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Les céramiques conductrices à base de ZnO
suscitent un important intérêt pour leurs applications
comme varistances, capteurs de gaz, électrodes
transparentes, dispositifs piézoélectriques,
électro-optiques ou thermoélectriques. Le dopage
de ZnO confère aux céramiques formées des
propriétés électriques et optiques remarquables
caractérisées par une transparence optique
modulée, des énergies de liaison élevées pour les
excitons, et des conductivités électriques atteignant
0.1 MS·m-1. La grande conductivité de ZnO est
intimement liée aux éléments dopants, à la
microstructure des céramiques et aux conditions de
synthèse et traitements. Les joints de grains, la
structure cristalline, le désordre structural et les
défauts électroniques contribuent au comportement
électrique des matériaux. Le présent travail de thèse

s'inscrit dans ce contexte et porte sur la mise en
œuvre de méthodes de fabrication de céramiques à
base de ZnO co-dopées par des éléments (Al, Ti,
Mg) et l'étude de leurs caractéristiques physiques
incluant la structure cristalline, la microstructure et le
comportement électrique. Ainsi, des études
exhaustives ont été menées par des méthodes
structurales (RX, Raman), microscopies (MET, MEB)
et de résonance magnétique (RPE, RMN) sensible à
l'ordre local et aux défauts électroniques actifs. La
conductivité est ajustée par la nature des éléments
dopants, l'atmosphère de frittage et les méthodes de
fabrication par solutions solides ou par frittage flash
(SPS). La corrélation "Préparation - Structure -
Conductivité" a été établie pour la réalisation de
céramiques à base de ZnO avec de fortes
conductivités ouvrant la voie à des applications
technologiques potentielles.

Title : Conducting ceramics based on ZnO co-doped by (Al, Ti, Mg): Microstructure, electronic active
defects and electrical properties

Keywords : ZnO ceramics, Co-doping, Electronic defects, Electrical conductivity, Magnetic resonance

ZnO based ceramics with appropriate doping
elements show excellent electrical and optical
properties such as high exciton binding energies, a
modulated optical transparency and high electrical
conductivities. Therefore, ZnO based conducting
ceramics have been extensively investigated in the
aim of their application as resistors, visitors, gas
sensors, transparent electrodes, solar cell windows,
piezoelectric, electro-optical and thermoelectric
devices. The high conductivity of ZnO ceramics up
to 0.1 MS·m-1 is closely related to the doping
elements along with the ceramic microstructure and
the processing conditions with particular effects of
grain boundaries, crystalline structure and structural
disorder within the ceramics. Thus, the present
thesis is devoted to the fabrication by sintering under

defined conditions (sintering atmospheres,
preparation processes) of ZnO based ceramics
co-doped by (Al, Ti, Mg) , the investigations and
deep analysis of their related properties including
crystalline structure, micro-structure and the
electrical behaviors. Exhaustive studies were
developed on the doped ZnO ceramics by using
structural methods (XRD, Raman), microscopy
(TEM, SEM) and magnetic resonance (EPR, NMR)
probing the local order and electronic active defects.
The conductivity is adjusted by the nature of the
structure influenced by the doping elements, the
sintering atmospheres, and the sintering methods.
The correlation about "Preparation - Structure -
Conductivity" has been established to pave the way
for the potential technological applications of highly
conducting ZnO-based ceramics.
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Abstract

ZnO based ceramics with appropriate doping elements show excellent electrical and

optical properties such as high exciton binding energies, a modulated optical

transparency and electrical conductivities. Therefore, ZnO based conducting ceramics

have been extensively investigated in the aim of their application in the fields of

resistor, varistors, gas sensors, conductive film target, transparent electrodes, solar

cells, liquid crystal displays, piezoelectric, electro-optical and thermoelectric devices.

The high conductivity of ZnO ceramics is closely related to the doping elements along

with the ceramic microstructure and the processing conditions. Thus, grain boundaries,

crystalline structure, and structural disorder within a polycrystalline ZnO ceramic

depend critically on the doping elements, sintering method, and sintering atmosphere

during the preparation process. The involved conductivity in doped ZnO ceramics is

highly dependent on the above mentioned parameters. Thus, the present thesis is

devoted to the investigations and the analysis of related properties of ZnO-based

ceramics co-doped by Al2O3, TiO2, and MgO. The conductivity is adjusted by the

nature of the structure influenced by the doping elements, the sintering atmosphere,

and the sintering method. The correlation "Preparation - Structure - Conductivity" has

been established to pave the way for highly conducting ZnO-based ceramics. The

main developed research tasks, their results and achievements are hereafter outlined:

1. The reducing nature of the sintering atmosphere is an important parameter

affecting the structure and performance of doped ZnO ceramics. The conductivity

increases up to σ= 1.5×105 S·m-1 by sintering under CO + N2 atmosphere and the

positive temperature coefficient is reaching 749 ppm/°C. The improvement by the

reducing atmosphere is caused by the low oxygen partial pressure which increase

the solubility of Al and Ti in ZnO, thereby increasing donor defects and then the

charge carrier concentration. Meanwhile, the process reduces the acceptor defects

at the grain boundaries enhancing the carrier mobility. In addition, the AlZn-Zni

complex has been identified as the main shallow donor defect that enhances the

conductivity of ZnO ceramics. A consistent analysis has been carried out based on
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experimental investigations by Raman, EPR, and NMR techniques.

2. As Al doping improves highly the electrical conductivity of ZnO-based ceramics,

the role of Al2O3 doping ratios has been investigated within the range of 0.1-0.55

mol.% and for a processing technique with CO + N2 as reducing atmosphere.

Structural and electronic active defects analysis by XRD, SEM, Raman, EPR and

NMR methods, shows that the Al2O3 content modulates the shallow donor

AlZn-Zni complexes, grain boundaries and the fraction of the secondary ZnAl2O4

spinel phase in ZnO ceramics and thereby altering the electrical conductivity.

3. The effect of the spark plasma sintering (SPS) method on the structure and

electrical properties of ZnO ceramics doped with 0.25 mol% Al2O3 has been

studied. This method improves the solubility of Al in ZnO, reduces the spinel

phase content, and limits the grain size growth. The comprehensive analysis of

Raman spectra, UV-visible absorption spectra and photoluminescence spectra

show the role of the SPS method to increase the structural disorder and the

concentration of shallow donor AlZn-Zni complexes enhancing the electrical

conductivity of ZnO ceramics.

4. Although the combined process of co-doping ZnO ceramics leads to high

conductivities, the role of each doping element such as Al, Ti and Mg must be

clarified on how it may affect the key features of the host ceramics. Different

doping combinations with different contents of Al, Ti and Mg ions have been

realized and altered differently the phase composition, microstructure and defects

in ZnO-based ceramics, and then affect the conductivity. The similar

characteristics (valence, size) of Mg ions and Zn ions essentially contribute to the

formation of defects. Doping by Ti ions, leads to deep donors (Ti3+) and induces a

secondary insulating spinel phase which limits the conductivity. As for doping

with Al ions, it has a significant effect on the conductivity owing to the shallow

AlZn-Zni donor defects, which contribute to a high concentration of charge carriers.

5. Studies have been devoted to the role of microstructure and grain morphology on

the conductive properties of ZnO-doped ceramics. Thus, the electrical behavior

was compared between particles with large dimensions (20 μm) as in massive

ceramics and particles of smaller sizes (<100 μm). The correlation between the
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microstructure and the electrical properties of doped ceramics was established by

analyzing the coordination of doping ions Al in ZnO, the nature of electronic

defects and the local disorder of ZnO materials.

Keywords: ZnO ceramics, Co-doping, Electronic defects, Electrical conductivity,

Magnetic resonance
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摘 要

ZnO导电陶瓷的原料丰度高、成本低廉、无毒无害、制备工艺简单，并且具

有大的禁带宽度、高的激子束缚能、高的透明度和强的导电能力等优异的电学、

光学性质，因此在传导电阻、导电薄膜靶材、电极材料、热电器件等领域具有广

泛的研究价值和应用前景。ZnO陶瓷的高导电能力与其结构密切相关。作为多晶

结构的陶瓷材料，烧结获得的 ZnO陶瓷内部的施主浓度、晶界结构、物相种类、

结构无序程度等结构特征受到制备过程中的掺杂元素种类及含量、烧结方式、烧

结气氛等参数的调控，并且这些结构特征共同协调影响着 ZnO陶瓷的导电能力。

因此，本论文主要研究了 Al2O3、TiO2和MgO 掺杂的 ZnO基陶瓷，通过改变掺

杂剂的种类及含量、烧结气氛、烧结方式来调节电导率的变化，并从 ZnO 基陶

瓷的物相结构、显微形貌、局部结构无序度、缺陷类型及分布的角度，分析调控

ZnO陶瓷的结构及电导率的因素，从而建立起“制备-结构-性能”间的联系，指

导 ZnO基导电陶瓷的研发以及应用。

本论文中涉及到的主要创新工作及结果概述如下：

1. 烧结气氛是影响 ZnO陶瓷的结构和性能的一个重要参数，分别在空气、氮气

(N2)、一氧化碳和氮气混合气体(CO+N2)的气氛中烧结制备了 Al2O3、TiO2和

MgO共掺杂的 ZnO基导电陶瓷，电导率按此顺序递增，且在 CO+N2还原气

氛中制备的 ZnO 陶瓷具有最高的电导率σ= 1.5×105 S·m-1以及正的阻温系数

749 ppm/℃。低氧分压的还原气氛能够提高 Al、Ti在 ZnO 中的固溶度，进

而提升施主缺陷含量，增加载流子的浓度；同时具有降低晶界受主缺陷、增

加载流子迁移率的作用。此外，拉曼光谱、EPR和 NMR的综合分析共同确

定了 AlZn-Zni复合体缺陷为增强 ZnO基陶瓷的导电能力的主要浅施主缺陷，

且该缺陷的含量在还原气氛下烧结制备的陶瓷中达到最大，解释了高导电的

原因。

2. 掺杂 Al元素具有显著提高 ZnO基陶瓷电导率的作用，因此需要分析 Al元素

对 ZnO陶瓷微观结构和导电能力的作用。在 CO+N2还原气氛下烧结制备了

Al2O3的掺杂量分别为 0.1 mol%、0.25 mol%、0.4 mol%和 0.55 mol%的 ZnO

基导电陶瓷，探究了不同掺杂含量的 Al2O3对 ZnO陶瓷的结构和电学性能的
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影响。不同含量的 Al2O3能够调节 ZnO陶瓷内的浅施主 AlZn-Zni复合体缺陷

的浓度、晶界的数量和 ZnAl2O4尖晶石的含量，通过调控 ZnO陶瓷的结构实

现电导率的变化，且在 Al2O3的最佳掺杂量 0.25 mol%时实现了陶瓷内最佳

的载流子的浓度和迁移率，进而获得到了最高的电导率 1.52×105 S·m-1。

3. 研究了放电等离子体烧结（SPS）方式对掺杂 0.25 mol% Al2O3的 ZnO 陶瓷

的结构和电性能的作用，SPS方式能够增加 Al在 ZnO中的固溶度、减少尖

晶石的含量，同时具有降低晶粒尺寸、增加晶界数量的作用。通过拉曼光谱、

紫外可见吸收光谱、光致发光光谱的综合分析表明 SPS方式能够增加结构无

序度和浅施主 AlZn-Zni复合体含量，从而提高了 ZnO陶瓷的电导率。

4. 通过改变 Al、Ti和Mg离子的掺杂含量制备了具有不同组分的 ZnO基陶瓷，

用于探究 Al、Ti和Mg掺杂元素对 ZnO 陶瓷的作用。不同的掺杂组合会很

大程度地改变 ZnO基陶瓷中的物相组成、显微结构和缺陷种类，进而影响着

电导率的高低。Mg离子与 Zn 离子的相似性，使得掺杂后 ZnO 陶瓷的结构

和电性能无明显变化；掺杂 Ti离子后产生深施主 Ti3+及过量的尖晶石，导致

ZnO陶瓷的导电能力有所降低；基于浅施主 AlZn-Zni复合体缺陷能够增加传

导电子的数量，掺杂 Al离子的 ZnO基陶瓷的导电性能大幅度提高。

5. 上述研究表明了掺杂 Al的 ZnO陶瓷中形成的浅施主 AlZn-Zni复合体缺陷是

提高电导率的最主要因素。将 ZnO导电陶瓷片加工成具有不同导电能力和不

同颗粒尺寸的 ZnO粉体，研究了与 AlZn-Zni复合体有关的奈特位移效应以及

电荷离域程度和导电能力的关系。结果表明具有高导电能力的大尺寸 ZnO

陶瓷颗粒构成的粉体中 AlZn-Zni复合体的浓度更高，离域电荷分布范围更广，

从而间接地说明了 ZnO陶瓷具有高电导率的原因。通过对 Al元素的配位环

境和电子缺陷结构及 ZnO材料的局部无序度的分析，建立了 Al掺杂 ZnO的

微观结构与电性能之间的相关性。

关键词：ZnO陶瓷，施主掺杂，电导率，AlZn-Zni复合体，磁共振技术
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Résumé
Les céramiques conductrices à base de ZnO suscitent un important intérêt pour leurs

applications comme varistances, capteurs de gaz, électrodes transparentes, dispositifs

piézoélectriques, électro-optiques ou thermoélectriques. Le dopage de ZnO par des

éléments (Al, Ti, Mg) confèrent aux céramiques formées des propriétés électriques et

optiques remarquables caractérisées par une transparence optique modulée, des

énergies de liaison élevées pour les excitons, et des conductivités électriques

atteignant 105 S·cm-1. Le présent travail de thèse est consacré à l’étude et à l'analyse

des effets de dopage et des conditions de fabrication des céramiques à base de ZnO.

La conductivité est ajustée par la nature des éléments dopants, l'atmosphère de frittage

et les méthodes de fabrication par solutions solides ou par frittage flash (SPS). La

corrélation "Préparation - Structure - Conductivité" a été établie pour ouvrir la voie à

la réalisation de céramiques à base de ZnO avec de fortes conductivités. Les

principales contributions et les résultats marquants sont décrits ci-dessous:

1. L'atmosphère de frittage est un paramètre important affectant la structure et les

performances des céramiques ZnO. Différentes compositions de ZnO co-dopées

par (Al, Ti, Mg) ont été préparées par frittage sous air, azote (N2) ou un mélange

CO + N2. La conductivité augmente avec la nature réductrice de l’atmosphère

utilisée. En particulier, les céramiques ZnO préparées dans un CO + N2 ont la

conductivité la plus élevée σ = 1,5 × 105 S·m-1 et un coefficient de température

positif (PTC) de 749 ppm/°C. L'atmosphère réductrice augmente la solubilité de

Al et Ti dans ZnO, favorisant ainsi les défauts donneurs et améliorant la

concentration des porteurs. En parallèle, il peut réduire les défauts d'accepteur

aux joints de grains et contribuer à augmenter la mobilité des porteurs. En outre,

des défauts électroniques sous la forme d’associations AlZn-Zni ont été identifiés

par Raman, RMN et RPE, comme les principaux défauts donneurs qui améliorent

la conductivité des céramiques ZnO co-dopées et frittées sous une atmosphère

réductrice.
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2. Le dopage par Al2O3 améliore considérablement la conductivité électrique des

céramiques à base de ZnO. Il est donc judicieux d'analyser l'effet de la teneur en

éléments dopants (Al) sur la microstructure et la conductivité électrique. Ainsi,

des céramiques conductrices à base de ZnO dopées avec 0,1 0,25 , 0,4 et 0,55

mol.%, de Al2O3 ont été préparées dans une atmosphère réductrice de (CO + N2).

Le taux de dopage optimal en Al contribue à la formation des défauts donneurs

peu profonds de type AlZn-Zni qui induisent une conductivité de l’ordre de

1.25×105 S·m-1. Par contre, pour des taux élevés de dopage, la formation de joints

de grains et la phase secondaire spinelle ZnAl2O4 contribuent à dégrader la

conductivité électrique des céramiques dopées.

3. L'effet de la méthode de frittage flash (SPS) sur la structure et les propriétés

électriques des céramiques ZnO dopées avec 0,25% molaire de l’oxyde Al2O3 a

été étudié. La méthode SPS contribue à augmenter la solubilité d'Al dans ZnO,

réduit la teneur en phase spinelle, et limite la croissance des grains, augmentant

de fait le nombre de joints de grains. L'analyse complète des spectres Raman,

d'absorption UV-visible et des spectres de photoluminescence montre que la

méthode SPS favorise le désordre structural et la formation des complexes

donneurs peu profonds AlZn-Zni, améliorant ainsi la conductivité électrique des

céramiques ZnO.

4. Une étude systématique des effets des éléments dopants sur les propriétés des

matrices hôtes a été menée sur différentes compositions de céramiques avec

différentes teneurs en ions Al, Ti et Mg. Les caractéristiques similaires (valence,

taille) des ions Mg et des ions Zn contribue essentiellement à la formation de

défauts. Pour le dopage avec des ions Ti, des donneurs profonds (Ti3+) sont

formés ainsi qu’une phase secondaire isolante de type spinelle qui limite la

conductivité. Quant au dopage aux ions Al, il présente un effet conséquent sur

l’ampleur de la conductivité grâce aux défauts donneurs peu profonds AlZn-Zni,

qui contribuent à une forte concentration de porteurs de charges.
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5. Des études ont été consacrées au rôle de la microstructure et la morphologie des

grains sur les propriétés de conduction des céramiques dopées ZnO. Ainsi, le

comportement électrique a été comparé entre des particules à grandes dimensions

(20 μm) comme dans les céramiques massives et des particules de plus petites

tailles (<100 μm). La corrélation entre la microstructure et les propriétés

électriques des céramiques dopées a été établie en analysant la coordination des

ions dopants Al dans ZnO, la nature des défauts électroniques et le désordre local

des matériaux ZnO.

Mots clés: Céramiques ZnO, Co-Dopage, Défauts électroniques, Conductivité

électrique, Résonance magnétique
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General Introduction

1. Research Significance

As a resistance component, ZnO-based conductive ceramics have the advantages of

easy conductivity adjustment, small and positive temperature coefficient of resistance,

high linearity of volt-ampere characteristics, high energy density, strong reliability,

and stable performance. Therefore, it has great application prospects in the fields of

power equipments and electronic systems. Pure ZnO-based ceramic has very poor

electrical conductivity, which is much smaller than metal and carbon resistors, far

from the meeting requirements for conductive devices in transmission circuits. Thus,

it is important to improve the conductivity of ZnO-based ceramics. In addition, ZnO

ceramics with high electrical conductivity can also be used in conductive thin film

targets, electrode materials, thermoelectric devices, etc. Therefore, the research theme

of this thesis is the preparation and analysis of highly conductive ZnO ceramics.

Due to a few donor defects, pure ZnO is an intrinsic N-type semiconductor, thus

donor doping is the most effective way to improve the conductivity of ZnO ceramics.

Al in IIIA group is the most common and efficient donor dopant. It is necessary to

explore the effect of Al content on the microstructure and defect types of ZnO-based

ceramics, and then analyze the mechanism of its roles on electrical conductivity.

Except donor doping, reducing atmosphere sintering and spark plasma sintering can

improve the conductivity of ZnO ceramics. It can be speculated that the preparation of

Al-doped ZnO conductive ceramics by these two methods may achieve further

improved electrical conductivity. Therefore, it is significant to study the effects of

reducing atmosphere sintering and spark plasma sintering on Al-doped ZnO

conductive ceramics, so as to obtain ZnO ceramics with high conductivity. In addition,

in order to obtain a ZnO-based conductive ceramic with excellent comprehensive

properties such as compact structure, good temperature resistance, and stable
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voltammetric characteristics, dopants such as Ti and Mg other than Al need to be

added. Exploring the effect of reducing sintering atmosphere on the structure, defects

and conductivity of these three elements doped ZnO ceramics can explain the effects

of sintering atmosphere on multi-doped ZnO ceramics. This is more conducive to the

research and application of multi-elements co-doped ZnO-based ceramics.

2. Research content

The purposes of this thesis are to prepare ZnO-based ceramics with high conductivity

and to analyze the mechanism of enhancing the conductivity. The effects of sintering

atmosphere, Al2O3 doping ratio, SPS sintering method, and dopants Al2O3, TiO2 and

MgO on the crystalline phases, microstructure, local disorder, and defects of

ZnO-based ceramics have been mainly studied to analyze their roles on electrical

properties such as temperature coefficient of resistance, linearity, energy density,

especially the electrical conductivity. The mechanism of regulating conductivity has

been illustrated in detail. In addition, through the research of particles with different

sizes processed from ZnO-based ceramics, the reason why the defect AlZn-Zni

complex can significantly improve the conductivity of ZnO ceramics has been

explained.

1. The ZnO-based conductive ceramics have been prepared using the sintering

atmosphere of air, N2, CO+N2, and the ceramics sintered under the CO+N2

reducing atmosphere have greatly improved electrical conductivity (1.52×105

S·m-1).

2. Under the CO+N2 reducing sintering atmosphere, ZnO ceramics doped with

different Al2O3 ratio have been synthesized, and the adjustment effect of the

dopant Al2O3 on the phase composition, grain boundaries, and donor defects of

ZnO ceramics are comprehensively studied to analyze the conductivity

mechanism.
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3. In addition, the spark plasma sintering also has the effect of improving the

electrical conductivity of Al2O3 doped ZnO ceramics by increase donor defects .

4. By selectively doping Al2O3, TiO2 and MgO in ZnO ceramics, the effect of single

or co-doped Al, Ti or Mg on the phase structure, microstructure and electrical

properties of ZnO ceramics has been investigated.

5. The AlZn-Zni complex produced by doping with Al element is closely related to

the high electrical conductivity, and the generated conduction electrons can be

detected and analyzed by the Knight shift effect on the NMR spectra and the

specific relaxation mechanism of the EPR spectra, thereby AlZn -Zni complex is

determined to be an important shallow donor defect to improve conductivity.



Chapter 1

Introduction

4

Chapter 1

Introduction

1.1 Structure of ZnO conductive ceramics

1.1.1 Crystal structure and basic properties of ZnO

The crystal structure of zinc oxide (ZnO) includes cubic rock salt, cubic sphalerite and

hexagonal wurtzite, of which only hexagonal wurtzite is a thermodynamically stable

structure under normal temperature and pressure[1], which is also the main ZnO

conductive ceramic Physical composition. The crystal structure of the hexagonal

wurtzite structure of ZnO[2]is shown in Figure 1.1 (a). The basic ZnO cell is composed

of four atoms of two Zn and two O in Figure 1.1 (b). The wurtzite ZnO structure

belongs to the 6mm (or C6V) point group and the P63mc (or C6v4) space group. The

lattice parameters are: a = 3.2498 Å, b = 3.2498 Å, c = 5.2066 Å (JCPS card No.

36-1451) [3], where the value of c/a is about 1.60, which is close to the ideal axial ratio

of close-packed hexagonal structure c/a = 1.633[4]. Zn and O are arranged along the

c-axis direction according to the ABAB hexagonal close-packed structure, and then

the two hexagonal close-packed structures are translated along the c-axis direction by

a length of 5/8×c to form a hexagonal wurtzite ZnO structure. The structure can also

be regarded as being composed of multiple alternating planes composed of O and Zn

of tetrahedral coordination alternately stacked along the c-axis. A zinc atom in the

hexagonal wurtzite structure is surrounded by four oxygen atoms in a tetrahedron.

