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Ag-doped CaCusTisO12 (CCTO) thin films with different doping
concentrations were prepared by a sol-gel technique. Films were grown by depositing
four layers of CCTO on alumina substrates followed by sputtering Au/Cr interdigitated
electrodes to fabricate gas sensors. The films were characterized by X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM), energy dispersive X-
ray spectroscopy (EDX) Raman spectroscopy and X-ray photoemission spectroscopy
(XPS). The films have predominantly the perovskite CCTO crystal phase with very
small amount of TiO, secondary phases. In this thesis, both undoped CCTO and Ag-
doped CCTO thin films were tested for selective sensing to H2S gas relative to NHs,
H>, NO2 and ethanol vapor. For characterizing gas sensing properties of the films, gas
concentrations in the range of 0.2-10 ppm were used with operating temperatures
ranging from 150 to 350 °C. When compared to undoped CCTO sensor, the Ag-doped
CCTO sensors presented much higher response. The best sensor response towards HzS
was found in 0.9 wt% Ag-doped CCTO film and at the optimum operating temperature
of 250 °C. The highest response of the sensor based on the 0.9 wt% Ag-doped CCTO
film to 10 ppm of H.S is approximately 99 which is ten times than that of a sensor based
on undoped CCTO film. The doped film sensor also showed stability and relatively
short response and recovery times. It is found that Ag plays a role promoting the
adsorption as well as the catalytic oxidation of H>S. Therefore, Ag-doped CCTO films
with small doping concentration constitute an excellent candidate for developing H2S
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CHAPTER I
INTRODUCTION

1.1 Thesis motivation and literature review

Nowadays, air pollution becomes a significant threat to human life due to
increasing vehicle and industrial emissions. Various environmentally harmful gases
including greenhouse gas and toxic gases such as hydrogen sulfide (H2S), hydrogen
(H2), methane (NHs3), nitrogen dioxide (NO-), and ethanol vapor can be occurred in the
air. These gases can be effected on human health and the environment. Table 1.1 shows
the source of listed air pollutant gases, their the toxicity and the threshold limit values
(TLV). TLV is defined as the maximum concentration of a chemical allowable for
repeated exposure without producing adverse health effects. In addition, long-term
exposure to air pollution can cause cancer and damage to the immune, neurological,
reproductive, and respiratory systems. In extreme cases, it can even cause death.
Therefore, gas sensors are investigated to supervise air quality in order to ensure the

maximum safety for the human life.



Table 1.1: Health effects of air pollutant gases.

by petrochemical

processes.

Gas Source of Toxicity to human and TLV Ref

production environment

H2S Mines, petroleum Headache (2 ppm), eye irritation 10 [1, 2]

fields and natural gas (10-20 ppm), lung irritation (100 ppm
production ppm), pulmonary edema (300 ppm),
death within 5 min (800 ppm)
H. Natural gas, oil, coal | The risk of unconsciousness or death | No [3, 4]
and water (High concentrations), dangerous data
gas for transport and storage
(explosion ~15,000 ppm)
NH3 Agriculture, Respiratory irritation, eye 35 [5]
industry, refrigerant | irritation and pulmonary edema | ppm
and chemistry (more than 1,000 ppm)

NO2 The smoke from Lung and respiratory diseases 3 [6, 7]
power plants, ppm
manufacturing

factories, furnaces
and fuel burning
devices
Ethanol Fermentation of Irritation 1,000 [8]
vapor | sugars by yeasts or ppm




In recent years, gas sensors for the detection of gaseous molecules have attracted
much attention. The goal of gas sensor research is to create the detection with a group
range of gases or specific type of gases. Detection the quantity of gases is important
for security and gas control. It would be expected to be useful for many applications
such as food processing, environmental remediation, agriculture, medical diagnostics
and defense [9]. The semiconducting metal oxide gas sensors such as ZnO, SnO, TiO;
and WOs are found to be a potential candidate because of simple fabrication, their ease
of use, low cost and robustness [10]. Their gas sensors can be utilized to detect
combustible, reducing, or oxidizing gases. In addition, the gas sensing performance
enhanced remarkably when the metal oxide materials were doped with metal catalysts.
Table 1.2 summarizes the recent work in the metal oxide materials in different forms
such as nanoparticles, nanofibers, nanorods, mesoporous, thin to thick films, and

ceramics with the noble dopants for the gas sensing study.

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

sensors towards target gases.

Target Materials Methods Operating Concentration Sensor Ref.
gas Temperature (ppm) response
(°C) (no unit)
H2S 2 wt% Ag doped Chemical 160 100 ~50 [11]
a-Fe203 Coprecipitation
(nanoparitcles)
0.5 mol% Ag- Using three 75 10 ~5 [12]
loaded WO3 dimensional
(mesoporous) cubic KIT-6
4 molar% Ag- Sol-gel 150 10 ~1 [13]
doped x-
F8203/Si02
(thin films)
0.38 wt% Ag- Standard 100 10 40,010 [14]
Doped In,03 screen-printing
(nanoparticles) technique
Ag/TIO; Electrospinning 350 10 240 [15]
(nanofibers) technique




Target Materials Methods Operating Concentration Sensor Ref.
gas Temperature (ppm) response
(°C) (no unit)
H2S Ag-Catalyzed Glancing angle 300 5 66.67 [16]
Sn0; deposition
(thin films)
0.44 wt% Ag Screen-printing 300 100 151 [17]
doped ZnO technique
(nanowires)
0.1 wt% V- Flame 350 5 550 [18]
doped SnO, spray pyrolysis
(nanoparticles)
0.5 wt% Mo- Flame 250 10 75 [19]
doped SnO, spray pyrolysis
(nanoparticles)
0.50 wt% Ru- Hydrothermal 350 5 115 [20]
WO3 and
(nanorods) impregnation
0.5 wt% Rh Flame 300 10 30 [21]
doped SnO, spray pyrolysis
(nanoparticles)
1 wt% Pd loaded Precipitation 150 10 6 [22]
WO3 and
(nanoparticles) impregnation
methods
H> Ag-decorated The 300 100 ~4 [23]
SnO carbothermal
(nanoparticles) reduction
method
Pd-decorated The 300 100 ~13 [23]
SnO carbothermal
(nanoparticles) reduction
method
CuO-modified Screen printing 400 1,000 263.42 [24]
tin titanate : technique
SnogTio.202
(thick film)
WO; Soft-template 200 50 1.16 [25]
(nanoparticles) method
Pd-decorated Soft-template 200 50 115.28 [25]
WO3 method
(nanoparticles)
Ag-decorated Soft-template 200 50 2.31 [25]
WO3 method
(nanoparticles)
Au-decorated Soft-template 200 50 9.34 [25]
WO3 method
(nanoparticles)
Zn0O Electrospinning 350 10 109.1 [26]
(nanofibers) technique
Sno; Electrospinning 350 10 5.9 [26]
(nanofibers) technique




Target Materials Methods Operating Concentration Sensor Ref.
gas Temperature (ppm) response
(°C) (no unit)
NHs; | 2 wt% Ag doped Chemical 160 1,000 ~2 [11]
a-Fex0s3 Coprecipitatio
(nanoparitcles) n
0.5 mol% Ag- Using three 75 10 ~2 [12]
loaded WO3 dimensional
(mesoporous) cubic KIT-6
4 molar% Ag- Sol-gel 150 10 ~6 [13]
doped -
F8203/3i02
(thin films)
0.38 wt% Nano Standard 100 100 0.3 [14]
Ag-Doped In,O3 | screen-printing
(nanoparticles) technique
0.44 wt% Ag Screen- 300 100 3.6 [17]
doped ZnO printing
(nanowires) technique
0.5 wt% Mo- Flame 250 2,000 2 [19]
doped SnO, spray pyrolysis
(nanoparticles)
0.50 wt% Ru- Hydrothermal 350 100 2 [20]
WOs3 and
(nanorods) impregnation
1 wt% Pd loaded | Precipitation 150 1,500 5 [22]
WO;3
(nanoparticles)
NO; 4 molar% Ag- Sol-gel 150 10 ~1 [13]
doped -
F6203/Si02
(thin films)
0.1 wt% V- Flame 350 5 30 [18]
doped SnO, spray pyrolysis
(nanoparticles)
0.5 wt% Mo- Flame 250 10 7 [19]
doped SnO, spray pyrolysis
(nanoparticles)
0.50 wt% Ru- Hydrothermal 350 5 2 [20]
WOs; and
(nanorods) impregnation
0.5 wt% Rh Flame 300 5 10 [21]
doped SnO, spray pyrolysis
(nanoparticles)
1 wt% Pd loaded | Precipitation 150 5 2 [22]
WOs; and
(nanoparticles) impregnation
methods
Cu, Zn two- One-step 110 50 160 [27]
element doped hydrothermal
SnO; octahedral method

