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CHAPTER I

INTRODUCTION

1.1 Thesis motivation

At present, there is an ongoing demand for developing the technique to mea-

sure the gas concentration for a wide range of applications such as agricultural

industries, biotechnological process and monitoring in domestic and industrial

environmental pollutant as well as automotive exhausting. For example, in agri-

cultural field carbon dioxide (CO2) is one factor for plant growth. Namely, the

improvement in growth rate of plants can be achieved by controlling CO2 concen-

tration. Moreover, CO2 is utilized for food packaging in biotechnological process

to extent storage life of food such as meat, vegetable and fruits. Contrastively,

high CO2 concentration can damage human organ involving respiration system.

The increasing CO2 can cause green house effect and ozone depletion resulting in

global warming. Most commercial CO2 gas sensors are based on optical measure-

ment. It has been known that CO2 molecules absorb spectra in range of infrared

at wavelengths of 4.3 µm [1]. Moreover, optical gas sensors can operate by detect-

ing the refractive index that obtains via various methods including interference

spectra, reflected or transmitted light intensity and surface plasmon resonance

[2, 3, 4]. Nevertheless, optical gas sensor is too expensive for some applications

at which low cost sensor is needed. From these reasons, solid state gas sensors

based on semiconducting metal oxide could be a good candidate due to their low

cost, small size, the ease to integrate in electronic device, simplicity for fabrication

and measurement as well as durability. The working principle of semiconducting
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gas sensor device is simple. It functions by measuring the change in electrical

resistance of sensor as it exposes to target gas concentration. Metal oxides such as

SnO2, TiO2, ZnO and WO3 are conventional gas sensor which have been widely

used for detecting NO2, H2S, NH3 and ethanol vapor [5, 6, 7]. However, utilization

of these materials for monitoring CO2 and CO is not widespread due to their poor

sensitivity. Many researchers have made an effort to improve their sensitivity and

selectivity. Stankova et al. modified WO3 with seven different materials (Pt, Au,

Ag, Ti, SnO2, ZnO and ITO (indium tin oxide)) by sputtering technique to study

the gas sensing properties in various gases at low operating temperature in the

range of 110-260 ◦C [5]. They observed that pure WO3 can not respond to CO in

the range of 1000-3500 ppm while with other gases such as H2S, NO2, CH4 and

NH3 it can monitor in spite of low concentration in the range of 1-3.5 ppm for

H2S, 1-10 ppm for NO2, 100-350 ppm for CH4 and 100-1000 ppm for NH3. They

further indicated that CO sensing property of WO3 can be improved by doping

with only two materials which are Au and SnO2.

Among such metal oxide materials, semiconducting perovskite such as bar-

ium titanate (BaTiO3 or BTO) and strontium titanate (SrTiO3 or STO) have

received attention for fabricating as gas sensor to detect toxic and combustible

gases such as CO2, Co as well as O2 due to having high melting temperature and

stability in microstructural morphology under high temperature and chemical at-

mosphere [8, 9, 10]. Work by Ishihara et al. studied on gas sensing properties

of CuO-BaTiO3 in various gases including H2, CH4, CO, CO2 as well as H2O

(humidity) [11]. They observed that CuO-BaTiO3 added with Ag showed sens-

ing response to CO2 much better than other gases for which the sensitivity to

CO2 was approximately 40 at the operating temperature of 425 ◦C, whereas the

sensitivity of that to CO, H2, H2O and CH4 was found to be round 10, 3, 2

and 1, respectively. The CO2 sensitivity is 4-40 times higher than that of the

sensor under the other four types of gases at same operating conditions. Their

work pointed out that the sensor made from Ag added CuO-BaTiO3 has selectiv-

ity to CO2 detection. However, the mechanisms for CO2 selectivity obtained by
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adding Ag into CuO-BaTiO3 are not clear. Herran et al. used sputtering tech-

nique to prepare CuO-BaTiO3 films and studied the sensing characteristic under

CO2 atmosphere [12]. They observed that the sensor quickly responded to CO2

of which the response and recovery times are around 2 and 3 min, respectively

and the sensitivity is approximately 15 operating at 300 ◦C. For SrTiO3, most

researchers have taken an interest in its O2 sensing property. Hu et al. investi-

gated O2 sensing characteristic at low temperature of SrTiO3 fabricated by high

energy ball milling and conventional screen-printing techniques [13]. They found

that the highest sensitivity was around 6 at operating temperature of 40 ◦C which

is near the human body temperature. Work by Hara et al. reported the oxygen

sensing performance of SrTiO3 thin film prepared using atomic layer deposition

[14]. Their results presented the sensor based on SrTiO3 thin film exhibited high

oxygen sensitivity under low O2 concentration in order of ppb (parts per billion)

at room temperature. They mentioned that this sensitivity is sufficient to detect

oxygen contamination in semiconductor manufacturing processes. Work done by

Gerblinger et al. have been studied the O2 sensing performance of SrTiO3 at high

operating temperature in the range of 650-1100 ◦C [15]. They found that the sen-

sitivity was in the 1-1.6 depending on operating temperature and the maximum

sensitivity can be obtained at the operating temperature of 1000 ◦C. The good

point of SrTiO3 is that it can respond to O2 in wide range of temperature from

room temperature to high temperature. In addition, the sensing characteristics

of BaTiO3 and SrTiO3 in a variety of gases atmosphere such as H2S [10, 16],

H2 [17], NH3 [18], liquid petroleum gas (LPG) [19], hydrocarbon [20] and ace-

tone [21] have also been examined. Nevertheless, there was not many research

groups investigated on ethanal sensing performance for BaTiO3 and SrTiO3 ma-

terials. From literature review, materials mostly used for detecting ethanol vapor

are WO3, SnO2, ZnO, TiO2 [22, 23, 24]. Wisitsoraat et al. studied gas sensing

properties of WO3 and SnO2 grown by ion-assisted electron beam evaporation

[22]. The sensors were tested with CO at concentration of 1000 ppm and ethanol

vapor at concentration of 1% in the temperature range between 200 and 350 ◦C.
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Their results showed that the SnO2 thin film has higher sensitivity to both CO

and ethanol vapor than the WO3 thin film. In comparison between two types of

testing gases, both sensors showed the best gas sensing performance to ethanol

vapor. The sensitivity of SnO2 exposed to CO and ethanol vapor was about 5

and 7 operating at 300 ◦C, respectively whereas that of WO3 presented in CO and

ethanol vapor was around 1.5 and 2, respectively.

In addition, they found that CO and ethanol sensitivity can be improved by

increasing oxygen-ion addition during e-beam evaporation. The enhancement in

gas sensitivity may be due to the fact that the addition of oxygen-ions reoxidizes

the film generating the reduction in the number of oxygen vacancies. Chen et al.

reported a new alcohol sensor using ultrathin single crystalline WO3 nanoplate

prepared by a topochemical transformation process on the basis of intercalation

chemistry [25]. The WO3 nanoplate sensor exhibited extremely sensitivity to al-

cohols e.g. methanol, ethanol, isopropanol and butanol. They found that the

sensitivity of WO3 nanoplate sensor operating at 300 ◦C was approximately 161

for butanol at 100 ppm, 33 for methanol at 300 ppm, 70 for ethanol at 200 ppm

and 75 for isopropanol at 200 ppm. They also found that the response and re-

covery times of the sensor were shorter than 15 second for all the test alcohols.

Moreover, they compared the gas sensing performance of WO3 nanoparticle sensor

to alcohol. Their results exhibited that the sensitivity of WO3 nanoparticle sen-

sors was smaller than those of the sensor made of WO3 nanoplate. The obtained

sensitivities of WO3 nanoparticle sensors operating at 300 ◦C were about 13 for

for butanol at 100 ppm, 9 for methanol at 300 ppm, 7 for ethanol at 200 ppm and

5 for isopropanol at 200 ppm. Chen et al. noticed that the enhancement in alco-

hol sensing properties of WO3 nanoplate can be attributed to ultrathin platelike

morphology and loosely assembled structure observed in WO3 nanoplate yielding

increase in absorption and fast diffusion of alcohol molecules. Another investiga-

tion to alcohol sensing was done by Wang et al. [26]. The sensors were fabricated

from Fe-doped SnO2 nanofibers synthesized by an electrospinning method. They

observed that the Fe-doped SnO2 nanofiber sensors had a high sensitivity to al-
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cohol of which the sensitivity was found to be about 7, 15, 30 and 125 as the

sensors exposed to alcohol concentrations of 50, 100, 200 and 1000 ppm, respec-

tively which measured at the temperature of 300 ◦C. On comparing to sensitivity

of the sensor with and without nanostructure at same operating conditions, for ex-

ample SnO2, it has been seen that the sensors with nanostructure had outstanding

sensitivity compared with the sensors without nanostructure. The improvement in

gas sensitivity observed for nanostructure sensors is due to the increase in surface

interaction of the sensor. However, limitation of nanostructure gas sensor is that

its morphological feature is easier to be deformed at high temperature leading to

difficulty for determining gas sensitivity.

There are many parameters for gas sensing characterization indicating that

the materials have high sensing performance including sensitivity, response time

(the time taken sensor signal to reach 90% of its steady state), recovery time (the

time taken the sensor to be with in 10% of the initial value), selectivity and long

term stability [27]. Among of these parameters, sensitivity is one of the most im-

portant parameter. If the value of sensitivity for a particular gas is high pointing

that the material is a very good sensor. It was proposed that the gas sensitiv-

ity can be promoted by reducing the grain size which induces a large surface to

volume ratio [28, 24, 29]. Generally, the gas sensing properties are based on reac-

tion between absorbed oxygen molecules and gases which could be took place on

the film surface [30, 31]. Certainly, the reduction in grain size or the presence of

porosity in the materials is one of the essential factors to improve the sensitivity

of gas sensors. Kuwabara and Kim et al. reported that pores in the BaxSr1−xTiO3

materials can support oxygen adsorbed at the grain boundary [32, 33, 34]. Several

approaches have been employed to enhance the surface to volume ratio through va-

riety of methods such as modifying materials with additive as well as using spacial

technique to prepare materials [35, 36]. However, doping is simple way which can

apply to any film preparation, especially with a sol-gel technique which was used

to prepare BaTiO3 and SrTiO3 films in this thesis work. It has been suggested

that not only with metal such as Fe, Au, W and Al [28, 24, 29, 37] but also metal
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oxide like CuO, CeO2 [38, 39] can decrease that ratio. Chaudhari et al. stud-

ied the effect of three dopants including CuO, CdO and Pd on liquid petroleum

(LPG) sensitivity for BaTiO3 films as well as optimal operating temperature [19].

They compared the sensitivity for four types of films (pure BaTiO3, CdO-doped

BaTiO3, CuO/CdO-doped BaTiO3 and Pd/CdO/CuO-doped BaTiO3). Their

work presented that sensitivity of the films to LPG concentration of 1000 ppm

increased from 0.45 for pure BaTiO3 to 0.95 for Pd/CuO/CdO-doped BaTiO3

whereas the optimal operating temperature of the films also decreased from 300

◦C for pure BaTiO3 to 225 ◦C for Pd/CdO/CuO-doped BaTiO3. Work by Tianshu

et al. reported Cd-doped SnO2 has an extreme ethanol sensitivity of which the

sensitivity value was approximately 200 at low concentration of 80 ppm operating

at 225 ◦C [40]. In addition, they further pointed out that with Cd doping the

response and recovery time could reduce. They noticed that the better sensing

performance of SnO2 achieved through doping Cd was due to reduction in crys-

talline size and existence of porosity in the materials [41]. Neri et al. fabricated

resistive oxygen sensor for application in diesel engines car under real driving con-

ditions. The sensors were made from SrTi0.4Fe0.6O2.8 powder prepared by self

propagating high-temperature synthesis and subsequent ball-milling treatment.

Oxygen sensing performance of SrTi0.4Fe0.6O2.8 sensor was also compared to that

of Bosch commercial oxygen sensor. The signal output indicated that their sen-

sor responded quickly to oxygen concentration variations as the Bosch probe. In

addition, Fe-doped BaTiO3 and Fe-doped SrTiO3 are multiferroic materials that

exhibit ferroelectricity and ferromagnetism under the same physical conditions.

Recently, there are many reports on the effect of the Fe doping concentration in

BaTiO3 and SrTiO3 on room temperature ferromagnetism [42, 43]. By modifying

SrTiO3 with Fe ions, the ferroelectric Curie temperature (Tc) could move to higher

temperature as high as 200 ◦C, whereas an antiferromagnetic behavior existed in

SrTiO3 doped with low Fe concentration [43].

Ethanol or ethyl alcohol is one type of alcohol faced in our daily life. Ethanol

sensor have been widely used in many applications such as alcohol gas checker in
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breath of car driver, wide making process, food and chemical industries. Espe-

cially in the field of driver alcohol checking, alcohol detector is very necessary due

to the fact that many occurred accidents at present are mostly caused by drivers

consuming alcohol and driving. Thus, the way to fabricate alcohol detector hav-

ing high efficiency and low cost has been required to reduce accidents. From the

literature reviews we read including as for our knowledge, there was no report

on ethanal sensor for BaTiO3 and SrTiO3 multilayer films. Moreover, based on

assumption metal doping into the films can reduce grain size leading to enhance-

ment in surface to volume ratio, thus in this thesis work, we studied the ethanol

sensing characteristic for Fe-doped BaTiO3 and Fe-doped SrTiO3 multilayer films

for different Fe concentrations.

Besides gas sensing properties, electrical properties of BaTiO3 and SrTiO3

have also been extensively investigated due to their high dielectric constant and

electric field tunability, which usually occur near transition temperature or Curie

temperature (Tc). The materials with high dielectric constant and tunability

is widely utilized in many applications such as optoelectronic device, dynamic

random access memories (DRAMs) and tunable microwave component. The di-

electric constant of BaTiO3 bulk is approximately 10000 at temperature 393 K

while the dielectric constant of BaTiO3 thin films is in the 1000-3000 range by

varying temperature from 390 K to 430 K [44, 45]. The dielectric constant of

SrTiO3 readily responds to a small electric field at lower temperature than that of

BaTiO3. In other words, the dielectric constant of SrTiO3 bulk is approximately

30000 at temperature 4 K while the dielectric constant of SrTiO3 thin films is

in the 2000-5000 range at temperature from 30 to 100 K [46, 47]. Because the

dielectric constant of both types responds to an electric field in different tempera-

ture range, many attempts were made to enhance or tune dielectric constant near

room temperature. It was reported that the common way to improve dielectric

properties is to add stress and strain into the lattice through two ways of film

preparation [48, 49, 50, 51]. First way is done by growing film in combined form

of Ba1−xSrxTiO3 compound [48, 52]. Second way is to fabricate artificial film by
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means of superlattice of BaTiO3 and SrTiO3 which have a good lattice matching

[49, 50, 51]. The first BaTiO3/SrTiO3 artificial superlattice was successfully made

in 1992 by Iijima et al. using reactive evaporation [53]. After that several tech-

niques such as pulse laser deposition [54, 55], sputtering [50, 56], metal organic

chemical vapor deposition [57], molecular beam laser [58], screen printing method

[59] and sol-gel method [49, 60] has been employed to deposit BaTiO3/SrTiO3

multilayer films.

Wang et al. proved that the dielectric constant and tunability of Ba1−xSrxTiO3

can be tailored by adjusting the Ba/Sr ratio [52]. Gim et al. investigated dielectric

properties of Ba1−xSrxTiO3 films grown by laser ablation on LaAlO3 substrates,

where the x values were varied in the 0.1-0.9 range [61]. Their experiment showed

that the capacitance of the films changes by adjusting the values of x which the

maximum value of measured capacitance of Ba1−xSrxTiO3 was obtained at x=0.4

of which the capacitance was approximately 1400 fF at room temperature without

applied voltage. They also found that at x=0.4, the Ba1−xSrxTiO3 films exhib-

ited the highest tunability of capacitance which was around 30% with dc applied

voltage of 40 kV/cm measured at room temperature. However, some literatures

compared the value of dielectric constant between Ba1−xSrxTiO3 and artificial

SrTiO3/BaTiO3 superlattices. Kim et al. used pulsed laser deposition technique

to study the dielectric properties of Ba0.5Sr0.5TiO3 and SrTiO3/BaTiO3 multilayer

film [54]. They observed that the dielectric constant value of multilayer films was

higher than that of Ba0.5Sr0.5TiO3 films of which the value was about 520 whereas

the dielectric constant for multilayer films was found to be about 680 at 100 kHz

measuring at room temperature. The improvement of dielectric properties ob-

served in multilayer films was also confirmed in work by Hu et al. [55]. They pre-

pared three types of films including Ba0.5Sr0.5TiO3, Ba0.5Sr0.5TiO3/Ba0.5Sr0.5TiO3

and BaTiO3/SrTiO3 by using pulsed laser deposition technique. Their work pre-

sented that the films with homolayered structure (Ba0.5Sr0.5TiO3/Ba0.5Sr0.5TiO3)

showed a tiny enhancement in dielectric constant compared with Ba0.5Sr0.5TiO3

while that of heterolayered structure (BaTiO3/SrTiO3) could drastically increase.
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They pointed out that the enhancement in dielectric constant of the films with

heterolayered structure is due to the mechanical strain developed in the structure

because of the lattice mismatch between the adjacent layer. The strain induced by

lattice mismatch in this BaTiO3/SrTiO3 superlattice was also investigated by us-

ing the theoretical calculations [62, 63, 64]. It has been additionally proposed that

with increasing the number of stacking layer, large strain distortion could be intro-

duced in the in-plane direction as a consequence of improvement in the dielectric

constant and tunability [65, 66]. Li et al. discussed the effect of layer number (n)

of (SrTiO3/BaTiO3)n multilayer films on their dielectric properties which operated

at room temperature without applied electric field [65]. The multilayer films were

grown by a double target radio frequency (RF) magnetron sputtering technique

with various layer numbers of 1, 2 and 4 as well as the thickness of all films was

fixed at 450 nm. They observed that the dielectric constant of (SrTiO3/BaTiO3)n

multilayer films increases from 270, 375 to 420 when the layer number of film

growth increases from 1, 2 to 4, respectively. Moreover, they also noticed that

the tunability of multilayer films can be increased with increasing the number of

layers. The improvement of dielectric properties observed in SrTiO3/BaTiO3 mul-

tilayer films by increasing the stacking layer was also reported in work by Guigues

et al [66]. Their results showed that the dielectric constant of multilayer films

increases from 56 to 102 as the stacking period increases from 1 to 5 with the film

thickness in the range of 65-85 nm. They also found that with increasing the layer

of number, dielectric tunability enhances of which tunability was approximately

15% for 1 period and increases up to 37% for 5 periods. This increment of dielec-

tric properties can be caused by internal strain which increases with the number

of stacking period generating an improvement in dielectric constant of multilayer

films. In this thesis work, four types of films including uniform BaTiO3, uniform

SrTiO3, SrTiO3/BaTiO3 multilayer and Fe-doped SrTiO3/BaTiO3 multilayer were

fabricated as a capacitor to compare their dielectric constant.

Furthermore, a number of authors reported the influence of high energy

electromagnetic radiation such as gamma rays and X-rays on optical properties
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of these materials. Kongwut et al. discussed the effect of gamma irradiation on

optical properties of BaTiO3 and Fe-doped BaTiO3 thin films [67]. They observed

the change in transmittance spectra of the films after exposure to gamma irradia-

tion at 15 kGy of which the transmittance decreased by 4% for undoped films but

by 11% for Fe-doped BaTiO3 films. Since the Fe-doped films was more effective

to gamma irradiation than undoped BaTiO3 films, they further studied influence

of gamma irradiation on the refractive index of Fe-doped BaTiO3. Their work

reported that the refractive index and extinction coefficient of the films also in-

creased after irradiation to higher gamma doses. They did not report the change

in electrical properties of such those films. In general, not only optical properties

could be changed by gamma irradiation but the change in electrical properties of

various materials were also published. Arshak et al. observed that the capacitance

of manganese phthalocyanine (MnPc) thick film decreased from 50 pF to 30 pF

as the films were irradiated to gamma ray with the doses up to 27 kGy [68]. How-

ever, they noticed that after exposure to gamma ray ranging within 7.2-25 kGy

the films showed the increase in capacitance tunability. While another their work

investigated electrical properties on bismuth germinate films, they found that ca-

pacitance values of films had gradually enhanced from 2.97 pF up to 7.09 pF as the

films were exposed to gamma ray at dose of 2.44 mGy [69]. From work by Arshak

et al., they indicated that each of materials dissimilar reacts with gamma ray at

different doses. Work by Selcuk et al. have been discussed influence of gamma

irradiation on dielectric characteristics of SnO2 thin films [70]. They found that

capacitance-voltage (C-V) curve moves towards the positive voltage with increas-

ing the irradiation dose. In addition, they observed that the dielectric constant

of the films gradually decreased from 6.94 to 5.97 as the gamma dose increased

to 500 kGy. The variation of dielectric constant of T1SnO2 single crystal effected

by gamma irradiation was also noticed in work by Mustafaeva et al. [71]. Their

results presented that the dielectric constant of T1SnO2 sample rapidly increased

from 12 to 32 when the gamma dose increased to 1x104 rad (1 rad = 0.01 Gy)

and beyond the gamma dose of 1x104 rad the dielectric constant gradually de-
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creased from 32 to 22 for the dose of 225x104 rad. Nevertheless, this reduced

value of dielectric constant observed as the samples exposed to high gamma dose

remained higher than that for unirradiation T1SnO2 sample. Tugluoglu et al. also

reported that the dielectric constant of Au/SnO2/n-Si (MOS) structures increased

by gamma irradiation [72]. Their dielectric constant increased from 1.06 to 1.18

as the gamma does increased up to 500 kGy. The increment of dielectric constant

with increasing gamma does also observed in work by Tataroglu et al. of which

the dielectric constant of Al/SiO2/pSi (MIS) Schottky diodes rose from 0.015 to

0.019 with increasing gamma does up to 500 kGy [73]. As mentioned earlier,

gamma irradiation has strongly affected to electrical properties of the materials.

