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Abstract

In this study, Bii.75sPbo.2sSr2CaCusxSnxOio+s glass ceramic structure; (x = 0.0, 0.3, 0.5) depending on Cus.x-Snx
displacement, frequency-dependent (100 Hz-2 MHz), capacitance-conductance measurements were taken at 75 K
and 125 K temperature values. Dielectric constant reel part (¢'), imaginary dielectric constant (¢"), dielectric loss
(tand) and ac electrical conductivity (oac) frequency dependence were analyzed using the capacitance—voltage (C—
V) and conductance-voltage (G-V) measurements. Sn doping had a negative capacitive effect and a decrease in
capacitive effect was observed with the addition of Sn doping rate. The observed negative capacitance effect is
believed to arise from the polarization effect generated by the Sn dopant. The negative dielectric constant and the
virtual negative dielectric constant were calculated from the negative capacitance values. While the undoped
sample exhibits a positive capacitance characteristic, the addition of Sn dopant to the samples results in the
observation of a negative capacitance property. At the same time, it was found that the dielectric properties of the
samples were dependent on frequency and temperature.

Keywords: Glass ceramic, negative capacitance, dielectric constant

Bi1.75Pbo.25Sr2Ca2CusxSnxO10+5 Cam Seramik Sisteminin Frekans Bagimh Dielektrik
Karakterizasyonu

Oz

Bu calismada, Bii.75Pbo.25sSr2Ca2Cus xSnxO10+5 cam seramik yapist; (x=0.0, 0.3, 0.5) Cusx-Snx yer degistirmesine
bagli olarak, frekans bagimli (100 Hz-2 MHz) kapasite ve iletkenlik dl¢timleri 75 K ve 125 K sicaklik degerlerinde
almmustir. Dielektrik sabitin reel kismi (¢), sanal dielektrik sabit (¢"), dielektrik kayip (tand) ve alternatif akim
elektriksel iletkenlik (cac) frekans bagimliligi, kapasite-gerilim (C-V) ve iletkenlik-gerilim (G-V) olgiimleri
kullanilarak analiz edilmistir. Sn katkisi, negatif kapasite etkisi yaratmis ve Sn katki oraninin artisiyla kapasite
etkisinde bir azalma gozlemlenmistir. Gozlemlenen negatif kapasite etkisinin, Sn katkis1 tarafindan olusturulan
polarizasyon etkisinden kaynaklandig diistiniilmektedir. Negatif dielektrik sabiti ve sanal negatif dielektrik sabiti,
negatif kapasite degerlerinden hesaplanmistir. Katkilanmamis 6rnekler pozitif kapasite 6zelligi gosterirken, Sn
eklenen 6rneklerde negatif kapasite 6zelligi gézlemlenmistir. Ayn1 zamanda, drneklerin dielektrik 6zelliklerinin
frekans ve sicaklikla bagimli oldugu bulunmustur.

Anahtar Kelimeler: Cam seramik, negative kapasitans, dielektrik sabit
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1. Introduction

Glasses and ceramics are classes of materials that have been the subject of research for a long
time due to their unique mechanical and electrical properties, and they are important for many
industrial, technological, and scientific applications. While glasses have an amorphous
structure, ceramics have a crystalline structure. These two materials with different atomic
arrangements have converged at a common point with glass-ceramic structures. Glass-ceramic
materials will continue to attract attention for a long time due to their potential for application
in various fields. Glass ceramics are commonly used in clinical applications [1], biomedical
applications [2], and many other areas [3-6].

In glass-ceramic BSCCO systems, there are three different phases: BixSr2CuOeg+y (2201),
BixSr2CaCuz0g+y (2212), and BizSr2CaxCuzOio+y (2223) [7]. In the literature, it is possible to
see that a wide range of different substances have been added during the production of BSCCO
systems. Examples of these substances include Pb [8], Sb [9], Li [10], Nb [11], and Ga [12].
Although extensive research has been conducted on various physical properties of BSCCO
glass ceramic systems, it is observed that the dielectric properties of these systems have not
been sufficiently examined. Therefore, this study investigates the effect of Cu-Sn substitution
on the dielectric properties of the BiSrCaCuO glass ceramic system.

