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In the present article, the silver diffusion behavior and its influence on ionic conduction have been studied from a series of glass samples Ag x (Ge 16 Sb 12 Se 72 ) 100-x with 0 ≤ x ≤ 25. A non-linear evolution of the ionic conduction as a function of Ag concentration was found and attributed to a variation in the diffusion mechanism following the Ag rate. The glasses with Ag concentration lower than 5 at. % i.e. for Ag 0.2 to Ag 1 , the Ag + diffusion mainly occurs via a percolation mechanism, whereas for the Ag concentration from Ag 5 up to Ag 15 , a hopping mechanism is prevailing. However, for Ag5 the diffusion occurs with mixed mechanism i.e. percolation + hopping way. For the Ag content higher than 15 at. % the diffusion occurs via a correlated walk and it was found that the repulsive nature between the Ag + ions in the high concentrated sample due to much shorter distance does not show self-blocking nature. Additionally, the samples show a transition from electronic to ionic conductivity. From Raman analysis a correlation between the content of Ag and the type of GeSe 4/2 tetrahedron, corner or edgeshared, which takes place in the structure, was evidenced. Finally, the results allow a better understanding of the mechanism of the Ag conduction in the glasses of the Ge-Sb-Se system using the RW model.

Introduction

Chalcogenide glasses (ChGs) have unique optical and electrical properties, making them potential candidates for many applications [START_REF]Chalcogenide Glasses; Preparation, Properties and Applications[END_REF]. From the optical point of view, the wide transparency window from the visible up to more than 30 µm originates the development of
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ACCEPTED MANUSCRIPT 2 many infrared technologies from fibres [START_REF] Cui | [END_REF]3], buried waveguides [4,5], and thin films [6,7], dedicated photonic applications [8]. Nevertheless, the ChGS applications are not limited to the optical field since they also have many interesting electrical properties. As examples, applications are found in solid-state batteries [9][START_REF] Patil Deepak | Ionic conductivity study of LiI-Ga2S3-GeS2 chalcogenide glasses using a random-walk approach[END_REF][11], ionic memories [12], selective ion conducting membranes [13,14]. The interest in ChGs is mainly due to their higher ionic conductivity than their oxide counterparts [11,15]. Due to the higher electronegativity of oxygen compared to chalcogen elements, the ionic character of the bond in oxide glasses hinders cationic motion compared to the chalcogenide glasses. The structural and electrostatic interactions in oxide glasses result in a higher activation energy and consequently in a lower ionic conductivity of the oxide glasses. In addition to a lower activation energy with higher ionic conductivity, ChGs have the wide compositional flexibility and ease of fabrication, which creates attention of the researcher towards ChGs for the development of solid-state ionic conductors [16][17][18]. Despite the alkali metal-doped (Li, Na) ChGs show high current density and high ionic conductivity [19], they are often criticized for their thermal safety issues [20,21]. Cudoped chalcogenides show lower ionic conduction than those with an equal amount of Agdoped corresponding chalcogenide matrix [17]. The benefits of Ag + -ion conducting glass electrolytes are lower susceptible to moisture sensitivity and an equal or higher power density with current Lithium ion battery. Consequently, Ag-based ChGs can be considered as promising materials for solid-state ionic conductors employed in ionic batteries and for other ion conducting material applications with considered being the most reliable and stable batteries [22].

Moreover, Ge-and Se-based glass systems have a wide glass-forming region with a wide compositional flexibility, allowing the high amount of ion addition without affecting its amorphous nature. Also, the addition of Sb in this Ge-Se matrix reduces the number of homopolar bonds in the Se rich systems and increases the reticulation of the network, allowing an increase of the thermal stability of these glassy systems [23]. In this prospective, in the current study, we have selected Ge 16 Sb 12 Se 72 as a matrix in which Ag is added and investigated the ion conducting behavior as a function of Ag concentration. The electrical properties of the current system Ag x (Ge 16 Sb 12 Se 72 ) 100-x are studied by means of impedance spectroscopy (IS) and an analysis by a random-walk (RW) model is proposed [9,24]. This RW model provides consistent information on total ionic conductivity or activation energy value similar to EEC model, but also provides a quantitative information about the diffusion coefficient and the concentration of the mobile ions. Such quantitative information cannot be obtained through conventional equivalent electric circuit (EEC) model [9,24]. In the end, a correlation between the conduction mechanism of the mobile Ag + ion and the structure is proposed.

