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Abstract: The article presents the investigation of the AC dielectric properties of optical 

glass rods co-doped with Ag nanoparticles. The samples presented a molar composition of 

20Sb2O3–30GeO2–(45 – x )H3BO3–5Al2O3–xAg and differed with Ag concentration x in 

the range of 0.1 mol.%-0.6 mol.% as well as geometric dimensions. The rods have been 

prepared by the standard melt-quenching technique. An impedance spectroscopy in the 

measurement frequency range of 4 Hz–8 MHz at room temperature was used to determine 

the dielectric properties of rods. The paper shows frequency characteristics for impedance, 

phase shift angle, resistance, conductivity, dissipation factor, and both components of per-

mittivity. The samples demonstrate high resistance (4.4  106 < R < 2.0  1011 ) and 

mostly negative phase shift angle (0 < θ ≤ –90°), which indicates the purely dielectric na-

ture of the materials and their capacitive character. Introducing Ag NPs into the rod’s struc-

ture causes growth in the impedance of about 40–120%, amplifies the real part of the per-

mittivity over fivefold, and increases the electrical conductivity from two to 4.5 times, de-

pending on frequency f. Resistance, conductivity, dissipation factor, and imaginary part of 

permittivity demonstrate two-step saddle-shape dependencies that reflect dielectric and 

conduction processes between non- or partly oxidized or fully oxidized Ag nanoparticles 

separated by a glass matrix. The saddle points are different for low and high frequency 

regions, the values of which are next to 500 Hz and 5  105 Hz, respectively, referring to 

two relaxation times in the interphase polarization process. Hopping conductivity has been 

proposed as the charge transfer mechanism in nanocomposite rods.  

Key words: co-doping, dielectric properties, hopping conductivity, nanocomposites, opti-

cal glasses 
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1. Introduction 

 

Currently, intensive research is being conducted on a functional group of electrically 

conductive nanofiller-contained nano- and micro-composite materials of a typically dielectric 

nature for applications in electrical engineering, electronics, lighting, and sensor technologies, 

as well as aircraft technologies [1–5]. The structure of such materials is usually designed as  

a dielectric matrix containing in its volume appropriately distributed (most often randomly, 

depending on the production method) nanoparticles (NPs) of metals [6, 7], their alloys and 

oxides [8, 9], carbon nanotubes [10, 11], quantum dots [4] and other conducting compounds 

[12]. These types of composites can exist not only in a solid state but also in a liquid state. Then 

they are called nanofluids, while their phase structure (metal-dielectric) remains unchanged 

[13−15]. 

In most cases, the reason for such great interest in this group of materials with a conductive 

nanofiller-dielectric matrix (CNDM) phase structure is the decisive influence of the parameters 

and type of nanofiller on the physicochemical properties, especially the electrical, magnetic, and 

optical properties of the target composite. For example, in the case of co-polystyrene 

nanocomposites (NCs), the growth in the concentration of Co nanoparticles (65.5 nm in size) 

from 2 wt.% to 10 wt.% leads to a significant increase in the NC’s saturation magnetization 

(from 2.82 emu/g to 8.22 emu/g respectively), magnetic remanence (from 0.1834 emu/g to 

1.72 emu/g respectively) and coercivity of about 6.5%, which indicates the possibility of using 

the NC in electrical energy storage, photonic, and spintronic devices [16]. NCs with 

(FeCoZr)x(PbZrTiO3)100-x phase structure demonstrate an electric percolation with a threshold of 

xc = 53 ± 2 at.%; the NCs below xc show the direct dependence of conductivity vs. temperature 

(dielectric conduction), while above xc – inverse dependence (metallic conduction) [17]. In the 

case of Au-CaCu3Ti4O12 NCs, introducing the NPs of Au to a dielectric matrix introduces 

nonlinearity in the optical response of the tested nanomaterial [18]. Along with the Au 

concentration growth (6.9 at.% to 31.9 at.%), the nonlinear refractive index n2 increases almost 

fourfold, while the absorption coefficient   – about 15 times.  