However, based on the lack of existing data for electrical properties of BaTiO3

and SrTiO3 before and after gamma irradiation, it is interesting to study further

beyond Kongwut et al.’s work.

In addition, since BaTiO3 and SrTiO3 present excellent optical properties

such as large electro-optical coefficient, low optical lossed and high optical trans-

parency in visible region, these materials could be used in optoelectronic device [74,

75]. An application of these types of films as insulating layer in flat panel displays

(FPD) comprising of the layer of metal-electrode/phosphor/insulator/transparent

electrode/glass has recently been reported [76, 77]. It has been reported that the

optical properties such as optical transmittance were influenced by defects, impu-

rity and grain boundary. A large number of works reported on optical, electrical

(dielectric or ferroelectric) properties of these types of films, which are affected by

many factors such as growth condition, the annealing temperature [78], the type

of substrate or buffer layer used [79, 80], thickness [81], the doping [82] as well as

microstructure [83]. Also, relatively few works dealt with the optical properties of

SrTiO3/BaTiO3 multilayered films despite of much growing interest in these films

for device applications [84, 85].

In the first stage of this thesis work due to the ease of experimental set

up, we focused on optical properties of SrTiO3/BaTiO3 multilayered thin films

deposited on a substrate made of optical transparent conducting indium tin oxide
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(ITO) on glass. The annealing temperature was varied to achieve the optimal tem-

perature for crystallinity. The temperature was changed from 300 ◦C and limited

to 650 ◦C to avoid softening and deformation of the glass substrate. The effect of

the annealing temperature SrTiO3/BaTiO3 multilayered thin films with different

thickness on optical band gap and complex refractive index of the films was also

investigated. After that, we move on to characterize the ethanol sensing proper-

ties of Fe-doped SrTiO3/BaTiO3 multilayered thin films deposited on insulating

alumina substrate. In this stage, we also investigated the influence of Fe dop-

ing concentrations on the crystal structure and surface morphology of the films.

The last stage, the dielectric properties of the films including uniform BaTiO3,

SrTiO3, SrTiO3/BaTiO3 and Fe-doped SrTiO3/BaTiO3 multilayered films were

investigated. In addition, the effect of gamma irradiation on dielectric properties

of SrTiO3/BaTiO3 multilayered films was examined.

In this thesis, we study variety of applications in the same material by

adjusting the parameter for film growth so that this work is no resemblance with

most research in recent day. For instance, in case of dielectric measurement, which

mostly carried out in the high frequency range of GHz and wide temperature range.

Nevertheless, due to technical difficulty of carrying out measurements in the high

frequency range and low temperature, this is why we are also interested in other

their applications such as optical and gas sensing properties.

1.2 The aims of this thesis are:

1. To prepare barium titanate and strontium titanate thin films using a

sol-gel spin coating technique.

2. To investigate the effects of film growing parameters such as anneal-

ing temperature and metal doping on crystal structure, surface morphology and

optical properties of the films.

3. To fabricate capacitors and gas-sensing devices.
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4. To analyze gas sensing properties of barium titanate and strontium ti-

tanate gas sensors.

5. To study the dielectric properties of barium titanate and strontium ti-

tanate capacitors.

1.3 Overview of this thesis

This thesis is divided into 7 chapters. Chapter I includes introduction, mo-

tivation and objective of this thesis work. Chapter II describes the necessary

background for example crystal structure and some general properties of BaTiO3

and SrTiO3 materials, concept of sol gel process, interference conditions in a thin

film, dielectric and gas sensor. The details of techniques used for characterizations

which include X-ray diffraction, X-ray absorption spectroscopy, field emission scan-

ning electron microscopy, atomic force microscopy, ultraviolet-visible spectroscopy

as well as determination of refractive index, film thickness, energy gap and Ur-

bach energy from transmission data are covered in chapter III. In chapter IV, film

preparation including the condition for film deposition is presented. In addition,

fabrication of device as well as the measurement for gas sensing and electrical prop-

erties are explained. Chapter V describes results and discussion which dedicate to

three main properties (optical, electrical and gas sensing properties). Finally, in

chapter VI, the conclusions of the thesis will be presented.



CHAPTER II

THEORETICAL BACKGROUND

In this chapter, essential background in this thesis work will be presented

beginning with the details of the crystal structure of barium titanate and strontium

titanate materials as well as their interesting properties. Next, sol-gel spin coating

process used to form thin films will be described. In the last section of this chapter,

the background about interference condition in the thin films, dielectric properties

and gas sensor mechanism will be also be presented.

2.1 BaTiO3 material

Barium titanate (BaTiO3, BTO) belongs to the family of perovskite oxides

structure with the formular ABO3 at which A and B are cations with different sizes.

The larger divalent ions (Ba2+) occupy the A site which is located at four corners

of the cube. The B cation represented tetravalent ions (Ti4+) is coordinated at

center position surrounded with 6 oxygen ions. The Ti4+ ion is fit into octahedral

cage forming by oxygen ions. The unit cell of perovskite cubic structure is shown

in Fig. 2.1.

BaTiO3 has ferroelectric behavior. At temperature below a transition tem-

perature, so called, Curie temperature (Tc) of 120 ◦C [86], the Ba2+ and Ti4+ ions

are displaced with O2− ions resulting in distortion of octahedral which generates a

tetragonal structure with the lattice constants a and c as presented in Fig. 2.2(a).

Because of asymmetry in the unit cell, a hugely spontaneous polarization is took

place which gives a net dipole moment along to c-axis ([001] direction). The ma-
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Figure 2.1: The unit cell of perovskite cubic structure.

terial in this configuration is a ferroelectric. At above Curie temperature (T>Tc),

there is enough thermal energy (kT) for making the Ti+4 ions to move randomly

leading to have no fixed asymmetry. The cell is formed perfectly cubic structure

with the lattice parameter as illustrated in Fig. 2.2(b). The material does not

exhibit spontaneous polarization but generating a paraelectric phase.
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Figure 2.2: The crystal structure of BaTiO3; (a) below Tc, the structure is tetra-

gonal and (b) above Tc, the structure is cubic.

The polarization behavior as a function of electric field in paraelectric and
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ferroelectric material is demonstrated in Fig. 2.3(a) and (b), respectively. For

paraelectric material, there is no net dipole moment when an electric field equal

to zero whereas in the case of ferroelectric material, the hysteresis loop of polar-

ization can be obtained. On the other hand, a net dipole moment is still remain

when the applied electric field is removed. In addition, BaTiO3 has more another

two phase transitions. Orthorhombic deformation of BaTiO3 could be occurred

at temperature of 5 ◦C. At below the temperature of -70 ◦C, BaTiO3 undergoes

to a rhombohedral phase [86]. The transformation in crystallographic structure

is caused by changing the direction of dipole moments. In other words, the direc-

tion of dipole moments changes to [011] and [111] direction for orthorhombic and

rhombohedral structure, respectively. The crystallographic changes and physical

properties of BaTiO3 bulk are given in Table 2.1.

Electric field

Polarization

(a) Paraelectric phase

Electric field

Polarization

(b) Ferroelectric phase

Figure 2.3: Polarization behavior as a function of electric field in ferroelectric

material (a) above Tc and (b) below Tc.

Because of its ferroelectric property, BaTiO3 has been used in wide range

of applications such as dynamic random access memories (DRAMS), non-volatile

ferroelectric random access memories, thermistor as well as optoelectronic device

such as insulating layer in flat panel screen due to its excellent optical properties.
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Table 2.1: The physical properties of bulk BaTiO3.

Physical properties

Crystal structure Cubic (T ≥120 ◦C), Tetragonal (5 ◦C<T<120 ◦C),

Orthorhombic (-70 ◦C<T≤5 ◦C) and Rhombohedral (T≤-70 ◦C)

Lattice parameters a=3.992 Å, c=4.036 Å (Tetragonal structure)

Density 6.02 g/cm3

Melting point 1650 ◦C

2.2 SrTiO3 material

Strontium titanate (SrTiO3, STO) is an incipient ferroelectric with a very

huge dielectric constant or relative permittivity (εr). A ferroelectric phase can be

induced at a low temperature by impurities, external stress and external strain.

SrTiO3 has pseudo-cubic structure with lattice constant of 3.905 Å at room tem-

perature [87]. At the temperature less than -168 ◦C, it undergoes a tetragonal

structure [88, 89]. Some physical properties of bulk SrTiO3 are presented in Table

2.2.

Table 2.2: The physical properties of bulk SrTiO3.

Physical properties

Crystal structure Cubic (T > -168 ◦C) and Tetragonal (T≤ -168 ◦C)

Lattice parameters a=3.905 Å (Cubic structure)

Density 5.17 g/cm3

Melting point 2080 ◦C

Fig. 2.4 illustrates temperature dependence of dielectric permittivity of bulk

SrTiO3 for at an applied DC electric field of 0, 5 V/µm and 10 V/µm [90]. At near

phase transition temperature (Curie temperature of 105 K), the value of εr is very
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large which is in the order of 103 with no DC bias field and decreases to around 900

and 600 at DC bias field of 5 V/µm and 10 V/µm, respectively. Above this phase

transition temperature, dielectric permittivity abruptly decreases as temperature

increases which obeys Curie-Weiss law [91]:

εr =
C

T− Tc

,T > Tc (2.1)

where C is a constant called the Curie constant and Tc is the Curie temperature.

The change in dielectric permittivity opposed to a DC bias electric field is more

sensitive at a low temperature. At Curie temperature, however, the permittivity

of SrTiO3 film material is smaller than that of bulk SrTiO3 single crystal (εr∼900

for films and ∼1200 for bulk single crystal). Contrastively, the permittivity of both

materials has rather same value around 300 at near room temperature [92, 93].
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Figure 2.4: Permittivity versus temperature of bulk SrTiO3 for at DC bias electric

field of 0, 5 V/µm and 10 V/µm [90].
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Since SrTiO3 has not only prominently dielectric constant but also low di-

electric loss tangent even at high frequency (> 1 GHz), it has been widely used

for RF and microwave tuning applications such as harmonic generators, tuneable

resonators, high density capacitors and microelectromechanical (MEM) switches

[94, 95, 96, 97]. In addition, SrTiO3 is used as buffer layer or substrate for epi-

taxial growth [98, 99, 100] as well as gas sensor detecting at high temperature,

e.g. automotive exhaust gas because of its high melting point, stability in surface

morphology in high temperature thermal and chemical atmosphere [13, 101, 102].

2.3 Sol-gel process

The sol-gel process is a versatile chemical solution method for preparing ce-

ramic, metal oxide based thin films at low temperature. This sol-gel technique

is widely used during the several decades because it can be alternative to con-

ventional technique such as sputtering, evaporation, chemical vapor deposition,

inductively couple plasma and plasma spray for depositing thin material coating.

Particularly, for growing the ferroelectric materials which include large compound

groups of metal oxide, the sol-gel process has a numerous utility for depositing

such material. The advantage of sol-gel process is ease of doping metal and mod-

ifying the composition of the film. In this thesis, we used iron (Fe) for doping

into the films. To describe the sol-gel process, the term sol-gel is essential to in-

troduce. Sol-gel is derived from two components of the reaction that are sol and

gel. The sol refers to discrete colloidal suspension that can be initially formed in

a solution and the gel is the inertial network structure that forms after continual

growth with in the solution. The starting materials used in the preparation of

sol are usually metal alkoxides. Typically, there are two reactions that can occur

during sol-gel process which can be broken down into two basic steps, hydrolysis

and condensation as the following:



20

1) Hydrolysis of metal alkoxides

M−OR + H2O→ M−OH + ROH. (2.2)

Hydrolysis reaction occurs when the metal alkoxides (M−OR) is mixed with

H2O. The reaction will be completed when OR (alkyl group) is replaced by OH

(hydroxyl functional group). The byproduct, ROH, is alcohol which is removed

by volatilization. As soon as reactive hydroxyl functional group is acquired, two

partially hydrolyzed molecules link together through a condensation reaction that

releases ROH through alcoholysis.

2) Condensation:

M−OH + OR−M→ M−O−M + ROH. (2.3)

As the reaction continues, the amount of M-O-M bounds multiply during

such process called polymerization. After the precursor solution is prepared, vari-

ous techniques can be used to produce the thin films e.g. spin, dip or spray coating.

Among these techniques, spin coating has been widely used to deposit thin films

onto the smooth substrate. There are many advantages including uniformity,

ability to control the film thickness, ability to control the doping concentration,

reproducibility, simplicity and low cost. The details as well as the theory behind

such coating technique will be described in the next section.

2.3.1 Spin coating

Spin coating is a method for producing the film with thickness in the range

of 10 nm-5 µm on the flat substrate. Normally, the substrate that will be coated

is held by vacuum chuck. The spin coating process can be broken down onto

four stages which are deposition, spin up and spin off that occur sequentially and

evaporation stage which takes place throughout the process. Figure 2.5 illustrates

the four stages of spin coating process.
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(a) (b)

(c) (d)

Figure 2.5: The four stages of spin coating process (a) deposition, (b) spin up, (c)

spin off and (d) evaporation.

The deposition stage beginning with the excessive mount of liquid is de-

posited onto the center of a stationary substrate by using a nozzle. The excessive

amount of liquid is utility for averting the coating discontinuities due to the fact

that the front of liquid will dry before it reaching the wafer substrate edge.

In the spin up and spin off stages, the substrate is accelerated to very high

angular velocities (∼300-10000 rpm). Centrifugal force causes the excess liquid

spreading from the substrate leaving thin film. In this stage, the physics behind

this coating method is related to equilibrium between the centrifugal force and

viscous force which is defined by viscosity of the liquid [103]. In spin coating

technique, the thickness of the films can be varied by controlling the spining speed,

time and viscosity of the precursor solution. It has been experimentally observed

that the relationship between the film thickness (t) and the spinning speed or
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angular velocity (ω) is given below:

t ∝ 1√
ω
. (2.4)

The above equation indicates that the higher the spinning speed generates

the thinner the film. Beside the spinning speed, the film thickness depends upon

the concentration of the precursor solution.

The evaporation stage, in this stage a portion of the excess liquid is volatilized

which can be occurred throughly the spin coating process. The defect can take

place during spin coating process as the evaporation happens before time, which

make a solid skin forming on the surface of solution. This solid skin obstructs the

evaporation of solution trapped under this skin generating the coating defect.

2.3.2 Drying

After the gel film is deposited completely, it remains an excess amount of

water and many porosities inside the structure. Prior to the pore closed through-

out densification process, drying step is necessary to repel the solvent which is held

in the pore. Moreover, the elimination of the solvent inside the pore can reduce

the stress built up which causes films cracking during densification process.

2.3.3 Sol-gel densification

After drying, the films must be densified by heating to high temperature to

form a tight films. When the gel film is heated, it undergoes three stages including

heating up, isothermal heating or annealing and cooling down. In heating up

and annealing stages, the structure of the films is changed to more denseness

producing stresses and strains in gel films due to it constraint on the substrate. In

addition, in such stages thermal stress could be generated because of the difference

in thermal expansion coefficient between the film and substrate and fluctuation
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in temperature. However, it has been observed that the stresses which occur due

to the difference in thermal expansion coefficient much smaller than that due to

densification [104]. Thus, densification is the main cause producing the stress in

the stages of heating up and annealing. The overview of the steps in a sol-gel

process including the aim in each of step is given in Table 2.3.

Table 2.3: The major steps in a sol-gel process.

Step Aim

Preparation of solution To form gel

Deposition of solution To produce a wet-gel thin film

Drying To repel solvent in the gel and prevent cracking

Annealing To change physical and chemical properties

(crystallization and densification)

2.4 Interference conditions in a thin film

Interference phenomena occurs when light waves originate at different posi-

tions overlap. If two waves with equal amplitudes and same wavelength are out

of phase 180◦, the amplitudes cancel and net result is zero. The interference is

destructive. If two waves are perfectly in-phase, the amplitude is double. The

interference is constructive. In the case of thin film the light wave can inter-

fere with another wave that is reflected from the two different surfaces (air-film,

film-substrate). This interference can also cause a decrease or increase in the re-

flectance or the transmittance of the incident light. Figure 2.6 shows optical model

for air/thin film/substrate structure. In this study, the multilayer SrTiO3/BaTiO3

films used to characterize the optical properties were deposited on ITO coated on a

glass substrate which is transparency. The thickness of ITO is about 80 nm which

is smaller than that of glass substrate with thickness of 1.2 mm. The refractive
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index of ITO and glass substrate (n3) is approximately 2 and 1.47 at wavelength

of 450 nm, respectively. The thickness (d) and refractive index (n2) of the film are

about 250 nm and 2.08 at 450 nm, respectively. There are two events occurring as

light ray incidents at each interface, reflection and refraction. When incident ray

of light SA hits on the film where it is partially reflected and partially refracted at

interface between air and thin film (point A). The reflected ray AR1 of light under-

goes 180◦ phase change or λ/2 (λ is wavelength of incident ray) due to the higher

the refractive index of film compared with the refractive index of air, whereas the

part of refracted ray encounters the interface between film and substrate at point

B where generates a partial ray transmitted along BT1, reflected along BC and

then refracted along CR2 (see Figure 2.6). The refracted ray CR2 has no phase

change since BC is reflected from low denser medium. Interferences can occur

both refracted and transmitted ray due to the fact that they originate from same

incident ray and acting as coherent ray.
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SrTiO /BaTiO  , n
2
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Figure 2.6: Schematic of optical model for air/thin film/substrate structure.

We have considered the case of reflected ray, path difference (∆) between

S-A-N and S-A-B-C-R2 is given by:

∆ = path ABC in film− path AN in air, (2.5)



25

∆ = n2(AB + BC)− AN. (2.6)

Using right angle triangles AOB, COB and ANC as well as Snell’s law, the path

difference can be expressed as:

∆ = 2n2d(cos r). (2.7)

Since AR1 has phase change of 180◦ making further path difference λ/2, actually

path difference becomes:

∆ = 2n2d(cos r)− λ

2
. (2.8)

As the light ray incidents the film surface perpendicularly (cos r =1), the condition

for constructive interference can be written as:

2d = (m +
1

2
)
λ

n 2
, (2.9)

2n2d = (m +
1

2
)λ, (2.10)

and the condition for destructive interference is:

2d = (m)
λ

n 2
, (2.11)

2n2d = (m)λ, (2.12)

where m = 0, 1, 2, ...

The interference fringes obtaining from reflectance or transmittance give the

information about film thickness as well as optical parameters such as refractive in-

dex, extinction coefficient and absorption coefficient. The detail for determination

of such optical parameters is given in section 3.4.
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2.5 Dielectric properties

2.5.1 Dielectric materials in electric field

Dielectric materials are an electrical insulting substance because of having

low the number of free charge carriers. This is due to the fact that these elec-

trons are defined in microscopic region (i.e. atoms or molecules) in the material.

Nevertheless, when a direct voltage is applied, there is a very weak current (leak-

age current) and electrostatic field can be maintained for a long period inducing

electrical energy storage in the material. This phenomena can be not found in

electrical insulator. The material having dielectric properties is beneficial in ca-

pacitor and optoelectronic device. In order to clearly understand what occurs to

dielectric material under electric field, an atom is served as an illustration. When

an atom is placed in the electric field, positive charge (+q) and negative charge

(-q) are separated on molecules making a shift in centers of them as exhibited in

Fig. 2.7(a). The separation between centers of positive and negative charge due

to an applied external electric field produces forces creating induced electric field

(electric field generated by dipole). The electrical dipole moment (−→p ) is defined

in the term of the product of the charge and the distance of separation between

the charges:

−→p = q
−→
d (2.13)

where q is total positive charge and
−→
d is displacement between center of the

charges. The density of this dipole build up per unit volume is called the polar-

ization (
−→
P ). Figure 2.7(b) illustrates the electric flux line of dipole (solid line) in

applied external electric field (dash line). The total electric field is the outcome

of the induced electric field and the applied electric field, that is the electric field

generated by dipole is very slight compared with external electric field.
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Figure 2.7: (a) Displacement of center of positive and negative charge due to

an applied external electric field. (b) Electric flux line of dipole (solid line) and

applied external electric flux line (dash line).

