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Abstract

Chalcogenide bulk alloys of Agx (As0.4Se0.6) 100Kx (xZ5, 7.5, 10, 12.5, 15 and 17.5) system were prepared by the conventional melt-

quench technique. The d.c. electrical conductivity (s) and thermoelectric power (TEP) measurements were carried out in the temperature

range from 83 to 373 K and from 253 to 373 K, respectively. Variations of both s and TEP with ambient temperature proved the p-type

semiconducting behaviour of these materials. The current density-electric field characteristics were found to be linear. The activation

energies, calculated from both the electrical conductivity Es and thermoelectric power Es, were found to be dependent on composition.
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1. Introduction

Many approaches have been proposed to explain the

compositional dependence of various physical properties of

chalcogenide network glasses [1–5]. One of these

approaches is the so-called chemically ordered network

model (CONM) [1], in which the formation of heteropolar

bonds is favored over the formation of homopolar bonds. In

this model, the glass structure is assumed to be composed of

cross-linked structural units of the stable chemical

compounds (heteropolar bonds) of the system and excess,

if any, of the elements (homopolar bonds). Due to chemical

ordering features such as extremum, a change in slope or

kink occur for the various properties at the so-called tie line

or stoichiometric compositions [6]. At these compositions

the glass structure is made up of cross-linked structural units

consisting of heteropolar bonds only.

Itoh [7] has investigated the X-ray diffraction, X-ray

photoelectron spectroscopy and optical properties of Agx

(Cux)(As0.4Se0.6) 100Kx (0%x%35 at%). His results could
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be summarized briefly as follows: (a) the band gap energies

(Eg) of Ag(Cu)–As–Se system were decreased with

increasing Ag (Cu) content, in which Ag–As–Se glasses

possess larger band-gap energies than Cu–As–Se glasses at

the same Ag (Cu) content. (b) Ag and Cu addition induce Ag

4d and Cu 3d bands near the top of the valence band, where

the energy of Cu 3d band is larger than that of Ag 4d band.

(c) The localized-state distributions of the Ag-containing

system exhibit Tu (the characteristic temperature in the

Urbach tail) and To (the characteristic temperature of

localized-state distribution) slightly larger than those in

g-As2Se3. In contrast, the Cu-containing system has Tu and

To values larger than those of g-As2Se3.

Therefore, the band structure of Ag (Cu)–As–Se glasses

was considered as following: according to structural

studies on local environments around Ag and Cu atoms

in Ag (Cu)–As–Se glasses [8,9] Ag and Cu atoms are

bounded to Se atoms with coordination number of 2 and 4,

respectively. In addition, Itoh’s X-ray photoelectron

spectral data has revealed that the Ag 4d and Cu 3d

bands are close in energy to the Se up band constituting the

top of the valance band in As-Se glasses. Hence, the d band

will interact with the Se up band forming d-p anti-bonding

states in the upper valance region. Hence, with increasing

in Ag (Cu) content Itoh has recognized that the top of
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Fig. 1. X-ray diffraction patterns for Agx(As0.4Se0.6)100K
x (xZ5, 7.5 and

10 at%.) bulk materials.
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the valance band would shift upward and consequently the

band-gap energy decrease. Moreover, since the d-p

hybridization effect will become stronger when the d

band is much close to the Se-4p band, the upper shift of the

top of the valence band will be greater when Cu is added.

Thence, Cu–As–Se glasses exhibit a distinctly smaller Eg

than do Ag–As–Se glasses. In this consideration, Itoh has

implicitly assumed that bottoms of conduction bands in Ag

(Cu)–As–Se glasses also consist of As–Se anti-bonding

states.

Solid state ionic materials are of great interest due to

their potential applications in electrochemical devices like

batteries, fuel cells, sensors, electrochromic devices etc.

