CHAPTER-4

Evolution of Relaxor Type High-k
Dielectric in Bulk Pristine Cu®* and Li* co-
substituted Wurtzite ZnO
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41 INTRODUCTION

The dielectric constant of material ultimately decides the level of

miniaturization in electronic devices based on capacitive components -3

. In the past
decades, Due to its low cost 1, non-toxicity ®°! and bio-compatibility [**! ZnO has
attracted a great deal of attention for a wide range of applications including dielectrics
as well as photocatalyst, sensors, and in dilute magnetism. Although the dielectric
properties of ZnO nanostructures, films, and ceramics have been investigated by
many researchers, further improvements are still required before they become usable
for commercial applications . Moreover, it is quite abundant and can be easily

S [11,12].

fabricated for thin films for various application In addition, ZnO is also

employed in a wide range of applications such as sensors 1 light-emitting devices

[14-16] [17]

solar cell electrodes optical waveguide devices [18-2%1  optoelectronic
devices!?! 2%1. The direct band gap of ZnO is about 3.37 eV 25271 with a high binding
energy of about 60 meV and an intrinsic n-type conductivity!?®!. The doping of ZnO
thin film is carried out to enhance the microstructural, optical, and electrical
performances.?%3% Indeed, the choice of the dopants depends on the required
applications. It is well established that the physical characteristics of nanomaterials
are affected by the size and morphology of nanoparticles. The increase in the
surface/volume ratio due to the decrease in the size of the crystallites allows surface
defects to play an important role in all surface phenomena such as gas adsorption B!
331 wettability 41, photocatalytic activities ¢1. Moreover, it is well understood that

a rise in the size of crystallite can affect the optical properties of oxide thin films (gap

optics, transparency)®” as well as their electrical conductivities 281,
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4.2  Material Synthesis and Characterizations:

In this chapter, Zng.92Cup.05Lip.0301-5 and Zny 9Cup.osLip.0501-5 ceramic samples
were prepared by the conventional sol-gel method. In these samples, we doped Cu
and Li in ZnO to get the combined effects of the dopant on the dielectric properties of
the material. We have taken the stoichiometric amount of ZnO, LiCl, and CuCl, for
the synthesis. After gel formation, we put the gel in the oven at 200 °C to dry. After
that, we ground it and put it in the furnace at 950 °C for 12 hrs. The phase formation
study was carried out through a Rigaku Miniflex desktop X-ray diffractometer (XRD)
with Cu-Ka radiation (A = 1.54 A) in the 20 range of 20—80° with a step size of 0.02°.
The structures were refined by the Rietveld refinement method using FULLPROF
suite software package 31 and wurtzite ZnO (space group: P63mc) as the model
structure. The microstructures of the sintered samples were investigated using
scanning electron microscopy (SEM, EVO-scanning electron microscope MA15/18).
The awverage grain size was calculated using the linear intercept method. The
composition of the compounds was examined by energy dispersive X-ray (EDX)
spectroscopy with a probe attached to the SEM instrument. X-ray photoelectron
spectroscopy (XPS) studies were carried out to examine the electronic structure of the
materials. XPS of the samples were collected using a Thermo Scientific Multilab
2000 instrument by employing an Al-Ko radiation source operated at 150 kW.
Binding energies were corrected and reported here concerning C(1s) at 284.5 eV, and
they are accurate within £0.1 eV. Fourier transform infrared (FT-IR) spectra were
measured using the KBr method on a Fourier transform infrared spectrometer at RT in

the range of 4000—400 cm* with a resolution of 1 cm .

All samples were examined by using a Novocontrol Alpha-A frequency

analyzer for dielectric measurements. The dielectric, modulus, and loss measurements
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as well as impedance measurements were carried out for all the samples. The
measurements were done in the frequency range 1 Hz to 10° Hz in the temperature
range of room temperature (25 °C) to 650°C. For the study, we did silver plating on
the pellet and then put it in the Novo control Alpha-A frequency analyzer, and then
we did heating by the furnace from room temperature to 650°C and we took readings

at the various points.