(nanoparticle)




Target Materials Methods Operating Concentration Sensor Ref.
gas Temperature (ppm) response
(°C) (no unit)
Ethanol Cu, Zn two- One-step 110 50 210 [27]
vapor element doped hydrothermal
SnO; octahedral method
(nanoparticles)
V705 Direct seed- 250 100 4 [28]
hierarchical induced
structure hydrothermal
networks growth
(nanoparticles)
Zn0 Simple low- 320 200 35 [29]
(nanorods) temperature
hydrothermal
process
Ag@TiO, Chemical 25 5 4.35 [30]
(nanoparticles) reduction and
the reverse
micelle sol-gel
method

H>S is a colorless and toxic gas which has a very distinct odor even at very low
concentrations. H»S is quite ubiquitous in nature and very important in a variety of
areas. Detection and quantification of H,S is important in occupational safety and
health. Because the olfactory response ceases to recognize the presence of H.S after a
short exposure regulations for the maximum permitted air concentration are on the
order of 10 ppm for and eight hour exposure [31]. Monitoring the H2S content is of
industrial relevance, spanning the food, oil and construction industries. The food
industry relies on detection of unpleasant smells that deteriorate the organoleptic
character of food, and it may even be used to monitor its decomposition [32]. In the oil
industry, sulfur is a well-known poison for the catalytic production of light hydrocarbon
[33]. The degradation of concrete structures is determined by the concentration of H2S
which at levels as low as 2-10 ppm leads to corrosion rates on the 1-5 mm per year in
sewers causing nearly half of the sewer maintenance costs [34, 35]. In recent years H,S

in exhaled air is emerging as a useful biomarker in diagnosis and treatments for asthma



and other diseases [36, 37]. In all these applications H>S gas needs to be detected in
sub-10 ppm concentrations, which often contain higher concentrations of other gaseous
components. For example sewers contain among other gases CO, CO,, ammonia and
methane [34], while exhales air may contain ammonia or NO [37]. It becomes clear that
highly selective detection of H2S on scales lower than a few ppm is critical for human
health, industry and environmental care.

As seen from Table 1.2, various materials, which are synthesized in the different
forms are used as active layers in such gas-sensing devices [10]. Based on the discovery
in our laboratory not a long ago, calcium copper titanate (CaCusTisO12: CCTO)
contains copper ions in its structure which is capable of interaction with sulfide.
Therefore, it may be expected that changes in the band occupancy of CCTO can occur
by adsorption of sulfide, leading to the basal electrical response of CCTO to H»S gas.
CaCusTisO12 (CCTO) has been explored as an alternative candidate to conventional
metal oxides for gas-sensing application. CCTO is relatively few investigated as gas-
sensing materials [38, 39]. For example, single-phase CCTO thin films were prepared
with the polymeric precursor method on alumina substrates. The gas sensing response
indicated that CCTO film has high sensor response and selectivity to oxidizing gases
and that CCTO films have n-type conductivity [38]. In the other research work, CCTO
thin films were prepared by sol-gel method, tested as gas sensors for oxygen, showed
n-type conductivity, good sensor response and relatively short response times [40]. In
the report of Pongpaiboonkul et, al., the resistance of CCTO thin films sensors rapidly
decreased after exposing H>S which confirmed a typical n-type semiconducting
behavior towards a reducing gas. In particular, 9 wt% (~3 at%) Fe-doped CCTO films

constitutes an excellent candidate for developing H.S sensors operating at low-



temperatures of 250 °C, which was more than one order of magnitude higher than that
of the undoped CCTO sensor [41].

Furthermore, in the report of Wang et al., CCTO/Ag (composites) were
prepared by sintering throughly mixed single phase CCTO powder and different
amount of Ag substances from Ag.O powder. Single phase CCTO powder was
synthesized by the solid-state reaction method [42]. The samples were found to consist
of Ag deficient insulating surface layers and Ag rich more conductive inner part [42].
With increasing Ag weight fraction, the surface layer becomes thinner and dielectric
measurement reveal that apart from the distinct dielectric features for pure CCTO
another dielectric relaxation appears near room temperature [42]. It showed that several
Ag substances can be added into the CCTO precursors. Silver is arguably one of the
best candidates for doping a material towards sensing sulfur containing compounds by
means of its very strong interaction with sulfur. This strategy has been successfully
applied to other gas sensing materials. Research done by Korotcenkov et al. showed
that the surface modification using Ag nanocluster deposition on the SnO> surface is
effective for optimizing sensor parameters in improving the sensor response of SnO: to
CO and H: operating in atmospheres containing oxidizing gases [43]. Another research
work focused on an optical sensor for hydrogen sulfide (H.S) gas at room temperature
based on the chemical reaction of silver nanoparticles (Ag NPs) with H>S [44]. Thus,
in this thesis | will synthesis Ag-doped CCTO films by sol-gel method. My expectation
is to fabricate Ag-doped CCTO film gas sensors by obtaining low response rate and
still remaining high selectivity towards H>S. Therefore, it is interesting to investigate
the effect of Ag-doping CCTO thin films towards various gases and finally to compare

with that of Fe-doped CCTO thin films.



1.2 The aims of the thesis

1. To synthesize Ag-doped CaCusTisO12 (CCTO) thin films on silicon and
alumina substrates by a sol-gel technique using different Ag compounds.

2. To characterize the crystal structure and the surface morphology of Ag-doped
on CCTO films by X-ray diffractometry and field emission scanning electron
microscopy, respectively.

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

4. To identify the vibration modes of molecules in the Ag-doped CCTO thin
films by Raman spectroscopy.

5. To fabricate Ag-doped CCTO thin film devices for application based on their
gas sensing properties and compare the gas sensing result with undoped and Fe-doped

CCTO devices.

1.3 Scope of the thesis

In this thesis, the experiment concerning Ag-doped CCTO thin films were
prepared by the sol-gel method on alumina substrates along with determination of the
gas sensing performances of these films. The different Ag substances such as silver
acetate (AgCH3CO2, MERCK) and silver perchlorate (AgClOs) were added into the
precursor solution and also the concentration of Ag was varied. Undoped CCTO and
Ag-doped CCTO thin films were sputtered with metal electrode as coplanar patterns
for detection the quantity of gases. The effect of Ag doping on gas-sensing properties

of CCTO films is characterized towards various gases in order for selectivity and sensor



10

response such as H>S, NH3, H2, NO2 and ethanol vapor. The main focus on the gas
sensing part will be the enhancement H>S-sensing performances with Ag-doping in
CCTO thin films. Furthermore, a set of films was cast on silicon substrates for material
characterization. The CCTO films were structurally characterized by X-ray diffraction
(XRD) and Field emission scanning electron microscope (FESEM). Energy dispersive
X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy were used to support the evidence of chemical compositions of resulting

CCTO thin films.



CHAPTER 11
THEORETICAL BACKGROUND

2.1 Calcium Copper Titanate: CaCusTi4012 (CCTO);
undoped and Ag-doped CCTO

The titanate compound CaCusTisO12 (CCTO) belongs to family of the type,
ACusTisO12 (where A = Ca, Ba, Sr) [45]. CaCusTisO12 (CCTO) was first synthesized
in 1967 by Alfred Deschanvres and his coworkers [45]. The pseudo perovskite structure
of CaCusTisO12 material with cubic structure is caused by octahedral tilting distortion
[46]. The dielectric properties of CCTO were discovered by Subramanian and his
coworkers in 2000 [47]. They have attracted considerable interest for inventing
microelectronic devices because of its giant dielectric constant of about 10%-10° in the
temperature range of 100-600 K [48]. Nowadays, there is continuous demand for
miniaturization of electronic devices, and interest to develop capacitor materials with
high dielectric constant and low loss tangents for applications in microelectronic
devices [45, 49]. Therefore, CCTO are widely used for electronic industries, mainly as
capacitors, memory devices, power systems and the automotive industry [45].
Furthermore, the electronic conductivity of CaCusTisO12 (CCTO) materials varies with
the composition of the gas atmosphere surrounding them [38]. It has been explored as

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

CaCusTisO12 material has a complex perovskite structure with the space group
of Im3 and the lattice parameter of 7.391 A [45]. It is well known for their ability to
produce high dielectric constants which has led to many important applications. The
crystal structure of CCTO is centered cubic with four ATiO3 perovskite-type formula
units per primitive cell where A is either Ca or Cu. The crystal structure of CCTO is

shown in Fig. 2.1.

