
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

การเพิ่มการตอบสนองต่อการรับรู้แก๊สไฮโดรเจนซลัไฟด ์

ของฟิลม์บางแคลเซียมคอปเปอร์ไททาเนตโดยการเติมสารประกอบซิลเวอร์ 

 

นายอุกฤษ นาฎแกว้ 

วทิยานิพนธ์น้ีเป็นส่วนหน่ึงของการศึกษาตามหลกัสูตรปริญญาวทิยาศาสตรมหาบณัฑิต 

สาขาวชิาฟิสิกส์ ภาควชิาฟิสิกส์ 

คณะวทิยาศาสตร์ จุฬาลงกรณ์มหาวทิยาลยั 

ปีการศึกษา 2560 

ลิขสิทธ์ิของจุฬาลงกรณ์มหาวทิยาลยั 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ENHANCING H2S SENSING RESPONSE OF CALCIUM COPPER TITANATE 

THIN FILMS BY ADDING Ag COMPOUNDS 

 

Mr. Aukrit Natkaeo 

A Thesis Submitted in Partial Fulfillment of the Requirements 

for the Degree of Master of Science Program in Physics 

Department of Physics 

Faculty of Science 

Chulalongkorn University 

Academic Year 2017 

Copyright of Chulalongkorn University 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thesis Title ENHANCING H2S SENSING RESPONSE OF 

CALCIUM COPPER TITANATE THIN FILMS 

BY ADDING Ag COMPOUNDS 

By Mr. Aukrit Natkaeo 

Field of Study Physics 

Thesis Advisor Associate Professor Satreerat Hodak, Ph.D. 

Thesis Co-Advisor Anurat Wisitsoraat, Ph.D. 
  

 Accepted by the Faculty of Science, Chulalongkorn University in Partial 

Fulfillment of the Requirements for the Master's Degree 
 

 Dean of the Faculty of Science 

(Associate Professor Polkit Sangvanich, Ph.D.) 

THESIS COMMITTEE 

 Chairman 

(Assistant Professor Rattachat Mongkolnavin, Ph.D.) 

 Thesis Advisor 

(Associate Professor Satreerat Hodak, Ph.D.) 

 Thesis Co-Advisor 

(Anurat Wisitsoraat, Ph.D.) 

 Examiner 

(Assistant Professor Boonchoat Paosawatyanyong, Ph.D.) 

 External Examiner 

(Nattasamon Petchsang, Ph.D.) 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 iv 

 

 

THAI ABST RACT 

อุกฤษ นาฎแกว้ : การเพิ่มการตอบสนองต่อการรับรู้แก๊สไฮโดรเจนซลัไฟด์ของฟิลม์บาง
แคลเซียมคอปเปอร์ไททาเนตโดยการเติมสารประกอบซิลเวอร์  (ENHANCING H2S 

SENSING RESPONSE OF CALCIUM COPPER TITANATE THIN FILMS 

BY ADDING Ag COMPOUNDS) อ.ท่ีปรึกษาวิทยานิพนธ์หลกั: รศ. ดร. สตรีรัตน์ 
โฮดคั, อ.ท่ีปรึกษาวทิยานิพนธ์ร่วม: ดร. อนุรัตน์ วศิิษฏส์รอรรถ {, 135 หนา้. 

ฟิลม์บางแคลเซียมคอปเปอร์ไททาเนต (CaCuTi4O12 : CCTO) ท่ีเจือเงินท่ีความเขม้ขน้
ต่างกนัถูกเตรียมดว้ยวิธีโซลเจล (sol-gel) ฟิล์มบางความหนาส่ีชั้นถูกปลูกลงบนฐานรองอลูมินา 
ขั้วไฟฟ้าโครเมียมและทองถูกเตรียมดว้ยวิธีสปัตเตอร์ร่ิงบนผิวช้ินงานเพื่อสร้างอุปกรณ์รับรู้แก๊ส 

ฟิล์มบางได้น ามาวิเคราะห์โดยใช้เทคนิคต่างๆ เช่น เทคนิคการเล้ียวเบนของรังสีเอกซ์ (XRD) 

ส ารวจด้วยกล้องขยายก าลังสูงชนิดส่องผ่านสนามไฟฟ้าจุลทรรศน์อิเล็กตรอนแบบส่องกราด 

(FESEM) เทคนิคการกระจายพลงังานของรังสีเอกซ์  (EDX) รามานสเปกโตรสโกปี (Raman 

spectroscopy) และวิธีสเปกโตรสโกปีของอนุภาคอิเล็กตรอนท่ีถูกปลดปล่อยด้วยรังสีเอกซ์ 

(XPS) พบวา่ฟิล์มบาง CCTO มีโครงสร้างผลึกเป็นแบบซูโดเพอรอฟสไกตท่ี์มีปริมาณไททาเนียม
ไดออกไซด์เจือปนในโครงสร้างปริมาณนอ้ย  ส าหรับงานวิจยัน้ีฟิล์มบาง CCTO ท่ีถูกเจือดว้ยเงิน
ถูกทดสอบดว้ยแก๊สท่ีหลากหลากหลายเช่น แก๊สไฮโดรเจนซลัไฟด ์(H2S) แก๊สแอมโมเนีย (NH3) 

แก๊สไนโตรเจนไดออกไซด์ (NO2) และแก๊สเอทานอล  เพื่อค้นหาการท างานสูงสุดต่อการ
ตอบสนองต่อแก๊ส ส าหรับผลการศึกษาสมบติัการตอบรับแก๊สไฮโดรเจนซัลไฟด์ในช่วงความ
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เซลเซียส เม่ือท าการเปรียบเทียบการท างานสูงสุดต่อการตอบสนองต่อแก๊สไฮโดรเจนซลัไฟดพ์บวา่
ฟิล์มบาง CCTO ท่ีเจือดว้ยเงินตอบสนองไดดี้กวา่ฟิล์มบางท่ีไม่ไดเ้จือเงิน การท างานสูงสุดต่อการ
ตอบสนองต่อแก๊สไฮโดรเจนซัลไฟด์ถูกศึกษาในฟิล์มบาง CCTO ท่ีเจือดว้ยเงิน 0.9 เปอร์เซ็นต์
โดยน ้ าหนักท่ีอุณหภูมิ 250 องศาเซลเซียสซ่ึงได้ผลดีกว่าฟิล์มบาง CCTO ท่ีไม่เจือด้วยเงิน
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CCTO ท่ีเจือดว้ยเงินปริมาณนอ้ยจึงเป็นตวัเลือกท่ีเยี่ยมยอดในการน ามาสร้างเป็นอุปกรณ์รับรู้แก๊ส
ไฮโดรเจนซลัไฟด ์
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Ag-doped CaCu3Ti4O12 (CCTO) thin films with different doping 

concentrations were prepared by a sol-gel technique. Films were grown by depositing 

four layers of CCTO on alumina substrates followed by sputtering Au/Cr interdigitated 

electrodes to fabricate gas sensors. The films were characterized by X-ray diffraction 

(XRD), field emission scanning electron microscopy (FESEM), energy dispersive X-

ray spectroscopy (EDX) Raman spectroscopy and X-ray photoemission spectroscopy 

(XPS). The films have predominantly the perovskite CCTO crystal phase with very 

small amount of TiO2 secondary phases. In this thesis, both undoped CCTO and Ag-

doped CCTO thin films were tested for selective sensing to H2S gas relative to NH3, 

H2, NO2 and ethanol vapor. For characterizing gas sensing properties of the films, gas 

concentrations in the range of 0.2-10 ppm were used with operating temperatures 

ranging from 150 to 350 °C. When compared to undoped CCTO sensor, the Ag-doped 

CCTO sensors presented much higher response. The best sensor response towards H2S 

was found in 0.9 wt% Ag-doped CCTO film and at the optimum operating temperature 

of 250 °C. The highest response of the sensor based on the 0.9 wt% Ag-doped CCTO 

film to 10 ppm of H2S is approximately 99 which is ten times than that of a sensor based 

on undoped CCTO film. The doped film sensor also showed stability and relatively 

short response and recovery times. It is found that Ag plays a role promoting the 

adsorption as well as the catalytic oxidation of H2S. Therefore, Ag-doped CCTO films 

with small doping concentration constitute an excellent candidate for developing H2S 

sensors operating at low-temperatures. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Thesis motivation and literature review 

Nowadays, air pollution becomes a significant threat to human life due to 

increasing vehicle and industrial emissions. Various environmentally harmful gases 

including greenhouse gas and toxic gases such as hydrogen sulfide (H2S), hydrogen 

(H2), methane (NH3), nitrogen dioxide (NO2), and ethanol vapor can be occurred in the 

air. These gases can be effected on human health and the environment. Table 1.1 shows 

the source of listed air pollutant gases, their the toxicity and the threshold limit values 

(TLV). TLV is defined as the maximum concentration of a chemical allowable for 

repeated exposure without producing adverse health effects. In addition, long-term 

exposure to air pollution can cause cancer and damage to the immune, neurological, 

reproductive, and respiratory systems. In extreme cases, it can even cause death. 

Therefore, gas sensors are investigated to supervise air quality in order to ensure the 

maximum safety for the human life.  
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Table 1.1: Health effects of air pollutant gases. 

 

Gas Source of 

production 

Toxicity to human and 

environment 

TLV Ref 

H2S Mines, petroleum 

fields and natural gas 

production 

Headache (2 ppm), eye irritation 

(10-20 ppm), lung irritation (100 

ppm), pulmonary edema (300 ppm), 

death within 5 min (800 ppm) 

10 

ppm 

[1, 2] 

H2 Natural gas, oil, coal 

and water 

The risk of unconsciousness or death 

(High concentrations), dangerous 

gas for transport and storage 

(explosion ~15,000 ppm) 

No 

data 

[3, 4] 

NH3 Agriculture, 

industry, refrigerant 

and chemistry 

Respiratory irritation, eye 

irritation and pulmonary edema 

(more than 1,000 ppm) 

35 

ppm 

[5] 

NO2 The smoke from 

power plants, 

manufacturing 

factories, furnaces 

and fuel burning 

devices 

Lung and respiratory diseases 3 

ppm 

[6, 7] 

Ethanol 

vapor 

Fermentation of 

sugars by yeasts or 

by petrochemical 

processes. 

Irritation 1,000 

ppm 

[8] 
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In recent years, gas sensors for the detection of gaseous molecules have attracted 

much attention. The goal of gas sensor research is to create the detection with a group 

range of gases or specific type of gases.  Detection the quantity of gases is important 

for security and gas control. It would be expected to be useful for many applications 

such as food processing, environmental remediation, agriculture, medical diagnostics 

and defense [9]. The semiconducting metal oxide gas sensors such as ZnO, SnO2, TiO2 

and WO3 are found to be a potential candidate because of simple fabrication, their ease 

of use, low cost and robustness [10]. Their gas sensors can be utilized to detect 

combustible, reducing, or oxidizing gases. In addition, the gas sensing performance 

enhanced remarkably when the metal oxide materials were doped with metal catalysts. 

Table 1.2 summarizes the recent work in the metal oxide materials in different forms 

such as nanoparticles, nanofibers, nanorods, mesoporous, thin to thick films, and 

ceramics with the noble dopants for the gas sensing study. 

 

Table 1.2: Literature papers focusing on the sensing properties of metal oxide gas 

sensors towards target gases.   

Target 

gas 

Materials Methods Operating 

Temperature 

(°C) 

Concentration 

(ppm) 

Sensor 

response 

(no unit) 

Ref. 

H2S 2 wt% Ag doped  

α-Fe2O3 

(nanoparitcles) 

Chemical 

Coprecipitation 

160 100 ~50 [11] 

0.5 mol% Ag-

loaded WO3 

(mesoporous)  

Using three 

dimensional 

cubic KIT-6 

75 10 ~5 [12] 

4 molar% Ag-

doped ɤ-

Fe2O3/SiO2 

 (thin films) 

Sol-gel 150 10 ~1 [13] 

0.38 wt% Ag-

Doped In2O3  

(nanoparticles) 

Standard 

screen-printing 

technique 

100 10 40,010 [14] 

Ag/TiO2 

(nanofibers) 

Electrospinning 

technique 

350 10 240 [15] 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4 

Target 

gas 

Materials Methods Operating 

Temperature 

(°C) 

Concentration 

(ppm) 

Sensor 

response 

(no unit) 

Ref. 

H2S Ag-Catalyzed 

SnO2 

(thin films) 

Glancing angle 

deposition 

300 5 66.67 [16] 

0.44 wt% Ag 

doped ZnO 

(nanowires) 

Screen-printing 

technique 

300 100 151 [17] 

0.1 wt% V-

doped SnO2 

(nanoparticles) 

Flame 

spray pyrolysis 

350 5 550 [18] 

0.5 wt% Mo-

doped SnO2 

(nanoparticles) 

Flame  

spray pyrolysis 

250 10 75 [19] 

0.50 wt% Ru-

WO3 

(nanorods) 

Hydrothermal 

and 

impregnation 

350 5 115 [20] 

0.5 wt% Rh 

doped SnO2 

(nanoparticles) 

Flame 

spray pyrolysis 

300 10 30 [21] 

1 wt% Pd loaded 

WO3 

(nanoparticles) 

 

Precipitation 

and 

impregnation 

methods 

150 10 6 [22] 

H2 Ag-decorated 

SnO 

(nanoparticles) 

The 

carbothermal 

reduction 

method 

300 100 ~4 [23] 

Pd-decorated 

SnO 

(nanoparticles) 

The 

carbothermal 

reduction 

method 

300 100 ~13 [23] 

CuO-modified 

tin titanate : 

Sn0.8Ti0.2O2 

(thick film) 

Screen printing 

technique 

400 1,000 263.42 [24] 

WO3 

(nanoparticles) 

Soft-template 

method 

200 50 1.16 [25] 

Pd-decorated 

WO3 

(nanoparticles) 

Soft-template 

method 

200 50 115.28 [25] 

Ag-decorated 

WO3 

(nanoparticles) 

Soft-template 

method 

200 50 2.31 [25] 

Au-decorated 

WO3 

(nanoparticles) 

Soft-template 

method 

200 50 9.34 [25] 

ZnO 

(nanofibers) 

Electrospinning 

technique 

350 10 109.1 [26] 

SnO2 

(nanofibers) 

Electrospinning 

technique 

350 10 5.9 [26] 
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Target 

gas 

Materials Methods Operating 

Temperature 

(°C) 

Concentration 

(ppm) 

 

Sensor 

response 

(no unit) 

Ref. 

NH3 2 wt% Ag doped  

α-Fe2O3 

(nanoparitcles) 

Chemical 

Coprecipitatio

n 

160 1,000 ~2 [11] 

0.5 mol% Ag-

loaded WO3 

(mesoporous)  

Using three 

dimensional 

cubic KIT-6 

75 10 ~2 [12] 

4 molar% Ag-

doped ɤ-

Fe2O3/SiO2 

(thin films) 

Sol-gel 150 10 ~6 [13] 

0.38 wt% Nano 

Ag-Doped In2O3 

(nanoparticles)  

Standard 

screen-printing 

technique 

100 100 0.3 [14] 

0.44 wt% Ag 

doped ZnO 

(nanowires) 

Screen-

printing 

technique 

300 100 3.6 [17] 

0.5 wt% Mo-

doped SnO2 

(nanoparticles) 

Flame  

spray pyrolysis 

250 2,000 2 [19] 

0.50 wt% Ru-

WO3 

(nanorods) 

Hydrothermal 

and 

impregnation 

350 100 2 [20] 

1 wt% Pd loaded 

WO3 

(nanoparticles) 

Precipitation 

 

150 1,500 5 [22] 

NO2 

 

4 molar% Ag-

doped ɤ-

Fe2O3/SiO2 

(thin films)  

Sol-gel 150 10 ~1 [13] 

0.1 wt% V-

doped SnO2 

(nanoparticles) 

Flame 

spray pyrolysis 

350 5 30 [18] 

0.5 wt% Mo-

doped SnO2 

(nanoparticles) 

Flame  

spray pyrolysis 

250 10 7 [19] 

0.50 wt% Ru-

WO3 

(nanorods) 

Hydrothermal 

and 

impregnation 

350 5 2 [20] 

0.5 wt% Rh 

doped SnO2 

(nanoparticles) 

Flame 

spray pyrolysis 

300 5 10 [21] 

1 wt% Pd loaded 

WO3 

(nanoparticles) 

Precipitation 

and 

impregnation 

methods 

150 5 2 [22] 

Cu, Zn two-

element doped 

SnO2 octahedral 

(nanoparticle) 

 

One-step 

hydrothermal 

method 

 

110 50 160 [27] 
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Target 

gas 

Materials Methods Operating 

Temperature 

(°C) 

Concentration 

(ppm) 

 

Sensor 

response 

(no unit) 

Ref. 

