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Abstract This article reports the effect of Ag impurity

(low *4 and *6 at.% and high *10 at.%) on the

ac conductivity (rac) of a-Ge20Se80 glass. Frequency

(x)-dependent ac conductance and capacitance of the

samples over a frequency range *100 Hz to 50 kHz was

taken in the temperature range *268–358 K. At frequency

2 kHz and temperature 298 K, the value of rac increases at

low as well as at higher concentration of Ag. The rac is

proportional to xs for undoped and doped samples. The

value of frequency exponent (s) decreases as the temper-

ature increases.

Introduction

Chalcogenide glasses have received a lot of attention

because of their potential use in various solid-state devices.

They have been attracting much attention in the field of

electronics as well as in infrared optics, since they exhibit

several peculiar phenomena useful for devices such as

electrical switches, memories, image storage, and photo-

resistors. Studies of the electronic nature of amorphous

materials provide information about its electrical behavior

and this may be related to structural properties. The com-

mon feature of these glasses is the presence of localized

states in the mobility gap, as the result of the absence of the

long-range order as well as various inherent defects. The

disorder in atomic configuration is responsible for the

existence of localized electronic states within the material.

Because the charge carriers are localized, ac technique is

often employed to probe their behavior.

Selenium (Ge–Se) glassy system exhibits properties,

which are unusual, and possibly unique, relative to other

semiconductors. GexSe100-x is being actively investigated

as high-efficiency semiconductors for holographic record-

ing, reversible phase change optical recording media and

memory devices, and solar energy conversion applications

[1–3]. The physical properties of these glasses are influ-

enced by the presence of inherent defects. These inherent

defects in chalcogenide glasses originate due to the rear-

rangements taking place at the prevalent chain ends (D?-

and D--charged dangling bonds or C3
? and C1

- intimate

valence–alternation pair, IVAP) [4, 5].

The interest in superionic glasses has increased consid-

erably in recent years because of the potential application

of these materials in different fields [6–8]. Glasses on the

selenium-rich side of the Ge–Se–Ag system are fast ionic

conductors with silver as the mobile cation. Although

several studies have been undertaken on Ag-doped chal-

cogenide glasses, especially on Ge–Se–Ag systems [9–11],

GeSeAg glassy system share many structure and transport

characteristics with the (network former)-(network modi-

fier) family of glasses. In this glass, Ge is termed as the

network forming cation, Ag as the mobile cation, and Se as

the anion [9]. The structure of this glass has been investi-

gated by many authors [12–14], and a short range order due

to GeSe4/2 tetrahedra was reported. However, the correla-

tion of the Ag is motive of controversy. The glass

homogeneity generates dispute too. Some works propose

that (Ge0.25Se0.75)0.75Ag0.25 glasses are homogeneous bulk

glasses [12, 13]. However, in a recent work, ternary

(GezSe1-z)1-yAgy bulk glasses in the Se-rich region (z \
1/3) are shown to be intrinsically phase separated into an
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Ag2Se-rich glass and a residual GetSe1-t (t [ z at y = 0)

with Ag acting as network modifier [15]. Mitkova et al.

observed bimodal glass transition temperatures. In contrast,

Ge-rich glasses (z [ 5/2) were reported as homogeneous,

wherein Ag acts as a network former, replacing available

Ge sites of the backbone to be threefold coordinated to Se.

This article reports the temperature- and frequency-

dependent rac of (Ge20Se80)100-xAgx glassy alloys. The

results reported in this study provide information about the

effect of Ag alloying in Ge20Se80 glass. The modified

correlated barrier hopping (CBH) model [16, 17] has been

used to explain the effect of Ag doping. The second

describes the experimental details. The results have been

presented and discussed in third section. The last section

deals with the conclusion of this work.

Experimental

(Ge20Se80)100-xAgx (x = 0, 4, 6, and 10 at.%) glassy

materials have been prepared by taking the constituent

elements (M/s Alfa Aesar, USA; purity *99.999%) in

required atomic weight percentages. The materials were

mixed together and sealed in quartz ampoules (length

*10 cm, diameter *1 cm) under a pressure of

*1.33 9 10-5 mbar. These ampoules were mounted in a

furnace for heating. Initially, the temperature of the furnace

was raised slowly and kept constant at the melting tem-

perature of each constituent element (1234 K for Ag,

490 K for Se, and 1210 K for Ge) for about 2 h each. The

temperature was then raised and maintained at about 50 K

more than the highest melting point of the constituents

(1284 K) for about 24 h. The ampoules were immediately

cooled in liquid nitrogen for the materials to go into the

glassy state. The glassy materials, in the form of ingots,

were obtained by breaking the ampoules. To verify the

amorphous nature of these glasses, X-ray diffraction

(XRD) study on all samples was done (Philips X-Ray

Generator, Model: PW1729 along with a PW1710 Dif-

fractometer). No peaks have been observed for the

materials prepared by the above-mentioned technique,

thereby confirming the amorphous nature of the prepared

materials.