Figure 2.1: Structure of CaCusTi4O12 (CCTO), showing tilted oxygen octahedra.

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

As is evident from Fig. 1, the Im3 structure of CCTO can be obtained from an
ideal simple-cubic CaTiOz perovskite by substituting 3/4 of the Ca ions by Cu in a bcc
pattern and rotating each TiOs octahedron by a fixed angle about one of the four axes
[45, 50]. In CCTO, the Ca?* is dodecahedrally coordinated by oxygen ions, while the
Cu?* is in square-planar coordination (oxygen as the nearest neighbor) and the Ti**
coordinates six oxygen ions in a slightly distorted octahedron. A tilting of the TiOe

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

a wide range of temperatures [45].

2.1.2 Dielectric properties of CCTO

In recent years, the giant dielectric materials have been exhibiting an important
significant role in microelectronic devices such as capacitors and memory devices. This
is because such devices often require materials with high dielectric constants and low
loss tangents. These properties depend upon the particle size, surface morphology and
processing conditions (such as the oxygen partial pressure, sintering temperature, and
cooling rate), an intrinsic mechanism for the giant dielectric constant seems to be
excluded. The high dielectric properties of CCTO are different from classic
ferroelectric or relaxors, which show a high dielectric constant near its Curie
temperature (associated with change in crystal structure).

In general, the behavior of the high dielectric constant based on the giant
dielectric materials can be explained by an internal barrier-layer capacitor model (IBLC
model) and Debye-like relaxation behavior. The origin of the high dielectric constant
in CCTO has two effects (intrinsic effects and extrinsic effects) on dielectric properties
[45].
2.1.2.1 Intrinsic effect

Recently, the perovskite-like body centered cubic material CaCusTisO12
(CCTO) was reported to have a high dielectric constant of 10*-10° at a wide range of
temperatures from 100 to 600 K. However, the dielectric constant decreased in the
factor of 100 at temperatures below 100 K along with a broad peak in the loss tangent.
Debye model was used to explain the dipolar relaxation process where the dielectric

constant is expressed by the Equation (2.1).
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(2.1)

where PyT = €, — €4, Py IS the dipole moment, &, and e are the dielectric
constant at low frequency and the dielectric constant at high frequency, respectively.
And t is the relaxation time. The intrinsic properties means that the large dielectric
response would be present in a perfectly stoichiometric, defect-free, single-domain
crystal of CCTO. In CCTO, the dielectric constant and polarizability are enhanced by
tension in Ti-O bonds because a tilting of the TiOs octahedra was accommodated by
Cu?* square planar coordination [51].
2.1.2.2 Extrinsic effect

For the extrinsic effect, internal barrier layer capacitance (IBLC) has been
employed to explain the observed giant dielectric response. Internal microstructure of
the giant dielectric materials was established to explain the large capacitance behavior
[52]. The effects caused by conductive grain and insulating barrier-layer (grain

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

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

represented schematically by cubes (solid lines).
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From Fig. 2.2, the typical IBLC structure for CCTO materials, it can be
calculated the total capacitance from each capacitance (Ci) in CCTO. We can be

assumed that dg > tgb,

2
EgpEod
Ci= g g

T (2.2)

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

typ Is boundary layer thickness

gqp Is dielectric constant of insulating barrier-layer (grain
boundary)

_ €gb€odg

o (2.3)

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

EyE . X =
From C = rTO, t is the total vertical thickness of IBLC structure and the colossal

dielectric constant (e,.) of heterogeneous electro-ceramic material can be revealed as

the Equation below.

€gbdg
2l hia 2.4)
gb

It can be easily understood that the bigger grain size (dg) with thinner grain
boundaries (smaller tgp) in the samples affect higher dielectric constant (&,.) as extrinsic
effect. Each grain boundary or grain type contribution is described by one RC circuit

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

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

(Rg, Cy) and the grain boundary (Rgs, Cgp).

CCTO grains exhibit as n-type semiconducting behaviors with boundary phases
of p-type carriers consisted of CuO. Research done by Jung-Hyuk Koh et al. showed
that the resulting Ag-doped CaCusTisO12 powders were analyzed in terms of the
dielectric properties and sintering temperature. Impedance spectroscopy indicates that
grain and grain boundary resistances of the 2 mol% Ag-doped CCTO ceramics has been

decreased compared with the undoped CCTO ceramics [54].

2.1.3 Gas sensing properties of CCTO

Gas sensing mechanisms of CCTO sensors towards different concentrations of
test gases in purify air. From previous research, Felix et al. have reported that CCTO
thin films are a typical n-type semiconducting behavior which can be explained as
following [38, 41]. The most accepted mechanism is associated to the transfer of free
charge carriers between the semiconductor surface and the absorbed molecules. The
mechanism of the n-type semiconductors with oxygen as the analyte gas called the
ionosorption model. Recently, a theoretical study has proposed that oxygen vacancy
defects can react with crystal defects and that can affect the electronic structure of

CCTO, depending on the oxygen regime during the synthesis conditions [38]. It can be
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leaded to a different conductivity type and identified the oxygen-related intrinsic effects
while film processing as the main mechanism responsible for ruling the type of gas
sensing response and conductivity in CCTO thin films.

In the previous work done by the previous Ph.D. student in our laboratory, Fe-
doped CCTO showed fascinating gas sensing properties towards H>S against NHs, CO,
C2Ha, CHys, ethanol and NO: including the ability to detect low concentration of H,S
[41]. CCTO contains copper ions in its structure which is capable of interaction with
sulfide. Therefore, it may be expected that changes in the conduction band occupy of
CCTO can occur by adsorption of sulfide species leading to the change in its electrical
properties. Even pure CCTO thin films could selective and sensitive to H»S gas but the
sensor response is quite moderate (~ 10). These studies have shown that the sensor
response of 9 wt% Fe-doped CCTO films towards H.S increased 10 times (~ 126)
relative to pure CCTO [41]. The details of H.S gas sensing data and the mechanism

will be explained in Section 2.3.4.

2.2 Sol-gel process

Sol-gel process is a wet-chemical process for producing solid materials from
small molecules. This method is used for the fabrication of metal oxide materials e.g.
ceramics, thin films at low temperature. Sol-gel process consists in the chemical
transformation of a liquid (the sol) into a gel state and with subsequent post-treatment
and transition into metal oxide material. The main benefits of sol-gel processing are the
high purity and uniform nanostructure achievable at low temperatures. It based on
control of hydrolysis, water condensation and alcohol condensation reactions as seen

in the Equations (2.5)-(2.7),
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Hydrolysis:
M—-—0—-R+ H,0 > M—-0OH+R—-0H (2.5)

Water condensation:

M—0H +HO —M > M—0—M — H,0 (2.6)

Alcohol condensation:

M—OH—-R +HO —M - M—-0-M+R-0H (2.7)
where M is a metal, -OR is an alkoxide groups and -OH is hydroxyl group.
During the hydrolysis reaction, the alkoxide groups (-OR) are replaced with the
hydroxyl group (OH) through the addition of water. Subsequent condensation reaction
involving M-OH group produces M-O-M bonds with product of water (water
condensation) or alcohol (alcohol condensation) [55]. From these Equations, it can be

leaded to the formation of a sol.
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Figure 2.4: Schematic illustration of the different stages and routes of the sol-gel
technique.
Figure 2.4 shows that the sol can be applied with the different stages and routes

of the sol-gel process. Thin films, normally less than 1 um in thickness, could be
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formed by dipping or coating without cracking [56]. In this thesis, | focus on spin
coating technique for thin films preparation. The sol is produced by spin coating and
deposited on substrates for various applications that be used. After that, the drying and
sol-gel densification are used to the films formation. These processes will be explained
in the next sections.
2.2.1 Spin coating

Spin coating is used for making a thin coating on relatively flat substrates. There
are three phases (spin-up, spin-off and evaporation) of spin coating process. These

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

Airflow

Radial
liquid flow

Radial
liquid flow

Disk E'\ __;Jl> film

Angular velocity

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

For the spin-up phase, the substrate is accelerated to the final rotation speed in
0.5-2 seconds and the final rotation speeds in the range of 500-10,000 rpm (usual 2,000-
5,000 rpm). Spin-up removes most of the solution which has been initially deposited
on the substrate. In the spin-off phase, high-speed spinning casts solution off from the
edge of the substrate. Centrifugal rotation forces are balanced by viscous dissipation

effect of the solution. Then, spin speed that actually slow down because the coating
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thickness is reduced. Edge effects are often seen because the fluid flows uniformly
outward, but must form droplets at the edge to be flung off. Thus, there may be a small
bead of coating thickness difference around the rim of the final wafer. It depends on the
surface tension, rotation rate, viscosity, etc. At the last phase, the evaporation of any
vaporing solvent species will become the important process occurring in the spin
coating process. Evaporation starts to remove only the solvent. The viscosity of the film
increases when the solvent may be removed to a certain extent in the spin-off stage
[58].