For the ferroelectric studies, polishing of the pellets was carried out by fine
grain size emery paper followed by heat treatment at 650 °C to remove residual
stresses from the pellet. After that electrode was done on both sides of the pellet by
silver paste. Further pellet was heated at 400°C for 1 hour to dry the electrodes
fabricated on the pellet. Ferroelectric measurement was carried out at room
temperature from 100 Hz to 500 Hz frequency range using RADIANT precision
premier 1. For magnetic studies of our sample Zng oCup osLip 0501-5 the fine ground
powder was subjected to a Magnetic property measurement system (MPMS) by

Squid-based magnetometer (MPMS-3, Quantum Design Inc.)

4.3  XRD Analysis

The structural parameters and phase purity were examined using powder X-
ray diffraction patterns. XRD patterns of Zng.92Cup o5Lip.0301-5 and Zng 9Cup.o5Lip.0501-
5 are shown in Fig. 4.1(a). Sharp and intense diffraction peaks of all the samples
confirm the high crystallinity of the samples. It also reveals phase formation (s.g.
P63mc) in hexagonal wurtzite ZnO structure for full doping range. At higher Cu and
Li dopings, impurities were identified. That is why we restricted the study to 5% Cu
and Li (total 10%) doped samples only. The structures were refined by the Rietveld

refinement method using FULLPROF suite software package 31 and wurtzite ZnO
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(space group: P63mc) as the model structure. The refined Rietveld is given in Figure

4.1 (b and c).

Table 4.1. Structural Parameters of Zn0.92CU0_05Li0_0301_5 and Zno_QCU0_05Li0,o5O1_5

Compound Lattice Parameters (A) X2 Rt | Reragg | Rwp
a=b C
Zny.92CUg o5Lig 030 3.25197 5.20552 1.36 6.73 7.20 17.9
Zno 9CuUg o5Lig 950 3.25206 5.20323 1.78 7.21 6.18 16.7
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Figue 4.1 (a) Powder

XRD pattern of 2ZnO, Zng.92CuposLio.0301-5

and

Zno.9CUg 05L10.0501-5. Rietveld refined powder XRD pattern of (b) Zng.92Cup.05Lip.0301-5

and (¢) Zno.9Cuo.osLio.0501-5
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44  SEM and EDAX Study

The SEM study of broken pellets of Znyg2Cuposlipo3O1-5 and
Zno 9Cup 05LI0.0501-5 reveals that the grains are interconnected well with each other and
are of micrometer sizes in the range of 2-50 um (Figure 4.2(a) and 4.3(a)). The EDX
image shown in Fig. 4.2(b) and 4.3(b) also confirms the composition and apparent
homogeneity of the materials; however, Li peaks do not appear in the EDX image due

to spectroscopic limitations in the EDX study.

Signel A = SE1
Mag= 500KX (CIFC) IT-BHU

Y A | LN A i Sas e en e e § Y

1 2 3 4 S 8 7 8 8 10 1"
Full Scale 1121 cts Cursor: 0.000 ke

Py

Figure 4.2 (a) SEM image and (b) EDAX image of Zng.g92Cup.o5Lio.0301-5.
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Figure. 4.3. (a). SEM image and (b). EDAX image of ZngoCup.o5Lip.0501-5.

45  XPS Study

Electronic structure materials were investigated by the XPS study. Figure
4.4(a) shows the survey spectra of the XPS study of the Zng.oCup.osLio.0501-5 pellet.
The deconvoluted Li(1s) and Cu(2p) spectra are shown in Figure 4.4 (b) and (c).
Core level 1s peak lithium was observed at 55.4 eV confirming the presence of Li in
the sample. The 2p3/2 peaks marked at 933.5 with strong satellite at 942.1 eV and

2pl/2 at 952.6 eV with corresponding satellite peak at 961.8 eV, respectively, confirm
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the presence of Cu?* in the sample. The 2p3/2 and 2p1/2 peaks at 1021.2 eV and

1044.8 eV respectively in Figure 4.4(d) were assigned to Zn?* ions.

(a) Zn2p

Intensity (a.u.)

v T T T v T v v

L) LB
200 400 600 800 1000 1200
Binding Energy (eV)

O -

Intensity (a.u.)
Intensity (a.u.)

