CHAPTER-5

Synthesis, Characterization, and Study of
High-k Dielectricity of Bulk Pristine Fe*"*
and Li" Co-substituted Wurtzite ZnO
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51 Introduction

ZnO is an n-type semiconductor with a large band gap of 3.37eV at room
temperature, high excitation binding energy of 60meV, high transparency, and
biocompatibility & thermally stability ™. Due to these properties, ZnO draws much
attention and it can be used in a large variety of applications like preparing high-
temperature  stable high-permittivity electric material, solar cells™?,  light-emitting
devices'®!, gas sensors*®!, piezoelectric devices!®!, photo-catalysist”!, DNA sequence
detectors'®], and field emission transistors!®]. High dielectric constant materials are of
technological importance as they lead to the miniaturization of electronic devices.
ZnO has attracted considerable attention because it can be used for a wide range of
applications including dielectrics. Although the dielectric properties of ZnO
nanostructures, films, and ceramics have been investigated by many researchers,
further improvements are still required before they become viable for commercial
applications in devices 912l and the material can be utilized in different applications
due to its low cost (13281 non-toxicity [*"*8! and bio-compatibility ™°!. Many physical
properties, such as electrical conductivity, piezoelectricity, and defect structure, are
greatly influenced by the composition of the material and the impurities and defects

present in it.[2C!

In this chapter; case of the Li-doped ZnO, there is a large difference in size
between Zn and Li ions. It is expected that Li ions may occupy off-cantered positions,
replacing the host Zn ions and forming electric dipoles. The structural modifications
induced by Li dopant in ZnO greatly affect the electronic and dielectric properties.
We realized that the study of frequency-dependent dielectric properties of Fe and Li
co-doped ZnO materials is the least explored area till now and we, therefore, were

motivated to take up this task. The major reason to choose Fe and Li co-doping is to
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convert the material into a p-type semiconductor without creating stoichiometric
oxygen defects in the lattice and make it robust against the oxidizing atmosphere. This
paper reports the modification induced in structural, dielectric, and complex
impedance properties of Fe and Li co-doped ZnO synthesized material by the sol-gel

method.

5.2  Material Synthesis and Characterizations

In this chapter Zn;.xFexO+s and Zn;.oxLikFexO ceramic samples were prepared
by the conventional sol-gel method where; (x=0.05, 0.1). For the preparation of Zn;.
2xLixFexO, we have taken the stoichiometric amount of ZnO, Li,CO3, and Fe(NOs3)s in
distilled water and mixed it with a magnetic stirrer at 70 'C. Then heated it to 100 'C
on a hot plate and HNOj3; was to get ZnO dissolved resulting appearance of a
transparent solution. Then we mixed melamine (1.2 times the total mole of cations
present in the solution) for bonding/chelation between atoms. Then the solution was
heated at 120 'C for 12 hours and gel-type material was obtained. Then it was kept in
the oven at 200 'C for 8 hours to remove organic components. The solid material we
got after that was ground in a mortar pestle and heated at 950 ‘C for 12 hrs. The
heated powder was removed from the furnace after natural cooling till room

temperature.

The phase formation study was carried out through a Rigaku Miniflex desktop
X-ray diffractometer (XRD) with Cu-Ko radiation (A = 1.54 A) in the 20 range of
30—70° with a step size of 0.02°. The microstructures of the sintered samples were
investigated using scanning electron microscopy (SEM, EVO-scanning electron
microscope MA15/18). The average grain size was calculated using the linear

intercept method. The composition of the compounds was examined by energy
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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 with reference

to C (1s) at 284.5 eV, and they are accurate within £0.1 eV.

All samples were examined by using a Novocontrol Alpha-A frequency
analyzer for dielectric measurements. The dielectric, modulus, and loss measurements
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 450 °C at regular intervals of 5 °C up to 220 °C
and then regular intervals of 3°C. For the study, we did gold 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 450 ‘C and we took readings at the interval

of 5°C up to 220 "C and then we took reading at an interval of 3 "C till 450 "C.
5.3  Structural Study

The structural parameters and phase purity have been studied using powder X-
ray diffraction patterns. XRD patterns of Zn;_xFexO;.s and Zm_oxLikFexOis shown in
Fig. 5.1(a) and (b). Sharp and intense diffraction peaks of all the samples confirm the
high crystallinity of the samples. It also reveals a clean hexagonal phase formation
(space group: P63mc) in wurtzite ZnO structure for full doping range in case Zn;.
2xLikFexO. Minute impurities phase of Fe,O3 were observed in powder XRD pattern

in the case of Fe-doped ZnO samples.
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Table 5.1. Structural Parameters of ZnggFe.101+5 and Zng gLlip 1Feq 1O

Compound Lattice Parameters (A) X2 Rt | Reragy | Rwp
a=b c
ZNo.sF€010155 3.2496(2) 52031(3) | 234 | 684 | 721 | 154
Zno.sLio.1Fe0 10 3.2526(3) 52014(2) | 1.80 | 632 | 656 | 117
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Fig. 5.1. Powder XRD sample of (a). Zni-xFexO,.sand (b). Zm-2xLikFexO. Rietveld

refined powder XRD pattern of (c). ZnypgFeo.10+5and (d). Znp glio.1Fep 10

54  SEM and EDAX Study

The SEM study shown in Fig. 5.2(a) reveals that the grains are of sub-
micrometer sizes in the range of 0.5-1um for ZngoFep10,:5 samples. The SEM study
shown in Fig. 5.3(a) reveals the formation of grains of 2-50 um sizes for the

Znoglip1Fep10 sample. The EDX image shown in Fig. 5.2(b) and 5.3(b) also
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confirms the composition of the materials; however, Li peaks do not appear in the

EDX image due to spectroscopic limitations in the EDX study.
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Fig. 5.2 (@). SEM image and (b). EDX image of ZnggFe10;+s.
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Fig. 5.3. (a). SEM image and (b). EDX image of ZnygLio.1Fep.10.