In electrical circuits, capacitance is known as a property where charges are stored and
electrical energy is accumulated. In addition to the conventional definition of capacitance, the
existence of negative capacitance was mentioned in a study conducted in 1982 [13]. Subsequent
research following the definition of negative capacitance revealed the presence of negative
capacitance effects in various electronic systems [14-20]. Negative capacitance is highly
important because it leads to a decrease in the charge on the electrodes as a result of the applied
polarization voltage [21]. Negative capacitance is a complex physical phenomenon typically
observed in ferroelectric materials. This phenomenon is based on a series of processes, such as
energy level instabilities and the overcoming of energy barriers within the material. This
property holds significant potential in low-power electronic devices, energy storage systems,
and next-generation transistor technologies.

The concept of polarization is further divided into four fundamental groups: electronic
(ae), atomic or ionic (ay), orientational or dipolar (a,), and interfacial polarization (o). Each of
these subgroups contributes to the overall polarization within the material's structure. Electronic
polarization (a.) involves the displacement of electrons within atomic or molecular orbits. o,
refers to the ability of atoms or ions within a material to shift from their equilibrium positions.
a, describes the alignment of permanent positive and negative charges in molecules separated
by a distance, in response to an external electric field. a; pertains to the appearance of
polarization at interfaces between different phases of a material. Electronic polarization occurs
at frequencies higher than 10'° Hz, atomic or ionic polarization is observed within the range of
10'°-10'3 Hz, while dipolar or orientational polarization takes place in the intermediate range
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of 103-10° Hz. Interfacial polarization, on the other hand, occurs at frequencies lower than 103
Hz.

The electrical conduction mechanisms of electronic devices depend on various physical
parameters. These parameters include temperature, frequency, surface charges, impurities,
atomic defects, to name a few. The variation of these physical parameters can lead to the
emergence of distinct dielectric properties in the studied sample. Therefore, when investigating
frequency-dependent dielectric properties, it is advantageous to work across a wide frequency
range. This approach allows for an examination over a broad spectrum of frequencies and can
provide illuminating insights into the conduction and polarization mechanisms within the
examined structure.

When reviewing the literature, it is evident that measurements of dielectric properties on
BSCOQO materials are quite limited. Therefore, the present study provides highly original data
in this regard. These measurements and analyses offer a deeper understanding of the material's
properties and contribute significantly to the existing body of knowledge in the field.

Due to its potential to revolutionize in technological advancements, the observation of negative
capacitance effects in BSCCO systems is highly significant. To induce this effect, Cu-Sn
substitution was carried out in the BiSrCaCuO system in this article. The analyses of the
produced samples were conducted at two different temperature values, namely 75 K and 125
K, and within the frequency range of 100 Hz to 2 MHz.

2. Material and Methods

The samples in this study were produced using the melt-quencing method. Melt quenching is a
widely utilized technique for the synthesis of amorphous materials, particularly glasses and
certain polymers. This method is based on heating a substance to high temperatures until it
reaches a molten state, followed by rapid cooling to solidify the material. The rapid cooling
process (quenching) inhibits crystal formation, thereby facilitating the development of an
amorphous structure. According to the desired composition of Bij .75Pbo.25Sr2CaCuzxSnyOio+s,
three different powder mixtures were obtained by substituting Cu with Sn (x: 0.0, 0.3, 0.5). The
powders were then mixed and ground in an agate mortar for one hour to ensure homogeneity.
The obtained mixtures were placed in an alumina crucible and heated in a furnace with a heating
rate of 10 °C/min from room temperature to 1150 °C, where they were held for 90 minutes.
After the heating process, the molten materials were poured between two pre-cooled copper
plates. Rapid cooling resulted in the formation of black-colored glass with a thickness of
approximately 0.6-0.8 mm. The obtained glasses were placed inside a tube furnace and sintered
for 120 hours under oxygen flow at 830 °C. As a result of this process, three different samples
with ceramic structure, depending on the Sn-Cu concentration, were obtained. The samples
with doping ratios of 0.0, 0.3, and 0.5 were named Sno 0, Sno 3, and Sno s, respectively. To obtain
capacitance-conductance measurements, one surface of the fabricated samples was contacted
to copper with silver paste. The other surface was masked and then contacted with copper wire
and silver paste. Capacitance-conductance measurements were taken at temperatures of 75 K
and 125 K over a frequency range of 100 Hz to 2 MHz. The measurements were performed
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using the Keithley 2400 SourceMeter and the Sourcetronic ST 2826 LCR Meter. The diode
contact area was measured as 2 mm?,

