which cause a de-
crease in the concentration of dangling
bonds (U -centers). As a result, there is
strong decrease in the wvalue of 1I;/I,
(Fig. 3) and disappearance of instability in
samples with high Z-values and low R-val-
ues (Ge12_5A$25Te62_5, Ge18A517T655). These
results show that the creation of U -centers
is associated with appearance of dangling
bonds in glass materials under study.

4. Conclusion

It has been shown that the current-voltage
characteristics of the A-Ge,As Tesp, . ~Te
structure, with a negative potential at the
tellurium electrode, at the strength of ap-
plied electric field exceeding ~ 5-10% V/cm
exhibit a non-linear character, and N-shape
dependences are observed at field strengths
in the range of 2-10%4:10° V/cm. It is as-
sumed that the nonlinear region of the cur-
rent-voltage (IV) characteristics is associ-
ated with field depletion of shallow local
levels, and the N-shape range of the charac-
teristics is due to the processes of mul-
tiphonon thermal field ionization of U™ -cen-
ters and capture of charge carriers by these
centers. Irregular oscillations at the cur-
rent-voltage characteristics are associated
with periodically repeating processes of
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ionization of IU -centers and capture of
charge carriers. A strong decrease in the
ratio of currents (I;/I5) in the N-shape
characteristic region with an increase of the
coordination number and a decrease in the
parameter R, i.e. the transition from labile
to hard state, is associated with a decrease
in the lower energies bonds (Te-Te) and an
increase in the bonds with a high binding
energy (Ge-Te, As—Te).
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