Experimental Methods

The samples having composition Ag x (Ge 16 Sb 12 Se 72 ) 100-x with 0≤ x ≤25, were prepared by the conventional melt quenching method. All the elements (Ag, Ge, Sb, Se) used for the synthesis were of high purity 5N. A batch of 10 g, with an appropriate amount of each element was sealed in a quartz ampule (with the inner diameter of 10 mm) under high vacuum (10 -3 Pa). The mixture of the elements in the sealed ampule was heated with a rate 2°C/min up to 950°C before dwelling at 950°C for 12 h in a rocking furnace. Next, the temperature was slowly cooled down to 730 °C before quench in water, and an annealing at a temperature close to T g for 4 h following by slow cooling down to room temperature were performed to reduce the internal stresses and strains. The obtained glass rods were cut into discs of 10 mm diameter and a thickness between 1-2 mm. The glass discs were polished with optical quality using SiC papers as well as Al 2 O 3 powder with varying sizes such as 6 µm, 3 µm, and 1 µm. For electrical
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measurements, the polished disks were sputtered with gold on both sides for a good electrical contact with the electrodes as well as to form a blocking electrode. Differential scanning calorimetry (DSC Perkin-Elmer Pyris 1) with a heating rate of 10 °C.min -1 was used for measuring the characteristic temperatures of glass samples. 5 mg of powder of each sample with particle size < 125 µm were placed in an aluminium pan for the DSC measurement. The determination of crystalline or amorphous nature XRD analysis were performed with D8 -advance Cu anode in the angle range of 2θ between 5° and 90° with a step of 0.02°. Electrical properties were analyzed using impedance spectroscopy (IS), carried out on a PGSTAT 302N with the FRA32 and NOVA 10 software. The cell used stainless disk-like electrodes sputtered with gold to block the Ag + ions passage. Temperature dependence IS was carried out with an applied input voltage of 0.1 V, the temperature range from 298 K to 368 K, and a frequency range from 1 Hz to 50 KHz. The temperature was controlled with a Microcell HC setup (Rhd instruments) with an accuracy of ± 1 °C. The input capacitance and impedance of the instrument were lower than 8 pF and higher than 100 GΩ, respectively. Moreover, DCchronoamperometric measurements were also performed with the same instrument, and a constant voltage of 100 mV was applied to investigate the ionic and electronic contribution to the total electrical conductivity of the glass samples.

Results and discussion

As mentioned earlier, the present mother/baseline matrix Ge 16 Sb 12 Se 72 was selected because of its high glass forming ability (expecting higher Ag incorporation) and good thermal stability [25]. From a visual observation, all prepared glasses show dark shiny black color as shown in Fig. S1. It is interesting to note that, even at 25 at.% of Ag concentration sample, still able to obtain nice shiny glass rod. This indicates the high glass forming and the high incorporation ability of the Ge 16 Sb 12 Se 72 matrix. The prepared series can be represented by general chemical formula Ag x (Ge 16 Sb 12 Se 72 ) 100-x ; for easier reading each sample is denoted Ag x , where x is the molar concentration of Ag in the corresponding sample. The sample denotation and the corresponding sample composition are given in Table S1.

XRD analysis

From Fig. 1, it is clear that all samples are in fully amorphous nature except Ag 25 , which is partially crystallized and where an unknown crystalline phase was observed. Due to this fact, the Ag 25 sample was not characterized further and not compared to other glasses of the series. 

Thermal Behavior

The evolution of the glass transition temperature (Tg) of the samples as a function of the content of Ag shows a nonlinear behavior as shown in Fig. 2. Tg first decreases as the Ag content increases from 0 to 10 at.%, then Tg remains constant from 10 at.% to 15 at.%. The decrease of Tg at low content of Ag was expected because of Ag nature as a modifier. The saturation of Tg at higher concentrations of Ag, namely > 10 at.% may be ascribed to a clustering of Ag instead of structural modification or a different role of Ag. Nevertheless, at this stage, it is difficult to have consistent conclusions and the further Raman analyses will be more instructive. 

M A N U S C R I P T A C C E P T E D

Electrical Behavior

The glass samples with a lower content of Ag, i.e. ≤ 1 at.% show lower conductivity than 10 -11 S•cm -1 at 298 K, which is outside the limit of the used impedance instrument. This is the reason to compare the electrical properties of all samples, that is their resistivity (Fig. S2) as well as the dependence of real (σ 1 ) and imaginary (σ 2 ) part of conductivity on frequency (ω) (Fig. 3a and Fig. 3b, respectively) shown at 368 K. The real and imaginary parts of the resistivity, ρ 1 and ρ 2 , respectively, were deduced from the following simple relation of Z 1 and Z 2 with taking into account the dimensions of the sample:

ρ 1 = Z 1 A/L and ρ 2 = Z 2 A/L,
where A is the surface area of an electrode and L is sample thickness. For the low Ag content, i.e. Ag < 1 %, the conductivity even at 368 K is still at the edge of the current IS instrument measurement limit. This is the reason why the obtained impedance/resistivity data of the lower Ag containing samples were scattered/dispersed in comparison with the samples containing higher amount of Ag and this difference is clearly shown in a complex impedance plot of resistivity in Fig. S2. To confirm this scattering/dispersion behavior, either due to instrument limitation or measured glass samples intrinsic property, we have tested an equivalent commercial resistor and obtained similar results. This confirms that the scattering in the impedance data is not due to any material intrinsic property. In Fig. S2, as expected, the size of semicircle decreases with the increase of the Ag concentration, which indicates that the conductivity increases from Ag 0 to Ag 20 . In Fig. S2, there are two important points worths to be mentioned: 1) in our previous study on Ag x (Ge 28 Sb 12 Se 60 ) 100-x , for Ag = 0, i.e. for Ge 28 Sb 12 Se 60 , the conductivity beyond the instrument measurement limit occurs at the same temperature [17] (the measurement of IS data has been done on the same instrument), but here the Ag 0 sample shows within instrument measurement limits, which clearly indicates that the electronic conductivity (as there is no Ag in the mother matrix, so, the conductivity increases due to electronic + hole contribution only) increases with Se concentration increases and the Ge concentration decreases in GeSbSe system (considering Sb concentration constant). 2) Unlike in the case of Ag doped sulfide glasses [START_REF] Patil Deepak | Ionic conductivity study of LiI-Ga2S3-GeS2 chalcogenide glasses using a random-walk approach[END_REF]24], no tail was observed at the low frequency side of the above complex impedance plot (Fig. S2), even at Ag concentrations up to 20 %. It is known that the high-frequency semicircle relates to the electronic properties of the bulk region of the sample and the low frequency tail relates to the electrode polarization at the interface of the electrode surface and the sample. The polarization tail will form due to the blocking of ions on the electrode surface. In the current study, the absence of a tail on the low frequency side may be due to the low ionic conductivity or the fact that the cations while diffusing towards -ve electrode recombines with the electrons which again responsible for reducing the concentration of total cations. Either of this situation or both are responsible for the depletion of electrode polarization and responsible for the absence of a tail. The above resistivity data were further converted into real (σ 1 ) and imaginary (σ 2 ) parts of the conductivity according to the well-known relation [9] as