Compressed pellets (diameter: 0.687 cm; thickness:

1–2 mm) were prepared by grinding the bulk ingots into

fine powder and compressing the resulting powder in a die

under a hydraulic press (pressure *106 kg/m2). While

making compressed pellets, one must ensure that the

powder is compressed to maximum compaction so that

there were no voids in the sample. A three-terminal sample

holder has been fabricated for the measurement of rac of

the pellet-shaped samples. Provision was made for mea-

suring the vacuum inside the sample holder. Cylindrical

brass jacket was used as outer cover to provide excellent

electromagnetic shielding. A built-in micrometer was used

for the measurement of sample thickness. Temperature of

the sample was noted with the help of a thermocouple

which was kept close to the sample. A low-temperature

bath (Julabo F-70 VC/K) was used for controlling the

temperature of the samples. Vacuum pumping system

(Model: VS-65D, H.H.V., India) was used to achieve a

vacuum up to *1.33 9 10-5 mbar inside the sample

holder. Aquadag emulsion is used to make electrical con-

tacts for the pellets. A General Radio Bridge (Model: 1615-

A) was used for the measurements of frequency-dependent

rac. The bridge consists of an audio oscillator (Model:

1311), a tuned amplifier (Model: 1232-A), and a null

detector, which permits balance to a resolution of one part

in a million.

Results and discussion

Figure 1a–d shows the frequency dependence of measured

conductivity (rac) for the undoped Ge20Se80 and doped

(Ge20Se80)96Ag4, (Ge20Se80)94Ag6, and (Ge20Se80)90Ag10

samples at different temperatures. The conductivity data

presented in these figures can be fitted with the relation

rac = Axs, where s is the frequency exponent and A is a

constant. The decrease in slope with increasing tempera-

ture indicates that the value of s decreases with increasing

temperature. Figure 2a–c shows the temperature depen-

dence of rac of Ge20Se80, (Ge20Se80)96Ag4, (Ge20Se80)94

Ag6, and (Ge20Se80)90Ag10 glasses at frequencies 2, 10,

and 20 kHz, respectively. From the figures, it is clear that

the conductivity increases with temperature more in the

case of pure sample. Whereas, in case of lower and higher

doping of Ag (x = 4, 6, and 10 at.%), the increase in

conductivity is small with temperature. However, a large

increase in conductivity has been observed at higher Ag

(x = 10 at.%) concentration at all temperatures. Figure 3

shows the temperature dependence of the frequency

exponent s for all the four samples. It is clear from the

figure that the value of s decreases with the increase in

temperature as well as with the increase in Ag concen-

tration. This decrease is more in case of higher Ag

(10 at.%) doping concentrations as compared to the lower

Ag concentrations. Figure 4 shows the graph between

natural log of dielectric loss (e00) versus natural log of

frequency (Nyquist plots) of a-Ge20Se80 glassy alloy at

different temperatures. It is clear from the figure that the

value of dielectric loss decreases with frequency at all

temperatures and increases with temperature at a partic-

ular frequency. The similar results have been obtained for

other GeSeAg samples (results not shown here).
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Using a modified CBH model [16, 17], the above results

can be explained as discussed below. According to this

model:

rac ¼
np3

24
N2xee0R6

x ð1Þ

where n is the number of polaron involved in the hopping

process, x is the frequency, e is the permittivity, and Rx is

the hopping distance for the condition xs = 1, and is given

by [16]:

Rx ¼
ne2

pee0 WM þ kT lnðxs0Þf g ð2Þ

The value of frequency exponent s is calculated from

Eqs. 2 and 3, and is equal to:

s ¼ dðln racÞ
dðln xÞ ¼ 1� 6kT

W � kT ln 1=xs0½ � ð3Þ

where

NNP ¼ N2
T ðFor bipolaron hoppingÞ ð4Þ

where N is the concentration of localized sites, NP is the

concentration of carriers, and NT is the number of density

of states.

NNP ¼ N2
T expð�Ueff=2kTÞ

ðFor single polaron hoppingÞ ð5Þ

where Ueff is the effective correlation energy.

Total conductivity is the combined mechanism of these

processes. These processes are bipolaron hopping between

D? and D- centers and single polaron hopping between D0

and D- centers and D0 and D? centers. Here, W is equal to

WM, which is slightly less than the band gap for the

bipolaron hopping. However, it is equal to W1 and W2 for

the two types of single polaron hopping mechanisms,

which are substantially less than WM for bipolaron hop-

ping. The smaller values of W1 and W2 for single polaron

hopping means that the value of Rw is much greater for

single polaron hopping as compared to bipolaron hopping

described by Eq. 2.

The structure of Ag–Ge–Se glasses has been investigated

by X-ray diffraction [18], neutron diffraction [13], neutron

inelastic and Raman scattering [19, 20], EXAFS [21], and

differential anomalous X-ray scattering (DAS) [12]. The

structure of the glass corresponding to a stoichiometric

composition GeSe2 was thoroughly investigated and was

concluded to be formed by tetrahedral GeSe4 connected by
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Fig. 1 Frequency dependence

of conductivity at different

temperatures in (a) a-Ge20Se80,

(b) a-(Ge20Se80)96Ag4,

(c) a-(Ge20Se80)94Ag6, and

(d) a-(Ge20Se80)90Ag10 alloys
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edge and corner sharing [22, 23] to construct quasi-two-

dimensional distorted layers, which is in good agreement

with the outrigger-raft structure model [24]. The structure of

GeSe3 glass is formed of similar GeSe4 units as in GeSe2 glass

and excess Se–Se connections. The excess selenium creates

short chain or screw type of (–Se–)n and also causes the

depolymerization of the layered network of GeSe4 tetrahedra.