In addition, the interaction between substrate and solution layer are strongly
compared than interaction between solution surface layer and air. The film thickness
can be simplified to the form h « w~2/3 where h is film thickness and w is spinning
speed [58, 59]. Furthermore, it depends on viscosity and solution concentration. After
spinning is stopped many applications require that heat treatment or “Drying” of the

coating be performed.

2.2.2 Drying

The gel has a high ratio of water and three dimensional inter-connected pores
inside the structure. Before the pore is closed during the densification process, drying
is needed to remove the liquid trapped in the interconnected pores. The stages of drying
in details can be discussed in the factors affecting stress development of various
strategies for avoiding warping and cracking. The first stage of drying is called the
constant rate period (CRP). The gel is still flexible and shrinks as liquid evaporates.
The second stage, critical point, the gel becomes stiff and resists further shrinkage, the

liquid begins to recede (contact angle, 6) into the pores (radius, a), the tension (P) in
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the liquid is defined to

2ycos @

P= (2.8)

a

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

Py = Do€Xp (%) (2.9)
where 1}, is the molar volume of the liquid and P is the tensile stress in the liquid

The third stage is called the first falling-rate period (FRP1). The rate of
evaporation decreases and the temperature of the surface rises above the wet-bulb
temperature. A thin liquid film remains on the pore walls and flows to the surface. At
the same time, some liquid evaporates within the unsaturated pores and the vapor is
transported by diffusion [60].

At the last stage, drying is said to enter the second falling rate period (FRP2),
where evaporation occurs inside the body as shown in Fig. 2.6. The temperature of the
surface approaches the ambient temperature and the rate of evaporation becomes less
sensitive to external conditions (temperature, humidity, draft, etc.). Since evaporation
occurs inside the body (at the pendular-funicular boundary), the surface rises above the
wet-bulb temperature. The vapor pressure increases with the temperature, so the
concentration gradient may cause some diffusion toward the interior. The ambient

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

[60].

2.2.3 Sol-gel densification

The final process of the sol-gel technique is densification. The densification
process will be done by heating the sol-gel thin film with high temperature in order to
make a smoother and compact surface. After the sol-gel materials were annealed at high
temperature, the pores were eliminated and the density of its became equivalent. In the
previous study, the most obvious physical change that occur when a gel is heated above
room temperature for a multicomponent borosilicate gel during heating at 0.5 °C/min
[61]. Densification stages are shown in Fig. 2.7. The densification curve in the Fig. 2.7
is composed of three distinct portions. In stage I, the weight loss occurs with small
shrinkage below the temperature of 200 °C. In stage I, both shrinkage and weight loss
are substantial at the temperature in the range of 150-700 °C. When the pores are
completely in the closed form that interconnected pore charnels are closed off isolating
porosity above 500 °C, the rate of densification is reduced as shown in the final stage

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

connection of the pores.
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Figure 2.7: Densification stages with fractional linear shrinkage and percent weight

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

2.3.1 Working principle of gas sensor

Gas sensors are devices that can transform the chemical signature of an analytic
gas into an electronic signal and are one of the important components of electronic nose
technology. At the beginning of the sensing measurement, the sensor is exposed to pure
air exhibited a high resistance due to the reaction between the chemisorbed oxygen on
the surface and electrons from conduction band. It can be explained by physical
adsorption process in the Equation (2.10) and chemical adsorption in the Equations
(2.11)-(2.13).

0,(gas) < 0,(ads) (2.10)

0,(ads) + e~ (conduction band) < 0, (ads) ;T <200°C (2.11)
05 (ads) + e~ (conduction band) < 20~ (ads) ;200°C<T<400°C (2.12)
0~ (ads) + e~ (conduction band) & 0% (ads) ;200°C<T<400°C (2.13)

When the metal oxide sensors are exposed to pure air, oxygen molecules can be
adsorbed on the surface of sensor as a donor or acceptor of charge carriers (Receptor
function). Because of the strong electronegativity of oxygen atom, electrons from
conduction band of metal oxide materials react with the adsorbed oxygen molecules to
produce ionized oxygen species such as 0, , O~ [62]. These Equations depend on
operate temperature that the adsorbed oxygen molecules receive one negative charge
as shown 0, (ads) at low temperature between 150 and 200 °C. And it is considered
as dissociative atom as seen 0~ (ads) and 0%~ (ads) at high temperature between 200
and 400 °C. The electron concentration would be decreased in the chemical adsorption

process. Schematic diagram of band bending after chemisorption of charged species is
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shown in Fig. 2.8 where Ec, Ev, and Er denotes the energy of the conduction band,
valence band, and the Fermi level, respectively, while Aair denotes the thickness of the

space-charge layer, and eV surface denotes the potential barrier.
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Figure 2.8: Schematic diagram of band bending after chemisorption processes.

It can be seen that the resistance of metal oxide sensors increase. After the test
gases was flowed into the reaction chamber, the test gas molecules could be
chemisorbed on the surfaces of them according to gas sensing mechanism in the
Chapter 5.

If we focus on reaction with a reducing gas, the working principle of the gas
sensors is schematically shown in Fig. 2.9. The oxygen adsorption and reaction with

a reducing gas occurs on the surface.



26

Reducing gas

Adsorbed
— - oxygen

X \
6 ° ‘Depletion of ©

Conduction €lectrons

band electrons _-eVs in the presence
/ of reducing gas

- " e--"- T omam == = e

Figure 2.9: Schematic of metal oxide gas sensor where the oxygen and reducing gas

can penetrate to interact with each grain [63].

2.3.2 Characteristics of metal oxide gas sensor

In the previous section, the gas sensing mechanism was explained by the
ionosorption model. This section, the change of the sensor resistance upon exposure to
the target gas in the case of n-type and p-type metal oxide sensors is considered. There
are two cases on the characteristics of metal oxide gas sensor.

The first case, oxidizing gas will be considered. It can be reacted with the
oxygen ion and keep the electron at the surface and the electron concentrations in the
metal oxide will be decreased. In the n-type metal oxide sensors, the majority of carriers
are electrons and the conductance decrease after being exposed to oxidizing gas. For
the p-type metal oxide sensors, the majority of carriers are holes. The electron
concentrations in the metal oxide will be increased. Therefore, the conductance of p-
type metal oxide sensors will increase after being exposed to oxidizing gas.

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

The electrons obtained from the chemical reaction in the adsorbed oxygen ion forming
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process are given back to the conduction band as shown in Fig. 2.10 below. In the n-
type metal oxide sensors, these electrons will increase the carrier concentration and
affect to a decrease in the resistance of sensors. For the p-type metal oxide sensors, the
electrons go back in to the valence band and recombine with the holes that results in

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

Adsorbed tar.get gas Adsorbed tasget gas
oxygenion oxygenion
L e Ya
\ e‘ \D e_
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A
3 ( )
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Valence band O ®
Gasin Oxygen
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= K
3 2
« |Oxygen 7 e
ambient : / asin

n-type MOS sensor p-type MOS sensor

Figure 2.10: Schematic diagram for change of the sensor resistance upon exposure to
the target gas (reducing gas) in the case of n-type and p-type metal oxide gas sensors
[64].

Gas-sensing performances could be described in terms of the response time, the
recovery time, the sensor response and the selectivity. The response time and recovery
time are defined as the time that they are different sensor signals between 90% of its
steady state and 10% of the initial value (after exposure to the target gas). Figure 2.11
shows a typical signal of a sensor made from n-type semiconductor illustrating the

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

considered to be efficiency.
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Figure 2.11: A typical signal of a sensor made from n-type semiconductor under

reducing gas as a function of time.

2.3.3 Strategy for improvement of gas sensing performance

Surface decoration with noble metal is a powerful method for improvement of
gas sensing performance. The working principle of dopant for enhancing the gas
sensing performance of pure metal oxide could be described in the catalytic effect.

