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ฟิลม์บางแคลเซียมคอปเปอร์ไททาเนตโดปนิกเกิล (Ni-doped CCTO) ท่ีเตรียมดว้ยนิกเกิล
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สร้างเป็นอุปกรณ์เซนเซอร์เพ่ือวดัสมบติัการตอบสนองต่อแก๊ส  ผลของการเล้ียวเบนรังสีเอกซ์แสดงเฟส
หลกัของฟิลม์ท่ีไม่โดปและโดปนิกเกิลเป็นโครงสร้างลูกบาศกเ์พอรอพสไกตแ์ละมีการเจือปนของรูไทล์
ไททาเนียมไดออกไซดเ์พียงปริมาณเลก็นอ้ย จากสัญญาณ XPS ยืนยนัว่านิกเกิลท่ีมีเลขออกซิเดชนั 2+ 

พบในฟิลม์แคลเซียมคอปเปอร์ไททาเนตโดปนิกเกิล นอกจากน้ีภาพ FESEM ของฟิลม์ 4 ชั้นบนแผ่น
รองรับซิลิคอนแสดงความหนาของฟิลม์ประมาณ 400-600 นาโนเมตรและพ้ืนผิวของฟิลม์ประกอบดว้ย
อนุภาคเมด็กลม ในกรณีของการวดัสมบติัการตอบสนองต่อแก๊สของฟิลม์ไดท้ าการทดสอบต่อแก๊สชนิด
ต่าง ๆ (ไนโตรเจนไดออกไซด ์ไฮโดรเจน แอมโมเนีย ไฮโดรเจนซลัไฟด์ และเอทานอล) ซ่ึงฟิลม์ทั้งหมด
แสดงความจ าเพาะต่อการตอบสนองแก๊สดีท่ีสุดต่อแก๊สไฮโดรเจนซลัไฟดเ์ม่ือเปรียบเทียบกบัแก๊สอ่ืนๆ 

นอกจากน้ีการตอบสนองต่อแก๊สของฟิลม์เพ่ิมข้ึนตามปริมาณการโดปนิกเกิล เซนเซอร์แคลเซียมคอป
เปอร์ไททาเนตโดปนิกเกิล 7 เปอร์เซ็นตโ์ดยน ้าหนกัเตรียมดว้ยนิกเกิลออกไซดแ์สดงการตอบสนองต่อ
การรับรู้มากท่ีสุด 112 ภายใตแ้ก๊สไฮโดรเจนซลัไฟดเ์ขม้ขน้ 10 พีพีเอม็ ท่ี 250 องศาเซลเซียส ขณะท่ีการ
ตอบสนองต่อการรับรู้มากท่ีสุดของเซนเซอร์แคลเซียมคอปเปอร์ไททาเนตโดปนิกเกิล 5 เปอร์เซ็นตโ์ดย
น ้าหนกัเตรียมดว้ยนิกเกิลอะซิเตทเป็น 175 ท่ี 300 องศาเซลเซียส ในทั้งสองกรณีการตอบสนองต่อการ
รับรู้ของฟิล์มแคลเซียมคอปเปอร์ไททาเนตโดปนิกเกิลมากกว่าฟิล์มท่ีไม่โดปแสดงให้เห็นว่าตวัโดป
นิกเกิลในฟิลม์ท่ีท าหนา้ท่ีเป็นตวัเร่งปฏิกิริยาปรับปรุงการตอบสนองต่อการรับรู้ใหดี้ข้ึน  

 

 ภาควิชา ฟิสิกส์ 

สาขาวิชา ฟิสิกส์ 

ปีการศึกษา 2560 
 

ลายมือช่ือนิสิต   
 

ลายมือช่ือ อ.ท่ีปรึกษาหลกั    
ลายมือช่ือ อ.ท่ีปรึกษาร่วม      

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 v 

 

 

ENGLISH ABST RACT 

# # 5772212623 : MAJOR PHYSICS 
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SULFIDE GAS SENSOR 

ARISARA BOONTUM: GAS SENSING RESPONSE OF NICKEL DOPED 

CALCIUM COPPER TITANATE THIN FILMS SYNTHESIZED BY SOL-GEL 
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ADVISOR: ANURAT WISITSORAAT, Ph.D.{, 128 pp. 

Nickel-doped calcium copper titanate (Ni-doped CCTO) thin films prepared by 

nickel oxide (NiO) and nickel (II) acetate (C4H6NiO4) have been synthesized using sol-gel 

method. Four layers of Ni-doped CCTO films with various nickel dopant concentrations 

including undoped film were deposited by a spin coating technique on silicon and alumina 

substrates. Each film layer was annealed at a fixed annealing temperature of 800 °C. All 

samples were characterized by X-ray diffraction (XRD), energy dispersive X-ray 

spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS) field emission scanning 

electron microscope (FESEM). Only the doped films prepared by NiO were analyzed by 

Raman spectroscopy. Moreover, the CCTO films were fabricated as gas sensors to measure 

gas sensing properties.  XRD patterns showed that the main phase of undoped and Ni-doped 

CCTO were a cubic perovskite structure and there is only a small amount of impurity phase of 

rutile TiO2. The XPS signals confirmed that Ni
2
+ was found in Ni-doped CCTO films. 

Moreover, FESEM images presented the films thickness of approximately 400-600 nm for 

four-layered films on silicon and the surface of the films contained granular particles. In case 

of gas sensing property measurements, the obtained films were tested towards different types 

of gases (NO2, H2, NH3, H2S and ethanol). All films exhibited the best selectivity towards H2S 

compared to other gases. In addition, the sensor response of the films increases with 

increasing Ni-doping concentrations. The 7 wt% Ni-doped CCTO sensor prepared by NiO 

exhibited the highest sensor response of 112 under 10 ppm H2S at 250 °C while the highest 

sensor response of 5 wt% Ni-doped CCTO sensor prepared by nickel (II) acetate was 175 at 

300 °C. In both cases, the sensor response of Ni-doped CCTO films is more than that of the 

undoped indicating that Ni-dopants in the films acting as a catalyst improve much better 

sensor responses.  
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CHAPTER I 

INTRODUCTION 

1.1 Motivation 

CaCu3Ti4O12 (CCTO) is one of materials that are widely known for many 

electronic applications such as capacitors, memory devices, power systems and the 

automotive industry [1, 2]. It is used many electronic applications because of its giant 

dielectric constant (10
4
 - 10

5
) [3, 4] that is not change in a wide range of temperature 

and frequency. In addition, one of interested applications of CCTO is to use to apply 

as gas sensors for several gases. CCTO thin films were prepared by pulsed laser 

deposition onto poly (methyl methacrylate) (PMMA) microsphere template substrates 

and they exhibited sensor response towards H2 under temperature 30 – 600 ºC as 

reported by Kim, I.-D. et al [5]. Joanni, E. et al. studied RF sputtering  synthesis and 

the fabrication gas sensor of CCTO thin and they found that the porous microstructure 

on CCTO film surface lead to enhanced sensor response towards O2 [6]. Moreover, 

Para, R. et al. found that gas sensing properties of CCTO thin films exhibited high 

sensor response  and short response time towards O2 and N2  at 220 - 290 ºC [7]. 

From table 1.1, it can be observed that the research about CCTO sensor is mostly 

involved with gases that are not so much hazardous. 
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Table 1.1: Gas sensing properties of CCTO sensor [8]. 

Materials Methods Sensor 

response 

Concentration Temp. 

(ºC) 

Reference 

CCTO+Al2O3 

substrate + Pt 

electrode 

Pulsed laser 

deposition 

H2 

(1.25) 

5 % 30 - 600 

Kim, I.-D. 

et al [5] 

CCTO + 

Si/SiO2/Ti + 

Pt substrates 

RF 

sputtering 

O2 (1.5) 12 % 100 - 200 

Joanni, E. 

et al. [6] 

CCTO + 

Si/SiO2 

substrate + Pt 

electrode 

Sol-Gel 

O2 and 

N2 

220 -290 - 

Para, R. et 

al. [7] 

 

In the past, it can be observed that the research of hazardous detection CCTO 

sensor is very few. The hazardous gases are very harmful and dangerous to 

vegetation, buildings and human if a leakage occurs. They are toxic, combustible and 

inflammable gases. For example, carbon monoxide (CO) affects a cellular respiration 

and it is also flammable [9].  Hydrogen (H2) with the concentration higher than 4% in 

air can explode and flame [10]. Ammonia (NH3) can irritate the respiratory system, 

skin and eyes [11]. Moreover, hydrogen sulfide (H2S) which is one of dangerous 

gases because of its toxicity, flammable and bad smell like a rotten-egg [12]. H2S is 

caused by chemical laboratories, natural gas, automobile exhaust gas, sewage plants, 

hot springs and coal mines industries [12, 13]. There are many danger of hydrogen 
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sulfide. For example, H2S have eroded concrete sewers and causes the reduction of 

concrete thickness [14]. H2S inhalation at low-level concentrations can irritate 

organs involved in the process of respiration and human can be also numb, if they 

smell high concentrations of H2S [15, 16]. In addition, H2S gas can cause hypesthesia, 

headache or even block the transfer of oxygen to blood cells in the human respiratory 

system [16]. The human sense of smell can recognize exposure to H2S for 8 hour at 

10 ppm H2S. H2S is a colorless gas [17] so, the H2S detection is important for human 

safety and environment at a low concentration.     

Recently, the researchers  in our laboratory discovered that CCTO thin film 

can interact with H2S gas and the interaction between CCTO and H2S gas lead to 

change electrical properties of CCTO, so the CCTO thin film are used to fabricate 

H2S gas sensor. Preparation process of CCTO thin films could be done with several 

methods such as sol-gel method [18], metal organic chemical vapor deposition 

(MOCVD) [19], pulsed laser deposition (PLD) [20] and reactive RF magnetron 

sputtering [21]. Compared with other methods, sol-gel method is a simple process 

using low cost apparatus and homogeneous material with large area coating on 

complex substrate can be obtained easily. Moreover, doping with different elements 

and concentrations can be done during the growth process to improve some properties 

of CCTO films. As mention earlier, previous studies in our laboratory have shown 

that the Fe-doped CCTO films exhibited good sensor response towards H2S [22]. The 

undoped and 9 wt% Fe-doped CCTO films exhibited the sensor response of 10 and 

126 to 10 ppm H2  at 25    C  respectively.  he  est se sor respo se for 9 wt  Fe-

doped CCTO films operating was twelve times better than with undoped CCTO. 

However, the Fe-doped CCTO sensors still exhibited moderate response time and 
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large recovery time. The undoped and 9 wt% Fe-doped CCTO films presented the 

response time of ~40 s and ~8.5 s, respectively while the recovery time is ~1100 s and 

~500 s, respectively. Thus, it is of interest to enhance the CCTO response towards 

H2S by means of finding the most suitable doping element that allows high sensor 

response. Many dopants that could strongly interact with sulfur and afford for the 

transfer of two electrons to the system are such Mn, Mo, Co and Ni. 

The gas sensing properties of Ni-doped CCTO films were not examined in 

recent reports. In the past, it was reported that Ni-doped materials improve the sensor 

response toward several hazardous gases [22]. For example, NiO modified SnO2 film 

exhibited sensor response and recovery time of 440 and 4 min for 10 ppm H2S at 

room temperature, respectively while SnO2 exhibited sensor response and recovery 

time of 15 and 8 min [23]. Rambua, A.P. et al. showed that Ni-doped ZnO films were 

the most sensitive to ammonia against LPG and ethanol. In addition, the increase of 

Ni concentration affected to increase the sensor response [24]. Wang, X. et al. 

reported that Ni-doped ZnO nanofibers showed higher sensitivities to flammable 

acetylene (C2H2) than that of pure ZnO nanofibers, and Ni doping concentration at 5% 

by weight obtained the best sensor response [25]. In other research work, Jing, Z. et 

al. studied the gas sensing properties of Ni-doped gamma-Fe2O3 synthesized by 

anhydrous solvent method. They found that 15 mol % Ni-doped γ-Fe2O3 sensors 

exhibited good sensor response towards both acetone and ethanol which are vapor 

gases that are not too harmful to human death [26]. Furthermore, gas sensing 

properties of bare CuO microspheres, flower-like NiO and CuO-NiO core-shell 

microspheres  were studied by Wang, Y. et al [27]. They found that the response of 
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CuO-NiO core-shell microspheres towards H2S was approximately two times better 

than with bare CuO microspheres and flower-like NiO as shown in Fig. 1.1. 

 

Figure 1.1: Response of bare CuO microspheres, flower-like NiO  and CuO-NiO core-

shell microspheres as function of temperature [28]. 

This indicates that NiO improve to enhanced response of CuO and NiO is also 

catalytic in chemical reaction [28]. Therefore, Ni-doping was interested in thesis work 

due to CCTO thin film contains of CuO. Moreover, we expect that Ni-doped CCTO 

can detect other toxic gases above H2S gas. The gas sensing properties of several Ni-

doped materials can observe in Table 1.2. 
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Table 1.2: Gas-sensing response of recently reported metal oxide sensors doped with 

Ni towards different types of gases.  

Materials Methods Temp. 

(°C) 

Concentration 

(ppm) 

Response gas 

(s) 

Reference 

Fe-doped CCTO 

films 
Sol-gel method 250 10 

H2S 

  126 

Pongpaiboo-

nkul,S. et.al. 

[22] 

SnO2: NiO thin 

films 

RF sputtering Room 

temp. 

10 H2S 

  44  

Kaur, 

M.,et.al. 

[24] 

Ni-doped ZnO 

films 
Spin coating 190 850 ammonia 9.3 

Rambua, 

A.P. et.al. 

[25] 

Ni 5wt % doped 

ZnO nanofibers 
Electro- spinning 250 2000 

acetylene 

  16.9 

Wang, X., 

et.al. [26] 

Ni 15 mol% 

 ope  γ-Fe2O3 

nanopowders 

Anhydrous 

solvent 
270 1000 

Ethanol 

45 

Acetone 

50 

Jing, Z. [27] 

Ni-doped SnO2 

hollow spheres 

Carbon 

microsphere 

template 

300 50 
n-butanol 

  29 
Liu, X. [28] 

Fe2O3 nanopartic

le decorated NiO 

Nanoplate 

A Facile 

solvothermal 

route 

300 200 
H2S 

26.5 

Sun, G., 

et.al. [17] 

Ni-doped 

SnO2 nanofiber 

 

Modified 

electrospinning 

technique 

followed with 

hot-press and 

calcination 

250 20 
NO2 

90.3 

Li, W., et.al. 

[29] 

Ni-doped WO3 

nanoneedles 

Aerosol assisted 

chemical vapor 

deposition 

method 

200 5 
H2S 

  2.8 

Vilic, T., 

et.al. [30] 
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In this work we interested in synthesis of Ni-doped CCTO thin films by a sol-

gel method for enhancing the CCTO response towards toxic gases especially H2S. 

This is because CCTO contains copper ions in its structure which are capable of 

interaction with sulfide in H2S. The concentrations of nickels in the films that could 

be prepared during the growth process were mainly focused. Nickel oxide (NiO) and 

nickel (II) acetate (C4H6NiO4) were used as the compounds for Ni dopant. After the 

gas sensing response and performance of each film are examined, the correlations 

between the physical and chemical properties with the gas sensing properties of Ni-

doped CCTO thin films are investigated. The gas sensing mechanism which is the key 

to explain the behavior of the gas properties of Ni-doped CCTO films is described in 

this thesis. 

