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Abstract
(42.25-x)Na2O + (42.25-x)P2O5 + 15ZnO + 0.5Er2O3 + xYb2O3 with (x = 0, 0.5,1, and 1.5%) were processed using the melt 
quenching method. DSC is used to control the stability of the glass. XRD patterns and Raman analysis were performed to 
understand the structure of the glass samples. The impedance spectra were analyzed in terms of an equivalent circuit involving 
bulk resistor (Rb) and bulk constant phase elements (CPEb). The ac-conductivity analysis was used to evaluate the effect of 
increasing the percentage of Yb2O3in the glass. Our findings prove that the relaxation time decreases with rising tempera-
ture, as well as the average value of the activation energy was in the order of 0.97 eV, which leads to an increase in the ionic 
conductivity. An improvement in ionic conductivity was demonstrated with the incorporation of Er2O3 and Yb2O3contents.
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Introduction

Phosphate glasses are technologically important materials 
because of their low chemical durability, facility of prepara-
tion at low temperatures, low glass transition temperatures, 
and low optical dispersions. These properties make them 
useful candidates for fast ion-conducting material and other 
important applications such as laser hosts and bio-compat-
ible materials [1–4].

The phosphate glasses characteristics can be changed 
by adding the rare earth ions and transition metals ions 
into the glassy network [5–7]. Amongst them, the glass 
containing transition metal ions, which are particularly 
significant because of their applications as cathode mate-
rials in electronics battery materials [8–10]. The dielec-
tric investigation like dielectric constant, dielectric loss, 
and ac conductivity of phosphate glasses vary with fre-
quency and temperature. Our current study presents the 
nature and origin of loss taking place in glass and con-
duction mechanisms and also provides information about 
the structural features of glasses [11, 12]. It is estimated 

that transition metal and rare earth ion–doped glasses 
hold ionic conduction [13]. The introduction of alkali 
oxides in glass such as Na2O de-polymerizes the glass 
structure resulting in the formation of non-bridging oxy-
gen (NBO). The incorporation of alkali ions in the glass 
matrix produces thermally activated hopping between 
NBOs [14]. In particular, phosphate glasses are prone 
to moisture because of the P-O-P link. The phosphate 
glass incorporated with metal oxides leads to a break in 
the P-O-P linkages by creating NBO atoms attributable 
to the depolymerization of the glass network [15, 16]. 
The great interest in zinc phosphate glasses is contin-
ued, thanks to the good chemical durability and the poor 
processing temperature. These properties lead that it can 
be co-formed with metallic powder to generate typical 
zinc phosphate glass/metal composites. Precisely, in the 
ZnO-P2O5 glasses, after thermal excitation of electrons 
from a Zn atom adjacent to an oxygen vacant lattice point, 
renovating a normal network ion Zn2+ gives rise to elec-
tronic conduction. The zinc phosphate glass structure 
consists of PO4-tetrahedralcoupledto oxygen polyhedral 
that contains zinc ions in interstitial positions modifying 
the glass structure [15, 17]. The aim of the present study 
was to investigate the electrical and dielectric properties 
for Na2O-P2O5-ZnO glasses co-doped with rare earth ions 
(Er3+/Yb3+) with various concentrations of Yb2O3 (x = 0, 
0.5,1, and 1.5%) as a function of frequency (10 Hz to 
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13 MHz) and in temperature range from 200 to 350 °C. 
The primary objective is to explore the changes in con-
duction mechanism that take place by electron hopping 
from low to the high valence state of ytterbium ions and 
provides information about the structural features of 
glasses.

Experimental details

Phosphate  g lasses  systems (84.5−x)

2
 Na 2O+ (84.5−x)

2
 

P2O5 + 15ZnO + 0.5Er2O3 + xYb2O3with (x = 0, 0.5,1, 
and 1.5%) were prepared from the starting chemical 
constituents NaH2PO4, ZnO, Er2O3, and Yb2O3from 
high-purity raw materials (99.99%). The correspond-
ing samples are referred to as NPZ, NPZEr05, NPZE-
r05Yb05, NPZEr05Yb1, and NPZEr05Yb15 respectively, 
a stoichiometric combination of the basic ingredients 
were used to make the glasses. To melt the chemicals 
completely, they were melted in an electric furnace at 
900 °C for 2 h at a rate of 10 °C/min. The melt was then 
poured into a steel mold, which was annealed at 250 °C 
to minimize thermal expansion. Following the quench, 
the samples were annealed for 2  h at 250  °C below 
their glass transition temperature. After that, the sam-
ples were allowed to cool at ambient temperature before 
being polished. After that, the samples have the forms 
of a disk with a ray (r = 5.5 ± 0.01 mm) and a thickness 
(e = 1.7 ± 0.01 mm). By using the method of Archime-
des (with acetone as immersing liquid), the density (ρ) 
of the current glasses was measured at room tempera-
ture [18]. The molar volume (Vm) was calculated using 
the following formula:

where Mi is the relative molecular mass of component i 
and ni is its molar fraction. The X-ray diffraction patterns 
of the glasses were recorded on an X’PERT Pro PAN-Ana-
lytical diffractometer with CuKα radiation of wavelength 
(1.5418 Å), with 2θ varying from 3 to 70° with a step size 
of 0.02°. The glass transition temperature (Tg) and crystal-
lization onset temperature (Tx) were determined using a 
MetlerToldo instrument differential scanning calorimetry 
(DSC) at a heating rate of 10 °C/min from RT to 500 °C. 
Raman scattering spectra were registered using HORIBA 
Scientific (lab RAM HR) spectrometer outfitted with laser 
source (632 nm) and CCD detector. Impedance spectros-
copy measurements were carried out using an impedance 
analyzer (Agilent4294 A) to get complex impedance 
data, in the range 10-Hz to 13-MHz frequency and tem-
perature ranges 200–350 °C. The electrical conductivity 

(1)Vm =

∑

Mi ∗ ni

�

measurements were carried out on samples shaped as 
plates with two parallel faces.

Results and discussion

Density and molar volume

The density (ρ) and the molar volume (Vm) from all glass 
samples are listed in Table 1, which increased in parallel 
with the Yb2O3 content in the glasses. The increase of the ρ 
could be explained by considering the higher relative molec-
ular mass of ytterbium oxide as compared to the relative 
molecular mass of zinc oxide. With the increase of Yb2O3 
content in the glasses, the oxygen content and the molar 
of the glass volume increase, indicating a more open glass 
network [19]. On increasing the concentration of Yb2O3 
from x = 0.5 to 1.5, the compactness of the titled glasses 
structure increases progressively. Meanwhile, Zn2+ ions are 
highly possible to locate as network modifiers instead of as 
network former to balance the net columbic charges of the 
structure [20]. In general, structures with a higher degree of 
disorder result in a broad distribution of both trap sites and 
migration barriers with the deepest traps likely controlling 
conduction [20].

Structural properties

XRD analysis

In Fig. 1a, XRD profiles reveal a broad hollow band at 
2θ (25–35°), which demonstrates the amorphous nature 
of the NPZ, NPZEr05, NPZEr05Yb05, and NPZEr05Yb1 
samples, whereas the appearance of significant peaks of 
the NPZEr05Yb15 glass sample confirms the existence 
of nanocrystallites, thanks to the increase of (x) values 

Table 1   The density (ρ), molar volume (Vm), bulk resistor (Rb), bulk 
constant phase element (CPEb), and exponent (n) for different glass 
samples at 260 °C

Samples ρ(gcm−3) Vm(cm3) Rb104(Ω) CPEb 
10–11(F.
cm−2.sn−1)

n

NPZ 2.70 42.19 3.59 2.02 0.93
NPZEr05 2.73 42.29 9.57 4.20 0.86
NPZE-

r05Yb05
2.76 42.23 39.57 6.15 0.84

NPZEr05Yb1 2.77 42.61 105.38 13.87 0.77
NPZE-

r05Yb15
2.78 43.01 278.10 39.81 0.74

PLA4[36] - - 0.724 10–3 0.44 0.96
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of Yb2O3 from (x = 0.5) to (x = 1.5).The diffraction peaks 
can be caused by the increase of crystallite size. The 
XRD pattern is comprised of small bands originating 
from a wide halo at 2θ = 26.2°, indicating the existence 
of small crystallites in an amorphous glass. This crys-
talline phase attributed to tetragonal phosphate ytter-
bium (YbPO4) with space group I41/amd, similar lattice 

parameter values (a = 6.809 Å; b = 6.809 Å; c = 5.963 Å 
and Z = 4), with diffraction peaks indexed according to 
JCPDF card # 45–530. Figure 1b displays the evolution 
of the intense peak with the ytterbium amount. This peak 
is detailed in Fig. 1c. The average crystallite size for the 
YbPO4 phase was computed using the Scherer formula 
[21, 22]:

Fig. 1   a XRD patterns of dif-
ferent phosphate glasses, b, c 
XRD patterns of the studied 
glass NPZEr05Yb15 around 
2θ = 26.2° at room temperature
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where D represents the crystallite size, λ the wavelength 
of CuKα1 radiation, θ = (13.1 ± 0.1)° the Bragg diffrac-
tion angle of the XRD peak, and β is the full width at half 
maximum (FWHM). The average crystallite sizes of NPZ-
Er05Yb15 glass samples were calculated to be 54 nm. Addi-
tionally, we estimated the average particle size D uncertain-
ties that have been given by:

where Δβ =  ± 0.01º and Δ (cosθ) = 0.001 [22]; the uncer-
tainties (ΔD) of the crystallite have to be 2.81 nm.