[10–12]. For this we studied the conduction behaviour and

thermoelectric power of the glassy Agx (As0.4Se0.6) 100Kx

compositions. The conduction behaviour and the electrical

parameters were identified from the electrical conductivity

measurements. The kind of charge as well as the activation

energy of TEP were determined from the thermoelectric

power measurements. A special attention paid to the

investigated alloys as thermoelectric energy converts,

especially in bulk form.
Fig. 2. X-ray diffraction patterns for Agx(As0.4Se0.6)100K
x (xZ12.5, 15 and

17.5 at%.) bulk materials.
2. Experimental techniques

The considered Agx (As0.4Se0.6) 100K
x alloys were

prepared through two steps using appropriate amounts of

pure Ag, As and Se (Aldrish with purity grade 99.999%).

Firstly, the binary As2Se3 alloy was prepared by the usual

melt quench technique. The required weights of the

elements As and Se were charged into silica tube with

1 cm diameter and 20 cm length. The tube was sealed after

evacuation up to 10K5 Torr. Then it was heated at 1173 K

for 7 h, during which the tube was shaken several times to

ensure good mixing of the constituents. The tube was

suddenly quenched in iced water. In the second step, the

appropriate weights of Ag and As2Se3 were mixed and

charged into cleaned silica tubes, then heated at 1300 K for

24 h. Finally, the charged tubes were suddenly quenched in

iced water. Bulk samples with parallel and optically flat

surfaces were prepared by sawing.

The measurements of the d.c. electrical conductivity and

current–voltage characteristics were carried out using a

pressure contact sample holder. The adjacent parallel

surfaces of sample were pointed with silver paste as contact

electrodes. A conventional series current circuit was used.

The current was measured by using electrometer type

Keithley model 610 C (sensitivity 10K15 A), while the

potential difference was measured by means of Keithley

175 mV (sensitivity 1 mV). A Copper-Constantan junction

thermocouple was used for monitoring the temperature. The

thermoelectric power measurements were carried out using

a differential temperature sample holder ended with two

graphite electrodes. The difference in temperature between

the two opposite surfaces of the sample was equal to 3 8C
during the whole measurements. The thermoelectric power

(TEP) voltage was measured by using Hewlett Packard

34401 A multimeter (sensitivity 1 mV).
3. Results and discussion

The X-ray diffraction was used to study the effect of

silver content on the crystallization structure of the

investigated materials. Fig. 1 shows the X-ray diffracto-

grams of the as-prepared Agx (As0.4Se0.6) 100K
x compo-

sitions with xZ5,7.5 and 10 at%. The diffractograms
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Fig. 3. The relation between the current density (J) and the electric field (E), measured at room temperature, for compositions.
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possess two characterizing peaks, one for the preferred

(311) plane of the crystalline As2Se3 phase and the other for

(024) plane of the crystalline Ag3AsSe3 phase. On contrary

the diffractograms of the compositions prepared with

xZ12.5, 15 and 17.5 at% emphasize the amorphous nature

as shown in Fig. 2. Three halo peaks appear in the patterns.

The first diffraction peak (FDP) located at 2qw178, which

arises from medium-range structural order [13]. The second

(2qw308) and the third (2qw528) halo peaks are mainly

results from the correlation between the second nearest

neighbors and between the nearest neighbors [14]. With

increasing Ag content the FDP weakens, and almost

disappears at xZ15 at%. In addition, the second and third

halo peaks shift to lower angles with increasing in Ag

content. However, it may be noted that these latter

observations are in good agreement with those previously

obtained by Itoh [7].

The current density (J)-electric field (E) characteristics

of as-prepared bulk specimens of the Agx (As0.4Se0.6)

100K
x chalcogenide system with 5%x%17.5 at% were

investigated at different temperatures (T) equal to 83,

153, 203, 300, 333, 353 and 373 K. Fig. 3 shows the J
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Fig. 4. J–E characteristics, measured at different ambien
(A cmK2) versus E (V cmK1) plots measured at room

temperature (300 K) for as-prepared compositions. It is

seen that the general feature of the J–E characteristics is

a linear shape within most of the range of the applied

electric field. Moreover, the J–E plots discriminated

upward in a regular manner proving sequential depen-

dence of the electrical conductivity on the Ag content.

Besides, we have observed that, the values of J confused

in the low range of E.

Figs. 4 and 5 show, respectively (for instance), the

J–E characteristics of the as-prepared specimens of

the investigated system with xZ5, and 15 at%. The

measurements were carried out at different temperatures.