2.5.2 Dielectric constant

According to Gauss’s law in matter, each free charge (ρfree) produces dielec-

tric displacement (
−→
D):

−→
∇ ·
−→
D = ρfree (2.14)

where
−→
D is defined as:

−→
D= ε0

−→
E +
−→
P. (2.15)

The constant εo is called the permittivity of free space which has the value of

8.85x10−12 C2/N·m2. The dielectric displacement is described in two terms, εo
−→
E

refers to the electric field related in free space and another one,
−→
P represents the

electric polarization in the matter.

As mention earlier, electric field induces polarization pointing in the same

direction with the electric field. In isotropic medium, or homogeneous medium,
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the polarization is directly relative to the electric field as follow:

−→
P = εoχe

−→
E (2.16)

where χe is the electric susceptibility. This value refers to the ability of matter to

polarize due to electric field depending on the structure of material and external

factors such as temperature, frequency and pressure [105].

Thus, electric displacement becomes:

−→
D = εo

−→
E + εoχe

−→
E = εo(1 + χe)

−→
E = ε

−→
E (2.17)

here, the constant ε is the permittivity of the matter. The dielectric constant (εr)

is defined in term of the relation of the permittivity of the matter to that of free

space:

εr =
ε

εo
= 1+χe. (2.18)

The dielectric constant is also called relative permittivity. Because of having po-

larization, a dielectric material is used as capacitor, an electrical device be capable

of storage charge from current by placing the dielectric between two conducting

plates. A schematic of parallel-plate capacitor is illustrated in Fig. 2.8. When the

V

- - - - - - - - - - - - - - - -

+ + + + + + + + + + + + + + + + 

Conducting plate

Conducting plate

Dielectric material

Figure 2.8: A parallel-plate capacitor inserting with dielectric material.

voltage (V) is applied across the conducting plates, the dielectric material polar-

izes yield the charge (Q) which can be stored in the capacitor. The capacitance
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(C) of capacitor is given the meaning as the property that can allow the charge

stored when the voltage is applied. The relationships between capacitance, charge

and voltage are:

C =
Q

V
. (2.19)

For parallel-plate capacitor, the capacitance is defined by

C = ε
A

d
= εrεo

A

d
(2.20)

here, A is the area of each conducting plate and d is distance between the insu-

lated plates which is equal to the thickness of dielectric. From equation 2.20, the

capacitance is directly proportional to the dielectric constant and depends upon

the shape of the plates as well as the gap between them. In this thesis work, the

films were fabricated as interdigitated capacitors. The configuration of interdig-

itated electrode is shown in section 4.7.1. In addition, dielectric constant which

relates to polarization relies on frequency of external field. Generally, the total

polarization of dielectric material is sum of four components as depicted in Fig.

2.9.

The four contributions of polarization compose of:

1. Electronic polarization: when the external electric field is applied to

dielectric materials, the displacement of electron clouds around the nucleus occurs.

2. Ionic polarization: in this case positive and negative ions in crystal are

separated from their equilibrium positions.

3. Dipolar polarization: this polarization is found only in materials having

permanent dipole moment such as water. The electric field makes electric dipoles

rotating in direction of the field.

4. Space charge polarization: this polarization is due to accumulation of

charge developing at interface such as grain boundaries within the materials.

Each source of polarizations does not response to electric field at all frequen-

cies. Figure 2.10 illustrates frequency dependence of various polarizations. At a
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Figure 2.9: Schematic of various polarization mechanisms.

very low frequency range (less than 102 Hz), all the four polarizations response to

applied electric field. As the frequency of electric field increases from 102- 108 Hz

(radio frequency), space charge polarization is unable to follow the field. At the

frequency range 108- 1012 Hz (microwave frequency), both dipolar and electronic

polarization can occur. For this reason, microwave frequency is utilized generating

heat to warm food because it operates at the relaxation frequency of molecules

of water. At high frequency beyond 1014 Hz, there is only electronic polarization.

This is due to an electron having small mass. In other word, it has tiny inertial
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resulting in only free electron responded to electric field at high frequency or short

time taken to change in the field.
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Figure 2.10: Frequency dependence of polarizability.

From electromagnetic theory, it was known that the dielectric constant (εr)

in high frequency range is related to refractive index (n) and relative permeability

(µr) according to Maxwell’s equations following the expression [106]:

n =
√
εrµr (2.21)

As µr = 1 for nonmagnetic substance, the equation 2.21 becomes:

n =
√
εr (2.22)

Refractive index values are measured at a standard optical frequency, nor-

mally at visible light range which is hundreds of THz. From equation 2.22, if the

dielectric constant was measured in optical frequency range, it would be in the

range of 2.89-4.41.
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In this section, the dielectric constant of the films was determined by con-

verting the capacitance obtained from a commercial LF impedance analyzer. The

dielectric measurement was carried out in the radio frequency range, which the

frequency used in this work is in the range of 10-1000 kHz. We noted that the

obtained dielectric constant which is converted from the capacitance values in the

radio frequency range can not be compared to that the obtained values from re-

fractive index which is in the optical frequency range. This is how the discrepancy

comes from.

2.5.3 Dielectric loss

As a.c. voltage is applied to a perfect insulator (air is between two conduct-

ing plates), the current leads the voltage by a phase angle 90◦ as presented in Fig.

2.11(a) resulted in no consumption of energy (power consumption, P = IV(cos90◦)

= 0). Nevertheless, if the plate of capacitor is filled with dielectric material, the

current does not lead the applied voltage precisely 90◦ but leads by (90-δ)◦ as

shown in Fig. 2.11(b). The total current vector, it has both parts of real and

imaginary. The loss current, IL is the in-phase component of current whereas the

charging current, IC is the out of phase current component.

(90- )°

V

IC

°

I

IL

(b)

V

IC

(a)

90°

Figure 2.11: Phasor diagram of (a) an air capacitor and (b) capacitor filled with

dielectric.
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Since the current does not lead the voltage exactly 90◦, there is a consump-

tion of a certain amount of energy for which is absorbed by the electric material

and dispersed in the form of heat. Such dissipation of energy is so called dielectric

loss. Thus, the dielectric loss is an important parameter that indicates the quality

of the dielectric material. The dielectric constant in alternating field is written as

a complex function:

ε∗r = ε
′

r+iε
′′

r (2.23)

where the value of ε
′
r defines out of phase current (IC) component whereas the

value of ε
′′
r determines in-phase current (IL) component. Quantitative dissipation

of energy is described in the term of loss tangent or loss factor (tanδ) which is

defined as a relative magnitude of ε
′′
r with respect to ε

′
r:

tanδ =
ε
′′
r

ε′r
. (2.24)

For this purpose, the material with both high dielectric constant and low value of

dielectric loss is demanded for fabricating capacitor in the smallest physical space.

2.6 Gas sensor

Gas sensor is a device which transforms the chemical information to electrical

signal. It comprises of two main parts including receptor and transducer functions

(see Fig. 2.12). The receptor has a function to recognize the gas molecules. In this

part is based on the reaction, i.e. adsorption or electrochemical reaction, between

the gas molecules and receptor. Such interaction could be exhibited in the form

of physical and chemical effects on receptor like for example change in surface or

bulk properties or work function. For another part, transducer has an obligation

to convert the effects taken place in the former section into electrical signal such

as resistance. For semiconductor gas sensor, the change in work function due
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to having oxide surface plays a role as receptor function and the change in its

resistance is output signal [27].

Gas sensor

Receptor

(chemical)

Transducer

(physical)

Gas molecules Electrical signal

Figure 2.12: Schematic of basic structure of gas sensor having reactor and trans-

ducer.

2.6.1 Mechanism of gas sensor

The electrical output signal of semiconducting oxide gas sensor is displayed

by means of variation of the resistance when it exposes to two given gas species,

one is target gas which is usually compared with purify air. The changes in resis-

tance may be increasing or decreasing depending on the kind of sensor materials

(n-type or p-type semiconductor) and the type of gases (reducing or oxidizing gas).

Here, we will give you an example of increasing in resistance of a p-type semicon-

ductor. Figure 2.13 shows typical transient signal of a sensor made from p-type

semiconductor under reducing gas atmosphere as a function of time. The response

time is defined as the time that it takes sensor signal to reach 90% of its steady

state [107]. The recovery time is the time taking the sensor to be with in 10% of

the initial value (before exposure to the target gas). Regularly, the response time

is much shorter than recovery time. The ∆ in Fig. 2.13 represents the difference

between initial value and the value taking the sensor to reach steady state.

In order to understand the basic of sensing mechanism and how the sensor

can covert the chemical information into electrical resistance, the energy band

diagram of semiconductor needs to be mentioned. In this work, however, the gold

was deposited onto our film surface as to be electrode, a metal-semiconductor
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Figure 2.13: Typical transient signal of a sensor as a function of time.

contact, called Schotty junction, can occur. The schematic diagrams of the band

structure of metal and p-type semiconductor junction before and after contact are

depicted in Fig. 2.14(a) and 2.14(b), respectively.
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Figure 2.14: Energy band diagram of a metal-p-type semiconductor junction for

φs > φm (a) before and (b) after contact.

Before making contact, the Fermi level (Ef) in metal is higher than that in p-

type semiconductor. The parameters φm and φs are the work function of metal and

semiconductor compared with vacuum level, respectively. χ is called the electron

affinity of semiconductor. After contact, according to equilibrium principle of the

Fermi level equalization across interface, the flow of electrons from metal into the

lower energy state in a p-type semiconductor happens making the accumulation

of electrons in a semiconductor near the junction. This result produces depletion

layer or space charge layer (W) along with the potential barrier having a height

of eVbi = e(φs − φm) due to downward band bending. This barrier impedes the

electron movement from the semiconductor into the metal. Reversely, potential
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barrier with height of eφb = e(φm − χ), also known as Schottky barrier, prevents

the electron transfer from the metal into the semiconductor. The gas sensing

properties are based on the interaction between gas molecule and sensor surface.

When the sensor is heated under air atmosphere, the oxygen acts as trap sites

which captures electrons from the film surface to form in three species including

O−2 , O− and O2− as described in equation (2.26)-(2.28) [108, 109, 110].

O2(gas) ↔ O2(adsorbed) (2.25)

O2(adsorbed) + e− ↔ O−2(adsorbed) (2.26)

O−2(adsorbed) + e− ↔ 2O−(adsorbed) (2.27)

O−adsorbed + e− ↔ O2−
(adsorbed) (2.28)

Usually, O−2 is formed at temperature of 100 ◦C whereas O− and O2− can

be generated at higher temperature about 400 ◦C [30]. Owing to the removal of

such electrons from the surface, the density of the electrons near the film surface

decreases resulting in the reduction in the potential barrier. Hence, the sensor

resistance falls under air atmosphere. Here, ethanol (C2H5OH) which is a reducing

gas was used as testing gas. It acts as electron donating species, reacting with the

oxygen anions and thereby releasing electrons to the p-type semiconductor. This

results in increase in potential barrier again yield the resistance of the sensor ups

under ethanol atmosphere. Figure 2.15 illustrates the concept of potential barrier

in p-type semiconducting oxide gas sensor at the film surface in a reducing gas

atmosphere.

At high operating temperatures, the adsorbed ethanol molecules can be

decomposed into ethylene vapor (C2H4) and water vapor (H2O(vapor)) (see equation
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 In reducing gas  

Depletion layer  Grain boundary  

In air  

Potential barrier   
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Figure 2.15: Schematic of potential barrier of gas sensor at a grain boundary.

2.29), or can also be composed to acetaldehyde (CH3CHO(adsorbed)) and water

vapor (H2O(vapor)) as described in equation 2.30. Then acetaldehyde can become

a vapor of acetic acid (CH3COOH(vapor)) which later on desorbed from the sensor

surface illustrating in equation 2.31.

CH3CH2OH(ads) → C2H4(vapor)+H2O(vapor) (2.29)

CH3CH2OH(ads)+O−(adsorbed) → CH3CHO(adsorbed)+H2O(vapor)+e− (2.30)

CH3CHO(adsorbed)+O−(adsorbed) → CH3COOH(vapor)+e− (2.31)
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As discussed above, the immediately change in resistance of the sensor occurs

when it reveals gases. A quantitative definition of the change to evaluate the sensor

performance is given in the term of sensor sensitivity. Sensitivity (Sr) of sensor is

defined by the rate of the resistance changes when it contacts with a target gas

compared with the resistance that it presents in a reference gas as the following:

Sr=
Rgas

Rair

(2.32)

for p-type semiconductor gas sensor presented in a reducing gas such as ethanol

(C2H5OH), carbon dioxide (CO2) and carbon monoxide (CO), and for n-type

semiconductor gas sensor exposed to a oxidizing gas such as nitrogen dioxide (NO2)

and ammonia (NH3). In case of p-type semiconductor gas sensor presenting in an

oxidizing gas, the sensor sensitivity is defined as:

Sr=
Rair

Rgas

(2.33)

where Rgas and Rair are the sensor resistance exposed to gases and air, re-

spectively. Equation 2.33 can be used in the case of n-type semiconductor gas

sensor presenting in a reducing gas. In any case, the sensitivity values reported in

literatures are positive numbers.

2.6.2 The influence of microstructure and grain size of film

From earlier discussion, the gas sensing properties are grounded on chemi-

cal interaction which occurs on the surface. Such interaction is affected by many

parameters including internal and external causes. The crystallite size, agglom-

eration, area of inter-grain as well as porosity are internal factors or geometric

parameters. Whereas physical-chemical parameters such as chemical and phase

composition, physical properties of additives and effect of uncontrolled impurities

are classified as external factor of gas sensing properties [111]. It was empirically

found that the geometric factors have an enormous impact on gas sensing charac-

teristics [112, 113]. This is due to two reasons, one is microstructure dominating



40

on distribution of absorption area and another is that the microstructure has an

influence on the mobility of free charge carriers. It has been observed that the

resistance of a sensor links to many components including the resistance of contact

between grain and electrode (Rc), grain boundary contact (Rg), inter-agglomerate

contact (Ragl) and bulk resistance (Rb) which can be schematically depicted in

Fig. 2.16.

Rc Rg

CgCc

Ragl Rb

Figure 2.16: Schematic of agglomerated polycrystalline films showing contribution

of different components of resistances.

However, among of these contributions, grain boundary contact is most dom-

inant. From experimental observation, gas sensitivity is associated with the rela-

tionship between grain size (D) and width of depletion layer (W) which can be

divided into three cases describing below and a model narrates the effect of grain

size on gas sensitivity as illustrated in Fig. 2.17 [13, 114, 115].

1. D� 2W: When grain size is far lager than the depletion width, the grain
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boundary contacts are most resistant to charge transport through grain boundary

(GB) barrier from one grain to another (see Fig. 2.17(a)). Therefore, in this

case the GB barrier is considerable to govern the gas sensing mechanism (grain

boundary control). As GB barrier does not depend on the grain size, the gas

sensitivity is independent of grain size for the sample with larger grain size.

2. D ≥ 2W: As D approaches 2W, grain size reduces leading to increase

in depletion width, consequently, the depletion layer which encloses each neck

forms a constricted conduction channel within each of grain (see Fig. 2.17(b)).

In this case necks become the most resistant controlling conductivity of sensor

(neck control). Here, the gas sensitivity is improved compared with in first case

(D� 2W) with decreasing grain size.

3. D < 2W: In this case the depletion layer extends across the complete

grain. The bulk of the crystallites is entirely depleted of charge carriers (see Fig.

2.17(c)). The energy band is quite smooth through entire inter-grain structure.

The electrical resistance of grain presides entire resistance of the chain, thus in this

case the conductivity is dominated by grains themselves (grain control). It has

been experimentally observed that the highest gas sensitivity could be obtained

for the sample with this case.
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Band model

Structural model

(a) D >> 2W (grain boundary control)

qVbi

Grain boundary

(b) D > 2W (neck control)

Grain boundary Neck

qVbi

(c) D < 2W (grain control)

qVbi

Figure 2.17: Schematic model for grain size effect. Shaded area represents to

depletion region (high resistance) whereas unshaded area refers to core region

(low resistance).



CHAPTER III

CHARACTERIZATION TECHNIQUES

In this chapter, the techniques employed to characterize films are briefly

mentioned. X-ray difractrometry (XRD) was used to examine the crystallinity,

the crystal structure as well as crystalline size of the films. Field emission scan-

ning electron microscope (FESEM) and atomic force microscope (AFM) used to

investigate the surface morphology, cross-section and grain size will be described.

The chemical composition of the films was obtained by using energy dispersive

X-ray spectroscopy (EDS). X-ray absorption spectroscopy (XAS) was utilized to

verify the oxidation state of Fe in the BaTiO3 and SrTiO3 films. Moreover, optical

properties as well as determination of optical parameters such as energy gap and

refractive index of the films were characterized using the spectra obtained from

ultraviolet-visible (UV-Vis) spectroscopy.

3.1 X-ray diffraction

X-ray diffractrometry (XRD) is a technique used to characterize structural

properties of the materials such as orientation, strain, stresses and defect structure.

The apparent advantage in this technique beyond other techniques is that XRD

can investigate the defect structure and crystalline phase without destructing the

sample. Moreover, high resolution XRD can be used to determine film thickness

for such perfect epitaxy films.
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3.1.1 X-ray production

X-rays used in diffraction technique are produced when high energy elec-

tron collides with a metal target which is in an X-ray vacuum tube. There are

various interactions which can occur as presented in Fig. 3.1. As incident ener-

Nucleus

Incident electrons

1

2

3

4

Ejected electron

Low energy
High energy

Moderate energy

Characteristic 
discrete energy

K shell

L shell

M shell

Figure 3.1: Schematic showing probability of X-ray production.

getic electrons interact with coulomb field of the nucleus of the target atom re-

sulting in their energies immediately decelerated yield their energies are changed

to the energy of X-ray photon (see event 1, 2 and 3). These X-rays are called

brehmsstrahlung. The electron interacts with the nucleus generating maximum

X-ray energy and its energy decreases as distance of glancing blow increases. This

results in brehmsstrahlung radiation producing over all energies. The intensity of

brehmsstrahlung radiation which is outcome from the bombarding electrons inter-

acted with the nuclei in the target material depends on various parameters such as

mass and charge of electron and nucleus of the target as well as the energy of the
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bombarding electrons [116]. If the incident electron has sufficient energy which is

greater than binding energy of the innermost shell, called the K shell, it can knock

an atomic electron out of innermost shell of the target atom (see event 4). Then,

electron from outer shell fills in the vacent shell emitting characteristic X-ray of

which the energy is the difference between binding energies of the two shell. The

bombarding and the ejected electron will then interact further with other target

atoms. Mostly, there are distinguished two series of X-ray transition, K and L

series lines. The spectra lines resulting from transition of electron from outer shell

onto K and L shell are called K and L series lines, respectively. In addition, there

are several lines in the K and L set, but only the two strongest intensities are often

used in diffraction work, Kα and Kβ which are considered that the transition from

L and M shell to K shell, respectively. Figure 3.2 depicts the schematic of part of

X-ray spectra including two main parts which are continuous and characteristic

radiation.

3.1.2 Bragg’s Law

Crystals consist of lattice planes of atom which is separated by a distance

of d, each family of planes has a different d-spacing from one another. The Miller

indices (hkl) are utility for describing the orientation of these planes with respect

to the a, b, and c crystallographic axes in a unit cell. Therefore, the spacing, dhkl,

between planes related to the lattice geometry can be written as follow:

1

d2
hkl

=
h2

a2
+

k2

b2
+

l2

c2
. (3.1)

For a simple cubic (a=b=c), the equation 3.1 can be simplified as:

1

d2
hkl

=
h2 + k2 + l2

a2
(3.2)
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Figure 3.2: Schematic of X-ray spectra includes brehmsstrahlung and Kα and Kβ

characteristic radiation.

and the equation below for the crystal with tetragonal structure (a=b):

1

d2
hkl

=
h2 + k2

a2
+

l2

c2
. (3.3)

The incident X-ray beam acts as the probe which hits on a crystal, X-ray

diffraction occurs due to fact that X-ray wavelength is comparable to the atomic

planes. However, there is a certain condition that diffraction from atomic planes of

the crystal will only acquire rise to constructive interference, producing diffracted

beam which is detected by a detector. Bragg’s law gives the condition for which

diffraction peak can be observed from constructive interference happening when

the path difference between radiation scattered from adjacent planes is equal to a

whole number of X-ray wavelengths. The Bragg’s law can be expressed as:
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2dhkl sin θ = nλ (3.4)

where θ represents the angle between the planes and the incident and diffracted

X-ray beam. λ refers to X-ray wavelength.

Atomic plane

Atomic plane

d

Incident beam Diffracted beam

Figure 3.3: Schematic representation of X-ray diffraction from crystal structure

according to Bragg’s law.