Ethanol 

vapor 
Cu, Zn two-

element doped 

SnO2 octahedral 

(nanoparticles) 

One-step 

hydrothermal 

method 

110 50 210 [27] 

V2O5 

hierarchical 

structure 

networks 

(nanoparticles) 

Direct seed-

induced 

hydrothermal 

growth 

250 100 4 [28] 

ZnO 

(nanorods) 

Simple low-

temperature 

hydrothermal 

process 

320 200 35 [29] 

Ag@TiO2 

(nanoparticles) 

Chemical 

reduction and 

the reverse 

micelle sol-gel 

method 

25 5 4.35 [30] 

 

H2S is a colorless and toxic gas which has a very distinct odor even at very low 

concentrations. H2S is quite ubiquitous in nature and very important in a variety of 

areas. Detection and quantification of H2S is important in occupational safety and 

health. Because the olfactory response ceases to recognize the presence of H2S after a 

short exposure regulations for the maximum permitted air concentration are on the 

order of 10 ppm for and eight hour exposure [31]. Monitoring the H2S content is of 

industrial relevance, spanning the food, oil and construction industries. The food 

industry relies on detection of unpleasant smells that deteriorate the organoleptic 

character of food, and it may even be used to monitor its decomposition [32]. In the oil 

industry, sulfur is a well-known poison for the catalytic production of light hydrocarbon 

[33]. The degradation of concrete structures is determined by the concentration of H2S 

which at levels as low as 2-10 ppm leads to corrosion rates on the 1-5 mm per year in 

sewers causing nearly half of the sewer maintenance costs [34, 35]. In recent years H2S 

in exhaled air is emerging as a useful biomarker in diagnosis and treatments for asthma 
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and other diseases [36, 37]. In all these applications H2S gas needs to be detected in 

sub-10 ppm concentrations, which often contain higher concentrations of other gaseous 

components. For example sewers contain among other gases CO, CO2, ammonia and 

methane [34], while exhales air may contain ammonia or NO [37]. It becomes clear that 

highly selective detection of H2S on scales lower than a few ppm is critical for human 

health, industry and environmental care.  

As seen from Table 1.2, various materials, which are synthesized in the different  

forms are used as active layers in such gas-sensing devices [10]. Based on the discovery 

in our laboratory not a long ago, calcium copper titanate (CaCu3Ti4O12: CCTO) 

contains copper ions in its structure which is capable of interaction with sulfide. 

Therefore, it may be expected that changes in the band occupancy of CCTO can occur 

by adsorption of sulfide, leading to the basal electrical response of CCTO to H2S gas.  

CaCu3Ti4O12 (CCTO) has been explored as an alternative candidate to conventional 

metal oxides for gas-sensing application. CCTO is relatively few investigated as gas-

sensing materials [38, 39]. For example, single-phase CCTO thin films were prepared 

with the polymeric precursor method on alumina substrates. The gas sensing response 

indicated that CCTO film has high sensor response and selectivity to oxidizing gases 

and that CCTO films have n-type conductivity [38]. In the other research work, CCTO 

thin films were prepared by sol-gel method, tested as gas sensors for oxygen, showed 

n-type conductivity, good sensor response and relatively short response times [40]. In 

the report of Pongpaiboonkul et, al., the resistance of CCTO thin films sensors rapidly 

decreased after exposing H2S which confirmed a typical n-type semiconducting 

behavior towards a reducing gas. In particular, 9 wt% (∼3 at%) Fe-doped CCTO films 

constitutes an excellent candidate for developing H2S sensors operating at low-
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temperatures of 250 °C, which was more than one order of magnitude higher than that 

of the undoped CCTO sensor [41]. 

Furthermore, in the report of Wang et al., CCTO/Ag (composites) were 

prepared by sintering throughly mixed single phase CCTO powder and different 

amount of Ag substances from Ag2O powder. Single phase CCTO powder was 

synthesized by the solid-state reaction method [42]. The samples were found to consist 

of Ag deficient insulating surface layers and Ag rich more conductive inner part [42]. 

With increasing Ag weight fraction, the surface layer becomes thinner and dielectric 

measurement reveal that apart from the distinct dielectric features for pure CCTO 

another dielectric relaxation appears near room temperature [42]. It showed that several 

Ag substances can be added into the CCTO precursors. Silver is arguably one of the 

best candidates for doping a material towards sensing sulfur containing compounds by 

means of its very strong interaction with sulfur. This strategy has been successfully 

applied to other gas sensing materials. Research done by Korotcenkov et al. showed 

that the surface modification using Ag nanocluster deposition on the SnO2 surface is 

effective for optimizing sensor parameters in improving the sensor response of SnO2 to 

CO and H2 operating in atmospheres containing oxidizing gases [43]. Another research 

work focused on an optical sensor for hydrogen sulfide (H2S) gas at room temperature 

based on the chemical reaction of silver nanoparticles (Ag NPs) with H2S [44]. Thus, 

in this thesis I will synthesis Ag-doped CCTO films by sol-gel method. My expectation 

is to fabricate Ag-doped CCTO film gas sensors by obtaining low response rate and 

still remaining high selectivity towards H2S. Therefore, it is interesting to investigate 

the effect of Ag-doping CCTO thin films towards various gases and finally to compare 

with that of Fe-doped CCTO thin films. 
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1.2 The aims of the thesis 

1. To synthesize Ag-doped CaCu3Ti4O12 (CCTO) thin films on silicon and 

alumina substrates by a sol-gel technique using different Ag compounds. 

 2. To characterize the crystal structure and the surface morphology of Ag-doped 

on CCTO films by X-ray diffractometry and field emission scanning electron 

microscopy, respectively. 

 3. To identify oxidation state of the atoms in the Ag-doped CCTO thin films by 

X-ray photoelectron spectroscopy. 

 4.  To identify the vibration modes of molecules in the Ag-doped CCTO thin 

films by Raman spectroscopy.  

 5. To fabricate Ag-doped CCTO thin film devices for application based on their 

gas sensing properties and compare the gas sensing result with undoped and Fe-doped 

CCTO devices. 

 

1.3 Scope of the thesis 

In this thesis, the experiment concerning Ag-doped CCTO thin films were 

prepared by the sol-gel method on alumina substrates along with determination of the 

gas sensing performances of these films. The different Ag substances such as silver 

acetate (AgCH3CO2, MERCK) and silver perchlorate (AgClO4) were added into the 

precursor solution and also the concentration of Ag was varied. Undoped CCTO and 

Ag-doped CCTO thin films were sputtered with metal electrode as coplanar patterns 

for detection the quantity of gases. The effect of Ag doping on gas-sensing properties 

of CCTO films is characterized towards various gases in order for selectivity and sensor 
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response such as H2S, NH3, H2, NO2 and ethanol vapor. The main focus on the gas 

sensing part will be the enhancement H2S-sensing performances with Ag-doping in 

CCTO thin films. Furthermore, a set of films was cast on silicon substrates for material 

characterization. The CCTO films were structurally characterized by X-ray diffraction 

(XRD) and Field emission scanning electron microscope (FESEM). Energy dispersive 

X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS) and Raman 

spectroscopy were used to support the evidence of chemical compositions of resulting 

CCTO thin films. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

CHAPTER II 

THEORETICAL BACKGROUND 

 

2.1 Calcium Copper Titanate: CaCu3Ti4O12 (CCTO); 

undoped and Ag-doped CCTO 

The titanate compound CaCu3Ti4O12 (CCTO) belongs to family of the type, 

ACu3Ti4O12 (where A = Ca, Ba, Sr) [45]. CaCu3Ti4O12 (CCTO) was first synthesized 

in 1967 by Alfred Deschanvres and his coworkers [45]. The pseudo perovskite structure 

of CaCu3Ti4O12 material with cubic structure is caused by octahedral tilting distortion 

[46]. The dielectric properties of CCTO were discovered by Subramanian and his 

coworkers in 2000 [47]. They have attracted considerable interest for inventing 

microelectronic devices because of its giant dielectric constant of about 104-105 in the 

temperature range of 100-600 K [48]. Nowadays, there is continuous demand for 

miniaturization of electronic devices, and interest to develop capacitor materials with 

high dielectric constant and low loss tangents for applications in microelectronic 

devices [45, 49]. Therefore, CCTO are widely used for electronic industries, mainly as 

capacitors, memory devices, power systems and the automotive industry [45]. 

Furthermore, the electronic conductivity of CaCu3Ti4O12 (CCTO) materials varies with 

the composition of the gas atmosphere surrounding them [38]. It has been explored as 

an alternative candidate to conventional metal oxides for gas-sensing application [39].    
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2.1.1 Crystal structures 

 CaCu3Ti4O12 material has a complex perovskite structure with the space group 

of Im3 and the lattice parameter of 7.391 Å [45]. It is well known for their ability to 

produce high dielectric constants which has led to many important applications. The 

crystal structure of CCTO is centered cubic with four ATiO3 perovskite-type formula 

units per primitive cell where A is either Ca or Cu. The crystal structure of CCTO is 

shown in Fig. 2.1.  

 

Figure 2.1: Structure of CaCu3Ti4O12 (CCTO), showing tilted oxygen octahedra. 

Yellow, dark blue, red, and green atoms are O, Ca, Cu, and Ti, respectively. 

 

As is evident from Fig. 1, the Im3 structure of CCTO can be obtained from an 

ideal simple-cubic CaTiO3 perovskite by substituting 3/4 of the Ca ions by Cu in a bcc 

pattern and rotating each TiO6 octahedron by a fixed angle about one of the four axes 

[45, 50]. In CCTO, the Ca2+ is dodecahedrally coordinated by oxygen ions, while the 

Cu2+ is in square-planar coordination (oxygen as the nearest neighbor) and the Ti4+ 

coordinates six oxygen ions in a slightly distorted octahedron. A tilting of the TiO6 

octahedra is tilted approximately 20° to achieve this coordination environment. The 
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structure of CCTO was further refined and found to remain centrosymmetric bcc over 

a wide range of temperatures [45].  

2.1.2 Dielectric properties of CCTO 

 In recent years, the giant dielectric materials have been exhibiting an important 

significant role in microelectronic devices such as capacitors and memory devices. This 

is because such devices often require materials with high dielectric constants and low 

loss tangents. These properties depend upon the particle size, surface morphology and 

processing conditions (such as the oxygen partial pressure, sintering temperature, and 

cooling rate), an intrinsic mechanism for the giant dielectric constant seems to be 

excluded. The high dielectric properties of CCTO are different from classic 

ferroelectric or relaxors, which show a high dielectric constant near its Curie 

temperature (associated with change in crystal structure).  

 In general, the behavior of the high dielectric constant based on the giant 

dielectric materials can be explained by an internal barrier-layer capacitor model (IBLC 

model) and Debye-like relaxation behavior. The origin of the high dielectric constant 

in CCTO has two effects (intrinsic effects and extrinsic effects) on dielectric properties 

[45].  

2.1.2.1 Intrinsic effect 

Recently, the perovskite-like body centered cubic material CaCu3Ti4O12 

(CCTO) was reported to have a high dielectric constant of 104-105 at a wide range of 

temperatures from 100 to 600 K. However, the dielectric constant decreased in the 

factor of 100 at temperatures below 100 K along with a broad peak in the loss tangent. 

Debye model was used to explain the dipolar relaxation process where the dielectric 

constant is expressed by the Equation (2.1). 
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𝜀̃ =  𝜀∞ +  
𝑃0𝜏(1+𝑖𝜔𝜏)

1+𝑖(𝜔𝜏)2    (2.1) 

where 𝑃0𝜏 =  𝜀0 −  𝜀∞, 𝑃0 is the dipole moment, 𝜀0 and 𝜀∞are the dielectric 

constant at low frequency and the dielectric constant at high frequency, respectively. 

And 𝜏 is the relaxation time. The intrinsic properties means that the large dielectric 

response would be present in a perfectly stoichiometric, defect-free, single-domain 

crystal of CCTO. In CCTO, the dielectric constant and polarizability are enhanced by 

tension in Ti-O bonds because a tilting of the TiO6 octahedra was accommodated by 

Cu2+ square planar coordination [51].  

2.1.2.2 Extrinsic effect 

For the extrinsic effect, internal barrier layer capacitance (IBLC) has been 

employed to explain the observed giant dielectric response. Internal microstructure of 

the giant dielectric materials was established to explain the large capacitance behavior 

[52]. The effects caused by conductive grain and insulating barrier-layer (grain 

boundary). Figure 2.2 shows the typical IBLC structure for CCTO materials [53].  

 

Figure 2.2: Internal barrier layer capacitor (IBLC) structure for CCTO: grains are 

represented schematically by cubes (solid lines). 
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From Fig. 2.2, the typical IBLC structure for CCTO materials, it can be 

calculated the total capacitance from each capacitance (Ci) in CCTO. We can be 

assumed that dg ≫ tgb,  

Ci = 
𝜀𝑔𝑏𝜀0𝑑𝑔

2

𝑡𝑔𝑏
     (2.2) 

 According to the Equation (2.2), 𝑑𝑔 is grain size  

𝑡𝑔𝑏 is boundary layer thickness 

   𝜀𝑔𝑏  is dielectric constant of insulating barrier-layer (grain 

boundary) 

C = 
𝜀𝑔𝑏𝜀0𝑑𝑔

𝑡𝑡𝑔𝑏
     (2.3) 

And the capacitance per the unit area (C) can be calculated in the Equation (2.3). 

From C = 
𝜀𝑟𝜀0

𝑡
, 𝑡 is the total vertical thickness of IBLC structure and the colossal 

dielectric constant (𝜀𝑟) of heterogeneous electro-ceramic material can be revealed as 

the Equation below. 

𝜀𝑟 =  
𝜀𝑔𝑏𝑑𝑔

𝑡𝑔𝑏
     (2.4) 

It can be easily understood that the bigger grain size (dg) with thinner grain 

boundaries (smaller tgb) in the samples affect higher dielectric constant (𝜀𝑟) as extrinsic 

effect. Each grain boundary or grain type contribution is described by one RC circuit 

as shown in Fig. 2.3 that the relationship refers to the Maxwell-Wagner type 

polarization with a relaxation behavior [53].  
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Figure 2.3: Schematic the RC circuit consisting of a resistor and capacitor in the grain 

(Rg, Cg) and the grain boundary (Rgb, Cgb). 

 

CCTO grains exhibit as n-type semiconducting behaviors with boundary phases 

of p-type carriers consisted of CuO. Research done by Jung-Hyuk Koh et al. showed 

that the resulting Ag-doped CaCu3Ti4O12 powders were analyzed in terms of the 

dielectric properties and sintering temperature. Impedance spectroscopy indicates that 

grain and grain boundary resistances of the 2 mol% Ag-doped CCTO ceramics has been 

decreased compared with the undoped CCTO ceramics [54].  

2.1.3 Gas sensing properties of CCTO 

Gas sensing mechanisms of CCTO sensors towards different concentrations of 

test gases in purify air. From previous research, Felix et al. have reported that CCTO 

thin films are a typical n-type semiconducting behavior which can be explained as 

following [38, 41]. The most accepted mechanism is associated to the transfer of free 

charge carriers between the semiconductor surface and the absorbed molecules. The 

mechanism of the n-type semiconductors with oxygen as the analyte gas called the 

ionosorption model. Recently, a theoretical study has proposed that oxygen vacancy 

defects can react with crystal defects and that can affect the electronic structure of 

CCTO, depending on the oxygen regime during the synthesis conditions [38]. It can be 
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leaded to a different conductivity type and identified the oxygen-related intrinsic effects 

while film processing as the main mechanism responsible for ruling the type of gas 

sensing response and conductivity in CCTO thin films. 