Unusual changes in ionic conductivity of silver in this study

suggest a structural change around silver ions in the glasses.

A sharp transition from semiconductor to superionic

conductor in (Ge20Se80)100-xAgx glasses has been detected

by the author. This is evident from Fig. 2a–c where sharp

increase in conductivity for x = 10 at.% has been reported.

A percolation transition at x = 10 is obtained by Kawasaki

et al. [25]. This phenomenon of percolation could be

explained for the systems of GeSeAg glasses. They studied

the electrical properties of Agx(GeSe3)1-x (0 B x B 0.571)

glasses and investigated the impedance spectra and electric

motive force of these samples. They found that as the con-

centration of silver is increased, the total electrical

conductivity increases from 10-14 to 10-3 S/cm at about

x = 0.3. This rapid increase is chiefly due to an appearance

of silver ion migration. Armand et al. [26] suggested that

glasses GeXAg (X = S, Se) containing small amounts of

Ag2X have an inhomogeneous structure composed of Ag2X

clusters embedded in a GeX2 network, which becomes

homogeneous at higher concentration of Ag2X. Therefore,

when the Ag content is low, the clusters do not connect
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Fig. 2 Temperature

dependence of ac conductivity

at (a) 2 kHz, (b) 10 kHz, and

(c) 20 kHz
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themselves and the sample does not conduct Ag? ions.

However, when the Ag content increases to x = 10 at.%, the

clusters Ag2X connect themselves or the amorphous struc-

ture become homogeneous and the sample turns into ionic

conductor as reported by the Mirandou et al. [27] in the

(Ge25Se75)100-xAgx glasses at about x = 10. Pattanayak and

Asokan [28] have shown that Ge0.15Se0.85-xAgx glasses are

microscopically phase separated and composed of Ag2Se

clusters and GeSe2–Se network. When Ag concentration

exceeds 10%, the Ag2Se clusters embedded in the GeSe2–Se

network percolates. The signature of this percolation thresh-

old is observed in the sudden appearance of two exothermic

crystallization peaks in ADSC runs. Borisova et al. [29]

studied the glass-forming ability of the (Ge0.25Se0.75)100-xAgx

ternary system by water quenching. They found that in sam-

ples with composition Ge25Se75, the vitreous behavior could

be retained by introducing a maximum Ag content of 30 at.%.

Ribes and co-workers [30] reported very extensive data on the

electrical data as well as diffusion coefficient of silver in

similar chalcogenide glasses. They observed a discontinuous

variation of the transport properties of silver ions in Ag–Ge–S

and Ag–Ge–Se–Sb glasses and concluded that the ionic

transport mechanism in low concentration of silver (\5 at.%)

is different from that in higher concentration ([10 at.%).

Piarristeguy et al. [31] have carried out the field effect-scan-

ning electron microscopy (FE-SEM) and electric force

microscopy (EFM) measurements on bulk Ag2S–As2S3

glasses with different silver concentrations. They indicated

that the glass Ag1.2 is on the whole homogeneous, whereas the

Ag4 and Ag9.8 glasses are phase separated. For Ag4 glass, the

silver-rich phase corresponds to nodules of 200–350 nm

embedded in a connecting silver-poor phase. For Ag9.8, the

silver-rich phase is the connecting phase, whereas the silver-

poor phase corresponds to nodules of 250–700 nm. Two

conductivity regimes are observed by Pradel et al. [32] during

the study of ion transport and structure of Ag-rich chalco-

genide glasses. They have observed that the change from the

low-conductivity regime to the high-conductivity regime in

the phase-separated glasses Ag2S–GeS2 and Ag2S–As2S3

occurs when the regions containing the Ag-rich phase start to

connect. This behavior is characteristic of a percolation

threshold with the Ag-poor phase (Ag-rich phase) being

responsible for the conductivity at low silver (high silver)

content. Wagner et al. [33] have studied the optically and

thermally induced diffusion of silver and its diffusion pro-

files in amorphous layers of Ge–Se systems. They have shown

that the diffusion is of a bipolar character and its rate is

controlled by the transport of low-mobility holes. Diffusion

rates are much higher on conductive than on nonconductive

substrates.

Conclusions

Electrical conductivity measurements have been taken in

undoped Ge20Se80 and doped with Ag (low and high con-

centrations) metal. Frequency-dependent rac measurements

at different temperatures show that the value of rac
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increases with the doping of Ag. The value of s decreases

at all concentrations at high temperature. It is observed that

the addition of Ag increases the conductivity of GeSeAg

glassy system. This is because when the Ag content

increases, the clusters Ag2X connect themselves or the

amorphous structure becomes homogeneous and the sam-

ple turns into an ionic conductor.
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