 

1.2 Objectives of the thesis 

1. To synthesize Ni-doped CaCu3Ti4O12 thin films using NiO and Nickel (II) 

acetate as starting materials prepared by a sol-gel method by varying nickel 

concentrations in the films.     

2. To study the crystal structure, the surface morphology, oxidation sate and 

chemical structure of the prepared films by X-ray diffraction technique (XRD), field 

emission scanning electron microscope (FE-SEM), X-ray photo emission 

spectroscopy (XPS), Energy dispersive x-ray spectroscopy (EDX) and Raman 

spectroscopy.      

https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
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3. To fabricate film gas sensors and measure their gas sensing responses 

towards different types of gases such as ethanol, acetylene, ammonia and hydrogen 

sulfide. 

4. To compare the gas sensing result with undoped and Fe-doped CCTO 

devices. 

 

1.3 Overview of the thesis  

Chapter II:  This chapter explains the crystal structure of undoped CCTO and 

Ni-doped CCTO, the basic principle of sol-gel method and the mechanisms of gas 

sensor. 

Chapter III: This chapter describes the basic principles of characterization 

techniques (XRD, FE-SEM, XPS, Raman spectroscopy and Gas sensing 

measurement). 

Chapter IV: This chapter explains the experiment process that consists of 

synthesis Ni-doped CCTO solution, spin coating technique, gas sensors fabrication 

and characterization of films. 

Chapter V:  This chapter illustrates the effect of Ni-doped concentrations on 

structure properties, surface morphology and gas sensing properties are shown and 

analyzed. 

Chapter VI: It is conclusion of the thesis. 
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CHAPTER II 

THEORETICAL BACKGROUND 

2.1 Structure of calcium copper titanate (CaCu3Ti4O12: CCTO) material 

Calcium copper titanate (CaCu3Ti4O12 or CCTO) was firstly synthesized by 

Alfred Deschanvres and his coworkers in 1967 [1]. CCTO is widely known to be 

ACu3Ti4O12 (A = Ca, Sr, Ba) type oxides and the crystal structure of CCTO is pseudo 

cubic perovskite oxide structure as shown in Fig. 2.1. The pseudo cubic perovskite 

oxide structure has related cubic perovskite (ABO3) with slightly tilted TiO6 

octahedra at which the central titanium atom is bonded to six oxygen atoms. The tilt 

angle of the TiO6 octahedra is 20º with respect to the unit cell axis. Tilting of TiO6 

octahedra bring about a square-planar environment for Cu for which each copper 

atom is bonded to four oxygen atoms. The corner and body centered positions of 

pseudo cubic perovskite oxide structure are calcium atoms. Moreover, the cubic 

structure of CCTO is stable in the temperature range of 100 - 600 K and the lattice 

constant of CCTO is 7.391 Å [2].  

 

Figure 2.1: The pseudo cubic perovskite oxode structure of CCTO [8]. 
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2.2 Dielectric properties of CCTO material 

Dielectric material is an insulating material or a very poor conductor to 

electric current. There are two types of dielectric material; non-polar and polar 

dielectrics. A non-polar molecule is known to be a molecule without a per manent 

dipole. The charges in a non-polar molecule regularly spreads positive and negative 

charges as presented in Fig. 2.2 (a). When the non-polar molecule is introduced in 

external electric field, the electric field affects the movement of positive and negative 

charges in a molecule in the opposite directions. The positive charges within the 

molecule are moved slightly in the direction of the electric field while the negative 

charges are moved slightly in the direction opposite to the direction of the electric 

field as shown in Fig. 2.2 (b). The induced electric dipole moments are produced by 

the slight separation of charge. In addition, if there is no applied external electric 

field, the non-polar molecule loses its polarity. Then, the charges are returned to its 

original state. 

 

Figure 2.2: (a) a non-polar molecule of dielectric material and (b) the movement of 

charges under the external electric field. 

 

https://www.britannica.com/science/electric-current


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 11 

In term of polar molecule, there are the permanent dipole moments in the polar 

molecule. The dipoles on molecule are oriented randomly in the absence of an 

external electric field causing a zero net dipole moment as illustrated in Fig. 1.3 (a). 

As an external electric field is applied, the polar molecules are regularly oriented 

themselves along the electric field direction as shown in Fig. 2.3 (b). The orientation 

of polar molecules along the electric field direction is called orientational polarization. 

 

Figure 2.3: (a) and (b) The orientation of polar molecules without an applied external 

electric field and under an applied external electric field, respectively. 

Thus, the creation of a net dipole moment is produced in the dielectric material 

under an applied electric field. The dipole moment per net unit volume is called 

polarization (
_

P ).  



 EχP e

_

    (2.1) 

where 
_

P  is polarization due to the applied electric field (E).
 

        e  is the electric susceptibility may be complex number.
 

 

https://www.britannica.com/science/electric-field
https://www.electrical4u.com/what-is-electric-field/
https://www.britannica.com/science/electric-field
https://www.britannica.com/science/electric-field
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The electric displacement field (


D ) is defined in the following. 



 PEεD 0

_

    (2.2) 



 E)χ(1εD e0    (2.3) 



 EεεD r0     (2.4) 



 EεD     (2.5) 

where 0  is the permittivity of vacuum which is 8.85×10
−12

 F/m.   

er χ1 is the relative permittivity of the material which known as the dielectric 

constant.  

    r 0 is the permittivity or dielectric constant of material. 

The complex dielectric constant )( * can also be defined as 

'''

e0 iεε)χ(1εε*     (2.6) 

 where 'ε  is  the real part of complex dielectric constant 

           ε'' is the imaginary part of complex dielectric constant 

The imaginary part '')(  relates to the loss that is heat energy form in dielectric 

material. This loss is defined as loss tangent δ)( tan . 

'

''

tan



     (2.7) 

δtan  is equal to zero in lossless material which is no loss. The good dielectric 

material must has few loss tangents.  The loss tangent of polycrystalline and single 

crystal CCTO is 05.0tan   at 1 kHz [1]. Moreover, the dielectric constant or the 

https://en.wikipedia.org/wiki/Relative_permittivity
https://en.wikipedia.org/wiki/Permittivity
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relative permittivity involves with capacitance that is ability to store opposite charges 

of a capacitor.  The capacitors are fabricated by giant dielectric constant material, so 

they are able store high opposite charges. Generally, the dielectric constant of a 

material is always more than 1. In case of the capacitance of parallel-plates capacitor 

as seen in Fig. 2.4 is defined in Equation (2.8). 

d

Aεε

d

εA
C 0r

   (2.8) 

 

Figure 2.4: The diagram of parallel-plates capacitor. 

As known, the high dielectric constant of CCTO material depends on the 

crystal structure form. For example, the CCTO single crystal and ceramic exhibited 

the dielectric constant of 10
5
 and 10

4 
[4, 31], respectively whereas the dielectric 

constant of CCTO film is 10
4
 [1]. This high dielectric constant is stable in the 

frequency range of 10
4
- 10

6
 Hz and large temperature range of 100 - 600 K [4, 32]. 

For this reason, CCTO material have been widely attracted and used as electronic 

device. There are two ideas to explain the giant dielectric constant of CCTO as 

follows.  

https://en.wikipedia.org/wiki/Capacitor
https://en.wikipedia.org/wiki/Capacitance
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1. The intrinsic properties of CCTO material 

 Subramanian et al. reported that the giant dielectric constant of CCTO relates 

to the intrinsic properties of material [32]. The intrinsic properties of material is 

perfectly stoichiometric, no defect, and only single domain crystal structure. In 

structure of CCTO can be explained that the TiO6 octahedral tilt distortions affect the 

occurring local dipole moments and the tension on the Ti-O bonds lead to an increase 

the polarization of the structure.  Moreover, substitution of Ti
4+ 

(acceptors) and Ca
2+

 

(donors) sites with other elements lead to increasing or decreasing polarization [1]. 

2. The extrinsic properties of CCTO material 

In the case of the giant dielectric constant of CCTO, CCTO are investigated by the 

extrinsic properties which are point, line, or planar defects, or other crystal 

imperfections or more generally, with sample microstructure, morphology, domain 

boundaries and boundary layers. The internal barrier layer capacitor (IBLC) model is 

widely accepted to explain behavior of the high dielectric constant of CCTO material 

and a modified model structure is illustrated in Fig. 2.5(a). CCTO grain and grain 

boundary behave to be n-type and p-type semiconducting carriers, respectively. Some 

groups suggested that the grain boundary contains CuO phase [33]. Therefore, there 

are a lot of grain and grain boundary in material microstructure that these structures 

are similar to the electrical circuit with many capacitors components. Fig.2.5 (b) 

shows the circuit diagram that includes a series of parallel resistors and capacitors. 

The RC elements are two sets of parallel resistors and capacitors and they are known 

as set of RgCg and RgbCgb. The Rg and Rgb refer to resistance of grain and grain 

boundary respectively, while Cg and Cgb refer to capacitance of grain and grain 
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boundary, respectively [34]. From Fig. 2.5(a), the capacitance (Ci) of each element 

can be identify as Equation (2.9)  

gb

t

g

d

gb

i

C

2

0



   (2.9) 

Where dg is grain size. 

            tgb is boundary layer thickness. 

 εgb is the dielectric permittivity of the grain boundary layer. 

The capacitance per unit area is in the Equation (2.10) 

gb

tt

g

d

gb

i

C
0



   (2.10) 

From     
t

r
C

0


     (2.11) 

Therefore, the dielectric permittivity )( r  can be defined as equation (2.12).  

    

gb
t

g
d

gb

r



    (2.12)   

 

Figure 2.5: (a) Model of grain and grain boundary in material structure and (b) the 

circuit diagram of two sets of parallel resistors and capacitors. 
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2.3 The basic principle of sol-gel method 

 The sol-gel method is one of wet chemical method which is widely used to 

synthesize materials such as thin films, ceramics, and glasses because of low cost 

apparatus, good homogeneity, precise composition control, large area coating, 

complex substrate coating and low temperatures for processing [8].  The used 

precursors are formed a colloidal suspension or sol that is liquid containing solid 

particles in suspension.  Then, the particles in the sol are converted to gel. The gel is 

state of a solid network containing liquid components. The solid network is formed 

agglomeration of colloidal particles.  There are three reactions during sol-gel process 

as shown in Equations (2.10)-(2.12).  

Hydrolysis: M – O – R + H2O   M – OH + R – OH   (2.10) 

Water Condensation: M – OH + HO – M   M – O – M + H2O  (2.11) 

Alcohol Condensation: M – OR + HO – M     M – O – M + R – OH (2.12) 

where M is a metal, – OR is an alkoxyl group and – OH is hydroxyl group.  

Then, the gel is heated at high temperature to obtain the final solid product. 

The structure and properties of synthesized material with sol-gel method depend on 

the potential of hydrogen ion (pH), catalyst, temperature, solvent composition and 

molar ratios of reactants. Therefore, the sol-gel method is used to synthesize material 

with a variety of shapes such as porous structures, thin fibers, dense powders and thin 

films. Aerogel are created by the extraction of liquid in wet gel under suitable 

condition resulting in the pores of solid. After the gel is heated, it will become xerogel 

and then later dense ceramic. Moreover, the sols can be formed to films, fibers and 
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uniform powders by coating, spinning and precipitation, respectively.  The diagram of 

sol-gel process of synthesis nanoparticle is shown in Fig. 2.6.  

 

Figure 2.6: Schematic representation of various materials obtained by a sol -gel 

method. 

In this work, the precursor Ni-doped CCTO was deposited on two types of 

substrates, alumina and silicon, (see details in section 4.3) by a spin coating 

technique.  Spin coating is one of the most common techniques for applying thin films 

to substrates due to it is able to quickly and easily produce very uniform films, a few 

thickness film (a few nanometers to a few microns). The thickness of films depends 

on velocity and time for spinning. The thickness of films decreases with higher spin 

speeds and longer spin times. The process of spin coating technique can be prepared 
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by the following steps. Firstly, the substrate was placed on a stage in spin coater. 

Then, the precursor solution was dropped on substrate. In dropping process, the 

method to drop the precursor can be done by two ways, namely dropping precursor on 

substrate before spinning substrate and dropping precursor on substrate and spinning 

substrate together. If the solution has low viscosity, the precursor are dropped on 

substrate and spinning substrate together but if the solution has high viscosity, the 

precursor are dropped on substrate before spinning substrate. In this work, the 

precursor was dropped while the substrate was spinning on stage of spin coater with 

speed spinning 4000 rpm and time spinning 40 s. The centrifuged force results 

spreading of solution cover the substrate. Then, the film was heated in order to dry 

and extract the excess solvents from them and the film was annealed in further step.  

2.4 The mechanisms of metal oxide gas sensor 

Nowadays, air pollution has enhanced due to human activity and natural 

processes. Therefore, a clean air is an importance to our health and the environment. 

The our nose can detect hundreds of smells but it difficult to detect in case of toxic, 

combustible and inflammable gases which are low concentration, colorless and 

odorless. Therefore, the gas sensor has developed to use instead of our nose. The good 

gas sensor have to present high sensor response, high selectivity and rapid response 

speed, so the development of performance of gas sensor is also essential for human 

and environment in recently. Metal oxide is one of materials that have been widely 

used to apply as gas sensors due to low cost, easy production, compact size and 

simple measuring electronics [35]. Generally, the metal oxide gas sensor is fabricated 

as chemical resistance type sensors that their electrical conductivity or resistivity 
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changes when a target gas interact with their surface. The increase or decrease of 

electrical properties depends on type of gases. There are two main different models in 

order to explain the mechanisms of gas sensor response.  

2.4.1 Oxygen-vacancy model 

Oxygen-vacancy model is used to explain the physical adsorption process in 

the case of oxygen vacancies on the metal oxide surface. In n-type material, oxygen 

vacancies on the metal oxide surface consume free electrons. This process increases 

the resistance in n-type materials due to reducing the mobility of electrons [2]. Then, 

the n-type materials react with target gases and occurring chemical resistance 

behavior further. 

lattice
OOeV O  2

2

1
2    (2.13) 

2.4.2 The oxygen ionosorption mechanism 

The chemical adsorption process is described by the oxygen ionosorption 

mechanism which oxygen is the interaction between oxygen molecules and the metal 

oxides surface. Oxygen affects highly on the adsorption process at the metal oxides 

surface due to oxygen is highly able to attract [36], so the adsorbed oxygen is easily 

created on the surface of metal oxides. As an air in atmosphere is exposed to metal 

oxide surface, the oxygen molecules are absorbed on that surface. The electrons in 

conduction band of metal oxide will be attracted to interact with oxygen molecules 

leading to adsorbed oxygen species ( -

2
O , -O ) on the surface [36, 37]. The oxygen 

species that formed depend on operating temperature in the Equations (2.14)-(2.17). It 

can be seen that the oxygen absorption increases with increasing the operating 
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temperature. From equation (2.15), O2 is able to consume one electron from the metal 

oxide surface at below the temperature of 200 °C while at above the temperature of 

200 °C the acceptation of oxygen ( -

2
O ) in equations (2.16 and 2.17) is two electrons 

[38]. Therefore, the numbers of electron are decreased in conduction band leading to 

increase the resistance as illustrated in Fig. 2.6. Then, electrical properties of sensor 

will change quickly when the metal oxide is exposed to other gas molecules. The 

change of the carrier concentration and sensor electrical properties depend on a type 

of target gases and metal oxide gas based sensor and they will be discussed in section 

2.3.2.1 and 2.3.2.2.  