The zinc atoms are located in the tetrahedral sites composed of four adjacent oxygen

atoms, and occupy only half of the oxygen tetrahedral sites, and vice versa, oxygen

atoms occupy half of the tetrahedral sites composed of zinc atoms, forming a loose

structure easily doped with other elements.



Chapter 1

Introduction

5

Figure 1.1 (a) The wurtzite ZnO structure, (b) The wurtzite ZnO unit cell

ZnO is a semiconductor belonging to group II-VI, and its properties are between ionic

semiconductors and covalent semiconductors with a covalent chemical bond of sp3

hybrid orbital. The large electronegativity difference between Zn and O atoms makes

it have partial ionic bond characteristics. Based on the first-principles calculation of

density functional theory, the conduction band of pure ZnO is mainly composed of 4s

state of Zn and 2s state of O, and the valence band is mainly composed of 3d state of

Zn and 2p state of O. The lowest unoccupied molecular orbital (LUMO) and the

highest occupied molecular orbital (HOMO) of ZnO nanograins are determined by the

4s state of Zn and the 2p state of O[5], respectively, as shown in Figure 1.2, indicating

that ZnO is a direct wide bandgap semiconductor with a band gap of 3.37eV at room

temperature. By adjusting the ZnO material doping process, preparation conditions

and other parameters can change the ZnO state density distribution, and then adjust

the performance of ZnO material.

Figure 1.2 (a) Band structure and (b) Partial density of states (PDOS) for ZnO
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Table 1.1 summarizes the parameters of the basic structure, physical and chemical

properties of wurtzite ZnO[6, 7], which shows that it has excellent and stable properties.

At the same time, ZnO has the characteristics of high output, low price and non-toxic

and harmless, resulting in ZnO being widely used in rubber, coatings, ceramics,

electronics, medicine, glass and chemical industry.

Table 1.1 Basic properties of wurtzite ZnO

Parameters Value
Space group P63mc or C6v4

Lattice constant a=b=3.2498 Å，c=5.2066 Å
Density 5.606 g/cm3

Melting point 1975℃
Thermal conductivity 0.6 W/cm·K(axis a)，1.2 W/cm·K(axis c)

Thermal expansion coefficient a0=6.5×10-6，c0=3.0×10-6

Refractive index 2.008(axis a)，2.029(axis c)
Exciton binding energy at room

temperature
60 meV

Static permittivity 8.656
Band gap at room temperature 3.37eV
Intrinsic carrier concentration <106 cm-3

Electronic quality 0.24m0

Hole effective mass 0.59m0

Electron Hall mobility at room
temperature

200 cm2/V·s
Hole mobility at room temperature 5~50 cm2/V·s

Intrinsic resistance 9.94×103Ω·cm

1.1.2 Structure of ZnO conductive ceramic

The phase structure of ZnO conductive ceramics is mainly ZnO grains with hexagonal

wurtzite, and also contains a few spinel grains related to doping elements and grain

boundaries distributed between ZnO grains, the corresponding microstructure

schematic diagram is shown in Figure 1.3.





Chapter 1

Introduction

8

the introduction of doping elements will also affect the shape, size, growth rate of

ZnO grains and the structure of ZnO ceramics. For example: Doping Sn can adjust the

size and shape of ZnO grains[14]; the inversion boundary generated after doping Sb

will also affect the size and shape of grains[15]; doping Ti can increase the density of

ceramics[16].

1.1.2.2 Grain boundary

The grain boundaries of ZnO conductive ceramic are clean interfaces that ZnO grains

directly contact, which is very different from the amorphous grain boundary layer of

ZnO varistor[17], as shown in Figure 1.4. The interface between ZnO grains with

different orientations and irregular atomic arrangement is the ZnO-ZnO grain

boundary. Many defects such as vacancies, gaps, and dislocations exist in the grain

boundary with relatively loose structure. Thus the grain boundary has great stress

distortion and high energy, and the process of nucleation, growth and growth of the

second phase is easy to occur. Therefore, most of the spinel grains in the ceramic are

distributed in the grain boundary.

Figure 1.4 ZnO grain boundary structure: (a) Conductive ceramic, (b) Varistor

The special structure of the grain boundary is easy to cause the intrinsic acceptor

defects VZn and Oi to gather[9], which leads to the imbalance of the potential of the

grain and the grain boundary. Generally, the Fermi energy level of crystal grains is

higher than that of grain boundaries. Therefore, the conductive electrons near the

grain boundary in the N-type ZnO grain are easily captured by the grain boundary,
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doping concentration, and NS is the acceptor concentration.

Therefore, a conductive ZnO ceramics with excellent performance can be obtained by

reducing or eliminating the barrier of ZnO ceramics. By doping donor elements such

as Al into the grains to increase the electron concentration of ZnO grains[21] or

decreasing the acceptor concentration at the grain boundaries by reducing atmosphere

sintering[22], the Schottky barrier can be significantly reduced to improve electrical

performance.

1.1.2.3 Spinel phase

The spinel grains depend on the type and content of the dopant. When the doping

content exceeds the solid solubility of the corresponding element in ZnO, a second

phase of spinel can be produced, such as ZnAl2O4, Zn2TiO4, etc.[23, 24]. The ratio of

spinel phase in ZnO conductive ceramics is small, and the size is much smaller than

that of ZnO grains. The spinel particles are embedded in the ceramic and distributed

in the grain boundaries and inside the ZnO grain, which has an important influence on

the properties of the ceramics. Spinel is a face-centered cubic structure with loose

structure, which is easier to dissolve other doping elements to adjust their solid

solubility in the ceramic, and then affect the overall electrical performance[25]. Spinel

can prevent the growth of ZnO grains through the pinning effect to reduce the size of

ZnO grains and increase the number of grain boundaries[26], as shown in Figure 1.6.

The larger the size and content of the spinel grains, the greater the pinning force, and

the stronger the effect on the ZnO grains and grain boundaries[27]. In addition, spinel is

an insulator, which limits the effective conductivity of ZnO ceramics by hindering and

scattering electron transmission. Therefore, the content and distribution of spinel in

ZnO conductive ceramics have the effect of adjusting its conductivity. In order to

obtain high conductivity, the dopant content should be limited to the solid solubility[28].

Besides, the solid solubility can be improved by suitable preparation methods (such as

spark plasma sintering (SPS), atmosphere sintering and sintering temperature[29, 30]),

so that all the doping elements are present in ZnO, and the conductive ceramics
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appear to contain only ZnO grains and grain boundaries.

Figure 1.6 Schematic of the pinning effect of spinel on grain growth

ZnO conductive ceramic is composed of low-resistance ZnO grains, grain boundaries

with barriers and insulated spinel grains. The conductive body is the conductive path

formed by the interconnection of ZnO grains. The grain boundaries hinder the

electron transmission between the ZnO grains, while the other spinel grains act as

insulators to block or reduce the conductive path. Conductive ZnO grains,

high-resistance grain boundaries and insulated spinel grains form a complex series

and parallel structure, which together determine the electrical properties of ceramics.

1.2. Electrical properties of ZnO conductive ceramics

1.2.1 Electrical Conductivity

Resistivity, or electrical conductivity, is the most important electrical parameter of

ZnO conductive ceramics. In ZnO-based conductive ceramics, conductive ZnO grains,

high-resistance grain boundaries and spinel grains form a complex series and parallel

structure to jointly affect the electrical conductivity of the material, which can be

explained by the model of percolation conduction[31] shown in Figure 1.7(a).

Conductive ZnO grains with resistivity in the range of 1-10 Ω•cm are connected to

form a network structure, forming a continuous conductive path in the ceramic; The
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barrier height of the grain boundary is a key factor. High conductivity requires a very

low barrier height to form an ohmic contact; Spinels with high resistivity of generally

above 108 Ω•cm[32], such as ZnAl2O4, are distributed in ceramics and do not play a

role in conductivity, but mainly play a role in regulating the conductive path. The

equivalent circuit diagram of the ZnO conductive ceramics is shown in Figure 1.7(b).��, ��� and �� respectively represent the resistivity of ZnO grains, grain boundaries,

and spinels, and ��� represents the capacitance caused by the grain boundary barrier.

By controlling the content of the dopant within the solid solubility of ZnO, almost no

spinel is generated in the ceramic, and the regulating conductive path effect is almost

negligible. In this case, the resistivity of the ceramic mainly depends on the resistivity

of ZnO grains and grain boundaries. The resistivity of ZnO conductive ceramic refers

to the following equation:

ρ = ρg + ρgb × td (1.2)

Among them, t is the grain boundary width, d is the ZnO grain size. In the ZnO

conductive ceramic, ZnO grains can directly contact, thus t is much smaller than d.

Therefore, a highly conductive ZnO ceramic can be obtained by reducing the

resistivity of ZnO grains and grain boundaries.

Figure 1.7 Schematic diagram of (a) Model of percolation conductivity, (b)

Schematic of equivalent circuit of ZnO conductive ceramics
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1.2.2 Temperature coefficient of resistance (TCR)

The resistance or resistivity of most conductive materials changes with changes in

temperature. Defining the change rate of the resistance value at a temperature change

of 1 °C is the temperature coefficient of resistance (TCR) in ppm / °C, which can be

expressed by the following formula:

)T-T(R
RRTCR

0x0

0x  (1.3)

Among them, R0 is the resistance value at the reference temperature T0 (usually 20℃),

Rx is the resistance value at the test temperature Tx.

Figure 1.8 intuitively shows the difference between typical metal and semiconductor

resistivity changes with temperature. In metals, as the temperature increases, the

random movement of free electrons and the vibration of atoms will increase, resulting

in more collisions and hindering the movement of conducting electrons. Thus the

resistance of the metal will increase with increasing temperature and exhibit a positive

TCR. Semiconductors at high temperatures have enough energy to break more

covalent bonds and can generate more free electrons, which means that a large

number of electrons can pass the band gap when the temperature rises, thereby

increasing the electrical conductivity by increasing the free electrons. Therefore, free

electrons in semiconductors increase with increasing temperature, resulting in

semiconductors that generally have a negative TCR, showing a decrease in resistance

with increasing temperature.
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calculated α characterizes the volt-ampere characteristic of the measurement range.

ZnO varistor does not have a linear current-voltage curve, and generally has a α

greater than 30. As shown in Figure 1.9, the resistance is determined by the grain

boundaries and grains in ZnO ceramics under different currents[34, 35]. ZnO varistors

are often used to protect circuits, and are usually connected in parallel with the

components that need to be protected. Under normal operating current, ZnO varistor

has a large resistance, showing an open circuit state; When the current suddenly

increases, the grain boundary resistance is broken down, and the ZnO varistor exhibits

a small resistance dominated by ZnO grains. The suddenly increased current flows

through the ZnO varistor, so that the protected components will not be damaged due

to the ZnO varistor short circuit.

Figure 1.9 Current versus voltage curve of ZnO varistors

The α can also be used to characterize whether ZnO conductive ceramics have ideal

ohmic characteristics, used to reflect its stability. For a resistive device, the optimal

state is α = 1. In this case, a constant resistance under different currents or voltages

can ensure the stable operation of the resistive device in the working circuit. The α is

mainly affected by the electron scattering generated by the disordered structure or the

barrier at the grain boundary, and the higher the barrier, the greater the α[36]. Due to
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various defects between ZnO grains and grain boundaries, a small potential barrier is

produced, so ZnO linear conductive ceramics still have an α close to 1, generally

between 1 and 1.2. The ZnO conductive ceramic with α as close to 1 as possible can

be obtained by lowering barrier at the grain boundaries[34].

1.2.4 Energy Density

The energy density of the ZnO ceramic resistor refers to the maximum dissipated heat

energy per unit volume of the ceramic resistor, and also the maximum energy before

thermal breakdown. Generally, the ZnO ceramic is impacted by a high-energy pulse

current, and the applied current is gradually increased until the ceramic is broken

down. According to the corresponding resistance and pulse width, the energy density

(E) of the ZnO ceramic is calculated using the following expression in J/cm3.

0

2

V
tRIE  (1.5)

In the formula, I is the maximum impact current, t is the pulse width, R is the

resistance, and V0 is the volume of the ZnO ceramic.

Energy density can determine the service life of electronic components, and high

energy density can ensure stable operation under high pressure. The uneven

temperature distribution caused by the conversion of electrical energy into thermal

energy will cause the ceramic to be destroyed after the thermal stress generated in the

ceramic exceeds the tolerance limit[37]. The energy density is mainly related to the

density and structural uniformity of the material[38], so it can be increased by

increasing the density of the ceramic and controlling secondary phases, such as

reducing the content of pores or texturing the structure[39].

1.2 Defect features and doping effects in ZnO

The intrinsic defects existing in the ZnO lattice affect the basic properties of ZnO, and
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hydrogen ions[45, 46]. Lishu Liu believes that the theoretical calculations that negate the

donor effect of VO are not reliable, because the calculated formation energy and

concentration range of VO are very different from the actual experimental results, and

there is a lack of discussion on the VO valence. Through their study of oxygen

diffusion in ZnO, they pointed out that the divalent VO near the edge of the

conduction band is the main donor point defect that leads to the non-stoichiometric

and N-type conductivity of ZnO[47]. K. Bandopadhyay proved by photoluminescence

spectroscopy that the Zni-VO complex with a lone pair of excitation energy close to

the band gap can produce a strong violet blue light, which is the source of N-type

conductivity[48]. Infrared spectroscopy of O-H vibration shows that H occupies the

reverse bond configuration, and needs to be recombined with VZn due to unstable

O-H[49]. Therefore, based on the current research results, we infer that although H has

a weak donor effect, the source of intrinsic N-type conductivity in ZnO is still Zni and

VO defects with specific electronic configuration and coordination environment.

1.2.2 Extrinsic defects

Although pure ZnO ceramics have N-type conductive characteristics, but the intrinsic

carrier concentration is very small (approximately 106 cm3), so the poor conductivity

is far from the needs of conductive ceramics. The most effective way to improve the

electrical conductivity of ZnO ceramics is to add suitable dopants and generate

corresponding extrinsic defects to form impurity semiconductors with high

conductivity[50]. According to different types of dopants, ZnO semiconductors can be

divided into N-type ZnO semiconductors dominated by electron carriers and P-type

ZnO semiconductors dominated by hole carriers. Elements, such as Li, Na, Cu, and N,

can be used as P-type acceptor centers for replacing cation Zn2+ or anion O2- [51-53],

which can increase the acceptor carrier concentration in order to increase the

conductivity. Based on the weak N-type conductivity of ZnO, it is easier to obtain

improved conductivity through N-type doping. The P-type doping has the

characteristics of self-compensation and poor stability[54], which makes it difficult to
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increase the carrier concentration, and even converts from P-type to N-type

semiconductor[55, 56]. Therefore, the conductivity of ZnO ceramics is usually improved

by N-type doping in the ZnO ceramics.

Generally, the cation or anion with more electrons in the outer shell is substituted for

Zn or O to achieve N-type doping. The most common cations to replace Zn are the

IIIA elements Al, Ga and In, which act as shallow donor doping elements[3, 13, 57] to

greatly increases the electron concentration in the doped ZnO ceramics. It has been

reported that Al or Ga-doped ZnO can achieve a carrier concentration greater than

1020 cm3, and realize a degenerate electronic state in the conduction band, showing

that the Fermi level has shift to the conduction band[58-60], making a easier electron

transition in ZnO. In addition, Ti and Co can also be used as donor doping elements[61,

62] to substitute and occupy a few of Zn sites to form N-type donor centers, which can

increase the free electron concentration and then increase the conductivity of ZnO.

Another way to form N-type ZnO semiconductor is to add Cl element of group VII to

substitute the O anion site[63, 64]. The ZnO ceramics sintered by the chemical vapor

transmission of Cl gas can form a shallow donor Cl to reduce resistivity[65]. So far,

due to the complex preparation process of anion substitution and poor ability to

improve the conductivity, anionic N-type doping in ZnO ceramics is not common. In

these donor dopants, due to the similarity of the radius of Al and Zn and the high solid

solubility, Al replaces Zn to form a shallow donor with a higher concentration of AlZn,

which can greatly provide the N-type conductivity of ZnO. Therefore, Al is the best

choice for preparing highly conductive ZnO-based ceramics due to its strong donor

effect.

Higher solid solubility of Al in ZnO ceramics leads to produce the higher

concentration of shallow donor AlZn, so the key to prepare highly conductive ZnO

ceramics is to improve the solid solubility of Al in the ZnO lattice. Solid solubility is

mainly affected by the preparation parameters of ZnO ceramics, such as preparation

way, sintering atmosphere and sintering method. Sol-gel, solvothermal reaction and
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other chemically synthesized preparation ways can improve the efficiency of Al

replacing Zn to increase electrical conductivity[66, 67]; low-oxygen partial pressure

sintering environments, such as vacuum, nitrogen, reducing atmosphere can help Al to

replace Zn in ZnO. The greatly increased concentration of AlZn and Zni can make its

conductivity reach 107 times than that of samples sintered in air[30, 68]; spark plasma

sintering, hot-press sintering, microwave sintering, etc. can enhance the density of the

structure to achieve the solid solution of Al to enhance the conductivity of Al-doped

ZnO materials[29, 69-71].

1.2.3 Experimental methods for defect studies

The electrical properties of ZnO conductive ceramics have a strong correlation with

defects, so it is necessary to find appropriate defect testing methods to characterize the

type, concentration and distribution of defects in the ceramics to explain the

mechanism problems related to the electrical properties. Commonly used defect test

methods include infrared spectroscopy (IR), Raman spectroscopy, photoluminescence

spectroscopy (PL), electron paramagnetic resonance spectroscopy (EPR) and nuclear

magnetic resonance spectroscopy (NMR). IR is mainly used to detect H-related

defects to explain its effect on conductivity, IR testing of hydrothermal grown ZnO

and ZnO grown from the vapor phase showed that the presence of H-VZn complex and

the characterized H at 3611.3 cm-1 contributed to the N-type conductivity of ZnO[72].

It is worth noting that, due to the high temperature and atmosphere sintering, the ZnO

ceramics prepared by the solid phase reaction contain very few H defects, so H is not

the main reason for the high conductivity. It is reported that IR can also use

formaldehyde probe molecules to detect VO defect sites on the surface[73]. Raman

spectroscopy can be used to analyze the defect structure caused by Zni, VO and doping

in ZnO according to the characteristic vibration frequency of different defects, and

can explain the corresponding defect concentration and configuration[74-77]. The

absorption and emission of light can reflect the electronic transition and

recombination behavior of the energy band structure, and then infer the type of
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corresponding defects. The band gap can be calculated based on the position of the

absorption peak in the UV absorption spectrum, and the blue shift in ZnO indicates an

increase in the concentration of donor defects[78]; the PL spectrum can detect

excitation light with a specific wavelength or energy, and the types of structural

defects causing energy level transitions can be derived from different spectral

bands[48], and then the defects that affect the performance of ZnO materials can be

analyzed. In addition, X-ray photoelectron spectroscopy can be used to characterize

the situation of O-related substances and to analyze the valence of O and VO

concentration[79]. EPR and NMR are local probe techniques that can analyze the types

of characteristic defects and the local environment. EPR can be used to detect

paramagnetic defects in ZnO, mainly including VO, Zni, VZn, and defects containing

unpaired spin S = 1/2 introduced by doping, which is useful to understand the

electrical behavior of ZnO materials. The EPR line of g = 1.96 indicates the

characteristic shallow donor defects in ZnO. It is reported that it may originate from

Zni intrinsic defects or shallow donor defects caused by dopants In, Ga, Al, H,

etc.[80-84], which needs to be analysed by the doping and the preparation process; the

EPR lines with g factors around 1.99 and 2.00 characterize VO and VZn respectively[85,

86], and the distribution and content of corresponding defects in ZnO can be inferred

from the line shape. NMR is a technique to detect the local environment around an

atomic nucleus whose magnetic moment is not zero. Defects that affect electrical

performance can be determined by detecting the atoms coordination. For Al-doped

ZnO, the local environment of 27Al and 67Zn nuclei can be characterized by NMR[87-89].

Despite the low resolution of 67Zn, the disorder structure around Zn caused by doping

can be analyzed by the NMR spectrum. For 27Al, the NMR lines around 0 ppm and 80

ppm characterize the four-coordinated and six-coordinated Al in ZnO and correspond

to the AlZn and the Ali located in the octahedral interstitial sites, respectively. In

addition, the NMR signal in Al-doped ZnO ceramics far from the conventional shift

range is related to high conductivity, and the high concentration of delocalized

electrons induced in ZnO acting on AlZn can cause the shift of related lines[90].
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1.3 Applications, recent advances and trends in ZnO based

materials

1.3.1 Application of ZnO-based semiconductor

ZnO is a multi-functional material with excellent semiconductor properties. In

addition, it has the advantages of high stability, high temperature resistance, oxidation

resistance, abundant raw materials, low price, and environmental friendly. Therefore,

ZnO has wide applications in the fields of conductive, thermoelectric, photoelectric,

magnetic, gas sensitive, photosensitive and moisture sensitive materials.

Highly conductive ZnO ceramics play an important role in circuits such as conduction

circuits, ultra-high voltage transmission and transformation circuits and protection

circuits. Due to the characteristics of ceramics such as high chemical stability, strong

corrosion resistance, and wide application temperature, ZnO ceramic resistors can

operate stably in complex environments with severe cold, extreme heat, humidity, or

corrosion. In addition, it has the characteristics of easy resistance adjustment, high

linearity, small TCR, high energy density, small inductance, low cost, and easy

production. Therefore, ZnO ceramic has great advantages in the application of circuit

breakers, energy release resistors, grounding resistors and non-inductive resistance

devices, energy absorption devices, surge absorption devices, rectification equipment,

lightning protection devices, etc.[91-96]. The current devices tend to be miniaturized, so

it is necessary to study the resistance adjustment methods of ZnO ceramics and the

preparation measures of highly conductive ZnO ceramics.

In 1968, Panasonic Corporation in Japan developed nonlinear ZnO varistor, which is

one of the mature and widely used achievements of ZnO ceramic. The non-linear

volt-ampere property of ZnO varistors ensures its normal operation in circuits with

severe voltage fluctuations, thus ZnO varistors are mainly used for overvoltage

protection circuits. ZnO varistor is connected in parallel with the components to be
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protected, so that the circuits will not be damaged by the impact of high voltage or

strong current, and can greatly provide the service life and safety of the equipment.

Therefore, ZnO varistors play an important role in power transmission systems,

communication network components, power supply and microelectronic devices[97-99].

The thermoelectric material is an environment-friendly material that can utilize the

migration of carriers in the material to realize the conversion of thermal energy and

electrical energy. N-type ZnO high-temperature thermoelectric materials with higher

carrier concentration obtained by doping modification and different preparation

processes have high research and application value. A large number of studies have

focused on comprehensively regulating electrons and phonons to obtain the best

thermoelectric figure of merit to improve the conversion efficiency between

electricity and thermal energy. ZnO thermoelectric materials can efficiently convert

the thermal energy of solar energy, industrial waste heat, automobile exhaust, and

bio-heat into electrical energy, and play an important role in thermal power

generation[100-103].

Mn, Fe, Co or Ni-doped ZnO-based dilute magnetic semiconductors have both

semiconductor and magnetic material properties, and therefore have broad application

prospects in spintronic devices, semiconductor lasers, magnetic sensors, non-volatile

memories, etc.[104, 105]. Based on the versatility of ZnO semiconductors, researchers

have also used their electrical conductivity sensitivity to specific gases to prepare

gas-sensitive materials, which can monitor and alarm harmful gases in the

environment[106, 107]; moisture-sensitive materials with different compositions and

morphologies have been prepared using the dependence of surface conductivity on

environmental humidity[108]; the thermistor has been developed based on the negative

TCR of ZnO semiconductors such as Zn-Ni-O and Mn-Co-Cu-Zn-O, which is used as

a temperature protection device to protect the circuit from thermal shock[109, 110].