In X-ray diffraction, the position of the scattering matter within the crystal

is electron densities, ρ(−→r ), generating a characteristic diffraction pattern which

is obtained from the Fourier Transform of the electron density. The observed

intensity, I(−→s ), is directly propositional to to the square of absolute value of

structure factor, F(−→s ), as given below:

I(−→s ) ∝ |F(−→s )|2 (3.5)

For each diffraction maximum intensity, the structure factor can be obtained

from the electron density according to

F(−→s ) =

∫
ρ(−→r )e(2πi

−→s ·−→r )d−→r (3.6)

where −→r is a vector in the direct space unit cell.
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In this work, the crystal structure and crystallite size of all films were char-

acterized by XRD (Model D8 Bruker diffractrometer) using CuKα1 with the wave-

length of 1.5406 Å. Continuous scan was taken from 20◦ to 80◦ in 2θ scan mode

at scan speed of 0.5 sec/step and increment rate of 0.02 degree/step operating

at room temperature. The signal was monitored by VÅNTEC-1 detector (Su-

per speed detector). In order to estimate the crystallite size of the films, the well

known Scherrer’s formula as shown in equation 3.7 [116] was utilized by measuring

the full width at half maximum (FWHM) of XRD peak:

t =
kλ

BcosθB
, (3.7)

where t is the average crystallite size. λ is wavelength of X-ray and B rep-

resents a width measured in radians at an intensity equal to half of the maximum

intensity, θB is the Bragg angle and k is the shape factor of the average crystallite

(k=0.94).

3.2 Field emission scanning electron microscopy

Field emission scanning electron microscope (FESEM) is a type of elec-

tron microscope which is adapted from conventional scanning electron microscope

(SEM) but in FESEM system the electron gun is a field emission (FE) electron gun

which is a smallest scanning probe having high potential more than conventional

electron gun using tungsten hairpin filament. In other words, FE electron gun can

produce the brightness about 1000 times higher than that in SEM. The brightness

is a significant factor to obtain the high resolution because the higher brightness,

the higher current density, produces smaller beam spot size leading to improve

in the depth and higher resolution as well as magnification. Figure 3.4 depicts

schematic of basic element of FESEM system. Usually, an extremely fine single

crystal tungsten rod tip (100 nm diameter) is used as FE tip. A very high electron

field is generated between the tip and the first anode within high vacuum column.

The electrons are drawn from the tip without filament heating. The potential
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Figure 3.4: Schematic of basic fundamental element of FESEM.

difference between the second anode and the tip accelerates the electrons towards

the anode plate and down the column, in the same way as in a conventional SEM.

The several magnetic lenses are utility to focus and scan electron beam on sample

surface. When the energetic electrons, so called primary electrons, encounter the

sample, the interactions between electron and sample happen producing several

signals such as backscattered electron, auger electron, characteristic X-ray, contin-

uous X-ray and secondary electron etc. The volume that holds such interactions

occurring due to the penetration of electron into the sample is called excitation

volume. The size of excitation volume directly depends on energy of electron beam

and inversely depends on atomic number (Z) of the specimen. Figure 3.5 shows

the interaction of primary electron beam on the surface of sample, presenting the

excitation volume for different emission signals. Since the secondary electrons are

produced closing to the sample surface (a depth of 5-50 nm) [117], they are suitable

for observing the morphology of specimen. Intensity of these emitted electrons is
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detected to resolve an image on a cathode ray tube or computer monitor. The

higher signal intensity creates a brighter image.

Primary electron beam

Auger electrons Characteristic X-rays

Secondary electrons

Backscattered  electrons

Continuous X-rays

Sample surface

Figure 3.5: The interaction between primary electron beam on sample surface

showing the excitation volume produced auger electrons, secondary electrons,

backscattered electrons, characteristic X-rays and continuous X-rays with their

depths within the sample.

As mentioned above, besides, backscattered electron, auger electron and

secondary electron emit during interactions, there is also characteristic X-rays of

which the energy corresponds to the difference in energy between the uniquely

defined levels of the atom. The production of X-ray is discussed earlier in section

3.1.1. From this reason, it is possible to quantify the element by measuring the

energy of the X-ray, which such technique is called energy dispersive X-ray spec-

troscopy (EDX or EDS). Typically, the EDX detector is integrated into FESEM

instrument. The EDX detects energy distribution of emitted electron in counts per

second by mean of intensity. This intensity can be converted to atomic percent.

Thus, the chemical composition of each element in the sample can be obtained

from the area under the peaks.
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In this thesis work, surface morphology, cross-section and chemical com-

position of the films were characterized by using FESEM model HITASHI S-4700

operating at a voltage of 50 kV. Since the sample is not electrically conducted, gold

coating and carbon tape were used to avoid electrical charging during analysis.

3.3 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is the measurement of the X-ray ab-

sorption across section of a material as a function of X-ray energy. The absorption

spectra provide information about electronic and atomic structure surrounding a

probed element. In my thesis work, the probed element is iron (Fe) which was

used as a doping element in SrTiO3 and BaTiO3 films. The advantages of this

technique include the fact that it can be applied to not only solid sample which

is regardless crystallinity but also to liquid and gas sample. XAS is mostly taken

with a synchrotron radiation because synchrotron generates a extensively range

of electromagnetic radiation with high intensity. Synchrotron is a cyclic particle

accelerators with particles such as electrons, protons or ionized atoms (usually,

being electrons). When electrons are accelerated moving along a curved path to

near speed of light, they emit electromagnetic waves in the region of infrared to

extremely high energy X-ray at parts tangential to the arc that they travel. XAS

is relevant to the photoelectric effect. When energy of photon is absorbed by core

electron in the atom of interest, the electron is excited to continuum state (see

Fig. 3.6(a)) in the form of photoelectron with energy as expressed in equation 3.8.

Ek =
hc

λ
− E0 (3.8)

where Ek is the kinetic energy of photoelectron, E0 is the binding energy

or edge energy of core electron. Term of hc/λ refers to energy of photon. The

process can occur only if the energy of photon is greater than the binding energy

of electron. When core electron leaves its shell creating hole, the electron from
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upper shell falls into the the vacancy releasing fluorescent X-ray (Kα, Kβ) or auger

electron (see Fig. 3.6(b) and (c)). Auger electron produces when fluorescent X-ray

kicks out another electron from the same or different shell. Due to an unique of

electron orbital, the fluorescent X-ray are characteristic of each element and can

be utilized for characterization.

K

L

M

Continuum

Incident X-ray 

photon

(a) X-ray absorption

K

L

M

(b) Fluorescent X-ray relaxation

K
K

K

L

M

(c) Auger electron emission

Auger electron

Continuum Continuum

Figure 3.6: Schematic of (a) X-ray absorption, (b) relaxation of electron in excited

state emitting fluorescent X-ray and (c) auger electron emission.
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There are two modes often taking in XAS measurement including transmis-

sion and fluorescent mode. Figure 3.7(a) and (b) illustrate the schematic presen-

tation of transmission and fluorescent mode in XAS measurement, respectively.

Transmission mode, the intensity of transmitted beam resulting from the inci-

dent beam intensity absorbed by the material. The intensity of transmitted beam

gradually decreases according to the Lampert-Beer’s law:

It = I0e
−µ(E)d (3.9)

where I0 is the intensity of incident beam, It is the intensity of transmitted beam,

d is the thickness of the sample and µ(E) is absorption coefficient which is a

function of energy. There is a sharp increase in the absorption as the energy of

X-ray equals to the binding energy of core electron. This sharp is called absorption

edge. The specific name of absorption edge relates to the shell in which electron

absorbed X-ray. For example, the K edge refers to absorption by the electron

in K shell. Since the absorption edge corresponds to the binding energy of the

electron excited to unoccupied state, the oxidation state of absorbing atom can be

determined. In other words, if an atom becomes oxidized, it loses valence electron.

The core electron will feel more effective to charge of nucleus making difficult to

remove and the value of absorption edge energy is larger than that for unoxidized

atom.

Fluorescent mode, this mode performs by detecting fluorescence X-ray using

the relation:

If ∝ µ(E)I0 (3.10)

where If is the intensity of fluorescent X-ray. Nevertheless, no matter what

mode is used in XAS measurement, the obtained XAS data are similar.

X-ray absorption spectra are typically divided into two main regions, X-

ray absorption near edge structure (XANES) and extended X-ray absorption fine

structure (EXAFS). Figure 3.8 shows energy ranges in X-ray absorption spectrum.

XANES region covers the energy range from slightly below the absorption edge
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Figure 3.7: Schematic of (a) Transmission mode (b) Fluorescent mode often using

in XAS measurement.

extending up to approximately 50 eV off absorption edge [118]. XANES contains

information involving the valence number or oxidation state as well as electronic

state of probed element. EXAFS region continues to XANES starting from 50 eV

up to 1000 eV. The spectrum in EXAFS region appears weak oscillation due to

constructive or destructive interference between the outgoing photoelectron wave

and backscattered wave from neighbor atom (see Fig. 3.9). EXAFS provides the

information concerning interatomic distances and coordination number surround-

ing absorber atom.

In our XAS experiment, the films were deposited onto silicon substrate in

dimension of 2x2 cm2 to obtain the maximum intensity of X-ray beam. The

fluorescent mode was used due to opaque property of the substrate. The XAS

spectra were collected on Beamline 8 at Synchrotron Light Research Institute

(Public Organization) located at Nakhon Ratchasima, Thailand. Fe foil with

absorption edge energy of 7112 eV was used as the standard for calibrating XAS

spectra. The sample was placed at the focal spot. All the energies passed through

and interacted with the sample. In this work, Fe is probed element and the

X-ray absorption energy of Fe2+ and Fe3+ is approximately 7118 eV and 7123

eV, respectively [119]. Once we know the X-ray absorption edge energy for the
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Figure 3.8: XAS spectrum including pre-edge, XANES, EXAFS regions and ab-

sorption edge.

probed element, we can easily set the range of X-ray energy scan. Absorption

coefficient µ(E) obtained from If/I0 was plotted as a function of X-ray energy.

The absorption edge energy according to oxidation state of Fe in the films was

obtained by maximum derivative of the spectra after subtracting pre-edge baseline.
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Figure 3.9: Schematics of photoelectron wave outgoing (solid circles) from an

absorber atom and backscattering (dashed circles) form neighbor atom (a) con-

structive interference and (b) destructive interference.

3.4 Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is a type of absorption spectroscopy.

The concept in this technique is similar to X-ray absorption spectroscopy which

is discussed in previous section. However, UV-Vis spectroscopy is relevant to the

absorption spectroscopy in UV-Vis energy range (200-800 nm). In molecules, the

energies can be divided into three main parts which are electronic, vibrational

and rotational energy. The electronic energy is related to the energy of molecule’s

electron. The vibrational energy associates with the vibration of atom within the

molecule and the rotational energy is relative to the rotation of molecule. Fig-

ure 3.10 shows the energy level of molecule. Within electronic states, there are

many possible vibrational energy states in which also have many rotational energy

states. Since the difference between the electronic energy level is higher than the
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energy difference of vibrational and rotational energy, the energies in UV-Vis are

enough to promote outer electrons from one electronic energy level to higher one,

while vibrational and rotational transition need the lower energy just in the range

of infrared and microwave radiations, respectively [120]. At room temperature,

most of electrons are in the ground state. Electrons can move to excited state as

they absorb the UV or Visible light. The transitions can occur from ground elec-

tronic to any vibrational or rotational energy states. However, there is a certain

wavelength where the photo energy corresponds to the energy required electron

from ground state to excited state.

E
n

e
rg

y

Ground electronic state

First excited electronic state
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energy states

Rotational 

energy states

Electronic transitions

Figure 3.10: Schematic representation of molecule energy showing electronic, vi-

brational and rotational energy states and electronic transitions.

In this work, absorption spectra were collected by using double beam UV-

Vis spectrophotometer (JENWAY: Model 6405 UV/Vis) in over wavelength range

200-800 nm with the scan step of 1 nm. The detector detects the intensity of light

passing through the sample (It) compared with the intensity of light transmitted

through the blank substrate (I0) which is used as reference. Figure 3.11 shows
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schematic of a double beam UV-Vis spectrophotometer. The beam of UV or

visible light which is usually produced from deuterium lamp for UV radiation and

Halogen lamp for visible radiation is focused on mirror sending the beam hitting a

concave diffraction grating to separate into different wavelengths. Each wavelength

is divided into two parallel beams having equal intensity by a half-mirror. Each

of beams passes through the reference and sample material. The detector records

in the percentage ratio of the intensity of light passing through the sample to the

reference.

UV light source

Visible light source

Detector 1

Detector 2 I0

It

Ratio

Mirror

Concave diffraction grating

Mirror

Mirror

Mirror

Haft mirror

Reference

Sample

Figure 3.11: Schematic of a double beam UV-Vis spectrophotometer.

The absorbance (A) of sample can be obtained from the relationship as

expressed in equation below:

A = log(
1

T
), (3.11)

where T is transmittance defined as:
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T =
It
I0
. (3.12)

3.4.1 Determination of refractive index and film thickness

Optical transmission measurements are carried out to determine the film

thickness and the optical parameters such as refractive index, extinction coeffi-

cient and absorption coefficient depending on the wavelength. In this study, we

plot the percentage of transmittance as a function of wavelength. The optical

parameters can be obtained using envelope method derived by Swannepoel [121].

Swannepoel’s method is based on the assumption that both film and substrate are

homogeneous and have uniform thickness [121]. In this thesis work, the multilayer

films of BaTiO3 and SrTiO3 were deposited on ITO coated on glass substrate.

Since the refractive index of BaTiO3 and SrTiO3 can be comparable (2.15-2.55

for crystallized BaTiO3 in the 200-800 nm wavelength range [122] and 2.15-2.35

for crystallized SrTiO3) [123], which can be considered that their densities are

very close. Base on this assumption, the films are homogeneous, so we can use

Swannepoel’s method to obtained refractive index and extinction coefficient of

SrTiO3/BaTiO3 multilayer films. Schematic of the optical transmittance spectra

which are enveloped is presented in Fig. 3.12.

From enveloped of the optical transmittance, the refractive index as a func-

tion of wavelength (n(λ)) can be obtained from the equation below:

n(λ)= [N + (N2 − n2
s )

1/2]1/2, (3.13)

where

N =
(n2

s + 1)

2
+ 2ns

(Tmax − Tmin)

TmaxTmin

. (3.14)

ns is the refractive index of the substrate, Tmax and Tmin are the maximum and

minimum envelopes of transmittance, respectively (see Fig. 3.12). Tmax and Tmin

are considered to be continuos functions of wavelength. The extinction coefficient

which refers to absorption length can be determined from:
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Figure 3.12: A sketch of enveloped of the optical transmittance.

k =
αλ

4π
, (3.15)

where α is absorption coefficient calculated from:

α =
1

d
ln

(n− 1)(ns−n)[1 + (Tmax/Tmin)1/2]

(n + 1)(ns−n)[1− (Tmax/Tmin)1/2]
, (3.16)

here d is the film thickness.

The thickness of the films obtained from the refractive index corresponding

to two adjacent maxima of transmittance according to wavelengths λ1 and λ2 was

derived from equation 2.10 which we can write:

2n1d = (m +
1

2
)λ1, (3.17)
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2n2d = (m +
1

2
)λ2. (3.18)

From equation 3.17 and 3.18, the films thickness can be solved as expressed follow:

d =
λ1λ2

2[n(λ1)λ2 − n(λ2)λ1]
. (3.19)

Another issue is about the refractive index of substrate (ns) in Sawannepoel’s

equation, whether we will use the refractive index of glass or the ITO. Actually,

we have to use the refractive index of ITO coated on glass substrate as to be

the refractive index of substrate in Sawannepoel’s equation. However, we do not

know the refractive index of ITO coated on glass substrate due to the fact that

it consists of 2 layers of ITO and glass. In our experiment, the thickness of ITO

coated on glass substrate is 100 nm which is smaller than that of glass substrate

with the thickness of 1.2 mm. From this reason, we can assume the refractive

index of total substrate to be approximated the refractive index of glass, 1.47 for

this crude calculation.

3.4.2 Determination of energy gap and Urbach energy

The fundamental absorption is associated with exciton transition corre-

sponding to the selection rules. The relation between absorption coefficient and

optical band gap or energy gap (Eg) derived by Tauc [124] is given by the following

equation:

for direct transition

(αhν)2 ∼ (hν−Eg), (3.20)

and for indirect transition

(αhν)1/2 ∼ (hν−Eg), (3.21)

where hν is photon energy. Since envelope method is not valid in the strong

absorption region, the absorption coefficient is obtained from Lampert-Beer’s law:
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α =
1

d
ln(

1

T
). (3.22)

The energy gap can be determined by plotting (αhν)n (n=2 for direct band gap

and n=1/2 for indirect band gap) versus hν and extrapolating the linear portion

of the plot to (αhν)n = 0, in the other words, the energy gap is the photon energy

at the point where (αhν)n = 0.

The exponential increase of the absorption coefficient with the photon energy

was firstly discovered by Urbach in silver bromide [125]. The optical absorption

spectra show the tail before absorption edge. The tail part near the absorption

edge follows the expression:

α = α0exp(
σ(hν−E0)

kT
) = α0exp(

hν−E0

EU

), (3.23)

where σ is the steepness parameter, α0 and E0 are the Urbach bundle convergence

point coordinates. k is the Boltzmann constant and T is the temperature. EU is

Urbach energy which is equal to the absorption edge energy width. By plotting lnα

versus hν near absorption edge, the Urbach energy can be obtained from inverse

of the slope of straight line of the plot. The presence of band tail near absorption

edge is due to having the localized state in the band gap depending on structural

defect.

3.5 Atomic force microscopy

Atomic force microscopy (AFM) has become an important characterization

technique for investigating surface morphology in microscopic level. AFM utilizes

atomic force between a tiny cantilever tip (mostly used silicon tip) and sample.

The tip is attached to the end of cantilever and beneath the cantilever with a low

spring constant. As a laser beam focuses on the end of cantilever and the sample

is then scanned beneath the tip, the tip is either repelled by sample surface or

attracted to surface leading to the cantilever deflection. The photodetector records
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the changing vertical position of the laser beam reflecting off the cantilever as

shown in Fig. 3.13, which indicates the local height at that location on the sample.

Cantilever

Tip
Sample surface

Piezo scanner

Laser

Photodetector

Tip

Sample surface

Figure 3.13: Schematic of atomic force microscope.

There are three modes in AFM, which are contact mode, non-contact mode

and tapping mode. The interactive force between an atom of the tip and the

surface in each mode follows Lennard-Jones potential as demonstrated in Fig.

3.14. In the contact mode, the tip scans sample closing to the sample surface

with a distance of a few angstroms. The tip is pushed against the sample due

to repulsive force. By maintaining the constant distance between the tip and the

sample surface, the force between them is obtained according to Hooke’s law:

F = −kx, (3.24)

where F is force, k is the spring constant of cantilever and x is cantilever dis-

placement. Contact mode in AFM is mostly used for high resolution image due to

generating large repulsive force on the surface. Nevertheless, in this mode the sam-

ple can be damaged, non-contact mode is introduced to characterize the sample
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Figure 3.14: interaction force between an atom at the apex of the tip and an atom

in the sample surface as a function of distance between the tip and the surface

following Lennard-Jones potential.

having soft surface. In non-contact mode, the tip and the sample surface are held

in the distance of 2-30 nm which is much larger than that in contact mode. When

the sample is scanned underneath the tip with maintaining distance constant, the

attractive forces between the tip and the sample are detected. In non contact

mode, AFM measures weak Van der Waals forces due to fluctuating tip. Since the

magnitude of force in non-contact mode is smaller than that in contact mode, the

data could not be accuracy. Thus, tapping mode is developed for obtaining more

quality images. Tapping mode is hybrid between contact and non-contact mode.

In this mode, the cantilever is oscillated at its resonant frequency so that the tip

just taps the sample surface. This mode has advantages beyond the two modes

mentioned earlier that the sample is not damaged by the tip and the detector

records the large signal of repulsive force.

In this thesis, we used tapping mode of AFM model Veeco Nanoscope V for

investigating the surface morphology of the films. The films were scanned in the

dimension of 0.3x0.3 µm2.



CHAPTER IV

EXPERIMENTAL DETAILS

In the first section of this chapter, we will present the details of film deposi-

tion including precursor synthesis, substrate preparation, film growth conditions

as well as the procedure for film deposition by using spin coating technique. Then,

the details of device fabrication such as mask fabrication and electrode deposition

will be described. The last of this, the measurement parts for characterizing gas

sensing and dielectric properties as well as conversion of dielectric constant from

capacitance of the films will be presented.

4.1 Synthesis of BaTiO3 and SrTiO3 precursors

Analytical grade barium acetate (Ba(CH3COO)2) (99.5%)[Aldrich], stron-

tium acetate (Sr(CH3COO)2) (99.5%)[Aldrich], titanium n-butoxide (Ti(C4H9O)4)

(99%)[Acros organics], acetic acid (CH3COOH) (99.7%)[Mallinckrodt], methanol

(CH3OH) (99.8%)[Ajax finechem] and lab chemical grade iron (II) sulphate (FeSO4·

7H2O) (98%)[Ajax finechem] were used as the starting materials.