O2 (gas)  O2 (adsorbed)       (2.14) 

O2 (adsorbed) + e
-
(conduction band)  -

2
O  (adsorbed) ; T < 200 ºC  (2.15) 

-

2
O  (adsorbed) + e

-
(conduction band)  2O

-
 (adsorbed)  ; T > 200ºC

 
 (2.16) 

Or  O2 (adsorbed) + e
-
(conduction band)  2O

-
(adsorbed) ; T > 200ºC (2.17) 

 

Figure 2.7: The diagram of band bending after chemisorption of oxygen species [38]. 
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2.4.2.1 The n-type metal oxide gas sensor 

The electron is majority carriers in n-type metal oxide material. As oxygen 

molecules are exposed to the sensor surface. The electrons in conduction band interact 

with oxygen molecules leading to adsorbed oxygen species on the surface.  The 

adsorbed oxygen species affect an increasing resistance of sensor due to a decrease in 

amount of electron. When reducing gas (such as H2S, NH3 [24]) interacts with 

adsorbed oxygen species on the surface, the occurred chemical reaction produces an 

increase in amount of electrons at the conduction band. The enhancement of electron 

leads to an increase in conductivity or a decrease in resistance [38]. The mechanisms 

of n-type metal oxide material toward reducing gases can be seen in Fig. 2.8. In 

contrast, the target gas is oxidizing gas (such as NO [24], NO2 [28]). The charge 

carriers are reduced leading to a decrease in conductivity.  

2.4.2.2 The p-type metal oxide gas sensor 

The mechanisms of p-type metal oxide materials toward target gases is 

different to n-type metal oxide material. The positive charge carriers or holes are the 

majority carriers in p-type materials. The oxygen molecules are absorbed on the 

sensor surface.  The electrons from valence band are excited to conduction band and 

these electrons interact with oxygen molecules leading to adsorbed oxygen species on 

the surface. This process also increases amount of hole at valance band and affect to 

the reduction in resistance of sensor. Then, target gas (reducing gas) is exposed to the 

surface sensor and affects to interaction with the absorbed oxygen species on the 

surface. Therefore, the electrons are released from chemical reaction at the conduction 

band. The released electrons fall down into the valence band and recombine with the 

holes or neutralize the holes in the p-type material; thereby the numbers of hole are 
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decreased. This leads to an increase in resistance of such p-type sensor. The 

mechanisms of p-type metal oxide material toward reducing gases are presented in 

Fig. 2.8. In contrast, if target gas is oxidizing gas, the chemical reaction of oxidizing 

gas increases the hole concentration or decrease the resistance [37, 38].  

 

Figure 2.8: Schematic representation of gas mechanism of n-type and p-type metal 

oxide sensor towards reducing gas [39]. 

Moreover, a change of resistance under target gases can be calculated as sensor (R) of 

sensor for n- type material [24].  

g

a

R

R
S       for reducing gas    (2.18)  

a

g

R

R
S      for oxidizing gas   (2.19) 

where  Ra is the resistance of the sensor measured in the dry air atmosphere. 

Rg is the resistance of the sensor measured in tested gases. 
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In case of CCTO, the CCTO sensor will behave n-type or p-type conductivity 

dependent on the synthesis methods and experimental conditions [8]. In previous 

research, Parra et al. reported that the CCTO thin film which was prepared by the sol-

gel method exhibited n-type semiconducting behavior [7].  Therefore, the mechanism 

of CCTO can be explained in section 2.3.2. Moreover, many researchers have found 

that point defects, vacancies and interstitials can affect to gas adsorption and 

conductivity properties of CCTO. Ponce et al. have reported that the generation of 

oxygen vacancy in lattice of CCTO structure also affects to conductivity properties of 

CCTO [39]. An increase in oxygen vacancies in structure increase resistance of 

CCTO. Moreover, copper ions in CCTO film can interact with H2S gas by itself and 

affect to the change of electrical properties as reported in previous work in our 

laboratory [22].  

2.4.2.3 Effect of doping of the metal Oxide sensor 

Doping of metal oxide film improve electrical properties of sensor. The dopant 

is catalytic to increase catalytic activity and modify electrical resistance of the 

intrinsic metal oxide [36]. As the target gas interacts with metal oxide sensor, the 

chemical reaction occurs on surface can be describe in the following.  

Productson)A(adsorbtiA(gas)
21

1

kk

k




      (2.20)  

In case of unimolecules, the surface region exposes and absorb target gas that it is 

called the surface coverage. The surface coverage of A is defined as AΘ and the rate 

of adsorption is defined as  
dt

dΘA  .  
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AΘ  = 
                                   

                                    
  (2.21) 

)Θ(1Pk
dt

dΘ
AAA

A      (2.22) 

where kA is the rate constant for adsorption and PA is partial pressure.  

AΘ can be solved from the rate of adsorption and the obtained AΘ is determined with 

Langmuir adsorption isotherm form [40]. 

AA

AA
A

Pk1

Pk
Θ


      (2.23) 

Therefore, the rate of surface reaction (kr) of unimolecules is written in the following. 

AA

AA2
A2r

Pk1

Pkk
Θkk


     (2.24)  

The rate of surface reaction (kr) is considered in two cases.  

1. One case is low pressure )(PA 0 , so AΘ  is small. The rate of surface 

reaction (kr) will be written in equation (2.25). 

APkkΘkk A2A2r       (2.25) 

2. In case is high pressure )(PA  , so AΘ  is approximately zero. The 

rate of surface reaction (kr) will be be written in equation (2.26). 

2kkr        (2.26) 

For reaction between different gases types and adsorbed oxygen species, the chemical 

reaction occurs on surface can be explained in the following.  
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2k

2A(adsorbtion) O Products     (2.27) 

The rate of surface reaction can be written in the following. 

)
Pk1

Pk
)(

Pk1

Pk
(kΘΘkk

2O2O

2O2

2

O

AA

AA
2OA2r









     (2.28) 

A2r Θ(const.)kk    ; 
2O

Θ  is constant   (2.29) 

Aeffr Θkk    ; effk  is the effective response rate (2.30) 

Aeffr Θkk         (2.31) 

It can be seen that Equation (2.31) is linear equation. Therefore, the effective response 

rate is slope of this equation. The strain line of relation between the effective rate and 

doping concentration represent the first reaction order on catalyst in chemical kinetic 

sense.  
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CHAPTER III 

CHARACTERIZATION TECHNIQUES 

In this chapter explains the basic principles of the characterization techniques 

which consist of X-ray diffractometer (XRD), Field emission scanning electron 

microscopy (FESEM), Energy dispersive X-ray spectroscopy (EDX), X-ray photo 

emission spectroscopy (XPS) and Raman spectroscopy. The crystal structures and 

phase compositions of undoped and Ni-doped CCTO films were examined by XRD 

while vibrational, rotational, and other low-frequency modes in the films were 

characterized by Raman spectroscopy. The surface morphologies and thicknesses of 

the films were analyzed by FE-SEM. Moreover, the chemical compositions in the 

films and the oxidation state of each element were examined by energy dispersive X-

ray spectroscopy (EDX) and X-ray photo emission spectroscopy, respectively. 

3.1 X-ray diffraction technique 

 X-ray diffraction technique is used to characterize the crystal structure, phase 

composition, cell parameter, and particle size of materials. These characterizations do 

not damage the surface of material and X-ray diffraction technique can characterize 

different types of sample such as thin films, powders, ceramics, thick films, and etc. 

Crystal structure of material consists of plane of regular arrays atoms. X-rays in the 

wavelength range of 10
-8

 - 10
-10

 m are in similar order to the spacing d between planes 

in the crystal, so they could be used to produce the diffraction pattern. Generation and 

type of X-rays is explained in section 3.1.2.  
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3.1.1 Generation and types of X-rays radiation 

X-rays were discovered by Willhelm Conrad Poentgen who was a German 

physicist. The diagram in Fig. 3.3 shows a common X-ray tube. It is composed of a 

vacuum tube, a cathode (filament) which mostly is produced by tungsten, a high 

voltage and an anode (target). When anode and cathode are operated at high voltage, 

tungsten is heated by the electrical current which flows through in cathode. If high 

voltage is sufficient, electrons flow from the cathode to anode with very high velocity. 

When an incoming electron hits the atom of target which generally are made of 

copper or molybdenum, many interactions occur. If that incoming electron has kinetic 

energy more than the binding energy of the inner electron in the atom of metal target, 

it can kick out the inner electron to remove it from the atom. These processes leave a 

hole or electron vacancy in the atom target, and an electron from the higher energy 

level moves down to fill the vacancy causing characteristic X-ray radiation. For 

material characterizations in the thesis, the characteristic X-ray is used via X-ray 

diffraction technique. The details of characteristic X-ray are explained in section 

3.1.1.1 – 3.1.1.2. 

 

Figure 3.3: X-rays tube. 
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3.1.1.1 Continuous X-rays or Bremsstrahlung 

As the high energy electron moves closely the nucleus of a heavy metal. The 

velocity of electron is decelerated suddenly as shown in Fig. 3.4. This process 

produces a range of X-ray radiations which are continuous X-rays or it is called 

Bremsstrahlung radiatio .  he wavele gth of co ti uous X-rays is i  the ra ge of  .1 

– 1     a   the i te sity of X-ray increases with increasing atomic number of target.  

 

Figure 3.4: Generation of continuous x-rays. 

3.1.1.2 Characteristic X-rays  

As the metal target is bombarded with electrons, an electron from the inner 

shells of the atoms of the metal target can be dislodged by the incident electron. The 

electron in higher energy level substitute at position of scattered electron in atom of 

target. Characteristic x-rays are emitted due to transitions energy levels of electron. 

Characteristic x-rays are specific energy depending on used element as target and 

electron shell in the atoms of the metal target. Fig. 3.6 presents the inner shell of 

electron in atom that is composed of K-shell, L-shell and M-shell, respectively.  If an 

electron in K-shell is scattered from the atom, the electron in another shell from 

higher level fill in the vacancy. An electron from L-shell to K-shell produces αK X-

http://hyperphysics.phy-astr.gsu.edu/hbase/ems3.html#c4
http://hyperphysics.phy-astr.gsu.edu/hbase/ems3.html#c4
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ray. In contrast, the transition of an electron from M-shell to K-shell produces 
βK  X-

ray as shown in Fig. 3.5. Similarly, the transition of an electron from M-shell to L-

shell produces 
αL  X-ray. The transition of an electron from N-shell to L-shell 

produces 
L  X-ray [40], etc. Fig. 3.6 shows the difference between the intensity 

versus wavelength of characteristic X-rays and continuous X-rays that the 

characteristic X-rays are sharp peak.      

        

Figure 3.5: Generation of Characteristic x-rays. 

 

Figure 3.6: Characteristic X-rays and continuous X-rays intensities vs. wavelength 

[41]. 
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3.1.2 Bragg’s law 

In this thesis work, the characteristic X-rays is used in X-ray diffraction 

technique that copper is target of generation X - rays. X-ray diffraction in crystal can 

 e  escri e   y Bragg’s law [41]. As the incident beam of characteristic X-rays hits 

atom plane in crystal, X - rays is reflected from crystal plane. The scattering between 

planes of atoms is shown in Fig. 3.7.   

 

Figure 3.7: X-ray diffraction in crystal. 

In Fig. 3.7, the path difference of the closely atomic planes can be written as 

following. 

 sind2sindsindbcab    (3.3) 

The path difference between the closely atomic planes is related to constructive 

interference of X-ray as shown below.  

 nsind2  (Bragg’s law)    (3.4) 

where d is the spacing between planes.   

θ is angle of incident X-ray beam. 

              λ  is wavelength of X-ray beam.   

n is integer number. 
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In addition, position of diffraction peak associate plane of regular arrays atoms 

that Miller indices (hkl) are used to identify atomic plane. Each crystal produces a 

unique diffraction pattern that is a fingerprint of material, so diffraction pattern is used 

to identify crystal structure type and phase composition. Then, Bragg ’s law equation 

can be calculated to obtain the spacing d between planes in the crystal that the 

spacing d relate to lattice parameters and plane of diffraction (hkl). For example, 

Table 3.2: The relation between the spacing d, lattice parameter and plane of 

diffraction with different crystal structure types [42].  

crystal structure 

Relation of the spacing d, lattice parameter and plane of 

diffraction 

Cubic 
2

222

2

1

a

lkh

d


  

Tetragonal 
2

2

2

22

2

1

c

l

a

kh

d




  

Orthorhombic 
2

2

2

2

2

2

2

1

c

l

b

k

a

h

d

  

Hexagonal 
2

2

2

22

3

4

2

1

c

l
)

a

khkh
(

d




  

Monoclinic 
2 2 2 2

2 2 2 2 2

1 1 sin 2 cos
( )

sin

h k l hl

d a b c ac

 


   
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3.2 Field emission scanning electron microscopy  

The principle of field emission scanning electron microscope (FESEM) and 

scanning electron microscope (SEM) techniques are similar but they differ in the 

emitter type and the resolution. FESEM technique achieves better lateral spatial 

resolution providing higher magnifications compared with SEM technique. FESEM 

could characterize a point resolution of 0.8-1.5 nm while a point resolution 

characterization of SEM is 3-3.5 nm. Even the Resolution at low accelerating voltages 

of FESEM is much better. Moreover, thermionic emitters are used in SEM. In 

thermionic emitters, a filament is heated by electrical current. The electron can 

dislodge from a filament material when the heated is higher more than the work 

function of the filament material. However, there are many disadvantages of 

thermionic sources such as relative low brightness, evaporation of cathode material 

and thermal drift during operation. These problems can be avoided when field 

emission is used (or it is also called cold cathode field emitter) in FESEM. The 

filament mainly used is a metal with high melting point such as tungsten which has a 

tip with radius about 100 nm. The filament is placed in a large electrical potential 

gradient without heating. The high sufficient electric field affects the electron 

emission from tip at anode. The generating electron of FESEM can produce a cleaner 

image, less electrostatic distortions and spatial resolution 0.8-1.5 nm that are better 

than SEM. Main components of FESEM are electron source (electron gun), 

electrostatic lenses, electromagnetic lenses, sample state, detector and data output 

device as shown in Fig. 3.8. In this thesis, the surface morphology and the thickness 

of resulting films were characterized by (FESEM). 
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Figure 3.8: Diagram of field emission scanning electron microscopy. 

 

The generating electron of FESEM is produced at the cold cathode field 

emitter. Electrostatic lenses affect escaped electron as the electron beam and the 

electron beam is accelerated to electromagnetic lenses. The electron beam is focused 

to sample by the electromagnetic lenses. The surface of sample is bombarded with the 

incident electrons. This leads to the interaction between incident electron beam and 

sample. A variety of signals are detected and presented with data output device. The 

sample image can be produced with secondary electrons (SE) and backscattered 

electrons (BSE). Secondary electrons are produced when the electron beam hits an 

electron in the sample and the energy transfers from the electron beam to the atoms in 

the sample. As electrons in the sample obtain enough energy, they strike the sample. 