These figures reveal that the J–E characteristics are

nearly linear. J increases with increasing temperature, a

matter confirms a temperature enhancement of the

electrical conductivity. On the other hand, the effect of

the applied electric field is more pronounced especially

in its relatively higher range. The above findings indicate

that the electrical conductivity can be enhanced by both

the temperature and the electric field, and the role of T is

more pronounced at higher values of E.
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Fig. 5. J–E characteristics, measured at different ambient temperatures, for Ag15(As0.4Se0.6)85 composition.
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Fig. 6. The temperature dependence of the electrical conductivity for

Agx(As0.4Se0.6)100K
x compositions.
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Regarding to the different corresponding J–E character-

istics, the following conclusions, can be drawn.

(i) The general feature is that of ohmic contact (linear

characteristics) for the most range of E.

(ii) The electrical conductivity shows field dependence

especially at the relatively higher field range.

For the six compositions, the double logarithmic relation

between J and E, measured at different temperatures, are

linear possessing one stage with its own slope. Plots of LnJ

versus LnE, however, suggest a power law, describing the

dependence of J(E) which can be formulated empirically as

follows:

J Z CEn (1)

The values of n were calculated for all the compositions

at considered temperature. It is found that the value of the

exponent n is about 1 for all samples and temperatures.

The variation d.c. electrical conductivity with the

ambient temperatures in the range of 83–373 K, for the

investigated Agx (As0.4Se0.6)100K
x (where 5%x%

17.5 at%) compositions, is shown in Fig. 6. It is seen that

s increases with increasing T for all compositions. Hence,

the investigated compositions behave as a semiconducting

material. These results indicate that, at any given

temperature the d.c. conductivity increases with increasing

Ag content, a matter that can be attributed to its ionic

nature. Accordingly [15], the ionic conduction of Ag is

larger than its electronic conduction. However, the valance

band structures indicates different nature of Ag–Se bonds

in Ag–As–Se systems. That is because of the energies of

the Ag 4d orbital are lower than those of Se 4p orbital,

wavefunctions of the d orbitals do not spread extensively

towards the Se atoms. Hence, overlap of the 4d orbitals

with 4p orbitals is considered to be small and accordingly,

the Ag–Se bonds are expected to have strong ionic nature.

Besides, the increase of Ag content enhanced the

conductivity of Ag-chalcogenide glasses because their
band-gap energies decreases with increasing the former [7].

Regarding again to the plots of Ln s versus 1000/T shown

in Fig. 6, it can be concluded that the conduction

phenomena of the investigated glasses is proceeded

through the following two distinct conduction channels:

(i) At relatively higher range of temperature (TO233 K)

the conductivity is strongly dependente on T. This

represents the conduction through the extended states.

In this case, the dependence of s on T can be

represented by the well-known Arrhenius formula:
s Z
s0

o

T
expðKEs=kBTÞ (2)

were s0
o is the pre-exponential factor (which includes the

carrier mobility and density of states), Es is the

corresponding activation energy of electrical conductivity

(which is a function of the electronic energy levels of

the chemical interacting atoms in the glass) and kB is the

Boltezmann’s constant. Data shown in Fig. 7 depicts

the sT versus 1/T dependence for the compositions
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investigated. Linear fitting of the data shown in Fig. 7 gives

us the values of both Es and s0
o, for the investigated

compositions, which are summarized in Table 1.

The continuous decrease of Es with increasing Ag ratio

is in good agreement with those obtained by other authors

[7,16]. They attributed the observed results to the electronic

structure of the Agx (As0.4Se0.6) 100K
x compositions as

mentioned before. Additionally, the values of s0
o increase

with increasing Ag content.