Over the past three decades, the field of dielectric properties and processes in glasses and 

optical fibers doped with metallic nanoparticles or their alloys has experienced substantial 

growth. Based on bibliometric analyses from databases such as Scopus and Web of Science, it 

is estimated that approximately 1 500 to 2 000 scientific articles have been published on this topic 

since the mid-1990s, which is not a satisfactory result considering the enormous chemical and 

phase diversity of optical structures formed at that time. 

Many studied dielectric issues such as interfacial effects and charge transport mechanisms 

[19], long-term stability and aging [20], scalability of fabrication techniques [21], nonlinear 

dielectric behavior [22], integration into functional devices [23], have not received full practical 

explanation and the creation of a unified theory. Moreover, understanding the mechanisms and 

dielectric processes of the materials presented in this work is very important from the point of 

view of their potential applications, especially in the energy-related sector in i.e. high-

permittivity capacitors [24], displays and photovoltaic cells [25], energy storage devices [26], 
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etc. Therefore, the research presented in the article focuses on describing the electrical properties 

of 20Sb2O3–30GeO2–(45 – x)H3BO3–5Al2O3–xAg (abbreviated as SGBAA), in particular the 

type and nature of electrical conductivity, dielectric losses, electrical permittivity, and the 

mechanism of dielectric polarization and relaxation as well as the effect of Ag NPs content on 

them. The research is also a preliminary step towards determining the correlation between the 

optical and dielectric properties of functional optical glasses doped with noble metal 

nanoparticles.  

The research presented in the article concerns the determination of dielectric properties of 

SGBAA optical glass rods with a CNDM phase structure. Silver nanoparticles of size < 100 nm 

were used as a conductive phase. These types of glasses have already been examined for their 

optical properties in our previous works [27–29]. Their amorphous nature was studied and 

confirmed by XRD measurements. The main findings have been regarding: the thermochemical 

reduction of Ag+ ions during the melting process, a decrease in intensity in the near-infrared 

region with Ag concentration increasing, Ag NPs enhances luminescence properties, the main 

energy transfer between silver NPs and Er3+ ions (a rare-earth element necessary for producing 

optical fibers that operate effectively within a specific spectral range, e.g. in the emission range 

of 1.8–3.1 μm, which is desirable in the construction of microlasers), etc. [29].  

Within the framework of our long-term research strategy, the present study is intended to 

advance the understanding of the interdependence between dielectric and optical properties in 

optical glasses doped with metallic nanoparticles. The next phase of research in this series will 

focus on examining the effects of electrical permittivity on optical transmittance and refractive 

index, the impact of dielectric variations in the vicinity of glass–metal interfaces on localized 

plasmon resonances, as well as the influence of dielectric relaxation and stepwise electrical 

conduction on light scattering and attenuation phenomena across a range of frequencies.  

 

2. Experimental 

 

Set of four-type glass rods presenting molar composition of 20Sb2O3–30GeO2–

(45 – x)H3BO3–5Al2O3–xAg, where x = 0.0 mol.%, 0.1 mol.%, 0.3 mol.%, and 0.6 mol.% have 

been produced using the standard melt-quenching technique [30, 31]. The high purity reagent-

grade powders employed in this study were procured from commercial suppliers as follows: 

antimony trioxide (Sb₂O₃, 99.99%), germanium dioxide (GeO₂, 99.98%) and silver (Ag, 99.5%) 

from Sigma-Aldrich KGaA, Germany; boric acid (H₃BO₃, < 99.98%) from Chempur Ltd., 

Poland; and aluminum oxide (Al₂O₃, < 98.50%) from Avantor Performance Materials, Poland. 

