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ผลของการแทนท่ีแบบเด่ียวและแบบคู่ของอลูมินมั (Al) และแมงกานีส (Mn) ต่อโครงสร้าง 

องค์ประกอบทางเคมีและคุณสมบติัเทอร์โมอิเล็กทริกของซิงค์ออกไซด์ (ZnO) ได้ถูกศึกษาใน

สารประกอบสามกลุ่มไดแ้ก่ Zn1-2xAl2xO, Zn1-2xMn2xO and Zn1-2xAlxMnxO (x = 0, 0.01, 0.02, 0.03, 

0.04) สารตวัอย่างทั้งหมดถูกสังเคราะห์ด้วยวิธีการสลายตวัด้วยความร้อน การแทนท่ีซิงค์ด้วย

อลูมินมัและแมงกานีสไม่มีผลต่อโครงสร้างของซิงค์ออกไซด์แต่มีผลต่อสมบติัทางไฟฟ้าของสาร 

การแทนท่ีซิงค์ดว้ยอลูมินมัในปริมาณเล็กน้อยมีผลท าให้ความน าไฟฟ้าของสารเพิ่มข้ึนแต่ท าให้

สัมประสิทธ์ิซีเบคลดลงในขณะท่ีการแทนท่ีดว้ยแมงกานีสท าใหส้ัมประสิทธ์ิซีเบคเพิ่มข้ึนอยา่งมาก

แต่ท าใหค้วามน าไฟฟ้าลดลงสารตวัอยา่งท่ีมีการแทนท่ีแบบคู่แสดงผลจากทั้งสองไอออน อยา่งไรก็

ตาม การเปล่ียนแปลงในความน าไฟฟ้ามีความโดดเด่นมากและมีอิทธิพลต่อการค านวณค่า Power 

factor มากกว่า ดงันั้นสารตวัอย่างท่ีมีความน าไฟฟ้ามากท่ีสุดในงานวิจยัน้ีซ่ึงไดแ้ก่ Zn0.98Al0.02O 

แสดงค่า Power factor สูงท่ีสุดเท่ากบั 1.03×10-4 WK-2m-1 ท่ีอุณหภูมิ 800 เคลวิน ในขณะท่ีสาร

ตวัอย่างท่ีมีการแทนท่ีแบบคู่ท่ีให้ค่า Power factor ดีท่ีสุด ไดแ้ก่ Zn0.98Al0.01Mn0.01O ซ่ึงมี Power 

factor เท่ากบั 4.79×10-5 WK-2m-1 ท่ีอุณหภูมิเดียวกนั 
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 The effect of Al and Mn single and double substitution on structure, chemical 

composition, and thermoelectric properties of ZnO was investigated in three series of 

compounds; Zn1-2xAl2xO, Zn1-2xMn2xO, and Zn1-2xAlxMnxO (x = 0, 0.01, 0.02, 0.03, 

0.04). All samples were synthesized by thermal decomposition method. Substituting 

Al and Mn do not affect ZnO structure but affects its electrical properties. Replacing 

Zn by a small amount of Al lead to an increase in electronic conductivity but a 

decrease in absolute Seebeck coefficient. On the other hand, Mn substitution increases 

absolute value of Seebeck coefficient but decreases the electronic conductivity. 

Double substituted samples exhibit the effects from both ions. Nevertheless, the 

change in electronic conductivity is more pronounced and dominant in the power 

factor calculation. Thus the most conductive sample in this work, Zn0.98Al0.02O, shows 

the highest power factor of 1.03×10
-4

 WK
-2

m
-1 

at 800 K while the best double 

substituted sample, Zn0.98Mn0.01Al0.01O, gives a power factor of      4.79×10
-5

 WK
-2

m
-1 

at the same temperature. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Introduction 

 
The thermoelectric energy conversion is a promising technology due to its ability 

to convert thermal energy directly to electrical energy. Nowadays, more than half of 

all energy produced is lost as waste heat into the environment without any 

applications. Thermoelectric energy recycles wasted heat into electricity. Its 

properties allow applications on both electrical power generation and various 

electronic cooling devices (Funahashi et al., 2011). The efficiency of thermoelectric 

materials depends on material properties which can be determined by the 

dimensionless figure of merit, ZT, where ZT = 
    

 
 , S is the Seebeck coefficient,   is 

the electrical conductivity and   is the thermal conductivity. Good thermoelectric 

materials should have high ZT thus they should have large Seebeck coefficient, high 

electrical conductivity, and low thermal conductivity. 

Several good thermoelectric materials are alloys such as Bi2Te3, PbTe, and       

Si1-xGex (Mahan, 1998; Sales et al., 1996; Yamashita et al., 2003). However, their 

uses are limited at low temperatures as they have low stability and high toxicity. In 

contrast, oxides are more environmental-friendly and have excellent thermal and 

chemical stability. As they are chemically stable at high temperature in air, 
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thermoelectric oxides are expected to be used in broader applications (Cheng et. al., 

2006). 

Some oxide materials have been discovered with good thermoelectric properties. 

They include CaMnO3-based perovskites, ZnO-based oxide, layered cobalt oxides 

represented by NaCo2O4 and Ca3Co4O9, and SrTiO3-related phases (Ohtaki et al., 

1997). Oxide materials are obviously very attractive. Among them, ZnO is a 

promising thermoelectric material showing a fairly high figure of merit, ZT. It is 

naturally n-type wide-band gap semiconductor (Ohtaki et al., 1996) with excellent 

charge carrier transport properties (Jood et al., 2011) at elevated temperatures in air 

(Koumoto et al., 2006).  

Doped ZnO has gained lots of attention in thermoelectric field especially in high 

temperature applications. Effects of several dopants on thermoelectric properties of 

ZnO have been investigated. It is generally known that Al doping increases electrical 

conductivity of ZnO (Ohtaki et al., 1996; Tsubuta et al., 1997). Although there are no 

reports on thermoelectric properties of Mn-doped ZnO polycrystalline samples, Mn 

has been reported to increase Seebeck coefficient of ZnO in thin film (Ghosh et al., 

2007) and it is likely to have the same effects in polycrystalline samples as well. 

This study focuses on improving the thermoelectric properties of zinc oxide by 

doping. The influences of aluminum and/or manganese doping on thermoelectric 

properties are evaluated. Structural details of the compounds and the relationships 

between structure, compositions, and properties are investigated. The current research 

presents a strategy to improve the thermoelectric properties of ZnO by double
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substitution of Al and Mn in Zn1-2xAlxMnxO where the combined positive effects of 

both dopants are expected to further improve thermoelectric performance of the 

materials. Series of compounds including Zn1-xAlxO, Zn1-xMnxO (x= 0.02, 0.04, 0.06 

and 0.08) and Zn1-2xAlxMnxO (x= 0.01, 0.02, 0.03 and 0.04) have been prepared by 

thermal decomposition method and characterized with several techniques. The 

obtained results are used to discuss the effects of Al and/or Mn substitution on 

structure and thermoelectric properties of ZnO. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1 Thermoelectric materials 

Thermoelectric materials exhibit the phenomenon of heat and electricity 

conversion on two important effects, Seebeck (Seebeck, 1823) and Peltier effects 

(Peltier, 1834). The Seebeck effect is a development of voltage across the junction of 

two different materials held at different temperatures. It is shown as power generation 

mode in Figure 2.1.  On the other hand, the Peltier effect involves a heat liberation or 

absorption when electrical current is applied to such junction, which is shown as 

refrigeration mode in Figure 2.1.  