To provide k, < k_4, the rate of reaction of adsorbed A molecules is much
greater than the rate of desorption of unreacted A. Surface reactions can often be

explained by the mechanism,

k k
A(g) {:1) A(ads) = Products
Ky (2.14)
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For unimolecules, the rate of product formation is k,0, where ©, is the surface
coverage of A that is number of adsorption sites occupied. The rate of surface reaction

(k,-) can be written in the Equation 2.15.

k2KaPa
1+ KgqP4g

kT = k2®A = (215)

where Py is partial pressure of A, K, is the adsorption equilibrium constant. The simple
Langmuir isotherm equation for adsorption of a single adsorbate on a single-site surface
is still frequently applied to ion-exchange reactions [65]. It can be used to determine
0,4, giving

KaPa

0, = —Aaf4_ (2.16)

1+ KaPy
From the Equation 2.16, the rate of reaction is considered by two limiting rate
laws, corresponding to the two extreme behaviors of the Langmuir isotherm:
1. At low pressure (P4 — 0), 04 is very small.
k, = k,0, = K;K,Py (2.17)
2. At high pressures 0, is approximately equal to unity, and the reaction is zero
order
k, = k, (2.18)
For biomolecules, the reaction occurs between two molecules which adsorb on
different types of surface sites. If we concern the reaction with adsorbed oxygen

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

ko
A(ads) + 05 (ads) - Products (2.19)

The reaction rate (k,) is then,

) (220)

1+ KaPa” 1+ Ko3 Poj

ky = k2®A@02‘ = ky(
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where 0, is constant, giving
k, = (const.)k,0, (2.21)
ky = kerrOy (2.22)
From the Equation 2.22, it is a linear function with the effective response rate
(kesr) that be the slope of this function. The dependence of the effective rate on the
noble metal doping concentration represents the reaction order on the catalyst in a

chemical kinetic sense.

2.3.4 Gas-sensing performances with Fe-doping in CaCusTi4O1. thin

films

In the report of Pongpaiboonkul et, al., the selectivity of CCTO sensors were
assessed toward HzS, NHz, NO2, C2Hs0H, CO, CH4 and CH». Fe dopants greatly
enhanced the sensor response and selectivity to H.S as shown in Fig. 2.12. At high H2S
concentration of 10 ppm, the response time decreases from ~40 s to ~8.5 s and the
recovery time reduces from ~1100 s to ~500 s as the input Fe-doping level increase

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

The roles of Fe-dopant on gas-sensing mechanisms of CCTO sensor may be
explained based on electronic and catalytic effects of substitutional p-type Fe dopants.
Generated electrons in conduction band according to the defect reaction represented in
Kroger—Vink notation can be described in the Equation 2.23,

0% = V5" +2e' +20, (2.23)
where 03, V5, e'and O, are oxygen site, oxygen vacancy, electron with a single
negative charge and oxygen gas, respectively.

Near surface, the CCTO structure interacts with oxygen gas. Some of adsorbed
oxygen ions can interact with oxygen vacancies in the lattice. With Fe doping, Fe**ions
substitute on to Ti** sites. The substitution results in the creation of oxygen vacancies
which will accept oxygen gas in air while sintering. It can be explain in Equations 2.24-

2.25.
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Fe,05 — 2Fer; + 305 + V;° (2.24)

V' + 20, > 2h" + 0F (2.25)
where Fe, 03, Fer;, and h* are the quasi-Fe, 05 dopant molecule, Fe-Ti substitutional
site and hole, respectively. The generated holes will recombine with existing electrons,
leading to the annihilation of electrons and the increase of electrical resistance.

When exposing the CCTO film to H.S (reducing gas), H>S molecules will
adsorb on the sensor surface according to the following Equations 2.26-2.27,

H,S + 30~ (ads) - S0, + H,0 + 3e” (2.26)
H,S + 30? (ads) —» SO, + H,0 + 6e~ (2.27)

The electrons from the surface oxygen species will be released into CCTO
conduction band. In addition, Fe dopant in CCTO could be an effective catalyst that
can selectively enhance the reducing reaction and response rates with H>S according
to:

FeO,+ x-H,S - FeS, +x-H,0 (2.28)

FeSy +>x0; = FeOy+ x-S0, (2.29)



CHAPTER IlI
CHARACTERIZATION TECHNIQUES

For material characterization, we will focus on X-ray Diffraction (XRD), Field
Emission Scanning Electron Microscopy (FESEM), Raman Spectroscopy, X-ray
Photoelectron Spectroscopy (XPS) technique. These characterization techniques will
be explained with the working principle and we will specify the measurements that the

details of its were described in this section.

3.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) technique is an analytical technique widely used to
identify the phases in the crystalline material for crystal structure examination. XRD
has wide variety applications such as analyzing films as thin as 50 angstroms for texture
and phase behaviors, determining crystallite size from the Scherrer Equation, detecting
the preferential orientation of the films with the secondary phases or impurity phases in
the films and etc. In this section, we will first explain the generation of X-ray and follow

by working principle of XRD.

3.1.1 Generation of X-ray

X-rays which are produced from X-ray tube. X-ray are short wavelength in the
range of 0.01 to 10 nanometers and high energy waves of electromagnetic radiation in
the range of 200 eV to 1 MeV which are characterized by wavelength or photon energy
as shown in Fig. 3.1. X-rays are produced by high speed electrons when accelerated

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

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

electromagnetic spectrum [66].

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

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

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

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

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

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

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

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

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

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

For properties of the Continuous Spectrum, the intensity is zero up to a certain
wavelength-short wavelength limit (1). The kinetic energy of the decelerated electrons
converts to the energy of X-ray radiation as shown in the following Equation (3.1).

Ex = %mv2 =el (3.1)
where E}, is the kinetic energy
m is mass of the electron (9.11x10%! kg)
v is electron velocity (m/sec)
e is electron charge (1.6x10%° C)
V is applied voltage (V)

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

with the Equation (3.2).

eV = hv (3.2)
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where h is plank’s constant (6.62607004 x 103 J-s), v is the frequency of the radiation

(Hz). Combining this relation with V' = % the wavelength of X-ray radiation, 2, is

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

(3.3):
1= 12.393><103 (3.3)

The total X-ray energy emitted per second depends on the atomic number Z of
the target material and on the X-ray tube current. This total X-ray intensity is given by
Equation (3.4).

[ = Aizv™ (3.4)
where A is proportionality constant, i is tube current (measure of the number of
electrons per second striking the target) and m is the constant = 2.

For the properties of the characteristic spectrum, the diffraction peak with a
specific wavelength is created when a hole in the inner shell, created by a collision
event, is filled by an electron from higher energy shell. Let a K-shell electron be

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

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

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

K,

aq’

Kq, and Kp . Usually only the K-lines are useful in X-ray diffraction.



Table 3.1: The X-ray characteristics of usual target materials [67].
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Materials | Atomic Some commonly used X-ray K Optimum
number wavelengths (A) Voltage
K,(av.) K, K, Kg, (kV)
Cr 24 2.29100 | 2.28970 | 2.29361 2.08487 40
Fe 26 1.97376 | 1.93604 | 1.93998 1.75661 40
Cu 29 154184 | 1.54056 | 1.54439 1.39222 45
Mo 42 0.71073 | 0.70930 | 0.71359 0.63229 80

3.1.2 Working principle of XRD

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

arange of 26 (scattering angles) at which peaks of strong scattered intensity may occur,

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

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

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

3.3. This schematic set up is called 0-26 scan.
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Figure 3.3: Schematic of diffraction to prove Bragg’s law.

When an X-Ray beam with a known wavelength is incident to a crystalline
solid, the crystalline planes will make the diffraction, according to the general
relationship between the wavelength of the incident X-rays, angle of incidence and d-
spacing is known as Bragg's Law:

2dpk; Sin Oy = na (3.4)
where dy,,; is the distance between atomic layers in a crystal.
011, 1S an incident angle which is the angle between the lattice plane and the
incident beam.
A is the wavelength of the incident X-ray beam.
n is an integer.
The distance between atomic layers in a crystal can be calculated by d-spacing

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

Crystal system d-spacing formulas
Cubic
a=b=c 1 h%+ k%2412
a2 a2
a = ﬁ =y = 90°
Tetragonal
a=b+#c 1 h2+k* 17
Z- @z ta
a = ﬁ =y = 90°

Orthorhombic

a* b#c 1 h? k%2 2
-2 et
a=f=y= 90°
Hexagonal
a=b+#c 1  4(/h*+hk+k?\ I[?
o o 273\ e )T
a=p=90,y =120
Monoclinic
a+b+c 1 1 (h* k?sin?B 1> 2hlcosp
. ) d?  sin2f\a? b? c? ac
a=f=90,y %120
—— 1
Triclinic Z 7 [R2b2c?sina + k?a?c?sin?B + [2a?b?sin’y
a+b+c

+ 2hkabc?(cosacosp — cosy)
a*p+y+90
+ 2kla?bc(cosfcosy — cosa)

+ 2hlab?c(cosacosy — cosp)
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The CCTO structure type is derived from the cubic perovskite structure. The X-
ray measurement was collected by using CuKa1 (A = 1.54056 A) radiation with 40 kV
and 40 mA in the 26 range of 20° to 80" with scan step about 0.02°. For cubic crystal
systems, all three linear parameters are identical, so a single lattice constant is used to

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

1 _ h2+ k%412
T e 39)
From Bragg's Law, we can get the Equation (2.6).
ni
Ap = 2510 nn1 (3.6)
By combining (3.5) and (3.6), we can gain a new Equation:
ni\2 sin?0
(Z) T n2+k2+12 3.7)
2 n?a? .o 2472
sinf = ——(h* + k* +1%) (3.8)

For a particular incident x-ray wavelength and cubic crystal of unit cell size a,
this Equation predicts all possible Bragg angles at which diffraction can occur from

planes (hkl).
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3.2 Field Emission Scanning Electron Microscopy
(FESEM)

The field emission scanning electron microscopy (FESEM) uses a focused beam
of electrons to generate an image or to analyze the specimen. It is developed from
ordinary SEM. Electrons are liberated from a field emission source that is the main
differences between FESEM and SEM (thermionic emission source). Schematic

diagram of FESEM is shown in the Fig. 3.4.
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Figure 3.4: Schematic of FESEM showing electron emission gun, anode,

!