3. Result and Discussion

X-ray diffraction (XRD) analysis was conducted on the undoped sample to determine whether
the obtained samples had an amorphous structure or not. XRD measurements were performed
using a Rigaku Mini Flex 2 X-ray powder diffractometer with Cu-K, radiation in the range of
10° <20 <70°. Figure 1 displays the XRD result obtained for the undoped sample.

Intensity(a.u.)

10 20 30 40 50 60 70
2(0)°

Fig. 1 XRD patterns of the undoped sample (Sno.o)

The atomic arrangement of glasses differs from the ordered atomic arrangement in crystalline
structures, as they are randomly distributed. When the X-ray diffraction pattern is examined, a
peak is observed at around 26=30°. As shown in Figure 1, a peak is indeed observed at 26=30°.
This indicates the presence of a glassy structure.
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The frequency dependence of &', ¢”, tano, and o, were evaluated based on the capacitance (C)
and conductance (G) data obtained for the samples. Additionally, equations (1-4) were used in
the calculations. ¢’ was calculated using equation 1.

C =c¢'gy= (1)

where C is the capacitance of the sample (F), d is the thickness of the sample (m), g is the
permittivity of free space (g9 = 8.85 x 10712 F m™!) and A is the area of the electrode (m?). " at
various frequencies, was calculated using equation 2 based on the measured conductance values
(G).

= deqznf (2)

Here, G represents the conductance of the sample, @ (2nf) represents the angular frequency.
tand was calculated using equation 3, while g, was determined using equation 4.

n

tand = = (3)
Og4c = 2mfege’ tan § (4)
Here, frepresents the frequency of the applied alternating current field (in Hz).

Figure 2 depicts the variation of capacitance values with frequency for the prepared samples at
75 Kelvin, while Figure 3 illustrates the variation of capacitance values with frequency at 125
K.
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Fig. 2 The frequency dependency of the capacitance at 75 K
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Fig. 3 The frequency dependency of the capacitance at 125 K
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The capacitance values used in the obtained samples frequency-capacitance graphs are the data
obtained from measurements. Upon examining Fig. 2 and Fig. 3, it is observed that the
frequency-dependent capacitance variations change similarly at both temperatures. The
obtained capacitance values are negative for all samples. This indicates the presence of a
negative capacitance effect, which also plays a determining role in all other dielectric
parameters. The frequency dependence of capacitance is more pronounced at low frequencies
for all samples, and as the frequency increases, the frequency dependence of capacitance has
decreased. The increase in the contribution ratio at both 75 K and 125 K leads to an increase in
capacitive value, while no periodic correlation could be established for the undoped sample. In
measurements taken at 125 K, the capacitance effect is observed to occur at higher frequencies
compared to measurements taken at 75 K. This suggests that the measurement temperature
plays a significant role in determining the capacitance value. The occurrence of negative
capacitance values in Bi-based structures has been reported in previous studies [22]. In this
context, it is observed that the measurement results are consistent with the literature. Figure 4
depicts the variation of conductance values with frequency for the prepared samples at 75 K,
while Figure 5 illustrates the variation of conductance values with frequency at 125 K.

T I T T T T T T
0.0 5.0x102 1.0x10° 1.5x10° 2.0x10°
f (kHz)

Fig. 4 The frequency dependency of the conductance at 75 K
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Fig. 5 The frequency dependency of the conductance at 125 K

When examining Figure 4 and Figure 5, it is observed that all samples exhibit similar
behaviours. Physically, the increase in capacitance values would lead to a decrease in
conductance. This observation is consistent with the literature [23]. Therefore, when Figures 2,
3, 4, and 5 are considered as a whole, consistent results are obtained that support each other.
The increase in doping ratios across all samples has resulted in a decrease in conductance
values. The frequency dependency of the ¢’ (75 K), &’ (125 K), " (75 K), ¢" (125 K) and tan ¢
(75K), tan 0 (125 K) of are shown in Figs. 6, 7, 8,9, 10 and 11, respectively.
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Fig. 6 The frequency dependency of the ¢"at 75 K
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Fig. 7 The frequency dependency of the ¢’ at 125 K

