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Abstract. D.c. and a.c. conductivity (6(0) and 6(®)) and dielectric parameters (€ and tgd) of Cu—
Sb—S-I system glasses are investigated in 1.0-10°-6.0-107 Hz frequency range and 170-400 K
temperature interval. In the glasses of SbSI-CuSbS, system the d.c. conductivity along
delocalized states prevails. A.c. conductivity is explained by a combinated hopping mecha-
nism of charge transfer by bipolarons and “simple” polarons. A high concentration of charge
carriers and availability of dipole structural units Cu*S=SbS,), in the glass matrix define

dielectric proporties of glasses.
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1. Introduction

A considerable copper amount may be introduced into
the composition of chalcogenide glasses [1-3]. As a re-
sult both the structure of glasses and their properties are
changed. The electronic properties of copper-containing
glasses are especially sensitive to the variation in the com-
position. But up to date the electronic properties of cop-
per-containing glasses based on arsenic chalco-
genides were mainly investigated. Therefore, the study
of other glasses based on antimony chalcogenides and,
in particular, glasses of Cu-Sb-S-I system is of great in-
terest. Besides, a pure scientific interest to study these
substances has a practical importance as the photomodu-
lation absorption in IR spectral region [4] and switching
effect [5] are revealed in the glasses of the given system,
and depending on copper content one can get one- and
two-threshold switching mechanism.

In the present work the results of the study of d.c. and
a.c. conductivity (o(0) and o(w)) and dielectric proper-
ties (¢ and tgd) of the (SbSI);_«(CuSbS,), glasses have
been presented.

2. Experimental

The glasses of Cu-Sb-S-I system were synthesized by
vacuum fusion of the mixture of initial pure components
in accordance with the procedure given in [6]. The sam-
ples for measurements were prepared in the form of par-
allel-sided plates onto the largest areas of which aquadag
electrodes were deposited. Voltage-current characteris-
tics of structures C|sample|C had a symmetric form and
for them Ohm’s law is valid for fields ~ 5-10% V/m. Tem-
perature and frequency dependences o( w), € and tgéwere
studied by the resonance method [7] within the range of
frequences 1.0-10% to 6.0-107 Hz and temperature inter-
val of 170-400 K. The investigations were performed in
vacuum. Relative measurement errors were: €— 3 %, o(®)
and tgd— 10%.

3. Results and discussion

The studies have shown that in the indicated temperature
interval Ino(0) is a linear function of 1/7, that is d.c.
conductivity is described by the expression with one acti-
vation energy E0) [3]:
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6(0) = Cexp(—E0)/k T).

The activation energy values of conductivity of
(SbST)_x(CuSbS,), glasses at 7= 0 are given in Table 1.

By the value C obtained by extrapolating the straight
line 1ga(0) = A1/T) to T = =, one can conclude about the
mechanism of d.c. conductivity. If the conductivity is deter-
mined by carriers activated into delocalized states, C value
may have the meanings within 103-10 Ohm-m1[3, 8,
9]. If the value C is 2 to 3 orders of magnitude less, the
conductivity is effected by charge carrier hopping along
localized states. For the studied (SbSI); x(CuSbS,)y
glasses C has the values that lie within the limits of 2-103—
5-10*Ohm!-m~! (Table 1). That is why one may draw a
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Fig. 1. Temperature dependences of o(0) (/) and o(w) (2-7) of
(SbST).50 (CuSbS,) 50 glass. Frequency, Hz: 2 — 10%; 3 — 6-10%; 4 —

10% 5 — 4105 6 — 107; 7 — 3-107.

conclusion that in the glasses of the given system the d.c.
conductivity along delocalized states near the mobility
edge of the valence band prevails.

With increasing copper content in glasses from 0 to
16.7 at.%, o(0) increases by more than three orders of
magnitude with simultaneous growth of the activation
energy E4(0) (Table 1). Concentrational dependences of
0(0) and E0) can be explained by the model of charged
defects. In accordance with the given model, chalcogenide
glass comprises charged defects that form acceptor D~
and donor D* levels in the middle of the mobility gap and
define the position of the Fermi level [3]. If the glass com-
prises the elements with the number of orbital electrons
equal to 4 or more, the concentration of D~ and D*-cen-
tres is practically constant and variations in the compo-
sition do not cause considerable changes in the conduc-
tivity. However, if the glass comprises negatively charged
ions of impurities, the Fermi level shifts and this is the
reason for a high conductivity in many cases.