(ii) the conductivity data in the low temperature region

(T%223 K) shows that, s is slightly dependent on

temperature, which is the behaviour of conduction

through localized states. In this case the dependence

of conductivity on temperature can be described

according to Mott’s formula [17] for variable-range

hopping (VRH) conduction. In Mott’s theory the

temperature dependent conductivity can be accounted

for in terms of:

s
ffiffiffiffi
T

p
Z s00

oexpðKB=T1=4Þ (3)

with

B Z T1=4
o Z 1:66½a3=kBNðEFÞ�

1=4 (4)

where s00
o is a pre-exponential factor, a is the coefficient of

exponential decay of the localized state wavefunction,

which assumed to be 0.124 ÅK1 [18] and N (Ef) is the

density of localized states (DOLS) at Fermi level.
Table 1

Variations of Es; (eV) and s0
o (UK1 cmK1 K) with Ag content for the

Agx(As0.4Se0.6)100K
x compositions

x (at.%) 5 7.5 10 12.5 15 17.5

Es (eV) 0.276 0.265 0.263 0.258 0.247 0.246

s0
o (UK1 CmK1 K) 0.036 0.065 0.173 0.342 0.360 1.066
Fig. 8 shows the linear fitting of s-T data in temperature

range T%223 K according to Mott’s relation (Eq. (3)) for

Agx (As0.4Se0.6) 100K
x compositions. The slopes of data in

Fig. 8 are used to calculate Mott’s parameters of variable

range hopping conduction. The density of localized states

(DOLS) at Fermi level N(EF) can be used to calculate the

hopping distance (Rav) and hopping energy (W). In Mott’s

theory Rav and W are given by:

Rav Z
9

8paNðEFÞkBT

� �1=4

(5)

W Z
3

4pR3
avNðEFÞ

Z
2a3k3

BT3

9pNðEFÞ

� �1=4

(6)

The concentration of conduction electrons (N) within a

range of kB T of the Fermi energy can be calculated from

2kB T N (EF) [19]. The compositional dependencies of N(EF)

, N, Rav and W for Agx(As0.4Se0.6)100K
x compositions are

calculated and recorded in Table 2.

The obtained N(EF) and N data are unsequentially

changed with x for the investigated compositions. The

values of N (EF) and N have a maximum at lowest

concentration of silver and both Rav and W have a

maximum at xZ15 at%, while the former parameters have

a minimum values at xZ5 at%, and the latter ones have a

maximum values at xZ15 at%. On the other side, the

values of s00
o are increased with increasing Ag content

except at higher Ag concentration, it was decreased.

These values, however, are relatively high compared to

those recorded previously [6] for some chalcogenide

glasses. The small values of both R and W which are

approximately satisfying the conditions of Mott’s VRH

process; aRav [1 and W OkBT , can be attributed to the

obtained unreasonably high values of N (EF). The

disparities in N (EF) evaluation are also observed for

some semiconducting materials [20] and have been

attributed to the incorrect assumptions of Mott’s



Table 2

Variations of N (EF) (cmK3 eVK1), N (cmK3), Rav (Å), W (eV) and s00
o (UK1 cmK1 K1/2) as functions of compositions for Agx (As0.4Se0.6) 100K

x chalcogenide

system

x (at. %) N (EF) (cmK3 eVK1) N (cmK3) Rav (Å) W (eV) s00
o (UK1 cmK1 K1/2)

5 2.3!1020 12!1018 27.73 47.78!10K3 0.0046!10K5

7.5 1.0!1020 5.3!1018 34.04 58.65!10K3 0.0470!10K5

10 1.7!1020 8.7!1018 30.13 51.92!10K3 0.0530!10K5

12.5 0.64!1020 3.3!1018 38.31 66.00!10K3 10.300!10K5

15 0.35!1020 1.8!1018 44.54 76.75!10K3 135.50!10K5

17.5 0.44!1020 2.3!1018 42.15 72.63!10K3 103.40!10K5
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derivation of a VRH relations, such as the energy

independence of the density of localized state at Fermi

level, neglection of the correlation effect in tunneling

process and neglection of electron-phonon interaction.

Fig. 9 shows the plots of Seebeck coefficient S versus the

reciprocal temperature for the six mentioned compositions.

As it is seen in this figure, within the whole temperature

considered for measurements 253%T%373 K, the gener-

ated thermoelectric power (TEP) possessed positive sign

similar to typical p-type semiconductors. Such positive

Seebeck values confirm that the contribution to the observed

TEP is mainly due to holes and/or positive ions (AgC).