The powders were mixed and placed in a quartz crucible, then melted in an electric furnace at 

1 300°C for 1.5 h in the atmosphere of air. The next step was melt pouring into a brass cylinder-

shaped form (11 mm in diameter of hole, 52 mm in height) at room temperature (RT) and 

immediately placing it in the stress reliever machine for 1 h at 350°C. Then the machine was 

switched off, and the preform was cooling down until it reached RT. The preforms were further 

polished to obtain a smooth surface and uniform diameter along their entire length. The glass 

rods were extracted from the preforms using an SG Controls extraction tower at 650°C. The 
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following rod diameter ranges were obtained: set #1: 1.47–1.58 mm for SGBAA with no Ag 

NPs; set #2: 1.12–1.27 mm for x = 0.1 mol.%; set #3: 1.10–1.16 mm for x = 0.3 mol.%; and 

set #4: 0.84–1.00 mm for x = 0.6 mol.%. 

To perform dielectric measurements, the rods were cut into smaller pieces with lengths 

ranging from 7.94 mm to 15.50 mm. The analysis of literature sources [32, 33] and our previous 

experience in studying the dielectric properties of nanomaterials with the CNDM phase structure 

[8, 34] indicated the possibility of observing interfacial and dipole polarization in the megahertz 

range of measurement frequencies or lower. Therefore, the dielectric spectroscopy method was 

used for the dielectric characterization of SGBAA composite rods using the IM3536 LCR meter 

(Hioki Inc., Japan) meter measuring AC electrical parameters of materials in the range of 

4 Hz−8 MHz. The parameters studied in the RT were: complex impedance Z, phase shift angle θ, 

resistance R estimated with the use of parallel equivalent circuit arrangement, dissipation factor 

tgδ, and conductivity σ. A thick layer of silver paste was also applied to the side surfaces of 

individual samples to improve the electrical contact. 

Electrical parameters such as complex impedance Z, phase shift angle θ, resistance R 

estimated with the use of parallel equivalent circuit arrangement, dissipation factor tgδ, and 

conductivity σ, were measured with use of IM3536 LCR meter (Hioki Inc., Japan) for the 

frequencies ranging from 4 Hz to 8 MHz at the RT.  

 

3. Results and discussion 

 

3.1. Overall electric performance of SGBAA rods 

Figure 1(a) shows the frequency characteristics of impedance Z for selected SGBAA 

samples. Region A (the enlargement of which is shown in Fig. 1(b)) shows the variability of the 

impedance change trend after reaching characteristic frequencies in the 10–30 Hz range. In the 

case of frequencies f higher than 30 Hz, the impedance rapidly decreases along with f. Figure 1(c) 

demonstrates an exemplary frequency region B of impedance descending 

(1.0  105 Hz < f < 4.5  105 Hz). It also shows clearly that introducing Ag NPs into the glass 

matrix increases Z by at least 40%. The lowest x value gives the largest impedance increase, 

which may seem unusual for bulk CNDM-type structures and will be further discussed in 

Section 3.2.  

Figure 1(d) presents the frequency dependence of phase shift angle θ. There are two 

observable frequency regions in which θ behaves clearly differently – low frequencies up to 

about 100 Hz (which would coincide with frequency region A in Fig. 1(a)) and a region of higher 

frequencies above 100 Hz. 

Our previous experience with the impedance spectroscopy of NCs such as 

(FeCoZr)x(PbZrTiO3)100-x [35], (CaF2)x(PbZrTiO3)100-x [36], and Cux(SiO2)100-x [37], associates 

the occurrence of a positive phase shift with the hopping mechanism of AC conductivity in the 

material. Hopping conductivity considers electron tunneling between adjacent NPs due to the 

application of an external electric field. After changing the field direction to the opposite one, 

the electron remains in the nanoparticle for a short time of the order of 10-13 s (also dependent 
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on the frequency) and only then makes another hop (returns to the previous nanoparticle or the 

next one, details of the hopping theory in CNDM structures are presented in [17]). Such a delay 

causes the appearance of positive θ values. SGBAA glass rods also possess CNDM phase 

structure, whereas the potential wells can be considered Ag NPs, meaning the hopping 

conductivity model can be applied to them. 