It is well known [2,10] that copper facilitates the for-
mation of 4-fold coordination and becomes negatively
charged due to accepting electrons from D~ centres. Re-
spectively, the decrease in the concentration of D™ cen-
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Fig. 2. Temperature dependences of o(w) of (SbSI);_, (CuSbS,),
glasses at the frequency of 10° Hz on x, mol.%: I — 0.25; 2 — 0.33;
3 - 0.67.

Table 1. Electrical and dielectrical parameters of (SbSI);_(CuSbS,), glasses.

Compositionx, mol.%  o(0),Sm™! E40),eV C,Sm™! o(w), Sm™! s €

0 4.0-10°10 0.73 5.0-104 1.5-10°7 0.89 23.5
0.25 5.0-10°8 0.59 1.0-10* 5.1.10°° 0.74 22.4
0.33 1.0-10°7 0.57 7.0-103 5.3-10°° 0.74 22.7
0.40 3.0-10°7 0.55 6.0-103 7.2:10°° 0.73 24.1
0.50 7.0-1077 0.53 4.0-103 1.3-107° 0.72 25.9
0.60 9.5-10°7 0.50 3.0-10° 1.8-10°° 0.72 25.8
0.67 2.0-10°° 0.47 2.0-103 2.0-10°3 0.70 25.7

Note: values o(®) and e are given at 100 kHz frequency
SQO, 6(1), 2003
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tres results in the shift of the Fermi level towards the va-
lence band and increases in conductivity. Within the
framework of the given model, in accordance with calcu-
lations of [10], the activation energy has to decrease ~
three times. And this accounts for the increase in o(0) at
T'=293 K by approximately 10° times. Such an increase
in (0) (10* times) was revealed when introducing 5 at.%
of Cu into As;Ses [2]. Our studies have shown consider-
ably smaller changes in 6(0) and E40) while changing
the copper content in glasses of SbSI-CuSbS, system.

We suppose that a part of copper atoms have a coor-
dination number 4 and others remain electro-positive and
take part in the formation of the glass matrix of struc-
tural groups that contain copper. The study of concentra-
tional dependences of infrared polarization and para-
magnetic component of magnetic susceptibility [11] has
allowed us to establish that such structural groups are
Cu*S SbS,, units. With the increase of copper content
their concentration in these glasses also increases.

The value of o(w) also increases with the increase in
copper concentration and temperature (Figs 1 and 2),
and with the rise in frequency it increases proportionally
to @' (Fig. 3). At T'=293 K the value of s depending on
the composition varies within the limits of 0.89-0.70 (Ta-
ble 1). With the growth of 7, the value of s decreases
(Fig. 3). A little change in o(w) (Figs 1 and 2) and value
of s indicate the fact that in the region of low temperatures
(T < 250 K) o(w) is mainly defined by charge carrier hop-
ping over localized states near the Fermi level [3].

As stated above, localization of the Fermi level is con-
nected with the presence of D~ and D* centres in the glasses
(D" and D~ are the dangling bonds that possess no one or
two free electrons). In the low temperature range o(m)
goes by the jumps of bipolarons over the barriers between
these centres (D' + 2e <> D7) [12]. Two electrons
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Fig. 3. Frequency dependences of o(w) of (SbSI) 59 (CuSbS,)g 50
glass. Temperature, K: 7 — 154; 2 — 250; 3 — 263; 4 — 293; 5 — 314;
6 — 333; 7 - 350.
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(bipolaron) that are found on D~-centre transit to D*-
centre jumping over the potential barrier separating these
pairs.

Assuming a random character of the centre distribu-
tion, the expression for o( w) within the framework of the
Elliott model for N/2 pairs of centres has the form [12]

2N2 K
G((U): %(862/8WMf%

Here W), is the maximal height of a potential barrier
that separates distant lands (in the first approximation
one may assume W), = 2E0)); 1y is the characteristic
relaxation time that has the value of 10713-10-12 5 [12,
13] for the majority of chalcogenide glasses.

The parameters s and W), are related by the equa-
tion:

s=1-(6kTIWy)=1-

From here it follows that s decreases with increasing
the temperature.