Figure 4.1 illustrates the layout of the synthesis of undoped BaTiO3 and

SrTiO3 as well as the detail is elaborated as follows. 0.02 mol barium acetate

(2.5588 g) or strontium acetate (2.0567 g) was first dissolved separately into 20

ml (21 g) acetic acid to obtain a light yellow transparent solution for BaTiO3 and

a colorless SrTiO3 solution. After homogenization, 0.01 mol (3.4378 g) titanium

n-butoxide was added to the solution and followed by addition of 1.75 ml (1.3884

g) methanol to reduce viscosity and prevent the formation of a precipitate of TiO2.
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Figure 4.1: The layout of synthesis of barium titanate or strontium titanate by

sol gel method.

The whole process of synthesis the precursor was done in an ambient atmosphere

at near 60 ◦C with stirring on a hot plate at which sol-gel reaction gradually takes

place. For synthesis Fe-doped BaTiO3 or SrTiO3 precursor, iron (II) sulphate was

added to the solution after achieving uniformity of barium acetate or strontium

acetate in acetic acid. In this thesis, the Fe doping concentrations were varied to

2 wt%, 4 wt% and 8 wt%, respectively.

4.2 Substrate preparation and conditions for film

deposition

In this study, SrTiO3/BaTiO3 multilayer films were deposited on different

types of substrate depending on their applications. To investigate their optical

properties, indium tin oxide (ITO) coated on a glass substrate with dimension
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2.5x2.5 cm2 was used as a substrate. ITO films were prepared by rf-magnetron

sputtering method under argon plasma to a thickness of 100 nm. The ITO films

were post-annealed at 400 ◦C for 90 min in a argon atmosphere. The ITO de-

position process was done at Department of Physics, Faculty of Science, Mahi-

dol University by Dr. Somsak Dangtip, Mr. Ponyachai Learngarunsri and Mr.

Narong Boonyopakorn. The typical resistivity of the ITO film was 3x10−4 ohm

cm with transparency above 90% in the visible region. Single side polished sili-

con wafer with (100) plane having dimension of 2x2 cm2 was used as a substrate

to examine oxidation state of iron. To characterize their electrical properties in-

cluding dielectric constant as well as gas sensing performance by mean of the

change in the resistance, alumina (Al2O3) wafer (99.6%) with dimension of 2x2.5

cm2 was selected to be a substrate due to its insulator property and low cost.

The alumina wafer substrates were purchased from Semiconductor Wafer, Inc

(http://www.semiwafer.com). Some physical properties of alumina substrate us-

ing in this work are presented in Table 4.1.

Table 4.1: The physical properties of alumina substrate.

Physical properties

Crystal structure Rhombohedral (at room temperature)

Lattice parameters a=4.7587 Å and c=12.9929 Å

Density 3.85 g/cm3

Dielectric constant (at 1 MHz) 9.8 at 300 K

Loss tangent (at 1 MHz) 0.0002 at 300 K

Melting point 2052 ◦C

Thermal expansion (x10−6 ◦C−1) 8.2

Prior to the film deposition, the substrates were cleaned by detergent. They

were then ultrasonically cleaned for 20 min in acetone, methanol and followed by

deionized water, respectively. Finally, they were dried with a nitrogen blowgun.

As mentioned earlier, the films were investigated in their two main proper-
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ties. One is optical properties and another is electrical properties. The first stage,

we focused on the effect of annealing temperature on their optical properties. The

films with two layers of SrTiO3 and BaTiO3 which were alternating deposited were

grown. The reason that only two film layers were deposited is to meet the need

of making it as a thin buffer for flat panel applications. Annealing temperatures

were varied to identify the best crystal structure of the films. The maximum an-

nealing temperature was limited at 650 ◦C to avoid softening and deformation of

the glass substrate. For the films using for electrical characterization, they were

deposited with five layers of undoped and Fe-doped SrTiO3 and BaTiO3 as well

as varied Fe doping contents. This is to ensure that we obtained the film thick-

ness thick enough to measure the electrical properties of the films. The annealing

temperature was kept constant at 1000 ◦C. Lists of desired layer structure to grow

the films, the annealing temperature as well as the used substrate in this study

are given in Table 4.2. Fig. 4.2 shows the schematic of desired layer structure

of the films. S/B refers to the top and the bottom deposition being SrTiO3 and

BaTiO3, respectively. In this case, BaTiO3 was deposited first and followed by

SrTiO3. S/B/S/B/S is relevant to the first layer being SrTiO3 grown alternating

with BaTiO3 until five layers were completed. S/S/S/S/S refers to the films de-

posited by SrTiO3 with five layers and B/B/B/B/B is relevant to the films grown

by BaTiO3 until we obtained the films with five layers. For the case of S/B/S/B/S

doped with Fe, the layer structure is the same with that of undoped S/B/S/B/S

films. For example, to grow 2 wt% Fe-doped S/B/S/B/S the first layer was done

by 2 wt% SrTiO3 deposited alternating with 2 wt% BaTiO3 until the films have

five layers.

4.3 Spin coating process

In this thesis, the films were grown by using spin coating technique. This

technique is simpler and cheaper than others, as well as doping by using such

technique can be done easily. Beside the capability to produce a large surface
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Table 4.2: Deposition conditions for film growth.

Investigated Structure of deposited films Annealing Used substrate

properties temperature (◦C)

Optical Undoped S/B 300, 400, 500 ITO coated

550, 600 and 650 on a glass

Electrical Undoped S/S/S/S/S

Undoped B/B/B/B/B 1000 Alumina

Undoped S/B/S/B/S

2, 4 and 8 wt% Fe-doped S/B/S/B/S

coating, the spin coating technique can also perform in the real application in

industrial manufactures. Figure 4.3 shows the photograph of the spin coater used

in this thesis (Model: P6700 series).

The procedure for the film deposition as illustrated in Fig. 4.4 is described

by the following. The synthesized precursor solutions are undoped SrTiO3 and

BaTiO3, Fe-doped SrTiO3 and BaTiO3. The desired precursor was spun onto the

cleaned substrate with the spinning speed of 1000 round per minute (rpm) for 45

second. After the first deposition, the films were preheated on a hot plate at 120

◦C for 20 min to remove the solvent. They were then heated up at rate of 10 ◦C

per minute from room temperature to desired temperature in a furnace (Model:

Carbolite RHF 17/10). The desired temperature was held for 20 min, then cool

down in air atmosphere to room temperature. The same procedure was done with

the solution until we meet the films with desired structure as shown in Table 4.2.

The schematic of annealing process is demonstrated in Fig. 4.5.
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Figure 4.2: Schematic representation of (a) SrTiO3/BaTiO3 film on ITO coated on

glass substrate, (b) BaTiO3/BaTiO3/BaTiO3/BaTiO3/BaTiO3 film on alumina

substrate, (c) SrTiO3/SrTiO3/SrTiO3/SrTiO3/SrTiO3 film on alumina substrate

and (d) SrTiO3/BaTiO3/SrTiO3/BaTiO3/SrTiO3 film on alumina substrate.

Start/Stop bottom Speed and time controller

Vacuum chuck for 

holding sample 

Screen display

Figure 4.3: The photograph of spin coater machine model P6700 series.
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Figure 4.4: The flow chart for multilayer film deposition with different growth

conditions by spin coating process.
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Figure 4.5: The schematic of annealing process.

4.4 Fabrication of device

In this work, the films were fabricated as a device including capacitor and

gas sensor. The electrode needs to be applied onto the film surface. Many elec-

trode geometries, for instance, top/bottom, intermediated, transmission line and

interdigitated electrode have been used with a device [113, 126, 127]. Among of

these electrode configurations, interdigitated geometry has outstanding advantage

that is allowing a large contact area between electrode and film on the whole small

footprint. It has been reported that the electrode configuration and its parameter

such as electrode width and spacing as well as overlapping figure length have an

impact on electrical properties of the films [128, 129, 130]. Hong et al. stud-

ied the effect of different electrode configurations on the dielectric properties of

lanthnum-doped lead titanate thin film. Their work presented that the dielectric

constant of the film with interdigitated electrode was larger than that of the films

with parallel electrodes under the same technological conditions [131]. This could

be due to the more leakage current in form of parallel electrodes. Another study

by Li et al. showed that the device with interdigitated electrode exhibited higher
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capacitive humidity sensitivity of silicon nanoporous pillar array than that of de-

vice with two-side comb electrodes [132]. In this study, therefore, the electrode

which is designed with interdigitated structure was used for measuring dielectric

constant as well as detecting changes in the electrical properties of sensing films.

All of parts for fabricating device including mask fabrication as well as electrode

deposition were done at Nanoelectronics and MEMS Laboratory, National Elec-

tronics and Computer Technology Center (NECTEC). The detail for fabricating

device is described in next section.

4.4.1 Mask fabrication

In this study, the electrode was deposited on the film surface through a

shadow mask which was created by photolithography (lift-off) technique. Such

technique is widely used for making pattern in micro scale. The configuration of

interdigitated electrode using in this study is illustrated in Fig. 4.6. The gab width

and their coinciding figure length were about 100 µm and 1500 µm, respectively.

1500 μm

100 μm

3
0

0
0

 μ
m

Figure 4.6: The schematic of configuration of interdigitated electrode.

The schematic of photolithography process steps as presented in Fig. 4.7

and detail are expressed by the following;
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1. A stainless steel with 5 mm thickness was used as a substrate. It was

cleaned by detergent and it was then blown to dry with nitrogen stream.

2. Cleaned stainless steel substrate was coated with a positive photo resin

film which is a light sensitive resist by using a LAM-150 dryfilm laminator at

temperature about 100 ◦C.

3. Interdigitated pattern which was printed on transparent sheet containing

90 pieces of configuration was put on the resist and they were then exposed to

ultraviolet light by UV-800 crystal machine for 10 second. In this stage, the image

was created that the exposed region of the resist becomes pale region; whereas,

the unexposed area of that transforms opaque area.

4. Due to solubility property of the resist after irradiated by ultraviolet light,

photoresist (region of exposed resist ) was removed in the developing fluid (devel-

oper) that swells which remained the option of the unexposed resist generating

inverse patterning.

5. The whole substrate was deposited with Nikle (Ni) material by electro-

plating process. In this process, current was increased according to operating time

as shown in Table 4.3.

6. The last step, the substrate was placed in solvent to dissolve and remove

the remaining resist together with the Ni mask. The photograph of Ni mask is

shown in Fig. 4.8.

Table 4.3: The current and time using in electroplating process.

Current (A) Time (hour)

0.3 0.5

0.6 0.5

0.9 1

1.2 3
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Figure 4.7: The schematic of photolithography process steps.



76

A single interdigitated pattern

Figure 4.8: A photograph showing a set of Ni interdigitated mask containing 90

pieces of configuration.

4.4.2 Electrode deposition

After electroplated mask was obtained, the electrode was applied on the film

surface by using a DC sputtering technique. In sputtering process, we used aligned

several small magnets to attach the nickel mask with the films closely (see Fig.

4.9). Chromium (Cr) was firstly sputtered on the films with the thickness about

50 nm and followed by gold (Au) with the thickness about 200 nm. The chromium

was utilized to improve the adherence between the surface of films and the gold.

Because we obtained the films with electrode in the form arrays of devices, a

dicing saw (Model: ADT 7100 series 2 VECTUS) was utilized to separate arrays

of devices come out as a single of device. The dimension of a device as shown in

Fig. 4.10 was about 2x3 mm2.
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Figure 4.9: The photograph showing the interdigitated mask mounted the films

closely by using array of magnets.
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Figure 4.10: The photograph of a device.
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4.5 Gas sensing property measurement

Gas sensing characterization was carried out at Nanoelectronics and MEMS

Laboratory, National Electronics and Computer Technology Center (NECTEC).

Figure 4.11 shows schematic set up for gas sensing measurement. In the schematic

diagram, it consists of three main parts as the following;

1) Gas testing chamber, inside the chamber the sensors were placed on the a

stage which was heated by Ni-Cr heater controlled by varying the supply voltage

from power supply and thermocouple was used to monitor the temperature of the

stage. Figure 4.12 shows the gas testing chamber and Fig. 4.13 shows the stage

and probes used for measuring the resistance of the films.

2) Gas flowing system comprises of purified air (Air zero, 99.99%) tank and

ethanol vessel. The flow rate of gases was controlled by mass flow controller.

3) Temperature controller and measuring circuit were operated by Labview

program (national instrument).

In this study, ethanol vapor (C2H5OH) was chosen as examining gas to char-

acterize the gas sensing properties of the films. It was received by flowing purified

air through a vessel of ethanol generating bubbles. Total flow of ethanol vapor

and purified air was kept constant of 2000 sccm. The ethanol vapor and purified

air were then mixed in different proportions to obtained desired concentrations

which were flowed into the chamber through mass flow controller. For example,

in the case for characterizing gas sensing properties of the films toward ethanol

vapor concentration of 100 ppm, we flowed purified air with flow rate of 1990 sccm

and ethanol vapor with flow rate of 10 sccm. In this work, the desired ethanol

concentrations using in this study are 100, 200, 300, 500 and 1000 ppm. The sen-

sors were heated by Ni-Cr heater to different operating temperatures which are

250 ◦C and 350 ◦C

In order to characterize gas sensing, after the sensors were probed already,

purified air was introduced into the testing chamber with constant rate of 2000
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sccm for 15 min to generate the base line. After that, the sensors were exposed

to desired ethanol vapor concentration for 5 min. After completing 5 min the

ethanol vapor flow was stop whereas the purified air was immediately introduced

to the chamber for 15 min for each concentration. Digital multimeter (Model:

Fluke 8845) interfaced with Labview software was utilized to measure the film

resistances which were continuously monitored with DC voltage across the films

of 10 volt . The sensor responses are based on the change in resistance of the

sensor after exposing to the gas.

Purified air

Temperature 

controller

Measuring 

circuit
Ethanol

Gas flow controller

Stainless steel chamber 

Exhaust

Sensor

Heater

Gas line

ComputerThermocouple

Figure 4.11: Schematic set up for gas sensing measurement.
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Wires connected between 
sensors and multimeter

Figure 4.12: A gas testing chamber.

Probes

Thermocouple

Stage

Ni-Cr 
heater

Figure 4.13: The photograph presenting the stage and probes used for measuring

the resistance of the films .
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4.6 Gamma ray irradiation

A 60 Co source (Gammacell 220 excll) a dose rate of 10 kGy/hr was used to

expose the capacitors to gamma irradiation. The process for irradiating gamma

ray was done at Office of Atoms for Peace. We used foam as a stage to mount

the capacitors and put it in the middle of aluminum cylinder which is surrounded

with gamma source (see Fig. 4.14). Red Perspex dosimeters were used to calibrate

the gamma ray doses. For the details of Red Perspex dosimeters, it is kept the

Institutes secrete. Figure 4.15 shows the Red Perspex dosimeters put near the

capacitors.

Foam

Capacitor

Figure 4.14: The photograph showing the capacitors mounted on foam sent them

to gamma source.

Table 4.4 presents the doses of gamma ray using for irradiation.
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Red Perspex Capacitors

Figure 4.15: The photograph showing the Red Perspex used for calibrating the

gamma ray doses.

Table 4.4: The doses of gamma ray using for irradiation.

Time (min) Doses (kGy) approximately doses (kGy)

35 4.82 5

71 10.57 10

213 28.64 30

4.7 Dielectric property measurement

In this thesis work, a commercial LF impedance analyzer (Model: HP

4192A) is utilized in dielectric property measurement. The obtained capacitance

of the films from the impedance analyzer was converted to dielectric constant by

using Farnell’s analysis. The detail of conversion from capacitance to dielectric

constant will be given in section 4.7.1. In this work, a ring resonator was used

for capacitance measurement. However, in fact this ring resonator does not need

for this work because the capacitance was measured in the low (rf) frequency

range (10 kHz-1 MHz). Regularly, ring resonator was utilized for measuring the
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capacitance in high frequency range of GHz. In high frequency measurement, two

capacitors were connected microwave ports and the transmission measurement on

the device was done by a network analyzer. The quality factor, Q, and resonant

frequency, f0, of lowest mode which depend on ring resonator configuration such

as diameter of ring [133] are used to calculate the capacitance and dissipation

of the capacitors. The ring resonator used in this work was fabricated by Mark

Dalberth [46] and Satreerat Hodak [47]. Figure 4.16 shows the schematic diagram

of a ring resonator used in capacitance measurement. In my thesis work, only

one capacitor was needed to do the experiment. The capacitor was put on a ring

resonator and silver paint was pasted to link the capacitor and ring resonator (see

Fig. 4.17). The ring resonator box was attached to the impedance analyzer as

seen in Fig. 4.18. The impedance analyzer was interfaced with Labview software

written by Mr.Surakarn Thitinan to measure the capacitance of the films. For

using this program, the frequency range as well as frequency interval were put in

the unite of kilohertz whereas the applied voltage was fixed. Before clicking at the

run button, the “set” button was pressed to reset the new input frequency values.

The output data can be obtained in .txt file.

In this study, the capacitance of the films was measured at room temperature

as a function of frequency in the range of 10-1000 kHz as frequency interval was

set at 10 kHz. The applied voltages were varied in -25 to 25 volt range.
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Frequency and voltage
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0.93 

50      transmission line

Figure 4.16: The schematic diagram of a ring resonator used in capacitance mea-

surement. Flip chip presented as variable capacitors.

Capacitor Ring resonator

Figure 4.17: The image of interdigitated capacitor connected to a ring resonator.
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Figure 4.18: The photograph of LF impedance analyzer model HP 4192A con-

nected to a ring resonator box.
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4.7.1 Dielectric constant determination of interdigitated

capacitor

In this work, dielectric constants of film capacitors having interdigitated

electrode configuration were determined based on an analytical method derived by

Farnell et al. [134]. Farnell’s analysis can be applied under assumption that both

film and substrate are insulating and the electrode configuration is interdigitated

pattern. Farnell et al. used numerical simulations to calculate the dielectric

constant of a simplified two-dimensional periodic interdigitated electrode. The

semi empirical equation developed by Farnell et al. follows the expression:

εf = εs +
C−K(1 + εs)

K(1− exp(−4.6h
G+W

))
, (4.1)

where εf and εs are dielectric constant of the films and substrate, respectively.

h is the thickness of the films. G and W are the spacing and width of figure,

respectively. K is a constant value in unit pF depending on the area and gap of

electrode, which is calculated by:

K = 6.5(
G

W + G
)2 + 1.08(

G

W + G
) + 2.37. (4.2)

The C value is approximately the capacitance per unit length, which is given by:

C =
Cm

LN
, (4.3)

where Cm is the experimentally measured capacitance in unit pF. L is the overlap-

ping figure length in unit m. N is the number of the spacing of figure. All param-

eters of interdigitated electrode structure used for calculating dielectric constant

are depicted in Fig. 4.19.

In our experiment, G = 100 µm, W = 100 µm, thus K = 4.535 pF,

L = 1500 µm, N = 14 and the film thickness is approximately 600 nm.
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Figure 4.19: Schematic representation of (a) top view and (b) cross section of

capacitor with interdigitated electrode structure showing all parameters for calcu-

lating dielectric constant of films.



CHAPTER V

RESULTS AND DISCUSSIONS

This chapter presents the results and discussion of all which are divided into

three main parts. First, we will discuss the effect of annealing temperature on

the structural properties, surface morphology and optical properties of the films.

Second, the effect of Fe doping on structural properties, surface morphology as

well as gas sensing properties of the films will be demonstrated. At the end, we

will present the effect of multilayer films, Fe dopant and the effect of gamma ray

irradiation on dielectric properties of the film. Moreover, the result of oxidation

state of Fe in the films will be also illustrated.

5.1 Effect of annealing temperature on struc-

tural properties and surface morphology of

SrTiO3/BaTiO3 films

XRD pattern of SrTiO3/BaTiO3 multilayer films deposited on ITO coated

glass substrate as a function of the annealing temperature varied in the range of

300-650 ◦C is illustrated in Fig. 5.1. The XRD results exhibit that for the films

annealed at lower temperature (300, 400, 500 and 550 ◦C), there are no charac-

teristic diffraction peaks of both BaTiO3 and SrTiO3, whereas the films present

distinct crystalline peaks at higher annealing temperature of 600 and 650 ◦C which

is indicated the appearance of characteristic peaks of BaTiO3 and SrTiO3.
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Figure 5.1: X-ray diffraction pattern of SrTiO3/BaTiO3 films annealed at different

temperatures on ITO/glass.