Furthermore, the N-type doped ZnO semiconductor with a wide band gap prepared by

a special way is a transparent conductive oxide (TCO) material in the visible region,
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which can be used in solar cells, liquid crystal displays and energy-saving thermal

insulation coatings[111, 112].

1.3.2 Advantages of ZnO conductive ceramics

The main research object of this thesis is ZnO-based ceramics with high conductivity,

which plays an important role in the circuit as ceramic resistors. In some cases,

ZnO-based ceramics resistors can replace metal or carbon resistors, so it is necessary

to explain the superiority of ZnO conductive ceramic resistors. Metal resistors and

carbon-based resistors are still the materials of choice for widely used resistance

devices. However, they are not suitable in some special application environments and

conditions, so it is necessary to study a new type of ZnO-based ceramic resistor which

is expected to replace metal resistors and carbon-based resistors in certain fields with

the improvement of performance and preparation technology. Compared with

traditional metal resistors and carbon-based resistors, ZnO ceramic resistors have the

advantages of high strength, corrosion resistance, oxidation resistance, chemical

stability and thermal stability, small size and light weight. The electrical properties of

ZnO conductive ceramic resistors also have unique highlights. The differences in

electrical properties of metal resistors, carbon-based resistors, and ZnO ceramic

resistors are summarized in Table 1.2, it can be seen that ZnO ceramic resistors have

many superior properties[113]. The resistance of ZnO conductive ceramics can be

adjusted in a wide range to be suitable for many occasions; TCR is small and can be

positive, the resistance is less affected by temperature, so the stability and safety are

higher; the energy density of ZnO ceramic resistors can reach about three times that of

metal and carbon series resistors, indicating that the volume is greatly reduced under

the same energy absorption requirements, which is conducive to the miniaturization

and lightness of the devices. Besides, the high energy density reflects the high

instantaneous energy absorption and strong impact resistance, which can greatly

improve the stability of the circuit and the service life of the device; the special

structure of ZnO ceramic makes it resistant to thermal shock, not easily oxidized and
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thermally corroded, so it is a good choice at high temperature. Stable performance and

anti-shock, anti-oxidation, and corrosion-resistant characteristics make it very useful

in extreme environments such as oil pollution, high temperature, low temperature,

humidity, and seabed corrosion. Therefore, ZnO ceramic resistors can well meet the

current high requirements for the power industry, have outstanding advantages in

certain aspects.

Table 1.2 Properties of metal resistor, carbon resistor and ZnO ceramic resistor

Parameter Unit Metal
resistor

Carbon
resistor

ZnO ceramic
resistor

Resistivity Ω·cm 10-5 - 10-3 4×102 1-104

Temperature resistance
coefficient

1/℃ 10-4 -9×10-2 -5×10-4 - 5×10-4

Energy Density J/cm3 2×102 - 3×102 2×102 5×102 - 8×102

Stability - better poor better

The highest operating
temperature

℃ 70 200 300

1.3.3 Contributions to improve the electrical conductivity

ZnO highly conductive ceramics have both conductive properties like metals and

good stability of ceramics, thus playing an important role in the field of resistors. ZnO

has abundant raw materials, easy extraction, and low cost, and ZnO conductive

ceramics have simple preparation methods and excellent properties, which are

suitable for industrial mass production. Therefore, the research and application of

ZnO-based ceramic materials are popular. ZnO conductive ceramics obtained by

adjusting specific experimental parameters have a wide range of applications in the

fields of conduction resistors, linear resistors, thermoelectric devices, transparent

conductive film targets, solar cells, etc.[7, 114-117]. ZnO conductive ceramics with high

conductivity can be obtained by increasing the carrier concentration and mobility. The

main methods are: adding donor dopants can increase the conductivity by greatly

increasing the carrier concentration; the similar orientation and regular structure
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produced by the textured ceramics are beneficial to reduce the grain boundary barrier,

and the carriers are easier to migrate to improve the conductivity; the effective

sintering preparation method can also improve the conductivity by adjusting the

ceramic structure; optimizing the sintering parameters and heat treatment process will

also affect the electrical conductivity of ZnO ceramics.

Pure ZnO has a very low N-type conductivity due to intrinsic donor defects, so donor

doping is the most effective and commonly used method to increase the conductivity

of ZnO ceramics. Over the years, researchers have doped various donor elements in

ZnO, the most common of which are Al, Ga, and In in group IIIA. Based on the ionic

radius, coordination number and doping efficiency, Al can most effectively improve

the conductivity of ZnO, so Al is currently the donor doping element that has been

selected and studied. In 1984, Tadatsugu Minami prepared a highly Al-doped ZnO

thin film, which proved that the resistivity after adding 1-2 wt% Al2O3 can be as low

as 2×10-4 Ω•cm, indicating Al2O3 is beneficial to improve electrical conductivity[118].

In 1996, Michitaka Ohtaki found in Al2O3 doped ZnO ceramics that Al solved into

ZnO grains can increase the concentration of electron carriers, up to 6.5×1019cm-3,

making the conductivity increase to 6.14×104 S·m-1[119]. KF Cai explored the

correction between conductivity and doping ratio by adding 1-5 mol% Al2O3 to ZnO

ceramics, and explained that doping Al can enhance the conductivity of ZnO ceramics

by forming AlZn donors and generating more electronics according to the following

expression:

Al2O3 ZnO��ZnO��ZnO�� 2AlZn∙ + 2e' + 2OOX + 12O2 ↑ (1.6)

Meanwhile, it was found that doping more Al2O3 will produce a high-resistance

ZnAl2O4 phase, which is harmful to the increase in conductivity[21]. Analogous to the

doping effect of Al, the researchers also studied other donor doping elements[120-125],

such as Ga, In, Ti, Co, Sb, Ni, La, Y, which also produce donor defects to improve

ZnO conductivity. However, due to their low solid solubility in ZnO to easily generate

the second phase, the effect of improving the conductivity of ZnO ceramics is far less



Chapter 1

Introduction

27

than that of Al.

The Schottky barrier at the grain boundary hinders the migration of carriers, so that

the electrical conductivity of ZnO ceramics cannot be effectively increased. The

growth orientation of ZnO grains will have an important effect on the grain boundary

structure and electrical properties of ceramics. The uniformly oriented ZnO grains can

form a periodic grain boundary structure and reduce the Schottky barrier at the grain

boundaries[126]. Hisashi Kaga analyzed the microstructure and transmission

characteristics of Al-doped ZnO textured conductive ceramics and found that a higher

degree of texture can lead to a smaller scattering effect of ZnO grain boundaries on

electron transport. Then the electron mobility was increased to obtain a room

temperature conductivity of 1.4×105 S·m-1, indicating that the conductivity is higher

than that of non-textured ZnO ceramics[127].

On the basis of adding appropriate dopants, optimizing the preparation and sintering

process can obtain ZnO conductive ceramics with better properties. Yoshinobu

Fujishiro[128] hot-pressed the Zn1-xAlxO nano-powders obtained by co-precipitation

and spray drying to prepare ZnO polycrystalline ceramics with improved conductivity.

The corresponding ZnO ceramic prepared has very compact structure to increase the

carrier concentration and mobility, so the electrical conductivity has been

increased[128]. Tian Tian increased the solubility of the donor dopant Ti and the density

of the ceramic by spark plasma sintering (SPS) to prepare a ZnO highly conductive

ceramic with a conductivity of 2.3×105 S·m-1[29] . Yang Jing synthesized high-density

ZnO ceramics by cold sintering process, and the electrical conductivity increased

significantly from 5×10-4 S·cm-1 to 16.4 S·cm-1 after heat treatment in Ar[117]. Based

on the simple process, reduced cost, and ease of mass industrial production, the

traditional solid phase sintering method is the most common method for preparing

ZnO conductive ceramics. The conductivity can also be improved through the

exploration of this sintering process, such as sintering atmosphere, temperature,

holding time and cooling rate. Yu Zhao found that the conductivity of Al-doped ZnO
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increased from 10-5 to 103 S·cm-1 in the sintering atmosphere from air to nitrogen and

then to vacuum. Because sintering in a low oxygen partial pressure atmosphere

promotes the substitution of Al for Zn and increases the concentration of interstitial

Zn (Zni), then the rising carrier concentration increases the conductivity[30]. Apart

from the atmosphere, a suitably high sintering temperature can also contribute to the

substitution of Al3+ at the Zn2+ site to reduce the resistivity of ZnO grains and grain

boundaries[129]. The holding time at the optimal sintering temperature will affect the

structure and properties of ZnO ceramics. ZnO grains can't grow well into ceramics

under short holding time; while a longer holding time will cause excessive growth of

ceramics and lead to grain deformity, therefore the proper sintering holding time is

also very important. The size of the grains, the content of the second phases, defects,

and density can be controlled by the sintering holding time to adjust the electrical

properties of ZnO ceramics[130, 131]. Similarly, the cooling rate also affects the structure

of ZnO ceramics, which in turn affects the electrical properties[132].

In summary, the doping of N-type elements such as Al in ZnO ceramics can greatly

increase the carrier concentration, which is the most important and efficient way to

increase the electrical conductivity. In addition, a suitable preparation or sintering

process also contributes to improving the electrical conductivity of ZnO ceramics by

adjusting the composition and structure.
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Chapter 2

Experimental procedures and Instrumentation

The chapter introduces the experimental methodology and techniques developed for

the synthesis of the ZnO-based ceramics, their treatments and the investigations of

their related physical and chemical properties. The characterization methods which

were used for this thesis work concern the structural investigations by X-ray

diffraction (XRD) and Raman spectrometry, the morphology and microstructures by

scanning (SEM) and transmission (TEM) electron microscopy, the electrical and

dielectric measurements and magnetic resonance techniques such as electron

paramagnetic resonance (EPR) and Solid state nuclear magnetic resonance (NMR).

The main techniques and experimental details are outlined in the forthcoming

sections.

2.1 Processing of doped ZnO based materials

2.1.1 Experimental flow

The experimental methodology of the thesis work is shown in Figure 2.1. First, the

chemical compositions of ZnO-based ceramics are defined as function of the targeted

properties defined as objective of our studies. Thus, raw materials in defined

stoechiometric ratios and sintering methods under different atmospheres were used to

prepare the required ceramic samples. The fabrication processes are followed by

characterizations of the structure, morphology and electrical properties. After

analyzing the performance indicators, the ceramic formula and sintering parameters

were optimized and modified. The modified parameters are: composition of the solid

solutions, doping elements and the conditions on the sintering atmospheres.
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(5) Granulation: The powder is granulated after passing through a 40-mesh sieve and

10 wt.% PVA solution (concentration: 5 wt.%) is added as a binder and ground

for half an hour. After passing through the 40-mesh screen, the powder is pressed

into one bulk. After standing for 24 hours, the bulk is broken apart to obtain

granulated powder. After two sieving, powder particles with good fluidity are

obtained.

(6) Tableting: Weigh an appropriate amount of granulated powder into a mold, and

press into a green pellet with a thickness of 2 mm and a diameter of 12 mm under

a pressure of 200 Mpa.

(7) Debinding: The ceramic green pellets are arranged in a muffle furnace and kept at

500 °C for 6 hours to remove the binder. In order to prevent cracks in the green

pellet, the heating rate is 1 °C/min.

(8) Sintering: The green pellets after debinding are placed in a muffle furnace, held at

1200 °C for 2 hours, and sintered in an atmosphere of air, nitrogen, nitrogen and

carbon monoxide, respectively, to obtain a dense ceramic sheet.

2. Spark plasma sintering

Spark plasma sintering (SPS), also known as field-assisted sintering technology

(FAST) or pulsed electric current sintering (PECS), is a fast and efficient new

sintering method with high heating rate, short sintering time and high density of

sintered ceramics. The specific preparation process uses the powder preparation

method as described above (1)-(4) for the traditional solid-phase synthesis process,

but the subsequent sintering steps are different. An appropriate amount of the mixed

powder is weighed into a graphite mold with a diameter of 15 mm, and then it is

placed in a spark plasma sintering furnace. In a vacuum atmosphere, the pressure is

applied to 65 MPa, and the temperature is raised to 1000 °C for 5 minutes. The

pressure is released after sintering, and the SPS sintered ceramic sample is taken out

after the temperature drops to the room temperature.

The ceramic pellets prepared by the above two preparation and sintering methods

were then subjected to grinding or polishing, cutting, silver plating or wire welding to

perform subsequent characterization studies.
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The current generated when the carrier moves is:

I=nevbd (2.4)

The following equation 2.5 is draw from the above two equations:
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This leads to the equation 2.6,

BR
I
dV

H
H  (2.6)

Among them,
I
dVH represents the Hall resistivity, which can be determined by the

PPMS instrument. The proportionality coefficient RH is a Hall coefficient and can be

used to calculate the carrier concentration and mobility of the material. According to

the Hall resistance measured by the PPMS instrument in the magnetic field strength of

the magnetic field (up to1 Tesla), a graph is plotted using these two parameters. The

magnetic field strength is taken as the abscissa, the Hall resistivity is taken as the

ordinate, and the slope obtained by the fitting is the Hall coefficient RH. The carrier

concentration (n) and mobility (μ) can be calculated according to the following

equation 2.7 and equation 2.8.

ne
1RH  (2.7)

 ne (2.8)

2.2.3 Electron Microscopy (SEM and TEM)

When an electron beam enters a solid material, it interacts with its constitutive

elements (atoms, molecules). These interactions include mainly: scattering of incident

electrons, excitation of the solid by the incident electrons, and propagation of excited

electrons in the solid. As shown in Figure 2.6, it is mainly presented in the form of
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secondary electrons, backscattered electrons, characteristic X-rays, Auger electrons,

transmitted electrons and so on. Secondary electrons are extra-nuclear electrons that

are bombarded by the incident electron beam on the surface of the sample. They are

generally emitted in the depth range of 5 nm to 50 nm on the surface of the sample

and are very sensitive to the surface morphology. Therefore, secondary electron

imaging of scanning electron microscope is commonly used to observe the surface

micro-morphology of samples as it was used in the present thesis. Backscattered

electrons are a part of the incident electrons reflected by the sample, including elastic

backscattered electrons and inelastic backscattered electrons, mainly from the surface

of the sample in the range of 100 nm to 1000 nm. Backscattered electron images are

mainly derived from elastic backscattered electrons, and their yield is proportional to

the atomic number. Therefore, in addition to morphological analysis, they can also be

used qualitatively for the composition analysis based on the difference in the contrast

of the atomic number of different atoms. The inner electrons of the sample are excited

by the incident electrons or are ionized to form atoms in a higher energy excited states.

At this time, the outer electrons transit to the inner layer to fill the vacancies and

generate X-rays. According to the characteristic wavelength detected by the X-ray

detector, the corresponding elements in the analyzed micro-regions can be determined,

which is the principle of the X-ray energy spectrometer. For samples with a thickness

less than the penetration depth, the electrons emitted by the incident electron

penetrating sample from the other surface are transmitted electrons. The transmission

electron microscopy depends mainly on the thickness, chemical composition and

crystal structure of the analyzed micro-nano regions. The transmission electron

microscope has the advantage of a high resolution, and can directly observe atomic

images, so it can clearly observe the grain boundary and lattice structure of ceramics.
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Figure 2.8 Transmission electron microscope

SEM investigations were performed on polished and hot-etched surfaces of the

samples to obtain clear and complete morphological images. The purpose of polishing

is to obtain a fresh and clean ceramic surface while thermal corrosion allows to show

the grain morphology on the ceramic surface. Compared with grains, grain boundaries

with more defects are more likely to be corroded. The processing consists in

mechanical polishing the sintered pellets and then the sample is placed in a muffle

furnace and heated to a temperature close to the sintering temperature (1100 °C ~

1150 °C) using an extremely fast heating rate (10 °C/min). After holding for 10

minutes and cooling to room temperature with the furnace, the sample is taken out

and cleaned ultrasonically, then used for SEM observations.

By an acceleration voltage during the test about 10 kV, the SEM images illustrate the

surface morphology of the samples to obtain the crystal shape, size, porosity and

composition of the ceramics.

The ground and ion-etched ceramic samples are placed on a copper mesh for TEM

observations. High-resolution images were obtained for the ceramic grains and grain

boundaries at the atomic level. Valuable information can be obtained on the

sample-related structural defects, grain boundary phases, unit cell parameters, and

chemical composition.
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with a selected wavelength at 1.5406 Å and the operating voltage and current are 45

kV and 30 mA, respectively. The experimental patterns are recorded in the range 2θ =

20°-70° with a step width of 0.013°. Under this experimental condition, a

superposition of several scans ensures well resolved XRD patterns. Then X'Pert

HighScore Plus software was used to analyze the X-ray diffraction pattern, and

compared with the jcpds pdf of the standard database to obtain the involved structural

features consistent with the diffraction patterns. In this identification process, the

Rietveld module for analysis and refinement leads to the lattice constants, intensity

and the FWHM (full width at half maximum) of the spectral peaks.

Figure 2.10 PANalytical-Empyrean X-ray diffractometer

2.2.5 Raman Spectroscopy

Raman spectroscopy provides deep insights on the vibrational properties of materials.

The studies are based on the light scattering by the molecules due to their vibrational

motions which are characteristic of their compositions, geometries, bond lengths,..

Raman spectra of the materials can be used to identify the involved molecular groups,

the crystalline structure, co-existence of phases...

The physical principle of Raman scattering is based on the interaction between an

excitation line (photons) and the vibrational spectrum of the molecules. As depicted in
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Figure 2.11 (a), the induced transitions between molecular levels give rise to the

Raman spectrum. When the molecules in the sample are illuminated by a laser

excitation, different scenarios can occur depending on the photon energy compared to

the vibrational energy levels of the molecules. Thus, if the energy of the incident

photon is much greater than the energy required for the transition between vibrational

energy level, and not enough to excite the electronic states, the molecules in the

ground state energy level will absorb the photons and reach virtual excited states.

Such excited states are unstable and return to the ground state by an emission of a

scattered light. The scattering process is divided into Rayleigh scattering and Raman

scattering according to the initial and final vibrational energy levels of the molecule.

The Rayleigh scattering is a process in which the virtual state of the molecular returns

to the ground state without any change on the initial photon frequency. Raman

scattering occurs when the return of the molecules from the virtual to the ground state

is accompanied by a photon of energy higher or lower compared to the initial

absorbed photon. Depending on the difference between these frequencies the Raman

process can be associated to Stokes Raman line and anti-Stokes Raman line. The

corresponding frequencies are located on both sides of the Rayleigh line at equal

intervals, as shown in Figure 2.11 (b). According to Boltzmann's law and at room

temperature, most molecules are at the lowest vibrational energy level in the ground

state, and the most molecules return to the same vibrational energy level after being

excited by photons. Thus, Rayleigh scattering is stronger than Stokes scattering while

anti-Stokes scattering has the lowest intensity. Therefore, the Stokes Raman lines are

preferentially recorded and are located at Raman shift position (Δν) defined with

respect to the Rayleigh scattering line being located at the origin.

When the sample is irradiated with incident light, the charge distribution in the

dielectric molecules or some of the groups changes, which causes polarization.

Molecules produce induced dipole moments in the photoelectric field, which causes

the energy exchange between the molecules and the incident photons during the

vibration of the molecules, thereby generating Raman spectra. The induced dipole

moment ρ has the following relationship with the photoelectric field E and molecular

polarizability α:

E (2.10)
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Figure 2.12 XploRARaman spectrometer from HORIBACompany

2.2.6 Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR), also known as electron spin resonance (ESR),

is a spectroscopy technique that can directly detect and study paramagnetic species

with unpaired spins involved in materials. Under a static magnetic field (B) and a

microwave radiation with a fixed frequency (), transitions are induced between the

spin levels in the resonance conditions. Particularly, by sweeping the magnetic field B,

an EPR transition occurs between two spins states with an energy difference E when

B=B0 according to the relation (Equation 2.11):∆E = gβ�0 = �� (2.11)

With β the Bohr magneton and g factor which characterize the electronic states of the

paramagnetic species (ions, radicals, F-centres,...). The EPR line associated to the

transition is a derivative of the microwave power absorbed at the resonance condition

as depicted in Figure 2.13. The magnetic field at the resonance defines the line

position and determines the value of g-factor according to equation 2.11. In a

crystalline structure, g-factor is in general represented by a tensor with the

components depending on the direction of the magnetic field in the crystalline frame.

Thus, the EPR signal contains the information on the symmetry of the local

environment around the paramagnetic centre.
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Figure 2.14 Electron paramagnetic resonance spectrometer

2.2.7 Nuclear Magnetic Resonance

Nuclear magnetic resonance spectroscopy abbreviated as NMR is a resonance

spectroscopy technique that detects the magnetic resonance signals from nuclei with

nuclear spins. As examples of nuclei with non-zero spins and then magnetic moments,

we report the cases of 1H, 13C, 15N, 27Al, 67Zn, etc.). The main principle of NMR

experiments is similar to EPR but the static magnetic field is higher (around 7 T) and

the frequency is in the range ~100 MHz. However, instead of continuous wave which

irradiates the samples in EPR, NMR technique is used with pulsed radio-frequency

wave with defined pulse duration and delays. Under the static magnetic field and

radio-frequency electromagnetic radiation the nucleus can absorb the electromagnetic

wave with the corresponding frequency and then a nuclear magnetic resonance

transition phenomenon occurs between the nuclear spin levels being modified by the

static magnetic field [1]. In usual experiments, the magnetic moment of spin systems is

in equilibrium aligned along the fixed magnetic field taken as Oz axis. By using

pulsed radio-frequency radiation, the magnetization is out from the Oz axis and the

return to the equilibrium is made according to relaxation processes associated with the

energy transfer from spin system to the environment such as lattice and other

neighboring spins. Relaxation times are involved and account for the time dependence
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Figure 2.16 NMR spectrometer

27Al and 67Zn nuclei can be investigated by Solid state NMR in Al2O3 doped ZnO

ceramics due to their resonance transitions at characteristic chemical shifts. For the

NMR studies, the ceramic pellet needs to be ground into small ceramic particles and

then suitable amount particles are placed in a cylindrical rotor for magic angle

spinning (MAS) required for NMR experiments. In this work, 27Al solid state NMR

experiments were realized at a magnetic field of 7.0 T (corresponding to a 1H Larmor

frequency of 300 MHz), equipped with a 2.5 mm VTN dual channel probe. The

investigated ceramics were ground into particles and filled into rotors of 2.5 mm outer

diameter. The spectra were acquired under magic angle spinning (MAS) of 25 kHz.

12 K scans were accumulated with a recycle delay of 5 s. The spectra were referenced

to an aqueous solution of Al(NO3)3. 67Zn spectra were acquired under static conditions

with a 7 mm VTN dual channel probe adapted for low frequencies. Different amounts

of samples (typically about 600 mg) can be investigated. Between 24 and 60 K scans

were accumulated with a 100 ms echo sequence, the recycle delay was 2.5 s. The

spectra have been referenced to a saturated solution of Zn(NO3)2.
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Chapter 3

Role of the reducing sintering atmosphere on the electrical

properties and microstructure of (Al, Ti, Mg) oxide co-doped

ZnO ceramics

3.1 Introduction

ZnO with wurtzite structure is a well-known semiconducting oxide (SCO) with

a direct wide band gap (Eg=3.37eV) and a large exciton binding energy (60

meV) at 300K[1]. This compound possesses also several further advantageous

properties such as a high abundance, low toxicity, high stability and good

optical transparency[2, 3]. These features are the reasons for the application of

ZnO in varistors, gas sensors, transparent electrodes, solar cells, liquid crystal

displays, piezoelectric, electro-optical and thermoelectric devices[4-9].