ߪ ଵ = ఘ భ ఘ భ మ ାఘ మ మ and ߪ ଶ = ఘ మ ఘ భ మ ାఘ మ మ (1) 
The obtained conductivities σ 1 and σ 2 are plotted against applied angular frequency ω (ω = 2πf) and shown in Fig. 3a and 3b respectively. In Fig. 3a, the real part of conductivity σ 1 was plotted as a function of ω. The observed constant plateau represents the total electrical conductivity σ T (ionic + electronic) of the sample at the temperature of measurement (368 K). From Fig. 3a, it is clear that σ T increases with the Ag concentration, i.e. from Ag 0 to Ag 20 . As expected from the complex impedance plot, the low frequency bending which arises due to the electrode polarization [18] is not observed in the real part of conductivity of all samples. Nevertheless, there is a small hump observed in the imaginary part of the Ag 20 sample, which is typical sign for electrode polarization at electrodeelectrolyte interface [9]. It is worth to note that, in typical homogeneous ionic conductors, after the hump in imaginary part of conductivity, the data shows continuous decrease but in the case of Ag 20 the data shows again increase (see Fig. 3b) which could be due to either a grain boundary effect or a phase separation .

The total conductivity σ T also called DC conductivity (due to frequency independent nature in the σ 1 plot, i.e. the constant plateau region), was plotted as a function of Ag concentration (Fig. 4). It can be observed that the total conductivity σ T shows a non-linear growth with Ag concentration. The slope of conductivity vs. Ag concentration decreases with increasing content of Ag. This non-linear ionic conductivity behavior has already been described by other authors
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on similar family of glass (Ag-Ge-Sb-Se) [17,26]. However, the conductivity behavior in the AgAsSe system was found to be different in comparison to AgGeSbSe system [27]. The AgAsSe system showed different behavior than AgGeSbSe system such as AgAsSe shows electronic to ionic transition at very low Ag doping. Also, the Ag-As-Se system shows a saturation behavior of ionic conductivity at a much lower Ag concentration (~10 at%) compared to GeSbSe system due to the micro-phase separation in the system. Such phase separation observed in the studied system at Ag concentrations ≥ 25 at%.

The nonlinear behavior of conductivity in Fig. 4, specially transition of the conductivity slope from low (≤ 1 at.%) to medium (≤ 15 at.%) amount of Ag, was explained by Stehlik et al. [27] as an electronic to ionic transition in the Ag-As-Se system, which is not the case of the currently studied sample. If there were an electronic to ionic transition, it could be expected for low Ag concentrations (≤ 1 at.%), that the conductivity would not increase sharply with a slight variation in Ag concentration (for example from 0.2 to 0.4 or 0.4. to 0.6 at.%, etc.). In an electronic conductivity system, it can be expected that in addition of cations, the total conductivity either decreases or is constant. This is contradictory to the current observation, indicating that the non-linear behavior does not arise from the electronic to ionic transition. It can be clearly observe in Fig. 4, the conductivity increases sharply for Ag 0.2 .to Ag 1 , whereas further increase of Ag doping concentration, the conductivity shows clear transition (see inset image of Fig. 4). Changes in slopes with Ag concentrations were marked by different arrows in Fig. 4. These changes in slopes were clear sign of non-linear behavior and could be due to different role/mechanism of Ag conduction. Further details of the non-linear behavior of the ionic conduction will be explained in the following section based on the diffusion coefficient.

Mobile ion concentration (N) and Diffusion Coefficient (D)

As shown in Fig. 3a and 3b, the experimental data are nicely fitted with a Random-walk (RW) model. Using this RW model fitting, we calculated the concentration of the mobile ions (N) and the diffusion coefficient (D) using Eqs. 2 and 3 respectively [24].

ߪ ் = ே(ோ) మ ்ఛ (2) And ܦ = ோ మ ఛ , (3) 
where R and τ m are the hopping distance (is the average distance of ions hopped from one site to another site) and the maximum hopping time of ions, respectively. The obtained results are plotted as a function of the concentration of Ag, as shown in Fig. 5. It is surprising to see in Fig. 5, that the diffusion coefficient (D) shows exact same trend like as the conductivity shown in Fig. 4, whereas the mobile ion concentration (N) is scattered for low Ag content (< 1 at.%). However, at higher concentration of Ag (≥ 5 at.%), N shows nearly similar pattern like D. This indicates that, the conductivity is dominated by the diffusion coefficient; it means that the diffusion coefficient is predominantly responsible for the conductivity behavior.