We found that the peaks of XRD pattern are sharper and more intense with in-

creasing annealing temperature. Previous work done by a senior student named

Miss Supa Sirinam at Satreerat’s laboratory has been studied the effect of anneal-

ing temperature on the crystal structure of the films [135]. Three types of films

including BaTiO3 and SrTiO3 multilayer films as well as uniform BaTiO3, SrTiO3

films were grown on silicon substrate with different annealing temperatures of 300,

800 and 1000 ◦C. The films were prepared with the thickness of 150 nm. Figure

5.2 shows XRD pattern of BaTiO3 and SrTiO3 multilayer films annealed at 800 ◦C

and Fig. 5.3 presents XRD pattern of uniform BaTiO3 and SrTiO3 films annealed

at 1000 ◦C. She found that the films annealed at high temperature of 1000 ◦C ex-

hibited the most intensity of BaTiO3 and SrTiO3 peaks of XRD pattern. For the

films annealed at 800 ◦C, she also inverted the order of the film layer. STO/BTO

1:1 refers to the first layer done by BaTiO3 solution and follows by SrTiO3 solu-
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tion in the second layer. BTO/STO 1:1 represents SrTiO3 located in the bottom

layer and BaTiO3 located in the top layer. By comparing the XRD patterns of

STO/BTO and BTO/STO films, they clearly found that the film located in the

first layer showed higher and narrower peaks. This is due to the fact that the films

located in the first layer was annealed for two times longer than that of the top

film.

From their conclusion, the strongest intensity of XRD peaks for BaTiO3 and

SrTiO3 was achieved from the films annealed at 1000 ◦C. Thus, in this thesis work,

we chose the annealing temperature of 1000 ◦C for growing the multilayer films

on alumina (Al2O3) substrate to investigate their gas sensing properties. We fixed

the annealing temperature to 1000 ◦C, but Fe doping contents were varied. Figure

5.4 shows the XRD pattern of multilayer films deposited on Al2O3 substrate. The

XRD characteristic peaks of BaTiO3 and SrTiO3 were be also observed. The XRD

results of the films grown on Al2O3 will be more discussed in section 5.4.
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Figure 5.2: X-ray diffraction pattern of SrTiO3/BaTiO3 films on Si substrate

annealed at temperatures of 800 ◦C.

For XRD results of the film deposited on ITO coated on glass substrate,

the weak intensity of X-ray spectra of the films annealed at 600 and 650 ◦C was

observed suggesting that the films are not well crystallized. In addition, the full

width at half maximum of the peaks decreases as the temperature increases. This

results also agree with increased crystallinity of the films annealed at higher tem-

perature. The average crystallite size (t) measured in a vertical direction to the

surface of the sample was calculated using Scherre’s formula as expreesed in equa-

tion 3.7. In this study, the most (111) plane of BaTiO3 and SrTiO3 has chosen to

analysis average crystallite size due to no overlapping with ITO peak. The crystal

sizes of BaTiO3 and SrTiO3 films annealed at 600 ◦C are approximately 26±5

nm and 14±5 nm, respectively, whereas that for BaTiO3 and SrTiO3 annealed at
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Figure 5.3: X-ray diffraction pattern of uniform BaTiO3 and SrTiO3 films on Si

substrate annealed at temperatures of 1000 ◦C.

650 ◦C are about 44±4 nm and 37±4 nm, respectively. It has been clearly seen

that the crystal size of the multilayer films increases with increasing annealing

temperature. The average crystallite size of BaTiO3 is slightly larger than that of

SrTiO3. This is because the first layer was done with BaTiO3 solution which was

annealed for two times longer than that of the top SrTiO3.

The XRD pattern of the films annealed at 600 and 650 ◦C shows a sepa-

ration of the BaTiO3 peaks suggesting that BaTiO3 transforms into tetragonal

structure, while a splitting of SrTiO3 peak did not observe indicating that SrTiO3

is cubic structure. The lattice parameters of SrTiO3 for cubic phase and BaTiO3

for tetragonal phase were calculated using equation 3.2 and 3.3, respectively. The

most intense BaTiO3 (110) and another (111) were chosen for calculating that of

BaTiO3. For SrTiO3, we have chosen (111) plane for calculating lattice parameter
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Figure 5.4: X-ray diffraction pattern of SrTiO3/BaTiO3 films on Al2O3 substrate

annealed at temperatures of 100 ◦C.

due to its most intensity. Our calculated lattice parameter for BaTiO3 were a =

3.995±5 Å and c = 4.011±5 Å, while that for SrTiO3 was found to be 3.905±5 Å

which is close to the value of bulk BaTiO3 and SrTiO3 [56, 136]. All the films an-

nealed at 600 and 650 ◦C showed the same XRD pattern and any phase transition

did not observe. Figure 5.5 illustrates AFM images of SrTiO3/BaTiO3 films as a

function of annealing temperature. We found that the grain size of the films also

increases as annealing temperature increases reaching near 30 nm at the annealing

temperature of 650 ◦C. In addition, AFM results for the films prepared by Miss

Supa Sirinam confirmed that the grain size of the films increases with increasing

annealing temperature. The grain size for multilayer films annealed at 800 ◦C

was approximately 50 nm and it increased up to 100 nm as annealing tempera-

ture increased to 1000 ◦C. The increase in grain size with increasing annealing

temperature was also observed in other literatures [77, 137]. This results can be

explained that increasing temperature enhances atom mobility yield a more ef-
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fective recrystallization of the material of the films leading to larger grain size.

0.0 nm

15.0 nm

30.0 nm

0.0 0.1 0.2 0.3
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(a) (b)

(c) (d) (e)

Figure 5.5: AFM images (0.3 µm x 0.3 µm) of SrTiO3/BaTiO3 films deposited on

ITO coated glass annealed at different temperatures (a) 300 ◦C, (b) 500 ◦C, (c)

550 ◦C, (d) 600 ◦C and (e) 650 ◦C.
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5.2 Effect of annealing temperature on optical

properties of SrTiO3/BaTiO3 films

The films deposited on ITO coated on a glass substrate were used for charac-

terizing the effect of annealing temperature on their optical properties due to trans-

parent property. In addition, such substrate is appropriate to transmission mode

of UV-Vis spectroscope. Figure 5.6 shows the optical spectra of SrTiO3/BaTiO3

films on ITO coated on glass annealed at different temperatures in the 200-800

nm wavelength range. The insert in Fig. 5.6 shows the optical spectra of glass

and ITO coated on glass substrate. We found that all the films annealed at high

temperature were transparent and exhibited optical transmittance of near 85% in

the visible region. The oscillations in the transmittance due to interference have

low depths of modulation indicating inhomogeneity of the films across the light.

All the films presented a sharp absorption onset in the near UV region.

Figure 5.6: Transmittance spectra of SrTiO3/BaTiO3 films annealed at different

temperatures (a) 300 ◦C, (b) 500 ◦C, (c) 550 ◦C, (d) 600 ◦C and (e) 650 ◦C.
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Figure 5.7: Transmittance spectra of SrTiO3/BaTiO3/SrTiO3/BaTiO3 films an-

nealed at 600 ◦C.

Moreover, we deposited SrTiO3/BaTiO3/SrTiO3/BaTiO3 film (4 layers) on

ITO coated on glass substrate. Figure 5.7 illustrates the optical spectra of

SrTiO3/BaTiO3/SrTiO3/BaTiO3 film annealed at 600 ◦C. The transmission spec-

tra of the multilayer film with 4 layers exhibited indistinct oscillation in transmis-

sion curve and lower depth of modulation compared with that of the films grown

with 2 layers. This is due to the fact that the multilayer film with 4 layers has

more film interfaces leading to weaker total interferences. Thus, in this study the

SrTiO3/BaTiO3/SrTiO3/BaTiO3 film can not be a good candidate to examine the

refractive index and extinction coefficient by using Swannepoels method. Never-

theless, work by Ornicha Kongwut and Assistant Professor Dr. Satreerat Hodak

has been studied the optical properties of uniform BaTiO3 with 4 layers annealed

at 800 ◦C as shown in Fig. 5.8 [67]. By comparison, the transmission spectra

of uniform BaTiO3 presented more depth of modulation compared with that of

multilayer SrTiO3/BaTiO3 films with the same thickness.
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Figure 5.8: Transmittance spectra of BaTiO3 and Ba0.8Fe0.2TiO3 films before and

after gamma irradiation at a dose of 15 kGy reported by Kongwut et al.

From the optical transmission spectra, the absorption coefficient (α) of the

films was determined from equation 3.22. The absorption edge of the films shifts to

higher wavelengths with increasing annealing temperature. This due to exciton-

phonon coupling or dynamic disorder which is the main factor contributing to

absorption edge broadening for crystalline materials [138]. In amorphous mate-

rials, imperfections and disorder generating additional broadening due to static

disorder. In the films of smallest grains change in Urbach-type absorption tail

manifest the static inhomogeneity due to presence of localized states within the

gap which can be quantified by the steepness of band edge [138]. The band edge

steepnees value can be obtained from the slope of the plot of α2 and hν at the

beginning band-to-band absorption [139]. The band edge steepness of our films

increased as the annealing temperature increased indicating that the density of

localized state decreased with heating temperature. Another quantitative mea-

surement of band edge characteristic can be derived from so-called Urbach rule

illustrated in equation 3.23 [125]. The Urbach energy value (EU = (kT/σ)) was
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obtained by plotting ln α versus hν in band tail absorption region and taking

inversely slope.

Figure 5.9: Determination of Urbach energy for SrTiO3/BaTiO3 films annealed

at 500, 550 and 600 ◦C from the absorption coefficient.

Figure 5.9 demonstrates the plot of ln α as a function of hν for the films

annealed at 500, 550 and 600 ◦C. The calculated Urbach energy was found to

be 0.272, 0.263 and 0.220 eV for the films annealed at 500, 550 and 600 ◦C,

respectively. As the annealing temperature increases, larger grains are formed

which brings an increased band edge steepness. This may be due to the reduction

of the surface to volume ratio as crystal grow larger since the localized states

most likely from surface states. In order to determine energy gap of the films, the

Tauc relation between the absorption coefficient and direct and indirect band gap

energies (Eg) given in equation 3.20 and 3.21, respectively was used [124, 140]. We

plotted (αhν)n (n=2 for direct transition and n=1/2 indirect transition) versus

hν. The energy gap was obtained by extrapolating the linear portion of the plot

to zero frequency. We found that the best fit to a straight line was obtained for n
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= 2 indicating that a direct allowed transition occurs at Γ point in the Brillouin

zone from the valence band maximum to the conduction band minimum.

Figure 5.10: Plot of (αhν)2 versus hν for SrTiO3/BaTiO3 films annealed at various

temperatures.

Figure 5.10 shows the plot of (αhν)2 versus hν at various annealing temper-

atures. The same absorption region has been used to evaluate optical band gap

[141, 142]. The band gap energy as a function of annealing temperature is illus-

trated in Fig. 5.11. We found that the value of energy gap for the films annealed at

lower temperature (300, 400, 500 and 550 ◦C) gradually decreases with increasing

annealing temperature which is in the range of 4.19-4.03 eV. An abruptly decrease

towards the bulk band gap value is observed for the films annealed above 600 ◦C

yielding the energy gap value in the 3.64-3.74 eV range. It has been reported that

the experimental direct and indirect band gap energies for BaTiO3 are 3.6 and 3.2

eV, respectively [143], whereas those for SrTiO3 are 3.75 and 3.25 eV, respectively

[144, 145]. The band gap of the amorphous phase is about 0.3-0.5 eV larger than

that of the crystalline phase [143, 144, 145]. The abrupt decrease of energy gap
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from around 4 to 3.74 eV is due to obtaining a more crystalline phase when the

films annealed above 600 ◦C. Similar change in energy gap for BaTiO3 and SrTiO3

has been observed in work by Zhang et al. and Bao et al. [77, 81].

Figure 5.11: Temperature dependence of the optical band gap energy for

SrTiO3/BaTiO3 films.

The crystallinity and the grain size of the films increase with increasing

annealing temperature resulting in a decrease of energy band gap. The shift of

optical band gap energy can be also explained in terms of quantum-size effect in

which the films with large crystallites will have red-shifted absorption onsets. By

way of comparison, we used the quantum confinement prediction for energy gap

[146];

Eg(r)= Eg(bulk) +
2π2h2

r2
(

1

|me|
+

1

|mh|
) (5.1)

Eg(r)= Eg(bulk) +
2π2h2

r2µ
(5.2)
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where, me, mh, µ and r are the effective mass of electron, the effective mass of

hole, the reduce mass and the diameter of nanoparticle, respectively. Normally, if

the particle size is smaller than the corresponding DeBroglie wavelength, the size

quantization effects can be observed in the band gap. The theoretical calculated

DeBroglie wavelength (aB) for BaTiO3 and SrTiO3 is about 15 nm obtained by

calculating from below equation;

aB =
4πε0εrh̄

2

µe2
(5.3)

where εr is the dielectric constant, e is elementary charge (1.6x10−19 C) and h̄ =

h/2π.
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Figure 5.12: Direct and indirect band gap energies versus the average particle

size. The solid line is prediction by quantum size effect. The dashed lines are the

prediction of the quantum size effect with adjustable effective mass.

Figure 5.12 shows a comparison of theory of quantum confinement model

along with the experiment values for the allowed direct and phonon assisted in-
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direct transitions. In our calculation for BaTiO3, we substituted me for 0.81mo

(Γ → R direction), here mo is the mass of a free electron equal to 9.11 x 10−31

kg and mh for -2.78mo (R → X direction) for indirect transitions. (µ = 0.62mo

assuming the light electron and hole) [146, 147]. The resulting values of direct

band gap energies are larger than those of indirect band gap energies. As the par-

ticle size gets larger, the band gap energies approach the bulk values. For smaller

crystallite size, there is a shift in band gap from the theoretical curve for both

transitions. This is due to the values for the effective mass of electron and the

effective mass of hole used in our calculation were obtained from bulk assumption

using the first principle calculation [147]. A better agreement between our data

and the theory can be obtained by adjusting the reduced mass. Such procedure

leads to a reduced mass of µ=0.03mo which would be consistent with band curva-

tures that are significantly larger than the bulk predictions. It has been noted that

the band discontinuities are not true infinite potential barriers which softens the

confinement of the carriers and may also cause a deviation between the theory and

our data. The shift of the energy band gap to the higher energies with decreasing

in particle size is caused by destruction of the excitons [148].

We now turn our attention to optical absorption. The optical parameters

including refractive index (n), extinction coefficient (k) as well as films thickness

(d) can be obtained from the optical transmission spectra using the envelope

method derived by Swannepoel [121]. The calculated thickness of the films was

found to be 250±20 nm determining from the equation 3.19 which is content with

the film thickness acquiring from scanning electron microscope. The absorption

of our films was sharp near UV region but not in visible region. In the region of

medium and weak absorption (α 6= 0), the complex refractive index (ñ = n− ik,

where n is the refractive index and k is the extinction coefficient) can be obtained

using equation 3.13, 3.14, 3.15 and 3.16. Figure 5.13 presents the variation of the

dispersion curve of the films with annealing temperature. The refractive index

and the extinction coefficient decrease with the wavelength following a typical

shape of dispersion curve near an electronic interband transition, rising rapidly
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toward shorter wavelength [149]. We found that the refractive index increases

with increasing annealing temperature. It is known that the refractive index of

perovskite thin films is proportional to their electronic polarization per unit volume

which is inversely proportional to distance between atomic planes. This result can

be explained by an increase in the density of the film due to better packing and

increased crystallinity as well as more homogeneity that light can be easily through

the material of the films compared with the films annealed at lower temperature.

The large increase in refractive index and strain relaxation following crystallization

obtained for the films annealed at temperature 650 ◦C is due to crystallization

of the perovskite phase. For comparision with bulk STO (n = 2.30-2.65) [144]

and BTO (n∼2.3) [150] or well crystallized STO (n=2.15-2.35) [123] and BTO

thin films (n=2.15-2.55) [122], the refractive index of our films is lower which

is in the range of 1.69-2.10 depending on annealing temperature. This suggests

that crystalline structure of our multilayer films leads to a relatively low density

[144, 150, 123, 122]. The extinction coefficient of our films is less than 0.05 in the

450-750 nm wavelength range indicating low optical losses with the film annealed

at 650 ◦C exhibiting the lowest loss.
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Figure 5.13: The variation of (a) refractive index, n and (b) extinction coefficient,

k of the films as a function of wavelength.
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5.3 Oxidation state and weight percentage of Fe

in SrTiO3/BaTiO3 films

To verify a presence of the Fe in doped films as well as identify the oxidation

state of Fe, the X-ray absorption near edge structure (XANES) technique and

EDS equipped with field emission scanning electron microscopy are necessary to

be used first for characterizing Fe-doped films. At first, we planed to add Fe

with concentrations of 3, 5 and 10 wt% for BaTiO3 and SrTiO3. The detail of

calculating weight percentages of Fe is given in Appendix B. Nevertheless, the

quantity of Fe contents in the films obtained from EDS experiment is smaller

than that obtained from calculation. The weight and atomic percentages of Fe in

BaTi1−xFexO3 and SrTi1−xFexO3 obtained from EDS are illustrated in Table 5.1

and 5.2, respectively.

Table 5.1: Weight and atomic percentage of Fe in BaTi1−xFexO3 films

Weight percentage Atomic percentage
x

Ti Fe Ti Fe

2 wt% Fe-doped films 45.759 2.187 0.956 0.039 0.039

4 wt% Fe-doped films 44.275 4.227 0.925 0.076 0.076

8 wt% Fe-doped films 39.882 8.137 0.840 0.146 0.146

Table 5.2: Weight and atomic percentage of Fe in SrTi1−xFexO3 films

Weight percentage Atomic percentage
x

Ti Fe Ti Fe

2 wt% Fe-doped films 45.563 2.002 0.952 0.036 0.036

4 wt% Fe-doped films 44.390 4.197 0.927 0.075 0.075

8 wt% Fe-doped films 41.086 8.320 0.858 0.149 0.149
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Figure 5.14(a) demonstrates the XANES spectra of Fe-doped films at Fe

K-edge. Figure 5.14(b) shows an expanded pre-edge region of Fe-doped films with

various Fe contents. All films have exhibited a small absorption peak at pre-edge

region approximately 7114.5 eV which is similar to the value reported for that

of Fe3+ in other works [151]. The pre-edge peak of XANES spectra is associated

with the transition from deep 1s state to the quasi-bound state with 3d state. As

expected, the intensity of pre-edge peak gradually increases with the increasing

Fe doping concentrations. In the same way, the intensity of the main peak also

increases as Fe doping contents increases. The absorption edge was obtained by

derivative of the XANES spectra after subtracting pre-edge baseline. We found

that the absorption edge energy of Fe in the films was found to be about 7121 eV,

indicating a Fe3+ (0.64 Å) oxidation state.
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Figure 5.14: (a) Fe K-edge XANES spectra of Fe-doped SrTiO3/BaTiO3 multilayer

films with various Fe concentrations (b) pre-edge and absorption regions.
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5.4 Effect of Fe doping on structural properties

and surface morphology of SrTiO3/BaTiO3

films

Figure 5.15 shows the XRD pattern of Fe-doped SrTiO3/BaTiO3 multilayer

films with different Fe concentrations deposited on alumina substrate. Both un-

doped and Fe-doped films were crystalline and no preferred orientation was ob-

served as illustrated in Fig. 5.15(a). Because of no overlapping between peak

of 200 planes of the films and Al2O3 substrate, these two peaks were chosen to

characterize the effect of Fe doping on lattice parameter of the films. The position

of these two peaks gradually shifted to higher diffraction angles with increasing

Fe doping concentration as shown in Fig. 5.15(b). This implies that the lattice

parameter decreases as Fe concentrations increase. The calculated lattice param-

eter for undoped SrTiO3 with cubic structure was 3.902 Å whereas for Fe-doped

SrTiO3 decreased as the Fe content in the film increased (Fe-doped SrTiO3: 3.900

Å for Fe 2 wt%, 3.894 Å for Fe 4 wt% and 3.884 Å for Fe 8 wt%). We found

similar reduction in the lattice parameter of Fe-doped BaTiO3 (undoped BaTiO3:

4.009 Å, Fe-doped BaTiO3: 4.008 Å for Fe 2 wt%, 4.003 Å for Fe 4 wt% and 4.000

Å for Fe 8 wt%). We expected that the Fe ion substitution into Ti4+ (0.68 Å) due

to the compatible radius. The weight percentage of Fe in the film was confirmed

with EDS results. Moreover, the full width at half maximum of the peaks also

increases as Fe doping concentrations increase. This implies that the crystalline

size of the films decreases with more Fe content in the films which was confirmed

using FESEM.
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Figure 5.15: (a) X-ray diffraction patterns of Fe-doped SrTiO3/ BaTiO3 multilayer

films with different Fe concentrations deposited on alumina substrate, (b) the zoom

of (200) planes.
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Figure 5.16 illustrates the FESEM images of the films with various con-

centrations of Fe dopant. The FESEM results obviously reveal a distinguishable

surface morphology between undoped and Fe-doped films. In other words, the

undoped films have a mixture of round and facet-shaped morphology while the

surface of Fe-doped films has a tendency towards porous structure as the contents

of Fe in the films increase. Fe dopant causes the decrease of facet-shaped mor-

phologies and connection of grain boundaries. The grain size of the films strongly

depends on Fe doping contents. We found that the average size of particle de-

creases from 300 nm for undoped films to 200, 100 and 70 nm with the Fe doping

concentrations of 2 wt%, 4 wt% and 8 wt%, respectively.