Thermal analysis

Figure 2 shows the DSC of all glass samples at a heat-
ing rate of 10 °C/min. The glass transition temperature 
(Tg), crystallization onset temperature (Tx), and ther-
mal stability ΔT = Tx-Tg are tabulated in Table 2. From 
the literature [23], it is found that, if the value of ΔT 

(2)D =
0.89�

�cos�

(3)ΔD = D.
Δ�

(�
+

Δ(cos�)

cos�)

is higher than 100 °C, the glass can be considered as 
thermally stable. From the value of ΔT, it is found that 
for the samples the value of ΔT is higher than 100 °C 
and increase with adding the Er2O3 content. From the 
data, it is found that phosphate glasses containing Er2O3 
are thermally more stable than the phosphate glasses 
without Er2O3.

Raman analysis

The structural modifications of phosphate glasses 
induced by increasing of Yb2O3 content is exhibited in 
Fig. 3. Raman spectra of the present glass were analyzed 
according to the assignments of Raman bands for dif-
ferent phosphate glasses [24–26]. The Raman spectrum 
exhibits seven bands at 349 cm−1, 554 cm−1, 690 cm−1, 
903 cm−1, 1030 cm−1, 1051 cm−1, and 1275 cm−1.The 

Fig. 2   DSC thermogram of the 
NPZ and NPZEr05 samples

Table 2   Thermal parameters of NPZ and NPZEr05 glass samples

Glass Tg(°C) Tx(°C) ΔT = Tx-Tg(°C)

NPZ 275 378 103
NPZEr05 277 388 112

760 Journal of the Australian Ceramic Society (2022) 58:757–775



1 3

band at 349 cm−1 is due to δ (O–P–O) [27]. The peak 
at 554  cm−1 is due to δ (PO4) tetrahedron [28]. The 
band at 690 cm−1 is due to P–O–P (bridging oxygen) 
stretching modes, the peak at 903  cm−1 is attributed 
to the δ(PO4

3−).The band at 1030  cm−1is due to anti-
symmetric vibration υas(P–O–P), and a strong signal at 
1051  cm−1 is due to the υs(PO2)−, the most observed 
band at 1275 cm−1 is due to the (PO2) anti-symmetric 
vibration (υasP = O). The same modes are detected with 
variations in strength and location based on the Raman 
spectra. With increasing of Yb2O3 content, the intensity 
of the band around 1030  cm−1 increases while x val-
ues increase from x = 0.5 to x = 1.5 mol%. These modi-
fications indicate that the phosphate-based glass was 
depolymerized by modifying cations (Na+).The addi-
tion of rare earth cations depolymerizes the phosphate-
based glass[29], by breaking the P–O–P bonds, leading 
to non-bridging oxygen (–P–O–). On the other hand, it 
was found that the most intense peak around 690 cm−1 
shifted towards a higher wave number value. This shift 
is due to internal strain developed by the substitution 
of Zn2+ by Er3+/Yb3+dopant ions [30–33]. Also Fig. 3 
shows the appearance of fine and intense peaks of the 
NPZEr05Yb15 glass sample compared to other samples; 
the peaks can be caused by the increase of crystallite 
size, revealing the existence of certain nanocrystallites 
in this material.

Electrical and dielectric measurements

Impedance spectroscopy

Figure 4 shows the complex impedance plots of the NPZ 
glass sample, which identify the electric movement in the 
glass at different temperatures (230–300 °C). The absence 
of a second arc in the complicated plane plots at various 
temperatures indicates that the dielectric relaxation is exclu-
sively a bulk phenomenon in these materials [34]. Therefore, 
the proposed equivalent circuit is formed by a bulk resistor 
(Rb), in parallel to a bulk constant-phase element (CPEb). 
The experimental data are compared to a theoretical curve 
fitting, a good agreement between experimental and theoreti-
cal results. These semicircles are typically depressed, with 
their centers lying below the Z′ axis in all cases, indicating 
non-Debye relaxation [35, 36]. It is found that with rising 
temperature, the curves diminished and moved to a higher 
frequency, this is explained by the enhancement in conduc-
tivity [37, 38], also shows a thermally activated conduction 
mechanism[39]. The total impedance of the equivalent cir-
cuit is given by:

Z'  and Z" are the real and imaginary components of 
impedance.