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

A field emission source (FES), also called a cold cathode field emitter, does not
heat the filament. The FES is a wire of tungsten (W) created into a sharp point with the

small tip radius (~100 nm) for concentrated electric field. Electrons are accelerated in
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a high electrical field gradient within the high vacuum column these so-called primary
electrons are focused and deflected by electronic lenses to produce a narrow scan beam
that bombards the object. The acceleration voltage between cathode and anode is
commonly in the order of magnitude of 0.5 to 30 kV and the apparatus requires an
extreme vacuum (~107% Pa). The primary electron beam interacts with the atoms at the
surface (down to 1 um depth) of the sample generating low energy secondary electrons,
the energy of which is governed by the surface topography [69]. Figure. 3.5 shows a

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

Incident electron beam

Backscattered electrons Characteristic X-rays

Secondary electrons Bremsstrahlung X-rays

Visible light
Auger electrons
heat

Sample surface
Diffracted electrons

Transmitted electrons

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

As shown in the Fig. 3.6, the secondary electrons (50-500 A) occurred near the
sample surface approximately 10 nm in depth with the energy about 3-5 eV. By
scanning the sample and collecting the secondary electrons, an image of the topography
of the surface is constructed. I will use FESEM technique to obtain the surface
morphologies and cross section views of undoped and Ag-doped CCTO thin films

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

In addition to secondary electrons imaging, Energy Dispersive X-ray
Spectroscopy (EDS or EDX) analysis is used for the elemental analysis or chemical
characterization of a sample. The EDX system detects the X-photons emitted by the
sample after excitation by the electron beam. The energies of the emitted X-photons
that are characteristic of an element’s atomic structure to be identified uniquely from
one another [70]. EDX technique is useful to determine each element existing in
undoped and Ag-doped CCTO thin films deposited on silicon substrates, especially to

verify the doping concentrations in the films.
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3.3 Raman Spectroscopy

Raman spectroscopy is a form of molecular spectroscopy that involves the
scattering of electromagnetic radiation by atoms or molecules. The Raman scattered
light occurs at wavelengths that are shifted from the incident light by the energies of
molecular vibrations [71]. It can be derived by considering the vibration mode structure
of a simple diatomic molecule as shown in Fig. 3.7. Hook’s law is used in

approximation.

Figure 3.7: A simple diatomic molecule.

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

FamTS Y (3.5)
mymy (d?xq | d®xp\ _
my+m; ( az T a ) = —K(x: +x2) (3.6)
-k (3.7)
dt? q .

where u is reduced mass,

q is the molecular displacement.

In the classical derivation of the Raman effect, internal vibrational motion with
eigen frequency v, is shown in the Equation (3.8).

q = qo cos(2mv,, - t) (3.8)



45

It is govern by the polarizability of electron cloud around the molecule. When
the electric field of the incident light interacts with the molecules, it interferes with the
molecule’s vibration, inducing a dipole moment. Induced dipole moment (P) is
described with electric field (E) due to electromagnetic wave with frequency v, as
shown in the Equation (3.9).

P =aE = aEycos2nv, - t (3.9

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

@ = g+ (G)g=0"q + - (3.10)

Then, we can form

P = ayE,cos(2nvy - t) + (Z—Z)qzo " qo cos(2mv,, - t) - Ey cos(2my, - t)

1 ,0a [ cos(2rt{vyg — vy} - t)

P = (X()EO COS(ZT['UO . t) + E (a)q=0-QOEO + COS(ZT[{‘UO + ‘Um} . t) (311)

By applying the linear approximation, it can be seen that the first term represents
Rayleigh scattering; the frequency is presented byv,, which means there has been no
change in the frequency. This is also known as elastic scattering. The second term of
linear approximation produces Stokes and anti-Stokes scattering, and these are
represented by a change in the frequency, with the frequency variables denoted by
negative v, and positive v,, [71]. Raman from the particle point of view can be

visualized by a quantum energy diagram as shown in Fig. 3.8.
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Figure 3.8: Energy Scheme for Photon Scattering.
A Raman spectrum is a plot of the intensity of Raman scattered radiation as a
function of its frequency difference from the incident radiation (usually in units of

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

3.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a form of electron spectroscopy in
which a sample is irradiated with a beam of monochromatic x-rays and the energies of
the resulting photoelectron are measured. XPS is widely used surface analysis
technique. It is a very helpful technique in obtaining information about oxidation state
and atomic composition based on analyzed compounds. In XPS, the sample is placed
in a high vacuum environment under the best vacuum conditions achievable (below 10
8 mbar) and exposed to a low-energy (~1.5 keV) monochromatic x-ray source in order

to provoke the photoelectric effect described by Albert Einstein [72]. Then, the incident
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X-rays cause the ejection of core-level electrons from sample atoms. The energy
spectrum of the emitted photoelectrons is determined by means of a high-resolution
electron spectrometer. After that detector can detect the kinetic energy and which
provides the information to determine the kind of elements present in the sample.

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

X-ray, energy hv ejected photoelectron,

Kinetic energy E,

Free electron
level

Work function,
: Wy
Fermi
level
Binding energy,
E,

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

The atoms in the sample are ionized and the electrons with binding energies
(E,) absorb photons with energy hv and escape from the sample body with kinetic
energy Ey. It is determined by the following Equation (3.12).
Ex=hv—E, - W, (3.12)
where W is the material work function and it can be defined in the Equation (3.13),

Wr = Evacuum — Ef (3.13)
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The X-ray photoelectron spectroscopy detects the electron energies. It can be
identified the elements and oxidation states of the atoms in a sample. The XPS spectrum
shows a number of emitted electrons against their kinetic energy. In general, the data is
plotted with the intensity of X-ray produced and the binding of the electron that got
kicked out of the shell. We will attempt to use XPS technique to confirm the existence

of Ag doping in the CCTO films deposited on silicon substrates



CHAPTER IV
EXPERIMENTAL DETAILS

4.1 CCTO preparation

In this chapter, the experimental details are divided into three main parts. In the
beginning of the chapter, we will focus on CCTO films prepare by a solution sol-gel
method (SSG) that use glacial acetic as dissolution. Undoped CCTO and Ag-doped
CCTO thin films prepared using two silver compounds were cast on alumina substrates
for gas sensor fabrication. At the end of this chapter, the details of coplanar gas sensor

fabrication, sensor response measurements are explained.

4.1.1 Synthesis of CCTO and Ag-doped CCTO precursors

The procedure for CCTO film preparation is summarized as shown in Fig. 4.1.
The precursors are calcium acetate hydrate (Ca(C2Hz02)2-xH20, Sigma, 99%), copper
(I1) acetate monohydrate (Cu(Il)(C2H302)-H20, Fluka, 99%), titanium (IV)
isopropoxide (Ti(OCH(CHz3)2)4, Sigma, 97%). The composition of calcium: copper:
titanium: oxygen: without doping will be controlled to 1:3:4:12 which is the atomic
ratio of pure CCTO. The CCTO thin films devices will be fabricated for gas sensing
applications including the sensor response and the selectivity. The different Ag
compounds used in this study are silver acetate (AgCH3CO,, MERCK, 98.5%) and
silver perchlorate (AgClO4, ALORICH, 97%). Each compound was added into the

separate precursor solution and also the concentration of Ag was varied upon on each
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own capability in dissolving in acetic acid. The specimens of CaCusTisO1, modified
with the different Ag compounds (AgCH3COz: Ag doping = 0, 0.3, 0.6, and 0.9 wt%
and AgClO4 : Ag doping = 0, 1, 3,5, 7, and 9 wt%) were prepared by adding into the
sol precursor solutions, which would be used to deposit sensing films.