(a) undoped

500 nm

(b) Fe 2 wt%

500 nm

(c) Fe 4 wt % (d) Fe 8 wt%

500 nm 500 nm

Figure 5.16: FESEM images with magnification of 50,000 of SrTiO3/BaTiO3 mul-

tilayer films deposited on alumina substrate (a) undoped, (b) 2 wt%, (c) 4 wt%

and (d) 8wt% Fe doping concentrations.
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The decrease in the average size may due to the fact that the particle surface

of the SrTiO3/BaTiO3 films was enwrapped by Fe ion which obstructs the crystal

growth. Our results on reduction in grain size with increasing Fe concentrations

are consistent with others [152, 153]. Figure 5.17 shows the cross-section FESEM

of the film doped with Fe 2 wt% presenting clear interfaces between the film

surface/alumina substrate and the film/the gold electrode. The film thickness is

approximately 600 nm.

500 nm
Alumina substrate

Fe-doped 

SrTiO
3
/BaTiO

3

Au/Cr electrode

6
0

0
 n

m

Figure 5.17: Cross-section FESEM images of a device made from 2 wt% Fe-doped

SrTiO3/BaTiO3 multilayer films deposited on alumina substrate.
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5.5 Effect of Fe doping on gas sensing properties

of SrTiO3/BaTiO3 films

We have chosen 2 wt% and 8 wt% Fe-doped SrTiO3/BaTiO3 multilayer

films to study the ethanol sensing ability of our films. Figure 5.18(a)-(d) show

the dynamic response to ethanol pulses with concentration ranging from 100 to

1000 ppm of SrTiO3/BaTiO3 multilayer films doped with Fe 2 wt% and Fe 8 wt%,

respectively. The gas sensing properties are based on the changes in resistance of

the films which is caused by the adsorption and desorption of oxygen molecule

from the grain surface. More details for gas sensing mechanism were mentioned

in section 2.6.1. The number of oxygens which was absorbed on the films surface

depend upon the particle size, large specific area of the material and operating

temperature [24, 19]. Under air atmosphere, oxygen molecule were absorbed onto

the films surface trapping electron and generating various oxygen ion species (O−2 ,

O− and O2−). After exposing to ethanol which is a reducing gas, the resistance

of our films undergoes due to increasing in electron concentrations near the film

surface which suggest that the film is a p-type semiconductor.

In this experimental setup, the time scale of ethanol removal before the next

ethanol feeding was 15 min. It was difficult to determine the recovery time of the

sensors made from the films doped with Fe 2 wt% operating at 350 ◦C because the

resistance did not come back to 90% of the initial value after removal of ethanol

vapor (see Fig. 2.13). However, we have tried to extend ethanol removal time

up to 30 min, the resistance did not still come back to nearby 90% of the initial

value. Some researchers have observed the same behavior [24, 154]. Ling et al.

found that the resistance of ZnO sensor operating at 300 ◦C turned to about 70

% of initial value after removal NO3 for 100 min [154]. Work by Hongsith et al.

have been observed that the ZnO sensor resistance could come back closing to the

initial value as the operating temperature increased. Their results showed that at

operating temperature of 220 ◦C, the resistance turned to around 70% of initial

value after removal ethanol gas for 18 minute whereas operating temperature
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Figure 5.18: The dynamic response to ethanol with concentration ranging 100 to

1000 ppm of SrTiO3/BaTiO3 multilayer films doped with (a) Fe 2 wt% operating

at 250 ◦C, (b) Fe 2 wt% operating at 350 ◦C, (c) Fe 8 wt% operating at 250 ◦C,

and (d) and Fe 8 wt% operating at 350 ◦C with increasing ethanol concentration

in the range of 100-1000 ppm.



114

increased to 280 ◦C, the resistance came back to almost the initial value [24].

However, the senior project done by Mr. Pornpipat Wongwarakarn [155] under

the supervision of Assistant Prof. Dr. Satreerat K. Hodak have been observed that

the resistance of the sensor based on CaCu3Ti4O12 films can turn to 90% of the

initial value after removal of ethanol gas for 15 min for all operating conditions. For

our dynamic response curves, there are some conditions that we can approximate

the response and recovery time. The response and recovery time for the sensors

based on the film doped with Fe 2 wt% operating at 250 ◦C are presented in Table

5.3 while those of the sensors made from 8 wt% Fe-doped films measuring at 250

and 350 ◦C are shown in Table 5.4 and 5.5, respectively.

Table 5.3: Response and recovery time of SrTiO3/BaTiO3 films doped with Fe 2

wt% operating at 250 ◦C.

Ethanol concentration (ppm) Response time (min.) Recovery time (min.)

100 4.0 11.7

200 4.4 12.6

300 4.0 12.4

500 3.8 14.7

1000 3.0 14.4

Table 5.4: Response and recovery time of SrTiO3/BaTiO3 films doped with Fe 8

wt% operating at 250 ◦C.

Ethanol concentration (ppm) Response time (min.) Recovery time (min.)

100 4.0 10.8

200 3.0 12.5

300 2.8 7.5

500 2.4 > 15

1000 2.1 11.8
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Table 5.5: Response and recovery time of SrTiO3/BaTiO3 films doped with Fe 8

wt% operating at 350 ◦C.

Ethanol concentration (ppm) Response time (min.) Recovery time (min.)

100 4.4 4.8

200 3.9 5.7

300 3.5 5.7

500 2.8 5.5

1000 2.4 5.8

Our sensor response shows that the recovery time is longer than the response

time. This could be possibly related to the slower chemical reaction kinetics

between ethanol molecules and oxygen ions adsorbed on the film surface during

the recovery period. If all the oxygen species are depleted, there may be a longer

recovery time. The formation of acetic acid, which has the lowest vapor pressure of

all the products, may also lead to a longer recovery time due to its ability to bind

on surface cations via the carboxylate group discussed earlier in equation 2.31. In

contrast, at elevated temperatures, the chemical reaction rate is higher causing a

shorter recovery time for the sensors whereas the response time for each case is

comparable. Sensitivity as a function of ethanol concentrations are explained by

the space charge model as follows [25];

Sr= a + bCN (5.4)

where a and b are constants, C is the gas concentration, N is an exponent which

could be 1/2 or 1 depending on oxygen species which coverage on the film surface

[156, 157]. It has been proposed that N is 1 for O− and 1/2 for O2−. The values

of N can be determined from the slope by plotting lnSr versus C, which the values

of a and b constants approach 0 and 1, respectively. The sensitivity at different

operating temperatures of the films doped with Fe 2 wt% and 8 wt% are shown

in Fig. 5.19. The insert in each Fig. 5.19 shows a linear relationship between
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ln(Sr) versus ln(C). We found that the values of N were in the 0.16-0.24 range

for the films operating at 250 ◦C and increase to the range of 0.38-0.44 for the

films operating at higher temperature of 350 ◦C. Our sensor response at 350 ◦C

according to N nearby 1/2 indicates that oxygen species coveraged on the film

surface being O2−.

Figure 5.19: Sensitivity of the films doped with (a) Fe 2 wt% operating at 250 ◦C,

(b) Fe 2 wt% operating at 350 ◦C, (c) Fe 8 wt% operating at 250 ◦C and (d) Fe

8 wt% operating at 350 ◦C.
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The sensitivity of our ethanol sensors based on 2 wt% Fe-doped films is in

the 1.96-3.54 range at the operating temperature of 250 ◦C and increases up to in

the 2.41-6.86 range as the operating temperature increased to 350 ◦C, and rising

up with ethanol concentrations. A similar trend can be perceived for the sensor

made from the film doped with Fe 8 wt%. The ethanol sensitivity of Fe 8 wt%

doped film is in the 2.00-2.84 and 3.89-9.67 range at operating temperature of 250

◦C and 350 ◦C, respectively. These results show that the highest sensitivity may be

obtained at the operating temperature of 350 ◦C for both films. This is due to the

fact that the absorbed oxygen molecule on the film surface can form in increased

coverage at high temperatures which induce a larger resistivity variation upon

ethanol exposure resulting in an improvement in sensitivity. At fixed operating

temperature of 350 ◦C as shown in Fig. 5.20, we found that the ethanol sensitivity

of sensors made from Fe 8 wt% doped films is 1-2 times higher than that of the

films doped with Fe 2 wt%. We note that with higher Fe concentrations in the film,

a better sensitivity is obtained. This is possibly due to the surface morphology

of the films doped with more iron has smaller grains and more porous structures

which enhance the reaction between absorbed oxygen molecules on the film surface

and the ethanol gas.
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Figure 5.20: Comparison of ethanol sensitivity of the films doped with Fe 2 wt%

and 8 wt% with different concentrations at operating temperature of 350 ◦C.
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5.6 Effect of multilayer structure film and Fe

dopant on dielectric constant

There are many reports on dielectric constant properties indicating that the

dielectric constant of films can be enhanced by increasing annealed temperature.

Work by Joshi et al. reported that dielectric constant of BaTiO3 prepared by

metallo-organic solution deposition technique increases from 70 to 255 with in-

crease of annealed temperature from 500 to 700 ◦C at a frequency of 100 kHz

carried out at room temperature without applied voltage [158]. Quan et al. de-

posited Ba0.9Sr0.1TiO3 films by radio frequency magnetron sputtering technique.

They found that the dielectric constant of as-deposited Ba0.9Sr0.1TiO3 film and

the films annealed at 650, 700 and 750 ◦C were 517, 591, 696 and 758, respectively

at 1 MHz [48]. The dielectric enhancement of the films with the increase in an-

nealing temperature is due to increase in grain size and improved crystallinity of

the films yielding strain and stress developed in the film structure. As discussed

earlier in section 5.1, we obtained the large grain size for the films annealed at

high temperature of 1000 ◦C. From this reason to study the effect of multilayer

structure film and Fe dopant on dielectric constant, we kept the annealing tem-

perature constant at 1000 ◦C. Figure 5.21 shows the dielectric constant of BaTiO3

film as function of frequency in the range from 10-1000 kHz with various applied

voltages operating at room temperature. We found that the dielectric constant

of BaTiO3 film decreases with increasing applied frequency and high dispersion

of dielectric constant with frequency was clearly observed at frequency below 100

kHz. Whereas at frequency above 100 kHz, the dielectric constant is close to con-

stant value. This dielectric variation on frequency can be attributed to dielectric

relaxation which was discussed in section 2.5.2. Moreover, we observed the change

in dielectric constant of BaTiO3 film with both positive and negative bias voltages

as illustrated in Figs 5.21(a) and 5.21(b), respectively indicating the ferroelectric

properties of BaTiO3 at room temperature.
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Figure 5.21: The frequency dependence of dielectric constant of BaTiO3 with

applied voltage at (a) 0 to 25 volt and (b) 0 to -25 volt at room temperature.
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The tunability percentage of dielectric constant of thin films was calculated

by the formula;

%Tunability =
εmax − εmin

εmin

x100, (5.5)

where εmax and εmin are the maximum and minimum dielectric constant, respec-

tively over investigated voltage range. In our work, dielectric constants of BaTiO3

films are 280, 261, 258, 256, 268, 264 and 261 at 0, 10, 20, 25, -10, -20 and -25 V,

respectively and tunabilities of BaTiO3 capacitors were found to be about 7.03%,

8.30% and 8.95% at a very small applied electric field of 1, 2 and 2.5 kV/cm,

respectively at 100 kHz. Work by Xu et al. reported that under high electric field

of 300 kV/cm and at frequency of 100 kHz, the dielectric tunability of BaTiO3

films is about 35% [159]. Our dielectric constant values were comparable to that

reported by Joshi et al. [158], Lee et al. [160] and Liu et al. [161] for films

prepared by sol-gel process. The frequency dependence of room temperature di-

electric constant of SrTiO3 film with different applied voltages is presented in Fig.

5.22. It has been seen that there is no change in dielectric constant of SrTiO3

film on bias voltages up to 25 V. In other word, SrTiO3 capacitor can not tune

with applied electric field at room temperature. This result confirms that SrTiO3

is paraelectric and the structure is cubic phase at room temperature. We found

that the value of dielectric constant made from SrTiO3 films is about 188 at 100

kHz which is smaller than that of SrTiO3 films prepared by pulse laser deposition

[162].
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Figure 5.22: The frequency dependence of dielectric constant of SrTiO3 with ap-

plied voltage from 0 to 25 volt at room temperature.

Similar dielectric constant versus frequency behavior has been also observed

in SrTiO3 and BaTiO3 multilayer films as shown in Fig. 5.23. It has been clearly

seen that the dielectric constant of multilayer films dramatically change with bias

voltages compared with uniform BaTiO3. At a frequency of 100 kHz, dielectric

constants were found to be about 521, 464, 445, 434, 466, 447 and 437 at 0,

10, 20, 25, -10, -20 and -25 respectively. Dielectric tunability of multilayer films

are about 12.28%, 17.07% and 20.04% at applied electric field of 1, 2 and 2.5

kV/cm, respectively (see Fig. 5.24). Our results showed that the films grown with

multilayer structure the tunability was be improved. We compare the dielectric

constant and loss tangent of all films as well as 8 wt% Fe-doped multilayer film

as a function of applied frequency at zero bias voltage as depicted in Fig. 5.25(a)

and 5.25(b), respectively. All films were grown with 5 layers of deposition for

which the thickness of the films is approximately 600 nm. Deposition conditions
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for the film growth can be seen in Table 4.2. We found that dielectric constant

of multilayer films not only undoped films but also Fe-doped films exhibits high

dielectric constant. The values of room temperature dielectric constant and loss

tangent of all films at 100 kHz are shown in Table 5.6.

Table 5.6: The value of dielectric constant and loss tangent of all films at 100 kHz

with no bias voltage.

Materials Dielectric constant Loss tangent

SrTiO3 188 0.017

BaTiO3 280 0.028

Fe-doped SrTiO3/BaTiO3 497 0.049

SrTiO3/BaTiO3 522 0.058
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Figure 5.23: The frequency dependence of dielectric constant of SrTiO3/BaTiO3

films with applied voltage at (a) 0 to 25 volt and (b) 0 to -25 volt at room

temperature.
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Figure 5.24: The room temperature dielectric constant as a function of (a) applied

electric field and (b) volt of BaTiO3/SrTiO3 multilayer films.
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Figure 5.25: The value of dielectric constant of all the films without applied voltage

measured at room temperature.
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The enhancement of dielectric constant and tunability observed in multilayer

films is due to the fact that strain induces lattice distortion resulting from the mis-

match of lattice parameter between SrTiO3 and BaTiO3. Figure 5.26 depicts the

formation of SrTiO3/BaTiO3 superlattices. SrTiO3 bulk has cubic structure with

lattice constant of 3.905 Å [56], whereas BaTiO3 bulk has tetragonal structure

with lattice constant of a =3.992 Å and c= 4.036 Å [136]. Due to the fact that

SrTiO
3

a = 3.905 Å

a

a

BaTiO
3

a = 3.992 Å

a

c = 4.036 ÅP
s

BaTiO
3

SrTiO
3
/BaTiO

3

SrTiO
3

Sr
2+

Ba
2+

O
2-

Ti
4+

<001>

<100>

<010>

(a) (b)

Figure 5.26: Schematic presentation of (a) perovskite unit cell of SrTiO3 and

BaTiO3 (b) formation of SrTiO3/BaTiO3 superlattices. The arrows denote the

induced compressive stress in BaTiO3 and the tensile stress in SrTiO3.

Ti4+ ions in tetragonal structure are displaced with O2− ions, the spontaneous po-

larization Ps in BaTiO3 is along the elongated lattice direction <001> as shown

in Fig 5.26(a). Since the lattice constant of SrTiO3 is smaller than both a and c

lattice constant of BaTiO3, the coherent interface introduces <100>/<010> in-

plane compressive stress into BaTiO3 and tensile stress into the SrTiO3 layer as

presented by arrows in Fig. 5.26(b). There are theoretical studies reporting the



128

interfacial strain-polarization coupling issues [62]. The reports suggest that the

compressive stress state in the BaTiO3 layer tends to maintain the polarization

component along the <001> direction. Also, this polarization induces aligned

dipoles in the SrTiO3 layer. In addition, the increase of stacking number results

in the development of a dipole component along <100>/<010> direction. Zhu

et al. studied the effect of compressive strain on the polarization properties of

the BaTiO3/SrTiO3 superlattice by using a first-principles calculation [63]. They

pointed out that with increasing strain from 0.3-1.5%, displacement of Ti and O

atoms increased from 0.007-0.015 in unit cell vector as well as the polarization

raised from 18.9 to 28.5 µC cm−2. However, compared with undoped multilayer

films, dielectric constant of the films doped with Fe presents a lower dielectric con-

stant and larger dispersion with frequency. The decrease in dielectric constant of

Fe-doped films can be attributed to reduction in grain size of the films contributed

to the width of domain. The theoretical investigations observed the correlation

between domain width and grain size indicating that the domain width was pro-

portional to (grain size)m, where m = 1/2 [163, 164, 165]. It was known that

stable domain width in ferroelectric materials is the result of a balance of energy.

As the width of domain is smaller, the domain wall energy per volume would be

higher. On the other hand, as domain width is larger, the energies of electric and

mechanical field would be higher. Nevertheless, such correlation between domain

width and grain size can be applied for tetragonal ferroelectric phase of material

with grain size in the range between 1 and 10 µm. Arlt et al. investigated the

domain width contribution in BaTiO3 ceramic [166]. Their results revealed the

departure of domain width and grain size correlation from parabolic relation for

grain size below 0.5 µm. They mentioned that at smaller grain size (< 0.5 µm),

the 90◦ domain wall vanished. In addition, Arlt et al. also experimentally and

theoretically observed the dielectric constant dependence on the average grain di-

ameter as shown in Fig. 5.27. At grain size above 1 µm the dielectric constant

decreased with increasing average grain diameter which matched calculated dielec-

tric constant curve. However, at grain size below 1 µm, the significant decrease



129

of dielectric constant was be observed. They pointed out that the reduction in

dielectric constant with decreasing grain diameter below 1 µm was due to grad-

ual changes from tetragonal to pseudocubic structure and by coexistence of both

phase. Many experimental works also reported grain size dependence on permitiv-

ity for BaTiO3 ceramic as presented in Fig. 5.28 [166, 167, 168, 169]. At micron

level, the permitivity decreased with increasing grain size whereas it reduced at

submicron level.

Figure 5.27: Dielectric constant of BaTiO3 plotted as a function of average grain

diameter reported by Arlt el at.
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Frey et al.

Kinoshita et al.

Figure 5.28: Grain size dependence of permittivity of BaTiO3 ceramics

Figure 5.29 shows the dispersion curves of room temperature capacitance

and loss tangent of all films without applied voltage. We observed that the capac-

itance and loss tangent of the films are in the 1.31-1.26 pF and 0.03-0.01 range,

respectively for uniform SrTiO3 and in the 1.52-1.34 pF and 0.04-0.02, respec-

tively for uniform BaTiO3. The capacitance increases to in the range of 1.76-

1.54 pF and 1.78-1.69 pF for Fe-doped multilayer and undoped multilayer films,

respectively accompanied with the enhancement in loss tangent in the 0.06-0.03

and 0.07-0.04, respectively.
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Figure 5.29: The frequency dependence of capacitance and loss tangent of all the

films without applied voltage measured at room temperature.
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5.7 Effect of gamma irradiation on dielectric con-

stant

In this thesis work, the capacitors made from SrTiO3 and BaTiO3 multilayer

films were chosen to investigate the effect of gamma irradiation on their dielectric

constants due to maximum dielectric constant compared with others. 60Co gamma

source (Gammacell 220 Excell) with an activity of 10 kCi was used to expose the

capacitors to gamma irradiation. The capacitors were irradiated at three dose

values of gamma ray including 4.82, 10.57 and 28.64 kGy. However, we estimated

these values as 5, 10 and 30 kGy, respectively. The details of experimental part for

gamma irradiation can be read from Ornnicha Kongwut’s thesis [170]. Figure 5.30

shows the capacitance and loss tangent of SrTiO3/BaTiO3 multilayer films after

exposure to gamma ray at dose of 5, 10 and 30 kGy without applied voltage. Before

gamma irradiation the capacitance and loss tangent of SrTiO3/BaTiO3 multilayer

films are in the 1.78-1.69 pF and 0.074-0.038 range, respectively. After exposing

to gamma ray, the films show change in capacitance. With increment of radiation

dose, the capacitance of the films increases. We found that the capacitance of the

film exposed to gamma at a dose of 5 kGy is in the 1.86-1.78 pF range accompanied

with the increase in loss tangent in the 0.087-0.051 range. As the film irradiated to

more radiation dose at 10 kGy, the capacitance and loss increase to 1.93-1.92 pF

and 0.096-0.062 range, respectively. The values of capacitance reach a maximum

when the film was exposed with 30 kGy of gamma dose, which the capacitance and

loss are in the 2.14-2.08 pF and 0.109-0.073 range, respectively. The enhancement

in capacitance as a result in increase in the dielectric constant of the films. Figure

5.31 compares dielectric constant of SrTiO3/BaTiO3 multilayer films before and

after irradiation with gamma dose at 5, 10 and 30 kGy. Our dielectric constant

was found to be in the 647-586 range for gamma irradiation at dose of 5 kGy,

in the 739-689 range for gamma irradiation at dose of 10 kGy and in the 862-

812 range for gamma irradiation at dose of 30 kGy. The increase in capacitance

and dielectric constant after irradiating to gamma ray were also reported in other
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literatures [69, 72, 171]. Arshak et al. found that bismuth germinate (Bi4Ge3O12)

thin films showed the increase of capacitance from 2.97 pF to 7.09 pF after gamma

irradiation with a small dose of 2.44 mGy [69]. Work done by Tugluoglu et al. has

been observed that the dielectric constant for Au/SnO2/n-Si (MOS) structures was

affected by strong gamma irradiation dose rate, which dielectric constant increased

in a small range of 1.06-1.18 after exposing to gamma ray at a dose of 500 kGy [72].