M A N U S C R I P T A C C E P T E D

From Fig. 5, the diffusion coefficient behavior can be divided into three regions depending on the Ag atomic concentration the in samples: i) low (≤ 1 at.%) ii) medium (≤ 15 at.%), and (iii) high (> 15 at.%) concentration of Ag. It is known that defects/disorder in materials are a keyfactor influencing the diffusion coefficient of cations in the solid-state materials [28]. As mentioned earlier in Fig. 2, the Tg decrease, saturation and further increase are directly related to the increase, saturation and decrease of the defects, respectively. This is due to the different role of Ag such as network modifier and/or former [29]. From the Fig. 2 it can be observed that at the concentration ≤ 1 at.% silver mostly acts as a network modifier whereas on further addition of silver, in the current study above 5 at.%, a part of silver starts to act as network former. The network former property increases with silver concentration and this first response
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to saturate the defect formation and further addition of silver > 15 at.%, silver predominantly acts as network former. This is typical behavior of Ag in similar system [29,30], however very few authors tried to correlate this behavior with the diffusion coefficient nature of such systems [26,28]. This is the reason, why the diffusion mechanism of these cations in such systems is not clear and why the question of the ionic conduction mechanism in disordered materials still an active topic of discussion [31,32].

From Fig. 5 it is clear that the diffusion coefficient increases more rapidly for the samples with low concentration of Ag (x ≤ 1 at.%) but still the magnitude of the diffusion coefficient is ~ 10 -13 cm 2 .s -1 , whereas samples with higher concentration (x > 5 at.%), the magnitude of the Ag diffusion coefficient varies rapidly. This can be explained on the basis of percolation model of the diffusion coefficient. As mentioned above, the lower concentration of Ag (x ≤ 1 at.%) increases the defects in the matrix, which is responsible for opening more paths for the Ag + cation conduction. Since the current system Ag x (Ge 16 Sb 12 Se 72 ) 100-x is the selenium rich one, there is a higher probability of breaking of the Se-Se homopolar bonds (which are comparatively weaker than the Ge-Se hetero bonds) and formation of Se -and Se + defect sites and/or 2Se˙ radicals. The Ag atoms possibly transfer the electrons to Se + making it neutral, i.e. the defects in the sites are mostly Se -and ill coordinated Se˙. Since the concentration of Ag is smaller (x ≤ 1 at.%), the formation of Se -is also low, i.e., the distance between two neighboring Se -or between two Se˙ radicals as well as the distance between two neighboring Ag + is expected to be much higher. This higher distance of the Se -/Se˙ excludes the possibility of hopping of the Ag + cation between the sites in the neighborhood of the Se -/Se˙ sites and higher distance between the Ag + cations exclude the possibility of self-blocking. The opening of longer paths and exclusion of hopping possibility, the best choice to the Ag + cations gives to percolate through the opening sites. The driving force for the percolation of the Ag + cations for these low Ag concentrated system is the applied potential. Due to the higher distance between the neighboring Se -/Se˙ sites, these Se -/Se˙ sites act as trapping centers for the Ag + cations and are thus responsible for slow diffusion. The lower defect concentration due to the lower Ag concentration opens less number of channels/path compared to the samples with high concentration of Ag, the Ag + cations need to find the path to reach the negative electrode. This path might be longer as well as might not be straight, so, the Ag + ions sometimes have to diffuse in the direction away from the electrode, i.e., opposite to the driving force, thus causing further reduction of the diffusion coefficient value. All these factors are responsible for the decrease of the diffusion coefficient magnitude as well as the increase of the activation energy of the diffusion coefficient in the samples with low concentration of Ag.

However, in the case of x > 5 at.%, high concentration of Ag is responsible for the high concentration of defects. This makes the distance between the neighboring Se -ions as well as Se˙ radicals close enough to act as hopping sites for Ag + cations. This means that the Se -ion and Se˙ radical sites, which act as a trapping center in the samples with low x, play an opposite role in the samples with high x and playing a positive role for increasing of the diffusion coefficient (decreasing activation energy of the diffusion coefficient). This means that the current studied
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11 samples having Ag concentration x > 5 at.%, the diffusion of the Ag + cation mainly occur by hopping process. The large number of defects opens a large number of channels also helps in shortening the distance between the Ag + ion and the electrode and further help to decrease the activation energy.