(4)Z∗ = Z
�

+ jZ
��

= (
1

Rb

+
1

ZCPEb

)
−1

Fig. 3   Raman spectrum of dif-
ferent phosphate glass samples
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The impedance of the CPEb is defined via [40]:

where j represents the imaginary unit (j2 = −1) and ω 
represents angular frequency (ω = 2πf, f the frequency), A0 
a constant independent of frequency and in F.cm F.cm-2.
sn-1 [41], and n is an exponent index which is a measure of 
arc depression ranging between zero and unity. When n = 1, 
Eq. (4) gives the impedance of a capacitor, where A0 = C; 
the bulk resistance Rb is the cross of the axis with the imped-
ance curve. The diagrams of Nyquist plots are fitted with 
the ORIGIN6.0 program based on relationships (6) and (7):

Figure 5 shows the impedance plot for all glass samples 
at 260 °C, which exhibited the same behavior. The value 
of Rb and CPEb of parallel RC circuits for different glass 
samples are listed in Table  1 and compared with other 
glasses [36]. It is observed that the incorporation of Er2O3 
and Yb2O3 contents increased the CPEb in the glass systems 
and decreased the value of n. As a result, the glass network 
works like a capacitor, within the experimental frequency 

(5)Z∗
CPEb

=
1

A0(jw)
n

(6)Z� =
Rb(1 + Rb(A0)ω

n cos(
nπ

2
)

1 + 2Rb(A0)ω
n cos(

nπ

2
) + (Rb(A0)ω

n)2

(7)Z�� = −
(Rb)

2(A0)ω
n sin(

nπ

2
)

1 + 2Rb(A0)ω
n cos(

nπ

2
) + (Rb(A0)ω

n)2

range (10 Hz to 13 MHz). Z″ and Z′ are plotted against fre-
quency to demonstrate the frequency-dependent conductiv-
ity behavior of the NPZEr05 glass between 230 and 280 °C, 
as shown in Fig. 6. It can be shown that as the frequency 
rises, the real component of the impedance Z′ decreases. 
With increasing frequency and temperature, this drop in Z′ 
indicates an increase in the ac conductivity of the material. 
The Z′ values fuse at higher frequencies for all tempera-
tures, due to the release of space charge and a decrease in 
the material’s potential barrier [42]. The graphs indicate that 
the Z″ values reach a maximum peak Z″ max and that the 
Z″ at each temperature displays a relaxation peak whose 
peak frequency (fmax) moves toward higher frequencies with 
increasing temperature and follows the Arrhenius equation, 
implying that the ion transport mechanism is changing 
[39].The relaxation time of samples was estimated using 
the relation τ=1/ωmax =1/2πfmax, where ωmax correspond to 
the maximum value of Z″ determined through the plots in 
Fig. 6. The plot of relaxation time against (1000/T) for the 
NPZEr05glass sample is shown in Fig. 7. It is found that the 
relaxation time obeys the Arrhenius law [43]:

where Ere is the energy of dipolar relaxation. In Fig. 7, 
the energy of 0.81 eV is derived by drawing a curve between 
relaxation time and temperature. This implies that the relax-
ation is temperature-dependent and that there is not a single 
relaxation time. It is obvious that frequency and temperature 
affect conductivity may be related to the hopping process of 

(8)�r = �0 exp (E ↓ re∕(K ↓ BT))

Fig. 4   Complex impedance plot 
(Z',-Z") at different tempera-
tures for the NPZ glass sample 
with the equivalent circuit 
diagram, where CPEb is the 
bulk capacitance and Rb is the 
bulk resistance
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charge carrier transport [44]. The ac conductivity is com-
puted from the data of complex impedance values [45]:

(9)�ac =
e

�r2
Z

�

(

Z
�2 + Z

��2
)

The ac conductivity (σac) of NPZEr05 glass versus fre-
quency at different temperatures is shown in Fig. 8.The σac 
of all the glass samples is similar, with the slope changing 
to higher values as the frequency increases. As we can see 
in Fig. 8, the dc conductivity sample is frequency-inde-
pendent at low frequencies, but it corresponds to the dis-
persion area at higher frequencies, where the conductivity 

Fig. 5   Experimental and 
theoretical impedance diagrams 
of the NPZ, NPZEr05, NPZ-
Er05Yb05, NPZEr05Yb1, and 
NPZEr05Yb15 glasses with 
inset the corresponding equiva-
lent circuit at T=260°C
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Fig. 6   Variation of imagi-
nary (Z″) and real (Z′) part of 
impedance of NPZEr05 with 
frequency at different tempera-
tures
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changes to higher frequencies with temperature. The con-
ductivity relaxation phenomena were emphasized by the 
σac change with frequency. Jonscher’s power law of σac is 
used to investigate the process of conductivity dispersion 
[46, 47]:

where σdc is the dc conductivity in a particular range 
of temperature and frequency and the terms s1 and s2 are 
exponents corresponding to low- and high-frequency region 
and varies from 0 to 1 (0 ≤ s1, s2 ≤ 1) [48, 49]. A1 and A2 