A
53 54 55 56 57 58 59 930 935 940 945 950 955 960
Binding Energy (a.u.)

Intensity (a.u.)
Intensity (a.u.)

1015 1020 1025 1030 1035 1040 1045 1050 527 s 529 5% 8 52 533 su
Binding Energy (eV) Binding Energy (eV)
Figure: 4.4. XPS of Zny.9Cug.0sLio.0s01-5 (@) Full survey, (b) Core level of Li(1s), (c)

Core level of Cu(2p), (d) Core level of Zn(2p), (e) Core level of O(1s).
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Figure 4.4(e) shows the O(1s) core level spectra. The O(1s) spectra are deconvoluted
into four characteristic peaks: (1) the lattice oxygen species peak at ~528.6 eV for
02—, (2) the highly oxidative oxygen species peak at =529.96 eV due to oxygen

vacancy or hydroxide/absorbed water molecule on lattice oxygen vacancies.
46  FTIR Study

Figure 4.5 shows the FTIR spectra of Zny.9Cup.osLlip.0501-5. The spectrum of
Zno.9Clg 05Li0.0s01-5 shows a strong band at 505 cm*, which corresponds to Zn-O
bonding ). With the addition of Li and Cu, this mode gets broadened slightly due to
the incorporation of Li and Cu into ZnO. The presence of organic groups on the
surface of the material is known from the modes at the higher wavenumber region of
the FTIR spectrum. The broad band at around 3470 cm * is due to the presence of O—
H groups.*? The band at around 1560 cm™ shows the sharp peaks of the
Zno.9CUg 05L10.0501-5 Sample as compared to the pure ZnO sample. This may be due to

the incorporation of Li and Cu in ZnO.!!

Zn,,Cu, ,Li, .0

0057005 15

ZnO

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Figure: 4.5. FTIR spectra of Zny 9Cup sLip.0501-5 at RT.
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4.7  Impedance Study

Figures 4.6(a) and 4.7(a) show the plots of the real part of the dielectric
constant (g') at 100 Hz to 100kHz frequency range for the Zngg2Cup osLip03O and
Zno 9CuUp o5LIp 05O pellets in the temperature range of RT to 650°C. In general, the &’
values were increasing in the range of RT to 650°C with maxima (T,) appearing
around 600°C. The dielectric constant (g) for Znpg2CugoslipozO and
Zng.9CUg 05LI0.050O is found to be 18000 and 20000 respectively at 1000 Hz frequency
at 600°C. We believe that the alignment to the net dipole moment on oxygen vacant
polyhedral in Cu?* and Li* doped ZnO lattice results very high dielectric constant at
lower frequencies. At higher frequencies, the effect of oxygen vacancies in the lattice
gets minimized and also we found that the Ty is increasing with increasing
frequencies suggesting the relaxor nature of the dielectricity in the materials. The
variation in dielectric loss (tan 6 = &,"/g;") with temperature, at the selected frequency,
is shown in Figures 4.6(b) and 4.7(b). Considering the high dielectric constant of the
materials, the observed dielectric loss is quite less for Zngg2CuposLlip0301-5 and
Zno.9Cup o5LIo.0501-5 samples. It was found that the dielectric constant was increasing
continuously up to 600 °C and dielectric loss was first increasing up to 300 °C and
then decreasing in the temperature range from 300 °C to 650 °C at all frequencies.
Again we found that T, is increasing with increasing frequencies suggesting the
relaxor nature of dielectricty in the sample. Both dielectric constant and dielectric loss
were decreasing with increasing frequencies. The increase in dielectric constant (")
with increasing temperatures at different frequencies for Zngg2Cup osLlio.0301-5 and
Zno.9CuUp o5LI0.0501-5 is likely due to the localized nature of hopping charge carriers in
addition to interfacial polarization due to space charge. These extrinsic contributions

to &' are expected to contribute significantly only at higher frequencies. Further from
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Fig. 4.8(a, b) and 4.9(a, b) of Zny.92Cup.05Lip.0301-5 and Zng.9Cup.os5Lip.0501-5, confirms
that at lower frequencies high relative dielectric permittivity was found. The
dispersion of dielectric properties is obvious. The formation of the grain boundary
barrier layer was also confirmed by the non-ohmic 1-V behavior and the quick drop of
apparent dielectric constant with increasing frequency of the samples. The large
frequency dispersion never reached a low-frequency plateau. Inhomogeneities in
grains and/or the presence of potential barriers between the grains are considered to

be the reason for similar dielectric properties in many materials.
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Figure. 4.6. (a). Dielectric constant and (b). Dilelectric loss of Zng.¢2Cuo.o5Lip.0301-5
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Zno.9CUo.05L10.0501-5.