 

Figure 2.1 Diagram of a thermoelectric device made of n-type and p-type materials in 

(a) a refrigeration and (b) a power-generation modes (Tritt and Subramanian, 2006).

(a) Refrigeration Mode             (b) Power-generation Mode  
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 The performance of a thermoelectric material is defined by the dimensionless 

figure of merit, ZT; 

   ZT = 
    

 
 = 
   

  
     (1) 

 where S is the Seebeck coefficient,   is the electrical conductivity,   is the 

electrical resistivity,   is the thermal conductivity (  =     +    ;     and     are the 

electronic and the lattice components of  , respectively), and T is the absolute 

temperature. To maximize the ZT value, high S, high  , and low   are simultaneously 

required. The best thermoelectric materials currently used in devices have ZT ≥ 1 

(Tritt and Subramanian, 2006), hence ZT ≥ 1 is generally accepted for practical 

applications (Snyder and Toberer, 2008). However, it is difficult to simultaneously 

control the three parameters as they are strongly correlated to each other and to carrier 

concentration, n, of the materials as shown in Figure 2.2 (Ohtaki et al., 2011). In 

general, a carrier concentration of materials in the range of semiconductors presents 

large ZT values.  
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Figure 2.2 Transport properties as a function of carrier concentrations (Ohtaki et al., 

2011). 

 Besides the high ZT value, the operating temperature of a system is also 

important for real applications. As shown in Figure 2.3, each material has a different 

range of operating temperature and materials with wider ranges of operating 

temperatures have more potential for the real applications. 

 Prices and effects on environment have to be considered when developing 

appropriate thermoelectric materials. Compounds such as alloys, chalcogenides, and 

compounds containing heavy elements have limitations when operating at higher 

temperatures because of their poor durability, low melting point, and high toxicity. 

Moreover, they are usually expensive. It is therefore necessary to explore new 

thermoelectric materials to overcome these short comings (Ohtaki et al., 2011). 

  

metals  semiconductors        insulators 
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Figure 2.3 Schematic comparisons of various thermoelectric materials for the 

applications of waste heat harvest and refrigeration in terms of the temperature range 

of operation, the abundance, and environmental friendliness of constituent elements 

(He et al., 2011). 
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n-type semiconductor. A zinc atom has a relatively large electronegativity as a metal 

and these Zn-O bonds are less polarized when compared to other metal-oxygen bonds 

in metal oxides. Moreover, although the ratio of the ionic radii of Zn
2+

 and O
2-

 

geometrically require a 6-fold coordination of O
2-

 around Zn
2+

, Zn
2+

 prefers 4-fold and 

the wurtzite structure has much less packing efficiency than that of the closest-

packing. Both the less polarized Zn-O bond and the 4-fold coordination suggest the 

large covalency in ZnO. 

 

  

 

 

 

 

 

 

 

Figure 2.4 The wurtzite ZnO structure.
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 2.2.2 Thermoelectric properties of ZnO-based oxides 

 ZnO is an n-type semiconducting material with a direct band gap of 3.37 

eV at room temperature (Janotti et al., 2009). It has been widely studied since 1935 

(Bunn et al., 1935). Zn-related materials are attractive in thermoelectric field due to its 

high Seebeck coefficient at high temperature (Kim et al., 2005) as shown in Figure 

2.5. However, its practical uses are limited because ZnO has high resistivity and 

thermal conductivity. ZnO suffers from the high thermal conductivity, 49 Wm
-1

K
-1

 at 

300 K and 10 Wm
-1

K
-1

 at 1000 K (Tsubota et al., 1997), which is very unfavorable for 

thermoelectric applications. However, ZnO has high carrier mobility of ~200 cm
2
V

-1 

S
-1

 at room temperature for n-type doping and 5-50 cm
2
V

-1
S

-1
 at room temperature for        

p-type doping (Lin et al., 2009; Pearton et al., 2005) which is suitable for 

thermoelectric applications. 

 

 

 

 

 

 

 

Figure 2.5 Temperature dependence of the Seebeck coefficient of ZnO-based 

thermoelectric materials (Kim et al., 2005). 
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Numerous strategies have been attempted to generate ZnO related materials with high 

figure of merit including increasing thermoelectric power and electrical conductivity as 

well as decreasing thermal conductivity. In this work, double substitution of Al and Mn 

is investigated as the strategy to improve thermoelectric properties of ZnO. 

 

  2.2.2.1 Electrical conductivity improvement 

Electrical conductivity ( ) and electrical resistivity ( ) of 

materials relates to charge carrier concentration (n), electronic charge (e), and electron 

mobility () (Snyder and Toberer, 2008) 

  = 
 

 
 = ne      (2) 

Electrical conductivity of the materials can be improved by 

increasing carrier density and carrier mobility, so one way to improve electrical 

conductivity is to substitute the materials with heterovalent cations which results in p-

type or n-type semiconductors whose major charge carriers are holes and electrons, 

respectively. 

A p-type material can be produced by substituting the parent 

cations by cations with lower valency which results in generation of positive hole 

carriers. In ZnO system, it is very difficult to make p-type ZnO, because undoped ZnO 

with a wurtzite structure occurs naturally as an n-type. However, p-type doping in ZnO 

may be possible by substitute with group I elements such as Li, Na, and K. (Ӧzgür ü et 

al.,i2005).
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An n-type material can be produced by substituting the parent 

cations with higher valency where excess electrons are created as the carriers. Various 

cations have been used to substitute Zn
2+

 such as group III elements like Al, Ga, Sb, 

Co etc.  

Several elements have been used to make n-type ZnO such as Ga-

(Ohtaki et al., 2009) In-(Tsubota et al., 1997) Mn-(Han et al., 2001) Sb-(Park et al., 

2008) Fe, Ni, and Sm-(Yamakuchi et al., 2011). Among all, aluminum is the most 

common n-type doping (Ohtaki et al., 1995; Tsubota et al., 1997; Cai et al., 2003; Qu 

et al., 2011; Jood et al., 2011; Yamakuchi et al., 2011; Schäuble et al., 2012).  Al
3+

 

can increase electrical conductivity of ZnO because doping ZnO with Al
3+

 introduces 

excess electrons. The carrier concentration can be increased from 5.2×10
17

 cm
-3

 in 

pure ZnO to 7.2×10
19

 cm
-3

 in 2% Al-doped ZnO (Figure 2.6). Despite the high 

thermal conductivity of ~7 Wm
-1

K
-1

 at 1273 K, 2% Al-doped ZnO achieved a ZT of 

~0.3 at 1273 K owning to high power factor of 1.4×10
-3

 Wm
1
K

-2
 at the mentioned 

temperature (Tsubota et al., 1997). After that, improvements of electrical conductivity 

of ZnO have been continually studied and ZT of 0.65 at 1273 K was later obtained by 

Al, Ga-dually doped ZnO from Ohtaki’s work (Ohtaki et al., 2009). It was found that 

co-doping with Al and Ga results in reduction of the thermal conductivity to the value 

of ~5 Wm
-1

K
-1

 at 1273 K, while the decrease in the electrical conductivity is relatively 

small. Moreover, a wider range of operating temperature from 973 to 1673 K and Al 

content from 0.01 to 0.1 were also investigated (Ohtaki et al., 1995). 
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Figure 2.6 The temperature dependence of the electrical conductivity of                      

Zn1-x-yAlxGayO and (Zn0.98Al0.02O) (Ohtaki et al., 2009).   