(10)�ac = � + A(f )s1 + A2(f )
s2

Fig. 7   Variation of relaxation 
time Ln (τ) of NPZEr05 with 
inverse of temperature 1000/T
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Fig. 8   Variation of the ac 
conductivity (σac) of NPZEr05 
glass versus frequency at differ-
ent temperatures

10 10 10

0,0

4,0x10

8,0x10

1,2x10

1,6x10

Logf (hopping)

NPZEr05

a
c
(
S
.
m

-
1

)

Logf (Hz)

 230°C

 240°C

 250°C

 260°C

 270°C

 280°C

 290°C

 300°C

 Fit

764 Journal of the Australian Ceramic Society (2022) 58:757–775



1 3

are constants relating to the low- and high-frequency areas, 
respectively, slopes traced to the experimental data in the 
low- and high-frequency regions will cross at a point, and 
the frequency reacting to this point is termed relaxing fre-
quency[50]. The curves overlapped near the conclusion of 
the high frequency, indicating the potential of the presence 
of space charges [51]. This is a fair as assumption because 
the space charge effect disappears at higher temperatures and 
frequencies, implying the presence of a hopping mechanism 
between the allowed sites [52, 53].

Figure 9 shows the variation of the exponent factors, s1 
and s2 as a function of the temperature of the NPZEr05glass 
sample. The exponent values of s1 and s2 lie in the range 
0.44–0.6; this is explicated by the correlation motion which 
indicates a preference on the part of ions that has hopped 
away to return to its point of departure45. It is observed in 
Fig. 9 that with increasing temperature, exponents’ s1 and 
s2 decrease in the range 240–260 °C and increase in the 
range 260–300 °C. It is known that a study of the varia-
tion of s with temperature can throw light on the conduction 
mechanism [54, 55]. If s1 and s2 decrease with the tempera-
ture, this behavior was anticipated earlier by the correlated 
barrier hopping (CBH) model, which depicts charge car-
riers hopping between sites rather than tunneling through 
the potential barrier separating them [56]. In this investiga-
tion, the variation of s1 and s2 indicates the possibility of an 
overlapping large polaron tunneling mechanism (OLPT). In 
this model, long has suggested a polaron tunnel mechanism 
where polaron energy comes from polarization changes in 
the deformed lattice [57]. According to the CBH model, the 
exponent s parameter is written as follows:

where kB is Boltzmann constant, WM is optical band gap, 
and T is the absolute temperature. With increasing tempera-
ture, the thermal motion increases and the ability to polarize 
the ions locally in the network reduces. If s1 and s2 increase 
with the temperature, the small polaron (SP) model indicates 
that the conduction is predominant [58]. Furthermore, if the 
polarizability of the concerned material is dependent on the 
energy barrier for a simple hopping operation between two 
sites, change of the exponents’ s1 and s2 can be predicted 
[59]. In general, the power law exponents’ s1 and s2 for ionic 
conductivity may be between 0.5 and 1, indicating excel-
lent long-range routes and diffusion-limited hopping [60]. 
In Fig. 10, we represent the variation of the hopping time 
for the NPZ and NPZEr05 with different temperatures. The 
τ hopping increases slowly with increasing temperature up 
to 265 °C over 270 °C then decreases with the increase of 
the temperature, which suggests that the incorporation of 
Er3+ions in the glass matrix speed up the transition between 
the sites that lead the increase of the conductivity. This 
decrease may be due also to the internal strain developed by 
the substitution of Zn2+ by Er3+ions [32, 61]. According to 
the Arrhenius equation, dc conductivity may be well char-
acterized by the activation type of temperature dependency:

where Ea is the activation energy, σ0 is the pre-exponen-
tial factor, kB is the Boltzmann constant, and T is tempera-
ture. Figure 11 shows the Arrhenius plots of dc conductivity 
of all glasses. The values of σdc and Ea are listed in Table 3. 