 In the previous work done by the previous Ph.D. student in our laboratory, Fe-

doped CCTO showed fascinating gas sensing properties towards H2S against NH3, CO, 

C2H2, CH4, ethanol and NO2 including the ability to detect low concentration of H2S 

[41]. CCTO contains copper ions in its structure which is capable of interaction with 

sulfide. Therefore, it may be expected that changes in the conduction band occupy of 

CCTO can occur by adsorption of sulfide species leading to the change in its electrical 

properties. Even pure CCTO thin films could selective and sensitive to H2S gas but the 

sensor response is quite moderate (~ 10). These studies have shown that the sensor 

response of 9 wt% Fe-doped CCTO films towards H2S increased 10 times (~ 126) 

relative to pure CCTO [41]. The details of H2S gas sensing data and the mechanism 

will be explained in Section 2.3.4. 

 

2.2 Sol-gel process 

Sol-gel process is a wet-chemical process for producing solid materials from 

small molecules. This method is used for the fabrication of metal oxide materials e.g. 

ceramics, thin films at low temperature. Sol-gel process consists in the chemical 

transformation of a liquid (the sol) into a gel state and with subsequent post-treatment 

and transition into metal oxide material. The main benefits of sol-gel processing are the 

high purity and uniform nanostructure achievable at low temperatures. It based on 

control of hydrolysis, water condensation and alcohol condensation reactions as seen 

in the Equations (2.5)-(2.7),  
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Hydrolysis:  

𝑀 − 𝑂 − 𝑅 +  𝐻2𝑂 → 𝑀 − 𝑂𝐻 + 𝑅 − 𝑂𝐻    (2.5) 

 Water condensation: 

 𝑀 − 𝑂𝐻 + 𝐻𝑂 − 𝑀 → 𝑀 − 𝑂 − 𝑀 − 𝐻2𝑂   (2.6) 

Alcohol condensation: 

                    𝑀 − 𝑂𝐻 − 𝑅 + 𝐻𝑂 − 𝑀 → 𝑀 − 𝑂 − 𝑀 + 𝑅 − 𝑂𝐻  (2.7) 

where M is a metal, -OR is an alkoxide groups and -OH is hydroxyl group. 

During the hydrolysis reaction, the alkoxide groups (-OR) are replaced with the 

hydroxyl group (OH) through the addition of water. Subsequent condensation reaction 

involving M-OH group produces M-O-M bonds with product of water (water 

condensation) or alcohol (alcohol condensation) [55]. From these Equations, it can be 

leaded to the formation of a sol.  

 

Figure 2.4: Schematic illustration of the different stages and routes of the sol-gel 

technique. 

 Figure 2.4 shows that the sol can be applied with the different stages and routes 

of the sol-gel process. Thin films, normally less than 1 𝜇𝑚 in thickness, could be 
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formed by dipping or coating without cracking [56]. In this thesis, I focus on spin 

coating technique for thin films preparation. The sol is produced by spin coating and 

deposited on substrates for various applications that be used. After that, the drying and 

sol-gel densification are used to the films formation. These processes will be explained 

in the next sections. 

2.2.1 Spin coating 

Spin coating is used for making a thin coating on relatively flat substrates. There 

are three phases (spin-up, spin-off and evaporation) of spin coating process. These 

phases of spin coating process are shown in Fig. 2.5. 

 

Figure 2.5: Schematic illustration of the major spin coating process [57]. 

 For the spin-up phase, the substrate is accelerated to the final rotation speed in 

0.5-2 seconds and the final rotation speeds in the range of 500-10,000 rpm (usual 2,000-

5,000 rpm). Spin-up removes most of the solution which has been initially deposited 

on the substrate. In the spin-off phase, high-speed spinning casts solution off from the 

edge of the substrate. Centrifugal rotation forces are balanced by viscous dissipation 

effect of the solution. Then, spin speed that actually slow down because the coating 
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thickness is reduced. Edge effects are often seen because the fluid flows uniformly 

outward, but must form droplets at the edge to be flung off. Thus, there may be a small 

bead of coating thickness difference around the rim of the final wafer. It depends on the 

surface tension, rotation rate, viscosity, etc. At the last phase, the evaporation of any 

vaporing solvent species will become the important process occurring in the spin 

coating process. Evaporation starts to remove only the solvent. The viscosity of the film 

increases when the solvent may be removed to a certain extent in the spin-off stage 

[58].  

 In addition, the interaction between substrate and solution layer are strongly 

compared than interaction between solution surface layer and air. The film thickness 

can be simplified to the form ℎ ∝ 𝜔−2/3 where ℎ is film thickness and 𝜔 is spinning 

speed [58, 59]. Furthermore, it depends on viscosity and solution concentration. After 

spinning is stopped many applications require that heat treatment or “Drying” of the 

coating be performed. 

2.2.2 Drying 

 The gel has a high ratio of water and three dimensional inter-connected pores 

inside the structure. Before the pore is closed during the densification process, drying 

is needed to remove the liquid trapped in the interconnected pores. The stages of drying 

in details can be discussed in the factors affecting stress development of various 

strategies for avoiding warping and cracking. The first stage of drying is called the 

constant rate period (CRP). The gel is still flexible and shrinks as liquid evaporates. 

The second stage, critical point, the gel becomes stiff and resists further shrinkage, the 

liquid begins to recede (contact angle, 𝜃) into the pores (radius, 𝑎), the tension (𝑃) in 
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the liquid is defined to   

                                                 𝑃 =  
2γ cos 𝜃

𝑎
      (2.8) 

As the gel shrinks, the tension in the pores increases and the vapor pressure of the liquid 

in the pores decreases according to 

𝑝𝑣 =  𝑝0exp (
𝑃𝑉𝑚

𝑅𝑔𝑇
)   (2.9) 

where 𝑉𝑚 is the molar volume of the liquid and 𝑃 is the tensile stress in the liquid 

 The third stage is called the first falling-rate period (FRP1). The rate of 

evaporation decreases and the temperature of the surface rises above the wet-bulb 

temperature. A thin liquid film remains on the pore walls and flows to the surface. At 

the same time, some liquid evaporates within the unsaturated pores and the vapor is 

transported by diffusion [60].  

 At the last stage, drying is said to enter the second falling rate period (FRP2), 

where evaporation occurs inside the body as shown in Fig. 2.6. The temperature of the 

surface approaches the ambient temperature and the rate of evaporation becomes less 

sensitive to external conditions (temperature, humidity, draft, etc.). Since evaporation 

occurs inside the body (at the pendular-funicular boundary), the surface rises above the 

wet-bulb temperature. The vapor pressure increases with the temperature, so the 

concentration gradient may cause some diffusion toward the interior. The ambient 

vapor pressure is low at near the outer surface [60]. 
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Figure 2.6: Schematic illustration of transport during the second falling rate period 

[60]. 

2.2.3 Sol-gel densification 

The final process of the sol-gel technique is densification. The densification 

process will be done by heating the sol-gel thin film with high temperature in order to 

make a smoother and compact surface. After the sol-gel materials were annealed at high 

temperature, the pores were eliminated and the density of its became equivalent. In the 

previous study, the most obvious physical change that occur when a gel is heated above 

room temperature for a multicomponent borosilicate gel during heating at 0.5 °C/min 

[61]. Densification stages are shown in Fig. 2.7. The densification curve in the Fig. 2.7 

is composed of three distinct portions. In stage I, the weight loss occurs with small 

shrinkage below the temperature of 200 °C. In stage II, both shrinkage and weight loss 

are substantial at the temperature in the range of 150-700 °C. When the pores are 

completely in the closed form that interconnected pore charnels are closed off isolating 

porosity above 500 °C, the rate of densification is reduced as shown in the final stage 

within no more weight loss. The densification temperature that be used depending on 
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the surface areas in the structure, the dimension of the pores and the degree of 

connection of the pores.  

 

 

Figure 2.7: Densification stages with fractional linear shrinkage and percent weight 

loss for a multicomponent borosilicate gel [61]. 
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2.3 Metal oxide gas sensor 

2.3.1 Working principle of gas sensor 

Gas sensors are devices that can transform the chemical signature of an analytic 

gas into an electronic signal and are one of the important components of electronic nose 

technology. At the beginning of the sensing measurement, the sensor is exposed to pure 

air exhibited a high resistance due to the reaction between the chemisorbed oxygen on 

the surface and electrons from conduction band. It can be explained by physical 

adsorption process in the Equation (2.10) and chemical adsorption in the Equations 

(2.11)-(2.13).  

                                                         𝑂2(𝑔𝑎𝑠) ↔  𝑂2(𝑎𝑑𝑠)       (2.10) 

𝑂2(𝑎𝑑𝑠) + 𝑒−(𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑏𝑎𝑛𝑑) ↔  𝑂2
−(𝑎𝑑𝑠)  ; T < 200 ºC          (2.11) 

𝑂2
−(𝑎𝑑𝑠)  +  𝑒−(𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑏𝑎𝑛𝑑) ↔  2𝑂−(𝑎𝑑𝑠)  ; 200 ºC < T < 400 ºC     (2.12) 

𝑂−(𝑎𝑑𝑠)  + 𝑒−(𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑏𝑎𝑛𝑑) ↔  𝑂2−(𝑎𝑑𝑠)    ; 200 ºC < T < 400 ºC    (2.13) 

 When the metal oxide sensors are exposed to pure air, oxygen molecules can be 

adsorbed on the surface of sensor as a donor or acceptor of charge carriers (Receptor 

function). Because of the strong electronegativity of oxygen atom, electrons from 

conduction band of metal oxide materials react with the adsorbed oxygen molecules to 

produce ionized oxygen species such as 𝑂2
− , 𝑂−  [62]. These Equations depend on 

operate temperature that the adsorbed oxygen molecules receive one negative charge 

as shown 𝑂2
− (𝑎𝑑𝑠) at low temperature between 150 and 200 °C. And it is considered 

as dissociative atom as seen 𝑂− (𝑎𝑑𝑠) and 𝑂2− (𝑎𝑑𝑠) at high temperature between 200 

and 400 °C. The electron concentration would be decreased in the chemical adsorption 

process. Schematic diagram of band bending after chemisorption of charged species is 
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shown in Fig. 2.8 where EC, EV, and EF denotes the energy of the conduction band, 

valence band, and the Fermi level, respectively, while Λair denotes the thickness of the 

space-charge layer, and eV surface denotes the potential barrier. 

 

Figure 2.8: Schematic diagram of band bending after chemisorption processes. 

It can be seen that the resistance of metal oxide sensors increase. After the test 

gases was flowed into the reaction chamber, the test gas molecules could be 

chemisorbed on the surfaces of them according to gas sensing mechanism in the 

Chapter 5.  

If we focus on reaction with a reducing gas, the working principle of the gas 

sensors is schematically shown in Fig. 2.9. The oxygen adsorption and reaction with 

a reducing gas occurs on the surface.   
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Figure 2.9: Schematic of metal oxide gas sensor where the oxygen and reducing gas 

can penetrate to interact with each grain [63]. 

 

2.3.2 Characteristics of metal oxide gas sensor 

 In the previous section, the gas sensing mechanism was explained by the 

ionosorption model. This section, the change of the sensor resistance upon exposure to 

the target gas in the case of n-type and p-type metal oxide sensors is considered. There 

are two cases on the characteristics of metal oxide gas sensor.   

 The first case, oxidizing gas will be considered. It can be reacted with the 

oxygen ion and keep the electron at the surface and the electron concentrations in the 

metal oxide will be decreased. In the n-type metal oxide sensors, the majority of carriers 

are electrons and the conductance decrease after being exposed to oxidizing gas. For 

the p-type metal oxide sensors, the majority of carriers are holes. The electron 

concentrations in the metal oxide will be increased. Therefore, the conductance of p-

type metal oxide sensors will increase after being exposed to oxidizing gas.  

 The second case, when the reducing gases are exposed into the flow chamber. 

The electrons obtained from the chemical reaction in the adsorbed oxygen ion forming 
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process are given back to the conduction band as shown in Fig. 2.10 below. In the n-

type metal oxide sensors, these electrons will increase the carrier concentration and 

affect to a decrease in the resistance of sensors. For the p-type metal oxide sensors, the 

electrons go back in to the valence band and recombine with the holes that results in 

reducing the concentration of holes and affects to an increase in the sensor resistance.   

 

Figure 2.10: Schematic diagram for change of the sensor resistance upon exposure to 

the target gas (reducing gas) in the case of n-type and p-type metal oxide gas sensors 

[64]. 

Gas-sensing performances could be described in terms of the response time, the 

recovery time, the sensor response and the selectivity. The response time and recovery 

time are defined as the time that they are different sensor signals between 90% of its 

steady state and 10% of the initial value (after exposure to the target gas). Figure 2.11 

shows a typical signal of a sensor made from n-type semiconductor illustrating the 

response time and the recovery time under reducing gas.  If the recovery time and the 
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response time values are small number, the performances of such sensor will be 

considered to be efficiency. 

· 

Figure 2.11: A typical signal of a sensor made from n-type semiconductor under 

reducing gas as a function of time. 

 

2.3.3 Strategy for improvement of gas sensing performance 

 Surface decoration with noble metal is a powerful method for improvement of 

gas sensing performance. The working principle of dopant for enhancing the gas 

sensing performance of pure metal oxide could be described in the catalytic effect.  

To provide 𝑘2 ≪  𝑘−1, the rate of reaction of adsorbed A molecules is much 

greater than the rate of desorption of unreacted A. Surface reactions can often be 

explained by the mechanism,  

  (2.14) 
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For unimolecules, the rate of product formation is 𝑘2Θ𝐴 where Θ𝐴 is the surface 

coverage of A that is number of adsorption sites occupied. The rate of surface reaction 

(𝑘𝑟) can be written in the Equation 2.15.  

𝑘𝑟 =  𝑘2Θ𝐴 =  
𝑘2𝐾𝐴𝑃𝐴

1+ 𝐾𝐴𝑃𝐴
    (2.15) 

where 𝑃𝐴 is partial pressure of A, 𝐾𝐴 is the adsorption equilibrium constant. The simple 

Langmuir isotherm equation for adsorption of a single adsorbate on a single-site surface 

is still frequently applied to ion-exchange reactions [65]. It can be used to determine 

Θ𝐴, giving 

Θ𝐴 =  
𝐾𝐴𝑃𝐴

1+ 𝐾𝐴𝑃𝐴
    (2.16) 

From the Equation 2.16, the rate of reaction is considered by two limiting rate 

laws, corresponding to the two extreme behaviors of the Langmuir isotherm:   

1. At low pressure (𝑃𝐴 ⟶ 0), Θ𝐴 is very small. 

    𝑘𝑟 =  𝑘2Θ𝐴 = 𝐾2𝐾𝐴𝑃𝐴   (2.17) 

2. At high pressures Θ𝐴 is approximately equal to unity, and the reaction is zero 

order 

    𝑘𝑟 =  𝑘2    (2.18) 

For biomolecules, the reaction occurs between two molecules which adsorb on 

different types of surface sites. If we concern the reaction with adsorbed oxygen 

species, the surface reactions can often be explained by the mechanism, 

𝐴(𝑎𝑑𝑠) +  𝑂2
−(𝑎𝑑𝑠)

𝑘2
→  𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠   (2.19) 

The reaction rate (𝑘𝑟) is then,  

𝑘𝑟 =  𝑘2Θ𝐴Θ𝑂2
− =  𝑘2(

𝐾𝐴𝑃𝐴

1+ 𝐾𝐴𝑃𝐴
)(

𝐾𝑂2
−𝑃𝑂2

−

1+ 𝐾𝑂2
−𝑃𝑂2

−
)   (2.20) 
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where Θ𝑂2
− is constant, giving 

𝑘𝑟 = (𝑐𝑜𝑛𝑠𝑡. )𝑘2Θ𝐴   (2.21) 

𝑘𝑟 = 𝑘𝑒𝑓𝑓Θ𝐴    (2.22) 

From the Equation 2.22, it is a linear function with the effective response rate 

(𝑘𝑒𝑓𝑓) that be the slope of this function. The dependence of the effective rate on the 

noble metal doping concentration represents the reaction order on the catalyst in a 

chemical kinetic sense. 

 

2.3.4 Gas-sensing performances with Fe-doping in CaCu3Ti4O12 thin 

films 

In the report of Pongpaiboonkul et, al., the selectivity of CCTO sensors were 

assessed toward H2S, NH3, NO2, C2H5OH, CO, CH4 and C2H2. Fe dopants greatly 

enhanced the sensor response and selectivity to H2S as shown in Fig. 2.12. At high H2S 

concentration of 10 ppm, the response time decreases from ~40 s to ~8.5 s and the 

recovery time reduces from ~1100 s to ~500 s as the input Fe-doping level increase 

from 0 to 9 wt% [41]. 
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Figure 2.12: Selectivity of histogram of CCTO sensors with different Ag-doping 

concentrations [41]. 