  

  2.2.2.2 Seebeck coefficient improvement 

A simplified broad-band model for Seebeck coefficient of 

extrinsic n-type ZnO semiconductor with negligible hole conduction can be expressed 

as 

S = - 
  

 
(ln(

  

 
)+A),     (3) 

where kB is Boltzmann constant, q is the electronic charge, Nc refers to the density of 

states, n is the carrier concentration, and A is transport constant (Jantrasee et al., 

2014). Therefore, the absolute value of Seebeck coefficient generally decrease when 

the carrier concentration increases.  
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Although substitution with cations, e.g. Al-(Ohtaki et al., 1995; 

Qu et  al., 2011), Ga-(Ohtaki et al., 1995), In-(Tsubota et al., 1997) Sb-(Park, K. et 

al., 2008), Mn-(Han et al., 2001) and Ni, Fe, sm-(Yamaguchi et al., 2011) often 

increase electrical conductivity, Seebeck coefficients is usually simultaneously 

decreased. The Seebeck coefficients of Al
3+

, Ga
3+

, and In
3+ 

substituted ZnO are shown 

in Figure 2.7. Heterovalent Al- and Ga-doping show relatively constant Seebeck 

coefficient values. Others result in some variations and the undoped ZnO has higher 

absolute value of Seebeck coefficient than In and Ga respectively (Tsubota et al., 

1997).  Al, Ga co-doped ZnO showed higher Seebeck coefficient than Al-doped or 

Ga-doped ZnO (Figure 2.8). The correlation between electrical conductivity and the 

Seebeck coefficient is clearly seen in Figure 2.7 as the more resistive undoped ZnO 

has larger Seebeck coefficient (about -300 to -400 µVK
-1

) than the conducting ones 

whose Seebeck coefficients are only about -100 to -200 µVK
-1

. 
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Figure 2.7 The Seebeck coefficient M-doped ZnO and pure ZnO as a function of 

temperature (M: Zn,○; Al,●;Ga,□; In, ∆, Zn0.98M0.02O) (Tsubota et al., 1997). 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Temperature dependence of the Seebeck coefficient of Zn1-x-yAlxGayO 

(0.02 ≤ x ≤0.04, 0 ≤ y ≤ 0.05) comparable with (Zn0.98Al0.02)O ( Ohtaki et al., 2009). 
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In addition, it should be noted that the negative value of Seebeck 

coefficient of all samples indicates the n-type behavior thus the major carriers are 

electrons.  

Another interesting dopant which shows a rare ability of 

improving Seebeck coefficient is manganese, Mn
2+

. Experimental and theoretical 

works have shown that the unbalancing of up spin and down spin electrons in the 

conduction band due to the unfilled electrons in Mn d orbital and the hopping 

contribution caused by unfilled Mn d orbital causes the increase in the Seebeck 

coefficient of Mn doped ZnO thin film almost linearly as shown in Figure 2.9 (Ghosh 

et al., 2007). Hopping component is due to hopping of electrons between localized 

states that arises from Mn 3d levels in the band gap. However, there are no reports on 

Seebeck coefficients of Mn
2+

-doped ZnO in polycrystalline samples.   

 

 

 

 

 

 

 

 

 

  

Figure 2.9 Thermoelectric power for different Mn concentration doped ZnO thin film 

as a function temperature (Ghosh et al., 2007).  
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  2.2.2.3 Thermal conductivity improvement 

Besides improving electrical conductivity and Seebeck 

coefficient, the ZT can be further increased by minimizing thermal conductivity. This 

could be achieved by means of adjusting the crystallographic structure and increasing 

the phonon scattering. Total thermal conductivity (  ) comes from two sources: 

electronic (   ) and lattice (   ) part.      is directly  related  to  the  electrical  

conductivity  through  the Wiedemann–Franz law: 

    =  σLT  = neµLT     (4) 

where L is the Lorentz factor which is equal to 2.4×10
–8

 J
2
K

–2
 C

–2
 for free electrons. 

From the relationship,     is directly proportional to σ and T.  

The average thermal conductivity of ZnO is between 100 and 200 

Wm
-1

K
-1

 (Florescu et al., 2002). There have been several investigations into the 

enhancing short wave phonon scattering by point defects. For example, co-doped Ga 

and Al (Ohtaki et al., 2009) showed significant reduction in the value of thermal 

conductivity to only 5 Wm
-1

K
-1

 at room temperature (Ohtaki et al., 2009) as shown in 

Figure 2.10. Zhao et al. (2012) also reported that Al substitution decreases the thermal 

conductivity of ZnO to about 40 Wm
-1

K
-1

 at room temperature.
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Figure 2.10 Temperature dependence of the thermal conductivity of Zn1-x-yAlxGayO 

(0.02 ≤ x ≤0.04, 0 ≤ y ≤ 0.05) comparable with (Zn0.98Al0.02)O ( Ohtaki et al., 2009). 
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A good start was obtained by double substitution of Zn site with 

Al and Ga in Zn1-x-yAlxGayO (0.02 ≤ x ≤ 0.04, 0 ≤ y ≤ 0.05) (Ohtaki et al., 2009). Al 

plays an important role in enhancing the conductivity while Ga can both increase 

Seebeck coefficient and reduce thermal conductivity. As a result, a large ZT was 

obtained at 1273 K (Ohtaki et al., 2009) as shown in Figure 2.11.  

The preparation technique also plays an important role in 

materials properties as it is the main factor to determine particle and grain size, 

morphology, density, and homogeneity of materials. Sol-gel method, for example, is 

known to give samples with small particle size which is preferred in thermoelectric 

materials as it is another way to increase phonon scattering. Moreover, nanocomposites 

have also been reported to reduce thermal conductivity and consequently improve the 

ZT as well (Jood et al., 2013).  