(11)�dc = �0exp(−Ea∕kBT)

(12)�dc = �0exp(−Ea∕kBT)

Fig. 9   Variation of the exponent 
parameters S1 and S2 with 
temperature for the NPZEr05 
sample
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Fig. 10   Variation of the hop-
ping time (τ hopping) for NPZ 
and NPZEr05 at different 
temperatures

Fig. 11   Arrhenius relation 
of Ln(σdcT) versus 1000/T 
for NPZ, NPZEr05, NPZ-
Er05Yb05, NPZEr05Yb1, and 
NPZEr05Yb15 glasses

Table 3   Values of the dc 
conductivity (σdc) and activation 
energy(Ea) for different samples

Samples NPZ NPZEr05 NPZEr05Yb05 NPZEr05Yb1 NPZEr05Yb15 PLA4[36]

σdc(S m−1)à 21.4 E-4 1E-3 1.473 E-4 8.743 E-5 5.743 E-5 5.20 E-6
Ea(ev) 1.02 1.07 1.08 0.86 0.82 -
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It is clear from Fig. 11 that the �dc  progressively increases 
with the incorporation of Er2O 3and Yb2O3 contents in the 
structure. The conductivity increases by two orders of mag-
nitude when Yb2O3 content is raised from 0.5 to 1.5 mol%. 
The structural alterations in the phosphate glass network are 
expected to cause such behavior. This procedure is repeated 
until the glass-forming oxides have used up all of the modi-
fier’s oxide ions (P2O5). With the opening of the network, 
non-bridging oxygen is produced, which is expected to 
enable increased Na+ ion mobility, leading to an increase in 
conductivity. In addition, when the temperature raises, the 
conductivity rises, resulting in a thermally triggered conduc-
tion mechanism.

The presence of ZnO may be thought of as a modifier: 
ZnO → Zn2+  + O2−. The O2− will participate in the depo-
lymerization of the network, resulting in the creation of the 
metaphosphate network, which has been further deterio-
rated. As a result, the conductivity should rise gradually. 
The ion activation hop’s energy is in the range of 0.82 to 
1.02 eV. The activation energy decreases with Yb2O3 mol%, 
as shown in Table 3. This is due to the partial opening of 
the 3D network structure, which reduces the average chain 
length by breaking the oxygen bonds that create bridges 
between the corners of the PO4 tetrahedron, allowing the 
Na+ ion to move more easily [13]. The NPZEr05Yb05 glass 
sample has the greatest activation energy (Ea) value of 1.08, 
indicating that adding Na+ to the former (P2O5) not only 
changes the network by producing non-bridging oxygen 
(NBO) in the structure but also produces anionic sites with 

different binding energies of the alkali ions. The ionic con-
ductivity, like crystal conductivity, may be represented by 
ionic defect migration [62]. The low value of Ea is equal to 
0.82 obtained for the NPZEr05Yb05 glass sample, so the 
increase of the Yb2O3 content improves the ionic conduc-
tivity, the result is explained by the presence of nanometers 
grain size confirmed by XRD diffraction. These differences 
are explained by structural alterations that occur as a result 
of compositional changes in the phosphate glasses network.

Dielectric properties

Permittivity and loss studies

The complex permittivity ε*(ω) can be expressed as a com-
plex number [52]:

where ε′(ω) is the real part of permittivity which rep-
resents the polarizability of the material and ε″(ω) is the 
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Fig. 12   The frequency depend-
ence curves of dielectric 
constant ε′(ω) of NPZ glass at 
different temperatures
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imaginary part representing the energy loss [63]. C0 = ε0A/e 
is the capacitance of the void (ε0 is the permittivity of the 
vacuum (8.854. 10–12 F m−1), A is the cross-sectional area of 
the flat surface of the pellet and e is its thickness (1.70 mm).

Figures 12, 13, and 14 illustrate respectively the tem-
perature dependence of ε′(ω) for NPZ, NPZEr05, and NPZ-
Er05Yb05 samples at various temperatures with logarith-
mic frequency. In all frequency ranges, it is clear that the 

Fig. 13   The frequency depend-
ence curves of dielectric 
constant ε′(ω)
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Fig. 14   The frequency depend-
ence curves of dielectric 
constant ε′(ω) of NPZEr05Yb05 
glass at different temperatures
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three samples have the highest values of ε′(ω), compared to 
the other samples [64–66]. At low frequencies, in Figs.12, 
13, and 14, the values of ε′(ω) (300 °C) are equal to 34.103 
Fm−1, 60.103 Fm−1, and 65.103 Fm−1for NPZ, NPZEr05, and 
NPZEr05Yb05, respectively. We notice that ε′(ω) rises with 
the addition of Er2O3 and Yb2O3 and approaches a low-fre-
quency plateau, which we attribute to the polarization effects 
of mobile ion long-range hopping concerning the stationary 
glass matrix [67]. As a result, the growing trend is attributed 
to an increase in dipolar density, which enhances polariza-
tion. Moreover, obvious dispersions were detected from the 
ε′(ω) spectra, which is related to the application field that 
promotes electron hopping between two different locations 
in glasses. We may infer that Er3+ is simpler to polarize since 
it is trivalent (Er3+) and has a high polarity, which leads to 
the formation of non-bridging oxygen. As a result, the pro-
duction of NBO raises the dielectric constant of NPZEr05.
The incorporation of Er2O3 and Yb2O3 can also greatly 
improve the ε′(ω) spectra. At higher frequencies, the ε′(ω) 
approaches a constant value (27.103 F m−1) in all tempera-
ture ranges for NPZ,NPZEr05, and NPZEr05Yb05,which 
is caused by fast polarization events in the glasses under 
applied field [68]. For the present series of glasses, ε′(ω) 
it is very important at a higher frequency and no obvious 
dispersions were detected from the ε′(ω) spectra.