However, in much higher concentrated Ag doped samples, i.e. x > 15 at.%, as mentioned earlier Ag starts to dominate his role as a network former, but from Fig. 5 it was observes that, there is a higher number of the mobile ions (i.e. network modifier Ag + ) present in the matrix in the case of x = 20 at.% than x = 15 at.% suggest that not all Ag participate as a network former role. Still, due to the higher number of Ag participate as a network former responsible for the reduction of the defects in the matrix and already confirmed by thermal analysis. Due to the decrease of the defects, a decrease of the diffusion coefficient can be expected, which is in agreement with Fig. 5, where slight slope change is observed when going from x = 15 at.% to 20 at.%. Even though there is a slight decrease of the slope, the diffusion coefficient of Ag 20 is higher than the diffusion coefficient of Ag 15 . This increase of the diffusion coefficient can be explained as, due to number of increase of Ag + ions, which decreases the distance between Ag + ions much lower, which responsible for generating repulsive interactions between them. This repulsive interaction mentioned in literature as a self-blocking nature [26,33] i.e. negative impact on the diffusion coefficient, but according to our observation it is contradictory. As the decrease of the defects and addition of self-blocking nature, it is expected to decrease of the diffusion coefficient much lower (less or equal to Ag 15 ) but this is contradictory to current observation. This contradiction is due to the wrong assumption that the repulsive interaction, act as a selfblocking nature to Ag + ions. We propose that; the repulsive forces affect positive impact on the diffusion coefficient. As driving force of Ag + ions is electrode potential, concentration gradient as well as Ag + ions and Se -ions interactions, where Se -ions were randomly distributed, but electrode potential is directional force, which makes the Ag + diffusion towards the negative electrode. As all Ag + ions diffusion directions towards the negative electrode, the surrounding Ag + ions repulsive interactions push the Ag + ion towards the negative electrode i.e. decreases the overall activation energy of the diffusion coefficient. The diffusion coefficient in much higher Ag concentrated samples (Ag 20 in the studied system) even though do not show selfblocking nature, it still follows the correlated walk diffusion. Such correlated motion/diffusion were used in the literature for different kind of materials including glasses to study the conduction mechanism of ions [26,[33][34][35][36].

Temperature dependent impedance study

To observe the temperature dependent conductivity behavior of these samples, i.e. from Ag 0 to Ag 20 , the measurements were carried out in the temperature range from 295 to 368 K and in the frequency range from 1 Hz to 50 kHz with the applied input voltage of 0.1 V. The samples Ag 0 , Ag 0.2 , Ag 0.4 and Ag 0.6 shows that their conductivity at low temperature (< 368 K) is beyond the measured instrument limit, that's why the temperature dependence behavior was studied in samples Ag 0.8 to Ag 20 . The obtained impedance data Z 1 vs Z 2 , similar to previous section were first converted to a real (ρ 1 ) and imaginary part (ρ 2 ) of resistivity and plotted in The obtained total conductivity was plotted against the reciprocal of temperature. The conductivity data of all samples (from Ag 0.8 to Ag 20 ) are shown in Fig. 6. As, shown in Fig. 6, the conductivity data all samples follows Arrhenius eq. ( 4),

ߪ ் = ߪ ݁ ಶ ೌ ೖ , ( 4 
)
where σ 0 is the pre-exponential factor, E a is the activation energy and k is the Boltzmann constant.

The activation energies calculated from the Arrhenius fitting of the experimental data are given in Table 1.

Table 1 Activation Energies (E a ) of the samples calculated from Arrhenius Eq. 4.
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From Table 1, it can be observed that the activation energy (Ea) first increases from sample Ag 0.8 to Ag 5 and from Ag 10 , it starts to decrease. The increase of activation energy up to Ag 5 sample, i.e. Ag concentration up to 5 at.% and later decreases in high Ag concentrated samples are in good agreement with the explanation given from Fig. 5. It can be further explained as, the activation energy increases in lower Ag concentrated samples from Ag 0.8 to Ag 5 even though the Ag concentration increases from 0.8 at.% to 5 at.% due to the ionic conduction mainly occur via percolation path. It is expected that, the increase of Ag concentration increases the defects in such low Ag doped system (since the Ag act as a network modifier), which act as a trapping centers and responsible for the increase of activation energy.

In the latter case, i.e. from Ag 5 samples (Ag 5 at.% and above) the decrease of activation energy mainly due to changes in the mechanism of ion conduction i.e. from percolation conduction to hopping conduction. However, in much higher Ag doped sample case, i.e. in Ag 20 , the activation energy shows lowest value and even though from Fig. 2, the defects in sample decreases. This gives the confirmation to our earlier statement that, the repulsive nature of Ag + ions due to much shorter distance in high Ag doped samples (in the current study Ag 20 at.%) doesn't act as a self-blocking nature but helps to enhance the conduction via the correlated walk. Such behavior of Ag+ ions at high concentration we can say as a self-push nature. All these observations confirms that, in the current studied system diffusion mechanism dominates the total conductivity behavior over the concentration of the mobile ions (N). This will be further confirmed in the following section.

From RW model fitting of the temperature dependent sample (a case example is shown in Fig. S3), the calculated number of the mobile ions (N) and the diffusion coefficient (D) using eq. 2 and eq. 3 respectively. The obtained values were plotted as a function of the reciprocal of temperature shown in Fig. 7a The concentration of the mobile ions (N) and the diffusion coefficient (D) can be described with their temperature dependence by the following exponential laws:

ܰ = ܰ e ቀ షಶ ಿ ೃ ቁ and ܦ = ܦ e ൬ షಶ ವ ೖ ಳ ൰ (5) 
Where N 0 , D 0 are the pre-exponential factor, E N , E D is the activation energies of the N and D respectively and R and k B have their usual meanings.