These electrons are called secondary electrons that these signals are produced as 

morphology and topography surface image. However, backscattered electrons are the 

incident electron beam which comes close to the nucleus and they are scattered after 

https://serc.carleton.edu/research_education/geochemsheets/bse.html
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they loses some energy to electron in the sample. Backscattered electrons can be used 

to generate an image in the microscope that shows the contrasts in composition in 

multiphase samples. Moreover, the interaction of incident electron beam and sample 

can generate other signals such as diffracted backscattered electrons (EBSD) that are 

used to determine crystal structures and orientations of minerals, photon that are used 

for elemental analysis and continuum X-rays, auger electron and heat.  A variety of 

signals from interaction between incident electron beam and sample is illustrated in 

Fig. 3.9. 

 

 

Figure 3.9: (a) Type of signals and (b) volume within a sample of interactions 

between electrons and a sample.  

https://serc.carleton.edu/research_education/geochemsheets/ebsd.html
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3.3 Energy dispersive X-ray spectroscopy  

Energy dispersive X-ray spectroscopy (EDS or EDX) is one of the analytical 

technique  used for the elemental analysis or chemical characterization materials.  

Most of the time EDX equipment is attached to FESEM equipment. In this case, 

electrons in the atoms comprising the surface of sample are excited with energy from 

bombardment of the electron beam until they are ejected from the surface of sample. 

This process leads to an inner-shell vacancy of an atom and then an electron transfers 

from outer shell to inner shell to fill the vacancy. Emitted X-rays is produced with 

some fixed wavelengths for each element. Each element has a unique atomic 

structure allowing a unique set of X-ray emission peaks. Thus, the detector can detect 

the intensity for each wavelength and then used that information to characterize the 

elemental composition of material.  

3.4 X-ray photoelectron spectroscopy  

 X-ray photoelectron spectroscopy (XPS) is also known as Electron 

Spectroscopy for Chemical Analysis (ESCA). XPS is a surface analysis technique that 

is used for investigating the elemental composition, empirical formula, chemical state 

and electronic state of the elements from the surface of the material. The depth of 

analysis for an XPS measurement is from the top of the surface to ~10 nm from the 

surface. These characterizations can be done by using photoelectric phenomenon [43]. 

As x-ray photon bombards the atom in sample and the energy (E) of incident photon 

is in equation (3.6).   

 

https://en.wikipedia.org/wiki/Elemental_analysis
https://en.wikipedia.org/wiki/Characterization_(materials_science)
https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Atom
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 hE      (3.6) 

where h is Planck constant of 6.623 x 10
-23 

J·s  

            is frequency of  x-ray photon 

The atoms in the sample absorb energy from x-ray photon. Here in the thesis 

study, a mono-energetic Al
αK x-rays is used to excite the sample. After electrons 

absorb energy from x-ray photon, some again energy more than their work function of 

atom in sample, so they are excited and escape the atom of material. These ejected 

electrons are called photoelectron carrying their kinetic energies as shown in Fig. 3.10 

(a). These photoelectrons originate from a depth of <10 nm. The relation between the 

binding energy (BE) and kinetic energy can be calculated as follows. 

KEhBE      (3.7) 

Then, the kinetic energy (KE) of the electron depends on the x-ray photon 

energy )( h  and the binding energy (BE) of the electron in material.  The energy of 

the emitted photoelectrons from the sample are detected by an electron energy 

analyzer. The kinetic energies and the numbers of emitted photoelectrons are recorded 

as presented in Fig. 3.10 (b). The binding energy, intensity of a photoelectron peak 

with precise position in XPS spectra, and peak shape are analyzed to identify and 

determine the characterization of elemental, the concentrations, and chemical state for 

the elements. 
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Figure 3.10: (a) Generation of photoelectron and (b) diagram of XPS. 
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3.5 Raman spectroscopy  

 

 

Figure 3.11: (a) Types of scattering between laser light and molecules and (b) diagram 

of Raman spectroscopy. 

Raman spectroscopy technique is used to examine information on molecular 

vibrations and crystal structures. Each vibrational energy level corresponds to unique 

molecule and the ejected photons have unique wavelength shifts. Vibrational 

spectroscopy is used to identify molecules in a sample. As laser light which is 

monochromatic light hits molecules in the sample, the interaction between light and 

molecules in sample are occurred in the sample. They consist of reflecting, absorbing, 
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transmitting or scattering. In case of scattered light, there are 2 types of scattering as 

shown in Fig.  3.11 (a). Elastic process (Rayleigh scattering, E = E0) is one of the 

scattering that does not lose energy. The scattered light has energy similar to incident 

laser light. Moreover, one of the scattering is an inelastic process that transfers energy 

between light and molecular vibrations in sample. The wavelength of the scattered 

light is changed. The changed wavelength of the scattered light is also called that 

Raman scattering (E > E0 or E < E0). The energy of scattered light depends on the 

vibrational state of the molecule. When the scattered light has energy less than 

incident laser light, then it is called Stokes Raman scattering. In other hand, if the 

scattered light has energy more than incident laser light then it is called anti-Stokes 

Raman scattering. The wavelengths of these Raman scattering are detected by using a 

CCD camera and it is shown as Raman spectrum. The Raman spectrum provides the 

chemical composition and structural information. The diagram of Raman 

spectroscopy is illustrated in Fig. 3.11 (b) 
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CHAPTER IV 

EXPERIMENTAL METHODS 

In this chapter the synthesis of undoped and Ni-doped CaCu3Ti4O12 (CCTO) 

thin films with using nickel oxide (NiO) and nickel (II) acetate by a sol-gel method is 

explained. In terms of characterizations, the undoped and Ni-doped CCTO were 

analyzed with X-ray diffraction technic (XRD), field emission scanning electron 

microscope (FE-SEM), Energy dispersive x-ray spectroscopy (EDX), Raman 

spectroscopy and X-ray photo emission spectroscopy (XPS).  The photo-lithography 

process and the gas sensing measurement is also described. 

4.1 Synthesis undoped and Ni-doped CaCu3Ti4O12 solution with using NiO 

The undoped and Ni-doped CaCu3Ti4O12 (CCTO) thin films were synthesized 

by a sol-gel method using acetic acid as dissolution. Calcium acetate hydrate 

(Ca(C2H3O2)2•xH2O, Sigma, 99%), copper (II) acetatemonohydrate 

(Cu(II)(C2H3O2)•H2O, Fluka, 99%), titanium (IV) isopropoxide (Ti(OCH(CH3)2)4, 

Sigma, 97%),  and nikel oxide (NiO, Company) were used as starting materials. Ni 

doping concentrations were doped with 0, 1, 4, and 7 wt% (0, 16.3, 45.6 and 76.0 

mol%) into the precursors. For preparing Ni doping precursor, the calculated NiO 

(0.0598 g) was dissolved with 25 g of acetic acid at 120 C until it was completed 

dissolved. After that 0.855g of Ca(C2H3O2)2 and 2.943 g of Cu(CO2CH3)2 were added 

into NiO solution, and the mixture was placed on the plate of a magnetic stirrer for 24 

hr at room temperature. The amount of Ti(OCH(CH3)2)4 has to be controlled by 

decreasing the starting amount for more Ni-doping concentrations as shown in Table 

https://en.wikipedia.org/wiki/Nickel(II)_acetate
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4.1. Ethylene glycol (3 mL) and formamide (3 mL) were added together into each 

mixture and the solution was placed on a hot plate at 120 °C for 3-5 hr until 

homogeneous solution was obtained. For undoped CCTO precursor could be prepared 

similarly to above descriptions without adding NiO into the precursor by adding 6.130 

g of Ti(OCH(CH3)2)4 instead. Moreover, the 7 wt% Ni-doped CCTO solution is 

maximum that can be achieved. If Ni-doping concentration is more than 7 wt%, NiO 

is not completely dissolved. The process of synthesis Ni-doped CaCu3Ti4O12 solution 

can be seen in Fig. 4.1. 

 

Figure 4.1: Diagram of undoped and Ni-doped CCTO solution synthesis. 

Table 4.1: Ni-doping concentrations (wt%)  including the weights of nickel oxide 

(NiO) and titanium IV isopropoxide needed to dissolved in 25 g of acetic acid. 

Ni-doping concentrations 

(wt%) 

Weights (g) of NiO 

in 25 g of acetic acid 

Titanium IV 

 isopropoxide (g) 

undoped 0 6.1300 

1 0.0598 6.0687 

 Synthesis Ni doped CCTO solution 

  Ca(C2 H3 O2 )2H2O   0.855 g 
  Cu(II)(C2H3O2)H2O 2.943 g 
       NiO solution for doping 

Ethylene glycol  3 mL 
Formarmide       3 mL 
Ti (IV) - isopropoxide 

Ni-doped CCTO solution 

https://en.wikipedia.org/wiki/Nickel(II)_acetate
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Ni-doping concentrations 

(wt%) 

Weights (g) of NiO 

in 25 g of acetic acid 

Titanium IV 

 isopropoxide (g) 

4 0.1795 5.9460 

7 0.2992 5.8235 

 

4.2 Synthesis undoped and Ni-doped CaCu3Ti4O12 films with using Nickel (II) 

acetate 

 The undoped and Ni-doped CaCu3Ti4O12 films prepared by nickel (II) acetate 

can be done with similar process to Ni-doped CCTO films prepared by NiO as 

described in section 4.1. However, the difference is the amount of Nickel (II) acetate 

used in the experiment. The calculated weight presents of Ni-doping concentrations 

including the amounts of Nickel (II) acetate and titanium IV isopropoxide in grams 

are shown in Table 4.2. 

Table 4.2: Ni-doping concentrations (wt%)  including the weights of nickel (II) 

acetate and titanium IV isopropoxide needed to dissolved in 25 g of acetic acid.  

 

Ni-doping concentrations 

(wt%) 

Weights (g) of nickel (II) 

acetate in 25 g of acetic acid  

Titanium IV 

isopropoxide (g) 

0 undoped 6.1300 

1 0.0598 6.0687 

2 0.1795 5.9460 

3 0.2992 5.8235 

4 0.4188 5.7009 

5 0.5385 5.5783 

https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
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4.3 Spin coating technique 

The undoped and Ni-doped CCTO films were deposited on two types of 

substrates which are alumina and silicon substrates. Silicon and alumina were used as 

a substrate for different proposes. For gas sensor fabrications, a set of films was cast 

on alumina while for some material characterizations, a set of films was cast on 

silicon substrates. This could be because alumina substrate has oxygen atoms in it, 

and that could interfere with the interpretation in some of the characterizations. 

Alumina substrates used in this thesis are made from alumina powders that were 

compact to be dense substrates with the thickness of ~ 0.5 mm. As know alumina 

substrates are good insulator and good thermal conductivity, they normally are used to 

fabricate as substrates for gas sensors. Moreover, they are low cost and can be 

purchased easily from many companies.  

Alumina and silicon substrates were cut into small pieces approximately 

2.5x2.5 and 1x1 cm
2
, respectively. They were cleaned in acetone and isopropanol 

bottles with the help of an ultrasonic cleaner device. Each condition of CCTO 

precursors was coated on the cleaned substrate with the spinning speed of 1500 rpm 

for 40 s using a spin coater (model P6700 series) as shown in Fig. 4.2. Then, the films 

were preheated at 120 °C for 20 min on a hot plate in order to dry the gel and remove 

remaining organic compounds, and the films were annealed at 800 °C for 1 hr in air 

atmosphere in the convection oven for each layer. This whole process one-layered 

film was obtained while the thickness of films was controlled by the number of the 

depositing film layer. Thus, this thesis work I repeated 4 times to obtain four-layered 

films.  
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Figure 4.2: Diagram of synthesis undoped and Ni-doped CCTO thin films. 

 

 

 

 

 

 

 

 Spin coating 
technique 
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Preheated at 120 °C for 20 

Annealed at 800 °C for 20 

Repeated 4 

Ni-doped CCTO films on substrate 4 
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(1500 rpm 40 s) 
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4.4 Characterization of films 

4.4.1 Crystal structure and phase composition of the CCTO thin films  

The crystal structure and phase composition of the CCTO thin films deposited 

on two types of substrates, silicon and alumina substrates were examined by X-ray 

diffraction technique (BRUKER model D8-Discover) (see Fig. 4.3) at Scientific and 

Technological Research Equipment Centre Chulalongkorn University (STREC).  The 

target of X-ray source is made of copper the wavelength of X-ray used in this thesis 

work is Cuk  (    1.54 6  ) ra iatio  with 4     a   4   A.  he X-ray data was 

collected in the 2  range of 20°- 80º with scan step about 0.02 º. 

 

Figure 4.3: The D8-Discover X-ray diffractometer [44]. 

4.4.2 The surface morphology and thickness of the CCTO thin films 

Field emission scanning electron microscope (FESEM) was used to 

characterize the surface morphology and thickness of CCTO thin films. FESEM 

equipment used in this study is located at Thai Microelectronics Center (TMEC), 

Mueang Chachoengsao District. Here in this equipment tungsten is used as the 
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electron source. The voltage used to accelerate electrons to generate electron beam 

was 40 KV and the induced current was 40 mA. After the films were placed on a stub 

with carbon tapes, the surface of CCTO films were coated with gold by sputtering 

technique to avoid electron charging effect on the film surface. Moreover, the film 

thicknesses were approximately determined from the film cross sections. 

 

4.4.3 The chemical composition of the CCTO thin films 

The energy dispersive X-ray spectroscopy was used to investigate the 

elemental composition of the CCTO films on silicon substrate. This characterization 

can be done by energy dispersive x-ray spectroscopy detector used in conjunction 

with Field emission scanning electron microscope (HITACHI SU8030) (see Fig 4.4) 

located at National Nanotechnology Center.  The elemental composition of the CCTO 

films was analyzed at 10 KV energy.  

 

Figure 4.4: Energy dispersive x-ray spectroscopy detector used in conjunction with 

Field emission scanning electron microscope (HITACHI SU8030). 
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4.4.4 The chemical state of Ni-doped CCTO thin films  

X-ray photo emission spectroscopy (XPS: AXIS Ultra DL) was used to 

examine the chemical state of Ni-doped CCTO thin films on silicon substrate with 

using mono-energetic Al αK x-rays radiation. X-ray photoelectron (XPS) machine can 

be seen in Fig 4.5. The chemical state of Ni-doped CCTO thin films were 

characterized at Thailand Center of Excellence in Physics and Petroleum and 

Petrochemical College (PPC) Chulalongkorn University. The 3 wt% and 7 wt % Ni-

doped CCTO with using NiO and 5wt % Ni-doped CCTO with using nickel (II) 

acetate were examined by X-ray photo emission spectroscopy at Thailand Center of 

Excellence in Physics but the XPS spectra signal of 3 wt% and 7 wt % Ni-doped 

CC   with usi g  i  is ’t clear.  herefore  the sa ples were a alyze  agai  to 

confirm chemical state of Ni-doped CCTO thin films by -ray photo emission 

spectroscopy at Physics and Petroleum and Petrochemical College (PPC) 

Chulalongkorn University. 