Figure 1(d) demonstrates a set of measurement points with θ values ≈ 0° around f = 10 Hz. It 

also corresponds to the frequency-limited, purely resistive state of the NC. Generally, the 

equivalent circuit of most real-functional materials can be represented as a series connection of 

electronic elements such as a resistor, capacitor, and an inductor. In this circuit, 0° of phase shift 

indicates the voltage resonance phenomenon, described in the example of metal-dielectric NCs 

in [38].  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Fig. 1. Frequency characteristics of: impedance Z 

(a); impedance Z for region A in Fig. 1(a), (b); 

impedance Z for region B in Fig. 1(a), (c), phase 

shift angle θ (d); resistance R (e) for selected rods 

with various Ag concentrations, lengths and cross 

sections. L – sample’s length, d – sample’s 

diameter 

 

A 

B 
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(e) 

In the case of frequencies > 10 Hz, the θ is negative, which indicates the capacitive character 

of the samples. After exceeding 100 Hz, the material’s behavior changes into pure capacitive 

(θ ≈ –90°). 

Figure 1(e) shows the frequency dependency of the samples’ resistance. From this figure, it 

can clearly be seen that characteristics displays the form of two humps with the highest values 

registered around the frequencies of f1 = 5  102 Hz and f2 = 5  105 Hz. Between these 

frequencies, there is a transition region of resistance in which a local minimum value is reached 

around f = 3  104 Hz. More explanation on this situation is presented in Section 3.2. All samples 

demonstrate a purely dielectric nature. 

 

3.2. AC conductivity analysis 

Figures 2(a–d) present frequency characteristics of conductivity σ of SGBAA rods as well as 

fitting lines for those datasets. It can clearly be seen that σ demonstrates a two-step increasing 

tendency: a) the low-frequency region (LFR) from 4 Hz to the limit frequency flim, and from flim 

to 8 MHz, that is called the high-frequency region (HFR). For all four cases, flim is different. The 

best possible fitting results (with the highest coefficients of determination for LFR (RLFR
2) and 

HFR (RLFR
2) presented in Table 1) for both region datasets have been obtained with use of 

exponential function σ = σ0·exp(n·f ) approximation, where σ0 – approximation coefficient 

depending on the type of interface on which conduction occurs, and n – exponential 

approximation power index. In Figs. 2(a–d), the solid fitting lines refer to the LFR, and dashed 

ones – HFR. In the case of Fig. (2b), the approximation curves are characterized by the smallest 

RLFR
2 and RHFR

2 coefficients and are the least well-fitted to the experimental results. However, 

they can be considered appropriate because they fully follow their trend and correspond to the 

proposed theory. 

The calculated approximation parameters are presented, and experimentally estimated flim for 

SGBAA samples are presented in Table 1. Coefficients σ01 and n1 corresponds to the LFR, and 

σ02 and n2 – HFR, respectively. The high level of agreement between the approximation and 

experimental results testifies that the total conductivity σ can be expressed as: 

 𝜎 = 𝜎01 ∙ 𝑒
𝑛1∙𝑓1 + 𝜎02 ∙ 𝑒

𝑛2∙𝑓2 , (1) 

where frequencies f1 and f2 belong to the LFR and HFR, respectively.  

Both LFR and HFR regions can be divided into two characteristic subregions (that is better 

observable in the fitting curves): flat subregion of insignificant (almost stability-like) frequency 

dependence of σ (subregions S1 and S3 in Fig. 2(a)) and subregion of strong dependence σ on f 

(subregions S2 and S4 in Fig. 2(a)). In accordance with the electrochemical impedance 

spectroscopy approach, S1 and S3 correspond to the high-resistance grain boundary 

conductivity, and S2 and S4 – short-range hopping mobilities between Ag grains [39, 40]. 