Fig. 7a shows the concentration of the mobile ions (N) calculated using RW model fit to the experimental data of conductivity (a case example is shown in Fig. S3). As, it can be observed in Fig. 7a, the N is constant for low temperature up to 318 K and starts to increase at higher temperature indicating that, the trapped ions are strongly bonded and does not activate until 318 K. This is the reason the data does not fit to the Eq 5. However in Fig. 7b, the diffusion coefficient (D) obtained from the RW model fits to the experimental data of conductivity (case example of Fig. S3 and other remaining samples not shown here), shows good fit to the Eq 5 from Ag 5 to Ag 20 samples. Whereas in case of Ag 0.8 and Ag 1 , the sample shows two different regions of increase of D i.e. for temperature up to 318 K the slope of the increment is higher and for the higher temperature region from 318 K to 368 K the slope of the increment is lower.

In the other words, the activation energy is higher for low temperature region and lower for higher temperature. This anomalous behavior is typical for sample diffusion control by the percolation path [26]. In percolation diffusion, the activation energy is higher for low temperature, whereas lower at higher temperature, as the trapped ions also participate in the conduction at high temperature, i.e. the trapping center less effective (due to higher kinetic energies of the mobile ions) and both quantities i.e. the number of ions (N) and the diffusion coefficient (D) increases, this directly affect on the decrease of activation energy E D . It is known that, the total activation energy E a of conductivity is the sum of activation energies of

M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
15 concentration of the mobile ions (E N ) and the diffusion coefficient (E D ) as shown in following eq 6.

E a = E N + E D (6) 
From Fig. 7a and 7b, it can be observed that, only D follows eq 5, in other words E N ≈ 0. This means, in eq 6, E a is predominantly depends upon E D . This confirms our earlier statement that, the ionic conductivity of the studied samples predominantly controls by the diffusion mechanism.

From Fig. 7b using eq 5, calculated E D is given in Table 2. Comparing the values of Table 2 with Table 1, it is clear that, all the activation energy values E D are close to total activation energy E a values, this further confirms that the E a value in the current studied system mainly controls by E D and less dependent on E N . In the other words, the conductivity behavior of the Ag x (Ge 16 Sb 12 Se 72 ) 100-x system mainly depend on the Ag diffusion behavior and less dependent on the concentration of the mobile ions. The lowest value of E D for Ag 20 sample, i.e. 0.32 eV again confirms our earlier statement that, "in high concentrated sample the Ag + repulsive nature doesn't act as a self-blocking way, however the repulsive force helps to decrease the activation energy, i.e. act as a self-push nature." This is a novel observation with a contradiction to literature [26,37].

It should be noted that, in Fig. 7b, the sample with low Ag ≤ 5 at.% shows convex behavior whereas higher Ag content ≥ 15 at.% shows concave behavior. This anomalous behavior of diffusion coefficient as a function of temperature may be due to the different diffusion mechanism in each case as mentioned earlier and/or due to the sample dominant charge carrier variation from electronic+ionic for low Ag to pure ionic for higher Ag.

Potentiostatic Chronoamperometry

To distinguish the contribution of electronic and ionic conductivity to the total conductivity, the samples Ag 0.2 and Ag 20 was further analyzed by potentiostatic chronoamperometry. The same samples which used for impedance analysis were also used for potentiostatic chronoamperometry with gold electrodes as a blocking electrode for Ag + cations. The The DC potentiostatic conductivity (σ dcp ) was then calculated from the steady-state current I ∞ (at time t → ∞ ) according to the following Eq 7,

ߪ ௗ = ூ ಮ × × ( 7 
)
Where l is the sample thickness/electrode distance, U is the applied voltage and A is the electrode surface area.

When the electrodes are blocking in nature, the σ dcp represents the electronic conductivity of the corresponding sample. The electronic conductivity contribution to the total conductivity was further calculated from σ dcp /σ T , where σ T is the total conductivity obtained from impedance analysis. From the above calculations, the obtained σ dcp for Ag 0.2 , Ag 20 samples are 1.88×10 -10 and 1.11×10 -6 S.cm -1 respectively, i.e. the electronic conductivities contribution to the total conductivities are 17% and 3% respectively for the sample Ag 0.2 and Ag 20 . As, it can be observed in the insets of Fig. 8 that, the DC current is reached to equilibrium for Ag 0.2 sample, however, for Ag 20 sample, still shows steady loss, i.e. sample at higher time can reach to further lower value at equilibrium i.e. Ag 20 sample can show further lower electronic contribution to the total conductivity. This clearly shows the transformation of electronic (hole) to the ionic conducting glasses as Ag 0 100% electronic to Ag 20 > 97 % of ionic conductivity.