The roles of Fe-dopant on gas-sensing mechanisms of CCTO sensor may be 

explained based on electronic and catalytic effects of substitutional p-type Fe dopants. 

Generated electrons in conduction band according to the defect reaction represented in 

Kröger–Vink notation can be described in the Equation 2.23,  

𝑂𝑂
𝑥 →  𝑉𝑂

•• + 2𝑒′ +
1

2
𝑂2   (2.23) 

where 𝑂𝑂
𝑥, 𝑉𝑂

••, 𝑒′and 𝑂2 are oxygen site, oxygen vacancy, electron with a single 

negative charge and oxygen gas, respectively. 

 Near surface, the CCTO structure interacts with oxygen gas. Some of adsorbed 

oxygen ions can interact with oxygen vacancies in the lattice. With Fe doping, Fe3+ ions 

substitute on to Ti4+ sites. The substitution results in the creation of oxygen vacancies 

which will accept oxygen gas in air while sintering. It can be explain in Equations 2.24-

2.25. 
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𝐹𝑒2𝑂3 → 2𝐹𝑒𝑇𝑖
′ + 3𝑂𝑂

𝑥 +  𝑉𝑂
••    (2.24) 

𝑉𝑂
•• +  

1

2
𝑂2 → 2ℎ• +   𝑂𝑂

𝑥   (2.25) 

where 𝐹𝑒2𝑂3, 𝐹𝑒𝑇𝑖
′ , and ℎ• are the quasi-𝐹𝑒2𝑂3 dopant molecule, Fe-Ti substitutional 

site and hole, respectively. The generated holes will recombine with existing electrons, 

leading to the annihilation of electrons and the increase of electrical resistance.      

  When exposing the CCTO film to H2S (reducing gas), H2S molecules will 

adsorb on the sensor surface according to the following Equations 2.26-2.27, 

𝐻2𝑆 + 3𝑂−(𝑎𝑑𝑠) → 𝑆𝑂2 +  𝐻2𝑂 + 3𝑒−  (2.26) 

𝐻2𝑆 +  3𝑂2−(𝑎𝑑𝑠) → 𝑆𝑂2 +  𝐻2𝑂 + 6𝑒−    (2.27) 

The electrons from the surface oxygen species will be released into CCTO 

conduction band. In addition, Fe dopant in CCTO could be an effective catalyst that 

can selectively enhance the reducing reaction and response rates with H2S according 

to: 

𝐹𝑒𝑂𝑥 + 𝑥 ∙ 𝐻2𝑆 →  𝐹𝑒𝑆𝑥 + 𝑥 ∙ 𝐻2𝑂    (2.28) 

𝐹𝑒𝑆𝑥 +
3

2
𝑥 ∙ 𝑂2  →  𝐹𝑒𝑂𝑥 + 𝑥 ∙ 𝑆𝑂2   (2.29)



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

CHAPTER III 

CHARACTERIZATION TECHNIQUES 

For material characterization, we will focus on X-ray Diffraction (XRD), Field 

Emission Scanning Electron Microscopy (FESEM), Raman Spectroscopy, X-ray 

Photoelectron Spectroscopy (XPS) technique. These characterization techniques will 

be explained with the working principle and we will specify the measurements that the 

details of its were described in this section. 

 

3.1 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) technique is an analytical technique widely used to 

identify the phases in the crystalline material for crystal structure examination. XRD 

has wide variety applications such as analyzing films as thin as 50 angstroms for texture 

and phase behaviors, determining crystallite size from the Scherrer Equation, detecting 

the preferential orientation of the films with the secondary phases or impurity phases in 

the films and etc. In this section, we will first explain the generation of X-ray and follow 

by working principle of XRD.   

3.1.1 Generation of X-ray 

 X-rays which are produced from X-ray tube. X-ray are short wavelength in the 

range of 0.01 to 10 nanometers and high energy waves of electromagnetic radiation in 

the range of 200 eV to 1 MeV which are characterized by wavelength or photon energy 

as shown in Fig. 3.1. X-rays are produced by high speed electrons when accelerated 

electrons collide with the target. 
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Figure 3.1: The electromagnetic spectrum, presented as a function of wavelength, 

frequency, and energy. X-rays comprises the high-energy portion of the 

electromagnetic spectrum [66]. 

 

X-ray can be divided into two types of continuous X-ray and characteristic X-

ray. It can be shown in Fig. 3.2. Events 1, 2, and 3 describe the incident electrons 

interacting in the vicinity of the target nucleus, resulting in bremsstrahlung production 

caused by the deceleration and change of momentum, with the emission of a continuous 

energy spectrum of x-ray photons. Event 4 demonstrates characteristic radiation 

emission, where an incident electron with energy greater than the K-shell binding 

energy collides with and ejects the inner electron creating an unstable vacancy. An outer 

shell electron transitions to the inner shell and emits an x-ray with energy equal to the 

difference in binding energies of the outer electron shell and K shell that are 

“characteristic” of tungsten [67]. 
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Figure 3.2: X-ray production by energy conversion. 

 

For properties of the Continuous Spectrum, the intensity is zero up to a certain 

wavelength-short wavelength limit (𝜆). The kinetic energy of the decelerated electrons 

converts to the energy of X-ray radiation as shown in the following Equation (3.1). 

𝐸𝑘 =
1

2
𝑚𝑣2 = 𝑒𝑉   (3.1) 

where 𝐸𝑘 is the kinetic energy 

  𝑚 is mass of the electron (9.11×10-31 kg) 

  𝑣 is electron velocity (m/sec) 

  𝑒 is electron charge (1.6×10-19 C) 

  V is applied voltage (V) 

The electrons transfer all their energy into photon energy. It can be described 

with the Equation (3.2). 

𝑒𝑉 = ℎ𝜈    (3.2) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

36 

where ℎ is plank’s constant (6.62607004 × 10-34 J·s), ν is the frequency of the radiation 

(Hz). Combining this relation with 𝑉 =  
𝑐

𝜆
 , the wavelength of X-ray radiation, λ, is 

related to the acceleration voltage of electrons (𝑉) as shown in the following Equation 

(3.3):   

𝜆 =  
12.398×103

𝑉
    (3.3) 

The total X-ray energy emitted per second depends on the atomic number Z of 

the target material and on the X-ray tube current. This total X-ray intensity is given by 

Equation (3.4).  

𝐼 = 𝐴𝑖𝑍𝑉𝑚    (3.4) 

where A is proportionality constant, 𝑖 is tube current (measure of the number of 

electrons per second striking the target) and 𝑚 is the constant ≈ 2.  

For the properties of the characteristic spectrum, the diffraction peak with a 

specific wavelength is created when a hole in the inner shell, created by a collision 

event, is filled by an electron from higher energy shell. Let a 𝐾-shell electron be 

knocked out and the vacancy can be filled by an electron from the 𝐿-shell (𝐾𝛼 radiation) 

or the 𝑀-shell (𝐾𝛽 radiation). Table 3.1 shows characteristic wavelength values (in Å) 

for common anode materials. There are several lines in the 𝐾-set. The strongest are 

𝐾𝛼1
, 𝐾𝛼1

and 𝐾𝛽1
. Usually only the 𝐾-lines are useful in X-ray diffraction.  
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Table 3.1: The X-ray characteristics of usual target materials [67]. 

 

 

 

3.1.2 Working principle of XRD 

 The principle of XRD is based on Bragg’s law which scans the sample through 

a range of 2𝜃 (scattering angles) at which peaks of strong scattered intensity may occur, 

composition is measured. It can be identified positions and intensities of diffraction 

peaks which are unique to a given chemical compound. The scattering of a 

monochromatic X-ray beam with one wavelength from crystal planes is shown in Fig. 

3.3. This schematic set up is called θ-2θ scan. 

Materials Atomic 

number 

Some commonly used X-ray K 

wavelengths (Å) 

Optimum 

Voltage 

(kV) 
𝑲𝜶(av.) 𝑲𝜶𝟏

 𝑲𝜶𝟐
 𝑲𝜷𝟏

 

Cr 24 2.29100 2.28970 2.29361 2.08487 40 

Fe 26 1.97376 1.93604 1.93998 1.75661 40 

Cu 29 1.54184 1.54056 1.54439 1.39222 45 

Mo 42 0.71073 0.70930 0.71359 0.63229 80 
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Figure 3.3: Schematic of diffraction to prove Bragg’s law. 

When an X-Ray beam with a known wavelength is incident to a crystalline 

solid, the crystalline planes will make the diffraction, according to the general 

relationship between the wavelength of the incident X-rays, angle of incidence and 𝑑-

spacing is known as Bragg's Law: 

2𝑑ℎ𝑘𝑙 sin 𝜃ℎ𝑘𝑙 = 𝑛𝜆    (3.4) 

where 𝑑ℎ𝑘𝑙  is the distance between atomic layers in a crystal. 

          𝜃ℎ𝑘𝑙 is an incident angle which is the angle between the lattice plane and the 

incident beam. 

          𝜆 is the wavelength of the incident X-ray beam. 

          𝑛 is an integer. 

The distance between atomic layers in a crystal can be calculated by d-spacing 

formulas as shown in Table 3.2.  
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Table 3.2: Formulas of the distance between atomic layers in a crystal structure [68]. 

 

Crystal system 𝒅-spacing formulas 

Cubic 

𝑎 = 𝑏 = 𝑐 

𝛼 = 𝛽 = 𝛾 = 90° 

 

1

𝑑2
=  

ℎ2 +  𝑘2 + 𝑙2

𝑎2
 

Tetragonal 

𝑎 = 𝑏 ≠ 𝑐 

𝛼 = 𝛽 = 𝛾 = 90° 

 

1

𝑑2
=  

ℎ2 + 𝑘2

𝑎2
+

𝑙2

𝑐2
 

Orthorhombic 

𝑎 ≠ 𝑏 ≠ 𝑐 

𝛼 = 𝛽 = 𝛾 = 90° 

 

1

𝑑2
=  

ℎ2

𝑎2
+

𝑘2

𝑏2
+

𝑙2

𝑐2
 

Hexagonal 

𝑎 = 𝑏 ≠ 𝑐 

𝛼 = 𝛽 = 90°, 𝛾 = 120° 

 

1

𝑑2
=

4

3
(

ℎ2 + ℎ𝑘 + 𝑘2

𝑎2 ) +
𝑙2

𝑐2
 

Monoclinic 

𝑎 ≠ 𝑏 ≠ 𝑐 

𝛼 = 𝛽 = 90°, 𝛾 ≠ 120° 

 

1

𝑑2
=

1

𝑠𝑖𝑛2𝛽
(

ℎ2

𝑎2
+

𝑘2𝑠𝑖𝑛2𝛽

𝑏2
+

𝑙2

𝑐2
−

2ℎ𝑙𝑐𝑜𝑠𝛽

𝑎𝑐
) 

Triclinic 

𝑎 ≠ 𝑏 ≠ 𝑐 

𝛼 ≠ 𝛽 ≠ 𝛾 ≠ 90° 

1

𝑑2
=

1

𝑉2
[ℎ2𝑏2𝑐2𝑠𝑖𝑛2𝛼 + 𝑘2𝑎2𝑐2𝑠𝑖𝑛2𝛽 + 𝑙2𝑎2𝑏2𝑠𝑖𝑛2𝛾

+ 2ℎ𝑘𝑎𝑏𝑐2(𝑐𝑜𝑠𝛼𝑐𝑜𝑠𝛽 − 𝑐𝑜𝑠𝛾)

+ 2𝑘𝑙𝑎2𝑏𝑐(𝑐𝑜𝑠𝛽𝑐𝑜𝑠𝛾 − 𝑐𝑜𝑠𝛼)

+ 2ℎ𝑙𝑎𝑏2𝑐(𝑐𝑜𝑠𝛼𝑐𝑜𝑠𝛾 − 𝑐𝑜𝑠𝛽) 
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The CCTO structure type is derived from the cubic perovskite structure. The X-

ray measurement was collected by using CuKα1 (λ = 1.54056 Å) radiation with 40 kV 

and 40 mA in the 2θ range of 20◦ to 80◦ with scan step about 0.02◦. For cubic crystal 

systems, all three linear parameters are identical, so a single lattice constant is used to 

describe a cubic unit cell. It can be calculated by the Equations (3.5)-(3.8). 

1

𝑑2
=  

ℎ2+ 𝑘2+𝑙2

𝑎2
   (3.5) 

From Bragg's Law, we can get the Equation (2.6). 

𝑑ℎ𝑘𝑙 =  
𝑛𝜆

2𝑠𝑖𝑛𝜃ℎ𝑘𝑙
   (3.6) 

By combining (3.5) and (3.6), we can gain a new Equation:   

(
𝑛𝜆

2𝑎
)

2
=  

𝑠𝑖𝑛2𝜃

ℎ2+𝑘2+𝑙2
   (3.7) 

     𝑠𝑖𝑛2𝜃 =  
𝑛2𝜆2

4𝑎2 (ℎ2 + 𝑘2 + 𝑙2)  (3.8) 

For a particular incident x-ray wavelength and cubic crystal of unit cell size 𝑎, 

this Equation predicts all possible Bragg angles at which diffraction can occur from 

planes (hkl). 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

41 

3.2 Field Emission Scanning Electron Microscopy 

(FESEM) 

The field emission scanning electron microscopy (FESEM) uses a focused beam 

of electrons to generate an image or to analyze the specimen. It is developed from 

ordinary SEM. Electrons are liberated from a field emission source that is the main 

differences between FESEM and SEM (thermionic emission source). Schematic 

diagram of FESEM is shown in the Fig. 3.4. 

 

Figure 3.4: Schematic of FESEM showing electron emission gun, anode, 

electromagnetic lenses, sample, secondary electron detector, digital processing signal. 

 

A field emission source (FES), also called a cold cathode field emitter, does not 

heat the filament. The FES is a wire of tungsten (W) created into a sharp point with the 

small tip radius (~100 nm) for concentrated electric field. Electrons are accelerated in 
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a high electrical field gradient within the high vacuum column these so-called primary 

electrons are focused and deflected by electronic lenses to produce a narrow scan beam 

that bombards the object. The acceleration voltage between cathode and anode is 

commonly in the order of magnitude of 0.5 to 30 kV and the apparatus requires an 

extreme vacuum (~10–6 Pa). The primary electron beam interacts with the atoms at the 

surface (down to 1 µ𝑚 depth) of the sample generating low energy secondary electrons, 

the energy of which is governed by the surface topography [69]. Figure. 3.5 shows a 

variety of signals at surface and sub-surface of the sample.   

 

Figure 3.5: Interaction between the incident electron beam and sample surface. 

As shown in the Fig. 3.6, the secondary electrons (50-500 Å) occurred near the 

sample surface approximately 10 nm in depth with the energy about 3-5 eV. By 

scanning the sample and collecting the secondary electrons, an image of the topography 

of the surface is constructed. I will use FESEM technique to obtain the surface 

morphologies and cross section views of undoped and Ag-doped CCTO thin films 

deposited on silicon and alumina substrates. 
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Figure 3.6: A schematic of various possible results of electron hitting a sample. 

 

In addition to secondary electrons imaging, Energy Dispersive X-ray 

Spectroscopy (EDS or EDX) analysis is used for the elemental analysis or chemical 

characterization of a sample. The EDX system detects the X-photons emitted by the 

sample after excitation by the electron beam. The energies of the emitted X-photons 

that are characteristic of an element’s atomic structure to be identified uniquely from 

one another [70]. EDX technique is useful to determine each element existing in 

undoped and Ag-doped CCTO thin films deposited on silicon substrates, especially to 

verify the doping concentrations in the films. 
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3.3 Raman Spectroscopy 

Raman spectroscopy is a form of molecular spectroscopy that involves the 

scattering of electromagnetic radiation by atoms or molecules. The Raman scattered 

light occurs at wavelengths that are shifted from the incident light by the energies of 

molecular vibrations [71]. It can be derived by considering the vibration mode structure 

of a simple diatomic molecule as shown in Fig. 3.7. Hook’s law is used in 

approximation.  

 

Figure 3.7: A simple diatomic molecule. 

 

It is considered in Hook’s law as shown in the Equation (3.5)-(3.7). 