 

 

Figure 4.5: X-ray photoelectron (XPS) measurement. 

https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
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4.4.5 Vibrational, rotational, and other low-frequency modes of the CCTO thin 

films 

Vibrational, rotational, and other low-frequency modes of undoped and Ni-

doped CCTO thin films deposited on silicon substrate were characterized by Raman 

spectrometer (RENISHAW Qontor) at Thailand National Nanotechnology Center as 

shown in Fig. 4.6. The obtained Raman shifts were examined with a laser source (   = 

532 nm) in the frequencies of the Raman shift range of 100-1000 cm
-1

.   

 

Figure 4.6: Raman spectrometer (RENISHAW Qontor). 

 

4.5 Gas sensing measurements 

4.5.1 Fabrication as gas sensor 

The four-layers films on alumina substrates were patterned with Au/Cr 

electrode to apply as gas sensor devices by photolithography process. In this work, we 

used positive photoresist as connection between films and Au/Cr electrode. When this 

photoresist is exposed with the UV light, it changes the chemical structure of the 
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photoresist so that it becomes more soluble in the developer. The unexposed portion 

of the positive photoresist remains insoluble to the photoresist developer. 

Firstly, the undoped and Ni-doped CCTO films on alumina substrate were 

coated with positive photoresist (S1805) by spin coating technique with the spinning 

speed of 3000 rpm for 90 s as seen in Fig. 4.7. Then, the photoresist was baked at 115 

°C for 60 s on a hot plate in order to hardening the resist.  The coated films with 

photoresist were exposed with the UV light for 35 s after the mask was place above 

the film as seen in Fig. 4.8. The exposed films were removed with developer before it 

was baked to dry at 115 °C for 60 s. Then, all films were coated with a thin layer (50 

nm) of Cr electrode and followed by a thicker layer (300 nm) Au electrode by 

sputtering technique, and the coated films were clean again by acetone in ultrasonic. 

The acetone treatment in ultrasonic affected the removed Cr/Au electrode on film 

surface but the electrode on photoresist remained on film surface as shown in Fig. 4.9. 

Then, the cleaned films were beaked at 400 ºC to remove remaining organic 

compounds on film surface. Then, they were cut to small individual sensor devices as 

shown in Fig. 4.10 and the area of sensor is 2 x 3 mm
2
 and the area of gab film is 100 

μ . 
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Figure 4.7: Spin coating photoresist. 

 

 

Figure 4.8: Exposure to the UV light using a mask aligner. 
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Figure 4.9: The diagram of photolithography. 

 

 

Figure 4.10: Gas sensor device. 
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4.5.2 Gas sensing properties measurements  

Study the gas sensing properties of undoped and Ni-doped CCTO sensors 

were characterized at Thailand National Nanotechnology Center and the measurement 

machine of gas sensing properties is presented in Fig. 4.11.   

 

Figure 4.11: Gas sensing measurement. 

The sensors were placed into chamber under the dry air atmosphere and heated 

with the different operating temperature from 150 to 350 ºC in order to obtain the 

optimum operating temperature.  Then, the tested gas was injected inside the chamber 

and the changed resistance of sensor was measured with computer controlled system. 

In this thesis work, the target gases contained NO2, H2, NH3, H2S and ethanol gas. 

The gas sensing properties of undoped and Ni-doped CCTO sensors were 

characterized in terms of sensor response, response time and recovery time. In 
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addition, Sensor response of undoped and Ni-doped CCTO sensors can be calculated 

in equation (4.1) – (4.2) that are equation for n – type material. 

g

a

R

R
S       for reducing gas    (4.1)  

a

g

R

R
S      for oxidizing gas   (4.2) 

where  Ra is the resistance of the sensor measured in the dry air atmosphere. 

Rg is the resistance of the sensor measured in tested gases. 

In term of response and recovery times, the response time was defined as the 

time reached to 90% of the final signal when exposure to target gas.  The recovery 

time of the sensor was determined similar to response time but it was measured time 

when exposure to air atmosphere as seen in Fig. 4.12.   

 

Figure 4.12: A typical signal of a sensor made from n-type semiconductor under 

reducing gas as a function of time. 
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CHAPTER V 

RESULTS AND DISCUSSION 

5.1 The characterization of crystal structure of undoped CCTO film and Ni-

doped CCTO films prepared by NiO 

The undoped CCTO films and Ni-doped CCTO films prepared by NiO were 

synthesized by a sol-gel method. The films were deposited on substrates for four 

layers and each layer was annealed at 800 °C. The X-ray diffraction (XRD) technique 

was used to study the crystal structure and phase composition of undoped and Ni-

doped CCTO thin films. Fig. 5.1(a) shows XRD patterns of undoped and Ni-doped 

CCTO thin films on silicon substrate. It can be seen that all the films have similar 

diffraction patterns which indicate that all films are polycrystalline. The dominant 

diffraction peaks of silicon substrates were detected in XRD analysis on (200) and 

(400) planes. Moreover, there are the main diffraction peaks of CCTO at 2  = 34.27º, 

49.26º and 61.39º corresponding to the (220), (400) and (422) planes, respectively. 

The main diffraction peaks of CCTO are agreed well with the cubic perovskite CCTO 

(JCPDS 21-0140). The lattice para eter of CC   thi  fil s is 7.324   which ca   e 

calculate   y Bragg’s law equatio  o  (22 ) pla e.  his lattice para eter is slightly 

lower tha  that of  ul  CC   (7.391  ).    a  itio   X D patter s ca   e see  the 

impurity phase of TiO2 rutile at 2  = 27.4º corresponding to the (110) TiO2 plane. 

Overall undoped CCTO film shows the good sharpness of the CCTO peaks compared 

to those of Ni-doped CCTO films.  
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Furthermore, the crystal structure and phase composition of CCTO films 

deposited on alumina substrates were examined by XRD technique. The XRD 

patterns of undoped and Ni-doped CCTO thin films on alumina substrates are shown 

in Fig. 5.1(b). The diffraction peaks of polycrystalline CCTO films on alumina 

substrates can be observed in XRD patterns which is consistent with that of CCTO 

films on silicon substrates. The unknown peaks of XRD patterns of 1 and 4 wt% Ni-

doped CCTO films are observed at 2  = 21.26º and 23.69º. Because alumina 

substrates were used, the appearance of most diffraction peaks is from Al2O3 

polycrystalline phases. Also, XRD patterns present the dominant diffraction peaks of 

gold (Au) electrode which is used to coat on the films.  
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Figure 5.1: (a) XRD patterns of undoped CCTO films and Ni-doped CCTO films 

prepared by NiO on silicon substrates and (b) on alumina substrates annealed at 800 

°C. 
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5.2 The characterization of surface morphology and thickness of undoped CCTO 

films and Ni-doped CCTO films prepared by NiO 

Surface morphologies and film thickness of undoped and Ni-doped CCTO thin 

films annealed at 800 °C on silicon and alumina substrates are shown in Fig. 5.2 and 

5.3, respectively. In Fig. 5.2(a)-(d), it could be observed that the size of granular 

particles is smaller as the doping level is higher. The granular particles for undoped 

CCTO are about 110 nm which are randomly distributed through the surface besides 

some big rods with the length of 480 nm.  The average diameters of granular particles 

for Ni-doped CCTO are approximately 60 nm. Moreover, surface morphologies of 7 

wt% Ni-doped CCTO exhibited the highest porosity compared to that of undoped, 1 

wt% and 4 wt% Ni-doped CCTO film. The film thickness of each film was examined 

from the cross section images shown on the right side in Fig. 5.2(a)-(d). The interface 

between bottom film layer and silicon substrate top layer is quite clear. The thickness 

of four-layered films of undoped and 1 wt% Ni-doped CCTO on silicon substrates is 

approximately 540-600 nm whereas that of 4 wt% and 7 wt% Ni-doped CCTO is 

approximately 400 nm. This could be because 4 wt% and 7 wt% Ni-doped CCTO 

films have smaller grains and more pores.  With the process of depositing layer by 

layer, when the next precursor was deposited on to the previous film surface it tends 

to cover pores as well as the whole surface. Fig. 5.3(a)-(d) also shows cross section 

images of the film on alumina substrate. It can be seen clearly that the surface of 

alumina substrates is very rough and the obtained four-layered film thickness range is 

very wide (~200-700 nm).  In the case of surface morphologies of the films on 

alumina substrates, granular particles on the surface were observed as well but the 

film surface is more rough than in the case of the films on silicon substrates. The 
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roughness on the surface may be come from clusters aggregated on the film surface. 

This could be due to depositing only few layers on rough alumina substrates. The 

cluster forms can be seen clearly on the surface of Ni-doped CCTO films with smaller 

thickness especially for 4 wt% and 7 wt% Ni-doped CCTO films as shown in Fig. 

5.3(b) and (c), respectively. The 7 wt% Ni-doped CCTO thin film on alumina 

substrate exhibited the highest film porosity and smallest film thickness ~ 300 nm. An 

average size of clustered particles is approximately 350 nm. The size of granular 

particles on the film surface deposited on alumina substrates is smaller with 

increasing Ni doping concentrations in the film. Also the granular particles are 

slightly smaller than those found in the films on silicon substrates. The average 

diameters of granular are approximately 45 nm.  
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Figure 5.2: The FESEM images of undoped and Ni-doped CCTO thin films prepared 

by NiO on silicon substrates.  
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Figure 5.3: The FESEM images of undoped and Ni-doped CCTO thin films prepared 

by NiO on alumina substrates. 
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5.3 The characterization of elemental composition of undoped and Ni-doped 

CCTO films prepared by NiO 

Fig. 5.4(a) and (b) show the EDX spectra of undoped and 7 wt% Ni-doped 

CCTO film, respectively. Chemical elements in both undoped and 7 wt% Ni-doped 

CCTO film were confirmed by EDX spectra. Table 5.1 presents the data base for the 

element types and energy of X-ray emission lines of each element. Calcium (Ca), 

copper (Cu), titanium (Ti), and oxygen (O) in films are present in both films. Signal 

due to nickel (Ni) was only observed in Ni-doped CCTO films. In addition, Ni signal 

in 7 wt% Ni-doped CCTO film appeared nearby Cu signal and the intensity of Ni 

signal is quite strong, almost equal to Cu signal. Moreover, the concentrations both by 

weight % and atomic % of each elemental composition in undoped and Ni-doped 

CCTO films were analyzed by EDX technique and these values are shown in Table 

5.2. Figure 5.5(a) shows the plot of measured Ni doping concentrations and the 

calculated concentration of Ni added in precursor solutions. The measured Ni doping 

concentrations increase with increasing the Ni-doping concentration in precursor 

solutions. A linear trend with the slope equal to 0.68 0.04  which is nearly one is 

obtained. Moreover, the measured Ti concentrations decrease linearly with increasing 

the concentrations of Ni in precursor solutions as presented in Fig. 5.5(b). This 

suggested that some Ti atoms were replaced by Ni atoms due to the atomic radius of 

Ni (149 pm) is near to the atomic radius of Ti (176 pm). In addition, the substitution 

of Ni into Ti sites increases with increasing Ni-doping concentrations. From these 

results, they can be confirmed that Ni is doped into the Ni-doped CCTO films. 
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Figure 5.4: EDX spectra of (a) undoped CCTO thin film and (b) 7 wt% Ni-doped 

CCTO thin film. 
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Table 5.1: Database of EDX spectra between element types and energy of X-ray 

emission lines. 

Element 
1k  (keV) 

1k  (keV) 
1L  (keV) 

Ca 3.69168 4.0127 0.3413 

Cu 8.04778 8.90529 0.9297 

Ti 4.51084 4.93181 0.4522 

O 0.5249 - - 

Ni 7.47815 8.26466 0.8515 

Si 1.73998 1.83594 - 

 

Table 5.2: The concentrations of elemental composition by weight% and atom% of 

undoped and Ni-doped CCTO films on silicon substrate prepared by NiO. 

Element  

undoped 

CCTO 

(Weight%) 

1 wt% 

Ni-doped 

CCTO 

(Weight%) 

4 wt% 

Ni-doped 

CCTO 

(Weight%) 

7 wt% 

Ni-doped CCTO 

(Weight%) 

Ca 9.01 8.25 8.29 7.65 

Cu 11.95 11.18 10.09 14.24 

Ti 43.38 41.03 40.16 36.74 

O 35.65 38.55 38.23 36.59 

Ni 0 0.99 3.23 4.78 
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Table 5.2: The concentrations of elemental composition by weight% and atom% of 

undoped and Ni-doped CCTO films on silicon substrate prepared by NiO. (cont) 

Element   

undoped 

CCTO 

(Atomic%) 

1 wt% 

Ni-doped CCTO 

(Atomic%) 

4 wt% 

Ni-doped CCTO 

(Atomic%) 

7 wt% 

Ni-doped CCTO 

(Atomic%) 

Ca 6.34 5.61 5.67 5.38 

Cu 5.3 4.8 4.35 6.31 

Ti 25.53 23.38 22.98 21.16 

O 62.82 65.75 65.49 64.42 

Ni 0 0.46 1.51 2.29 
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Figure 5.5: EDX spectra of (a) the plot of measured Ni-doping concentrations and the 

concentration of Ni in precursor solutions and (b) the correlation between the 

concentration of Ni atom percent and Ti atom percent. 
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5.4 The characterization of information on molecular vibrations and crystal 

structures of undoped and Ni-doped CCTO films prepared by NiO 

The Raman spectroscopy was used to analyze the vibrational, rotational, and 

other low-frequency modes of undoped and Ni-doped CCTO thin films. The set of 

CCTO films used in this study was grown on silicon substrates. The Raman spectra in 

the Raman shift range of 100-1000 cm
-1

 for the CCTO films are shown in Fig. 5.6(a). 

It can be observed that the intensity signal of undoped CCTO film is much stronger 

than that of Ni-doped CCTO films. Figure 5.6(b) presented the comparison of Raman 

spectra of all Ni-doped CCTO films.  It can be seen that the frequencies of the Raman 

bands at  445 and 509 cm
−1

 are associated to TiO6 rotation-like modes, whereas Ti–

O–Ti antistretching vibrations of TiO6 octahedra shows at 577 cm
−1

 [7].  The bending 

vibration mode of (O-Ti-O) in CaTiO3 presents at 246 cm
−1

 [22]. Moreover, the 

frequencies of the Raman bands for rutile TiO2 are at 145, 417 and 608 cm
-1

 [45, 46]. 