As it is seen from Fig. 1 and 2, at 7 > 250 K for
(SbST);_,(CuSbS,), glasses a strong dependence of o( )
on T'is observed, which does not arise from the model of
over-barrier jumps of bipolarons [12]. Such a depend-
ence of o(w) on T can be explained by supposing that
neutral centres D take part in the process of conductiv-
ity [13]. Such centres are formed as a result of a reverse
reaction 2DY <> D* + D™, The increase of D-centres con-
centration with the temperature results in a considerable
contribution of jumps of polarons — electrons between
centres D? and D* (process IT) and holes between centres
D% and D~ (process I11), which exceed the contribution of
jumps of bipolarons (process I) into o(w). In a general
case, the a.c. conductivity may be written in the form of
the sum

o(w) = oy() + oy(w) + om(w),

where oj(w) is the contribution of bipolarons into the con-
ductivity, oy(®) 1 op(w) are contributions of simple
polarons. The latter two members of this equation condi-
tion a strong temperature dependence of o( w) due to the
decrease in the heights of barriers with the temperature
and the increase in the quantity of the number of ther-
mally activated pairs.

It should be noted that the united hopping mechanism
of charge transfer by bipolarons and “simple” polarons
between charged centres (D, D°, D) well explains the
behaviour of o(w) for the studied compositions and for
other chalcogenide glasses, too [8, 14].

The investigations of dielectric parameters have shown
that the glasses of SbSI-CuSbS, system possess sufficiently
high values of £and tgd (Table 1) (at the frequency 10° Hz
and T = 293 K depending on the composition € varying
over the range 22.4-25.9 and tgd — over the range of 10—
10!, the increase of CuSbS, in the composition of glasses
results in the rise of tgd). Over the range of temperatures
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T < 250 K, temperature and frequency variations in €
and tgd are small, and at higher temperatures an essen-
tial dependences of these parameters on temperature and
frequency are observed (Figs 4-6). [t means that at rela-
tively low temperatures € is mainly determined by elec-
tronic and infrared polarizations [11]. However, even at
low temperatures, the contribution of the charge carrier
jumps into polarization is considerable. The charged
defect D~and D centers, concentration of which in Cu—
Sb-S-I glasses makes up to 102-102° m=3, are the places
of a random distribution of the electric charge in glass.
The applied external field stimulates “the unipolarity”
of junctions between the given centres. As a consequence,
an electric moment of the glass volume unit is induced by
this field. A small dispersion of € over the region of low
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Fig. 4. Temperature dependences of € in (SbSI);_x (CuSbS,),
glasses at frequencies 105 (I-4), 10° (#') and 107 Hz (4”) for x
values: 1 — 0.25; 2 — 0.33; 3 - 0.67; 4, 4, 47 — 0.50 mol.%.
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Fig. 5. Temperature dependences of tgd for (SbSI);_x (CuSbS,)
glasses at the frequency 10° Hz on x values: 1 — 0.25; 2 — 0.33;
3 - 0.50; 4 — 0.67 mol.%.
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Fig. 6. Frequency dependences of e for (SbSI)j 50 (CuSbS,)g 50
glass at temperatures: 1 — 230; 2 — 250; 3 — 270; 4 — 293; 5 — 310 K.

temperatures (Fig. 6) is probably connected with the fact
that the frequency of the applied field diverges from a
reverse time of maxwellian relaxation ty; (the values of
tye make up 107°-10-* for (SbSI);_(CuSbS,)y.

At higher temperatures (7 > 250 K), the role of D
centres becomes more important. The jumps of charge
carriers between the centres become easier due to decreas-
ing the height of potential barrier (W,,” < Wy,). It stimu-
lated the increase in the polarization and, in its turn, the
increase in the dielectric constant.

However, it is rather difficult to explain the character
of temperature-frequency dependences of dielectric pa-
rameters within the region of elevated temperatures by
the variation only in the concentration of charge carri-
ers. The measurements have shown that eand tgddecrease
with the increasing of the frequency (Fig. 4 and 6). In this
case, tgd decreases in accord to the relationship close to
the exponential one, but the power is not equal to unity.
If the dielectric losses were determined only by conduc-
tivity losses, the power would be equal to unity [15, 16].
This enables one to assume a considerable contribution
of relaxation losses into the dielectric ones as connected
with the presence of dipole structural units in Cu—Sb—S—
I glasses. As mentioned above, such units are Cu*S=SbS,,
> ones. At low temperatures the dipoles remain “frozen”
and at higher temperatures they are able to rotate, which
results in a considerable € increase. The orientation of
dipoles is not simply elastic. It is connected with over-
coming considerable interactions of neighbouring units.
The part of the electric field energy is spent on this. There-
fore, due to the dipole polarization, Cu—Sb-S-I glasses
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don’t have the increased € only, but the increased tgdand ~ References

dielectric losses, too.
4. Conclusions
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