In the first step, Ag compounds were dissolved into glacial acetic acid (25.0 ml)
on hot plate at 120 °C. Then, 0.855g of calcium acetate dehydrate and 2.943 g of copper
(I1) acetate dehydrate were added into the sol precursor solutions and maintained under
magnetic stirring for 24 h at room temperature. After that 6.13g of titanium (IV)
isopropoxide, 3 ml of ethylene glycol and 3 ml of formamide were added into the
mixture. The solution was sealed and continued heating at 120 °C for 4-5 h. Then, the
solution was poured into 50 ml lab bottle at room temperature for 24 h. After that, the

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

Ca(C,H;0,), xH,0 Ag compounds for doping Cu(II)(C,H,0,)-H,0

Mixed and stirred under magnetic stirring for 24 h at room temperature

Ethylene glycol

e (Ti(OCH(CH;),),

Formamide

y

Heated at 120 °C for 4-5h [

Spun at a spin speed of 1,500 rpm for 40 s Repeateq 4 times for
and preheated for 10-20 min at 120 °C 4 depositing layers

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

films with different Ag compounds.
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4.1.2 Ag-doping preparation

In this thesis, the Ag-doped CCTO films with different silver compounds were
prepared by a sol-gel technique. Silver compounds such as silver acetate (AgCH3CO3)
and silver perchlorate (Ag) were used as the dopants in the precursor. To prepare silver
(Ag) doped films, the solubility of silver compounds in acetic acid was considered.
Table 4.1 shows the Ag-doping concentrations that be used silver acetate in the
precursor. It can be seen that 0.9 wt% of silver acetate can be added in acetic acid. It
may be expected that silver acetate can be dissolved in acetic acid more than 0.9 wt%
of Ag doping concentration. However, silver acetate is saturated with acetic acid when
the Ag doping concentration is beyond 1 wt%.

Table 4.1: Ag-doping concentrations and weights of AgCH3zCO- in acetic acid 25 g.

Ag-doping concentrations Weights of AgCH;CO,
(Wt%) in aceticacid25 g
0.3 0.01496 g
0.6 0.02992 g
0.9 0.04488 g

In addition, the higher Ag-doping concentrations were expected in this thesis. It
may be efficiency in gas-sensing properties. Therefore, | also selected the second silver
compound for adding in the precursors. Silver perchlorate was chosen for the best
candidate based on the good solubility in acetic acid. Table 4.2 shows the Ag doping
concentrations that be used silver perchlorate in the precursor. However, the gas sensing
results including other characterizations of the films prepared using two different silver

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

Ag-doping concentrations Weights of AgClO,
(wt%) in aceticacid25 g

1 0.0637

3 0.1912

5 0.3187

7 0.4461

9 0.5736

4.1.3 Substrate preparation and conditions for film deposition

Both undoped CCTO and Ag-doped CCTO thin films sensors were fabricated
for gas sensing applications including the sensor response and the selectivity. Four
layers of depositing films were grown on substrates. Silicon and alumina are used as
substrates. Silicon substrates were cut into small pieces of area approximately 1.0x1.0
cm?. Alumina substrates were cut into small pieces of area approximately 2.5x2.5 cm?
for the purpose of making gas sensor arrays.

This section, | will focus on substrate cleaning because of an important part for
growing films with good quality. All substrates were cleaned by chemical process in
order to remove the impurities such as some particles and dust that might be left from
the cutting process before the spin coating process. In each cycle, the substrates were
cleaned by acetone and isopropanol (IPA) for 15 min repeating two times in ultrasonic
bath. Then, they were heated approximately 80 °C for liquid evaporation before using
spin coating technique. Furthermore, I will focus on substrate information which are

used for coating CCTO films. Silicon wafer (Si) with (100) orientation has a cubic
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structure with a lattice spacing of 5.43 A and a thermal expansion coefficient of

4.05x10° K1, Table 4.3 shows some physical properties of Si single crystal substrate.

Table 4.3: Silicon Single Crystal Substrate Properties.

Physical properties of Si (100) substrates
Crystallographic structure Cubic phase a=b=c=5.43 A
Twinning structure Twin free
Color Shiny gray (Polished side)
Density 2.33 g/fem®
Melting point 1420 °C
Thermal expansion 4.05x10¢K!
Dielectric constant ~11.9at 300 K

Alumina (Al>O3) has a rhombohedral structure. Polycrystalline alumina is used
in this work for gas sensing fabrication with the thermal expansion coefficient of
8.2x10° KL, Table 4.4 shows the summary of some physical properties for alumina
substrate.

Table 4.4: Al,O3 Substrate Properties.

Physical properties of Al,O; substrates

Crystallographic structure Rhombohedral phase
lattice constant a=b=4.759 A
and ¢=12.993 A

Twinning structure Twin free
Color White
Density 3.85 g/em’®
Melting point 2052 °C
Thermal expansion ~8.18x105K"!

Dielectric constant ~9.8 at 300 K
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4.1.4 Spin coating process

Undoped and Ag-doped CCTO thin films were spun on both silicon and alumina
substrates by spin coating technique at room temperature. The prepared precursors were
spun on both substrates at a spin speed of 1,500 rpm for 40 s. Then, they were preheated
for 10-20 minutes at 120 °C in order to dry the gel and remove remaining organic
compounds before annealing under a fixed temperature and fixed time in the air
atmosphere. Spin coating and heating was repeated to 800 °C for one hour in air and

then cooled to room temperature.

Sample holder

Speed and time

Start/Stop
control panel

button

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

Figure 4.3: Ag doped CCTO films on alumina and silicon substrates.
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The CCTO films were structurally characterized by X-ray diffraction (XRD),
Field emission scanning electron microscopy (FESEM), energy dispersive X-ray
spectroscopy (EDX), Raman spectroscopy and X-ray photo electron spectroscopy. The
obtained films on alumina and silicon substrates were confirmed their structures by
XRD technique at Scientific and Technological Research Equipment Centre
Chulalongkorn University (STREC). The X-ray measurement was collected by using
CuK-a1 (. = 1.5406 A) radiation with 40 kV and 40 mA in the 26 range of 20° to 80°
with scan step about 0.02°. And information of film surface morphology on silicon and
alumina substrates were obtained from FESEM (SU-8000, Hitachi) at Thai
Microelectronics Center (TMEC). The elemental analysis of Ag-doped films on
alumina substrates was achieved by performing EDX measurements on EDAX,
AMETEK at National Electronics and Computer Technology Center (NECTEC). EDX
operated at 10 kV were used for the elemental analysis of films. The oxidation state of
the atoms in the Ag-doped CCTO thin films was indicated by XPS, AXIS Ultra DLD
at Thailand Center of Excellent in Physics (ThEP center) and the Petroleum and
Petrochemical College, Chulalongkorn University. Raman spectroscopy (NT-MDT,
NTEGRA) with a 633 nm wavelength laser source was used to gain further insight into

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

4.2 Fabrication of gas sensor

For gas sensor application, alumina substrates utilize for Ag-doped CCTO thin
film preparation because they are cheap and easy to purchase from many companies.
Alumina substrates used in this thesis are made from alumina powders that were

compact to be dense substrates with the thickness of 0.4 mm. As known alumina
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substrates are good insulator and good thermal conductivity, they normally are used to
fabricate as substrate for gas sensor. Due to the roughness of alumina substrates, four-
layered Ag-doped CCTO deposition was applied to fabricate the gas-sensing devices
for application based on their gas-sensing properties. Then, CCTO thin films grown
with different growth conditions on alumina substrates were sputtered with Au/Cr
electrode as coplanar patterns for detection the quantity of gases. The photolithography
process using a positive photoresist and electrode deposition were used as shown in
Fig. 4.4.

UV-light

Lol

) Mask«—[ mEE W |
photoresist

. . | |
Film (i) Coating Mask
with photoresist alignment

Alumina substrate (i) Soft bake Alumina substrate Alumina substrate

(1) Exposure
(ii) Post bake
(iii) Development

Metal electrode

| ' | [ | |
Sputtering
Lift off electrode
Alumina substrate A— Alumina substrate — Alumina substrate

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

photoresist.