55  XPS Study

The electronic structure of ZnggLip1Feo.1O was investigated by the XPS study.
The deconvoluted Li(1s) and Fe(2p) spectra are shown in Figures 5.4 (a) 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 710.2 with the weak satellite at 717.1 eV and

2p1/2 at 723.8 eV with no satellite peak, respectively, confirm the presence of Fe** in
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the sample. The 2p3/2 and 2p1/2 peaks at 1021.2 eV and 1044.8 eV respectively in
Figure 5.4 (b) were assigned to Zn** ions. Figure 5.4(d) shows the O(1s) core level
spectra. An estimation of the relative surface concentrations of Zn:Fe: Li was carried

out from the intensities of Zn(2p), Fe(2p), and Li(1s) peaks in ZnggFeo.1Li.10.
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Fig: 5.4. XPS of Zny gFeo 1Lip.10 (a) Core level of Li(1s), (b) Core level of Zn(2p), (c)

Core level of Fe(2p), (d) Core level of O(1s).
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5.6  Dielectric Study

The impedance spectroscopy was carried out at a variable temperature in the
air to study the dielectric behavior of the material in the frequency range of 1 MHz to
1 kHz. The dielectric constant was calculated using the formula:

_ Cxd
L Eox A

(5.1)

Where; ¢, is the dielectric constant, C is capacitance, &, is the permittivity of free

space (8.85*10*2)F/m, d is the thickness of the pellet, A is the area of the pellet;

Capacitance (C) was calculated by using the formula

c=_2 [ z ] (5.2)
- W Z,Z + Zuz b
and the dielectric loss was calculated by
tans =% =2 (5.3)
ano = 5= — :

Figures 5.5(a) and 5.6(a) show the plots of the real part of the dielectric constant (&)
at the 1 kHz to 1 MHz frequency range for the ZnggFey 10,45 and ZnggLip1Fep10
pellets in the temperature range of RT to 450 °C. In general, the ¢/ values were
increasing in the range of RT to 400 °C with maxima appearing around 400 °C. The
dielectric constant (g;") for ZnygoFep10145 s 612 and Znyglio1Fep10.is 90000
respectively at 1000 Hz frequency at 400°C. The much lower dielectric constant of
Zno.oFep101+5 compared to Znyglip1Feo.1O may result in cation vacancies in oxygen
excess lattice due to substitution Fe®* on Zn®* sites. That is why the codoping of Li*

along with Fe®* is important because Li* not only provides a charge balance that
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diminishes the chances of the formation of stoichiometric vacancies/defects in the
lattice but, due to the presence of multiple charge centers or different oxidation state
elements in the same lattice, the differentiative net dipole moment is generated on
different M-O bonds generating resultant dipole moment in the lattice or very high
dielectric constant of the material The variation in dielectric loss (tan & = g,"/g,") with
temperature, at the selected frequency, is shown in Figures 5.5(b) and 5.6(b).
Considering the high dielectric constant of the materials, the observed dielectric loss
is quite less for ZnpgoFep101+s. and Zngglip.1Feo.1O samples. It was found that the
dielectric constant was increasing continuously up to 400°C and dielectric loss was
first increasing and then decreasing with temperature increment from 200°C to 400°C
at all frequencies. However, both dielectric constant and dielectric loss were
decreased with increasing frequencies. The increase in dielectric constant (e,") with
increasing temperatures at different frequencies for ZnggFep101+5.and Zng glio.1Feo 10
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, it was also
observed that from Fig. 5.7(a), (b), and 5.8(a), (b), plots of ZngoFep10;+s and
Znoglip1Fep 10, at lower frequencies, high relative dielectric permittivity was found
with obvious dispersion of dielectric properties. 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 several materials. Overall, doping of Fe®* and Li* in the ZnO
lattice has proven to be an important strategy to improve the dielectric constant of the
ZnO-based materials. Further co-doing Fe** and Li* resulted in high k dielectric

behavior in the materials.
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Fig. 5.5. (a). Dielectric constant and (b). Dilelectric loss of ZnggFep101+s.
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5.7 Conclusion

In this chapter, we have successfully demonstrated the synthesis of single-
phase Fe-doped ZnO and Fe/Li co-doped ZnO. In this work, Zn;.xFexO;:s and Zn;.
2xLikFexO ceramics samples were prepared by the sol-gel method where x=0.10 and
0.05. However, we are not able to do more than 10% doping of Fe 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 samples and the composition of
the sample was analyzed by an EDX probe attached SEM instrument. The bulk, as
well as the surface composition of the sample, was confirmed by the ICP-MS and
XPS study. The electronic structure and oxidation state of the element present in the
sample were confirmed by the XPS study. The complex impedance spectroscopic
study of Fe-doped and Fe/Li co-doped ZnO shows a high dielectric constant and low
dielectric loss at high temperatures and high frequency compared to ZnO. The Fe and
Fe/Li doping depresses the concentration of the intrinsic donor and impedes the
conduction mechanism resulting in The dielectric constant (e/') equivalent to 612 for
Zng.oFeo.101+5 and 90000 for ZnggLio.1Feo1O. at 1000 Hz frequency at 400°C. Also
with an increase in frequency, the dielectric constant and dielectric loss were found to
decrease. This behavior was attributed to different hopping mechanisms and defects

formed during synthesis.
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