Intrinsically, ZnO is a n-type SCO due to native defects as zinc interstitials (Zni)

as well as neutral or charged oxygen vacancies (VO, VO·, VO··). However, the

substitutional doping by metallic elements as Al, Ti, Ga, In, etc. contributes to

an enhanced n-type conductivity[10, 11]. In particular, a small atomic percentage

of Al doping (Zn1−xAlx)O in the range 0<x<0.05 enhances critically the

conductivity up to 105 S·cm−1 in a dense form as it may be realized in

ceramics[8]. On the other hand, a proper doping by TiO2 also plays a similar role

as Al2O3 and the substitution of Zn2+ by Ti4+ provides donor centres enhancing

the carrier concentration and the conductivity[12]. However, the tendency to

form a minor spinel phase compromises the efficiency of Ti doping compared

to Al to improve the electrical properties. For MgO doping, a slight increase of

the band gap occurs even if the electron concentration increases in Zn1-xMgxO

(x=0-40%) with the doping content through a process of point defects creation

in ZnO[13]. Beyond the nature of the doping elements, the thermal treatment of
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the doped ceramics also modulates the conductivity. Thus, ZnO ceramics

co-doped by Al2O3 and TiO2 possess higher electrical conductivities by using

spark plasma sintering (SPS)[14] or when the sintering is carried out under a

reducing atmosphere such as N2+CO[15]. In these cases, improving the Hall

mobility occurs from a limitation of the intrinsic acceptor defects at the grain

boundaries along with the reduction of Schottky barriers, as earlier discussed

by Tian[15]. Depending on its oxidizing or reducing nature, the sintering

atmosphere has a major effect on the performance of ceramics. In particular, the

defect content in oxide ceramics is related to the oxygen partial pressure in the

sintering atmosphere[16, 17]. This effect is in detriment to the required n-type

behavior for higher conductivities. Oppositely, due to the lack of oxygen in N2

or in N2+CO atmosphere, more intrinsic defects such as Zni atoms and oxygen

vacancies are formed, contributing to a higher charge carrier concentration in

ZnO ceramics[18].Thus, the nature of the involved defects and their stabilization

in doped ZnO based ceramics play a key role on the electrical conductivity. In

this aim, the doping elements and the sintering atmosphere are worthy of

interest.

The above-mentioned features require deep insights on the doping ions in the

lattice, as well as the sintering atmospheres which modulate their location in the

host structure and the interaction with the lattice defects. Al2O3, TiO2, and MgO

were chosen as co-dopants of ZnO ceramics with the motivation to study their

influence on the structure, morphology and electrical properties of the co-doped

compounds. Characterization by XRD and Raman spectroscopy were used to

analyze the changes on the structural and vibrational features due to the doping

which may contribute to the lattice site distortion or to a secondary phase

formation[19, 20]. Electron paramagnetic resonance (EPR) spectroscopy and

nuclear magnetic resonance (NMR) spectroscopy are local probe techniques.

NMR can determine the coordination of defined chemical elements such as 27Al,

while EPR can identify paramagnetic doping ions or electronic active defects.

Indeed, EPR is sensitive to some valence states of doping ions and also to the

spin carrier species such as charged vacancies, anti-sites or interstitials (oxygen,

zinc). Former works reported a fingerprint EPR signal at a g-factor of 1.960

was usually found as consequence of the involved defects in doped ZnO
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ceramics[21, 22]. Electrons in the conduction bands or defects as shallow donors

formed by oxygen, zinc vacancies or interstitials are the possible EPR active

centres also considered at the basis of the electrical behavior. NMR studies

determine the host lattice sites of Al ions in the ZnO lattice and identify the

environment of 27Al ions[23]. In addition, a characteristic NMR signal in

Al-doped ZnO at the chemical shift 185 ppm was observed in all samples and

cannot accommodate with Al being coordinated by Oxygen. The origin of this

line can be caused by Knight shift effect from the conduction electrons as

discussed by Momot et al.[24] or induced from grain boundaries where chemical

disorder and non-stoichiometry are involved. Therefore, NMR and EPR are

effective methods to investigate the defect structure in ZnO ceramics.

Thus, the present work is dedicated to the fabrication of doped ZnO ceramics

incorporating TiO2, Al2O3 and MgO in defined ratios. Different sintering

atmospheres (air, N2, and CO+N2) were considered in order to evaluate the

reduction or oxidation effects on the coordination and stable valence states of

doping elements along with the induced lattice defects. The investigations point

out the gradual increase of the conductivity when using, respectively, air, N2,

and CO+N2 as a sintering atmosphere with the highest conductivity σ= 1.5×105

S·m-1 at room temperature. The structural, composition and morphology

investigations of the ceramics were carried out by using XRD, Raman and SEM.

Exhaustive analyses were devoted to the local order probed by 27Al solid state

NMR and to the electronic active centres investigated by EPR. A good

correlation was demonstrated between the 185 ppm NMR signal and the

conductivity. A similar approach was also made from EPR experiments in order

to correlate the intensity of EPR signals with the conductivity and the nature of

the involved electronic active defects.

The work in this chapter establishes the relationship between the sintering

atmosphere, the structure composition, the type of defects and the electrical

properties through experimental analysis.
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3.2 Sample preparation and characterization

Co-doped ZnO ceramics with the respective molar ratio (0.25 mol.%) Al2O3, (0.50

mol.%) TiO2 and (1.00 mol.%) MgO were synthesized by a conventional solid-state

reaction method. The fabrication steps consist in ball milling the reactants, drying the

products at 120 °C followed by calcination at 450 °C. Under the sintering conditions

of temperature of 1200 °C and holding time of 2 hours, ZnO-based ceramic samples

were prepared under different sintering atmospheres (air, N2, N2+CO), referred below

as A, N and C samples according to the sintering atmosphere, respectively.

The experimental methods used in the analysis and characterization mainly includes:

The self-assembled four-probes resistance equipment was used to measure the

conductivity and temperature coefficient of resistance of the samples. SEM was used

for the observation of the surface morphology of ceramic samples and to analyze the

compact structure and phase distribution. XRD and Raman investigations were used

to obtain the phase structure and composition of ceramic samples. EPR and NMR

were used to investigate the changes in local defects and structural disorder. From the

perspective of structural defects, the effects of different sintering atmospheres on the

conductive properties of ZnO-based ceramics were explored. The experimental

parameters and procedures for the different characterization methods are detailed in

the Chapter 2.

3.3 Structural and morphology studies

XRD and SEM experiments were conducted to show the effect of doping and

sintering atmosphere on the structure and morphology of samples. Fig. 3.1a shows

XRD patterns of ZnO doped TiO2, Al2O3 and MgO ceramics sintered in air (A), N2 (N)

and N2+CO (C) respectively. The refinement procedure points out the main crystalline

phase as the hexagonal wurtzite ZnO (JCPDS No. 36-1451) superimposed to a minor

spinel phase Zn2TiO4 (JCPDS No. 18-1487). Fig. 3.1b reveals a small angle shift of

the XRD line related to the secondary phase Zn2TiO4 as a function of the sintering
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atmosphere. Moreover, focusing on the intense XRD diffraction lines of ZnO and

Zn2TiO4, their refinement was achieved by using a Gaussian line-shape. Fig. 3.2a,

3.2b summarize the Zn2TiO4 ratio and the ZnO lattice parameters for the involved

ZnO structures.

Irrespective to the sintering atmosphere, XRD experiments did not show any

secondary phases related to Al or Mg. Thus, these elements exhibit a higher solid

solubility limit into the host ZnO lattice compared to Ti ions. Indeed, for TiO2 doping,

the formation of a spinel phase indicates different dissolution degrees in ZnO lattice

depending on the sintering atmosphere. Thus, sample C has the lowest content of the

secondary Zn2TiO4 phase (Fig. 3.2a) and suggests a preferential incorporation of Ti

ions into ZnO. As a consequence, an expansion of the lattice parameters (a, c) occurs

due to the different ion radius of Ti compared to Zn (Fig. 3.2b).

Figure 3.1 XRD patterns of ZnO-doped ceramics (A, N, C)
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Figure 3.2 (a) Lattice parameters (a and c), (b) The content of Zn2TiO4 of ZnO in

samples (A, N, C) through Rietveld refinement

In order to shed light on the organization of the ceramics composed by the two

segregated phases, SEM experiments were performed on the considered samples as

shown in Fig. 3.3 (a, b, c) for A, B, and C samples respectively. Similar features were

seen with a dense structure, an average size in the range 10-15 μm (Fig. 3.3d) and

marked boundaries. In addition, EDS analysis was realized on two selected zones

shown in Fig. 3.3a; i.e. large grains (zone 1) and small clusters (zone 2). The large

grains analysis shows the major composition from ZnO phase, while the incrusted

small dots with rounded shape possess a chemical composition which is consistent

with the minor spinel phase Zn2TiO4 in agreement with XRD investigations. This

secondary phase is also located in the grain boundaries and seems to prevent the grain

growth notably by a pinning effect[25]. Besides, it was also inferred that Mg and Al

ions can be dispersed in the ZnO lattice, while only a small amount of Ti can be found

in ZnO grains due to its low solid solubility as shown in Table 3.1. However, N2+CO

sintering atmosphere increases the solid solubility limit of Ti in ZnO due to its

reducing effects. Sintering atmosphere has an effect on the formation of spinel phase,

sample C contains the least amount of spinel due to the high content of Ti in the ZnO

grains, thus the average grain size is gradually increased for samples A, N and C, as

shown at Fig. 3.3f.
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Figure 3.3 SEM images of doped ZnO ceramics (A - (a), N - (b), C - (c)). (d) and

(e) : atomic ratios involved in the zones 1 and 2 of sample A by EDS analysis, (f) :

average grain size

Table 3.1 Atomic percentage of Ti in ZnO phase by EDS analysis

Samples Ti in ZnO phase (at.%)

A 0.06

N 0.09

C 0.16

The above investigations of the structural and morphology features point out the role

of the sintering atmosphere on the involved crystalline phases and the microstructure

of doped ZnO based ceramics. Moreover, relevant insights were also inferred on the

solid solubility of the doping elements in the host structures, the ratio of the secondary

phase and its location as isolated clusters on the main ZnO grain and also in the grain

boundaries. This organization of the doped ceramics is expected to interfere on the

electrical behavior which is expected from the doping process as discussed below.
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3.4 Conduction features in ZnO ceramics

Conductivity measurements were performed on samples A, N and C by using the

four-probes method and the results at different temperatures are summarized in Fig.

3.4. A significant increase of the conductivity is obtained in the different samples with

the highest value at room temperature (σ = 1.52×105 S·m-1) achieved for the C sample.

The thermal evolution of the conductivity in the range [-50 °C, 150 °C] is almost

similar for the samples A and N in contrast to the metallic-like behavior of the sample

C. The exact role of the sintering atmosphere on the electrical behavior of doped ZnO

ceramics is then clearly traduced on the conductivity values and its thermal evolution

profiles. Charged vacancies and shallow donors induced by doping and sintering are

necessary attributes to the conductivity. Particularly, oxygen vacancies favor the

incorporation of doping elements in the lattice[26] and the AlZn ions in crystalline sites

of ZnO favor the high concentration of donor centres. For the application of ZnO

conducting ceramics, the temperature coefficients of resistance (TCR) are worthy of

interest. Their estimation was made in the temperature range -50 °C to 150 °C (Fig.

3.4b) for samples, the results shown in Fig. 3.4 b indicate that ZnO-doped conducting

ceramics can be used in a wide temperature range due to their quite low TCR.

Samples A and N have negative TCR about -626±6 ppm/°C and -598±6 ppm/°C

respectively, while sample C shows a positive TCR, 749±7 ppm/°C. Lyashkov et al.[27]

claimed that negative TCR leads to an S-shaped curve of the current-voltage

characteristics when the temperature is raised. In particular, a dramatic consequence

of a negative TCR can manifest in a failure of the component performances. Also, by

using N2+CO sintering of ZnO based ceramics, the sample C achieves a positive TCR

to ensure the working stability of electrical circuits as it may be required in

metal-oxide varistors.
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Figure 3.4 (a) Electrical conductivity of ZnO based ceramics (A, N, C) at room

temperature, (b) TCR coefficients in the temperature range -50 °C to +150 °C

The above results underline that, while the doping and sintering conditions alter

moderately the structural and microstructure of the doped ceramics, their

corresponding electrical behaviors exhibit a marked difference on the conductivity

values and its thermal evolution. The solid solubility limits of the doping elements

depend on the sintering atmosphere particularly for Ti ions. Moreover, the

incorporation of doping ions in the host lattice requires a reorganization of the local

environments to accommodate with ionic radius and stable valence states. As matter

of fact, charged vacancies and shallow donors induced by doping and sintering are

necessary attributes to the electrical conductivity. Also, it was claimed[26] that oxygen

vacancies favor the incorporation of doping elements in the lattice and the AlZn ions in

crystalline sites of ZnO leads to a high concentration of donor centres[28]. Relevant

experimental approaches based on Raman, EPR and Solid State NMR are outlined

below in order to analyze quantitatively the doping effects from the lattice distortion

in substitutional sites and the nature of electronic active defects in the doped

structures.

3.5 Vibrational signatures of doped ZnO based ceramics

In doped ZnO ceramics, Raman studies give precise insights on the crystalline

structures and local lattice distortions which may be induced by doping, defects or

disorder. Indeed, the difference in the valence states and ionic radius induces

distortions of the host crystalline sites and favor interstitials or vacancies. Also, the

aim of the Raman studies is to compare the doping effects in ZnO based conducting
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ceramics as a function of the sintering atmospheres. From Raman spectra, the wurtzite

ZnO structure is involved and belongs to C46V (P63mc) space group with the unit cell

containing 4 Zn atoms coordinated by oxygen atoms. According to group theory

analysis, 12 normal modes are allowed by symmetry with 9 optical modes and 3

acoustic ones. The optical modes of ZnO can be expressed at the Brillouin zone center

by the irreducible representation (Γ=A1+2B1+E1+2E2). Excluding B1 modes as they

are Raman inactive in perfect structure, the main characteristics of the Raman active

modes are hereafter addressed. A1 and E1 modes are polar and active in IR and in

Raman. They can split into longitudinal (LO) and transverse optical (TO) components

due to their polar nature[29] The nonpolar E2 mode is Raman active only, and consists

in two modes with low and high frequency phonons (E2low and E2high). From the

obtained Raman spectra in Fig. 3.5, six Raman active modes are reported for wurtzite

ZnO structure and consist in E2high, E2low, A1(TO), A1(LO), E1(TO) and E1(LO) modes.

Additionally, second order Raman lines are also observed and occur from

multi-phonon processes such as overtone of 2TA mode at 208 cm−1, E2high -E2low mode

at 340 cm−1, TO+LO mode at 1090 cm−1 and 2LO mode at 1150 cm−1. Table 3.2

summarizes the main results of the Raman active modes[30-32] for samples A, N, C.

Figure 3.5 (a) Raman spectra and (b) the enlarged region from 300 to 600 cm-1

for the undoped ZnO (Z) and for samples A, N and C

Table 3.2 Measured Raman modes in samples A, N and C and their assignment

in doped ZnO based ceramics
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Normal mode
designation

Raman shift
(±2 cm-1) Assignment

E2low 105 Vibration Zn sub-lattice

B1low 250 Active only by disorder

A1(TO) 382 Oxygen vacancies

E1(TO) 415 Polar mode sensitive to crystal
orientation

E2high 443 Vibration of oxygen sub-lattice

A1(LO) 574 Interstitial Zni

E1(LO) 584 Oxygen vacancies

Disordered Raman band 500 (*) Active by disorder due to
interstitial Zni

A1g 735 (*) Spinel phase

(* ): Slient in ZnO

Significant changes are involved between the Raman spectra of samples A, N and C.

First, A1(TO) mode at 382 cm−1 induced by oxygen vacancies, shows gradual increase

for samples A, N and C. Second, the B1 mode at around 500 cm−1, tentatively assigned

by Friedrich et al.[30] to vibration of interstitial Zni-Oi bonds, show different behavior

in the conducted samples (A, N, C). As suggested by Serrano et al.[32], the transitions

between the optical modes involved at the Brillouin zone center are forbidden in a

perfect crystalline structure but become allowed in a disordered lattice. The Raman

frequency shifts for these transitions are distributed in the range 400-600 cm-1, i.e. in

the same range as the one covered by the broad background shape. Based on the

dispersion curves in the reference[32], the lattice defects contribute to disordered

structures, which can activate the Raman mode (B1). Therefore, this broad Raman

band, tentatively attributed to disorder, depends on the sintering atmosphere; i.e. its

intensity is higher in sample C compared to N or A samples. These features are

indicative on the dependence of the doping efficiency or the modulated solid

solubility limit by the used sintering conditions.

Raman spectra are consistently interpreted by the allowed modes of wurtzite structure.
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Good crystalline quality is inferred from the well resolved and narrow Raman bands.

However, disorder occurring from interstitial Zni seems involved as traduced by the

broad Raman band around 500 cm-1 inducing transitions between optical modes at the

Brillouin zone center.

3.6 Electronic active defects probed by EPR

EPR experiments were realized on doped ZnO ceramics (A, N, C) ground to powders

with particle size of about 100 μm. Indeed, the EPR spectra cannot be recorded on

doped ZnO in the form of dense ceramics. The macroscopic conductivity in bulk

ceramics induces strong damping of the EPR resonant cavity through the absorption

of the microwave power. Therefore, we need to grind ZnO ceramics into powder to

record their EPR signatures. In the performed experiments, the EPR spectra consist in

a single resonance line with a weak asymmetry (Fig. 3.6). The spectral parameters

intensity and line width depend strongly on the sintering atmosphere (A, N, C) but the

paramagnetic species (PS) are associated to unpaired spins (S=½) located in a slightly

anisotropic environment as traduced by the small asymmetry of the EPR line. The

average value of the g-tensor components at 1.960(2) is a characteristic EPR

fingerprint in all samples suggesting the same origin of the PS in the different samples

irrespective to the sintering atmosphere. These PS are no longer connected with grains

or surface effects and seem involved in the same crystalline site of the ZnO structure.

Pham et al.[33] discussed several assignments such as oxygen vacancies, anti-sites or

interstitials interacting with the doping ions (Al3+, Ti4+). These defects must be

electrically active to ensure the observed charge carriers leading to a high electrical

conductivity in ZnO doped ceramics. The PS may in principle also occur from Ti

doping ions in the valence state Ti3+. However, Ti3+ gives rise to an EPR signal with a

characteristic g factor ~ 1.930[34, 35], i.e. quite far from the value 1.960(2), excluding

then the involvement of Ti3+. Another argument supporting this exclusion is that the g

= 1.960 EPR signal remains observed in non-doped ZnO but with a very low intensity.

Despite several EPR investigations attributing the g = 1.960 EPR signal to VO+, this
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assignment remains a subject of an open debate. According to Meyer et al.[36] and

Janotti et al.[37], positively charged oxygen vacancies are not thermodynamically

stable and can be created only under UV irradiation. For zinc vacancies (VZn), former

works by EPR reported g-factors higher than 2.000, excluding then VZn as an origin

for the involved PS. The possibility of zinc interstitials (Zni) was discussed by several

authors as Sann et al.[38] and Vlasenko et al.[39]. This interpretation is consistent with

the Raman experiments discussed above which assign the origin of the broad band

(~500 cm-1) to disorder introduced by Zni.

The EPR spectral parameters line intensity (IEPR) and the line width (∆H) can be used

to evaluate the integrated intensity IIEPR and then the PS concentrations ([PS]) through

the simple relation: IIEPR ~ [PS] ~ IEPR*(∆H)2. Fig. 3.6b shows that the higher [PS], the

lower is the electrical conductivity. This indicates that all the charge carriers in doped

ZnO are not probed by EPR due to their high mobility and short relaxation times. The

thermal evolution of the EPR spectral parameters in the range 160 K - 300 K informs

on the mobility, stability and thermal activation of the PS. The results are summarized

in Fig. 3.6c and 3.6d for IIEPR and ∆H in samples. In no case, the EPR integrated

intensity follows the well-known Curie law for localized and non-interacting

paramagnetic centres. The observed thermal behavior shows a nearly stationary

integrated EPR intensity suggesting a Pauli like spin susceptibility induced by

delocalized electrons. Moreover, the line widths of samples A and N remain constant

when increasing the temperature while a linear increase is observed for ∆H in sample

C as it may occur when conduction electrons contribute to the relaxation of the

paramagnetic species (Korringa relaxation).
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Figure 3.6 (a) EPR spectra in doped ZnO based ceramics. (b) Variation of the

EPR signal features, line width and integrated intensity, versus the macroscopic

electrical conductivity, (c) Thermal evolution of the EPR line integrated intensity

and (d) Thermal evolution of the EPR line width for samples

Figure 3.7 Local host sites for Al doping (red spheres-O, green spheres-Zn, blue

spheres-Al): (a) Substitutional Al3+- Interstitial Zn2+ (AlZn-Zni), (b) Interstitial

Al3+ (Ali), (c) Substitutional Al3+ (AlZn)

Considering the above results and spectral parameters related to the EPR signal

features, we may address qualitatively the possible assignment of the paramagnetic

centres in doped ZnO. Al2O3 doping enhances the charge carriers of the n-type doped

ZnO leading to a macroscopic conductivity up to 105 S·m-1 by promoting electrons in
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the conduction bands. In the process of Al3+ substitution in Zn crystalline sites, lattice

defects such as vacancies, anti-sites or interstitials are created and depending on their

formation energies, stable configurations are expected to hold preferentially. As

discussed above, among the possible charged defects, interstitials (Zni) are

thermodynamically more stable defects and give rise to paramagnetic centres acting

as shallow donors. The thermal activation of their mobility requires energies lower

than 10 meV because of their delocalized nature at temperatures as low as 160 K.

Thus, the association of substitutional Al3+ - Interstitial Zn2+ (AlZn-Zni) complexes

(Fig. 3.7a) account for the active sites hosting the paramagnetic centres which also

contribute to the charge carriers in doped ZnO ceramics.

The possibility of creation of (AlZn-Zni) complexes can be probed by the Solid state

NMR through specific chemical shift related to substitutional Al but with local

environment containing the interstitial Zni. This is the mater of the forthcoming

analysis of 27Al solid state NMR.

3.7 Local order probing of Al doping ions

Solid state NMR investigations were carried out on doped ZnO ceramics in order to

probe the 27Al nuclei in the ZnO lattice and to determine their local environments.
27Al MAS NMR spectra of samples A, N and C were recorded with the experimental

parameters outlined above. The spectra in Fig. 3.8a show three different environments

for Al doping ions as illustrated by three NMR lines located at 0, 80 and 185 ppm

with variable intensity depending on the considered samples. The NMR spectra are

well resolved suggesting relatively low disorder in the Al location in the host doped

structure. The signal at 0 ppm, associated to six-fold oxygen coordinated Al[40], is

observed in all samples with decreasing intensity from samples A over N to C. This

NMR line is then assigned to Al being located in interstitial crystalline sites of ZnO

with six oxygen in the first coordination shell (Fig. 3.7b). The four-fold oxygen

coordinated Al (Fig. 3.7c) was observed only in the sample A from the NMR line
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located at 80 ppm (Fig. 3.8a). In contrast to the above usual oxygen coordinated Al,

the third NMR line at 185 ppm cannot be associated with oxygen local environment

as the chemical shift is far out from the usual range. The intensity ratio between the

185 ppm and the 0 ppm NMR signals increases for C sample; i.e for reducing

atmosphere (Fig. 3.8b).