The frequencies of the Raman bands at 288 cm
-1

 are associated to CuO phase [7]. The 

new frequencies of the Raman bands were found specifically in Ni-doped CCTO 

films are at 345, 395 and 709 cm
-1  

[46]. The intensity of Ni signals at 345, 395 and 

709 cm
-1

 increase with increasing Ni doping concentration. These signals are 

suggested that is the breathing mode of the NiO6 octahedral units.  Therefore, it is 

supporting the hypothesis of Ti substitution upon Ni-doping based on the EDX 

results. 
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Figure 5.6: (a)  a a  spectra of u  ope  a    i- ope  CC   fil s a   ( )  a a  

spectra of  i- ope  CC   fil s a  eale  at 8     C o  silico  su strate.  
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5.5 The characterization of oxidation state of 7 wt% Ni-doped CCTO films 

prepared by NiO 

The chemical state of Ni-doped CCTO thin films were identified by X-ray 

photoelectron (XPS) measurement located at Petrochemical College (PPC) 

Chulalongkorn University. The XPS survey spectrum or full spectrum is illustrated in 

Fig. 5.7(a) presenting five elements (O, Ca, Cu, Ti and Ni) in the Ni -doped CCTO 

films. As shown in Fig. 5.7(b) displaying XPS spectra of O 1s, the main peak of O 1s 

is at 529.6 associated to substitutional oxygen atoms and the second main peak is at 

531.6 eV associated to chemiabsorbed oxygen atoms [22]. As presented in Fig. 5.7(c), 

the Ca 2p XPS spectrum show the binding energies at 350.0 and 346.5 eV for Ca 2p1/2 

and Ca 2p3/2, respectively. These peaks can be assigned to calcium in +2 oxidation 

state [47, 48].  The presence of copper in 2+ oxidation state in the films is evidenced 

from the binding energy of the Cu 2p1/2 and Cu 2p3/2 at 954.0 eV and 933.9 ev, 

respectively as shown in Fig. 5.7(d) [49, 50]. Their satellite peaks of the Cu 2p1/2 and 

Cu 2p3/2 can be also observed at binding energy at 962.2 and 942.2 eV, respectively 

[51]. The binding energies of Ti 2p1/2 and Ti 2p3/2 are at 463.9 and 458.2, respectively 

as shown in Fig. 5.7(e). Both Ti 2p binding energies show the oxidation state of Ti
4+ 

that agrees with the report by Haoa, W. et.al [52]. In the case of core level Ni 2p, Ni 

2p1/2 peak is located at 873.1 eV and Ni 2p3/2 peak is located at 855.5 eV 

corresponding to nickel in +2 oxidation state [24, 53, 54] as presented in Fig. 5.7(f).  

Moreover, the satellite peaks of Ni can be seen at binding energies at 879.6 and 861 

eV for Ni 2p1/2 and Ni 2p3/2, respectively [56, 25]. The oxidation state of Ni can be 

confirmed that a chemical state of Ni is only 2+ not 3 + and 0.   
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Figure 5.7: XPS spectra of (a) survey spectrum, (b) O 1s, (c) Ca 2p, (d) Cu 2p, (e) Ti 

2p, and (f) Ni 2p core levels for 7 wt% Ni-doped CCTO films.  
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5.6 Characterization of the gas sensor properties of undoped CCTO films and 

Ni-doped CCTO films prepared by NiO 

The undoped and Ni-doped CCTO gas sensor films were fabricated and their 

gas sensing properties were characterized. For gas sensing measurements, the target 

gases are H2S, NO2, H2, NH3 and ethanol gas testing in the operating temperature 

range of 150 to 350 °C.  Based on the previous study in our laboratory, first I will 

focus on testing the sensor response towards H2S in the 0.2-10 ppm concentration 

range [22].  

                

Figure 5.8: Sensor response of of Ni-doped CCTO sensors prepared by NiO as a 

function of temperature towards 10 ppm H2S. 
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Figure 5.9: Sensor response of Ni-doped CCTO sensors prepared by NiO as a 

function of H2S concentrations at 250 ºC. 

The sensor response for reducing gas was calculated by using S = Ra/Rg ratio, 

where Ra is the resistance value under the air atmosphere and Rg is the resistance 

value under the injection of the target gas. Generally, it is well known that the 

optimum temperature highly affects the sensor response. Fig. 5.8 shows the sensor 

response towards H2S as a function of operating temperature in the temperature range 

of 150-350 ºC. It can be seen that the sensor response of undoped, 4 wt% and 7 wt% 

Ni-doped CCTO films increases with increasing the operating temperature up to 250 

ºC while for that of 1 wt% Ni-doped CCTO increases up to 300 ºC, and then 

decreased. The highest sensor response at 250 ºC of undoped, 4 wt% and 7 wt% Ni-

doped CCTO films is 12, 53 and 112, respectively but the highest sensor response of 

1 wt% Ni-doped CCTO film is 35 at 300 ºC. The varying optimum temperature of 

films can be described with the relation between the temperature and the speed of 

chemical and diffusion reactions. The speed of chemical reaction affects the sensor 
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response that will be limited at low operating temperature. For high temperature, the 

speed of diffusion of the target gas molecules is low which is a limitation for the 

sensor response. Therefore, the sensor response is the maximum at the intermediate 

optimum temperature when the speed of diffusion of the target gas molecules is equal 

to the speed of chemical reaction [28].  However, the undoped and Ni-doped CCTO 

films were suggested that the optimum temperature for H2S detection is 250 °C. The 7 

wt% Ni-doped CCTO film presented the best sensor response that the sensor response 

was twelve times better than that of undoped CCTO film. Moreover, it can be seen 

that the sensor response depends on H2S concentration as presented in Fig. 5.9. The 

sensor response increases with increasing H2S concentration. The highest sensor 

response of undoped and Ni-doped CCTO films is at 10 ppm H2S and the 7 wt% Ni-

doped CCTO film show the excellent sensor response of 112 towards 10 ppm of H2S 

at 250 ºC.  

 

Figure 5.10: Resistance curve of Ni-doped CCTO sensors prepared by NiO as a 

function of time under 0.2-10 ppm H2S concentrations. 
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The dynamic resistance curve of undoped and Ni-doped CCTO films under 

exposure to varying H2S concentrations at 250 ºC are shown in Fig. 5.10. The sensor 

exhibited best sensor response in this temperature due to it was suggested to the 

optimum temperature. It can be seen that the resistance of films is 10
7
-10

8
   under an 

air atmosphere. As H2S (reducing gas) was injected into the chamber, the resistances 

of sensor were decreased. This can be explained by the reactions between the oxygen 

species and a reducing gas (see the explanation in the gas mechanism later on). The 

reduction of resistance is a behavior towards a reducing gas so this can be confirmed 

that undoped and Ni-doped CCTO films are n-type semiconductor that agrees with 

previous work [22]. In addition, when the sensor is exposed to H2S the resistance of 

undoped CCTO sensor change less than that of Ni-doped CCTO sensor. The changing 

resistance of Ni-doped CCTO increases with increasing Ni-doping concentrations and 

H2S concentrations. The 7 wt% Ni-doped CCTO presented highest changing in 

resistance. 
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Figure 5.11: (a) Response time curve and (b) recovery time curve of Ni-doped CCTO 

sensors prepared by NiO sensor in the range of 0.2 to 10 ppm H2S concentrations. 
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Other important gas sensing properties are the response time and the recovery 

time.  The good sensor exhibits a small value of the response and recovery times. The 

response and recovery characteristics of the Ni-doped CCTO films as a function of 

0.2-10 ppm H2S concentrations at 250 °C is shown in Fig. 5.11.  In Fig. 5.11(a), it can 

be observed that the response time of undoped and Ni-doped CCTO films decreases 

with increasing H2S concentrations. The minimum response times are at 10 ppm of 

H2S which is the maximum H2S concentration used in this study. The response time 

for 10 ppm H2S of undoped CCTO is 58 s while the response time of Ni-doped films 

drop to 20, 7 and 5 s for 1, 4 and 7 wt% Ni-doping concentration, respectively. 

Moreover, it can be seen that the undoped CCTO film showed the response time more 

than ten times that of Ni-doped CCTO sensor. The 7 wt% Ni-doped CCTO sensor 

exhibited the minimum response time. The recovery time under various H2S 

concentration at 250 °C is presented in Fig. 5.11(b). The recovery time of undoped 

and Ni-doped CCTO sensors increases strongly with increasing H2S concentrations up 

to 1 ppm. After that the recovery time increase gradually with increasing H2S 

concentrations up to 10 ppm H2S. The recovery time of 7 wt% Ni-doped CCTO 

sensor operated at 10 ppm H2S is the maximum at ~1220 s.  

As mention earlier, the undoped and Ni-doped CCTO films were tested 

towards different types of gases such as H2S, NO2, H2, NH3 and ethanol gas at 250 ºC. 

Table 5.3 shows the sensor response of undoped and Ni-doped CCTO films toward 

different types of gases. The response as a function of Ni-doping concentration were 

plotted as linear and log scales as shown in Fig. 5.12. It can be seen that the sensor 

response of films exposed to NH3 at 2000 ppm and ethanol gas at 2000 ppm is less 

than 2 exhibiting poor sensor response towards these two gases. For H2 testing to be 
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detectable, the H2 concentration needs to be very high about 30000 ppm. As espected, 

the undoped and Ni-doped CCTO sensor illustrated the best sensor response towards 

H2S. However, the undoped and Ni-doped CCTO sensor showed a moderate sensor 

response under NO2 at 5 ppm as seen in inset Fig. 5.14. This result is similar to Wang, 

Y. research [28]. 

Table 5.3: Sensor response of undoped and Ni-doped CCTO sensor towards various 

gases. 

Ni-doping 

concentration 

(wt%) 

Sensor response, R 

H2S 

(10 ppm) 

    NO2 

(5 ppm) 

H2 

 (30000 ppm) 

NH3 

(2000 ppm) 

Ethanol 

(2000 ppm) 

undoped 12 1.30 1.1 1.2 1.7 

1 35 5.03 2.29 1.21 1.29 

4 53 4.33 2.23 1.25 1.07 

7 112 5.54 3.93 1.11 1.96 
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Figure 5.12: Selectivity of undoped and Ni-doped CCTO sensors prepared by nickel 

oxide towards H2S, NO2, H2, NH3 and ethanol gas. 

 

 

Figure 5.13: Resistance curve as a function of time under 5 ppm NO2 concentrations.  
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Undoped and Ni-doped CCTO film sensors were exposed to NO2 and the 

resistance curve as a function of time under 5 ppm NO2 was obtained as shown in Fig. 

5.13.  It can be seen that the resistance of Ni-doped CCTO sensor increases when NO2 

was absorbed on sensor surface. However, the undoped CCTO sensor exhibited a 

smaller increase in resistance. The enhancement in resistance can be described with 

gas mechanism of the film and NO2 gas as explained in the section 5.11. The increase 

in resistance towards an oxidizing gas like NO2 of the films represented n-type 

semiconductor behavior of undoped and Ni-doped CCTO films. Even though I did not 

test the optimum temperature for NO2. In comparison with the results from Y. Wang 

et al. [28], the optimum operating for NO2 is expected to be lower than 250 ºC and 

this could lead to enhance the response about two times.  
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5.7 The characterization of crystal structure of undoped CCTO films and Ni-

doped CCTO films prepared by nickel (II) acetate 

The XRD patterns of Ni-doped CCTO thin films with using nickel (II) acetate 

which were prepared by sol-gel method are shown in Fig. 5.14. XRD patterns of 

undoped and Ni-doped CCTO thin films on silicon substrate are illustrated in Fig. 

5.14(a). It can be seen that all films have similar diffraction patterns and it is also 

similar to XRD patterns of undoped and Ni-doped CCTO thin films prepared by NiO. 

The presence of dominant diffraction peaks are silicon substrate at 2  = 33.03º and 

69.18º associated with (200) and (400) planes.   Moreover, the XRD patterns indicate 

that the films are cubic perovskite CCTO structure (JCPDS 21-0140) due to the main 

diffraction peaks of CCTO appear at 2  = 34.27º, 49.26º and 61.39º corresponding to 

the (220), (400) and (422) planes, respectively. The lattice para eter of CC   thi  

fil  is 7.351   that it is slightly lower tha  that of  ul  CC   (7.391 A).    a  itio   

the impurity phase of TiO2 also appear at 2  = 27.44º corresponding to the (110) 

plane of TiO2 rutile. The appeared impurity phase is similar to XRD patterns of 

undoped and Ni-doped CCTO thin films using NiO as a dopant material. Fig. 5.14(b) 

shows the XRD patterns of undoped and Ni-doped CCTO thin films on alumina 

substrate. It can be seen that XRD patterns is similar to XRD patterns of undoped and 

Ni-doped CCTO thin films prepared by NiO. It was observed that the diffraction 

peaks of undoped and Ni-doped CCTO films deposited on alumina substrates are the 

same as seen in that of the films grown on silicon substrates. Thus, the crystal 

structure of CCTO films are independent of the types of substrates used in this study. 

Moreover, the most dominant diffraction peaks are from gold (Au) electrode and 

Al2O3 substrates.   

https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
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Figure 5.14: XRD patterns of (a) undoped and Ni-doped CCTO thin films prepared by 

nickel acetate on a silicon and (b) alumina substrate annealed at 800 °C. 
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5.8 The characterization of surface morphology and thickness of undoped CCTO 

films and Ni-doped CCTO films prepared by nickel acetate 

Figure 5.15 shows surface morphologies and film thickness of films prepared 

by nickel (II) acetate on silicon substrate. In Fig. 5.15(a), the surface morphologies of 

undoped CCTO films displayed both the granular and rods which are about 110 and 

480 nm, respectively. While Ni-doped CCTO films exhibited the granular particles 

which are approximately 64 nm in Fig5.15(b) - (f) and it can be seen some clustered 

forms of the granular with the average diameters ~ 325 nm in 4 wt% Ni-doped CCTO 

film. The porosity can be also observed on surface of film. The porosity of Ni-doped 

CCTO films is higher than the undooped CCTO and the 4 wt% Ni-doped CCTO films 

shown the highest porosity. Moreover, the thickness of films could be observed from 

the cross section images on the right side in Fig. 5.15 – 5.16. It is about 540 nm for 

undoped CCTO film whereas that the obtained four-layered thickness ranges of Ni-

doped CCTO films is approximately 350 – 450 nm. The 4 wt% Ni-doped CCTO is the 

least thickness due to it is the highest porosity.   For films on alumina substrate as 

shown in Fig. 5.16, the surface morphologies of undoped films shown granular 

particles and rods similar to surface morphologies of films on silicon substrate but the 

granular and rods is smaller size. The Ni-doped CCTO films displayed the granular 

and clusters particles and the average size are approximately 44 and 305 nm, 

respectively. Fig. 5.16 also shows cross section images of the film on alumina 

substrate. It can be seen that the film surface and alumina substrate are rough similar 

to Ni-doped CCTO films prepared by NiO. The thickness of undoped CCTO films is 

higher than Ni-doped CCTO films. The obtained thickness of undoped CCTO films is  
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approximately 630 nm and Ni-doped CCTO in the range is 320 -520 nm.

 

Figure 5.15: The FESEM images of undoped and Ni-doped CCTO thin films prepared 

by nickel acetate o  silico  su strate. 
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Figure 5.15: The FESEM images of undoped and Ni-doped CCTO thin films prepared 

by nickel acetate o  silico  su strate. (co t) 
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Figure 5.16: The FESEM images of undoped and Ni-doped CCTO thin films prepared 

by nickel acetate o  alu i a su strate. 
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Figure 5.16: The FESEM images of undoped and Ni-doped CCTO thin films prepared 

by nickel acetate o  alu i a su strate. (co t) 
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5.9 The characterization of elemental composition of undoped CCTO films and 

Ni-doped CCTO films prepared by nickel (II) acetate 

We will do the same analysis with the resulting Ni-doped CCTO films 

prepared by nickel acetate on characterizing the chemical elements as in Ni-doped 

CCTO films prepared by nickel oxide. Here 5 wt   i- ope  CC   thi  fil  

prepared by nickel acetate is used for this analysis. The spectra confirm the presence 

of calcium (Ca), copper (Cu), titanium (Ti), and oxygen (O) in films and nickle (Ni) 

signal is only observed in the doped film as presented in Fig. 5.15(a) and (b). Fig. 