Raman Analysis

To understand the conductivity behavior with structural correlations, all samples were further analyzed by Raman spectroscopy. The obtained Raman data for samples Ag x (Ge 16 Sb 12 Se 72 ) 100-x (where x = 0 to 20) are plotted as a function of wavenumber and shown in Fig. 9. the peak and intensity also increase with addition of Ag especially for samples Ag 10 to Ag 20 . The peak shift from 198 cm -1 to 201 cm -1 and the increase peak width and intensity can be explained on the basis of the structural transformation. The current studied system Ag x (Ge 16 Sb 12 Se 72 ) 100-x has a considerable amount of Se in comparison to Ge and Sb. The bonding between Se and Sb is characterized by a peak around 195 cm -1 attributed to Sb-Se stretching vibrations of SbSe 3/2 pyramids [38]. Ge more likely to form corner sharing tetrahedra than edge sharing tetrahedra [23]. The peak at 213 cm -1 is due to stretching vibrations of Ge-Se/Sb-Se corner sharing GeSe 4/2 /SbSe 4/2 tetrahedra entity. So, the peak at 198 cm -1 for low Ag concentrated sample is due to overlap of the peak at 195 cm -1 and peak at 200 cm -1 of SbSe 3/2 pyramidal and GeSe 4/2 edge sharing tetrahedral entities, respectively. The overlapped peak generally appears at 200 cm -1 in the GeSbSe system [39] but in the current case, the concentration of GeSe 4/2 edge sharing (ES) tetrahedral entity is weak for low Ag concentrated sample, which leads to the overlap peak shifted to lower wavenumber i.e. at 198 cm -1 . The shifting of 198 cm -1 to 201 cm -1 it is assumed that the addition of Ag increases the defects mainly by breaking Se-Se homopolar bonds but for the samples with a high Ag concentration (> 5 at. %), it starts to degrade GeSe 4/2 CS tetrahedra as well, leaving less Se available for Ge-Se/Sb-Se bond formation, this creates more ES GeSe 4/2 tetrahedra. Ag mainly breaks Se -Se homopolar bond and this is confirmed from the decrease of peak intensity located at 260 cm -1 , which is attributed due to the Se -Se bond-stretching vibration of the disordered Se µ chains or rings [17]. The peak at 303 cm -1 is due to the asymmetric vibration modes of GeSe 4/2 tetrahedra and the appearance of a peak for samples having Ag concentration > 5 at.% confirms that, these asymmetric vibrations mainly arising from ES GeSe 4/2 tetrahedra. In Fig. 9, it can be also observed that the peak broadening for high Ag concentrated sample (> 5 at.%) also appear for peak ~200 cm -1 towards lower wavenumber as well. This is due to the overlap of new peak ~ 170 cm -1 , which is attributed to Ge -Ge and Sb -Sb homopolar bond stretching for Se 3 Ge(Sb) -Ge(Sb)Se 3 ethane (ETH) like molecule. As the peak width increases in the case of Ag > 5 at. % confirms that, the ETH like molecule formation occur in high Ag concentrated samples. This also proves our earlier statement that, in high Ag concentrated samples, Ag + cations, not only breaks Se -Se bonds, but also Ge -Se bonds of CS GeSe 4/2 tetrahedra. This is in good accordance with the shift of 260 cm -1 to 255 cm -1 in high Ag concentrated samples. The peak at 255 cm -1 arises from vibration modes of Ge -Ge bonds of Se 3 Ge(Sb) -(GeSe 2 ) 0.1 -Ge(Sb)Se 3 [38]. From all these Raman features, it is confirmed that, the Ag concentration 5 at. % is the threshold limit for the defect formation due to Se -Se bond breaking. Above 5 at. % of Ag, Ag + cations start to break even Ge -Se heteronuclear bonds also in addition to Se -Se homopolar bond. It is observed that, the breaking of Ge -Se heteronuclear bonds, mainly from CS GeSe 4/2 tetrahedra and forming more ES GeSe 4/2 tetrahedra as well as Ge -Ge homopolar bonds. This confirms that, the conductivity as well as the diffusion coefficient increase in the case of samples having Ag > 5 at. % are due to hopping mechanism, as it can be expected from above Raman features that, the hopping sites are close enough for Ag + ions hop. The surprising feature that, from TGA and impedance analysis, it is found that, Ag 20 sample has slight different features due to Ag dual behavior, i.e. network modifier and network former, such feature didn't detected in Raman data of Fig. 9. This might be due to less sensitivity of Ag -Se molecular vibrations [40].

M A N U S C R I P T A C C E P T E D

The observation of the transformation of CS GeSe 4/2 tetrahedra to ES GeSe 4/2 tetrahedra as a function of Ag concentration has been made first time to the author's knowledge. Also, the formation of homopolar bonds, Se -ions and Se with dangling bonds (Se˙) acts as defects in the matrix for high Ag concentrated samples, helping Ag + ions diffuse faster by reducing the activation energy, which directly affects the conductivity behavior of the studied samples. Since, mentioned in an earlier section, the diffusion is predominant for influencing the conductivity behavior over the concentration of the mobile ions in the current studied chalcogenide glassy system.

From current study, it can be observed that, the RW model gives the important information, to understand the ion conduction mechanism in such disordered materials than the conventional equivalent electric circuit (EEC) model. Finally, the current study not only helps to understand the percolation behavior of the Ag + ions in Ge 16 Sb 12 Se 72 chalcogenide glassy matrix, but it also helps to understand the diffusion/conductivity mechanism of all similar disordered systems, which is really important to enhance the current ion conducting technologies optimize to farther higher level.

Conclusion

In the present article, we have studied the percolation behavior of Ag + cations in Ag x (Ge 16 Sb 12 Se 72 ) 100-x matrix. It is observed that, the Ag loading capacity in the studied matrix Ge 16 Sb 12 Se 72 is < 25 at.%, without getting phase separation. The thermal behavior (Tg) varies non-linearly as a function of Ag concentration.