Figure 15 shows the variation of dielectric loss ε″(ω) with 
logarithmic frequency for all glass samples at 300 °C. It can 
be seen that ε″(ω) decreases gradually with the increase in 
frequency. Initially, the ε″(ω) decreases up to about 105 Hz, 
and after that approaches a constant value (ε″∞), this is 

explained by the fast polarization processes that occur in the 
glasses under applied field conditions [68]. Charge carriers 
accumulated at the electrode–electrolyte interface generated 
dipoles that oscillate with the frequency of the applied field. 
These oscillations may not be in phase with the electric field, 
resulting in a reduction in the dielectric loss factor at higher 
frequencies [69]. Dielectric loss varies due to energy dissi-
pation, ionic transport, and charge polarization. The factor 
which is defined as phase difference coming from the loss 
energy within the sample is the dielectric loss factor, tan(δ) 
at different frequencies expressed by [70]:

Figure 16 shows the variation of tan(δ) and quality factor 
1

(Q=tanδ)
 with the logarithmic frequency of NPZ glass at dif-

ferent temperatures. The dielectric loss (tan(δ)) is found to 
be significant at low frequencies, and then declines until it 
reaches around 105  Hz when the quality factor (Q) 
approaches a constant value. This might be owing to the 
faster reaction of the active component than the reactive 
component [66]. The low dielectric loss value shows that the 
glasses manufactured are of excellent quality [71]. Addition-
ally, tan(δ) increases with increasing temperature; this is 
owing to the contribution of both ion jump and conduction 
loss, as well as the existence of all forms of polarization, 
including electronic, ionic, orientation, and space charge 
polarization [35]. The purity and quality of the sample will 
determine the space charge polarization. It has a strong 
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Fig. 15   The frequency depend-
ence curves of conduction loss 
ε ''(ω) at T = 300 °C for NPZ, 
NPZEr05, NPZEr05Yb05, 
NPZEr05Yb1, and NPZ-
Er05Yb15 glasses
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impact at high temperatures and is visible in the low-fre-
quency range [72]. Tan(δ) reduces at higher frequencies until 
it reaches a constant value at which the quality factor (Q) 
increases and is determined to be greater. As the temperature 
rises, the factor (Q) lowers as well. As the frequency of the 
applied field grows, the ions become more unable to respond 
to it, and the loss factor decreases, which can be connected 
to a decrease in matrix ions diffusion with increasing fre-
quency [73]. The low dielectric loss of the samples at higher 
frequencies is crucial in the use of nonlinear optical materi-
als [74].

Electric modulus analysis

The electric modulus is an alternative way of determining 
the relationship between conductivity and mobile ion relaxa-
tion in these glasses. The modulus representation was shown 
to be beneficial in analyzing the relaxation characteristics 
of both vitreous ionic conductors [75]. The definition of the 
dielectric modulus is expressed as:

where M′(ω) = ωC0Z″ and M″(ω) = ωC0Z′. The fre-
quency dependence of the real M′(ω) and imaginary 
M″(ω) parts of the electric modulus for NPZ glass at 
different temperatures is shown in Figs. 17 and 18. The 
M′(ω) and M″(ω) approach to 0 at low frequencies, sug-
gesting that the electrode polarization phenomena con-
tributes very little to M*, also indicating that the absence 

(17)M∗ = M
�

(ω) + j M
��

(ω)

of a restoring force for mobile alkali ions generated by an 
electric field. The relaxation process associated with point 
defects, such as trapping and de-trapping of electrons in 
deep traps in the bulk or in depletion layer areas, causes 
M′(ω) and M″(ω) to rise with increasing frequency and 
exhibit a maximum value [76]. At different temperatures, 
the M″(ω) peak height is essentially equal, and it shifts 
to a higher frequency as the temperature rises [77]. This 
may be related to the dispersion of attempt frequencies to 
overcome the potential barrier [38, 78].