However, due to the high difference between S1 and S3 levels (about 1.5 orders of magnitude), 

it can be assumed that S1 regards the grain boundaries of oxidized Ag NPs (OAN, see Fig. 1(e), 

where the sample’s resistance in LFR is also much higher than resistance in HFR), and S3 – grain 
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boundaries of non-oxidized Ag NPs (NOAN). Then S2 and S4 are subregions, where the carrier 

mobilities take place between adjacent OAN and NOAN grains, respectively. 

 

 
(a)                                                                                   (b) 

 

 
(c)                                                                                      (d) 

 

 
(e)                                                                                         (f) 

Fig. 2. Conductivity investigation for SGBA glass rods including Ag nanoparticles with concentrations: 

(a) 0.0% mol.; (b) 0.1% mol.; (c) 0.3% mol.; (d) 0.6% mol., as well as (e) fitting curves, and (f) bar chart 

for conductivity vs. Ag concentration for different frequencies 
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Table 1.  Fitting parameters for conductivity characteristics 

Ag conc. 

mol.% 
σ01 n1 σ02 n2 RLFR

2 RHFR
2 

flim, 

Hz 

0.0 2E-10 2E-04 7E-09 1E-06 0.7707 0.8957 2.92E+04 

0.1 9E-10 2E-04 6E-08 1E-06 0.5681 0.4169 4.20E+04 

0.3 4E-10 2E-04 1E-08 8E-07 0.8301 0.9917 3.63E+04 

0.6 5E-10 2E-04 1E-08 9E-07 0.8521 0.9754 2.92E+04 

 

Figures 2(e) and 2(f) describe the influence of Ag content on the electrical conductivity of 

SGBAA samples. Figure 2(e) shows a significant increase in σ after introducing Ag NPs into the 

SGBA glass matrix. For both LFR and HFR subregions, the highest σ value demonstrates 

samples with 0.1 mol.%. Then, σ decreases while concentration goes up. Such a situation (when 

with only small concentrations of conductive NPs the greatest increase in the conductivity of the 

nanocomposite occurs) is most often reported in the case of CNDM-structured nanofluids 

[41−43], and less frequently in the case of bulk CNDM NCs [44, 45]. Figure 2(f) includes σ 

measurements for selected frequencies f (100 Hz, 10 kHz, 1 MHz) for all sample concentrations. 

The trend of σ behavior is fully consistent with that shown in Fig. 2(e). Moreover, it fully reflects 

the tendency of flim vs. Ag concentration from Table 1. 

 

3.3. Dissipation factor and permittivity investigation 

Figures 3(a–c) describe the dielectric processes in the SGBAA glass rods. The frequency 

dependences of the dissipation factor tgδ (Fig. 3(a)), real ε′ (Fig. 3(b)) and imaginary ε″ 

(Fig. 3(c)) parts of complex permittivity ε: 

 𝜀 = 𝜀′ − 𝑖 · 𝜀″. (2) 

Loss factor tgδ reflects energy losses regarding dielectric's conduction mechanisms and 

dipole relaxation phenomena in the NCs, and combines both components of permittivity:  

 tg𝛿 = 𝜀″/𝜀′. (3) 
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(a) 

 
(b) 

 
(c) 

Fig. 3. Frequency dependencies of: (a) dissipation 

factor tgδ; (b) real part of the permittivity ε′, and 

(c) imaginary part of the permittivity ε″ of SGBAA 

rods with different Ag NPs concentration 

 

 

tgδ(f) dependencies majorly resemble the shape of the curves from ε″(f ) characteristics. The 

imaginary part of permittivity can be calculated as:  

 𝜀″ = 𝜎/ = 𝜎/2𝑓, (4) 

where  is a pulsation. 