As the concept of double substitution and sample preparation 

method have been proven to be very useful in achieving high thermoelectric efficiency 

of ZnO-based materials, they will be the main strategies in this thesis. 
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Figure 2.11 Dimensionless figure of merit; ZT, of Zn1-x-yAlxGayO (0.02 ≤ x ≤ 0.04,        

0 ≤ y ≤ 0.05) comparable with (Zn0.98Al0.02)O (Ohtaki et al., 2009). 
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CHAPTER III 

EXPERIMENTAL 

 

3.1  Chemicals 

- Zinc acetate dihydrate (Zn(CH3COO)22H2O), purity 99.5%, Carlo Erba 

- Manganese acetate tetrahydrate (Mn(CH3COO)24H2O), purity 99+%, Acros 

Organic 

- Aluminum nitrate nonahydrate (Al(NO3)39H2O), purity 98-102%, Panreac 

- N,N-dimethylformaminde (DMF), (CH3)2NCH, purity 99.99%, Carlo Erba 

 

3.2  Instruments 

- Stimultaneous Thermal Analyzer (TGA-DSC), Model TGA/DSC1, Metter 

Toledo  

- Fourier transform infrared spectrometer (FT-IR), Tensor 27 Hyperion, Bruker 

- Powder X-ray diffractometer (XRD), Model D2 Phaser, Bruker 

- Scanning electron microscope (SEM), Model SU5000, HITACHI/Energy 

dispersive X-ray spectroscopy (EDS), Model Horiba 50 mm
2
 

- X-ray absorption Spectroscopy (XAS), at SUT-NANOTEC-SLRI XAS beam 

line (BL5.2) at Synchrotron Light Research Institute (Public organization) 

- Simultaneous measurement of Seebeck coefficient and electrical resistivity of 

thermoelectric materials, Model ZEM-3, ULVAC-RIKO, Inc. 
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3.3  Sample preparation 

3.3.1 Thermal decomposition route 

In the thermal decomposition route, a product is obtained by decomposing 

a solution of mixed metal cations at the designated temperature in desired atmosphere. 

Thus, it is different from a well known sol-gel technique where a formation of sol and 

gel is required. Nevertheless, thermal decomposition technique usually allows the 

synthesis to complete at relatively low temperature because the starting metal cations 

are mixed in the atomic scale (Siritanon et al., 2014).  

In this work, the samples of Al, Mn and co-substituted ZnO with nominal 

compositions Zn1-xAlxO, Zn1-xMnxO (x = 0, 0.02, 0.04, 0.06, 0.08), and                   

Zn1-2xAlxMnxO (x = 0, 0.01, 0.02, 0.03, 0.04) were synthesized by thermal 

decomposition route using high purity of zinc acetate (Zn(CH3COO)22H2O), 

manganese acetate (Mn(CH3COO)24H2O) and aluminum nitrate (Al(NO3)29H2O). 

Stoichiometric mixtures of zinc acetate, manganese acetate, and aluminum nitrate 

were dissolved in 30 mL of dimethylformamide. The solutions were stirred with a 

magnetic stirrer at room temperature. After that, the solutions were dried at 343 K for 

4 hours using a hot plate. These samples were later heated at 373 K overnight in the 

oven for dehydration. The obtained dried solution was ground in an agate mortar by 

pestle for 15 minutes, placed in Al2O3 crucible, and calcined at 623 K for 4 hours at a 

heating rate of 278 Kmin
-1

. The calcined powder was ground, pressed into a pellet at 

10 MPa, and then sintered at 1673 K for 5 hours in air. A bar-shaped sintered pellet 

with general dimensions of about 10×3×3 mm was used for the thermoelectric 

properties measurement. 
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3.4  Characterizations 

3.4.1 Structure identifications 

3.4.1.1 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis technique analyzes changes in weight 

of a sample as a function of temperature or time in a controlled atmosphere. Each 

change in weight refers to the changes of the sample components at each temperature. 

In this study, thermogravimatric analysis was used to investigate the decomposition of 

substances and to find the temperature required to decompose all organic species in 

the samples which determined the calcining temperature. 

Thermal decomposition of the dried sample was investigated by 

TGA using simultaneous thermal analyzer. The dried sample was put in an Al2O3 

crucible and heated from 298 to 1273 K with a heating rate of 283 Kmin
-1

 in air. 

 

3.4.1.2 Fourier transforms infrared spectroscopy (FT-IR) 

This spectroscopic technique is related to the interaction between 

the compounds and the infrared radiation. The absorption of infrared at specific 

frequencies is related to vibrations between bonds. An infrared spectrum represents a 

fingerprint of a sample and can be shown in either the absorption or transmission 

mode. 

In this study, FT-IR was used to probe the structural information of 

the samples. The presence of specific peaks in the infrared spectra was used to 

confirm the functional groups of the obtained products. 



   27 

 

In the experiment, FT-IR spectra were obtained by Fourier 

transform infrared spectrometer. The sample was mixed with dry KBr and pressed to 

form a pellet for the measurement. Spectra were collected in the range 400-4000 cm
-1

 

using 64 scans with a resolution of 4 cm
-1

. 

 

3.4.1.3 X-ray diffraction (XRD) 

X-ray diffraction is a principal technique in solid state chemistry 

which is widely used for crystal structure determination and phase identification. In 

principle, a monochromatic beam of X-rays strikes the powder of a solid and interacts 

with electrons. X-ray is scattered in various directions by the electron cloud of the 

atoms. According to Bragg’s equation (n = 2dsin), the constructive interferences 

occur with scattered X-rays which are in phase and contribute to X-ray powder 

diffraction patterns. Each solid material has its own characteristic X-ray powder 

diffraction pattern. 

In this study, the X-ray powder diffraction patterns were used as a 

fingerprint of samples for phase identification and phase purity confirmation. When a 

pure phase of a compound is obtained, crystallographic information such as cell 

parameters would be calculated from the obtained patterns. 

In this work, XRD patterns of all samples were collected at room 

temperature. To check a phase purity, Cu Kα radiation (λ = 0.15406 Å) with 30 mV 

and 10 mA was used. The data was collected from diffraction angle (2) range of 20° 

to 80° at the rate of 0.5°/s and the increment of 0.02°. The phase identification and the 

crystal structure were determined using PDF 36-1451 database and EVA software. To 

analyze unit cell parameters of the samples, the Le Bail structure refinement method 
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was performed with TOPAS software using the high quality XRD patterns collected 

with the diffraction angle (2) from 20° to 80° using the increment of 0.01 at the scan 

speed of 1°/s. 

 

3.4.1.4 Scanning Electron Microscopy (SEM) / Energy Dispersive 

Spectroscopy (EDS) 

This electron microscopy provides the microstructure information 

on the surface of a sample. SEM is a microscopic technique which produces images of 

a sample by scanning over it with a focused beam of electrons. The signals resulted 

from interactions of the electron beam with atoms at or near the surface of the sample 

produce very high-resolution three-dimension images of sample surface. 

During the electron bombardment, X-ray is also produced by the 

samples. This characteristic X-ray emission relates to the type of the constituent 

elements and is detected in EDS technique. Thus, a quantitative analysis of an element 

can be investigated (Smart and Moore, 2005; West, 2014).   

In this work, SEM and EDS were used to determine the sample 

microstructure and its elemental composition. The sintered pellets were coated with 

gold to make them electrically conduct. All SEM images were taken with a 

magnification of 5000 to 10000 and the accelerating voltage of 10 kV.  

 

3.4.1.5 X-ray Absorption Near Edge Spectroscopy (XANES) 

X-ray Absorption Spectroscopy is an element-specific technique, 

which measures X-ray absorption of the samples. X-ray absorption near edge structure 

(XANES) is one type of XAS technique. XANES analysis gives information about the 
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local structure including oxidation state of elements, and symmetry around the 

absorbing atoms.  

In this work, XANES is used to investigate the valence state of Mn 

in the samples. Mn-K edge XANES were carried out on polycrystalline samples. 

MnO, Mn2O3, and MnO2 were used as standard in the measurements. All 

measurements were conducted at the SUT-NANOTEC-SLRI XAS Beamline (BL5.2), 

Synchrotron Light Research Insitute (SLRI), Nakhon Ratchasima, Thailand. 