Fig. 6 and Fig. 7 respectively illustrate the variation of the dielectric constant as a function of
frequency at the temperature values of 75 K and 125 K. When these figures are examined, it
can be observed that the change in dielectric constant shares a similar characteristic with the
frequency-dependent capacitance change. The occurrence of negative values in the dielectric
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constant and the discovery of negative capacitance were predictable phenomena. The dielectric
constant shows an increase with the increase in both temperatures, while no correlation has
been established with the undoped sample. At 125 K, the samples have exhibited lower
dielectric constant values compared to those at 75 K. In both temperature conditions, an increase
in frequency for all doping ratios has led to an increase in the dielectric constant. At higher
frequencies, a tendency of decrease in the dielectric constant values has been observed. The
increase in capacitance and dielectric constant at high-frequency regions in the samples is
attributed to the blocking of charge carriers at the electrodes [24]. When considering the
increase in the value of dielectric constant, the total polarization effect should be taken into
account.

2.0x10°  3.0x10° 4.0x10° 5.0x10° 6.0x103
logf (kHz)

Fig. 8 The frequency dependency of the ¢" at 75 K
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Fig. 9 The frequency dependency of the ¢” at 125 K

Upon examining Fig. 8 and Fig. 9, it can be observed that the variation of the &' value
corresponds similarly to frequency changes both at 75 K and 125 K. The frequency-dependent
change in ¢” value has followed a pattern similar to the frequency-dependent change in
conductance. Likewise, while the ¢ value tends to increase with increasing frequency, the &”
value tends to decrease with increasing frequency. This is an expected behaviour. At low-
frequency ranges, the increase in the contribution ratio at both temperatures has resulted in
obtaining a lower ¢" value. As with other dielectric parameters, no correlation could be detected
for the ¢" value in the case of the undoped sample. When a certain frequency value is exceeded,
the ¢" values of all samples exhibit nearly identical changes. This situation is highly consistent
with the literature [25-26].
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Fig. 10 The frequency dependency of the tan d at 75 K
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Fig. 11 The frequency dependency of the fan  at 125 K

Dielectric loss is a measure of the energy dissipated per radian in the sample and is an important
parameter for understanding the dielectric mechanism. When examining Fig. 10 and Fig. 11, it
can be observed that dielectric loss is directly correlated with frequency. In the undoped sample,
the dielectric loss value is in the positive range, whereas in the doped samples, this value is in
the negative range. This observation is consistent with the other plotted graphs as well.
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Fig. 13 The frequency dependency of the o, at 125 K
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When examining Figures 12 and Fig. 13, it can be observed that at high frequencies, the guc
values exhibit a trend towards linearity. This observation is consistent with the literature.

4. Conclusion

In this investigation, the glass ceramic structure of Bii.75Pbo25Sr2CaxCu3xSnxO10+5 was studied,
where (x=0.0, 0.3, 0.5) corresponding to different Cus-Sny displacements. Frequency-
dependent measurements (ranging from 100 Hz to 2 MHz) of capacitance-conductivity were
conducted at temperatures of 75 K and 125 K. The dependence of dielectric properties,
including reel part of dielectric constant (¢'), imaginary part of dielectric constant (¢"'), dielectric
loss (tand), and AC electrical conductivity (oac), on frequency was analyzed using capacitance-
voltage (C-V) and conductance-voltage (G-V) measurements, based on the Cus.x-Sny
displacement.

In the obtained results, it was observed that the values of &', ¢”, tanod, and o, are directly
correlated with frequency and temperature. At all temperature and frequency values, the
undoped sample exhibited a positive capacitance characteristic, whereas the doped samples
displayed a negative capacitance feature. The frequency-dependent ¢’ parameter showed similar
characteristics to the frequency-dependent capacitance value, while the frequency-dependent
¢ parameter exhibited similarities to the frequency-dependent conductance value. In this study,
it is believed that the negative capacitance phenomenon observed in the samples is due to the
hopping of carriers and dipolar polarization.
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