𝐹 =  −𝐾𝑥    (3.5) 

𝑚1𝑚2

𝑚1+𝑚2
(

𝑑2𝑥1

𝑑𝑡2
+

𝑑2𝑥2

𝑑𝑡2
) = −𝐾(𝑥1 + 𝑥2)   (3.6) 

𝜇
𝑑2𝑞

𝑑𝑡2 = −𝐾𝑞    (3.7) 

where  𝜇 is reduced mass,  

𝑞 is the molecular displacement. 

In the classical derivation of the Raman effect, internal vibrational motion with 

eigen frequency 𝑣𝑚 is shown in the Equation (3.8). 

𝑞 = 𝑞0 cos(2𝜋𝜈𝑚 ⋅ 𝑡)    (3.8) 
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It is govern by the polarizability of electron cloud around the molecule. When 

the electric field of the incident light interacts with the molecules, it interferes with the 

molecule’s vibration, inducing a dipole moment. Induced dipole moment (𝑃)  is 

described with electric field (𝐸) due to electromagnetic wave with frequency 𝑣0  as 

shown in the Equation (3.9). 

𝑃 = 𝛼𝐸 = 𝛼𝐸0 cos 2𝜋𝑣0 ⋅ 𝑡   (3.9) 

For a small amplitude of vibration, the polarizability (𝛼) is a linear function of 

𝑞,  

𝛼 = 𝛼0+(
𝜕𝛼

𝜕𝑞
)𝑞=0 ∙ 𝑞 + ⋯   (3.10) 

 Then, we can form 

 𝑃 = 𝛼0𝐸0 cos(2𝜋𝑣0 ⋅ 𝑡) + (
𝜕𝛼

𝜕𝑞
)𝑞=0 ∙ 𝑞0 cos(2𝜋𝑣𝑚 ⋅ 𝑡) ∙ 𝐸0 cos(2𝜋𝑣0 ⋅ 𝑡) 

𝑃 = 𝛼0𝐸0 cos(2𝜋𝑣0 ⋅ 𝑡) +
1

2
(

𝜕𝛼

𝜕𝑞
)𝑞=0∙𝑞0𝐸0 [

cos(2𝜋{𝑣0 − 𝑣𝑚} ∙ 𝑡)

+ cos(2𝜋{𝑣0 + 𝑣𝑚} ∙ 𝑡)
]      (3.11) 

By applying the linear approximation, it can be seen that the first term represents 

Rayleigh scattering; the frequency is presented by𝑣0, which means there has been no 

change in the frequency. This is also known as elastic scattering. The second term of 

linear approximation produces Stokes and anti-Stokes scattering, and these are 

represented by a change in the frequency, with the frequency variables denoted by 

negative 𝑣𝑚  and positive 𝑣𝑚  [71]. Raman from the particle point of view can be 

visualized by a quantum energy diagram as shown in Fig. 3.8.   
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Figure 3.8: Energy Scheme for Photon Scattering. 

A Raman spectrum is a plot of the intensity of Raman scattered radiation as a 

function of its frequency difference from the incident radiation (usually in units of 

wavenumbers, cm-1). This difference is called the Raman shift [71]. 

 

3.4 X-ray Photoelectron Spectroscopy (XPS) 

  X-ray photoelectron spectroscopy (XPS) is a form of electron spectroscopy in 

which a sample is irradiated with a beam of monochromatic x-rays and the energies of 

the resulting photoelectron are measured. XPS is widely used surface analysis 

technique. It is a very helpful technique in obtaining information about oxidation state 

and atomic composition based on analyzed compounds. In XPS, the sample is placed 

in a high vacuum environment under the best vacuum conditions achievable (below 10-

8 mbar) and exposed to a low-energy (~1.5 keV) monochromatic x-ray source in order 

to provoke the photoelectric effect described by Albert Einstein [72]. Then, the incident 
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X-rays cause the ejection of core-level electrons from sample atoms. The energy 

spectrum of the emitted photoelectrons is determined by means of a high-resolution 

electron spectrometer. After that detector can detect the kinetic energy and which 

provides the information to determine the kind of elements present in the sample. 

Schematic representation of the X-ray photoelectron process is shown in the Fig. 3.9. 

 

 

Figure 3.9: Schematic representation of the X-ray photoelectron process. 

 

The atoms in the sample are ionized and the electrons with binding energies 

(𝐸𝑏) absorb photons with energy ℎ𝜈 and escape from the sample body with kinetic 

energy 𝐸𝑘. It is determined by the following Equation (3.12). 

𝐸𝑘 = ℎ𝜈 − 𝐸𝑏 − 𝑊𝑓    (3.12) 

where 𝑊𝑓 is the material work function and it can be defined in the Equation (3.13), 

𝑊𝑓 =  𝐸𝑣𝑎𝑐𝑢𝑢𝑚 − 𝐸𝑓     (3.13) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

48 

The X-ray photoelectron spectroscopy detects the electron energies. It can be 

identified the elements and oxidation states of the atoms in a sample. The XPS spectrum 

shows a number of emitted electrons against their kinetic energy. In general, the data is 

plotted with the intensity of X-ray produced and the binding of the electron that got 

kicked out of the shell. We will attempt to use XPS technique to confirm the existence 

of Ag doping in the CCTO films deposited on silicon substrates



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

CHAPTER IV 

EXPERIMENTAL DETAILS 

 

4.1 CCTO preparation 

 In this chapter, the experimental details are divided into three main parts. In the 

beginning of the chapter, we will focus on CCTO films prepare by a solution sol-gel 

method (SSG) that use glacial acetic as dissolution. Undoped CCTO and Ag-doped 

CCTO thin films prepared using two silver compounds were cast on alumina substrates 

for gas sensor fabrication. At the end of this chapter, the details of coplanar gas sensor 

fabrication, sensor response measurements are explained. 

 

4.1.1 Synthesis of CCTO and Ag-doped CCTO precursors 

 The procedure for CCTO film preparation is summarized as shown in Fig. 4.1. 

The precursors are calcium acetate hydrate (Ca(C2H3O2)2·xH2O, Sigma, 99%), copper 

(II) acetate monohydrate (Cu(II)(C2H3O2)·H2O, Fluka, 99%), titanium (IV) 

isopropoxide (Ti(OCH(CH3)2)4, Sigma, 97%). The composition of calcium: copper: 

titanium: oxygen: without doping will be controlled to 1:3:4:12 which is the atomic 

ratio of pure CCTO. The CCTO thin films devices will be fabricated for gas sensing 

applications including the sensor response and the selectivity. The different Ag 

compounds used in this study are silver acetate (AgCH3CO2, MERCK, 98.5%) and 

silver perchlorate (AgClO4, ALORICH, 97%). Each compound was added into the 

separate precursor solution and also the concentration of Ag was varied upon on each 
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own capability in dissolving in acetic acid. The specimens of CaCu3Ti4O12 modified 

with the different Ag compounds (AgCH3CO2: Ag doping = 0, 0.3, 0.6, and 0.9 wt% 

and AgClO4 : Ag doping =  0, 1, 3, 5, 7, and 9 wt%) were prepared by adding into the 

sol precursor solutions, which would be used to deposit sensing films.  

 In the first step, Ag compounds were dissolved into glacial acetic acid (25.0 ml) 

on hot plate at 120 °C. Then, 0.855g of calcium acetate dehydrate and 2.943 g of copper 

(II) acetate dehydrate were added into the sol precursor solutions and maintained under 

magnetic stirring for 24 h at room temperature. After that 6.13g of titanium (IV) 

isopropoxide, 3 ml of ethylene glycol and 3 ml of formamide were added into the 

mixture. The solution was sealed and continued heating at 120 °C for 4-5 h. Then, the 

solution was poured into 50 ml lab bottle at room temperature for 24 h. After that, the 

films were spun by using spin coater. I will explain in the next section. 

 

Figure 4.1: The flow chart of the process of sol-gel preparations for the CCTO thin 

films with different Ag compounds. 
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4.1.2 Ag-doping preparation 

In this thesis, the Ag-doped CCTO films with different silver compounds were 

prepared by a sol-gel technique. Silver compounds such as silver acetate (AgCH3CO2) 

and silver perchlorate (Ag) were used as the dopants in the precursor. To prepare silver 

(Ag) doped films, the solubility of silver compounds in acetic acid was considered. 

Table 4.1 shows the Ag-doping concentrations that be used silver acetate in the 

precursor. It can be seen that 0.9 wt% of silver acetate can be added in acetic acid. It 

may be expected that silver acetate can be dissolved in acetic acid more than 0.9 wt% 

of Ag doping concentration. However, silver acetate is saturated with acetic acid when 

the Ag doping concentration is beyond 1 wt%. 

Table 4.1: Ag-doping concentrations and weights of AgCH3CO2 in acetic acid 25 g. 

 

 

In addition, the higher Ag-doping concentrations were expected in this thesis. It 

may be efficiency in gas-sensing properties. Therefore, I also selected the second silver 

compound for adding in the precursors. Silver perchlorate was chosen for the best 

candidate based on the good solubility in acetic acid. Table 4.2 shows the Ag doping 

concentrations that be used silver perchlorate in the precursor. However, the gas sensing 

results including other characterizations of the films prepared using two different silver 

compounds were described in the Chapter 5. 
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Table 4.2: Ag-doping concentrations and weights of AgClO4 in acetic acid 25 g. 

  

 

 

4.1.3 Substrate preparation and conditions for film deposition 

Both undoped CCTO and Ag-doped CCTO thin films sensors were fabricated 

for gas sensing applications including the sensor response and the selectivity. Four 

layers of depositing films were grown on substrates. Silicon and alumina are used as 

substrates. Silicon substrates were cut into small pieces of area approximately 1.0x1.0 

cm2. Alumina substrates were cut into small pieces of area approximately 2.5x2.5 cm2 

for the purpose of making gas sensor arrays.  

This section, I will focus on substrate cleaning because of an important part for 

growing films with good quality. All substrates were cleaned by chemical process in 

order to remove the impurities such as some particles and dust that might be left from 

the cutting process before the spin coating process. In each cycle, the substrates were 

cleaned by acetone and isopropanol (IPA) for 15 min repeating two times in ultrasonic 

bath. Then, they were heated approximately 80 °C for liquid evaporation before using 

spin coating technique. Furthermore, I will focus on substrate information which are 

used for coating CCTO films. Silicon wafer (Si) with (100) orientation has a cubic 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

53 

structure with a lattice spacing of 5.43 Å and a thermal expansion coefficient of 

4.05x10-6 K-1. Table 4.3 shows some physical properties of Si single crystal substrate. 

 

Table 4.3: Silicon Single Crystal Substrate Properties. 

 

 

 

Alumina (Al2O3) has a rhombohedral structure. Polycrystalline alumina is used 

in this work for gas sensing fabrication with the thermal expansion coefficient of 

8.2x10-6 K-1. Table 4.4 shows the summary of some physical properties for alumina 

substrate. 

Table 4.4: Al2O3 Substrate Properties. 
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4.1.4 Spin coating process 

 Undoped and Ag-doped CCTO thin films were spun on both silicon and alumina 

substrates by spin coating technique at room temperature. The prepared precursors were 

spun on both substrates at a spin speed of 1,500 rpm for 40 s. Then, they were preheated 

for 10-20 minutes at 120 °C in order to dry the gel and remove remaining organic 

compounds before annealing under a fixed temperature and fixed time in the air 

atmosphere. Spin coating and heating was repeated to 800 °C for one hour in air and 

then cooled to room temperature.  

 

Figure 4.2: The spin coater (model P6700 series). 

 

 

Figure 4.3: Ag doped CCTO films on alumina and silicon substrates. 
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 The CCTO films were structurally characterized by X-ray diffraction (XRD), 

Field emission scanning electron microscopy (FESEM), energy dispersive X-ray 

spectroscopy (EDX), Raman spectroscopy and X-ray photo electron spectroscopy. The 

obtained films on alumina and silicon substrates were confirmed their structures by 

XRD technique at Scientific and Technological Research Equipment Centre 

Chulalongkorn University (STREC). The X-ray measurement was collected by using 

Cu𝐾-α1 (λ = 1.5406 Å) radiation with 40 kV and 40 mA in the 2θ range of 20◦ to 80◦ 

with scan step about 0.02◦. And information of film surface morphology on silicon and 

alumina substrates were obtained from FESEM (SU-8000, Hitachi) at Thai 

Microelectronics Center (TMEC). The elemental analysis of Ag-doped films on 

alumina substrates was achieved by performing EDX measurements on EDAX, 

AMETEK at National Electronics and Computer Technology Center (NECTEC). EDX 

operated at 10 kV were used for the elemental analysis of films. The oxidation state of 

the atoms in the Ag-doped CCTO thin films was indicated by XPS, AXIS Ultra DLD 

at Thailand Center of Excellent in Physics (ThEP center) and the Petroleum and 

Petrochemical College, Chulalongkorn University.  Raman spectroscopy (NT-MDT, 

NTEGRA) with a 633 nm wavelength laser source was used to gain further insight into 

the composition and the structure of the Ag-doped CCTO films. 

 

4.2 Fabrication of gas sensor 

For gas sensor application, alumina substrates utilize for Ag-doped CCTO thin 

film preparation because they are cheap and easy to purchase from many companies. 

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

compact to be dense substrates with the thickness of 0.4 mm. As known alumina 
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substrates are good insulator and good thermal conductivity, they normally are used to 

fabricate as substrate for gas sensor. Due to the roughness of alumina substrates, four-

layered Ag-doped CCTO deposition was applied to fabricate the gas-sensing devices 

for application based on their gas-sensing properties. Then, CCTO thin films grown 

with different growth conditions on alumina substrates were sputtered with Au/Cr 

electrode as coplanar patterns for detection the quantity of gases. The photolithography 

process using a positive photoresist and electrode deposition were used as shown in 

Fig. 4.4.   

 

Figure 4.4: Photolithography process of patterning metal electrodes using a positive 

photoresist. 

 

4.2.1 Photolithography process 

 Photolithography process is one of the most important technology in the 

production of advanced integrated circuits. Undoped and Ag-doped CCTO thin films 
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cast on 0.5 nm thick alumina substrates followed by patterning coplanar interdigitated 

by photo-lithography. The process follows the following basic steps: 

The first step, the wafer is spin coated with resist to form a uniform ~1 µm thin 

film of resist on the surface as shown in Fig. 4.5. It was spun with high-speed at 3000 

rpm for 90 seconds and then heated at 115 °C for 60 seconds on hot plate. 

 

Figure 4.5: Spin coating the substrate with the photoresist. 

 

 The second step, a mask made with a positive photoresist (AZ 4620, Microchem 

Inc.) was applied by dropping the photoresist onto the CCTO surface until it was cover 

the whole surface as shown in Fig. 4.6. The wafer is exposed with ultraviolet light 

through a mask which contains the desired pattern as shown in Fig. 4.7.   
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Figure 4.6: The interdigitated shadow mask. 

 

 

Figure 4.7: UV light through the mask onto the coated wafer.  

 

The third step, the wafer was gently shaken in developer to aid the dissolution 

of the exposed photoresist and the irradiated area is washed away in the case of positive 

resist and then the films with the pattern on seen in the Fig. 4.8 will be deposited 
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electrodes to fabricate the sensors. I will explain the electrode deposition in the next 

section. 

  

Figure 4.8: The pattern on surface film after developing.  

 

4.2.2 Electrode deposition 

 From Fig. 4.9, undoped CCTO and Ag-doped CCTO were cast on 0.4 mm thick 

alumina substrates followed by patterning coplanar interdigitated electrodes. The 

electrode and photoresist under exposure to a UV-light were lift-off with acetone in an 

ultrasound bath at room temperature. The gas sensors were baked at 400 °C in air for 

removing any remnants of organic compounds from surface of films. Electrodes were 

made by sputtering chromium (~50 nm) and then gold (~300 nm) layers on the 

substrates with photoresist patterns , having the interdigit spacing of 100 µm [73]. An 

array of sensors was cut using a dicing saw into several individual sensors for gas 

testing in a flow chamber with the area of 4.2mm x 5mm as shown in Fig. 4.10.  

 

Figure 4.9: Electrodes on surface of films by sputtering. 
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Figure 4.10: Photograph and schematic drawing of a gas-sensing device. 