Figure 3(a) shows a two-stage reduction of the value until reaching a frequency of about 

106 Hz, after which it starts to increase up to 1.5 orders of magnitude. The first reduction region 

4 Hz–220 Hz is directly related to the strong frequency dependence of the phase shift angle θ 

(Fig. 1(d)), which varies almost in the full possible range of its values, i.e. from almost +90° 

(x = 0.1 mol.%) to nearly –90° (all samples). Such behavior, together with a clearly visible 

maximum of ε′ in the lowest measurement frequencies (Fig. 3(b)), points also to the interface 

polarization (alternatively-called space charge), which takes place at the electric contact-

dielectric medium interlayer. It can be assumed that two characteristic stability regions 

correspond to the energy losses at the grain boundaries between oxidized (f range from about 

220 Hz–3.91 kHz) and non-oxidized (f range from about 1.81·105 Hz–1.60·106 Hz) NPs. High-

frequency growing regions (> 106 Hz) of tgδ and ε′, in accordance with the modern relevant 

theory of dielectric polarization [46, 47], indicate dipolar-type polarization in the SGBAA glass 

rods. 

Figure 3(b) demonstrates mainly flat characteristics (regime of stability) with the significant 

ε′(f ) dependency only for frequencies < 220 Hz, and, in the case of SGBAA samples with 

x = 0.1 mol.% and x = 0.6 mol. %, for the frequencies above 1.6·106 Hz. The values of ε′ were 
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calculated from (3). Figure 3(c) presents the frequency characteristic of the imaginary part  

of permittivity ε″, which resembles the behavior of curves and characteristic frequency regions 

as shown in Fig. 3(a). 

 

 

4. Conclusions 

 

The nanocomposite materials, which are SGBAA glasses in the form of rods, were 

manufactured via a nonstandard, as for the functional nanostructures, melt-quenching technique, 

mostly associated with the production of optical fibers. The samples varied with Ag NPs' content 

from 0.1 mol.% to 0.6 mol.%.  

The NCs were examined for their AC dielectric properties and the effect of Ag content on 

them. As expected, all samples exhibit a strongly dielectric nature. The analysis of the frequency 

dependence of conductivity indicates a predominantly hopping charge transfer mechanism in the 

samples. In this situation, the charge carriers move stepwise between adjacent Ag nanoparticles, 

which can be additionally oxidized or without an oxide shell. The oxide shell constitutes an 

additional energy barrier to be overcome by the charge carriers, therefore, the conductivity of 

the samples in the first stage (low-frequency region) is noticeably lower than in the second one. 

A similar two-step decreasing trend was also observed in the dissipation factor and 

permittivity of the samples. The behavior of the curves of real and imaginary parts of permittivity 

indicates two mechanisms of dielectric polarization – interfacial and dipole, but the interfacial 

polarization takes place not only in the interface between the electrical contact and the sample's 

cross-section surface, but also at the Ag grain boundaries. 

Introducing Ag NPs into the structure of optical glass increases the impedance and the real 

part of the permittivity (except for the concentration of 0.1 mol.%) and noticeably reduces the 

electrical conductivity. As future supplementary studies, microscopic tests (SEM, TEM) can be 

defined regarding the determination of the distribution of silver nanoparticles in the glass matrix, 

and the examination of the oxidation degree of conductive grains. The latter may be difficult to 

implement considering the selected material production method, so it can be replaced with e.g. 

vacuum RF magnetron sputtering (for some techniques, of testing the chemical composition, 

such as XPS spectroscopy, ultra-thin layers of the tested materials are needed). SGBAA granular 

structures should also be investigated with respect to the influence of temperature and higher 

frequencies, e.g. radio frequencies or higher, on their properties and electrical phenomena 

(resonance, percolation, atomic polarization) and energetic processes occurring in them. 

The SGBAA nanocomposites represent a promising class of nanostructured materials 

suitable for both experimental and theoretical studies focused on electrical conductivity 

mechanisms, polarization behavior, and dielectric relaxation phenomena. These properties make 

them viable not only for applications in sensor technology, biomedical systems, and optics, but 

also in energy-related fields, including high-permittivity capacitors, displays and photovoltaic 

devices, energy storage systems, and advanced insulation components for high-voltage power 

networks. 
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