 

3.4.2 Thermoelectric properties characterizations 

3.4.2.1 Seebeck coefficient  

Seebeck coefficients (S) measure the voltage difference when 

temperature gradient is applied between two sides of the samples. The absolute values 

of Seebeck coefficients, in general, increase with the resistivity of the sample. All 

Seebeck coefficients in this work were measured on the sintered pellets using static 

method. The electrical current was applied to the hot side of the samples through the 

metal block to introduce temperature gradient between two sides of the pellet. The 

voltage across the two sides were measured and the Seebeck coefficient were 

calculated using S = ΔV/ΔT when ΔV and ΔT are voltage difference and temperature 

difference, respectively (Tritt and Subramanian, 2006). 

Seebeck coefficient and electrical resistivity as a function of 

temperature variation can be measured simultaneously using the ULVAC-RIKO 

ZEM-3 thermoanalyzer as shown in Figure 3.1. The measurements are performed 

under inert atmosphere. The instrument consists of a measuring chamber and a 

controller. Inside a measuring chamber, a bar of sample is set in vertical position 
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between the upper and lower blocks of electrodes. Voltages across the sample as well 

as temperature are measured by two probes touching the side of the bar as shown in 

Figure 3.1b. Seebeck coefficient is obtained using the following relations: 

Seebeck coefficient = - (ΔV/ΔT)     (5) 

where ΔV is the voltage difference and ΔT is temperature difference. 

 

 

Figure 3.1 The ULVAC-RIKO ZEM-3 instruments (a) and sample in the measuring 

chamber (b). 

 

3.4.2.2 Electrical resistivity 

Electrical resistivity of all samples were measured by the four-probe 

method. The electrical current was applied to both ends of the bar and the voltage drop 

was then measured by the two probes touching on its side. Resistance was obtained 

using the relation: V = IR when I is electrical current, V is voltage, and R is resistance. 

The obtained resistance was used to calculated the resistivity where resistivity = 

(resistance × A)/L; A = surface area and L is the distance between two electrodes as 

shown in Figure 3.2. 

Furnace Electrode Block (Cold side) 

Electrode Block (Hot side) 

Chamber 

Probe 

Electrode Block (Cold side) 

Electrode Block (Hot side) 
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   Figure 3.2 Four point probe method. 

 

3.4.3 Hall effect measurements  

Hall measurements were used to study charge carrier density in the 

conducting samples. In a typical Hall measurement, the magnetic field is applied 

perpendicular to the current direction. Under the magnetic field, the charge particles 

(electrons or holes) experience the force and move toward one side of the sample 

creating a potential difference called the Hall voltage (VH). The carrier density can be 

calculated from the relation: 

VH = 
  

   
         (6) 

I = Current (A) 

VH = Hall voltage (V)   

B = Magnetic field (Wb/m
2
 or T)     

e = Electron charge (C/cm
2
) 

n = Carrier density (cm
-3

)     

d = Sample thickness (mm)     
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In this work, charge carrier concentration was obtained by Hall 

measurement at room temperature using four-point probes in the van der Pauw 

configuration. The measurement system consists of Keithley 237 source measure unit, 

Keithley 196 digital multimeter, Agilent 34970 data acquisition, 34903A switching 

unit and 0.9 T electromagnet. All units and data acquisition are controlled by a 

personal computer. 

 

 

 

 

 

 

 

 

Figure 3.3 Schematic diagram of the Hall effect measurement.  
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Sample characterizations 

 4.1.1 Thermogravimetric analysis 

Thermal decomposition of Zn0.98Al0.02Mn0.02O dried solution was 

investigated by the thermogravimetric analysis as shown in Figure 4.1. 

Zn0.98Al0.02Mn0.02O dried solution was used as a representative of all samples. TGA 

thermogram of the dried solution indicates that the sample thermally decomposes in 

two successive stages. The first step involving 5.45% weight loss at around 353 K is 

related to the loss of water molecules. The second stage in the temperature range 543-

553 K is related to decomposition of acetate groups with weight loss of 44.12%. In the 

present case, this TGA thermogram is very similar to that of Zn(CH3COO)22H2O 

which was used as a starting reagent. There are two stages of weight losses observed 

in TGA thermogram of Zn(CH3COO)22H2O. The first step observed at 353 K is 

corresponding to the thermal dehydration of two water molecules.  The following 

mechanism of thermal decomposition can be proposed: Zn(CH3COO)22H2O → 

Zn(CH3COO)2 + 2H2O. After dehydration, the weight loss in the second step indicates 

the decomposition of anhydrous zinc acetate at 513 K (Ghule et al., 2003; 2004).  

     Theoretically, the first weight loss of Zn(CH3COOH)22H2O should be 

16.4% which is related to the loss of two water molecules to form anhydrous zinc 

acetate.  
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However, weight loss in the first stage of the dried solution sample in this case is only 

5.45% because the dried solution sample was heated at 373 K for 5 hours prior to the 

thermal analysis. Anhydrous zinc acetate theoretically losses 46.5% weight in the 

second step which is close to the weight change observed in the sample. TGA shows 

that the stepwise thermal decomposition of the precursors completes at 623 K with the 

total weight loss of 47.57%. At temperature higher than 623 K, the weight remains 

constant indicating the complete decomposition of zinc acetate to form ZnO. This 

temperature was, therefore, chosen to use in the calcinations process.  

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Thermogravimetric analysis of the Zn0.92Al0.04Mn0.04O dried solution. 

 

 

 

 



36 

 

 

  4.2.2 Fourier transform infrared spectroscopy 

 Figure 4.2 shows the FT-IR spectra of dried solution, calcined, and 

sintered sample of Zn0.92Al0.04Mn0.04O synthesized by thermal decomposition method 

in the range of 400-4000 cm
-1

. The observed peaks are assigned to vibrations of 

molecular bonds and indexed as shown in the figure. The FT-IR spectrum of dried 

solution shows similar functional groups characteristics to those observed in 

Zn(CH3COO)22H2O starting material. The broad band around 3500 cm
-1 

is assigned 

to O-H stretching in water, while the absorption band around 1300-1450 cm
-1

 is 

assigned to stretching vibration of acetate group (COO
-
). The present preparation 

method is different from the sol-gel method. Generally, the FT-IR spectrum of the gel 

in sol-gel method should be different from that of the stating materials (Tokumoto et 

al., 2003). In the present work, DMF solvent merely functions in homogenously 

mixing each cation in the atomic level which helps them to react easier to from 

products. Nevertheless, the thermal decomposition method has been proven successful 

in preparing many complex oxides at relatively low temperatures (Daengsakul et al., 

2009; Labuayai et al., 2009; Nohman et al., 1995; Arof et al., 2008). The FT-IR 

spectrum of the calcined sample shows the evolution of the compound after a heat 

treatment at 623 K. The spectrum presents fewer absorption bands in the measured 

range indicating a much smaller amount of acetate groups. The absorption band 

around 3500 cm
-1

 corresponding to O-H stretching vibration of absorbed water from 

air and the acetate group (COO
-
) stretching vibration bands around 1300-1450 cm

-1
 

are still present in the cacined sample. However, the intensity of these bands decreases 

after calcinations and disappears when the sample is heated at high temperature.     