From the impedance data analysis by RW model found that, the conductivity behavior and diffusion also shows a non-linear trend with Ag content. Diffusion follows three different mechanisms depending on the concentration of Ag in the matrix such as for low Ag concentrated samples < 5 at. % occur via percolation path and further increase of Ag > 5 at. % the diffusion occur mainly via hopping process. However, for much higher concentrated Ag samples, i.e. > 15 at. %, the diffusion occur via the correlated walk. There is also a novel observation made for correlated walk diffusion that, the repulsive nature of Ag + -Ag + cations due to decrease of Ag + cation distance in high concentrated Ag i.e. > 15 at. % in the current study does not act as a self-blocking nature. It actually works opposite way i.e. self-push nature. This helps to decrease the activation energy much lower and enhance the diffusion coefficient much higher rate. From Chronoamperometric analysis confirmed that; the system transforms from electronic to the almost pure ionic in nature as Ag varies from 0 at. % to 20 at. %. The structural transformation was observed from Raman analysis, such as for samples having Ag concentration < 5 at. %, the GeSe 4/2 tetrahedra distributed in both edge shared and corner shared way, however, for samples with Ag > 5 at. %, the GeSe We have also shown that, the RW model gives the important information to understand the more depth information about the ionic conduction in disordered materials than the conventional EEC model.

Fig. 1

 1 Fig. 1 XRD pattern of Ag x (Ge 16 Sb 12 Se 72 ) 100-x series from Ag 0 to Ag 25 .

Fig. 2

 2 Fig. 2 Tg of the glasses shown as a function of Ag concentration.

Fig. 3 a

 3 Fig. 3 a) The real part of conductivity σ 1 and b) the imaginary part of conductivity σ 2 as a function of the sample composition at 368 K. Open symbols represent the experimental data, the solid lines represents the RW model fitting.

Fig. 4

 4 Fig. 4 The total conductivity (σ T ) as a function of Ag concentration at 368 K. Inset shows magnified image of the marked area. Open symbols represents the experimental value whereas solid line colored arrows represents the guideline for eyes.

Fig. 5

 5 Fig. 5 The diffusion coefficient (D) and the mobile ion concentrations (N) calculated using RW model plotted as a function of Ag concentration at 368 K. Open symbols represent the calculated values whereas solid line represent the guideline for eyes.

  complex impedance plot (not shown here). The resistivity data were further converted into real σ 1 and imaginary part σ 2 of conductivity. The conductivity with RW model fitting plotted as a function of applied frequency, shown in supplementary Fig.S3as a case example.

Fig. 6

 6 Fig. 6 The temperature dependence of σ T . The open circles represent the experimental σ T . The solid line represents the fitting to Arrhenius Eq. (4).

14 Fig. 7 a

 147 Fig. 7 a) The concentration of the mobile ions (N) vs reciprocal of temperature, b) diffusion coefficient (D) vs reciprocal of temperature, in both a) and b) the open symbol represents the respective figs. calculated from RW model fitting to experimental data and the solid line in a) is the guideline for eye whereas in fig. b) exponential fit to the eq. 5.

  on time was recorded for sample Ag 0.2 and Ag 20 as a case example at 368 K until the state close to equilibrium was reached; the obtained current data plotted as a function of time and is shown in Fig.8.

Fig. 8

 8 Fig.8 The potentiostatic current as a function of time. Inset, the magnified images of the marked blocks.

Fig. 9

 9 Fig. 9 Reduced Raman spectra of Ag x (Ge 16 Sb 12 Se 72 ) 100-x (where x = 0 to 20), inset the magnified image of dotted block. The orange colored balls and cyan colored balls in ball stick models are Se and Ge respectively.

Fig. 9

 9 Fig.9shows the typical behavior of the Se rich GeSbSe system[23,38]. The most intense peak at 200 cm -1 is due to stretching vibrations of the Ge-Se bond of the edge sharing GeSe 4/2 tetrahedra entity. The asymmetric peak clearly reveals the presence of two different contributions. First, It can be observed in the magnified image that the most intense peak is shifted to lower wavenumbers with the addition of Ag from 201 cm -1 for Ag 20 down to 198 cm -1 for pure Ge 16 Sb 12 Se 72 glass. At the same time, it can be also observed in Fig.9that the width of
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 42 transforms mainly to edge shared (ES) tetrahedral and also inducing some Ge(Sb) -Ge(Sb) homopolar bonds even in such M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 20 Se rich system. Such structural transformations depending upon Ag concentration confirms the dual role of Ag.

  and 7b respectively.

	Sample	E a (eV)
	Name	
	Ag 0.8	0.47
	Ag 1	0.56
	Ag 5	0.59
	Ag 10	0.48
	Ag 15	0.44
	Ag 20	0.39

Table 2

 2 Activation Energies (E D ) of the diffusion coefficient (D) of the samples calculated from Eq. 5

	Sample	E D (eV)
	Ag 5	0.52
	Ag 10	0.43
	Ag 15	0.42
	Ag 20	0.32
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Highlights:

Ionic conductivity behavior was predominantly depend upon diffusion behavior Percolation mechanism of Ag + found concentration dependent Self-push nature of mobile ions observed at high concentration Concentration dependent structural transformation observed in base glass structure