 

4.3 Gas sensing properties measurement 

The sensors were mounted on a heating stage and connected to a resistance 

meter. A stainless steel cylindrical chamber 12 cm in diameter and 15 cm in height 

provided with a conical gas distributor with a diameter of 8 cm and a height of 6 cm to 

uniformly spread the gas onto all sensors. A standard flow through technique was 

employed to test the gas sensing properties of the sensors. The desired concentrations 

of target gases were obtained by mixing standard gas with dry synthetic air at a constant 

total flux of 2L/min. The standard H2S gas sources were balanced in synthetic air with 

the calibrated concentrations of 100 ppm. All the measurements were conducted in a 

temperature-stabilized sealed chamber at 20 °C. An external NiCr heater driven by a 
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regulated DC power supply was used to set different operating temperatures between 

150 and 350 °C.  The schematic of gas sensing measurement set up is demonstrated in 

Fig. 4.11. 

 

Figure 4.11: Schematic set up for gas sensing measurement. 

 

 In this work, both undoped CCTO and Ag-doped CCTO thin films were tested 

for selective sensing to H2S (hydrogen sulfide), relative to ammonia (NH3), hydrogen 

(H2), nitrogen dioxide (NO2) and ethanol vapor (C2H5OH). The resistance of the sensors 

was monitored under gas flow at temperatures between 150-350 °C. The gas sensor 

response, R is defined as follows: 

 𝑅 =  
𝑅𝑎

𝑅𝑔
 for reducing gases  (4.1) 

 or   𝑅 =  
𝑅𝑔

𝑅𝑎
 for oxidizing gases (4.2)  

where Ra is the electrical resistance of gas sensors in pure dry air and Rg is the sensor 

electrical resistance in the presence of the target gases [74].  
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Figure 4.12: (a) The gas chamber for gas sensing measurements with temperature 

controller and (b) the probes are contacted the sensing devices in the chamber. 

 

 

Figure 4.13: A set of gas sensing processor. 

The probes are contacted the sensing devices in the chamber for gas sensing 

measurements and operating temperature can be varied by temperature controller as 

shown in Fig. 4.12. A set of gas sensing processor is used to control the gas-sensing 

measurement.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

CHAPTER V 

RESULTS AND DISCUSSION 

 In this chapter, the results and discussion from the experiments are divided into 

two sections. For the first section, we will show the results and discussion for silver 

acetate as the dopants in CCTO films. The crystal structure and surface morphology of 

the undoped and Ag-doped CCTO films grown on Si (100) and alumina substrates are 

shown in the sub-section 5.1.1. In the sub-section 5.1.2, oxidation state and weight 

percentage of Ag in CCTO films will be discussed. In the sub-section 5.1.3, the 

vibration modes of the Ag-doped CCTO films were studied. In the sub-section 5.1.4 

and 5.1.5, we will show gas sensing results of various reducing and oxidizing gases and 

mechanisms for enhanced H2S gas sensing performance of the Ag-doped CCTO films, 

respectively. The second section is about the results and discussion for silver acetate as 

the dopants in CCTO films. We will explain why the results were not as expected. These 

are illustrated by the EDX spectra and gas-sensing properties of Ag-doped CCTO films. 
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5.1 Results and discussion for silver acetate as the Ag 

dopant in CCTO films    

 

5.1.1 The crystal structure and surface morphology of the undoped 

and Ag-doped CCTO films grown on Si (110) and alumina substrate 

The crystal structure of undoped and Ag-doped CCTO films containing Ag 

concentration of 0.3, 0.6, 0.9 wt% (0.6%, 1.1%, 1.7% by mole, respectively) were 

studied using X-ray diffraction (XRD) technique. Figure 5.1 and 5.2 show typical θ-2θ 

X-ray diffraction patterns of CCTO thin films on the silicon substrates and the alumina 

substrates, respectively. The characteristic of CCTO peaks in Fig. 5.1 and 5.2 are at 2θ 

= 34.4°, 49.4°, 61.8° and 77.4° corresponding to the (220), (400), (422) and (600) planes, 

respectively. The diffraction patterns of the CCTO films closely agree with the standard 

CCTO reflections (JCPDS 21-0140) which are all consistent with the cubic perovskite 

CCTO structure. The strong (h 0 0) peaks from the silicon substrates also can be seen 

in Fig. 5.1. As seen in Fig. 5.2, the alumina substrate carrying the interdigitated gold 

electrodes gives rise the dominant diffraction peaks of Al2O3 phase and Au peaks. The 

crystal structure of CCTO and Ag-doped CCTO films on alumina substrates also agrees 

with the CCTO structure regardless of the two types of substrates used in this work. No 

shifts are observed in the peaks upon doping, meaning that the CCTO is not distorted 

to a significant extent at the doping levels of Ag used in this work. 
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Figure 5.1: X-ray diffraction patterns of Ag-doped CCTO films on silicon substrates. 

 

Figure 5.2: X-ray diffraction patterns of Ag-doped CCTO films on alumina substrates. 
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 The calculated lattice constant of our CCTO thin films is 7.359±0.003 Å which 

is slightly lower than that for bulk CCTO (7.391 Å). The intensity and the FWHM of 

CCTO peaks decreased as increasing in Ag concentrations which is consistent with the 

Ag substitution in the CCTO structure. This confirms the existence of substituting Ag 

to CCTO sites. The CCTO films are relatively pure and contained only very small 

amounts of TiO2 impurities evidenced some weak diffraction signals and there are no 

signs of any Ag oxides in XRD patterns. 

Surface morphology of CCTO films on silicon substrates with different Ag 

doping concentrations are shown in Fig. 5.3 (a)-(d). With Ag doped CCTO films, grains 

become smaller and more uniform with the rod shaped morphology depend on Ag 

doping. The rod shaped morphology is formed from four or more grains with the mean 

length of ∼200-300 nm. Figure 5.4 (a)-(d) show a cross section image of CCTO films 

with different Ag concentrations on silicon substrates. The film thickness for four-

layered deposition is approximately 540 nm for undoped CCTO films and 

approximately 330-440 for Ag-doped CCTO films. The thickness for Ag-doped CCTO 

films is smaller than that of undoped films due to having smaller grains and more holes.  

With these reasons, when the next precursor was dropped on to the previous film 

surface it tends to cover to holes as well as cover the whole surface. It can be seen that 

the surface of silicon substrates (see Fig. 5.4) is much smoother than that of alumina 

substrates (see Fig. 5.6). These results are easy to estimate the thickness for one-layered 

deposition. It is known that the surface of alumina substrates is quite rough. In order to 

cover some cracks and holes appeared on the surface of alumina substrates, the same 

four-layered deposition was applied on alumina substrates to fabricate CCTO thin films 

devices for application based on their gas-sensing properties. 
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Figure 5.3: FESEM images of CCTO films on silicon substrates annealed at fixed 

temperature 800 °C (a) undoped, (b) 0.3 wt% Ag, (c) 0.6 wt% Ag, and (d) 0.9 wt% 

Ag. 

 

Figure 5.4: Cross section of CCTO films on silicon substrates annealed at fixed 

temperature 800 °C (a) undoped, (b) 0.3 wt% Ag, (c) 0.6 wt% Ag, and (d) 0.9 wt% 

Ag. 
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Surface morphology of CCTO films on alumina substrates with different Ag 

doping concentrations are shown in Fig. 5.5 (a)-(d). The undoped CCTO film has 

granular morphology with particle diameters in the 10-25 range. This granular 

morphology agrees with previously reported CCTO films deposited via chemical sol-

gel method [41, 75]. The appearance of the surface in the case of the Ag-doped CCTO 

films is in marked difference with the pure CCTO films. There appear to be three main 

particle distributions on the surface, a granular from similar to that in pure CCTO, a 

clustered form and elongated crystal. In addition, it can be observed that the granular 

size becomes smaller and more uniform as the silver doping level increases. At the same 

time, rod-like CCTO crystals appear to become increasingly important. The clustered 

particles do not appear to have a clear trend being more or less similar among all the 

Ag-doping levels studied. The rod shaped particles have a mean length of ~200-300 nm 

and appear to have a highly correlated orientation either in one direction or 

perpendicular to that direction. The origin of these elongated particles is not clear at 

this time. The fact that the X-ray diffraction experiments did not reveal additional 

phases as well as the preferential orientation suggest that these rod-like particles are 

CCTO crystals with highly anisotropic growth. Shape inducing effects involving 

nanorods in the presence of silver ions are recurrent phenomenon. The surface 

morphology Ag-nanoparticles/TiO2 composite thin films also exhibit some 

spherical/rod-like and partially agglomerated particles on the surface of the films [76] 

and gold nanorods are commonly synthesized by introducing Ag as a catalyst for the 

nanorod growth [77]. A likely explanation is that Ag tends to adsorb predominantly on 

particular faces of the growing crystal where it slows down their growth while other 

planes continue to grow and dominate the final particle shape [77].  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

69 

 Figure 5.6 (a)-(d) show a typical cross section image of Ag-doped CCTO thin 

films on alumina substrates. Due to the roughness of alumina substrates, it can be seen 

that the film thickness for four-layered deposition is considerably varying between 220 

to 500nm. The cross sectional view of the films reveals that some properties and voids 

exist in the films 

 

 

Figure 5.5: FESEM images of CCTO films on alumina substrates annealed at fixed 

temperature 800 °C (a) undoped, (b) 0.3 wt% Ag, (c) 0.6 wt% Ag, and (d) 0.9 wt% 

Ag. 
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Figure 5.6: Cross section of CCTO films on alumina substrates annealed at fixed 

temperature 800 °C (a) undoped, (b) 0.3 wt% Ag, (c) 0.6 wt% Ag, and (d) 0.9 wt% 

Ag 
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5.1.2 Oxidation state and weight percentage of Ag in CCTO films 

 XPS measurement can be confirmed the oxidation states of the elements in the 

Ag-doped CCTO films. Figure 5.7 shows a typical XPS survey spectrum for the Ag-

doped CCTO film. The expected elemental peaks including Ca 2p, Cu 2p, Ti 2p and O 

1s were examined with high-resolution scans, respectively. Signals due to silver were 

not observed in the survey spectrum of the doped films when the films were prepared 

from the small doping concentration. These results cannot confirm that the silver 

dopants are added in the films.  

 

Figure 5.7: X-ray photoelectron spectra of survey spectrum for the Ag-doped CCTO 

films. 

 Figure 5.8 shows the X-ray photoelectron spectra (XPS) of (a) Ca 2p, (b) Cu 2p, 

(c) Ti 2p and (d) O 1s core levels for Ag-doped CCTO films. The Ca 2p signal (Fig. 

5.8(a)) could be related to two dominant Gaussian peaks of Ca 2p3/2 and Ca 2p1/2 at 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

72 

binding energies of 346.6 and 350.0 eV, which might be assign to the typical Ca2+ 

oxidation state with 12 oxygen atoms [41]. The secondary peaks with no 12 oxygen 

atoms of Ca 2p3/2 and Ca 2p1/2 at binding energies of 347.5 and 351.0 eV. The Cu 2p 

core level spectrum (Fig. 5.8(b)) comprised the spin orbit doublets of Cu 2p3/2 and Cu 

2p1/2 that can be assigned the main peaks at 933.7 and 953.3 eV and satellite peaks at 

941.8 and 962.1 eV. Both Cu 2p3/2 and Cu 2p1/2 consist of three components which 

could be all assigned to Cu+, Cu2+ and Cu2+ with 6 oxygen atoms [78]. In the case of 

the core level of Ti 2p (Fig. 5.8(c)), the spin doublets of Ti 2p3/2 and Ti 2p1/2 also 

contained the main peaks at 458.5 and 464.2 eV, respectively, which were shown the 

typical Ti4+ oxidation state of TiO6 [79, 80]. The O 1s in Fig. 5.8(d) could be 

decomposed into two main peaks at binding energies of 529.8 and 531.5 eV, which 

might be related to lattice oxygen (O2-) and the chemisorbed oxygen species on the 

surface (O2
−), respectively [81]. 
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Figure 5.8: X-ray photoelectron spectra (XPS) of (a) Ca 2p, (b) Cu 2p, (c) Ti 2p and 

(d) O 1s core levels for Ag-doped CCTO films. 

 In the case of the core level of Ag 3d (Fig. 5.9) for Ag-doped CCTO films, the 

signal of Ag cannot be detected from XPS measurement. The oxidation state of silver 

has only one state that is Ag+. It can be seen that it is so noisy in the expected range. 

The silver peak can be occurred to two dominant Gaussian peaks of Ag 3d3/2 and 3d5/2 

at binding energies of 374.3 and 368.27 eV [82]. Therefore, it cannot be fitted Gaussian 

function for data interpretation. This spectrum cannot confirm that the silver dopants 

are added in the films. However, I have attempted to detect the silver signals using XPS 

technique. I have used XPS machines from two different places, AXIS Ultra DLD at 

Thailand Center of Excellent in Physics (ThEP center) and the Petroleum and 

Petrochemical College, Chulalongkorn University. I expected that the silver 
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concentrations in the films are too small to detect with the limit of the XPS instruments 

used in this study. Also as we know, XPS is a surface-sensitive quantitative 

spectroscopic technique that measures the elemental composition only on the surface 

and ~10 nm depth from the surface (top 0 - ~10 nm).  Later on in next section, I will 

show the results from EDX and Raman techniques that confirmed the existence of silver 

dopant in the films. 

 

Figure 5.9: X-ray photoelectron spectra (XPS) of Ag 3d core level for Ag-doped 

CCTO films. 

The EDX spectra of 0 and 0.9 wt% Ag-doped CCTO films are shown in Fig. 

5.10 (a) and (b), respectively. Both undoped CCTO and Ag-doped CCTO thin films 

exhibit signatures of calcium (Ca), copper (Cu), titanium (Ti), and oxygen (O). Signals 

due to silver were only observed when the films were prepared from Ag containing 

precursor solutions, confirming that Ag-doped films were obtained. And Table 5.1 

shows Characteristic X-ray line energies (keV) in the EDX spectra of the undoped 

CCTO film and 0.9 wt% Ag-doped CCTO film. 
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Figure 5.10: The EDX spectra of (a) the undoped CCTO film and (b) 0.9 wt% Ag-

doped CCTO film. 
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Table 5.1: Characteristic X-ray line energies (keV) in the EDX spectra of the undoped 

CCTO film and 0.9 wt% Ag-doped CCTO film. 

 

 

 

Table 5.2 shows the stoichiometry of undoped and Ag-doped CCTO on silicon 

substrates with different concentration in both of percent by weights and atoms. Figure 

5.11 shows the plot of measured Ag doping concentrations and the concentration of Ag 

in precursor solutions. It can be seen that the linear trend with increasing input Ag 

concentration in the precursor solution has two characteristics. This data is used to 

calculate atomic and weight percentages of Ag doping concentrations of all CCTO 

films. With increasing input Ag concentration in the precursor solution at 0.3 wt% to 

0.9 wt%, the measured Ag doping concentration occurred mainly from 0.21 wt% or 

0.06 at% to 0.70 wt% or 0.18 at%. From these results, they can be confirmed that Ag 

is doped into the film. 
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Table 5.2: The stoichiometry of undoped and Ag-doped CCTO on silicon substrates 

with different concentration in both of percent by weights and atoms. 

 

 

 

Figure 5.11: The plot of measured Ag doping concentrations and the concentration of 

Ag in precursor solutions. 

 

 Due to the chemical similarity between silver and copper, I expected that Ag 

atoms will occupy some the Cu sites in the CCTO lattice. To verify this, I observed 
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dependence of the composition as obtained from EDX analysis versus the aimed film 

composition as expected from the silver concentration adding in the precursor solution. 

Figure 5.12 shows the plot of measured Ag doping concentrations and the concentration 

of Ag in precursor solutions. These data revealed a linearly increasing trend in the Ag 

concentration in the films and a concerted linearly decreasing trend in the copper 

content of the films. No clear dependence on the Ag doping was seen in the titanium 

and calcium contents for the films. These results not only confirm that doping is taking 

place but also that Ag substitutes the copper positions of the CCTO lattice. 

 

Figure 5.12: The plot of measured Ag and copper concentrations in atomic percent 

(at%) versus expected the weight percent (wt%) of Ag in CCTO based on silver 

content of precursor solutions. 
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In addition to the particular line scan intensity distributions with longitudinal and 

transverse rod shape displayed in Fig. 5.13 and 5.14, one other interesting finding is that the 

stoichiometry represented by the Ca, Cu, Ti, O and Ag atoms in the 0.9 wt% Ag-doped 

CCTO film. These results are not clear at this time. Silver maybe adsorb on the surface of 

the films and can be formed to the final particle shapes. However, there is no clear that a 

small signal of silver atom in the films appeared only in rod shape areas. 