Figures  19 and 20 illustrate respectively the fre-
quency dependence of M′(ω) and M″(ω) at 300 °C for 
all glass samples. The M″(ω) spectrum in Fig. 20 exhib-
its a maximum value centered at the dispersion region 
of M′(ω) (Fig. 19) and the peak positions increases with 
the incorporation of Er2O3 and Yb2O3 and approaches a 
low-frequency plateau, which is generally linked with 
the polarization effects of long-range hopping of mobile 
ions. Furthermore, in the hopping process, the more 
mobile cations (Na+) may now displace across longer 
distances. As a result, we may deduce that charge carri-
ers are restricted to potential wells that are mobile over 
small distances in the frequency area above M″(ω) peak 
maximum, whereas charge carriers are mobile over vast 
distances in the frequency region below M″(ω) peak 
maximum [78]. M″(ω) plots reveal a large conductivity 
relaxation peak for the distribution of free charge relax-
ation time, indicating a non-Debye model in the glass. 
The normalized plot of M″/M″max against log (f/fmax) 
of the modulus for NPZEr05Yb05 glass at different 

Fig. 16   Variation of loss tan(δ) 
and quality factor, Q values, 
versus frequency for NPZ glass 
at different temperatures

10 10 10

0

10

20

30

40

50

60

70 NPZ
---- tan 
---- Q

Logf(Hz)

t
a
n
 

0

4

8

12

16

 230°C

 240°C

 250°C

 260°C

 270°C

 280°C

 290°C

 300°C

Q
u
a
l
i
t
y
 
f
a
c
t
o
r
(
Q
)

770 Journal of the Australian Ceramic Society (2022) 58:757–775



1 3

temperatures is shown in Fig. 21. The coincidence of 
the modulus curves for all temperatures suggests that 
these glasses have a common relaxation process for a 
certain range of temperatures that occur at various fre-
quencies [52]. In Fig. 21, we show a time–temperature 

superposition indicating an unaltered conduction mech-
anism, as well as a wide peak attributed to the total 
of relaxations happening in bulk materials. This sug-
gests a single ion transport mechanism that functions 
throughout the whole composition and temperature 

Fig. 17   The frequency depend-
ence of M′(ω) at different 
temperatures for NPZ glass
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Fig. 18   The frequency depend-
ence of M″(ω) for NPZ glass at 
different temperatures
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range investigated. The comparison of impedance and 
electrical modulus data enables the assessment of bulk 
response in terms of localized, i.e., defect relaxation, or 
non-localized, i.e., ionic or electronic conductivity [79].

Conclusions

Phosphate glasses containing Er3+ and Er3+/Yb3+ were 
prepared via a melt quenching technique. The X-ray 

Fig. 19   The frequency depend-
ence of M′(ω) at T = 300 °C 
for NPZ, NPZEr05, NPZ-
Er05Yb05, NPZEr05Yb1, and 
NPZEr05Yb15 glasses
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Fig. 20   The frequency depend-
ence of M″(ω) at T = 300 °C 
for NPZ, NPZEr05, NPZ-
Er05Yb05, NPZEr05Yb1, and 
NPZEr05Yb15 glasses
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diffraction study confirmed the amorphous nature of these 
glass samples, whereas the appearance of significant peaks 
of the NPZEr05Yb15 glass sample confirms the existence 
of nanocrystallites. The stability of the produced glass 
samples is examined using differential scanning calorim-
etry (DSC). The addition of Yb2O3 to a glass matrix causes 
the phosphate glass network to depolymerize, confirming 
the PO4 unit distortion. Temperature, glass composition, 
and the concentration of rare earth ions (Er2O3/Yb2O3) 
influence the activation energy and dc conductivity. When 
Yb2O3 is raised from 0.5 to 1.5 mol%, the conductivity 
increases by two orders of magnitude. The structural 
alterations in the phosphate glass network are expected 
to cause such behavior. The ac conductivity has a strong 
temperature dependency, with observed values increas-
ing with frequency and temperature. With the variation 
of log(f), both ε' and ε'' as well as tan δ show somewhat 
identical behavior, where they show a steady decline with 
the growth of log(f). This drop as the frequency rises 
implies the presence of dipoles, which might be caused 
by a decrease in space charge carriers. As a result, the zinc 
phosphate glasses had greater dielectric constant values 
while having a lower loss. The dispersion of the relaxa-
tion time for mobile ions resulting from the variation in 
the random energy barriers is expressed by the non-Debye 
type in the modulus plot. Our manufactured glasses show 
a shift from ionic to electronic conduction, which might 
be useful in integrated micro-batteries.
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