Overall, doping of Cu®* and Li* in the ZnO lattice has proven to be an important
strategy to improve the dielectric constant of the ZnO base materials. Further co-

doping Cu?* and Li" in resulted relaxor type dielectricity in the materials.
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48  MPMS Study

To understand the electronic structure of the ZnyoCuposLip.0501-5 sample, the
magnetic response of the ZngoCuposLip0s01-5 was also studied using a Magnetic
property measurement system (MPMS) by Squid based magnetometer (MPMS-3,
Quantum Design Inc.). Figure 4.10 shows a typical magnetization vs. magnetic field
(M-H) curve obtained from a Zng 9Cup.osLip.0501-5 Sample at 5K and 300K. From the
curve, it can be inferred that ZngoCup osLin.0501-5 exhibiting the ferromagnetic
behavior with a noticeable coercitivity and saturation magnetization at 300K were 84

Oe and 6.63 memu/g respectively, and 114 Oe and 7.43 memu/g at 5K respectively.
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Figure. 4.10. M-H curve of ZngyCugosLiy050;.5 and inset shows M-T curve of

Zn9CUg 05Li0.0501-5.
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4.9  P-E Loop Study

Bulk ZnyoCuoosLip0501-5 also exhibits ferroelectricity at room temperature
with remnant polarization Pr and Vc equal to 4.20*10°? pC/em? and 4.1%10"%° V/em
at (30KV, 500 Hz) respectively in figure 4.11. However, the other materials of Cu, Li,
and Zn systems from the thin film have relatively higher values for ferroelectricity,
the values of the ZngoCuposLip0501-5 Were investigated. As the frequency increases,
the maximum polarization decreases. The shape of the P-E loops and the remanent

polarization were found to exhibit little frequency dependence.
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Fig. 4.11. Polarization versus electrical field (P—E) hysteresis loops of

Zno.9CUo.05L10.0501-5.
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410 Conclusion

Synthesis of single-phase Cu/Li co-doped ZnO was demonstrated in the study.
In this work, Znyg2Cup os5Lio.0301-5 and Zny 9Cup osLip.0501-5 ceramics samples were
prepared by the modified sol-gel method. However, we are not able to achieve more
than 10% doping of Cu and Li in ZnO. The formation of single-phase wurtzite
samples was confirmed by X-ray diffraction analysis. The microstructure of the
material was analyzed by scanning electron microscopy which shows the
polycrystalline nature of the samples and the composition of the sample were
analyzed by an EDX probe attached SEM instrument. The bulk as well as surface
composition of the sample were confirmed by ICP_MS and XPS study. The electronic
structure and oxidation state of an element present in the sample were confirmed by
the XPS study. The complex impedance spectroscopic study of Cu/Li co-doped ZnO
confirms the high dielectric constant and low dielectric loss at high temperatures and
high frequency compared to ZnO. The Cu/Li doping depresses the concentration of
intrinsic donors and impedes the conduction mechanism. The effect of relative
iconicity in the M-O (M = Zn, Cu, and Li) bond will result in effective net
polarization in the lattice. Also with an increase of frequency, the dielectric constant
and dielectric loss were found to decrease. This behavior was attributed to different
hopping mechanisms and defects formed during synthesis. T,, was found to increase
with increasing frequencies suggesting the relaxor nature of dielectricty in the sample
and confirming that the co-doing Cu** and Li* in ZnO resulted in relaxor-type
dielectricty in the materials. The material Zny9Cuooslipos01-5 also exhibits

ferroelectricity and dilute magnetic property at room temperature.
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