FT-IR spectrum of the sintered sample exhibits absorption bands around 400-600 cm
-1
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which indicates the formation of oxides. These absorption bands at low wave numbers 

are characteristics of metal-oxygen bonds. The fact that only bands for metal-oxide 

bonds are present in the sintered sample indicates that all organic species have 

completely decomposed.   

 

 

 

 

 

 

 

 

 

Figure 4.2 FT-IR spectra of Zn(CH3COO)22H2O, dried solution, calcined, and 

sintered sample of Zn0.92Al0.04Mn0.04O.  

 

  4.2.3 X-ray diffraction 

X-ray diffraction patterns of Zn1-xAlxO, Zn1-xMnxO (x = 0.02, 0.04, 0.06, 

0.08), and Zn1-2xAlxMnxO (x = 0.01, 0.02, 0.03, 0.04) samples sintered at 1673 K are 

shown in Figure 4.3, 4.4, and 4.5, respectively. The XRD patterns reveal that the 

major phase has ZnO wurtzite structure with P63mc space group in agreement with
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the JCPDS data file No. 36-1451. For Al-doped ZnO samples, small peaks of the 

ZnAl2O4 spinel phase (JCPDS data file No. 5-0669), a second phase, can be observed. 

The intensity of ZnAl2O4 peaks increases with increasing the amount of Al. Values of 

Al solubility limit in ZnO are in between 0.3% to 4% (x = 0.003 to x = 0.04 in the 

formula) in literatures (Shirouzu et al., 2007; Lim et al., 2013; Ma et al., 2010). The 

difference is possibly a result of different preparation techniques. Although it is 

difficult to conclude the the exact solubility limit of Al in doped ZnO in this work, 

ZnAl2O4 phase is observed in the sample containing lower than 1% of Al, which 

confirms that the solubility limit of Al here is lower than 1%.   

  X-ray diffraction patterns for all Mn-doping levels show no secondary 

phase, indicating that the samples are all single phase. The XRD results indicate that 

all Mn ions replace Zn ions in the samples without changing the wurtzite structure. 

The results are consistent with the reported solubility limit of Mn in ZnO which is 

between 6% and 20% (x = 0.06 to x = 0.2 in the formula) (Riyadi et al., 2007; Deka et 

al., 2007). Furthermore, with increasing Mn doping level, the peak positions shift to 

lower angle. This indicates the changes of lattice parameters a and c (Å), both of 

which increase with increasing Mn content. XRD patterns of double substituted 

samples show the presence of the ZnO main phase and small amount of ZnAl2O4 

spinel phase, similar to that of Al-doped samples.  
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Figure 4.3 X-ray diffraction patterns of Zn1-xAlxO (x = 0.02, 0.04, 0.06, 0.08) samples. 

 

 

 

 

 

 

 

 

 

Figure 4.4 X-ray diffraction patterns of Zn1-xMnxO (x = 0.02, 0.04, 0.06, 0.08) 

samples. 
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Figure 4.5 X-ray diffraction patterns of Zn1-2xAlxMnxO (x = 0.01, 0.02, 0.03, 0.04) 

samples. 

 

 Cell parameters of all samples were calculated using Le bail refinement 

method on TOPAS software (Table 4.1). The cell parameters a and c are plotted 

versus the doping content as shown in Figure 4.6. In general, the partial substitution 

of Al
3+

 in ZnO structure causes a decrease in unit cells because the ionic radii of Al
3+ 

(0.39Å) is smaller than that of Zn
2+

 (0.60Å) in tetrahedral coordination (Shannon et 

al., 2013). However, the change of unit cells in Al-doped series is very small as only 

small amount of Al
3+ 

is actually substituting Zn
2+

 ion while the rest appear in the form 

of secondary phase. 

Replacing Mn in ZnO structure results in the larger unit cells. As Mn
2+

 

(0.66 Å) is larger than that of Zn
2+

, while both Mn
3+

 (0.64Å) and Mn
4+

 (0. 53Å) are
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smaller, Mn in ZnO samples are most likely in 2+ state (Shannon et al., 1976). The 

linear relation in Figure 4.6 also confirms that Mn solubility limit in this work has not 

been reached. Changes in cell parameters in co-doped series are in between the singly 

doped series as expected.  

 

 

Figure 4.6 Cell parameters (a) a and (b) c and (c) the unit cell volume of Zn1-xAlxO, 

Zn1-xMnxO and, Zn1-2xAlxMnxO. 
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Table 4.1 Cell parameters a and c of all samples calculated from TOPAS software 

and the corresponding % Rwp. 

Samples a (Å) c (Å) % Rwp 

 ZnO 3.2506 5.2072 9.66 

Zn0.98Al0.02O 3.2502 5.2059 9.76 

Zn0.96Al0.04O 3.2503 5.2051 9.73 

Zn0.94Al0.06O 3.2504 5.2045 8.54 

Zn0.92Al0.08O 3.2505 5.2042 8.69 

Zn0.98Mn0.02O 3.2529 5.2099 9.73 

Zn0.96Mn0.04O 3.2565 5.2141 7.92 

Zn0.94Mn0.06O 3.2601 5.2182 8.96 

Zn0.92Mn0.08O 3.2626 5.2207 8.60 

Zn0.98Al0.01Mn0.01O 3.2522 5.2090 8.43 

Zn0.96Al0.02Mn0.02O 3.2535 5.2098 8.94 

Zn0.94Al0.03Mn0.03O 3.2553 5.2113 9.64 

Zn0.92Al0.04Mn0.04O 3.2561 5.2128 8.40 
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4.2.4 X-ray Absorption Spectroscopy  

  Mn oxidation states in Mn-doped ZnO and co-doped ZnO samples were 

investigated by X-ray absorption near edge structure (XANES). Normalized XANES 

spectra at Mn K-edge of the Mn-doped ZnO samples along with standard compounds; 

MnO, Mn2O3, and MnO2, are shown in Figure 4.7. Edge energy (summarized in table 

4.2) and spectra feature of the standards are similar to those reported in literatures 

(Zhang et al., 2013; Yadav et al., 2015). Edge energy of the samples (green dash line) 

is close to that of MnO (red dash line) but slightly shifted toward Mn2O3 (blue dash 

line), as can be seen in Figure 4.7b. The slight shift of edge energy might be a result of 

structural factors rather than oxidation state (Zhang et al., 2013; Fages et al., 2005; 

Mini et al., 1997). It is therefore concluded that Mn in Mn-doped ZnO was mainly in 

2+ oxidation state. Although it is difficult to judge the oxidation state of manganese  

in Mn-doped ZnO samples based solely on the edge position, the continue shift of 

edge energy from sample with x = 0.02 to x = 0.08 led us to believe that there possibly 

be small amount of Mn with oxidation state higher than 2+ in the samples as well. The 

pre-edge peaks as shown in Figure 4.7c are related to the transition of Mn 1s electrons 

to unoccupied states above the Fermi level and their high intensity as observed here 

suggests that Mn is in tetrahedral environment (Mini et al., 1997) which confirms the 

presence of Mn in wurtzite structure. Additionally, for structure with tetrahedral 

coordination, the single pre-edge peak is also an indicative of Mn
2+

 species as Mn
3+

 

will give rise to two pre-edge peaks (Titov et al., 2005). 
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Figure 4.7 (a,b) Normalized K-edge XANES spectra of Zn1-xMnxO (x = 0.02, 0.04, 

0.06, 0.08) samples and manganese oxide standards, (c) Pre-edge spectra. 
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Figure 4.7 (a,b) Normalized K-edge XANES spectra of Zn1-xMnxO (x = 0.02, 0.04, 

0.06, 0.08) samples and manganese oxide standards, (c) Pre-edge spectra (Continued). 