5.16 shows plot of measured Ni doping concentrations obtained by EDX 

measurement and the concentration of Ni in precursor solutions prepared by nickel 

acetate. The measured Ni doping concentrations increase with increasing the 

concentration of Ni in precursor solutions yielding a slope of 0.73 0.05  which is 

very close to 1. The substitution of Ni into Ti sites is still in the argument because the 

measured Ti concentrations do not decrease linearly with increasing Ni-doping 

concentrations. However, in some chosen data set, the measured Ti concentrations 

decrease linearly with increasing Ni-doping concentrations. It could be conclude that 

Ni is doped into the Ni-doped CCTO films prepared by nickel acetate as well as the 

films prepared by nickel oxide. 

 

 

https://en.wikipedia.org/wiki/Nickel(II)_acetate
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Figure 5.17: EDX spectra of (a) undoped CCTO thin film and (b) 5 wt% Ni-doped 

CCTO thin film prepared by nickel acetate. 
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Table 5.4: The concentrations of elemental composition by weight% and atom% of 

undoped and Ni-doped CCTO films on silicon substrate prepared by nickel (II) 

acetate.  

Element 

undoped 

CCTO 

(Weight%) 

1 wt% 

Ni-doped 

CCTO 

(Weight%) 

2 wt% 

Ni-doped 

CCTO  

(Weight%) 

3 wt% 

Ni-doped 

CCTO 

(Weight%) 

4 wt% 

Ni-doped 

CCTO 

(Weight%) 

5 wt% 

Ni-doped 

CCTO 

(Weight%) 

Ca 9.01 7.48 7.18 7.92 7.5 8.69 

Cu 11.95 14.3 12.38 21.69 18.35 17.77 

Ti 43.38 40 42.01 35.08 37.12 35.31 

O 35.65 37.48 37.17 32.85 33.46 34.34 

Ni 0 0.74 1.26 2.46 3.56 3.89 

 

Element 

undoped 

CCTO 

(Atom%) 

1 wt% 

Ni-doped 

CCTO 

(Atom%)  

2 wt% 

Ni-doped 

CCTO  

(Atom%) 

3 wt% 

Ni-doped 

CCTO 

(Atom%) 

4 wt% 

Ni-doped 

CCTO 

(Atom%) 

5 wt% 

Ni-doped 

CCTO 

(Atom%) 

Ca 6.34 5.18 4.98 5.87 5.5 6.29 

Cu 5.3 6.25 5.42 10.14 8.49 8.12 

Ti 25.53 23.19 24.39 21.76 22.78 21.39 

O 62.82 65.04 64.61 60.99 61.45 62.28 

Ni 0 0.35 0.59 1.25 1.78 1.92 
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Figure 5.18:  he plot of measured Ni doping concentrations obtained by EDX 

measurement and the concentration of Ni in precursor solutions prepared by nickel 

(II) acetate. 
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5.10 The characterization of oxidation state of 5 wt% Ni-doped CCTO films 

prepared by nickel (II) acetate  

X-ray photoelectron (XPS) spectra of 5 wt% Ni-doped CCTO thin film on 

silicon substrate are presented in Fig. 5.17. XPS measurements were done in the 

laboratory sponsored by Thailand Center of Excellence in Physics. Different elements 

namely O, Ca, Cu, Ti and Ni were found in XPS survey spectra in Fig. 5.17(a).  In 

Fig. 5.17(b), O 1s core level spectra consist of substitutional oxygen and chemisorbed 

oxygen at 529.6 and 531.6 eV, respectively [22]. The Ca 2p XPS spectrum of the film 

are shown in Fig. 5.17(c). The binding energies of Ca 2p1/2 and Ca 2p3/2 are 350 eV at 

346.5 eV, respectively and these peaks are assigned to Ca
2+

 in the films [47, 48].  For 

the core level of Cu 2p, there are four binding energies observed shown in Fig. 

5.17(d). The Cu 2p1/2 and Cu 2p3/2 peaks located at 954.0 and 933.9 eV, respectively 

are corresponded to copper in 2+ oxidation state and an appearance of satellite peaks 

are at 962.2 and 942.2 eV, respectively [49, 50]. In case of titanium spectrum, Ti 2p3/2 

and Ti 2p1/2 peaks from the spin orbit doublets are at 458.4 eV and 464.2, respectively 

for which Ti is present in a chemical state of 4+ as seen in Fig. 5.20(e) [52]. Finally, 

core level of Ni 2p can be observed four peaks shown in Fig. 5.17(f) at which the 

main peaks are Ni 2p1/2 and Ni 2p3/2 [25, 53, 54]. The Ni 2p1/2 and Ni 2p3/2 peaks are 

located at 873.1 eV and 855.5 eV, respectively along with their satellite peaks at 

879.6 and 861 eV, respectively [25, 53]. These peaks are attributed to Ni
2+

 in the film. 

It could be concluded that XPS results confirm the evidence of Ni atom presence in 

the doped films similar to EDX results.   

https://en.wikipedia.org/wiki/Nickel(II)_acetate
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Figure 5.19: XPS spectra of 5 wt% Ni-doped CCTO film on silicon substrate. 
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5.11 Characterization of the gas sensor properties of undoped CCTO films and 

Ni-doped CCTO films prepared by nickel (II) acetate 

Fig. 5.18(a) shows the sensor response towards H2S dependent on the 

operating temperature range of 150-350 °C. It can be seen that the sensor response of 

films increases with the operating temperature up to 300 °C. Then, the sensor 

response is reduced after 300 °C. From the sensor curve of H2S, the undoped and Ni-

doped CCTO films were suggested that the optimum temperature for H2S detection is 

300 °C. This operating temperature is slightly higher than that of the results obtained 

from the CCTO films prepared by NiO (operating temperature at 250 °C.). In 

addition, it can be seen that the sensor response increases with increasing H2S 

concentration as presented in Fig. 5.18(b). However, the increasing of the response for 

this set of films is more dramatic than that of the films prepared by NiO. The 5 wt% 

Ni-doped CCTO film presented the maximum sensor response of 175 at 10 ppm H2S 

while the undoped CCTO exhibited the sensor response of 10.  

 

 

https://en.wikipedia.org/wiki/Nickel(II)_acetate
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Figure 5.20: (a) Sensor response of films as function of temperature towards10 ppm 

H2S and (b) sensor response as function of H2S concentrations at 300 °C. 
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Figure 5.21: Resistance curve of Ni-doped CCTO sensors prepared by nickel acetate 

as function of time under exposure to 0.2-10 ppm H2S concentrations at 300 ºC. 

Fig. 5.19 shows resistance curve of undoped and Ni-doped sensors exposure to 

H2S at different concentrations at 300 ºC. Under air atmosphere, the resistance of 

undoped and Ni-doped CCTO sensors prepared by nickel acetate is 10
7
-10

8
 ( ) and it 

was reduced when H2S was flown into the chamber. Therefore, the behavior of these 

films behaves like an n-type semiconductor.  Furthermore, Ni-doping concentration 

affects the changing in resistance. The reduction in the resistance is more seen in the 

films with more Ni doping concentrations. Surprisingly, a maximum change of 

resistance was observed for 4 wt% Ni-doped CCTO under 10 ppm H2S. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 95 

 

Figure 5.22: (a) Response time curve and (b) recovery time curve of Ni-doped CCTO 

sensors prepared by nickel acetate in the range of 0.2 -10 ppm H2S concentrations at 

300 °C. 
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The dependence of the response time of undoped and Ni-doped CCTO films and H2S 

concentrations is shown in Fig. 5.20(a).  It can be observed that the response time of 

the films shows the decreasing as increasing H2S concentrations up to 10 ppm H2S. 

Firstly, the response time shows a dramatic drop up to 5 ppm and then shows a slow 

drop up to 10 ppm due to the saturation of gas absorption dynamic at high H2S 

concentration. Moreover, it can be seen that the Ni-doped CCTO films showed the 

response time smaller than that of undoped CCTO film. For example, the response 

time of the 4 wt% Ni-doped CCTO operated at 300 °C to 10 ppm H2S presented 

highest sensor response was found to decrease to 4 s from ~ 20 s which is the 

response time of the undoped film operated at the same gas testing conditions. Fig. 

5.20(b) shows the recovery time of the film sensors under various H2S concentration 

at 300 °C. The recovery time increases with increasing H2S concentrations. The 

undoped CCTO and the 4 wt% Ni-doped CCTO exhibited recovery time of ∼1300 

and ∼1000 s, respectively. The desorption of H2S from the CCTO film surface is 

quite slow yielding the large recovery time after the exposure to NO2 gas. The 

recovery time of Ni doped CCTO is less than that of undoped CCTO. Therefore, it 

could be concluded that Ni doping using nickel acetate in the Ni-doped CCTO film 

preparation improves both recovery and response times of the sensors.  
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Table 5.5: The sensor response of films under tasted different gases namely, H2S, NO2 

H2, NH3 and ethanol gas. 

Ni-doping 

concentration 

(wt%) 

Sensor response, R 

H2S 

(10 ppm) 

    NO2 

(5 ppm) 

H2 

 (30000 ppm) 

NH3 

(2000 ppm) 

Ethanol 

(2000 ppm) 

undoped 10 1.26 1.5 1.27 1.6 

1 58.1 4.98 1.6 1.16 3.99 

2 76.8 10.4 1.06 2.6 4.58 

3 98 2.83 1.43 1.41 4.11 

4 175 3.48 1.04 1.62 2.18 

5 113.4 3.05 1.45 1.18 4.2 

 

 

Figure 5.23: Selectivity of undoped and Ni-doped CCTO sensors prepared by nickel 

acetate towards various tested gases. 
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The gas sensor response to various tested gases (NO2, H2, NH3, H2S and 

ethanol gas) at 300 ºC is compared as seen Fig. 5.21.  The undoped and Ni-doped 

CCTO films appeared poor sensor response towards NO2, H2, NH3 and ethanol gas 

but they performed the best sensor response towards H2S. The trend of H2S 

concentrations is clear that the sensor response increase with increasing H2S 

concentrations except for 5 wt%. The 4 wt% Ni-doped CCTO sensors exhibit the 

highest response of 175 under 01 ppm H2S, while the sensor response towards NO2, 

H2, NH 3 and ethanol gas is 3, 1, 2 and 2, respectively. It is clearly to conclude that Ni-

doped CCTO film sensors prepared by nickel acetate illustrated better sensor response 

than that of the films prepared by nickel oxide whereas the selectivity towards H2S is 

not better (see the comparison between Fig. 5.12 and Fig. 5.21). As seen in Fig. 5.22, 

the resistance changes of undoped and Ni-doped CCTO films prepared by nickel 

acetate after exposure to NO2 is not that much. Therefore, the result from Y. Wang et 

al. [28] and the undoped and Ni-doped CCTO films prepared by nickel oxide is better.  

 

Figure 5.24: The resistance change of undoped and Ni-doped CCTO films prepared 

by nickel acetate exposed to 5 ppm NO2 concentration.  
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5.11 Gas sensing mechanism for H2S and NO2  

In this section, I will explain gas sensing mechanism of Ni-doped CCTO 

sensors upon the exposure to H2S and NO2. Undoped CCTO and Ni-doped CCTO 

films prepared by NiO and Ni acetate are n-type semiconductor oxide. As known H2S 

is the reducing gas while NO2 is the oxidizing gas. Their gas sensing mechanisms are 

discussed as the following:  

1. The effect of surface reactions between adsorbed oxygen and tested gas  

The principle of metal oxide gas sensor depends upon the oxygen 

concentration and its rate of adsorption and desorption. Oxygen molecules from the 

atmosphere are absorbed on the surface of the sensor and act as an electron acceptors 

and then get ionized to become adsorbed oxygen species (O2
-
, O

-
) on the surface. 

Below the temperature of 200 °C, O2 can accept one electron from the metal oxide 

surface to become O
-
, and above 200 °C, it can accept two to become O

-
 according to 

Equation (2.14)-(2.17) in section 2.3.2. In this case, the sensor response of CCTO 

sensor was measured at 150-250 ºC. Therefore, the absorbed oxygen in ionic forms on 

the film surface become both types of oxygen species (O2
-
, O

-
). During the adsorption 

process, the width of space charge region increases and hence the height of potential 

barrier increases. This reduces the conduction of electron between the grains. 

As described in section 2.3.1, Equation (2.13) describes the adsorption process 

in the case of oxygen deficient sites on the metal oxide surface. Oxygen molecules 

from the ambient diffuse to the oxygen vacant sites in metal oxide surface by 

extracting free electrons. Thus, the chemisorption of oxygen molecules reduces the 

mobility of electrons leading to reduction in conductance in n-type materials 
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As the sensor is exposed to H2S, the adsorbed oxygen species react with H2S. 

The reaction between adsorbed O
2- 

and H2S are shown in Equation (5.1) – (5.2) [18]. 

The reaction releases a large number of electrons into the conduction band along with 

the bi-product of sulfur dioxide (SO2) and water vapor (H2O), so the enhancements of 

electron into conduction lead to the reduction of resistance. This reaction often 

happens in dense oxygen atmosphere. 

1

2 2 2 22 3 2 3k

adsorbed adsorbedH S O SO H O e          (5.1) 

22

2 2 23 6k

adsorbed adsorbedH S O SO H O e          (5.2) 

3 2

2 4 25 3 6
kx

lattice adsorbed OO H S SO H O V e           (5.3) 

At low partial pressure of oxygen, H2S directly reacts with electrically neutral 

oxygen atoms in their lattice ( x

OO ) to form SO4 and produces the oxygen vacancy  

(V 
) in the surface of the metal oxide which leads to increase in the conductance seen 

in Equation (5.3). 

Nitrogen dioxide (NO2) which is a highly toxic and strong oxidizing gas can 

react with metal oxide surface both in the presence and absence of oxygen as seen in 

Equations (5.4)-(5.6). In the presence of oxygen, the absorption of oxygen from the 

air atmosphere on the film surface creates the absorbed oxygen species (O2, 2O
). 

Then, NO2 (oxidizing gas) was injected into chamber and the adsorbed oxygen 

species react with NO2 on films surface as presented in Equations (5.4)-(5.5) [28]. In 

addition, NO2 can be directly interacted with electron from conduction band of film as 

shown in Equation (5.3) [27, 55]. The reaction between 2O
and NO2 and the 

interaction between NO2 and the electron from conduction band lead to the reduction 

of conduction electrons in the conduction band.  The reduction of electron affects the 

increasing in the resistance of film. 
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2
NO (g) + e

-
(surface)  



2
NO (adsorbed)

 
       (5.3) 

2
NO (adsorbed) + 



2
O (adsorbed)

 
  + 2e

-
(surface)  



2
NO (adsorbed)

 
 + 2O (adsorbed)

 
 
 

(5.4) 

2
NO (adsorbed) + O    

NO (adsorbed)+
2O (adsorbed)

 
     (5.5) 

The desorption of NO2 is limiting at the decomposition of the NO2 on the film 

surface, which is determined by the large recovery time (~  720 s) after the exposure to 

NO2 gas and the response time is approximately 510 s.  