Figure 3.8 (a) 27Al MAS NMR spectra, (b) The peak spectra intensities at 0 and

185 ppm for samples A, N and C

As the doped ceramics exhibit high conductivities, the Knight shift can alter the NMR

signals significantly and probably leads to the NMR line at 185 ppm. This was

discussed in several reports, but the definite assignment remains a matter of debate.

Avadhut et al. investigated Al:ZnO nanoparticles and attributed the broad band around

140 ppm to Knight shift effects[41]. Straube et al. have also analyzed Al:ZnO by 27Al

NMR and attributed the NMR line around 200 pm to Knight shift induced by

conduction electrons[42]. In a similar report by R. Noriega, on an assembly of Al:ZnO

nanowires, they also noticed the existence of a 185 ppm NMR line attributed to

interaction between nuclear spin and unpaired spins (paramagnetic species) or to a

Knight shift effect from the conduction electrons[43]. Recently, combining

first-principles calculations and 27Al NMR studies of annealed Al:ZnO nanoparticles,

Momot et al.[24] proposed a model to explain the occurrence of the 185 ppm NMR

signal. The explanation is based on the realization of energetically favorable

complexes associating atomic bonding between AlZn and Zni as illustrated in Fig. 3.7a.
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This particular complex gives rise to an extended charge distribution leading to the

achieved high conductivity of Al2O3 doped ZnO ceramics and ensuring the basis of

the Knight shift behind the 185 ppm NMR line. According to Bennett and Carter[44],

the Knight shift is proportional to the Pauli spin susceptibility (  p) of conduction

electrons which also depends on the electronic density of states at the Fermi level. p

can be estimated from the EPR experiments because it is proportional to the

integrated EPR signal induced by conduction electrons. This susceptibility is almost

constant versus the sample temperature or can show a weak increase with temperature

in the same way as it concerns the density of states at the Fermi level. According to

the EPR experiments, the integrated EPR line intensity is almost constant versus the

temperature (Fig. 3.6c). Thus, the involved spin susceptibility in the samples is

Pauli-like. The NMR band centered on 185 ppm can be then assigned to Knight shift

or to active electronic defects involved in particular complexes associating (AlZn-Zni).

Both origins are possible due to the high conductivity in these doped ceramics as well

as the high concentration of paramagnetic electronic defects probed by the EPR study.

It is worth noting that some authors have considered hydrogen as an origin of the

shallow donors in ZnO (Hofmann et al.[45]) and then related to the paramagnetic

centres with g=1.960. We have also considered this eventuality and performed EPR

and NMR investigations on the sample A with the highest concentration of

paramagnetic species with g=1.960(2). However, the EPR spectra of sample A

reported in Fig. 3.9a were recorded at RT and after annealing at 100°C. The spectra

are stable and precise measurements of g-factor gives g=1.963. The 1H-NMR spectra

on sample A in Fig. 3.9b did not show any proton signal. Therefore the involvement

of hydrogen as an origin of the observed EPR signal is excluded and Zni-AlZn

complex can be used as a source of shallow donor defects.
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Figure 3.9 (a) EPR signal spectra before and after annealing at 100 °C, (b) 1H

NMR spectra for sample A

3.8 Conclusion

ZnO ceramics were prepared by the solid-state reaction and sintered at 1200 °C under

different atmospheres as air (A), N2 (N) and N2 + CO (C), and the phase composition,

morphology and defect composition and distribution of three ceramic samples were

studied. The detailed research results are as follows:

1. The electrical conductivity of ZnO ceramics increases in the order of sample A, N,

and C, and the sample C prepared under a reducing sintering atmosphere has the

highest electrical conductivity σ = 1.5 × 105 S·m-1.

2. All ceramic samples have a compact structure, containing a good crystalline ZnO

wurtzite phase and a small amount of Zn2TiO4 spinel phase. The doping of Al2O3,

TiO2 and MgO plays a key role in the crystal characteristics and high electrical

conductivity of the ceramics.

3. From Raman studies, active normal modes with a Raman shift of 500 cm-1

allowed by the crystalline symmetry were shown as well as additional broad

features. Their origin is from silent Raman modes being allowed by the disorder

introduced by doping and sintering, which can be attributed to Al defects caused

by ion substitution doping of Zn in the host lattice and migration to interstitial

positions.
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4. The EPR investigations demonstrate the high concentration of unpaired spins

associated to electrons from shallow donors or involved in the conduction band.

The thermal evolution of the EPR line intensity shows a Pauli-like spin

susceptibility which characterizes delocalized electrons.

5. 27Al MAS NMR experiments give precise insights on the local environments of

Al ions in the host ZnO grains. Major six-fold and minor four-fold oxygen

coordinated were shown from their NMR signal respectively at 0 and 80 ppm.

Additionally, an intense NMR signal located at 185 ppm was interpreted as

emanating from particular atomic arrangements associating AlZn and Zni ions in

the first coordination shell, which results in the Knight shift effect.

6. (AlZn-Zni) complexes induce an extended charge delocalization which accounts

for the high conductivity obtained in sample C (105 S·m-1) with the suitable

positive TCR. This result is promising for possible applications of such optimized

ceramics for the working safety of electrical circuits and devices.

7. The ZnO ceramics obtained by sintering under N2 + CO reducing atmosphere

have more AlZn and Zni, that is, AlZn-Zni complexes, which can generate extra

charges (+1e-) to form shallow donor defects and improve the conductivity of

ZnO-based ceramics.
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Chapter 4

Effects of Al doping concentration and sintering methods on

ZnO based ceramics

4.1 Introduction

Pure ZnO ceramics have poor electrical conductivity, donor doping is the common

way to increase the electrical conductivity of ZnO as this material exhibits an intrinsic

n-type behavior. The doping with elements from the group IIIA of the periodic table

(X= B, Al, Ga, In) is suitable to act as donors for ZnO, for increasing carrier

concentration and electron mobility to get high conductivity[1-3]. Among all these

group IIIA dopants, Al3+ is the most commonly used ion due to its non-toxicity, high

abundance, environmentally friendly and low cost. Moreover, the ionic radius of Al3+

(54 pm) is smaller than that of Zn2+ (74 pm)[4], a high conductivity can be easily

achieved from the increase of carriers concentration owing to the Zn2+ substituted by

Al3+ to create shallow donors AlZn[5]. Thus, it seems essential to understand the role of

Al2O3 and its way of regulating the electrical conductivity in ZnO based ceramics.

Former works were devoted to explore the electrical behavior and microstructure of

Al2O3 doped ZnO. Zhang[6] reported that the maximum electrical conductivity of

Al2O3-doped ZnO at room temperature was achieved with 0.25 mol% Al2O3. Cai et

al.[7] reported that the electrical conductivity (7×104 S·m-1) at room temperature was

increased by more than two orders of magnitude by adding 5 mol% Al2O3 in ZnO

ceramics compared to undoped ZnO. Maeda et al.[8] found that 2.5 mol% Al2O3 in

ZnO ceramics can enhance highly the conductivity due to the increasing of carrier

concentration and mobility. Our previous work points out that doping 0.25 mol%

Al2O3 in ZnO ceramics can increase the carrier concentration and mobility of the

ceramics, thereby greatly improving the conductivity[9]. Although shallow donors AlZn

play a crucial role in increasing the conductivity, other phases induced by doping

Al2O3, such as spinel phase ZnAl2O4 and grain boundaries, may decrease conductivity

of ZnO based ceramics. Insulating ZnAl2O4 particles with a very low conductivity
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coexist around the ZnO grains to hinder the transport of carriers[7, 10]. The Schottky

barrier or electron scattering behavior at the grain boundaries impede electron

transport, thereby reducing the conductivity[11, 12]. Despite many reported works about

Al2O3 doped ZnO materials, the fundamental analysis of the mechanism behind the

large modulation of electrical conductivity remains unachieved for Al2O3 doped ZnO

ceramics. This is the main ambition of the present work to highlight the key

parameters acting on the transport phenomena involved in conductive AZO ceramics.

Therefore, the main content of this chapter is to study the conductivity changes of

AZO conductive ceramics with different Al2O3 doping contents, and analyze the key

factors that affect the conductivity during the corresponding process.

In Chapter 3, we discussed the effect of sintering atmosphere on the structural defects

of Al2O3, TiO2 and MgO co-doped ZnO ceramics. It has been analyzed that the

reducing atmosphere can increase the solid solubility of Al3+ ions in ZnO and increase

the content of shallow donor AlZn-Zni complexes, thereby greatly improving the

electrical conductivity of ZnO ceramics. In addition, this reducing sintering

atmosphere decreases the intrinsic acceptor defects at the grain boundaries and thus

lowers the Schottky barriers. That leads to an increased carrier mobility across the

ZnO-ZnO grain boundaries which increase the conductivity of ZnO ceramics[13, 14].

Considering these two aspects together, N2+CO appears as a suitable sintering

atmosphere for AZO ceramics with the highest conductivity. Therefore, the work in

this chapter uses N2 + CO as the reducing sintering atmosphere to prepare ZnO-based

ceramic samples. In order to maintain the coherence of the research work, other

dopants TiO2 and MgO in Chapter 3 were also selected in this chapter along with an

optimal doping amount (0.50 mol% of TiO2 and 1.00 mol% of MgO). ZnO-based

ceramics with different components were prepared by changing the doping ratio of the

dopant Al2O3. Our main aim consists first, in evaluating the optimal doping amount of

Al2O3 (0.25 mol%) in ZnO ceramics with the highest conductivity at 1.52105 S·m-1.

Secondly, we focus on an exhaustive analysis of the transport mechanism leading to

the changing conductivity in AZO ceramics. In particular, a correlation will be made

between the transport mechanism with the stabilized crystalline phases, the

microstructure of the ceramics along with precise insight of the defect features

consecutive to the doping processes.
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Moreover, spark plasma sintering (SPS) shows some advantages like rapid sintering

and energy conservation, which has been employed to synthesize various

high-performance materials, such as K0.5Na0.5NbO3 (KNN) and MgAl2O4 spinel

(MAS)[14, 15]. According to previous works dealing with the synthesis of ZnO ceramics

via SPS, Ma et al. have obtained high dense and homogeneous Al-doped ZnO

ceramics where a high electrical conductivity (σRT = ~ 7×104 S ·m-1) is realized with

outstanding thermoelectric performances[16].Tian et al. have reported that co-doped

ZnO ceramics obtained via SPS exhibit a higher electrical conductivity (σRT = 2.3×105

S·m-1) with high carrier concentration (2.6×1020 cm-3) and a metal-like phenomenon of

positive temperature coefficient of resistance has been observed [12]. Although it is

obvious that SPS method play a crucial role in preparing ZnO-based ceramics with

high electrical conductivity, the changes on the microstructure of doped ZnO ceramics

under SPS method remain not fully understood. Therefore, the effect of the sintering

methods on ZnO-based conductive ceramics is also explored in this chapter.

ZnO-based ceramics are prepared by a new spak plasma sintering (SPS) method and a

traditional muffle furnace sintering method. The differences in microstructure,

morphology, vibration, electrical, and optical properties of the corresponding samples

are analyzed to establish the correlation between structure and performance.

4.2 Sample preparation and characterization

In this chapter, the effect of the doping concentration of Al2O3 on the co-doped ZnO

ceramics (Al, Ti, and Mg) oxides in a reducing atmosphere is mainly studied. In

addition, the spark plasma sintering (SPS) method is used to prepare Al2O3 doped

ZnO ceramics, and the evolution of microstructure and electrical properties are

explored in comparison with the reducing atmosphere sintering method.

To investigate the role of Al2O3 doping concentration on co-doped ZnO ceramics,

(98.5-x) mol% ZnO + 0.50 mol% TiO2 + 1.00 mol% MgO + x mol% Al2O3 (x=0.1,

0.25, 0.4, 0.55), referred as “A1”, “ A2”, “A3” and “A4” respectively, were prepared
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by using the solid-state reaction method. The ZnO raw material powder and all the

dopants were weighed according to the designed ratio, and then uniformly mixed by a

6-hour ball milling. The mixed powder was granulated by adding PVA (polyvinyl

alcohol) binder and then pressed into pellets with a diameter of 12 mm. After

removing PVA binder by annealing at 500 °C for 5 hours, all pellets were sintered

under N2 + CO at 1200 °C for 2 hours.

In order to explore the effect of SPS sintering method on the structure and properties

of Al2O3 doped ZnO ceramics, Al-doped ZnO samples with the composition 99.75

mol% ZnO + 0.25 mol% Al2O3 were prepared by solid state reaction method. The

SPS sintering process was performed in a vacuum atmosphere. Under a pressure of 65

MPa, the temperature was raised to a sintering temperature of 1000 °C for 5 minutes

to obtain a ceramic sample, which was named “A-SPS”. As a comparison, a ceramic

sample “A ”was prepared by using a traditional muffle furnace sintering method and

holding the sintering temperature at 1200 °C for 2 hours in a reducing atmosphere

(CO + N2).

The experimental investigations include the electrical properties such as electrical

conductivity, temperature coefficient of resistance, carrier concentration, and mobility

of the samples measured by using a four-points probe test equipment and a PPMS-9

integrated physical property measurement system. The morphology of the samples

was characterized by SEM or TEM methods. The structural defects and electronic

active defect of the samples were investigated with Raman, EPR and NMR

spectroscopy methods. The operating procedure and test parameters of these

experimental methods are detailed in the Chapter 2. In addition, UV-Visible

absorption spectra were recorder by using Hitachi U-4100 spectrophotometer, and the

photoluminescence spectra (PL spectrum) were obtained by LabRAM HR Evolution

at an excitation wavelength of λ = 325nm.

4.3 Conduction features in ZnO ceramics

Fig. 4.1a reports the electrical conductivity (σ) of samples A1, A2, A3 and A4. The

value of 8.18104 S·m-1 was obtained in the sample A1, and reaches a maximum of
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1.52 105 S·m-1 for the sample A2. A gradual decrease is therefore noticed for the

samples A3 and A4 with 1.35105 S·m-1 and 4.18104 S·m-1 respectively. Fig. 4.1b

shows the temperature dependence of the conductivity for these samples with

common features such as the positive temperature coefficient of resistance (TCR),

which infers metal-like behavior of the samples as reported in the chapter 3.

Figure 4.1 (a) Electrical conductivity (σ) and (b) Temperature coefficient of

resistance (TCR) for the investigated Ai samples

To understand the electrical transport mechanism, Hall carrier concentration (n) and

Hall carrier mobility (μ) were measured by PPMS at room temperature and the results

are reported in Fig. 4.2a and Fig. 4.2b respectively. Comparing Fig. 4.1 and Fig. 4.2,

the change in σ is coherently consistent with the change in n and μ according to

equation 4.1 :

σ = n e μ (4.1)

However, the main factors affecting the conductivity are related to different Al2O3

doping amounts. For A1 and A2 samples, while σ increases dramatically, the relative

change of n and μ correspond to 61% and 29% respectively. In consequence, the

carrier’s density dominates the conduction process of Al2O3 with the doping ratio

rising from 0.1 mol% to 0.25 mol%. Afterward, σ decreases when the doping amount

of Al2O3 is further increased to 0.4 mol% as shown for A3 and A4 samples, and the

relative variation is 39% and 71% for n and μ. Here, n decreases slightly, while μ

exhibits more consistent relationship with the change of σ from A2 to A3 to A4

sample. Thus, carrier mobility is a crucial factor for the conductivity at this stage. It is
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then relevant to identify structural defects that affect carrier concentration and

mobility, and to explore the causes of the observed behaviors.

Figure 4.2 (a) Carrier concentration (n) and (b) Carrier mobility (μ) of samples

4.4 Structural and morphology studies

4.4.1 Phase structure analysis

Fig. 4.3 shows the XRD patterns of ZnO doped ceramics with different Al2O3 doping

ratios. All the patterns point out the main crystalline phase as the hexagonal wurtzite

ZnO (JCPDS No. 36-1451). The spinel phases Zn2TiO4 and ZnAl2O4 are also shown

as minor secondary phases. As their content is low, only the main peaks were resolved

at 35.3° and 36.8° respectively. These two diffraction lines are related to the same

crystallographic plane (113) (Fig. 4.3b). In Fig. 4.3c, the lattice parameters a and c of

ZnO show a sharp decrease with doping Al2O3 in A1 and A2 samples and then

undergo a slight decrease for the samples A3 and A4. This behavior was attributed to

the solubility limit of Al2O3 which is approximately around 0.25 mol% in ZnO

ceramics[17]. For the same reason of solubility limit, no secondary phases, such as as

ZnAl2O4, were shown in samples A1 and A2 samples. Since the ionic radius of Al3+

(0.54 Å) is smaller than that of Zn2+ (0.74 Å), the lattice parameters in samples A1

and A2 gradually decrease. With rising the doping ratio, the main peak intensity of

ZnAl2O4 phase gradually increases in sample A3 and A4 in Fig. 4.3b. As the content

of TiO2 is constant, the amount of Zn2TiO4 phase remains the same in all the

considered samples. The formation temperature of Zn2TiO4 is lower than ZnAl2O4,
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thus Zn2TiO4 is formed in preference to ZnAl2O4 during the synthesis process[18, 19].

Moreover, as Al3+ ion (0.54 Å) has a smaller ionic radius than Ti4+ ion (0.61 Å), and

similar coordination number with Ti4+ ion in spinel phase, Al3+ can easily substitute

Ti4+ in Zn2TiO4. Thus the main peak of Zn2TiO4 phase shifts slightly to higher 2θ in

Fig. 3b and the lattice parameter a of Zn2TiO4 decreases in Fig. 4.3d for A1, A2 and

A3 with the increasing doping amount of Al2O3, which is in agreement with Zn2TiO4

lattice size change. It’s worth noting that there is also a solubility limit for Al3+ in

Zn2TiO4. Indeed, the main peak of Zn2TiO4 remains substantially unchanged and the

main peak of ZnAl2O4 significantly increases for A4 samples. This behavior traduces

the formation of ZnAl2O4 besides Zn2TiO4 with further increase of the Al2O3 doping

ratio.

Figure 4.3 (a) XRD patterns of ZnO ceramics with ZnO JCPDS card: No.

36-1451, (b) focus on 2θ ~ (35°-37°) to highlight the content from spinel phases, (c)

(d) Lattice parameters (a and c for ZnO-(c), for Zn2TiO4-(d))

As a donor dopant, Al3+ ions substitute to Zn2+ in ZnO grains and more carrier

electrons are provided to enhance the electrical conductivity. This is illustrated by the

electrical behavior in A1 and A2 samples being moderately doped. For higher doping
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ratios, Al incorporating into Zn2TiO4 or forming spinel phase ZnAl2O4 when the

doping amount of Al2O3 exceeds the solubility limit as in the samples A3 and A4. The

spinel phase generated near the grain boundaries and reduced their mobility during the

sintering, acting as barriers to weaken the mass transportation and thus prevent the

growth of ZnO grains due to the pinning effect. Therefore, it can be preliminarily

estimated that sample A2 has the highest electrical conductivity by comprehensive

donor defect and the interaction of spinel phase and grain boundaries.

4.4.2 Morphology studies

The SEM images of the ZnO-based ceramic samples are shown in Figure 4.4. Similar

features are shown Fig. 4.4a-4.4d and indicate dense microstructures but with

different grain sizes. From the energy dispersive X-ray spectroscopy (EDS) analysis

depicted in Fig. 4.4e-4.4g, the main phase ZnO shows large grains (Zone A) while

spinel phase appears as small dots (Zone B) which are evenly distributed in the

samples in Fig. 4.4b, which is consistent with the results of XRD. With the increase of

Al2O3 content, the grain size gradually decreases from sample A1 to sample A4,

indicating that the distribution of spinel phase in ZnO has a pinning effect, controls

the growth of ZnO grains, and then increases the number of grain boundaries. In ZnO

based ceramics, grain boundaries play an important role in the adjustment of the

conductivity. Due to the uneven distribution of defects between grain boundaries and

grains, barriers can be formed at the grain boundaries which scatter the electrons to

hinder the transport of charge carriers[20, 21]. Besides, the involved spinel phase

ZnAl2O4 is an insulator and also scatters electron transport, then limits the effective

conductivity of the underlying ZnO ceramics particularly for A3 and A4 samples.



Chapter 4

Effects of Al doping concentration and sintering methods on ZnO based ceramics

94

Figure 4.4 SEM images of doped ZnO ceramics (A1-a, A2-b, A3-c, and A4-d), (e)

(f) (g) EDS analysis for area 1 and 2 on sample A2, (h) Average diameter of

samples

Fig. 4.5 shows the TEM images of ZnO based ceramics (A1, A2, A3 and A4), with an

emphasis on the zone of grain boundaries between two grains of ZnO or spinel phase.

All these images possess similar features, namely a clear grain boundary with distinct

lattice fringes. This fact underlines that two grains are combined very well without

thin layer amorphous phases like in ZnO varistors[22]. In other words, the spinel

structure acts as an independent secondary phase particles distributed in ZnO or

between adjacent ZnO grains.
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Figure 4.5 TEM images of samples with the corresponding fast Fourier

transform (FFT) patterns of neighboring grains

4.5 Vibrational signatures of doped ZnO based ceramics

Raman spectroscopy was applied to investigate microscopic defect structures in

ceramics that affect electrical conductivity. The Raman spectra shown in Fig. 4.6 were

first normalized to the E2high peak chosen as a reference and the lines were fitted as

shown in all samples. All the Raman modes and their combination modes reported for

ZnO wurtzite structure[2, 23] are related to E2low =105 cm−1, E2high =443 cm−1,

A1(TO)=382 cm−1, A1(LO)=574 cm−1, E1(TO)=415 cm−1, E1(LO)=584 cm−1, 2TA=208

cm−1, E2high -E2low =340 cm−1, TO+LO=1090 cm−1 and 2LO=1150 cm−1 respectively.

The peak at about 735 cm−1 is assigned to A1g mode involved in the minor spinel

phase Zn2TiO4[24]. E2low mode is related to the vibration of heavy Zn sublattice,

whereas the E2high mode refers to the vibration of oxygen atoms. These two active

modes are characteristic signatures of the wurtzite structure ZnO[25]. No particular

shift or broadening was observed in all characteristic peaks. A1(TO) Raman mode at

382 cm-1 is related to oxygen vacancies (VO) in ZnO, which holds the strongest

intensity in sample A2 among this four samples. However, VO is a deep donor in ZnO
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with transition level at ~1.0 eV below the bottom of the conduction band, which

means that VO is not a suitable candidate for improving n-type conductivity[26]. The

Raman mode A1(LO) at 574 cm-1 is associated with interstitial zinc (Zni). A broad

peak at about 500 cm-1, considered as B1 mode related to local disordered structures,

dominates in sample A2. This broad peak is a characteristic of defects created in the

host crystal lattice. In the samples, these defects breaking of local translational

symmetry to induce broad peak are mainly AlZn andZni[13, 27].