 

 
 

Figure 5.13: The EDX line scan image along rod shape in longitudinal direction of 0.9 

wt% Ag-doped CCTO film on silicon substrate annealed at fixed temperature 800 °C. 
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Figure 5.14: The EDX line scan image along rod shape in transverse direction of 0.9 

wt% Ag-doped CCTO film on silicon substrate annealed at fixed temperature 800 °C. 

 

5.1.3 Vibration modes of the Ag-doped CCTO films 

 Raman experiments were carried out to confirm the chemical CCTO structure 

and the Ag doping of the sensing films. The Raman spectra of the undoped CCTO thin 

films and Ag-doped CCTO thin films are presented in Fig. 5.15 and 5.16 showing 

intense bands in the range of 100-1200 cm-1. All samples exhibited the three main peaks 

at 445, 509 and 577 cm-1. The most dominant peaks at 445 and 509 cm-1 can be 
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associated with the rotation like Ag-symmetry of TiO6. A peak at 577 cm-1 can be 

assigned to Fg-symmetry of Ti-O-Ti bending. The band at 750 cm-1
 is associated with 

the symmetric stretching-breathing mode of the TiO6 cage [83]. The weak peak at 246 

cm-1 may be attributed to O-Ti-O bending mode like seen in CaTiO3 [84]. All these 

signatures are consistent with the CCTO perovskite structure [41]. Impurities are not 

significant, with weak bands assigned to rutile TiO2 seen at 145 and 608 cm-1 [85].  

 

Figure 5.15: Raman spectra of undoped CCTO film. 
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Figure 5.16: Raman spectra of Ag-doped CCTO film. 
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 Figure 5.15 and 5.16 show the Raman spectra of the undoped CCTO films and 

Ag-doped CCTO films, respectively. It can be seen that the intensity of undoped CCTO 

films is higher than intensity of Ag-doped CCTO films. The Ag-O vibrations have 

signatures appearing in the Raman spectrum in the 230-1100 cm-1 range [86]. In 

particular, these results show that the peak at 258 cm-1 depends on the level of silver 

doping concentration and thus it is attributed to one of these vibrational modes of Ag-

O bonds [87]. These peaks were fit to a Gaussian curve after subtracting a background 

to estimate their intensity and verify the correlation between the silver signal and the 

silver doping concentration. The Equation for two Gaussians fitting is shown in 

Equation (5.1). In two Gaussians fitting, the Gaussian function is the distribution 

function for uncorrelated variates the half-maximum points of 𝑥0 and 𝑥1 having 

a bivariate normal distribution and equal standard deviation (𝜎0 and 𝜎1)  

𝑓(𝑥0, 𝑥1) = 𝐶 + 𝐴0 ∗ exp (
−(𝑥−𝑥0)2

(2∗𝜎0)2 ) + 𝐴1 ∗ exp (
−(𝑥−𝑥1)2

(2∗𝜎1)2 )  (5.1) 

where 𝐴0, 𝐴1 are Raman intensity peak area of the first peak and the second peak. 

 C is the y-intercept value in term of the intensity. 

It can be added the error bars in the results are shown in the Fig. 5.17. In 

agreement with the EDX analysis, the Raman spectra reveal that as the silver content 

on the sol-gel precursor solutions is increased, the intensity of the silver peaks increase 

linearly, further confirming the silver doping of the sensing films.  

http://mathworld.wolfram.com/BivariateNormalDistribution.html
http://mathworld.wolfram.com/StandardDeviation.html
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Figure 5.17: The correlation of Ag-O vibration with the silver doping concentration. 

 

5.1.4 Gas sensing results of various reducing and oxidizing gases 

The sensing devices made with undoped CCTO films typically had resistances 

in the range of 107-108 ohms in the temperature range of 150-350 °C in an air 

atmosphere. Figure 5.18 shows that the resistance of all silver-doped gas sensors 

decrease more drastically than that of the undoped CCTO one upon exposure to H2S 

pulses. The sensor response of the film sensors was tested at the operating temperatures 

of 150, 200, 250, 300, and 350 °C at H2S concentration in the range of 0.2-10 ppm in 

air. Figure 5.16 shows resistance changing of the CCTO films with different the amount 

of Ag dopants under exposure to various H2S pulses at different concentrations at an 

operating temperature of 250 °C. Upon silver doping the resistance tends to decrease 

approximately one order of magnitude. It is clear that the Ag-doped CCTO sensing 
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devices show the characteristic switch-on-switch-off response to alternating exposure 

to H2S and air with a much higher response with increasing silver doping. Exposure of 

the sensors to H2S gas caused an extraordinarily large decrease in resistance in all silver 

doped gas sensors and a less pronounced decrease for the undoped CCTO sensors. More 

importantly, the magnitude of the resistance drop decreases with H2S gas concentration. 

It is be seen the trend of graph that tends to decrease with decreasing H2S 

concentrations. At all H2S concentrations that be used for H2S gas testing, 0.9 wt% Ag 

doped CCTO is the highest resistance changing. And the undoped CCTO sensor is the 

lowest resistance changing. It illustrates the resistance of all CCTO sensors rapidly 

decreases after exposing H2S. It can be confirmed that these films are a typical n-type 

semiconducting behavior. 

 

Figure 5.18: Resistance changes for undoped CCTO and Ag-doped CCTO exposed to 

H2S gas at 250 °C. 
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Figures 5.19 and 5.20 show the film sensor response as a function of sensor 

operating temperature and gas concentration, respectively. The sensor response first 

rises and then falls with increasing temperature reaching the highest value (~100) for 

the sensor made with 0.9 wt% Ag-doped CCTO at 250 °C. The optimum operating 

temperature decreases as the silver doping level increase while the film sensor response 

increases considerably as shown Fig. 5.19. The response of the Ag-doped CCTO 

sensors varies nonlinearly at H2S concentrations smaller than ca. 3 ppm but it becomes 

nearly linear in the 3-10 ppm range. As seem in Fig. 5.20, the better affinity of the silver 

doped films towards reacting with at H2S is evidenced by the nearly tenfold increase of 

the sensor response when going from undoped CCTO to 0.9 wt% Ag-doped CCTO 

operating at 250 °C. 

 

Figure 5.19: Response rate of undoped CCTO and Ag-doped CCTO with operating 

temperature ranging from 150 to 350 °C to 10 ppm H2S. 
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Figure 5.20: Sensor response as a function of H2S gas concentrations for CCTO 

sensors with different Ag doping concentration operating at a fixed temperature 250 

°C. 

 To characterize the dynamic behavior of the CCTO films, the response and 

recovery times were examined. The response time for the gas sensors is defined as the 

time it takes to the electrical resistance to vary between the 10% and 90% of the steady 

state resistance obtained after sudden exposure to the stream containing H2S gas. 

Analogously the recovery time is measured upon sudden switching from the stream 

containing the H2S to pure dry air [88, 89]. Figure 5.21 and 5.22 show the response and 

recovery times of the Ag-doped CCTO sensors in the presence of H2S with 

concentrations varying in the 0.2 to 10 ppm range. The response and recovery times are 

longest for undoped CCTO, and tent to decrease with silver doping. When the sensors 
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operate at higher H2S concentration the response time decreases while the recovery time 

increases. The response and recovery times of 0.9 wt% Ag-doped CCTO sensor to 0.2, 

0.5, 1, 3, 5 and 10 ppm H2S are 355 and 379 s, 154 and 542 s, 56.7 and 645 s, 13.3 and 

833 s, 5.62 and 887 s, 2.96 and 630 s, respectively. On one hand, a shortening of the 

response time is to be expected from an increase of the occupation of active sites where 

H2S binds on the film surface at higher target gas concentration. On the other hand, 

longer recovery times are in line with removal of larger concentrations of the excess 

electrical carriers deposited in the film by the reaction with the target gas. So, the 

smallest number of response and recover times belong to 0.9 wt% Ag-doped CCTO 

sensor to 10 ppm H2S. These results can be indicated that 0.9 wt% Ag-doped CCTO 

sensor has excellent response to H2S. 

 

Figure 5.21: The typical response time of Ag-doped CCTO sensor to different H2S 

concentrations (from 0.2 to 10 ppm). 
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Figure 5.22: The typical recovery time of Ag-doped CCTO sensor to different H2S 

concentrations (from 0.2 to 10 ppm). 

Ideally a gas sensor should be able to selectively respond to a single component. 

Thus, the selectivity is a very important performance parameter of gas sensor. Insight 

about the selectivity to H2S was obtained by measuring the response of the Ag-doped 

CCTO sensors towards NH3, H2, NO2 and C2H5OH beside H2S. These tests were 

conducted at the optimum temperature of 250 °C found for H2S. The results are shown 

in the histogram of Fig. 5.23. All CCTO sensors exhibit a high contrast in the relative 

response to the tested gases, with highest response to H2S, a small response to NO2 and 

negligible response to NH3, H2 and C2H5OH which were at concentrations 2 to 3 orders 

of magnitude higher than that for H2S. The selectivity for H2S of CCTO film sensors 

tends to improve with silver doping, and the highest Ag doping level exhibited the 

highest response contrast. 
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Figure 5.23: Selectivity histograms exhibited by the undoped CCTO and Ag-doped 

CCTO sensors towards various gases at 250 °C. 

 

Sensor response of films with different gases were obtained by taking the 

response rate from selectivity histograms to plot as shown in Fig 5.24. It can be seen 

that all test gases exhibited small response below 5.  Also the trends in the graphs for 

ethanol and H2 testing are not linear as compared with the results from the H2S gas 

testing. It can be concluded that the surface area of the films does not relate the sensor 

response of films rather than the reaction between specific gases (e.g. NH3, NO2, H2S) 

and CCTO film surface. 
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Figure 5.24: Sensor response of undoped CCTO and Ag-doped CCTO with operating 

at a fixed temperature 250 °C to different gases (a) Ethanol at 2000 ppm, (b) H2 at 

30000 ppm, (c) NH3 at 2000 ppm and (d) NO2 at 5 ppm. 

 

Gas sensing response of recently reported metal oxide sensors towards H2S and 

several gases, the 2 wt% Ag-doped α-Fe2O3 nanoparitcles exhibited the maximum 

response (220) to H2S at 100 ppm [11]. It’s too high H2S concentration. In addition, it 

displays a low optimal operating temperature compared with our work. The Ag/TiO2 

nanofibers at the same H2S concentration with our work, have higher optimal operating 

temperatures (350 °C) [15]. Ag doped SnO2 on ceramic substrate exhibited the sensor 
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response of 91.2 to high concentration of H2S at low operate temperature [90]. It was 

investigated the effect of Ag-doped CCTO thin films towards H2S and finally to 

compare with that of Fe-doped CCTO thin films. In particular, 9 wt% Fe-doped CCTO 

sensor exhibited the highest response of ∼126 to 10 ppm H2S [41]. The response rate 

of 0.9 wt% Ag-doped CCTO sensor is higher than 7 wt% Fe-doped CCTO sensor. And 

the response time of 0.9 wt% Ag-doped CCTO is smaller than 9 wt% Fe-doped CCTO. 

It can be concluded in the Table 5.3. Thus, Ag-doped CCTO sensor with small doping 

concentration exhibits an excellent candidate for developing H2S sensors operating at 

low-temperatures. 

 

Table 5.3: Comparison H2S-sensing properties between Ag-doped CCTO and Fe-doped 

CCTO. 
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5.1.5 Mechanisms for enhanced H2S gas sensing performance of the 

Ag-doped CCTO films 

It is generally accepted that in the absence of the target gas the sensing material 

will be in a state deprived of carriers by effects of oxygen reactions at the surface. The 

first step is the chemisorption of oxygen which involves the reactions [91]. 
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The electrons supplied by the oxide become trapped at the sites where oxygen species 

attach losing their charge carrier nature. Oxygen may also react with crystal defects that 

contain an oxygen deficiency at certain metal ion (denoted by 𝑉𝑂
••). In this process 

oxygen diffuses until it encounters the oxygen vacancy and becomes bound to the 

corresponding metal ion, immobilizing a pair of electrons at that lattice point. 

2
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1
2              (2).
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In an n-type semiconductor material like CCTO [41, 83] the chemisorption of oxygen 

extracts electrons from the conduction band and reduces the conductivity of the 

material. Concurrently with the charge carrier trapping, an accumulation of negative 

charges at the surface and a depletion of carriers in the proximity of the surface leads 

to band bending [92]. The effects of the band bending are similar to the field effect 

modulation of the conductivity in field effect transistors. 
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 Upon exposure to the reducing H2S target gas, competitive replacement of 

trapped oxygen ions, as well as adsorption followed by reaction with adsorbed oxygen 

species sets in, injecting excess electrons in the materials [93, 94].  
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These processes neutralize the carrier depletion, repopulates the conduction 

band and reverts the band bending, effectively increasing the conductivity of the sensor. 

These results clearly suggest that the presence of silver atoms play a role on these 

surface reactions. The strong affinity of silver ions for sulfur is a well-known fact. This 

is why adding Ag to the composition of the films for fabricating sensors would have 

beneficial effects on their sensing abilities. While this has indeed been observed, the 

actual mechanism by which Ag make the sensors more sensitive and selective can vary 

depending on the host material used [95]. It has been argued that silver can act in two 

possible ways. On one hand, silver can provide highly specific binding sites on the 

CCTO surface to facilitate the adsorption of H2S increasing the response for the same 

amount of target gas [15]. On the other hand, silver may also provide catalytic centers 

to the oxidation of adsorbed H2S molecules which injects electrons into the conduction 

band of the CCTO at which change the conductivity of the films [11].      

Insight about the role of silver doping in CCTO for the sensing H2S may be 

obtained by inspection of dependence of response time or recovery time of these doped 

CCTO sensors as a function of silver doping. The zero order expectation is that the rate 
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of conversion of H2S from the gas phase into carriers injected in the film follows the 

Langmuir isotherm, 

Θ𝐻2𝑆 =
𝐾𝐻2𝑆∙𝑃𝐻2𝑆

1+𝐾𝐻2𝑆∙𝑃𝐻2𝑆
   (5.5) 

where Θ𝐻2𝑆  is the surface coverage, 𝑃𝐻2𝑆  is partial pressure of H2S, 𝐾𝐻2𝑆  is the 

adsorption equilibrium constant. In the sensing measurements, the partial pressure of 

H2S is very low leading to the limiting case, Θ𝐻2𝑆 ≈  𝐾𝐻2𝑆 ∙  𝑃𝐻2𝑆. The rate 𝑘𝑟 at which 

H2S reacts with the oxygen species from the surface is proportional to the surface 

coverage of H2S, 𝑘𝑟 =  𝑘2 ∙ Θ𝐻2𝑆. The rate of resistance change is directly related to the 

charge carrier concentrations in the CCTO film. Thus the resistance change is expected 

to be proportional to 𝑘𝑟. Based on these premises, I first obtain the response rates by 

taking the reciprocal of the response times shown in Fig. 5.21 which indeed yield nearly 

linear functions of the H2S concentration at all the Ag doping levels. The slope of these 

plots represents the effective response rate (𝑘𝑒𝑓𝑓), for which the dependence on the 

silver doping concentration is plotted in the inset on Fig. 5.25. 
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Figure 5.25: Dependence of the sensor response rate on H2S concentration. 
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Figure 5.26: The specific response rate versus the square of the silver doping 

concentration (black squares) and linear fit (black solid line). The red solid circles 

represent the specific sensing response rate versus the silver doping concentration and 

the red dashed line is a quadratic fit. 

 

 The dependence of the effective rate on the silver doping concentration 

represents the reaction order on the catalyst in a chemical kinetics sense as shown in 

Fig. 5.26. Interestingly the effective rate depends quadratically on the silver doping 

concentration. If the rate determining reaction step in the response of the sensor 

involves a catalytic step promoted by silver ions, then the effective response rate would 

be linearly proportional to the concentration of the catalyst. This result may be 

rationalized by taking onto consideration that the silver atoms can interconvert between 

the Ag+ ion and the Ag0 state via a single electron transfer. Although the reaction in 

Equation 5.4 appear to be a single step they most likely involve a more complex 

mechanism with sequential electron transfer. Adsorption of H2S may take place by 

sharing electrons between the sulfur atom and the binding silver ion site forming a 

chemical bond, as well as via hydrogen-bonding to oxygen species at the surface. 