2. The effect of reaction between Ni-dopant and H2S gas.  

 

Figure 5.25: Specific response rate of undoped and Ni-doped CCTO films prepared 

by NiO as a function of H2S concentrations at 250 ºC and inset; the linear fit of the 

specific response rate as function of Ni-doping concentrations. 
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Figure 5.27 shows that the response rates are approximately linear functions of 

the H2S gas concentration at all Ni-doping levels, which suggests that a first order 

kinetics on H2S dominates the 10/90% portion of the sensing response. This 

representation allows identifying the specific dependence of the response rate on the 

Ni-doping. Thus we refer to the slopes of the linear functions in Fig. 5.37 as the 

effective response rates (keff). A plot of keff versus the Ni-doping concentration allows 

us to estimate the reaction order in the catalyst as shown in the inset on Fig. 5.27. The 

observed linear dependence on the Ni-doping is indicative of a first order catalytic 

effect. In the light of the reactions stated in Eqs. (5.1)-(5.3), Fig. 5.27 suggests that in 

the rate limiting step an H2S molecule interacts with a single Ni
2+

 ion. The six-

electron oxidation of a single H2S molecule necessarily occurs sequentially on going 

from S
2- 

, passing through S
0
 and continuing all the way to S

4+
 before desorption of 

the final product SO2 gas. Since the oxidation of S
0
 into SO2 is a very exothermic 

process it is not likely to be the rate limiting step. Instead, the formation of elementary 

sulfur from H2S is far more likely to become the rate limiting process. Thus, a 

possible mechanistic explanation for these results is represented on Fig. 5.27. The first 

step represents the sensor in the standby situation, under air atmosphere. Upon 

introducing H2S gas, steps 2-5 take place. In step 2, H2S molecules adsorb on the Ni-

doped CCTO surface at sites where Ni
2+

 ion is present, possibly by substitution of one 

of the oxygen ligands and forming a sulfide ion plus a water molecule. At this point, 

two electrons are transferred from the sulfide ion to the Ni
2+

 ion which becomes 

formally a Ni
0
 state and producing an adsorbed sulfur atom.  
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Figure 5.26:  Schematic representation of the proposed operation mechanism of the 

Ni-doped CCTO gas sensor. 

Subsequently charge injection into the conduction band restores the Ni
2+

 state. The 

final stage of oxidation of elemental sulfur into SO2 gas further contributes with 

electron injection. The electrons transferred to the conduction band of the CCTO 

neutralizes the charge depletion caused initially by reactions stated in Eqs. (2.13) and 

(2.16) and rise the Fermi level in the material, resulting in higher conductivity of the 

gas sensor. Being a relatively noble metal, Ni supports the +2 and 0 oxidation states 

which can interconvert relatively easily, thus facilitating the 2-electron oxidation of 

H2S as well as the return to the +2 state while the sensor is in the standby condition 

under air. The small response of undoped CCTO towards H2S is likely due to a 

similar role played by copper. A hint to a likely explanation of the higher ability of 

nickel in the sensing response may be found in the free energies of formation of the 

oxides and sulfides of copper and nickel. On one hand, copper has more tendency to 

become oxidized, being the formation of CuO more exergonic ( G
0

f = -372 kJ/mole) 

than that for NiO ( G
0

f = -213 kJ/mole). On the other hand, sulfide is more stable than 

copper sulfide ( G
0

f(NiS) = -90 kJ/mole and  G
0

f(CuS) = -49 kJ/mole).  Thus, Ni-doping 
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improves the CCTO film sensor response by facilitating the binding and subsequent 

oxidation of sulfide species.  
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CHAPTER VI 

CONCLUSION 

In this thesis work, the effects of Ni-doping concentrations in nickel doped 

calcium copper titanate thin films to their gas sensing properties were studied. Nickel 

oxide (NiO) and nickel (II) acetate were used as doping compounds in the CCTO 

films preparation process. Ni-doping concentrations of the films prepared by NiO 

were 0, 1, 4, and 7 wt%. The highest Ni-doping concentration that NiO can be 

completely dissolved is 7 wt%, and if more than 7 wt% the viscosity of the precursor 

became very high due to the saturation. In the case of Ni-doped CCTO films prepared 

by nickel (II) acetate, the films were doped with 0, 1, 2, 3, 4 and 5 wt% Even in the 

process of synthesis Ni-doped CCTO synthesis, nickel (II) acetate could be add more 

than 0.5385 g for making 5 wt% Ni-doping concentration batch. However, the 5 wt% 

Ni-doping concentration is maximum that was interested in this thesis work. Then, the 

deposition process of films was done on silicon (Si (100)) and alumina (Al2O3) 

substrates. The characterizations and gas sensing properties of undoped and Ni-doped 

CCTO films will be concluded as follows: 

Topic 1: The undoped and Ni-doped CCTO films prepared by NiO. 

As known, the atomic radius of Ni (149 pm) is close to the atomic radius of Ti 

(176 pm). In the precursor preparation, we calculated the amounts of titanium (IV) 

isopropoxide and nickel oxide based on the substituting Ni atoms into Ti sites (see in 

Appendix A). XRD patterns of undoped and Ni-doped CCTO films on silicon and 

alumina substrates showed the main peaks of CCTO corresponding to the 

https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
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characteristic (220), (400) and (422) planes. This can be confirmed that the crystal 

structure of Ni-doped CCTO films is still perovskite cubic as seen in undoped CCTO 

film and the calculated lattice parameters of the films are slightly lower than bulk 

CCTO. However, there is only a small amount of impurity phase of rutile TiO2 and 

there are no other nickel oxides or impurity phases involved with nickel. Overall 

undoped CCTO film shows the sharp CCTO peaks with high intensity compared to 

those of Ni-doped CCTO films. The shift of CCTO peaks among these films is not 

observed, and this is could be due to the comparable of atomic radius of nickel and 

titanium atoms. From FESEM images, the surface morphologies of all films exhibited 

granular particles on both types of substrate but the cluster forms can be especially 

seen only on the surface of 4 wt% and 7 wt% Ni-doped CCTO films on alumina 

substrates. Due to the roughness of alumina substrate, the obtained film thickness is 

fluctuated compared to the films on silicon. The size of granular particles is smaller as 

the doping level is higher. Also the granular particles of films on alumina substrate 

are slightly smaller than those found in the films on silicon substrates. In general, for 

both cases of substrate used, surface morphologies of 7 wt% Ni-doped CCTO film 

exhibited the highest porosity compared to that of undoped, 1 wt% and 4 wt% Ni-

doped CCTO films. Chemical elements (Calcium (Ca), copper (Cu), titanium (Ti), 

oxygen (O) and nickel (Ni)) of undoped and Ni-doped CCTO films deposited on 

silicon substrates were confirmed by EDX analysis but nickel (Ni) signal was only 

observed in Ni-doped CCTO films. The measured Ni doping concentrations increase 

with increasing the Ni-doping concentration in precursor solutions whereas the 

measured Ti concentrations in the films decrease. This is caused by the substitution of 

Ni atoms into Ti sites and this means the substituting of Ni increases with increasing 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 107 

Ni-doping concentrations. These results confirmed that Ni is doped into the Ni-doped 

CCTO films. The appearance of the bonding of Ni atom with other atoms in CCTO 

structure was also confirmed with Raman spectra. The nickel in +2 oxidation state is 

evidenced from by XPS analysis. Gas sensing properties of undoped and Ni-doped 

CCTO films were measured towards different types of gases (NO2, H2, NH3, H2S and 

ethanol) under operating temperature of 150 -350 °C. The films exhibited an excellent 

sensor response towards H2S against NH3 and ethanol gas and moderate sensor 

response toward NO2 at 5 pmm. Moreover, Ni-dopants in the films acting as a catalyst 

improve much better sensor responses. The H2S gas sensing responses of the Ni-

doped CCTO films were clearly enhanced with Ni doping concentration. The 7 wt% 

Ni-doped CCTO film presented the highest sensor response of 112 towards 10 ppm of 

H2S at 250 °C. This highest value was twelve times better than that of undoped CCTO 

film. Another good gas sensing property is that the response time of Ni-doped CCTO 

films exposure to H2S is smaller than the undoped CCTO. The recovery time of 7 

wt% Ni-doped CCTO sensor operated at 10 ppm H2S was found to be the maximum 

at ~1220 s. 

Topic 2: The undoped and Ni-doped CCTO films prepared by Ni (II) acetate. 

The XRD, EDX and XPS results of the undoped and Ni-doped CCTO films 

prepared by Ni (II) acetate are similar to the results obtained from films prepared by 

NiO. Gas sensing measurements were performed. The doped films illustrated the best 

selectivity toward H2S compared to NH3, ethanol gas, H2 and NO2 and the second best 

selectivity is toward NO2. However, the selectivity toward only H2S is not the best 

compared to Ni-doped CCTO films prepared NiO. The resistance changes of undoped 
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and Ni-doped CCTO films prepared by nickel acetate after exposure to NO2 is not that 

much. Ni-doped films showed higher sensor response, shorter response and recovery 

times than those of the undoped film under H2S at 300 °C. Therefore, Ni doping using 

NiO and nickel acetate in the Ni-doped CCTO film preparation improves sensor 

response, recovery and response times of the sensors. Moreover, surface 

morphologies such high porosity and high roughness affect to better gas sensing 

properties.  

Topic 3: Comparison the gas sensing properties of the resulting Ni-doped CCTO 

film sensors with the other materials. 

Table 6.1: The gas sensing properties of various materials. 

Types of film 

Sensor 

response 

(H2S) 

Response 

time (s) 

Recovery 

times (s) 

Operating 

temperature 

 ( °C) 

Types of 

selectivity 

gas 

References 

undoped  

CCTO 

12 58 1240 250 H2S This work 

undoped 

CCTO 

10 20 1300 300 H2S This work 

7 wt% Ni-

doped CCTO 

prepared by 

NiO 

112 at  

10 ppm 

5 1220 250 H2S, NO2 This work 

4 wt% Ni-

doped CCTO 

prepared by 

Nickel (II) 

acetate 

175 4 1080 300 

H2S, NO2 

but the 

selectivity 

towards 

H2S is not 

the best 

This work 

https://en.wikipedia.org/wiki/Nickel(II)_acetate
https://en.wikipedia.org/wiki/Nickel(II)_acetate
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Table 6.1: The gas sensing properties of various materials. (cont) 

Types of film 

Sensor 

response 

(H2S) 

Response 

time (s) 

Recovery 

times (s) 

Operating 

temperature 

 ( °C) 

Types of 

selectivity gas 

References 

CuO-NiO core-

shell 

microspheres 

35 at 100 

ppm 

- - 300 

H2S, NO2 

with 

comparable 

results 

[28] 

9 wt% Fe-doped 

CCTO 

126 8.5 500 250 H2S [22] 

0.9 wt% Ag-

doped CCTO 

98.7 2.96 894 250 

H2S with the 

best 

selectivity 

The work 

done by 

Aukrit [56] 

 

Comparison of gas sensing properties with various materials was shown in 

Table 6.1. It is clearly to conclude that Ni-doped CCTO film sensors prepared by 

nickel acetate illustrated better sensor response value, selectivity and shorter 

response-recovery time than those of Ni-doped CCTO prepared by NiO. In addition, 

the optimum operating temperature of film prepared by NiO is lower than film 

prepared by nickel acetate. Normally, researchers are looking for ideal sensors that 

could operate at room temperature or near room temperature. Moreover, the best 

sensor response of Ni-doped CCTO film sensors prepared by both nickel oxide and 

nickel acetate towards H2S is better than that of CuO-NiO core-shell microspheres. 

However, the worse thing about Ni-doped CCTO sensor is that the response time is 

very long compared to other materials. Figure 6.1 show histograms of log sensor 

response of different types sensor exposure to various gases and ratio between sensor 

response of H2S and NO2 which can identify the selectivity of the gas sensor. The Fe-
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doped CCTO films illustrated the highest ratio which refer to the highest selectivity 

compared to other materials. Ni-doped CCTO films prepared by nickel (II) acetate 

exhibited the selectivity more than that Ag-doped CCTO films and Ni-doped CCTO 

films prepared by NiO. The selectivity of   Ni-doped CCTO films prepared by NiO is 

least. However, it was found in this study that Ni-doped CCTO prepared by NiO is a 

good candidate for developing a gas sensor towards a toxic gas group besides H2S.  
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Figure 6.1: Histograms of sensor response of (a) 7 wt% Ni-doped CCTO prepared by 

NiO, (b) 4 wt% Ni-doped CCTO prepared by nickel (II) acetate, (c) 9 wt% Fe-doped 

CCTO and (d) 0.9 wt% Ag-doped CCTO exposure to various gases.

https://en.wikipedia.org/wiki/Nickel(II)_acetate
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Appendix A 

Ni-doping concentration 

In thesis, we used two nickel compound namely, nickel oxide (NiO) and 

nickel (II) acetate (C4H6NiO4).  In order to doped Ni in CCTO films, the percentage 

of Ni concentration for nickel oxide can be calculated by following expression. 
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In this thesis, we tried to dope Ni 1.42% (  1%), 4.3% (  4%) and 7.09% (  

7%) by weight. By following the Equation above, we weighed Ni 0.0598 g, 0.1795 g 

and 0.2992 g for Ni doped 1%, 4% and 7% by weight, respectively. However, the 

quantity of Ni in our films were later measured from EDX experiments which are 

0.46 %, 1.51% and 2.29% by weight instead of 1%, 4% and 7% by weight. 
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In order to doped Ni in CCTO films, the percentage of Ni concentration for 

nickel (II) acetate (C4H6NiO4) can be calculated by following expression.  

 

(
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In this thesis, we tried to dope Ni 0.60% (  1%), 1.75% (  2%), 2.99% (  

3%), 4.19% (  4%) and 5.39% (  5%) by weight. By following the Equation above, 

we weighed Ni 0.0598 g, 0.1795 g, 0.2292 g, 0.4188 g and 0.5385 g for Ni doped 1%, 

2%, 3%, 4% and 5% by weight, respectively. However, the quantity of Ni in our films 

were later measured from EDX experiments which are 0.35%, 0.59%, 1.25%, 1.78% 

and 1.92%by weight instead of 1%, 2%, 3%, 4% and 5% by weight. 
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Appendix B 

XRD database 

The XRD patterns of the CCTO thin films were used to characterize the 

crystal structure by comparison with the XRD database from The International Centre 

for Diffraction Data (ICDD) which is shown as follow 
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Appendix C 

Conference Presentations: 

International Presentation: 

2016, Arisara Boontum, Satreerat K. Hodak, Jose H. Hodak, Anurat Wisitsoraat and 

Disayut Phokharakul. Gas Sensing Response of Nickel Doped Calcium Copper 

Titanate Thin Films Synthesized by Sol-Gel Method. Poster presentation at the 3rd 

International congress on Advanced Materials (AM 2016) at Centara Grand, Central 

Plaza Ladprao, Bangkok, Thailand (November 27-30 2016) Code: ENM-P-33. 

 

Local Presentations: 

2017, Arisara Boontum, Satreerat K. Hodak, Jose H. Hodak, Anurat Wisitsoraat and 

Disayut Phokharakul. Gas Sensing Response of Nickel Doped Calcium Copper 

Titanate Thin Films Synthesized by Sol-Gel Method. Poster presentation at Siam 

Physics Congress 2017 at Rayong Marriott & Spa, Rayong, Thailand (May 24-26 

2017) Code: P-SI09-248 
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