Figure 4.6 Raman spectra of samples

For Al-doped ZnO, Al3+ substitutes Zn2+ to form AlZn accompanied by the creation of

Zni, thus AlZn-Zni complexes are generated[28]. AlZn-Zni complexes with the charge

state +1 has Fermi levels close to the conduction band minimum, which can increase

the number of charge carriers and lead to an increasing conductivity. Thus, sample A2
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with the strongest intensity of B1 mode has the highest electrical conductivity. With

the doping amount increasing, a larger amount of the secondary phase was produced

to improve the overall crystallization, thus the broad peaks at 500 cm-1 of A3 and A4

become weaker. Through the Raman study, AlZn-Zni complex is considered to be the

main exact factor, rather than AlZn alone, leading to an increase in carrier

concentration and an increase in conductivity when increasing the Al2O3 content to

0.25 mol%.

4.6 Local order probing of Al doping ions

Al doping greatly increases the electrical conductivity of ZnO ceramics due to the

formation of shallow donors in microstructure. To probe the 27Al nuclei in the ZnO

lattice and to further determine their local environments, samples were characterized

by solid state NMR. 27Al is a spin 5/2 nucleus and is therefore quadrupolar, thus 27Al

nuclei can be probed in this experiment to determine its local environments. As shown

in Fig. 4.7a, 27Al MAS NMR characteristic spectra of different ZnO ceramics are

obtained and indicate three different environments for Al nuclei in all ZnO based

samples corresponding to three lines at 0, 80 and 185 ppm respectively. The sum of

intensity of these three lines is proportional to the Al2O3 doping amount as shown in

Fig 4.7b, confirming that the amount of the total Al in ceramics is increasing. The line

at 0 ppm is related to six-fold oxygen coordinated Al and almost proportional to

Al2O3 doping amount in Fig. 4.7b. The Al nuclei in octahedral interstitial sites of ZnO

(Fig. 4.8a) and in Al lattice sites of ZnAl2O4 are six-fold oxygen coordination, thus

this peak at 0 ppm is associated with the amount of Al in interstitial sites of ZnO and

in the lattice Al-site of ZnAl2O4. For samples A1 and A2, the Al2O3 doping amount is

within the solubility limit, most six-fold oxygen coordinated Al exists in the form of

octahedral interstitial sites of ZnO. The amount of ZnAl2O4 is gradually increased in

A3 and A4 with the further increase of doping amount of Al2O3. At this point, most of

the 0-ppm line intensity is provided by the lattice Al-site of ZnAl2O4. Besides, the line

at 80 ppm is related to the four-fold oxygen coordinated Al present as substitutional

defect (AlZn) in Zn sites (Fig. 4.8b), with almost the same amount for all samples.

This further indicates that although Al substitutes to Zn forming a donor dopant, it

does not only exist in the form of AlZn with four-coordinated oxygen. Moreover, the
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line at 185 ppm cannot be related to pure oxygen coordinated Al because it is far out

of the usual chemical shift range. The signal was considered as Knight shift effect or

active electronic defects from AlZn-Zni complexes shown as Fig. 4.8c. The complexes

consist in defect pairs formed by substitutional AlZn and interstitials Zni. This gives

rise to extended charge distribution leading to the high achieved conductivity and

ensuring the basis of the Knight shift at the 185 ppm NMR line. Therefore, AlZn-Zni

complexes can contribute to increase the carrier concentration in ZnO based ceramics

and then improve the conductivity.

Figure 4.7 (a) 27Al MAS NMR spectra of different samples. (b) The peak spectra

intensities at 0 ppm, 185 ppm and the sum for samples

Figure 4.8 Schematic diagram of the environment of Al in ZnO: (a) Interstitial

Al3+ (Ali), (b) Substitutional Al3+ (AlZn), (c) Substitutional Al3+- Interstitial Zn2+

(AlZn-Zni)

Fig. 4.9 shows the relation diagram between electrical conductivity and the intensity

of NMR-185ppm line, which shows a proportionality relationship in samples A1, A2

and A3. However, the sample A4 does not comply with this behavior due to wide area

of grain boundaries and an insulating ZnAl2O4 spinel limiting the conductivity. These
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effects overcame the occurrence of extended electronic density around AlZn-Zni

complexes. Thus, AlZn-Zni complexes are clearly correlated with the electrical

conductivity and account for the 185-ppm line. As shown in Fig. 4.9, the intensity of

the 185-ppm peak of sample A2 with the highest conductivity reaches the maximum,

which means that compared with other samples, the Knight shift effect of sample A2

is the strongest due to a higher concentration of AlZn-Zni complexes.

Figure 4.9 Relation between the sample conductivity and the intensity of

NMR-185ppm peak

The performed experiments of Al2O3 doping amount in ZnO-based ceramics show

that the highest conductivity of ZnO ceramics was obtained at the optimal Al2O3

doping amount of 0.25 mol%. In addition, the origin of the large change in the

ceramic conductivity caused by different Al2O3 doping amounts was attributed to the

formation of AlZn-Zni complexes. The results show also that the critical role played by

ZnO grain boundaries and the insulating spinel phases to limit the electrical

conductivity of ZnO-based ceramics. In the same context, the sintering method of the

ceramic preparation process influences also the structural features and the electrical

performances. Therefore, the next section compares the influence of the main

sintering method used in this thesis - Muffle Furnace Sintering and new sintering

method - Spark Plasma Sintering on the structural and conduction properties of

Al2O3-doped ZnO conductive ceramics.



Chapter 4

Effects of Al doping concentration and sintering methods on ZnO based ceramics

100

4.7 Spark Plasma Sintering of Al doped ZnO

Al2O3 doped ZnO ceramic samples A and A-SPS were prepared by the conventional

Muffle Furnace Sintering method and the new Spark Plasma Sintering (SPS) method,

respectively. The differences in the structure features, microstructures and electrical

performances of the ceramics prepared by the two sintering methods are compared.

The mechanism of improving the performances of Al2O3-doped ZnO high-conductive

ceramics by plasma sintering was discussed.

4.7.1 Structural and morphology studies

The XRD patterns of the sample A-SPS and A are shown in Fig. 4.10. The two

diffraction patterns exhibit the features of hexagonal wurtzite ZnO (JCPDS No.

36-1451). However, the secondary phase of ZnAl2O4 cannot be observed in sample

A-SPS, but appears in sample A, indicating that more Al elements are introduced into

ZnO host lattice instead of contributing to the spinel phase formation. The vacuum

condition during SPS process may provide an environment with low oxygen partial

pressure, leading to the further reaction of Al substitution into Zn sites. Moreover, due

to the applied high DC current, the rapid diffusion of Al atoms leads to the formation

of solid solution instead of the ZnAl2O4 spinel phase. Therefore, the SPS method

improves the solid solubility of Al in ZnO.

Fig. 4.11 shows the grain morphologies of the polished and thermal etched sample

A-SPS and A observed by the scanning electron microscope (SEM). Both samples

exhibit the dense structure with few poles. However, there is a great difference in the

average grain size, with 1.6 μm for the sample A-SPS and 8.8 μm for the sample A.

Spark plasma sintering induces a significant limitation of ZnO grain growth, which is

attributed to the rapid sintering process along with a low sintering temperature and

pulsed DC current. It is worth noting that the rapid sintering generates a porosity in

the sample A-SPS.



Chapter 4

Effects of Al doping concentration and sintering methods on ZnO based ceramics

101

Figure 4.10 XRD patterns of A-SPS and A samples

Figure 4.11 SEM images of sample A (a) and A-SPS (b)

4.7.2 Conduction features

The electrical conductivities of the samples A-SPS and A, including the carrier

concentrations (n) and hall mobilities (μ), are shown in Fig. 4.12. It is noticed that the

sample A-SPS exhibits a higher electrical conductivity (3.0 × 105 S ·m-1), a higher
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carrier concentration (1.3 × 1021 cm-3) but a lower hall mobility (14.3 cm2·V-1·s-1),

compared with the sample A. This phenomenon indicates that the increase of the

conductivity of the sample A-SPS is mainly related to the increase of the carrier

concentration. The increase of the Al incorporation concentration in ZnO by using

SPS method can provide more charge carriers according to the following reaction

(Equation. 4.2):

ZnO • ×
2 3 Zn O 2Al O 2Al + 2O + 2e +1/ 2O (4.2)

However, the lower hall mobility is related to the smaller grain size obtained by SPS,

the smaller grain size means more grain boundaries, and the high quantity of grain

boundaries hinder the electronic transport. Therefore, according to the relation σ=neμ,

it can be concluded that the higher electrical conductivity of the sample A-SPS

originates from the significant increase in charge carrier’s concentration.

Figure 4.12 Electrical conduction properties for A-SPS and A samples

4.7.3 Raman spectra studies

The difference in the lattice vibration characteristics between samples A-SPS and A

can be detected by Raman spectroscopy. Figure 4.13 shows the room temperature
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Raman spectra of samples A-SPS and A measured in the range of 100 to 1200 cm-1.

Compared to the sample A, A-SPS shows some significant changes in Raman spectra.

The E2high peak, which is sensitive to the crystalline quality, exhibits a slight shift and

decrease in intensity, indicating that more structural defects in sample A-SPS are

induced into the ZnO lattice[29]. The B1 peak, which is silent in a perfect crystalline

structure but can be activated in a disordered structure, shows an obvious increase of

its intensity as a consequence of the occurrence of structural distortion. These two

Raman modes point out the effect of disorder and structural defects induced by the Al

substitution into Zn sites. Moreover, the A1(LO) and E1(LO) modes, which correlate

with intrinsic defects in host lattice, like oxygen vacancy (VO) and zinc interstitial

(Zni), have a vanishing intensity. That means that the larger amount of intrinsic

defects with expected lattice disorder suppressed these two modes[30, 31]. These

features can finally manifest that, under the SPS condition, further incorporation of Al

elements and further formation of intrinsic defects enhance the structural distortion in

ZnO lattice.

Figure 4.13 Raman spectra for sample A-SPS and A

4.7.4 UV-Vis Absorption spectra and Photoluminescence studies

It is well established that the optical absorption or emission processes reflect the
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features of the electronic structure and charge recombination processes. Optical

methods are then relevant to compare informations on the electronic properties

between A-SPS and A samples. The differences in UV-vis absorption spectra between

sample A-SPS and A are shown in Fig. 4.14. Both samples exhibit the similar optical

absorption behavior in the wavelength range from 200 - 1200 nm. A sharp decrease is

shown on the absorbance spectra at shoulder peak near 385 nm, which is related to the

optical band gap. Compared with sample A, the absorption edge of the sample A-SPS

exhibits a slight blue shift, indicating the broadening of optical band gap. More details

can be displayed by the relation between the absorption coefficient α and the photon

energy hν by using the Tauc plot given by the equation. 4.3[32].

n
g )Eh(Bh  (4.3)

Here, B is a constant, Eg is the band gap and n depends on the type of transition. Thus,

n = 0.5 for the allowed direct transition type, 1.5 for forbidden direct transition type, 2

for indirect transition type and 3 for forbidden indirect transition type. With the

allowed direct band transition type in wurtzite ZnO (n=0.5), the Tauc plots curves are

shown in the inset of Fig. 4.14. From the intersection, the optical band gap is found to

be 3.38 eV and 3.34 eV, for A-SPS and A sample respectively. The blue shift and the

increase in optical band gap is attributed to the Burstein-Moss effect[33], which implies

that there are more free electrons occupying the bottom of the conduction band in

sample A-SPS than that in sample A, in agreement with further incorporation of Al in

the A-SPS lattice. Furthermore, the absorption in the visible and IR region is more

strong for the sample A-SPS compared to the sample A. This effect is considered to be

related to electronic states within the bang gap induced by Al impurities[33]. Such

allowed electronic states are easily promoted in the conduction band with a higher

concentration in the sample A-SPS, compared to the sample A. Therefore, further

incorporation of Al elements inducing a higher carrier concentration are proved in the

absorption study in agreement with XRD and electrical conduction results.
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Figure 4.14 UV-vis absorption spectra for sample A-SPS and A, the inset shows

curves between (αhν)2 versus hν

Figure 4.15 (a) Photoluminescence spectra for sample A-SPS and A, (b) Energy

level diagram of the defects corresponding to the spectra

Photoluminescence (PL) spectroscopy for both samples A-SPS and A have been
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measured at room temperature with the excitation light of 325 nm and the spectra are

presented in Fig. 4.15a. For both samples, PL spectra consist in two emission bands,

one is related to UV emission and the other one is related to deep level emission. The

UV emission peak located at around 375 nm, originates from the transition of excitons

and is named near band edge (NBE) emission. In visible region, deep level emission

is attributed to the intrinsic structural defects, like zinc interstitials (Zni) or oxygen

vacancies (VO) as donor defects and zinc vacancies (VZn) or oxygen interstitials (Oi)

as acceptor defects. These defects can become luminescent centers after suitable

excitation. As shown for sample A, the peak at 389 nm is due to the shallow donor

AlZn level according to DFT calculation. The violet emission located at 413 nm is

considered to be related to electron transition from Zni level to the top of valence band

(VB)[34]. Then, the transition from a single ionized VO level to the top of VB is

responsible for the blue emission at 435 nm[35]. A broad green emission is found at

535 nm, which is generally attributed to the transition from the bottom of conduction

band (CB) to some deep acceptor level like VZn and Oi[36, 37]. Due to the high

formation energy of Oi, it is more likely that VZn acts as the luminescence center[38].

At 665 nm, the yellow emission peak is assigned the transition from the donor Zni

level to the deep acceptor level VZn. However, for the sample A-SPS, the PL spectrum

becomes simple with the disappearance of the green emission peak. To some extent,

the intensity of the emission peak corresponds to the concentrations of defects.

Therefore, the vanishing of the green emission implies evidently a lower

concentration of the intrinsic acceptor defects. Moreover, for the asymmetrical UV

emission peak, it is thought to be the combination of two emission peaks: one from

NBE emission while the other from the shallow donor levels which are very close to

the conduction band[39]. Such shallow donor levels are considered to be related with

Al impurities[33]. Noted that the peaks represented Zni and VO have been almost

disappeared and it is inconsistent with the results that intrinsic donor defects suppress

the A1(LO) and E1(LO) modes in Raman spectra. Therefore, these donor defects may

combine with Al-doped defects as defect complexes, which corresponds to the
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shallow donor level. AlZn-Zni complexes in co-doped ZnO ceramics are associated

with the high conduction properties by EPR and NMR results in the former result.

Hence, it is rational to consider that AlZn-Zni complexes radiate violet emission in the

PL spectra. The corresponding diagrams of the luminescence emission for sample

A-SPS and A are shown in Fig. 4.15b. From this diagram, it is clear that the AlZn-Zni

complexes act as the only donor to provide electrons to the conduction band and its

level is slightly closer to the conduction band than AlZn level, which implies that it can

associate with the obtained huge electrical conductivity. To summarize, these changes

in PL spectra between sample A-SPS and A support that, AlZn-Zni complexes appear

with the increased Al doping concentration and finally enhance the electrical

conduction properties by using SPS method.

4.8 Conclusion

1. When the content of dopant Al2O3 increases from 0.1 mol% to 0.55 mol%, the

electrical conductivity of ZnO ceramics increases first followed by an upward

decrease due to the solubility limit. An optimal Al2O3 about 0.25 mol% ensure the

highest conductivity up to 1.52 × 105 S·m-1 in Al doped ZnO-based ceramics.

2. The solid solubility of Al2O3 in ZnO was evaluated to 0.25 mol%. As the doping

amount of Al2O3 increases, the substitution of Al ions in the ZnO lattice is

privileged. For moderate doping ratios exceeding the solubility limit, the

incorporation of Al begins to be effective in Zn2TiO4 lattice. For higher doping

ratios the excess Al ions will react with ZnO to form a ZnAl2O4 spinel phase

distributed between ZnO grains. The spinel phase acts as a pinning to limit the

growth of ZnO grains, thereby increasing the number of grain boundaries.

3. Raman, EPR and NMR experiments have confirmed that shallow donor AlZn-Zni

complexes are involved with highly delocalized electronic charge density

distributions leading to high conductivity. Grain boundaries in ZnO ceramics and

insulating ZnAl2O4 spinels overcome the charge carrier transport limiting

drastically the carrier mobility and the network conductivity.

4. Al-doped ZnO ceramics have been synthesized by SPS and conventional
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sintering method respectively. SPS is revealed as an effective method to highly

enhance the conduction properties of ZnO-based ceramics. XRD and SEM results

reveal that SPS annealed doped ZnO ceramics are characterized by a higher solid

solubility of Al in ZnO and smaller grains. The corresponding ceramics exhibit a

higher electrical conductivity (σRT= 3.0 × 105 S ·m-1) due to carrier concentration

as high as (1.3×1021 cm-3). From Raman studies, the variety of E2high peak and the

higher intensity of activated B1 mode point out the existence of structural

distortions with the Al impurities and more disordered structure in the SPS

annealed samples. UV-vis absorption spectra show the broadening of optical band

gap induced by Al incorporation in the host lattices. Photoluminescence spectra

are analyzed coherently by the involvement of AlZn-Zni complexes with a higher

concentration when the Al doping ratios increase. These results reflect also the

changes in the microstructure of Al-doped ZnO ceramics with more Al

incorporation into ZnO host lattice by using the SPS method which also induces

the highest achieved conductivity in Al doped ZnO-based ceramics.
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Chapter 5

Effects of selective doping or co-doping on (Al, Ti, Mg) oxide

on ZnO based ceramics

5.1 Introduction

The fundamental and application researches on ZnO-based conductive ceramics

attract the interest of a wide scientific community due to the versatile properties

required for current or emerging technologies. High-performance ZnO conductive

ceramics can be obtained by selecting appropriate dopants and adopting appropriate

preparation processes. For ZnO conductive ceramics, a high conductivity is the most

important parameter. In addition, the structural density, temperature stability,

non-linear coefficient and power density of the ceramics are also important properties

that affect the potential application of ZnO conductive ceramics. In Chapters 3 and 4,

we have synthesized Al, Ti, and Mg co-doped ZnO ceramics, and obtained a high

conductivity up to 1.52 × 105 S • m-1 at room temperature. We have proved that Al2O3

is an efficient dopant for improving the conductivity of ZnO-based ceramics. The

ionic radius of Al3+ is much smaller than that of Zn2+, thus Al ions can form stable

substitutional or interstitial doping in the ZnO host structure. Al3+ ions substitute Zn2+

ions to form donor centers, which can increase the concentration of charge carriers

and the conductivity. Therefore, Al2O3 can be selected to achieve high conductivity of

ZnO ceramics[1, 2]. However, in addition to Al2O3, other doping oxides such as TiO2

and MgO were used. Their choice is motivated by their role on the structure,

morphology and thermal behavior of the underlying ZnO-based ceramics. Besides,

their association with Al2O3 is also relevant concern with regard to the electrical

properties induced by Al ions in the host networks.

For TiO2 doping, it can be expected that a similar role of Al3+ can be ensured by Ti4+

ions which can also act as donors to improve the conductivity of Ti doped ZnO

materials[3]. However, due to the low solubility of Ti4+ ions in ZnO, a spinel structure
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as Zn2TiO4 can easily be formed[4]. This secondary phase can increase the

densification of the ceramics, control the grain size as well as the chemical

composition features at the grain boundaries[5, 6]. TiTi4+ ions are required to adjust the

temperature coefficient of resistance of ZnO-based ceramics[7]. Concerning MgO

doping, the electrical features are no longer improved due to Mg2+ ions with similar

size and valence as Zn2+ ions. However, an increase in the band gap and a decrease in

AC conductivity in the MgxZn1-xO thin films were previously reported in the

literatures. This indicates that MgO affects the long-range order and defect

morphology of the structure[8, 9]. In addition, even limited, MgO contributes to a small

increase in the electrical conductivity of ZnO conductive ceramics and increases the

temperature coefficient of resistance from negative values to positive values[10, 11].

Taking into account the different valence states and solubility of the three ions (Al, Ti,

and Mg) in the host ZnO lattice, systematic studies with selective doping or co-doping

by one, two or three elements were carried out in this work to analyze the roles of

doping elements and their combination on the structure and electrical behavior. In

particular, the present contribution is devoted to co-doping effects of the three

selected ions on the local and long range order of co-doped ZnO ceramics with an

emphasis on the related electrical behavior.

In this chapter, X-ray diffraction, scanning electron microscopy (SEM), and Raman

spectroscopy are used to study the structure and morphology. Meanwhile, solid-state

nuclear magnetic resonance (NMR) spectroscopy and electron paramagnetic

resonance (EPR) spectroscopy are used to shed light on the local environment and

defects type. The experimental investigations and their analyses point out the different

location of the doping ions in the host ZnO lattice as substitutional, interstitial sites or

vacancies and their incidence on the physical response. The mechanism leading to a

drastic increase of the electrical conductivity by Al doping is discussed based on

particular defect structures acting as shallow donors in the host ZnO based ceramics.

5.2 Sample preparation and characterization

The traditional solid-phase reaction method was used to prepare ZnO-based ceramic

samples by single-doping or co-doping with Al2O3, TiO2, and MgO according to the

experimental scheme in Table 5.1. The objective is to explore the effects of Al, Ti and
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Mg elements on the structure and electrical properties of ZnO-based conductive

ceramics. Preparation parameters consist in the sintering temperature fixed at 1200 °C

with a time duration of 2 hours under air as the sintering atmosphere. The

nomenclature of samples is chosen according to whether the corresponding Al, Ti, and

Mg elements are used as doping elements (Table 5.1). Thus, the considered samples

are hereafter referred as ZnO, ZnO: Al, ZnO: Ti, ZnO: Mg, ZnO: AlMg, ZnO: TiMg,

ZnO: AlTi, and ZnO: AlTiMg.

Table 5.1 Initial composition of the investigated doped ZnO based ceramics

Samples ZnO
(mol %)

Al2O3

(mol %)
TiO2

(mol %)
MgO

(mol %)
ZnO 100.00 - - -

ZnO:Al 99.75 0.25 - -

ZnO:Ti 99.50 - 0.50 -

ZnO:Mg 99.00 - - 1.00

ZnO:AlMg 98.75 0.25 - 1.00

ZnO:TiMg 98.50 - 0.50 1.00

ZnO:AlTi 99.25 0.25 0.50 -

ZnO:AlTiMg 98.25 0.25 0.50 1.00

XRD, SEM, Raman spectroscopy, EPR, and NMR experimental equipment were used

to characterize the phase structure, surface morphology, defect structure, and local

microstructure of doped ceramic samples. The electrical properties such as

conductivity, carrier concentration and mobility were obtained by using the Pro4

four-point probe test system and the PPMS-9 comprehensive physical property

measurement system. The detailed experimental parameters and the operation process

are detailed in the Chapter 2.

5.3 Structural studies

The XRD patterns of the different doped ceramics are shown in Fig. 5.1. The main

XRD lines are ascribed to the wurtzite structure of ZnO in agreement with the
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reference JCPDS No. 36-1451. There are also secondary phases as seen by their

additional XRD lines emanating from spinel phases or solid solutions which are

formed in co-doped ceramics. In order to obtain accurate crystallographic information

of the corresponding phases, the features of the involved crystalline structures such as

the full width at half-maximum (FWHM) and lattice parameters of phases were

determined by using a Rietveld refinement of the highest diffraction intensity peaks of

the ZnO main phase and the spinel second phase in XRD patterns. Fig. 5.2a-c report

the results related to FWHMs of the (110) diffraction peak at 2θ=36.2° of the wurtzite

ZnO structure and the corresponding lattice parameters. Fig. 5.2d shows the evolution

of the FWHMs of the main diffraction line (113) at 2θ=35.5° and the lattice parameter

of the identified secondary spinel phases.