Electron transfer from the sulfur ion into the silver ion causes the Ag-S bond to break 

at the same time the Ag+ ion gets reduced to Ag0 while the H2S gets oxidized to a 

hydrosulfide radical (HS•). Because silver cannot take a second electron, the HS• 

cannot be further oxidized to S0 until a second silver ion can take a second electron. The 

reaction at this point may proceed by binding to a second Ag+ ion in close proximity 

which then abstracts a second electron to form a sulfur atom and Ag0. The reduced 

silver atoms in the CCTO lattice rise the Fermi level, essentially sharing the extra 
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electron with the conduction band. The fate of the sulfur atom is essentially a 

combustion with surface adsorbed oxygen species ultimately leading to the formation 

of SO2 gas. I would like to represent this mechanism in a pictorial way on Fig. 5.27. 

 

 

Figure 5.27: Schematic representation of a catalytic cycle with sequence of events that 

would be consistent with a second order dependence on the silver doping 

concentration of CCTO. 

 

The possibility for this mechanism relies on the existence of surface catalytic 

sites containing two silver atoms at distances comparable to the dimensions of the H2S 

molecule. Although our CCTO films are polycrystalline, at the length scale of the 

reaction site we can assume that crystal facets with the characteristic crystal structure 

are exposed. It is not unlikely to find two silver ions in the same unit cell substituting a 
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pair among the 18 of copper ions present in the facets of CCTO cell. The atom 

substitution probability is given by a Poisson distribution, which naturally leads to a 

quadratic dependence of the abundance of the sites having two silver ions substituting 

copper ions per unit cell facet, and also goes in line with the quadratic dependence on 

the silver doping. It is important to remark that our interpretation is a zeroth order 

explanation of silver doping effect. According to this hypothesis, the enhancement of 

H2S response by silver doping should settle in a plateau once there are two or more 

silver ions per CCTO unit cell corresponding to more than 10 mole%, which is much 

higher than the maximum Ag doping level that can be achieved by this sol-gel method. 

Thus, the optimal Ag doping concentration cannot be experimentally verified within 

this work. Furthermore, the crystal and band structures of CCTO are expected to be 

significantly altered at very high Ag doping levels, causing a change in the gas-sensing 

mechanism that may not conform to the current proposed model of this system. Hence, 

additional experimental and theoretical studies will be needed to further determine the 

effect of Ag doping at high concentrations. Nevertheless, the findings of this work 

suggest that dopants that strongly interact with sulfur via the transfer of two electrons 

such as Mn, Mo, Co and Ni are promising candidates for enhancing the CCTO response 

towards H2S. 

Catalytic reaction was considered from the amount of Ag-doping 

concentrations. Silver dopants make the sensors more sensitive to different H2S gas 

concentrations. Figure 5.28 shows the response time of Ag-doped CCTO sensors in the 

presence of Ag-doping concentrations with different H2S concentrations varying in the 

0.2 to 10 ppm range. It can be seen that the response times are tend to decrease with 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 

silver doping. Therefore, catalytic reaction and surface reaction can even cause an 

enhanced sense of sensing.  

 

Figure 5.28: The response time of the Ag-doped CCTO sensors with different H2S gas 

concentrations at a fixed temperature 250 °C. 
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5.2 Results and discussion for silver perchlorate as the 

Ag dopant in CCTO films    

 From Table 4.1, silver acetate has a limit of solubility. The limit for Ag-doping 

of silver acetate is 0.9 wt%. We have searched other silver compounds that can be 

highly dissolved in the precursor. Silver perchlorate will be excellent candidate for Ag-

doped CCTO preparation because it has a high solubility in acetic acid as shown in 

Appendix C. The crystal structure of Ag-doped CCTO films containing Ag 

concentrations of 1, 3, 5, 7 and 9 wt% were studied using XRD technique. It is similar 

to the XRD results of silver acetate as the Ag dopant in CCTO films that were shown 

in the previous section (see Fig. 5.1 ad 5.2). The EDX spectra of 9 wt% Ag-doped 

CCTO films was shown in Fig. 5.29. In fact, I tried to detect silver signals in all films, 

but all the plots are the same thus here I only show the result from the maximum silver 

doping concentration. The spectra confirmed the presence of calcium (Ca), copper (Cu), 

titanium (Ti), and oxygen (O) the film and silver (Ag) cannot be detected in the doped 

film. Table 5.3 shows the stoichiometry of undoped and 9 wt% Ag-doped CCTO on 

silicon substrates with different concentration in the percent by weights. It can be seen 

that the stoichiometry of undoped film is similar to 9 wt% Ag-doped CCTO film. In 

addition, the intensity of Cu peak 9 wt% Ag-doped CCTO does not decrease. It can be 

confirmed that silver cannot be add in the films. 
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Figure 5.29: The EDX spectra of 9 wt% Ag-doped CCTO film. 

 

 

Table 5.4: The stoichiometry of undoped and 9 wt% Ag-doped CCTO on silicon 

substrates with different concentration in the percent by weights. 

 

 

It can be confirmed that silver dopants were not added into the precursors from 

gas sensing properties. Figure 5.30 shows the change in resistance of 9 wt% Ag-doped 

CCTO film under exposure to various H2S pulses at different concentrations at an 

operating temperature of 250 °C. It can be seen that the response rate is approximately 
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11. It is almost the same with the undoped film that is shown in the previous section 

(see Fig. 5.18). 

 

Figure 5.30: Change in resistance of 9 wt% Ag-doped CCTO film under exposure to 

various H2S pulses at different concentrations at an operating temperature of 250 °C. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

CHAPTER VI 

CONCLUSION 

In this thesis work, I have used two silver compounds (silver acetate and silver 

perchlorate) acting as dopants to synthesize the Ag-doped CCTO films by a sol-gel spin 

coating technique. For each batch of precursor, either silver acetate or silver perchlorate 

was added into separate precursor solutions. For the first silver compound, I have 

chosen silver acetate to be the dopant because it is a compound of acetate which are the 

same acetate starting compounds like copper acetate and calcium acetate. Silver acetate 

with small concentrations up to 0.9 wt% (~1.7% by mole) can be dissolved in the 

precursors. For the second silver compound, silver perchlorate was selected to be a 

candidate as one of possible dopants because of higher solubility in acetic acid. 

However, I discovered that it is not be a good candidate to synthesize Ag-doped CCTO 

thin films because no silver signals were detected in EDX experiment and the sensing 

response value was the same (~ 11 at H2S concentration = 10 ppm) as that of undoped 

CCTO films. The reasons why using silver perchlorate did not work in my experiment 

are still questionable. Thus, most of characterizations of the films including their 

sensing properties reported in this thesis are from the Ag-doped CCTO thin films 

prepared by using silver acetate as a silver dopant. 

  Silicon (Si (100)) and alumina (Al2O3) substrates were used for the Ag-doped 

CCTO thin films deposition. In Chapter 5, I have explained and illustrated the CCTO 

thin film depositions, their characterizations and gas sensing properties as well as their 

results. For the conclusion of this study, I will conclude as follow: 
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According to XRD patterns on silicon and alumina substrates, they confirmed 

the structure of CCTO and investigated small amount of impurities evidenced some 

weak diffraction TiO2 (110) rutile signals and there are no signs of any Ag oxides in 

XRD patterns. It is also interesting to note that with increase in Ag concentrations, the 

intensity of CCTO peaks decrease. It can be confirmed that the Ag doping can occur in 

the films without distorting the crystal structure of CCTO. From surface morphology 

on silicon and alumina substrates, it exhibited some spherical/rod-like disperse on 

surface with the doped films. The cross section image of the Ag-doped CCTO films on 

alumina substrate that the film thickness is approximately 360 to 500 nm for four layers. 

The film thickness is approximately 330 to 540 nm for four-layered deposition on 

silicon substrates. XPS analysis confirmed the oxidation state of the elements in the 

CCTO films. It cannot detect the silver signal with the oxidation states due to small 

amount of silver doping in the films and the limitation of the XPS instruments that can 

measure only elemental compositions from top surface to about 10 nm depth from the 

surface. Fortunately, EDX analysis could be used to confirm the presence of Ag atoms 

in the Ag-doped CCTO thin film. Even though, the only doped film is presented the 

spectra of silver (Ag) that is too low because of small doping concentration but the Ag 

signals increased as the doping concentration increased and the Cu signals decreased. 

This could indicate that silver substitutes the copper positions of the CCTO lattice. In 

addition, I also confirmed the existence of silver doping in the films with Raman 

experiments. The Raman spectra of the CCTO films with different Ag doping 

concentration are highly defined, showing intensive bands in the range of 100-1200 cm-

1. It can be confirmed that the silver signals appeared from the vibration mode of Ag-O 
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bonds at 258 cm-1. Their integrated peak areas increase linearly with Ag-doping 

concentration increase from 0.3 to 0.9 wt%. 

For gas sensing properties, the sensor response of CCTO sensors was operated 

as a function of gas concentration and operating temperatures of 150, 200, 250, 300 and 

350 °C toward various gases including H2S, NH3, H2, NO2 and C2H5OH. Both undoped 

CCTO and Ag-doped CCTO thin films is selective to H2S against NH3, H2, NO2 and 

ethanol vapor. Silver doped CCTO films can be used as the active medium for 

constructing H2S gas sensors in such a low concentration range of 0.2 to 10 ppm at the 

optimal operating temperature of 250 °C. The doped film sensor showed stability and 

relatively shorter response and recovery times than the undoped film. The sensor 

response of the sensor depends on the doping level, achieving a sensor response on the 

order of 100 at silver concentrations of 0.9 weight %. The silver doped CCTO films are 

remarkably selective, with typically 100 to 1000 times higher response to H2S than H2, 

NH3, NO2 and ethanol vapor. Comparison between H2S-sensing properties of Ag-doped 

CCTO and Fe-doped CCTO film, 0.9 wt% (1.7% by mol) Ag-doped film shows better 

performance than that of 7 wt% (51.2% by mol) Fe-doped CCTO film such as a smaller 

response time while keeping small doping concentrations. The response time of 0.9 

wt% Ag-doped CCTO (2.96 s) is shorter than that for 9 wt% Fe-doped CCTO (~8.5 s). 

Silver ions appear to play a catalytic role in enhancing the response of the sensors, likely 

involving sites with a pair of silver ions in close proximity. Therefore, Ag-doped CCTO 

films with small doping concentration constitutes an excellent candidate for developing 

H2S sensors operating at low-temperatures of 250 °C and Ag-doped CCTO films still 

display a good H2S selectivity.   
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Future works: 

 For more characterization of the sensing material in the future, X-ray 

Absorption Fine Structure Spectroscopy (XAFS) will be characterized to determine the 

small silver signal of the Ag-doped CCTO films. XAFS uses the x-ray photoelectric 

effect and the wave nature of the electron to determine local structures around selected 

atomic species in materials. And Auger Electron Spectroscopy (AES) should be used 

in this future work because it is an analytical technique used to determine the elemental 

composition and the chemical state of the atoms in the surface of a solid material. 

Relaxation in AES is larger than in XPS. Chemical effects in XPS will not directly 

correspond with those of Auger. Therefore, these techniques maybe used to confirm to 

the small silver dopants in the Ag-doped CCTO films.   

 For gas-sensing properties, the sensor response of Ag-doped CCTO film sensors 

should be improved with several methods such as the utilization of heterogeneous 

interface. Ag/SnO2 nanocomposite with quick response and recovery behavior upon 

exposure to H2S as low as 1 ppm at working temperature as low as 70 °C prepared  by 

the sol-gel method, has been reported [96]. Consequently, we should try to prepare the 

films using other methods to improve gas-sensing properties with high sensor response 

by increasing the surface area.    
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Appendix A 

Ag-doping concentrations 

In order to doped Ag in CCTO films, we can be calculated the percentage of Ag 

concentration for silver acetate by following expression 

 

(

𝑔𝐴𝑔𝐶𝐻3𝐶𝑂2

𝑀𝑊𝐴𝑔𝐶𝐻3𝐶𝑂2

𝑔𝐶𝑎(𝐶2𝐻3𝑂2)2·𝑥𝐻2𝑂

𝑀𝑊𝐶𝑎(𝐶2𝐻3𝑂2)2·𝑥𝐻2𝑂

) (
𝑀𝑊𝐴𝑔

𝑀𝑊𝐶𝐶𝑇𝑂
) × 100 =  … … % 𝐴𝑔 𝑏𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 

 

(

𝑔𝐴𝑔𝐶𝐻3𝐶𝑂2

166.92
0.855

158.17

) (
107.86

613.37
) × 100 =  … … % 𝐴𝑔 𝑏𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 

 

𝑔𝐴𝑔𝐶𝐻3𝐶𝑂2
× 19.49 =  … … % 𝐴𝑔 𝑏𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 

 

In this thesis, I tried to dope Ag 0.3%, 0.6% and 0.9% by weight. By following 

the Equation above, we weighed Ag 0.01496 g, 0.02992 g and 0.04488 g for Ag doped 

0.3%, 0.6% and 0.9% by weight, respectively. However, the quantity of Ag in our films 

were later measured from EDX experiments which are 0.21%, 0.39% and 0.70% by 

weight instead of 0.3%, 0.6% and 0.9% by weight. 
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In order to doped Ag in CCTO films, we can be calculated the percentage of Ag 

concentration for silver perchlorate by following expression 

 

(

𝑔𝐴𝑔𝐶𝑙𝑂4

𝑀𝑊𝐴𝑔𝐶𝑙𝑂4

𝑔𝐶𝑎(𝐶2𝐻3𝑂2)2·𝑥𝐻2𝑂

𝑀𝑊𝐶𝑎(𝐶2𝐻3𝑂2)2·𝑥𝐻2𝑂

) (
𝑀𝑊𝐴𝑔

𝑀𝑊𝐶𝐶𝑇𝑂
) × 100 =  … … % 𝐴𝑔 𝑏𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 

 

(

𝑔𝐴𝑔𝐶𝑙𝑂4

207.32
0.855

158.17

) (
107.86

613.37
) × 100 =  … … % 𝐴𝑔 𝑏𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 

 

𝑔𝐴𝑔𝐶𝑙𝑂4
× 15.69 =  … … % 𝐴𝑔 𝑏𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 

 

In this thesis, I tried to dope Ag 1%, 3%, 5%, 7% and 9% by weight. By 

following the Equation above, we weighed Ag 0.0637 g, 0.1912 g, 0.3181 g, 0.4461 g 

and 0.5736 g for Ag doped 1%, 3%, 5%, 7% and 9% by weight, respectively. However, 

the quantity of Ag in our films were later measured from EDX experiments which are 

not presented the Ag signal in the EDX spectra of the Ag-doped CCTO films. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

Appendix B 

XRD database 

The crystal structure of the CCTO films on substrates were synthesized by the 

sol-gel technique. They were compared with the XRD database from The International 

Centre for Diffraction Data (ICDD) which illustrated as follow 
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Appendix C 

Solubility of silver compounds 

The solubility of silver acetate in acetic acid at 30 °C is found to be 0.00470 

molal [97]. It can be calculated that the maximum amount of silver acetate is 0.019613 

g in acetic acid 25 g at 30 °C. In addition, the solubility of silver acetate in acetic acid 

will be increased at high temperature. Silver acetate 0.0655 g can be dissolved in acetic 

acid 25 g at 76 °C. 

The solubility of silver perchlorate in acetic acid at 19.8 °C is found to be 79.86 

g in acetic acid 100 g [98]. It means that silver perchlorate 19 g can be dissolved 

in acetic acid 25 g at 76 °C. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

Appendix D 

Conference Presentations 

International Presentation:  

 
2016, Aukrit Natkaeo, Satreerat K. Hodak, Jose H. Hodak, Anurat Wisitsoraat and 

Disayut Phokharakul. Modifiacation of Calcium Copper Titanate Thin Films by Adding 

Ag Substances and their H2S Gas Sensing Response. 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-34 

 I am glad to receive award for the excellent poster presentation in this 

conference.  
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Local Presentation: 

 
2017, Aukrit Natkaeo, Satreerat K. Hodak, Jose H. Hodak, Anurat Wisitsoraat and 

Disayut Phokharakul. Modifiacation of Calcium Copper Titanate Thin Films by Adding 

Ag Compounds and their H2S Gas Sensing Response. Poster presentation at Siam 

Physics Congress 2017 at Rayong Marriott & Spa, Rayong, Thailand (May 24-26 2017) 

Code: P-SI10-249 
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