Sinha et al. reported that the dielectric constant for polyallyldiglycol carbonate

(PADC) increased from 32 at a 100 kGy gamma dose to 42 at 1000 kGy gamma

dose [171]. The significant enhancement in dielectric constant after exposing to

gamma ray may be attributed to the energetic gamma ray displacing the atoms

in the crystal during irradiation. This generates the vacancies and charge carriers

trapped at that sizes inducing ease of orientation of dipolar molecules. Hence, the

capacitance increases as a consequence of increase in dielectric constant and loss

tangent.

We future do an experiment to confirm that atoms in crystal were displaced

by gamma irradiation. The irradiated films were heated at temperature of 100 ◦C

for 30 min and were re-examined the capacitance. Figure 5.32 presents (a) capac-

itance, (b) dielectric constant and (c) loss tangent of SrTiO3/BaTiO3 films after

gamma radiation dose of 10 kGy and heating at 100 ◦C for 30 min. Fig. 5.33 shows

(a) capacitance, (b) dielectric constant and (c) loss tangent of SrTiO3/BaTiO3

films exposed to gamma ray at dose of 30 kGy and heating at 100 ◦C for 30

min. Our results reveal that the capacitance of both films exposed to gamma

ray significantly decreased after the films were heated. We found that the values

of capacitance of the heated film after gamma irradiation at dose of 10 kGy re-

duced to 1.74-1.80 pF and that for heated film after gamma irradiation at dose

of 30 kGy also become lower to 1.77-1.84 pF. The capacitance values of heated

films after exposing to gamma ray decreased closely to the capacitance values of

films before gamma irradiation, which was in the range of 1.69-1.78 pF (see Fig.

5.29(g)). Energetic gamma ray can affect all atoms in crystal regardless of charge

of ions due to gamma has no charge. Nevertheless, in this study we can not in-
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dicate which atoms were displaced but the lighter atom was possible to easily be

displaced. Atomic mass of Ba, Sr, Ti and O is 137.33, 87.62, 47.87 and 16.00

amu, respectively[172]. From XRD experiment done by Ornicha Kongwut and

Dr. Satreerat Hodak showed that there was no observation in shift of XRD peak

of BaTiO3 after gamma irradiation [67], namely, they found no change in lattice

parameter corresponding to tetragonal distortion. This might be due to the small

error of XRD fitting leading to a small displacement of atoms. By comparing

with Fig. 5.29 and 5.31, the dielectric constant and loss tangent of heated films

after irradiating to gamma ray at dose of 10 kGy decreased to in the range of

557-600 and 0.047-0.084, respectively. A similar result of reduction in dielectric

constant and loss tangent also found for heated films after irradiating to gamma

ray at dose of 30 kGy, which the dielectric constant and loss tangent were in the

range of 581-631 and 0.055-0.092, respectively. The observed reduction in dielec-

tric constant by heating the films may be due to the fact that the displaced atoms

by gamma ray come back to former location and leaving charge carriers trapped

at that size producing decrease in orientation of dipole molecules. Thus, the ca-

pacitance decreases as a consequence of reduction in dielectric constant and loss

tangent.
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Figure 5.30: The frequency dependence of capacitance and loss tangent of

SrTiO3/BaTiO3 films after exposure to gamma at dose of 5, 10 and 30 kGy.
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Figure 5.31: The dielectric constant of SrTiO3/BaTiO3 films as a function of

frequency with various gamma irradiations.
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Figure 5.32: The (a) capacitance (b) dielectric constant and (c) loss tangent of

SrTiO3/BaTiO3 films exposed to gamma ray at dose of 10 kGy and heating at

100 ◦C for 30 min.
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Figure 5.33: The (a) capacitance (b) dielectric constant and (c) loss tangent of

SrTiO3/BaTiO3 films exposed to gamma ray at dose of 10 kGy and heating at

100 ◦C for 30 min.



CHAPTER VI

CONCLUSION

In this thesis, we prepared SrTiO3/BaTiO3 as well as Fe-doped SrTiO3/BaTiO3

films with multilayer structure by a sol gel spin coating method. The used

substrates were chosen according to the desired applications. SrTiO3/BaTiO3

multilayer films were deposited onto ITO coated on glass substrates to inves-

tigate the optical properties. Alumina was chosen as a substrate for growing

SrTiO3/BaTiO3, Fe-doped SrTiO3/BaTiO3 as well as uniform BaTiO3 and SrTiO3

films in order to characterize the electrical properties including dielectric and gas

sensing properties.

For investigating optical properties, the operating temperature was varied

in the range of 300-650 ◦C. The maximum operating temperature limited at 650

◦C was due to avoid weakening of glass substrate. From XRD results the films

annealed above 600 ◦C showed more pronounced crystallinity with phase sepa-

rated mixture of SrTiO3 and BaTiO3 crystallites and with increasing annealing

temperature, the large grain size could be obtained. The transmission spectra of

the films were measured in the 200-800 nm wavelength range. All the films exhib-

ited optical transmittance of near 85% in the visible region. Tunable band gaps

can be obtained by varying annealing temperatures. We found that the value of

energy gap gradually decreased from 4.19 to 4.03 eV as the films were annealed at

lower temperature (300-550 ◦C) while that of the films annealed beyond 600 ◦C

was in the 3.64-3.74 eV range. The refractive index of the films was in the range

of 1.69-2.10 depending on annealing temperature and the extinction coefficient of

the films was in the order of 10−2 which indicate low optical losses with the film
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annealed at 650 ◦C showing the lowest loss.

Then we moved on to characterize gas sensing properties. The annealing

temperature was kept constant at 1000 ◦C. It was known that the gas sensing

performance is influenced by grain size and porosity which could be adjusted

through metal doping. The films were doped with Fe as concentrations of 2 wt%,

4 wt% and 8 wt%, respectively. The XAS spectra noticed Fe ions in the films

being a Fe3+ oxidation state. We further investigated the effect of Fe dopant

on the microstructure and surface morphology of the films. We observed that

the lattice parameter decreased as Fe concentration increased. Our calculated

lattice constant for undoped SrTiO3 with cubic structure was 3.902 Å while that

for Fe-doped SrTiO3 was 3.900 Å for Fe 2 wt%, 3.894 Å for 4 wt% and 3.884

Å for 8 wt%. For BaTiO3, we found that the lattice parameter was 4.009 Å,

4.008 Å, 4.003 Å and 4.000 Å with Fe doping concentration of 0, 2, 4 and 8 wt%,

respectively. The reduction in lattice constant is due to a slightly smaller size of

Fe3+ substituting into Ti4+. The FESEM results revealed that with increasing

Fe content, the surface morphology of the films had a tendency to more porous

structure and decrease in grain size of the films. The ethanol sensitivity could

be improved through increase in Fe doping content, with our films acting as a

p-type semiconductor. The sensitivity of our ethanol sensors performed the best

at 350 ◦C. The obtained sensitivity to ethanol vapor concentration in the 100-1000

ppm of the films doped with Fe 8 wt% is in the 3-10 range which is about two

times higher than that of the Fe 2 wt% doped films. This improvement in ethanol

sensing performance is may be due to with more addition of iron into the films

causing a smaller grains and more porous structures which increase the reaction

between absorbed oxygen molecules on the film surface and ethanol gases.

The last properties of BaTiO3 and SrTiO3 films which were investigated are

dielectric properties. We repeated several experiments and compared our results

with many literatures. Our results confirmed that the dielectric constant can be

enhanced through growing the films with heterostructure of BaTiO3 and SrTiO3

of which the dielectric constant as measured at room temperature without applied
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electrical field was approximately 522 at 100 kHz while that of uniform BaTiO3

and SrTiO3 films were about 280 and 188, respectively. The significate increase

of dielectric constant observed in heterostructure films is because strain induces

lattice distortion caused by the mismatch of lattice constant between BaTiO3 and

SrTiO3. In addition, the improvement in tunability also obtained with multilayer

films whereas Fe-doped heterostructure films exhibited a little lower dielectric con-

stant than that of undoped multilayer films. A new supplementary research on the

dielectric properties for BaTiO3 and SrTiO3 materials is to explore the influence of

gamma irradiation on dielectric properties. We noticed that the dielectric constant

of multilayer films significantly increased after exposure to gamma irradiation. For

example, the dielectric constant at 100 kHz operating at room temperature with-

out applied voltage increased up to 830 associated with the dielectric loss of 0.096

after irradiated to gamma ray at dose of 30 kGy. The increase in the values

of dielectric constant after presenting in gamma irradiation can be attributed to

the atoms in the crystal removed by energetic gamma ray. This creates the va-

cancies and charge carriers trapped at that size yielding easily orientable dipolar

molecules. Consequently, the capacitance increases along with the enhancement

in dielectric constant accompanied with the increase in dielectric loss.
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Appendix A

XRD database

In this thesis work, we have used the international centre for diffraction data

(ICDD) for assuring the position of the XRD peaks of BaTiO3 and SrTiO3. The

ICDD databases for BaTiO3 and SrTiO3 are shown as the following:
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 Pattern :  00-005-0626  Radiation =  1.540598  Quality :  High

BaTiO3

Barium Titanium Oxide

 Lattice :  Tetragonal

 S.G. :  P4mm     (99)

 a =  3.99400

 c =  4.03800

 Z =       1

 Mol. weight =   233.23

 Volume [CD] =   64.41

 Dx =  6.012

 I/Icor =    8.34

Color: Colorless

Additionnal diffraction line(s): Plus 10 additional reflections.

Sample source or locality: Sample from National Lead Company.

Sample preparation: Annealed at 1480 C in MgO.

Analysis: Spectroscopic analysis: <0.1% Bi, Sr; <0.01% Al, Ca, Fe, Mg, Pb, 

Si; <0.001% Mn, Sn.

General comments: Inverts to cubic form at 120 C.

Temperature of data collection: X-ray pattern at 26 C.

General comments: Merck Index, 8th Ed., p. 122.

Data collection flag: Ambient.                                  

Swanson, Fuyat., Natl. Bur. Stand. (U.S.), Circ. 539, volume 3, page 45 (1954)

CAS Number: 12047-27-7

 Radiation : CuKa1

 Lambda :  1.54050

 SS/FOM :  F30= 19(0.0490,32)

 Filter :  Beta

 d-sp :  Not given

         

 2th  

 Pattern :  00-005-0626  Radiation =  1.540598  Quality :  High

BaTiO3

Barium Titanium Oxide

 Lattice :  Tetragonal

 S.G. :  P4mm     (99)

 a =  3.99400

 c =  4.03800

 Z =       1

 Mol. weight =   233.23

 Volume [CD] =   64.41

 Dx =  6.012

 I/Icor =    8.34

Color: Colorless

Additionnal diffraction line(s): Plus 10 additional reflections.

Sample source or locality: Sample from National Lead Company.

Sample preparation: Annealed at 1480 C in MgO.

Analysis: Spectroscopic analysis: <0.1% Bi, Sr; <0.01% Al, Ca, Fe, Mg, Pb, 

Si; <0.001% Mn, Sn.

General comments: Inverts to cubic form at 120 C.

Temperature of data collection: X-ray pattern at 26 C.

General comments: Merck Index, 8th Ed., p. 122.

Data collection flag: Ambient.                                  

Swanson, Fuyat., Natl. Bur. Stand. (U.S.), Circ. 539, volume 3, page 45 (1954)

CAS Number: 12047-27-7

 Radiation : CuKa1

 Lambda :  1.54050

 SS/FOM :  F30= 19(0.0490,32)

 Filter :  Beta

 d-sp :  Not given

         

 2th  i  h  k  l

 22.039  12  0  0  1

 22.263  25  1  0  0

 31.498  100  1  0  1

 31.647  100  1  1  0

 38.888  46  1  1  1

 44.856  12  0  0  2

 45.378  37  2  0  0

 50.614  6  1  0  2

 50.978  8  2  0  1

 51.100  7  2  1  0

 55.955  15  1  1  2

 56.253  35  2  1  1

 65.755  12  2  0  2

 66.123  10  2  2  0

 70.359  5  2  1  2

 70.662  2  3  0  0

 74.336  5  1  0  3

 75.094  7  3  0  1

 75.164  9  3  1  0

 78.768  3  1  1  3

 79.472  5  3  1  1

 83.492  7  2  2  2

 86.965  1  2  0  3

 87.287  1  3  0  2

 88.069  1  3  2  0

 91.586  7  2  1  3

 92.060  12  3  1  2

 92.327  12  3  2  1

 99.494  1  0  0  4

 100.984  2  4  0  0

 103.869  1  1  0  4

 104.502  1  2  2  3

 104.991  1  3  2  2

 105.362  1  4  1  0

 108.256  3  1  1  4

 108.946  1  3  0  3

 109.733  5  4  1  1

 113.556  2  3  1  3

 114.362  2  3  3  1

 117.506  3  2  0  4



163

 Pattern :  00-035-0734  Radiation =  1.540598  Quality :  High

SrTiO3

Strontium Titanium Oxide

Tausonite, syn

 Lattice :  Cubic

 S.G. :  Pm-3m    (221)

 a =  3.90500

 Z =       1

 Mol. weight =   183.52

 Volume [CD] =   59.55

 Dx =  5.118

 I/Icor =    6.22

Sample source or locality: Sample from Nat. Lead Co.

Analysis: Spectrographic analysis: <0.01% Al, Ba, Ca, Si; <0.001% Cu, Mg.

Temperature of data collection: Pattern taken at 25 C.

Additional pattern: To replace 00-005-0634 and 00-040-1500.

Data collection flag: Ambient.                        

Swanson, H., Fuyat., Natl. Bur. Stand. (U.S.), Circ. 539, volume 3, page 44 

(1954)

 Radiation : CuKa1

 Lambda :  1.54050

 SS/FOM :  F18= 47(0.0182,21)

 Filter :  Beta

 d-sp :  Diffractometer

         

 2th  i  h  k  l

 22.783  12  1  0  0

 32.424  100  1  1  0

 39.985  30  1  1  1

 46.485  50  2  0  0

 52.358  3  2  1  0

 57.796  40  2  1  1

 67.805  25  2  2  0

 72.545  1  3  0  0

 77.177  15  3  1  0

 81.724  5  3  1  1

 86.206  8  2  2  2

 95.131  16  3  2  1

 104.154  3  4  0  0

 113.613  10  4  1  1

 118.589  3  3  3  1

 123.832  10  4  2  0

 135.422  6  3  3  2

 150.146  9  4  2  2
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Appendix B

Weight percentage calculating of

Fe doping concentrations

In this work, we chose the concentrations of Fe doping as 3, 5 and 10% by

weight. The formula for calculating weight percentages of Fe doping for BaTiO3

is presented in the equation below:

wt% =

( gFeSO4·7H2O

MWFeSO4·7H2O

gBa

MWBa

)(
MWFeSO4·7H2O

MWBaTiO3

)
×100 (1)

where gFeSO4·7H2O and gBa are weight of iron (II) sulphate and barium, re-

spectively. MWFeSO4·7H2O, MWBa and MWBaTiO3 are molecular weight of iron (II)

sulphate, barium and barium titanate, respectively. For example, for obtaining

Fe doping concentration as 10% by weight. We replaced the the value of gBa to

be 2.558 g (see subsection 4.1). The molecular weight of iron (II) sulphate, bar-

ium and barium titanate was replaced by 278.012, 173.327 and 233.240 g/mol,

respectively. So, the weight of iron (II) sulphate was 0.435 g. However, our EDS

results showed that Fe doping concentration in BaTiO3 films was found to be 8,

4 and 2% by weight whereas the Fe concentrations obtaining from our calcula-

tion were 10, 5 and 3% by weight. The smaller obtained Fe concentrations may

be due to incomplete dissolution of iron (II) sulphate in solvent during precursor

synthesis process. For calculating Fe doping concentration of SrTiO3, the symbols

gBa, MWBa and MWBaTiO3 were changed into gSr, MWSr and MWSrTiO3 , which are

weight of strontium (2.056 g), molecular weight of strontium (87.620 g/mol) and

molecular weight of strontium titanate (183.497 g/mol), respectively.
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Appendix C

Conference presentations

International presentations:

2008, T. Supasai, S. Dangtip, P. Learngarunsri, N. Boonyopakorn, A. Wisit-

soraat and S.K. Hodak. Structure and Optical Studies on BaTiO3/SrTiO3 Mul-

tilayer Films Prepared by Sol-Gel Technique. The 4th Mathematics and Physical

Science Graduate Congress, National University of Singapore, Singapore (19-20

December 2008)

2009, T. Supasai, A. Wisitsoraat and S.K. Hodak. Ethanol Sensor Based

on BaTiO3/SrTiO3 Multilayer Films Prepared by a Sol-Gel Technique, Asiasense

2009, Imperial Queens Park Hotel, Bangkok (29-31 July 2009)

2009, T. Supasai, A. Wisitsoraat and S.K. Hodak. Characterization of Fe-

Doped SrTiO3/BaTiO3 Multilayer Films and Their Ethanol Applications. The

5th Mathematics and Physical Sciences Graduate Congress, Faculty of Science,

Chulalongkorn University, Bangkok (7-9 December 2009)

2010, T. Supasai, A. Wisitsoraat and S.K. Hodak. Microstructure and

Ethanol Sensing Properties of Fe-Doped SrTiO3/ BaTiO3 Multilayer Films Pre-

pared by Sol-Gel Spin Coating Technique. The 16th International Conference on

Crystal Growth, Beijing International Convention Center, Bejing, China (8-13

August 2010)

Local Presentations:

2008, T. Supasai, S. Dangtip, P. Learngarunsri, N. Boonyopakorn, A. Wisit-

soraat and S.K. Hodak. Structure and Optical Properties of Sol-Gel Derived
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BaTiO3/SrTiO3 Film with Multilayer on ITO Coated Glass. The Science Forum

2008, Faculty of Science, Chulalongkorn University, Bangkok (13-14 March 2008)

2008, T. Supasai, S. Dangtip, P. Learngarunsri, N. Boonyopakorn, A. Wisit-

soraat and S.K. Hodak. Structure and Optical Properties of Sol-Gel Derived

BaTiO3/SrTiO3 Film with Multilayer on ITO Coated Glass. Siam Physics Congress

2008, The Mandarin Golden Valley Resort and Spa, Khao Yai, Nakorn Ratchasima

(20-22 March 2008)

2009, T. Supasai, A. Wisitsoraat and S.K. Hodak. Ethanol Sensor Based on

BaTiO3/SrTiO3 Multilayer Films Prepared by a Sol-Gel Technique. Siam Physics

Congress 2009, Methavalai Hotel, Cha-am, Phetchburi (19-21 March 2009)

2010, T. Supasai, A. Wisitsoraat and S.K. Hodak. Characterization of Fe-

Doped SrTiO3/BaTiO3 Multilayer Films and Their Ethanol Applications. Siam

Physics Congress 2010, River Kwai Village Hotel, Kanchanaburi (25-27 March

2010)
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Appendix D

Publications

T. Supasai, S. Dangtip, P. Learngarunsri, N. Boonyopakorn, A. Wisitsoraat

and S. K. Hodak, Influence of Temperature Annealing on Optical Properties of

SrTiO3/BaTiO3 Multilayered Films on Indium Tin Oxide, Applied Surface Sci-

ence 256 (2010) 4462-4467.

S. K. Hodak, T. Supasai, A. Wisitsoraat and Jose H. Hodak, Design of Low

Cost Gas Sensor Based on SrTiO3 and BaTiO3 Films, Journal of Nanoscience and

Nanotechnology 10 (2010) 7236-7238.
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Research award
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received her Bachelor Degree of Science in Physics from Mahidol University in

2002, then received her Master degree of Science in Physics from Chulalongkorn

University in 2006, and continued her Ph.D.’s study in Physics at Chulalongkorn
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