Figure 5.1 (a) XRD patterns of as-synthesized samples, (b) The enlarged figure

highlights the behavior of the spinel phase diffraction lines

As shown in Fig. 5.1, in TiO2 doped samples (ZnO: Ti and ZnO: TiMg), the spinel

phase is characterized by the diffraction line at 2θ = 35.5° is Zn2TiO4 (JCPDS No.

25-1164). Due to the different coordination number and ionic radii of Ti and Zn, only

a small amount of Ti can be dissolved in ZnO grains. In this experiment, the doping

ratio of Ti exceeds its solubility limit in ZnO[28], thus Zn2TiO4 is formed in the

samples ZnO: Ti and ZnO: TiMg. In addition, Fig. 5.2b and Fig. 5.2c show a lattice
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expansion for samples ZnO:Ti and ZnO:TiMg which may result from an

incorporation of Ti ions in the host ZnO lattice. In Al doped samples (ZnO:Al,

ZnO:AlMg), an additional weak diffraction line was resolved at 2θ＝36.3° (Fig. 1b)

and assigned to the ZnAl2O4 spinel phase. This phase is induced by doping ratio of Al

(0.25 mol%) which exceeds the solubility limit, which is less than (< 0.25 mol%) in

ZnO ceramics sintered under N2 + CO[12, 13]. The change of the lattice parameters as

inferred from Fig. 5.2b and 5.2c, indicates that Zn ions are substituted by Al in the

host ZnO lattice.

For co-doped Ti and Al samples (ZnO:AlTi, ZnO:AlTiMg), a net shift is seen for the

diffraction peaks of the spinel phase at 2θ=35.5° (Fig.1b). We tentatively attributed

this evolution to a mixed spinel phase as ZnaTibAlcOd, which possesses the same

crystal structure and lattice parameters as Zn2Ti3O8 according to the identification

based on database of X'Pert High Score. The Al substitution in Ti sites of the spinel

phase may account for the shorter lattice parameters and induce a disorder in this

secondary phase as illustrated from the increase of FWHMs (Fig. 5.2d). The increase

of the lattice parameters of ZnO induced by Ti doping seems to be counterbalanced by

Al co-doping as shown in Fig. 5.2b and 5.2c. Indeed, as the ionic radius Al3+ is

smaller than that of Ti4+ and Zn2+, Al rather tends to substitute Zn or Ti rather than

forming an Al spinel phase such as ZnAl2O4 which was not observed in the ZnO:AlTi

and ZnO:AlTiMg samples. The different ionic radii (0.74 Å for Zn2+, 0.54 Å for Al3+

and 0.67 Å for Ti3+, 0.61 Å for Ti4+) induce strains in the host lattice. In addition, the

difference in the valence states of the doping ions, their local environment and the

induced oxygen vacancies increase the disorder. This is illustrated in Fig. 5.2a: the

FWHMs of samples ZnO:Ti, ZnO:TiMg, ZnO:Al, ZnO:AlMg, ZnO:AlTi and

particularly of particularly the triple doped ZnO:AlTiMg are significantly higher than

those of samples ZnO and ZnO:Mg.

Finally, it is worth noting that no diffraction peak related to MgO was detected on

XRD patterns, and Mg doping has no significant influence on the lattice parameter of

http://abulafia.mt.ic.ac.uk/shannon/radius.php?orderby=IR&dir=-1&Element=Mg,Ti,Al,Zn
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ZnO. This is explained by the compatibility of the ionic radius and the valence state

between Mg and Zn along with the high solubility limit (2 mol %) of Mg2+ in ZnO

ceramics[14].

Figure 5.2 (a) The FWHMs of ZnO (101) peak. (b), (c) The lattice parameters a

and c of ZnO, (d) The FWHMs of spinel phase (113) peak and its lattice

parameter a obtained by Rietveld refinement

5.4 Morphology studies

In order to define the location of the secondary crystalline phases as coexisting

structures inside ZnO grains or segregated at the grain boundaries, SEM

investigations were carried out on the co-doped ZnO ceramics and the resulting SEM

images are shown in Fig. 5.3.
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Figure 5.4 Average grain sizes of co-doped ZnO based ceramics

5.5 Conduction features in ZnO ceramics

Beyond the influence of the co-doping process on the microstructure and crystalline

features, the electrical conductivity varies in a large extent from 10-4 to 104 S·m-1 as

function of the nature of the doping elements (Fig. 5.5). Hall experiment was also

applied to show the influence of doping on overall carrier concentration (n) and

carrier mobility (μ), the results are shown in Fig. 5.6. Co-doped ZnO based ceramics

with Al doping or co-doping (ZnO:Al, ZnO:AlMg, ZnO:AlTi, ZnO:AlTiMg) show the

highest conductivites. As an example, a conductivity 2.6 ×104 S·m-1 was obtained in

the sample ZnO:AlMg; i.e. in the order of 105 times that of pure or of other doping

elements such as Ti or Mg without Al. Besides, samples ZnO:Al, ZnO:AlMg,

ZnO:AlTi and ZnO:AlTiMg have quite higher carrier concentration and carrier

mobility. Thus, the mechanism of the high electrical conductivity by Al3+ ion doping

lies in the reinforcement of the n-type nature of ZnO from the involved shallow

donors[15] and the increased mobility of them. Oppositely, Mg or Ti doping alone don't

modify significantly the carrier concentration, carrier mobility and electrical

conductivity compared to pure ZnO. On one hand, the compatibility of charge and

radius size between Mg and Zn ions did not affect the charge carriers. On the other

hand, the insulating secondary phases induced by Ti doping limit the conductivity
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which remains in the same order of magnitude as in pure ZnO.

The understanding of the doping effect on the electrical behavior requires a deep

insight in the modification of the local environment hosting the doping ions. In this

aim, experimental studies by Raman and local order techniques such as EPR and

NMR were applied to evaluate the local distortions and the features of the electronic

active centres induced by doping.

Figure 5.5 Electrical conductivity of ZnO ceramic sampes

Figure 5.6 (a)The carrier concentration (n) and (b) carrier mobility (μ) of

samples

5.6 Vibrational signatures of doped ZnO based ceramics

Raman spectroscopy is a sensitive tool to investigate the crystallinity, the structural
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disorder, and the local distortions induced by different types of defects which account

for the high conductivity in ZnO doped ceramics. The formation of some defects is an

important factor for the high conductivity of ZnO-doped ceramics, so it is necessary

to perform Raman spectroscopy testing on eight ZnO-based ceramics with different

doping compositions. The wurtzite ZnO belongs to the C46V (P63mc) space group with

two formula units per primitive cell. The group theory predicts 12 phonon branches (9

optical and 3 acoustic modes) at the center of the Brillouin zone. Acoustic modes are

generally not observed by Raman in bulk samples because of the inverse dependence

of the frequency to the particle size[16]. According to group theory prediction, the

optical modes of ZnO at the center of the Brillouin zone (BZ) can be represented by

the irreducible representation: Γopt=A1+2B1+E1+2E2. In contrast to B1 modes being

Raman silent modes, A1 and E1 modes are both Raman and infrared active, and the E2

mode is only Raman active. Strong electrostatic forces split the polar A1 and E1

branches into longitudinal optical (LO) and transverse optical (TO) modes such as

A1(LO), A1(TO) and E1(LO), E1(TO)[17]. The nonpolar E2 consists of two modes,

namely, E2high at high frequency and mainly associated with oxygen displacement

characterizing the wurtzite lattice, and the low frequency E2low mainly associated to

the Zn sub-lattice[18].

Figure 5.7 Raman spectra of ZnO based ceramics

For the assignment of the Raman spectra, the modes were first normalized according
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to the E2high peak at Fig. 5.7. Raman spectra of doped-ZnO ceramics exhibit a

combination of both first- and second-order modes. Those associated to Raman

modes[19, 20] were observed at E2high=443 cm−1, E2low=105 cm−1, A1(TO)=382 cm−1,

A1(LO)=574 cm−1, E1(TO)=415 cm−1, E1(LO)=584 cm−1 and 2TA=208 cm−1,

E2high-E2low=340 cm−1, TO+LO=1090 cm−1, 2LO=1150 cm−1. A weak Raman peak

located at 735 cm−1 for samples doped by Ti was assigned to the A1g mode involved in

the titanium zinc spinel phase in TiO2 doped samples (ZnO:Ti, ZnO:TiMg, ZnO:AlTi,

ZnO:AlTiMg). The Raman bands detected at 574 cm-1 and 584 cm-1 in all eight

samples correspond to A1(LO) and E1(LO) modes associated to structural disorder or

lattice defects such as oxygen vacancies, Zn interstitials and their combination as

suggested from the strong dependence of these bands on the oxygen stoichiometry[19,

21]. Besides, in contrast to other doping ions, Al doped samples (ZnO:Al, ZnO:AlMg,

ZnO:AlTi, ZnO:AlTiMg) show singular broad Raman features (B1 mode, Raman

silent for perfect ZnO crystal) around 500 cm-1. These features can be associated to

Raman modes being activated by disorder effects in doped ZnO materials[22] with an

enhanced effect in Al doped ZnO ceramics. The above structural disorder in Al doped

ceramics is accompanied by the high electrical conductivity compared to pure ZnO

sample. Particular electronic configurations are involved and can be probed by using

EPR and NMR.

EPR and NMR are local probe techniques able to give precise assignment on the

coordination of defined chemical elements such as paramagnetic doping ions or

electronic active centres by EPR and local order of Al and Zn ions by NMR. A net

correlation was pointed out between the conductivity and the experimental signatures

by EPR and NMR techniques of particular local structures hosting the doping Al and

giving rise to electronic active defects. This helps to shed light on the mechanism

leading to enhanced electrical conductivities in Al doped ZnO based ceramics, and

explain why Ti and Mg have little effect on the conductive properties of ZnO-based

ceramics.
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5.7 Electronic active defects probed by EPR

EPR spectra and their related parameters (line width ΔH, integrated intensity IIEPR,

g-factor) are depicted in Fig. 5.8. All spectra consist in a Lorentzian derivative line

shape with different line widths and a resonance position characterized by g-factor in

the ranges 1.957-1.961 which can be related to the same species of paramagnetic

centres. The EPR spectra are characterized by different integrated intensities and quite

different line widths depending on the doping nature as hereafter outlined.

Figure 5.8 (a) EPR spectra of samples at room temperature, (b) and (c) EPR

integrated intensity and linewidth, respectively, for different co-doped ZnO

based ceramics

Mg doped ZnO sample (ZnO:Mg) shows a significant EPR signal but with the lowest

intensity compared to other doping elements. As discussed in the structural studies

section, Mg fits to the crystalline sites of Zn due to the similar ionic radii and the

same valence state. We may therefore expect the same kind of defects as in pure ZnO.

Thus, oxygen vacancies (VO)[23, 24], zinc vacancies (VZn)[25] or interstitial zinc (Zni)[26]

can be considered. The corresponding defect energy levels[27-29] involved within the
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ZnO band gap are qualitatively depicted in Fig. 5.9. However, as discussed by Look et

al.[30], VZn possesses the features of an acceptor in contrast to the shallow donor Zni.

The VO centres, are thermodynamically unstable even if they act as deep donors. They

also require high temperatures or UV radiation to be activated[31, 32]. Thus, we may

assign the native paramagnetic centers in sample ZnO:Mg to Zni species with Landé

g-factor=1.960. The increase of EPR signal intensity compared to pure ZnO can be

explained by the incorporation of Mg in ZnO lattice. The doped structure is expected

to favor the migration of Zn ions to interstitial positions during the process of

sintering at high temperatures. The sample ZnO and ZnO:Mg have the same

paramagnetic substance (Zni), but the ZnO:Mg sample has a higher concentration, so

the linewidth of the corresponding characteristic EPR line is basically same and the

integrated intensity is increased.

Figure 5.9 Qualitative plot of energy levels for defects involved in (Al, Ti) doped

ZnO samples

Al doped ZnO samples (ZnO:Al, ZnO:AlMg) give rise to EPR signals located at

g-factor=1.961 with a higher intensity and a broad line-shape compared to Mg doped

sample. The increase in the EPR line intensity can be related to the substitutional Al

ions (AlZn) which favor the formation of interstitial Zn (Zni) as also shown for Mg
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doping. Thus, the shallow donors (AlZn, Zni) centres account for the same origin of the

paramagnetic species in Al doped ZnO. The co-doping by addition of Mg (sample

ZnO:AlMg) doesn’t change the line-shape of the EPR signal but increases the

integrated line intensity (Fig. 5.8), which is corroborated by an increase of the

interstitial sites Zni by substitutional Mg doping. Moreover, the high conductivity

induced in Al doped samples is caused by delocalized electrons emanating from the

shallow donors AlZn (Fig. 5.9). The net effect on the EPR signals consists in the huge

broadening shown in Fig. 5.8. The mechanism is based on the Korringa relaxation

mechanism as discussed in the chapter 3[1, 21]. Ti doped ZnO samples (ZnO:Ti,

ZnO:TiMg) show the EPR signal with the highest integrated intensity and the lowest

line width compared to other mono-doped samples. As the EPR line position leads to

g-factor = 1.958, we expect the origin of the EPR signal as related to Ti3+. Mg

co-doping in the ZnO:TiMg sample leads to the same g-factor and the same line width

as reported in Ti doped sample. The effect of Zni caused by Mg doping is much

weaker than that of Ti3+ caused by Ti doping, thus the EPR spectra peaks formed by

ZnO: TiMg samples and ZnO: Ti samples are similar. The expected origin of the

paramagnetic centers in samples ZnO:Ti and ZnO:TiMg are the reduced Ti3+ ions.

Their involvement in the above samples can be favored by the oxygen vacancies as

discussed in reference49.

Finally, ZnO:AlTi and ZnO:AlTiMg samples give rise to EPR signals consistent with

superimposed contributions already discussed in Al and Ti doped samples. In

particular, Al doping favors an enhanced electrical conductivity by promoting

electrons in the conduction band of the ZnO structure. Fig. 5.10 correlates the

evolution of the EPR line width with the electrical conductivity. The increase of the

line width with the conductivity is coherently attributed to the conduction electrons

inducing relaxation of the paramagnetic centres by Korringa relaxation[33]. This result

underlines the involvement of conduction electrons by Al doping while Ti doping

creates reduced Ti3+ ions with the features of deep donors limiting the charge

delocalization.
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To sum up, Al doping improves the concentration of charge carriers by

promoting electrons in the conduction band of ZnO. Ti doping favors the

occurrence of paramagnetic species as reduced Ti3+ ions. For the electrical

conductivity, Ti3+ ions do not induce higher conductivity in ZnO based ceramics

due to their deep donor nature. Moreover, spinel phases (Zn2TiO4 or

ZnaTibAlcOd) are easily formed by Ti doping and further inhibit any

improvement of electrical conductivity in the host ZnO ceramics (Fig. 5.10).

Figure 5.10 EPR spectra line width versus the electrical conductivity in samples

5.8 Local order probing of Al and Zn ions

Solid state NMR experiments were carried out in order to characterize the local

environment of Zn ions in eight samples and the local environment of Al ions in four

Al-doped samples. The central transition region of MAS spectra of the 27Al dopant is

shown in Fig. 5.11a. As already outlined in our previous work, there are two well

defined, distinct signals that are not dispersed, showing that the synthesis method

leads to a doping with two well defined Al environments. Moreover, there is a Al(VI)

signal of Al in octahedral (AlO6) coordination, but the (diamagnetic) Al(IV) signal of
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Al in tetrahedral (AlO4) coordination, usually at 70-80 ppm[34] is absent. Instead, there

is a signal at the unusual frequency of about 185 ppm. The deviation from the normal

range has been attributed to a Knight shift caused by the conduction electrons, which

stems from aluminum in AlZn-Zni complexes where Al substitutes Zn, and Zn migrates

to an interstitial position. The intensity of this signal has been found in our previous

study to be correlated to the conductivity as both changed in the same way as a

function of the sintering atmosphere. The conductive electrons in the high conductive

sample act on the tetra-coordinated Al to cause a Knight shift effect, which causes the

Al (IV) peak to be invisible, and a Knight shift peak at 185 ppm appears. The

conduction electrons do not extend to the octacoordinated Al, so no shift of the Al (VI)

peak at 0 ppm is observed.

The central transitions of static 67Zn spectra are shown in Fig. 5.11b. The spectrum of

pure ZnO exhibits the typical quadrupolar pattern with a quadrupolar coupling of nQ =

361 kHz, a low asymmetry (hQ = 0.06) and a chemical shift of 238 ppm, consistent

with previous works[35]. While Mg doping does not have a visible influence on the Zn

spectra, Ti doping leads to a slight broadening of the singularities. This confirms the

above finding that Ti, in contrast to Mg, induces some disorder in the crystal. Al

doping has, as seen for the samples ZnO:Al, ZnO:AlTi, and ZnO:AlTiMg, a larger

impact on the signal. It is not only more broadened, almost making the quadrupolar

features invisible, but also induces a significant shift (1.5 kHz/ 80 ppm). A

straightforward explanation is the connection with conduction electrons, similarly as

observed for the Al signal at 185 ppm. We thus see a sign of the delocalization of

these electrons over at least a major part of the crystal, therefore the signal in the

NMR spectra of the samples ZnO: Al, ZnO: AlTi and ZnO: AlTiMg are broadened.
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Figure 5.11 (a) 27Al MAS NMR spectra of samples doped by Al2O3 (b) 67Zn static

NMR spectra of samples ZnO, ZnO:Mg, ZnO:Ti, ZnO:Al, ZnO:AlTi, and

ZnO:AlTiMg.

5.9 Conclusion

Based on the single-doped or multi-doped systems of Al2O3, TiO2, and MgO in ZnO

conductive ceramics, the effects of local disorder and electronic activity defects on the

properties of ZnO-based ceramics are studied in this chapter. ZnO-based ceramics

with different components are synthesized by changing the doping ratio of Al, Ti, and

Mg ions. Different doping combinations will greatly change the electrical conductivity,

phase composition, microstructure and defect states in ZnO-based ceramics. This

work contributes to understand the respective effects of doping elements in a single

doping co-doping process. The origin of the high conductivity is also discussed based

on the respective roles of doping elements and the secondary phases which coexist

with the major phase based on wurtizte ZnO structures. The main achievement of this

work is hereafter summarized.

1. All the considered doped or co-doped ZnO-based ceramic possess good

crystalline quality with the major wurtzite-structured ZnO phase. Besides, Al, Ti,

and (Al, Ti) co-doped samples have ZnAl2O4, Zn2TiO4, and ZnaTibAlcOd spinel

phases, respectively, which affect the microstructure and the density of grain

boundaries which alter the electrical conductivity.
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2. In contrast to other doping elements (Ti and Mg), Al-doped ceramics show the

highest conductivity. The electrical behavior depends critically on the electronic

defects caused by doping with particular local environments which characterized

by complementary Raman, EPR and NMR methods.

3. In the ZnO-based ceramics doped with TiO2, the involved Ti3+ ions are deep

donor defects with limited charge delocalization and then no particular effect is

expected on the electrical conductivity of the ZnO-based ceramics.

4. For ZnO-based ceramics doped with MgO, due to the compatibility of the valence

and radii of Mg and Zn ions, the charge carriers is not affected and then no

improvement occurs on the conductivity.

5. ZnO ceramics doped with Al2O3 exhibit higher electrical conductivity due to a

high charge carrier induced by the incorporation of Al in the host ZnO lattice.

Raman investigations indicates that the activation of the B1 mode which is silent

in perfect crystalline structure, results from an increase in the disorder of the ZnO

structure, which is caused by defects such as Zni. In 27Al NMR, the NMR peak of

the Al-doped sample at 185 ppm is induced by the Knight shift effect resulting

from delocalized electron density on AlZn-Zni complexes. These electronic active

defects ensure the necessary charge carriers leading to the high conductivity in Al

doped ZnO-based ceramics.
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Chapter 6

Investigation of the local order and AlZn-Zni defect

complexes on the high conductivity in (Al, Ti, Mg) oxide

co-doped ZnO ceramics

6.1 Introduction

The electrical conductivity of ZnO-based ceramics is related to many factors

including intrinsic defects such as oxygen vacancy (VO), interstitial zinc (Zni), and

extrinsic defects introduced by crystallinity, grain boundaries, and doping, etc.[1-3]. A

wide set of investigations have pointed out that the n-type donor defects such as AlZn•

formed by Al2O3 doping in ZnO[4-6]. However, A. Momot[7] concluded that AlZn-Zni

complexes constitute the shallow donors leading to the achieved high conductivity of

Al: ZnO nano-powder by using Raman, NMR and the conductivity measurements and

first-principles calculations. The above authors pointed out that the Al ions in the

interstitial position migrate to the lattice position of Zn and generate interstitial Zn

(Zni), forming a complex of AlZn and Zni. This particular defect structure increases the

number of charge carriers and thus improves the conductivity. In the previous

chapters, we prepared ZnO ceramics doped with Al2O3, TiO2 and MgO, leading to a

high conductivity (1.52 × 105 S•m-1) for sintering in a reducing atmosphere. The

effects of the three doping elements, sintering atmospheres, and sintering methods on

the phase structure, micromorphology, defect characteristics, and electrical properties

of ZnO-based ceramics were also studied. The relationships between the

corresponding properties and structures were revealed. Thus, it was shown that the

reducing sintering atmosphere of N2 + CO can decrease the Schottky barrier at the

grain boundary by reducing the intrinsic acceptor defect at the grain boundary in ZnO

ceramics, thereby increasing the carrier mobility. At the same time, the reducing

sintering atmosphere can also increase the solid solubility of Al ions which favors

high charge carrier concentrations. Therefore, the increase in the carrier mobility and
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the concentration together lead to an increase in the conductivity. In addition, Al2O3

doping represents the key dopant for increasing the conductivity of ZnO-based

ceramics. The analysis of chapter 5 has shown that Al3+ ions contribute to the

formation of shallow donors as AlZn-Zni complexes which provide a high charge

carrier concentration. This leads to the Knight shift effect observed on the NMR

spectra which is consistent with the involvement of AlZn-Zni complexes in the high

conductivity of ZnO ceramics[8, 9].

However, in the NMR spectrum of ZnO:Al nanoparticle powder studied by A. Momot

and the NMR spectrum obtained from the test of ZnO-based ceramics in our research,

the NMR lines associated with tetra-coordinated Al at 80 ppm are very different: the

intensity of this NMR line of nanoparticle powder is much higher than the

corresponding NMR line intensity of the ceramics in our work, thus we expect the

defects distribution is different between Al doped ZnO ceramics and nanoparticles. In

addition, in the work of the former three chapters, we focused on the defect structure

of ZnO ceramics without in-depth analysis of the environmental structure of Al and

the formation process of AlZn-Zni complexes in ZnO. In order to further explore these

issues, it is necessary to analyze the influence of the surface structure state of ZnO

powder and establish its relationship with ZnO-based ceramic materials.