 

Normalized Mn K-edge XANES spectra of x = 0.01 and x = 0.02 co-

doped samples (green dash line) as shown in Figure 4.8a are similar to those of Mn-

doped samples indicating the presence of Mn
2+

 in ZnO lattice. However, edge energy 

of the spectra for x = 0.03 and x = 0.04 co-doped samples (green dash line) clearly 

shift and are closer to that of Mn2O3 (blue dash line) and MnO2 standard (purple dash 

line). Thus Mn in these two samples are in 3+ and possibly mixed 3+/4+ states. As the 

spectral feature of these samples is different from that of Mn2O3 and MnO2 standard, 

these two samples should not contain neither oxides as impurity. The absence of other 

impurity peaks in the XRD patterns also indicates that Mn
3+

 and Mn
4+

 in these 

samples might also be in the wurtzite lattice. However, other possibility is that they 
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form impurity phases which are either too small in quantity or are not crystalline 

enough to be detected by XRD. Further studies are required to clarify this matter. 

 

 

 

 

 

 

 

 

 

Figure 4.8 (a,b) Normalized K-edge XANES spectra of Zn1-2xAlxMnxO (x = 0.01, 

0.02, 0.03, 0.04) samples and manganese oxide standards, (c) Pre-edge spectra. 
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Figure 4.8 (a,b) Normalized K-edge XANES spectra of Zn1-2xAlxMnxO (x = 0.01, 

0.02, 0.03, 0.04) samples and manganese oxide standards, (c) Pre-edge spectra 

(Continued). 
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Table 4.2 Edge energy at Mn K-edge of Mn doped samples and the standard 

compounds. 

Samples Edge energy (eV) 

MnO 

Mn2O3 

MnO2 

Zn0.98Mn0.02O 

6544 

6549 

6552 

6544 

Zn0.96Mn0.04O 6544 

Zn0.94Mn0.06O 6544 

Zn0.92Mn0.08O 6544 

Zn0.98Al0.01Mn0.01O 6544 

Zn0.96Al0.02Mn0.02O 6544 

Zn0.94Al0.03Mn0.03O 6550 

Zn0.92Al0.04Mn0.04O 6548 

 

4.2.5 Scanning Electron Microscopy / Energy Dispersive Spectroscopy 

  Substituting Al and Mn in ZnO does have some effects on the sample 

morphology as shown in Figure 4.9. The grain size as observed from SEM images of 

Al containing sintered samples are in the range of few microns. The sample with 

higher Al content seems to have slightly smaller grain size (Figure 4.9b) which is a 

result of the pining effect (Bérardan et al., 2010). The inhomogeneity of these samples 

is clear as they contain several small precipitates. EDS results indicate that majority of 
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the samples are Al-substituted ZnO while the precipitates are Al rich, most probably 

ZnAl2O4 phase, which is also observed in XRD patterns. On the other hand, doping 

Mn increases grain size of the sample. Han et al. (2001) suggested that Mn exists in 

the grain boundary and promotes the grain growth by forming the continuous grain 

boundary phases which increase mass diffusion during the growth. Comparing to Al, 

Mn distributes much better in the sintered pellet although some Mn-rich regions are 

still present in samples with higher Mn content as shown in Figure 4.9d. The contrast 

between Al and Mn distribution in the samples is clearly observed in Figure 4.10 

where only Al-rich precipitates are present. Our results are different from those 

recently reported by Hoemke et al. (2016) who prepared similar samples with formula 

Zn0.9-xMnxAl0.01O (x = 0.01, 0.02, 0.05, 0.1) and found Mn-rich precipitates in both 

grains and grain boundary region. The major differences between these two sets of 

samples are the preparation method. The thermal decomposition route used in this 

work might play important roles in obtaining more homogeneous samples.  
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Figure 4.9 SEM images of Zn0.98Al0.02O (a), Zn0.92Al0.08O (b), Zn0.98Mn0.02O (c), 

Zn0.92Mn0.08O (d), Zn0.98Al0.01Mn0.01O (e), and Zn0.92Al0.04Mn0.04O (f). 
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Figure 4.10 EDS elemental mapping of Zn0.92Al0.04Mn0.04O sintered sample. 
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4.3 Thermoelectric properties 

 4.3.1 Electrical resistivity 

  The electrical resistivity of all samples are shown in Figure 4.11. 

Substituting small amount of Al
 
(2% and 4%) results in a significant decrease in 

resistivity. In general, resistivity is related to carrier concentration (n) and carrier 

mobility (µ) through 1/ρ = neµ when e is electrical charge (1.602×10
-19

 C) (Snyder 

and Toberer, 2008). Substituting Zn
2+

 by Al
3+

 add one extra electron into the system 

since Al atom have three valence electrons while Zn atom has only two valence 

electrons. Adding Al adds the donor levels to the band structure. This extra electron is 

excited from donor energy levels to conduction band which increases the electrical 

conductivity in the sample and consequently causes a reduction in its electrical 

resistivity. Generally, Al dopant is well known to act as a donor and can improve the 

electrical conductivity of ZnO. However, higher Al content in ZnO increase electrical 

resistivity because the low solubility limit of Al in ZnO gives rise to the insulating 

impurity phase whose presence increases the resistivity. Therefore, increasing Al 

content results in the increased resistivity and samples with higher Al content only 

show semiconducting behavior whereas Zn0.98Al0.02O and Zn0.98Al0.01Mn0.01O exhibit 

metallic behavior. While electrical property of Al doped ZnO is well established with 

several reports in literatures (Jantrasee et al., 2014; Qu et al., 2011), the reports on Mn 

doped ZnO are inconsistent. In this works, the doped samples had much higher 

resistivity than the undoped one. All Mn singly doped samples show semiconducting 

behavior. In fact, the conductivity of the samples at lower temperatures was very 

small and could not be measured with the current technique. Hall measurements at 

room temperature indicate that Mn
2+

 decreases carrier concentration of samples. 
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While carrier concentration of Zn0.98Al0.02O is as high as 1.5×10
19

 cm
-3

, that of 

Zn0.96Al0.02Mn0.02O is only at 9.4×10
17

 cm
-3

. Many studies indicate that substituting 

Mn
2+

 increase resistivity of ZnO because Mn acts as a deep donor and suppress the 

intrinsic defects which are usually responsible for the conduction in ZnO 

(Motevalizadeh et al., 2016; Shinde et al., 2006; Han et al., 2002; Tuomisto et al., 

2006; Plugaru et al., 2012). On the other hands, some works reported the slight 

decreased resistivity in Mn-doped ZnO (Chvostova et al., 2011; Wu et al., 2010). Cao 

et al. (2004) suggested, based on XPS results, that Mn
2+

 in the structure capture 

oxygen and create more oxygen vacancies which contribute to the conduction. In 

addition, Hoemke et al. (2013) who prepared the very similar samples have 

concluded, based on the Seebeck coefficients, that Mn is a neutral impurity and do not 

affect carrier concentration in ZnO. It should be noted that both the preparation and 

measurement conditions have effects on the obtained results and might be one reason 

of the inconsistency (Cao et al., 2004; Abrishami et al., 2012). The different resistivity 

observed in samples with different Mn content was very small and could be caused by 

the presence of Mn
3+

 as observed in XAS results or the sample microstructure. 