Accordingly [12] the AgC ionic conductivity is larger than

the electronic conductivity. These holes and positive ions

contribution are thermally activated. The continuous

increase of positive sign Seebeck coefficient emphasizes

continuous domination of the thermally activated holes

and/or AgC ions contribution to the observed thermoelectric

power. Linear plots shown in Fig. 9 indicate that the

temperature dependence of Seebeck coefficient can be

described by the following equation [20]:

S ZG
kB

e

Es

kBT
CA

� �
(7)

where e is the electron charge and A is a dimensionless

parameter which concerns the carrier scattering mechanism

[15] or assumed to be a measure of the kinetic energy
3 3.5 4
780

800

820

840

860

880

900

920

x=5

x=7.5

x=10

x=12.5

x=15

x=17.5

1000 / T (K
–1

)

S 
(µ

V
 / 

K
)

Fig. 9. The temperature dependence of Seebeck coefficient for Agx(As0.4-

Se0.6)100K
x compositions.
transported by carries [21]. The plus sign holds for the

p-type and minus sign holds for n-type semiconductors,

respectively. As already mentioned, S possessed positive

sign for all the investigated compositions and within the

whole range considered for temperature.

Slope of all S versus 1/T plots possessed minus sign

confirming an increase of holes and AgC ions contribution

with increasing T which confirms in turn that, transition of

material to n-type with dominant activation of electrons is

unexpected at higher temperatures. Therefore, applying the

above equation, permit us to calculate both the electro-

chemical potential Es and dimensionless parameter A which

are recorded in Table 3. It is seen from Table 3 that values of

Es are increased with increasing Ag content. This may be

attributed to the increase of AgC ions, which in turn resulted

from the increase in silver content. On the other hand, the

parameter A possessed anomalously high values, which are

unusual for normal semiconductors. However, this obser-

vation may be attributed to the relatively higher effective

mass of Ag ions compared to those of holes.

The recorded data of Es and Es which are listes in

Tables 1 and 3, respectively reveal that EsOEs. Accord-

ingly to [22,23], three different models have been proposed

to explain the inconsistency in the values of Es and Es.

These are:

(i) two-carriers conduction,

(ii) one-carrier conduction with thermally activated

mobility and

(iii) a two-channel conduction model where the conduc-

tion occurs through both the extended states and

hopping through the tail of localized states. For the

present system, the variation in s with the ambient

temperature indicates that the third model can be

used to explain the obtained results.
Table 3

Variations of activation energy of Seebeck coefficient Es (m eV) and the

parameter A for Agx (As0.4Se0.6) 100K
x compositions

Parameter Ag content

5 7.5 10 12.5 15 17.5

Es(m eV) 36.789 37.753 38.968 39.557 40.420 41.612

A 939.26 949.00 962.17 991.4 1006.0 1013.0
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4. Conclusion

The X-ray diffraction investigations confirmed the

polycrystalline nature for Agx (As0.4Se0.6) 100K
x chalcogen-

ide compositions prepared with 5%x%10 at% and

amorphous structure for compositions prepared with

125%x%17.5 at%. From the d.c. conductivity measure-

ments it can be extracted that:

(i) At certain ambient temperature, values of s were

increased with increasing Ag content.

(ii) The conduction phenomena of the present alloys have

emerge through two mechanisms. The thermally

activated conduction through the extended states,

which dominates in the relatively higher temperature

range TO223 K and the hopping conduction through

the localized states appearing at relatively lower

temperatures range (T%223 K).

(iii) The activation energy of electrical conductivity (Es)

was found to decrease with increasing Ag content.

(iv) The values of N(EF), N, Rav and W were estimated.

Values of N (EF) were found to be unreasonably high

compared with those established for some glasses of

Ag–As–Se system. Such disparities in N (EF) were

attributed to the numerous simplifying assumptions

used in derivation of Mott’s equation.

Finally, the values of the generated thermoelectric power

(Seebeck coefficient) of the investigated glasses are positive

in sign. Besides, their values at ambient temperature

increased with increasing Ag content. This behaviour can

be attributed to the increase of AgC ion concentration.
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