Thus, the main objective of the present work deals with the correlation between the

microstructures of the ceramics and tiny particles samples and the NMR and EPR

signatures of the involved active electronic defects. Therefore, the ZnO based

ceramics were crushed to particles with different sizes from about 100 microns down

to 0.2 microns scaled by using manual grinding or mechanical by high energy ball

milling process. The manually ground particles reflect the properties of ceramics,

while the ball milled particles are made of very tiny ZnO particles, and therefore have

more surface states. The relation between the defects structure and the local electrical

conductivity will be searched by investigating the evolution of the aluminum

environment as function of the particle sizes. The approach is thought to ensure

consistent understanding of the correlation between the defect structures, the

microstructures and the electrical conductivity in the underlying ZnO based samples.
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6.2 Sample preparation and characterization

ZnO based ceramics (ZnO + 0.25 mol% Al2O3 + 0.50 mol% TiO2 + 1.00 mol% MgO)

were synthesized by the conventional solid-state reaction method. ZnO ceramic

pellets, with 12 mm diameter and 1mm thickness, were obtained by sintering them at

1200 °C for 2 hours in N2+CO, referred as ‘C’. To compare the properties of the

initial ceramic to particles with different sizes, manual and ball milling grindings were

performed. Microparticle ceramics in the particle range 10 μm-100 μm were obtained

by manual grinding, referred as ‘M’, and smaller size particles about 0.2 μm were

obtained by mechanical ball milling for 4 hours, named ‘B’, with microparticles’

characteristics.

The I-V curve of ZnO ceramic samples is measured by self-assembly resistance test

equipment. The morphology of ceramic samples and powder samples is measured by

SEM and TEM. The particle size distribution of powder samples is evaluated by a

Mastersizer 3000 laser particle size analyzer. The structural characteristics of defects

are characterized by Raman, EPR, and NMR. The corresponding experimental

parameters are detailed in the Chapter 2.

6.3 Morphology and size analysis of particles

Figure 6.1 (a) I-V curve and (b) Energy density vs. impulse current of

as-synthesized ZnO ceramic

The I-V curve of ZnO ceramic shown in Fig. 6.1a, shows a linear characteristic within
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the measured current range (0-100 mA). The achieved electrical conductivity in bulk

ZnO ceramics is as high as (1.52×105 S·m-1). A pulse lightning strike experiment was

carried out on this ceramic sample, and the curve of energy density with impact

current is shown in Figure 6.1b. The maximum energy density (22.42 J·cm-3) was

obtained when the ceramic was broken down. Therefore, the ceramic sample C has

very good electrical properties.

The ceramic pellets were crushed into different size particles to investigate the role of

local order and electronic defects in ZnO. SEM images in Fig. 6.2 show the

microstructures of creamic and particles and the distributions of the particle sizes of

samplesM and B. The schematic microstructures and specific surfaces of the samples

are depicted in Fig. 6.3. For sample M, the grain sizes in the range (10-100 μm) are

larger than the grain (~10 μm) involved in ZnO ceramics indicating the low grinding

efficiency which does not impact too much the initial grains structure. Thereafter, the

properties of ZnO ceramics will be coherently obtained on the sample M. For the

sample B, the particles’ sizes distributed in the range (0.2-2 μm) are smaller than for

the initial ZnO grains (~10 μm). As a consequence, ZnO grains sizes are well reduced

after ball milling as indicated by TEM image inserted in Fig. 6.2c and the obtained

particles in the sample B show increased specific surface. The resulting samples must

reflect the defects concentration and the local order states in finely divided ZnO

ceramics. Therefore, the structural properties between ceramics and powder could be

indirectly deduced from comparing the properties of samplesM and B.
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6.4 Structural studies

Figure 6.4 (a) X-ray diffraction patterns, (b) FWHM of (101) peak for samples M

and B

XRD patterns reported in Fig. 6.4 show that the main phase in both samples M and B

is wurtzite ZnO (JCPDS No. 36-1451). For the sample B, the intensity of all XRD

diffraction lines is lowered along with an increase of the full width at half maximum

(FWHM) of for (101) line. This behavior is related to the low crystalline quality of the

B sample caused by the ball milling. Indeed, this mechanical ball milling process

contributes to lower the particle sizes and increases the structural disorder, which can

also be reflected from the Raman results. As shown in Fig. 6.5, Raman spectra were

reported with a normalization of the intensity of the active Raman modes according to

the E2high peak. Similar features of the lineshape related to E2high mode is attributed to

the local structural disorder and reduced the translational symmetry[10] and these

features depend on particle sizes. As reported in Fig. 6.5, the more pronounced band

around 500 cm-1 shown in sample B is assigned to the activation of B1 mode by

structural disorder[11]. As discussed in our former work[9] the disorder consists in

increasing Zn interstitials (Zni), which is lower after ball milling. Meanwhile, the

decrease of A1(TO) mode at 382 cm-1 related to oxygen vacancies (VO)[12] indicates

that the ratio of VO is decreased by ball milling. Zni and VO defects are mainly

distributed in the grain boundaries of ZnO ceramics[13] both of them are decreased by

the ball milling process due to damage of the grain boundaries. A further
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comprehensive analysis is carried out below by using the local probe methods such as

EPR and NMR experiments.

Figure 6.5 Raman spectra for samples M and B

6.5 Electronic active defects probed by EPR

In Fig. 6.6a, the single resonance line with the g factor at 1.960(2) is a characteristic

of an EPR fingerprint related to Zni[4]. The EPR signature in the sample M where the

conductivity remains important is highly different from that of sample B with limited

charge carriers due to smaller particles. In this case, the space reduction may decrease

drastically the mobility of charge carriers as demonstrated in other families of

semiconductors[14]. As the EPR line width is correlated with the electrical conductivity,

the sample M is more conductive than sample B (Fig. 6.6b). The thermal evolutions

depicted in the range 160K-300 K (Fig. 6.6b and 6.6c) shows the EPR line width (ΔH)

and the integrated line intensity (IIEPR) defined as IIEPR~IEPR*(ΔH)2 with IEPR the line

intensity. IIEPR follows the well-known Curie law involved for localized and

non-interacting paramagnetic centers, which is the characteristic of the sample B. The
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observed thermal behavior shows a nearly stationary IIEPR for the sample M,

suggesting the existence of Pauli-like spin susceptibility induced by delocalized

electrons. Moreover, ΔH in the sample B remains constant when increasing the

temperature while a linear increase is observed for ΔH in sample M as it may occur

when conduction electrons contribute to the relaxation of the paramagnetic species,

which is Korringa relaxation. The thermal behaviors of the spectral parameters is

consistent with a high density of conduction electrons leading to the involvement of

Pauli spin susceptibility in the integrated line intensity and to the particular relaxation

mechanism evidenced by EPR line width. The fact that the sample M shows less

paramagnetic species concentration (Fig. 6.6c) can be understood by a high mobility

and short relaxation times which limit their contribution to the EPR signal. Thus the

intensity of the EPR line may reflect only the localized paramagnetic species in the

the sample M. The low concentration of paramagnetic species in large sized particles

(sample M) compared to the smaller one (sample B) is coherent with a higher

mobility of paramagnetic species in large domains limiting their effective

concentration probed by EPR. Thus, the EPR studies of different size samples may

inform on the correlation between the paramagnetic species features and the

confinement effect which occurs in small sized particles. The decrease in the mobility

in sample B particles may be due to the confinement of charges and to the

backscattering which occurs on the particle boundaries as outlined in a nanostructured

system by Richter and Schmuttenmaer[15]. Therefore, some defects and boundaries in

the surface area of sample B, as a scattering region, have an effect to inhibit carrier

transport and to decrease conductivity.
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Figure 6.6 (a) EPR spectra and thermal evolution of linewidth (ΔH)-(b) and

integrated intensity (IIEPR)-(c) for samples M and B

6.6 Local environment probing of Al ions

In order to characterize the size effects on the NMR signals as it was done for the

EPR experiments, we compared the NMR spectra of the samples M and B. For the

environment of 27Al, there are three different coordinated Al in ZnO from the NMR

analysis in Fig. 6.7. The six-coordinated Al (AlVI) is associated to the NMR line at 5

ppm, while the four-coordinated Al (AlIV) gives rise to the 80 ppm line. In addition,

the NMR line at 185 ppm is accounted by the Knight Shift (KS) effect related to

AlZn-Zni complexes. The intensity of NMR lines shows different strengths depending

on the considered samples M and B. With the particle size reduction, the NMR line

related to Al(KS) decreases drastically while the NMR line for AlIV increases

simultaneously; the NMR line for AlVI remains almost the same. Al doping tends to

substitute Zn by Al ions in the lattice to form AlZn in ZnO, while an extended charge

delocalization occurs from AlZn-Zni complexes[9]. Therefore the representative NMR

line of AlZn is marked by the KS effect leading to the 185 ppm line rather than AlIV

line at 0 ppm in sample M. Besides, in the sample B, the low conductivity limits the
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KS effect and favors the appearance of AlIV line which rises at 80 ppm. This line

growth occurs in detriment of the line affected by Knight Shift (KS) effect as

illustrated in Fig. 6.8. The tiny particles of the sample B, with higher specific surface

area favor the limitation of the extended electronic delocalization around the AlZn-Zni

complexes. The density of such defects is expected to decrease with an increased

surface area of the B sample as sketched in Fig. 6.8. The net effect from this

reorganization by ball milling consists in a weaker KS effect. From the analysis of

Raman, EPR and NMR spectra, we may speculate that AlZn-Zni complexes induce

strong Knight Shift effect in the highly conductive Al doped bulk ZnO. Confinement

effect and lowering density of the electronic active AlZn-Zni complexes in finely

divided the sample B overcome the conductivity and allow a clear evidence of the

four coordinated Al in ZnO grains.

Figure 6.7 27Al MAS NMR spectra of samples M and B
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Figure 6.8 (a) Schematic diagram of substitutional Al3+- interstitial Zn2+ (AlZn-Zni)

in ZnO. (b) The KS effect evolution and the environment of AlZn-Zni complex

andAlZn, Zni for samples.

6.7 Conclusion

1. In order to further explore the coordination environment of Al and study the

correlation between defects (AlZn-Zni complex, AlZn and Zni), local disorder, and

electrical conductivity, ZnO ceramics were finely divided by manual grinding and

ball milling. Particles with different sizes reflect the characteristics of ZnO

ceramics and ultra-fine powders, respectively. The broadening and the intensity

decrease of the ZnO characteristic (101) peak in the XRD diffraction patterns and

the broadening of the ZnO characteristic E2high peak in the Raman spectra confirm

that ball milling increases the local disorder in the ZnO ceramics.

2. According to the conduction behavior, large sized particles favor the formation of

AlZn-Zni complexes with extended electronic density leading to high electrical
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conductivity up to 105 S·m-1 as also involved in bulk ceramics. Oppositely, low

particles sizes with higher specific surfaces did not show a high density of

AlZn-Zni complexes and then the electrical conductivity is quite low.

3. From the NMR spectra analysis, the four oxygen-coordinated AlZn develops in the

ZnO ultrafine particles after ball milling, but not in the ZnO ceramic particles.

The Knight shift effect induced in highly conducting ZnO ceramic particles lead

to a particular NMR line at 185 ppm far from any known oxygen coordinated
27Al while the four oxygen coordinated Al being almost disappeared. The

formation of small particles by ball milling overcame the stability of AlZn-Zni

complexes and the involvement of the related electronic distribution. This fact

limits the conductivity and the KS effect leading to resolved NMR line associated

to four oxygen coordinated 27Al.

4. The involved defects structures were pointed out by EPR spectroscopy as

function of ZnO grain sizes. The EPR signal assigned to Zni defects is

characterized by different line intensities and widths depending on the

microstructures features. The low line integrated intensity reflects the low

concentration of paramagnetic defects in the highly conducting system with

higher density of AlZn-Zni complexes. The easy delocalization of charge carriers

in high particle sizes limits their contribution to the EPR signal. Oppositely, the

less conducting tiny particles sample shows a higher concentration of

paramagnetic centres due to less effect from the conduction electrons on the

relaxation mechanism which alter the EPR line.

5. The performed experiments dealing with the structural and local order analysis of

the doping element coordination and electronic defects contribute to consistent

analysis of the correlation between the microstructures and the electrical behavior

in Al doped ZnO structures.
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Chapter 7

General Conclusions and Perspectives

7.1 General Conclusions

The research works developed in the frame of this thesis were devoted to the

preparation and characterization of ZnO-based conducting ceramics doped with Al2O3,

TiO2 and MgO. By adjusting the sintering atmosphere, sintering method and doping

ratios, ZnO-based ceramics with ultra-high electrical conductivity were realized. In a

first step, the effects of three sintering atmospheres (air, N2, CO + N2) on the structure

and electrical properties of doped ZnO ceramics were investigated. The highest

conductivities were obtained by using (CO + N2) reducing atmosphere and deep

analyses of the conduction mechanisms were performed. Secondly, the effects of

Al2O3 on the phase structure, micromorphology, defect types and electrical properties

of ZnO-based ceramics were systematically studied by changing the doping ratio of

Al2O3. ZnO ceramics with different electrical conductivity were obtained with

different Al2O3 doping ratios. The correlation was drawn between the structural

modifications due to substitutional Al ions and the electrical properties of ZnO

ceramics. In addition, the traditional muffle furnace solid-state sintering method and

the new spark plasma sintering (SPS) method were used. The structure, morphology

and electrical properties of the ceramics were compared for the two approaches and

deep insight was drawn on the high conductivity achieved by the SPS sintering

method. Then, through selective single-doping or co-doping of Al2O3, TiO2, and MgO

dopants, the effects of these three dopants on the phase structure, micro-morphology,

lattice vibration characteristics, and types of electron-active defects of ZnO-based

ceramics were systematically studied and the electrical properties analyzed. Finally,

finely divided ZnO ceramics with different sizes were realized by manual grinding
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and ball milling in the aim to analyze the effect on the electrical conductivity and the

transport mechanism. Thus, we correlated the structure and the morphology of two

samples with different grain sizes with the evolution of the coordination environment

of Al and the types of defects that improve the conduction properties.

Based on the above research contributions, we summarize below the main relevant

highlights on the role of doping, sintering atmospheres and microstructure to realize

highly conducting ZnO-based ceramics:

1. ZnO ceramics doped Al2O3, TiO2, and MgO were prepared by the solid-phase

reaction method in air, N2, and CO + N2 sintering atmospheres with the aim to

achieve the fabrication of dense ceramics with good crystal quality. Wurtzite ZnO

phase and a small amount of secondary Zn2TiO4 spinel phase were contained in

the ceramics. Moreover, the solid solubility of Ti in ZnO ceramics obtained by

sintering gradually increased with the reducing nature of the used atmosphere.

This effects is accompanied by the decrease of the spinel phase and thus weakens

the pinning effect and favors the grain size growth of ZnO ceramics. The

electrical conductivity increases when using air, N2 and CO + N2 as the sintering

atmosphere. Thus, the highest conductivity σ = 1.5 × 105 S·m-1 was realized ZnO

ceramic prepared under the CO + N2 reducing atmosphere. From Raman studies,

the appearance of Raman peaks around 500 cm-1 indicates the disordered

structures. This disorder is caused by the defects (AlZn and Zni) being consecutive

to Al2O3 doping along with the sintering under CO + N2 reducing atmosphere. In

this case, EPR studies shows the occurrence of high concentrations of unpaired

spins associated with shallow donor defects consisting in (AlZn , Zni) complexes.

These defects, favored by the sintering under reducing atmosphere, ensure the

charge carriers contributing to the enhanced in the corresponding ceramics with

conductivity in the order of 10-5 S·cm-1. In parallel, 27Al-NMR spectra are

characterized by an intense peak at 185 ppm which cannot be associated to any

oxygen coordinated sites. The origin of this NMR line is caused by the Knight

shift induced by the above mentioned charge carriers. In summary, ZnO ceramics

sintered in a N2 + CO reducing atmosphere induce the formation of AlZn and Zni,

that is, AlZn-Zni complexes with a high concentration. As a main effect,
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delocalized electronic densities are created in the underlying lattice which further

enhance the electrical conductivity of ZnO-based ceramics.

2. By adjusting the Al2O3 doping ratio to 0.25 mol% used with a fixed ratio of TiO2

and MgO and sintering in a N2 + CO reducing atmosphere to realize co-doped

ZnO ceramics, the best conductivity (1.52 × 105 S·m-1). The solid solubility of Al

in ZnO is indeed well improved under N2 + CO reducing sintering atmosphere.

However, when the doping amount of Al2O3 exceeds the solid solubility, the

generated ZnAl2O4 spinel phase acts as a pinning to limit the growth of ZnO

grains and increase the number of grain boundaries. The insulating secondary

spinel phase ZnAl2O4 can scatter electrons, reduce the carrier mobility, and then

decrease the conductivity. Raman, EPR and NMR experiments have confirmed

that the shallow donors as AlZn-Zni complexes induce highly delocalized

electronic charge density distribution when doped with an appropriate amount of

Al2O3.

3. Al2O3 doped ZnO ceramics were synthesized by two approaches, namely, the

traditional muffle furnace sintering method and the novel spark plasma sintering

(SPS) method. Exhaustive investigations were performed to correlate the

microstructure with the electrical conductivity of the ceramics. The improved

electrical performances were obtained by the SPS method due to the high higher

charge carrier concentration which overcame the effect of a low mobility in such

ceramics. Indeed, the rapid sintering process of SPS method induces a significant

reduction in the ZnO grain size, and then a large increase in the number of grain

boundaries. Such a microstructure contributes to an enhanced scattering of

electrons, which reduces the carrier mobility in the ceramics. For the high charge

carrier concentration, it can be justified by the improvement of the solid solubility

of Al in ZnO by SPS method and an increased density of shallow donor defects

such as the AlZn-Zni complexes.

4. Systematic studies were developed in the aim to identify the role of doping oxides

Al2O3, TiO2, and MgO on the physical features of ZnO based ceramics. This

includes the doping effects on the phase structure, micromorphology,

microstructure, electronic active defects and electrical properties of ZnO-based

ceramics, and the relationship between structure and properties. Al, Ti, and Mg
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single-doped and co-doped ZnO ceramics were fabricated by solid state reaction

and sintered under air leading to good crystalline quality with the wurtzite ZnO

structure. Due to the high solid solubility of Mg in ZnO, Mg does not introduce

any second phase in contrast to Al, Ti, and (Al, Ti) doped ceramics where

secondary phases, such as ZnAl2O4, Zn2TiO4, and ZnaTibAlcOd spinel, were

observed. The main effect of such spinel phases is to increase the density of grain

boundaries in the major host ZnO-based ceramics. As consequence, a lowering of

the conductivity was shown due to the insulating nature of spinel phases and the

grain boundaries acting as barrier for the conduction channels. The Ti3+ ions

generated in TiO2 doped ZnO ceramics are deep donor defects and limit the

charge delocalization and then no particular improvement was induced on the

electrical conductivity. Similarly, for MgO doping, the same valence state and ion

radius of Mg2+ and Zn2+ ions does not cause any noticeable change of the charge

carriers; the electrical conductivity of Mg-doped ZnO ceramics remain low.

Compared to Ti and Mg cases, Al-doped ceramics generate the highest achieved

electrical conductivity. This behavior is induced by the large charge carrier

concentration favored by Al doping. From structural consideration, the Raman

mode B1, which is non-active in a perfect wurtzite structure, became well

resolved in Raman spectra in Al-doped ceramics. This mode originates from

defects such as Zni, which contribute to an increase of the disorder in the ZnO

structure. From local order characterization, the 27Al NMR line at the chemical

shift 185 ppm of Al-doped ZnO ceramics is caused by the Knight shift induced by

the conduction electrons of particular structural defects such as AlZn-Zni

complexes. Due to delocalized electron density around these defects, they

contribute efficiently to the electronic properties and improve the conductivity of

Al-doped ZnO ceramics. Meanwhile, 67Zn NMR spectra show modification on

the local environments of Zn nuclei in Al-doped ZnO ceramics in agreement with

the conclusion from Raman studies which show the activation of B1 modes by

Zni defects.

5. The microstructure defined by the morphology of grains and the density of grain

boundaries play critical role in the electrical properties of the doped ZnO

ceramics. In this context, an experimental approach was developed on grounded
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ceramics to form powders with different grain sizes where the grain boundary

distributions are also modified. Thus, particles with different sizes were prepared

by manual grinding and also by high energy ball milling technique. The

microstructures of different powders were then investigated on two representative

samples from each preparation method. Thus, for the manually grounded powder,

an average particle size is quite larger compared to the grains involved in the bulk

ceramic. For the finely divided powder by using ball milling, the average particle

size which was found quite smaller than the grain sizes in the bulk ZnO ceramic.

For the grain boundary distributions, the two considered powders reflect the

characteristics of bulk ZnO ceramics and ultrafine ZnO powders. From structural

investigations, the broadening of the (101) characteristic peak of ZnO in the XRD

pattern and the broad bands of the characteristic modes of ZnO structure in the

Raman spectrum confirmed that ball milling favors the formation of a local

disorder in ZnO. The EPR signal assigned to Zni defects is characterized by

different line intensities and widths depending on the microstructures features.

The easy delocalization of charge carriers in as in bulk ZnO limits their

contribution to the EPR signal and then the effective concertation of

paramagnetic species is low. Oppositely, the higher concentration of

paramagnetic species probed by EPR in the ultrafine ZnO powder is due to the

low mobility of the charge carriers by the particle boundaries. In the NMR

spectra, the four-coordinated AlZn appears only in the ZnO ultrafine powder, but

not in the large sized ZnO ceramic particles. This result indicates that in addition

to the defects of AlZn-Zni complexes, a part of Al ions exists in ZnO as AlZn

defects in the ball milling particles. According to the conduction behavior, large

sized particles favor the formation of AlZn-Zni complexes with extended

electronic density leading to high electrical conductivity up to 105 S·m-1 as also

involved in bulk ceramics. In ZnO ultrafine particles, the Knight shift effect is

limited due to the low conductivity in the underlying network and then the 185

ppm NMR line exhibits lower intensity as observed experimentally.

7.2 Perspectives

These thesis works contributed to exhaustive studies of physical properties and their
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analysis in Al2O3, TiO2 and MgO-doped ZnO-based conducting ceramics. However,

some directions of studies are worthy of interest and able to bring complementary

insights on the considered systems as outlined below:

1. The performed analysis identifies the structural characteristics and the charge

carriers features that affect the electrical conductivity of ZnO ceramics. Although,

the donor defect AlZn-Zni complexes located in ZnO grains contribute efficiently

to the electrical conductivity, the structure of grain boundaries requires deep

insights. On the other hand, the structure of defect types and defect distributions

in ZnO grains and at the grain boundaries affect the transport process in the

ceramics. In relation with such aspects, the fabrication and studies of finely

divided powders up to nanostructured particles are relevant to understand the role

of grain boundaries and surface effects on the electronic transport features.

2. In this thesis, exhaustive structural studies and their analysis in ZnO-based

ceramics prepared by different approaches (solid state solution, SPS sintering)

have been performed. This includes phase structure identification, vibrational

features correlated with the disorder induced by doping, electronic active defects,

and defects environment, etc. However, few insights were devoted to the

electrical performances and limitations by analyzing their linearity, power density,

inductance, capacitance, in the aim to explore the potential workable processes.

3. From the carried out studies, it is undeniable that the structures of defects

structural or electronic active centres introduced by doping or intrinsically

induced by the fabrication processes are key parameters acting on the crystalline

quality, structural defects, disorder and on the electronic properties. The carried

out investigations and analysis have contributed to understand the main trend

correlating the structural features, doping and the achieved properties. However,

modelling of the defect structures and their simulation by dedicated numerical

approaches are highly relevant to characterize quantitatively the processes

leading to the high conductivity of these systems by defect engineering. This

theoretical and numerical approach was tentatively initiated during the present

thesis works but deserves detailed studies.
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