Resistivity of the co-doped samples can be explained based on the coexisting effects 

from both Al and Mn substitutions which result in the increased resistivity when the 

doping content is increased. 
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Figure 4.11 The resistivity of all samples at various temperatures. 

 

 4.3.2 Seebeck coefficient 

The Seebeck coefficients (S) of all samples are shown in Figure 4.12. All 

substituted ZnO samples show negative Seebeck coefficient indicating that the main 

charge carriers are electrons. In general, Seebeck coefficient is strongly correlated to 

the electrical conductivity of the samples and samples with low resistivity usually 

have low absolute value of Seebeck coefficient. Deviation from this correlation was 

reported in doped ZnO system but the reasons are still unclear (Yanagiya et al., 2010; 

Park et al., 2008; Colder et al., 2011). Al substitution decreases the Seebeck coefficient 

of ZnO because it increases carrier concentration of the system. However, Absolute 

Seebeck coefficient,│S│, of Al-doped ZnO samples increase with Al 
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content which is a result of impurity. The Seebeck coefficient of Mn-doped ZnO thin 

film has been studied experimentally and theoretically by (Ghosh et al., 2007) who 

suggested that the unfilled Mn d orbital in cause the unbalance spin up and spin down  

electrons in the conduction band enhancing the Seebeck coefficient. The Seebeck 

coefficient enhancement in Mn doped ZnO is also obvious in this work though the 

relationship between the value and Mn content is not as clear. Absolute Seebeck 

coefficient of the co-doped samples increases with increasing doping content, which 

is consistent with the observed trend in electronic resistivity. However, 

Zn0.94Al0.03Mn0.03O and Zn0.92Al0.04Mn0.04O samples show unexpectedly low absolute 

value of Seebeck coefficient indicating that the same explanation on the effects of 

Mn
2+

 on Seebeck coefficient of ZnO could not be applied with the samples with Mn
3+ 

and/or mixed Mn
3+

/ Mn
4+

.  
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Figure 4.12 Seebeck coefficients of all samples at various temperatures. 

 

 4.3.3 Power factor 

Power factor of the obtained samples are calculated from (1/ρ)S
2
         

(WK
-2

m
-1

) and summarized in Figure 4.13. Both electrical resistivity and Seebeck 

coefficient affect the power factor. However, the high power factor is obtained mainly 

from the samples with low resistivity regardless of their low absolute Seebeck 

coefficients. Among all samples prepared in this work, the highest value of power 

factor of 1.03×10
-4 

WK
-2

m
-1 

at 773 K is achieved in Zn0.98Al0.02O which exhibits the 

lowest resistivity. The best double substituted sample is Zn0.98Mn0.01Al0.01O which 

gives a power factor of 4.79×10
-5

 WK
-2

m
-1

 at the same temperature. 
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Figure 4.13 Power factor of all samples various temperatures. 
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CHAPTER V 

CONCLUSIONS 

 

 In this thesis, series of Al and Mn single and double substituted ZnO 

have been prepared by thermal decomposition method where a solution of 

stoichiometric mixtures of metal acetate and nitrate is directly heated. Structural 

characterization by X-ray diffraction suggests that substituting Al and Mn does not 

change the structure of ZnO. However, the low solubility limit of Al results in a 

presence of ZnAl2O4 secondary phase which can be clearly observed as small 

precipitates in SEM images. On the other hand, there is no indication of any secondary 

phase or clusters in all Mn-substituted samples. Changes in lattice parameters and Mn 

K-edge XANES suggest that Mn is mainly 2+ state in Mn  doped ZnO but evidence of 

Mn
3+

 and Mn
4+

 existence was observed in 3% and 4% double substituted samples. 

Thermoelectric properties of all samples have been investigated. Electrical 

conductivity of ZnO is improved by Al substitution while the Seebeck coefficient is 

significantly improved by Mn substitution. Double substituted samples seem to show 

effects from both Al and Mn. Nevertheless, the effect of electrical conductivity is 

dominant. Among all samples prepared in this work, that with 2% Al exhibits the 

lowest resistivity thus the highest power factor followed by ZnO and 1% double 

substituted sample, respectively. 
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APPENDIX A 

CALCULATION: A SAMPLE PREPARATION 

 
A.1 Calculation of a sample preparation 

 Samples of Zn1-xAlxO, Zn1-xMnxO (x = 0.02, 0.04, 0.06, 0.08), and                 

Zn1-2xAlxMnxO (x = 0.01, 0.02, 0.03, 0.04) were prepared by weighting starting 

materials in a stoichiometric ratio. The calculation procedure is as following; 

 Firstly, the number of mol of a sample is calculated using molecular weight 

(M.W.) of a sample. 

 mol of a sample    =   (gram of a sample)/(M.W. of a sample) 

 Secondly, a weight of each precursor is calculated using its M.W. mol of a 

sample (from the first step), and mol of an atom (in a formula). 

 weight of a precursor   =   (M.W. of a precursor) × (mol of a sample) × (mol of 

        an atom) 

 For example, 1 gram of Zn0.98Al0.02O can be prepared by following calculations; 

 mol of Zn0.98Al0.02O = 1 g/(80.62 g/mol) 

  = 0.0124035 mol 

 weight of Zn(CH3COO)2·2H2O = 219.5098 g/mol × (0.0124035 × 0.98 mol) 

  = 2.6682 g 

 weight of Al(NO3)2·9H2O = 375.13 g/mol × (0.01240359 × 0.02 mol) 

  = 0.0906 g 
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 For example, 1 gram of Zn0.98Mn0.02O can be prepared by following 

calculations; 

mol of Zn0.98Mn0.02O = 1 g/(81.198 g/mol) 

  = 0.012315574 mol 

weight of Zn(CH3COO)2·2H2O = 219.50 g/mol × (0.012315574 × 0.98 mol) 

       = 2.6493 g 

 

weight of Mn(CH3COO)2·4H2O = 245.09 g/mol × (0.012315574 × 0.02 mol) 

  = 0.0603 g 

 

For example, 1 gram of Zn0.98Al0.01Mn0.01O can be prepared by following 

calculations; 

mol of Zn0.98Al0.01Mn0.01O = 1 g/(85.845 g/mol) 

  = 0.011648902 mol 

weight of Zn(CH3COO)2·2H2O = 219.50 g/mol × (0.011648902 × 0.98 mol) 

       = 2.5057 g 

 

weight of Al(NO3)2·9H2O = 375.13 g/mol × (0.011648902 × 0.02 mol) 

       = 0.0923 g 

 

weight of Mn(CH3COO)2·4H2O = 245.09 g/mol × (0.011648902 × 0.02 mol) 

  = 0.0571 g
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