4.2.1 Photolithography process
Photolithography process is one of the most important technology in the

production of advanced integrated circuits. Undoped and Ag-doped CCTO thin films
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cast on 0.5 nm thick alumina substrates followed by patterning coplanar interdigitated
by photo-lithography. The process follows the following basic steps:

The first step, the wafer is spin coated with resist to form a uniform ~1 pm thin
film of resist on the surface as shown in Fig. 4.5. It was spun with high-speed at 3000

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

Figure 4.5: Spin coating the substrate with the photoresist.

The second step, a mask made with a positive photoresist (AZ 4620, Microchem
Inc.) was applied by dropping the photoresist onto the CCTO surface until it was cover
the whole surface as shown in Fig. 4.6. The wafer is exposed with ultraviolet light

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

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

The third step, the wafer was gently shaken in developer to aid the dissolution
of the exposed photoresist and the irradiated area is washed away in the case of positive

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

section.

Figure 4.8: The pattern on surface film after developing.

4.2.2 Electrode deposition

From Fig. 4.9, undoped CCTO and Ag-doped CCTO were cast on 0.4 mm thick
alumina substrates followed by patterning coplanar interdigitated electrodes. The
electrode and photoresist under exposure to a UV-light were lift-off with acetone in an
ultrasound bath at room temperature. The gas sensors were baked at 400 °C in air for
removing any remnants of organic compounds from surface of films. Electrodes were
made by sputtering chromium (=50 nm) and then gold (~300 nm) layers on the
substrates with photoresist patterns , having the interdigit spacing of 100 um [73]. An
array of sensors was cut using a dicing saw into several individual sensors for gas

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

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

4.3 Gas sensing properties measurement

The sensors were mounted on a heating stage and connected to a resistance
meter. A stainless steel cylindrical chamber 12 cm in diameter and 15 cm in height
provided with a conical gas distributor with a diameter of 8 cm and a height of 6 cm to
uniformly spread the gas onto all sensors. A standard flow through technique was
employed to test the gas sensing properties of the sensors. The desired concentrations
of target gases were obtained by mixing standard gas with dry synthetic air at a constant
total flux of 2L/min. The standard H.S gas sources were balanced in synthetic air with
the calibrated concentrations of 100 ppm. All the measurements were conducted in a

temperature-stabilized sealed chamber at 20 °C. An external NiCr heater driven by a
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regulated DC power supply was used to set different operating temperatures between
150 and 350 °C. The schematic of gas sensing measurement set up is demonstrated in

Fig. 4.11.

Gas flow

controller

Stainless steel chamber

( \ l Temperature
| I Controller
+— (Gas line .
1 Measuring
Sensor "ﬂ [ circuit
Purified gas Aﬂ ~—
4\
H,S gas — |
= AN
A
Heater = = -
Exhaust Thermocouple [—]

Figure 4.11: Schematic set up for gas sensing measurement.

In this work, both undoped CCTO and Ag-doped CCTO thin films were tested
for selective sensing to H.S (hydrogen sulfide), relative to ammonia (NHs), hydrogen
(H2), nitrogen dioxide (NO2) and ethanol vapor (C2HsOH). The resistance of the sensors
was monitored under gas flow at temperatures between 150-350 °C. The gas sensor

response, R is defined as follows:

R == for reducing gases (4.1)
9
or R = i—g for oxidizing gases  (4.2)

where R, is the electrical resistance of gas sensors in pure dry air and Ry is the sensor

electrical resistance in the presence of the target gases [74].



Figure 4.12: (a) The gas chamber for gas sensing measurements with temperature

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

- orq ,];» ”
M " I

Figure 4.13: A set of gas sensing processor.
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The probes are contacted the sensing devices in the chamber for gas sensing

measurements and operating temperature can be varied by temperature controller as

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

measurement.



CHAPTER V
RESULTS AND DISCUSSION

In this chapter, the results and discussion from the experiments are divided into
two sections. For the first section, we will show the results and discussion for silver
acetate as the dopants in CCTO films. The crystal structure and surface morphology of
the undoped and Ag-doped CCTO films grown on Si (100) and alumina substrates are
shown in the sub-section 5.1.1. In the sub-section 5.1.2, oxidation state and weight
percentage of Ag in CCTO films will be discussed. In the sub-section 5.1.3, the
vibration modes of the Ag-doped CCTO films were studied. In the sub-section 5.1.4
and 5.1.5, we will show gas sensing results of various reducing and oxidizing gases and
mechanisms for enhanced H>S gas sensing performance of the Ag-doped CCTO films,
respectively. The second section is about the results and discussion for silver acetate as
the dopants in CCTO films. We will explain why the results were not as expected. These

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

5.1.1 The crystal structure and surface morphology of the undoped

and Ag-doped CCTO films grown on Si (110) and alumina substrate
The crystal structure of undoped and Ag-doped CCTO films containing Ag
concentration of 0.3, 0.6, 0.9 wt% (0.6%, 1.1%, 1.7% by mole, respectively) were
studied using X-ray diffraction (XRD) technique. Figure 5.1 and 5.2 show typical 6-26
X-ray diffraction patterns of CCTO thin films on the silicon substrates and the alumina
substrates, respectively. The characteristic of CCTO peaks in Fig. 5.1 and 5.2 are at 26
=34.4°,49.4°, 61.8"and 77.4 corresponding to the (220), (400), (422) and (600) planes,
respectively. The diffraction patterns of the CCTO films closely agree with the standard
CCTO reflections (JCPDS 21-0140) which are all consistent with the cubic perovskite
CCTO structure. The strong (h 0 0) peaks from the silicon substrates also can be seen
in Fig. 5.1. As seen in Fig. 5.2, the alumina substrate carrying the interdigitated gold
electrodes gives rise the dominant diffraction peaks of Al>Os phase and Au peaks. The
crystal structure of CCTO and Ag-doped CCTO films on alumina substrates also agrees
with the CCTO structure regardless of the two types of substrates used in this work. No
shifts are observed in the peaks upon doping, meaning that the CCTO is not distorted

to a significant extent at the doping levels of Ag used in this work.
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Figure 5.1: X-ray diffraction patterns of Ag-doped CCTO films on silicon substrates.
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Figure 5.2: X-ray diffraction patterns of Ag-doped CCTO films on alumina substrates.
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The calculated lattice constant of our CCTO thin films is 7.35940.003 A which
is slightly lower than that for bulk CCTO (7.391 A). The intensity and the FWHM of
CCTO peaks decreased as increasing in Ag concentrations which is consistent with the
Ag substitution in the CCTO structure. This confirms the existence of substituting Ag
to CCTO sites. The CCTO films are relatively pure and contained only very small
amounts of TiO2 impurities evidenced some weak diffraction signals and there are no
signs of any Ag oxides in XRD patterns.

Surface morphology of CCTO films on silicon substrates with different Ag
doping concentrations are shown in Fig. 5.3 (a)-(d). With Ag doped CCTO films, grains
become smaller and more uniform with the rod shaped morphology depend on Ag
doping. The rod shaped morphology is formed from four or more grains with the mean
length of ~200-300 nm. Figure 5.4 (a)-(d) show a cross section image of CCTO films
with different Ag concentrations on silicon substrates. The film thickness for four-
layered deposition is approximately 540 nm for undoped CCTO films and
approximately 330-440 for Ag-doped CCTO films. The thickness for Ag-doped CCTO
films is smaller than that of undoped films due to having smaller grains and more holes.
With these reasons, when the next precursor was dropped on to the previous film
surface it tends to cover to holes as well as cover the whole surface. It can be seen that
the surface of silicon substrates (see Fig. 5.4) is much smoother than that of alumina
substrates (see Fig. 5.6). These results are easy to estimate the thickness for one-layered
deposition. It is known that the surface of alumina substrates is quite rough. In order to
cover some cracks and holes appeared on the surface of alumina substrates, the same
four-layered deposition was applied on alumina substrates to fabricate CCTO thin films

devices for application based on their gas-sensing properties.
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Figure 5.3: FESEM images of CCTO films on silicon substrates annealed at fixed
temperature 800 °C (a) undoped, (b) 0.3 wt% Ag, (c) 0.6 wt% Ag, and (d) 0.9 wt%

Ag.
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Figure 5.4: Cross section of CCTO films on silicon substrates annealed at fixed
temperature 800 °C (a) undoped, (b) 0.3 wt% Ag, (c) 0.6 wt% Ag, and (d) 0.9 wt%

Ag.



68

Surface morphology of CCTO films on alumina substrates with different Ag
doping concentrations are shown in Fig. 5.5 (a)-(d). The undoped CCTO film has
granular morphology with particle diameters in the 10-25 range. This granular
morphology agrees with previously reported CCTO films deposited via chemical sol-
gel method [41, 75]. The appearance of the surface in the case of the Ag-doped CCTO
films is in marked difference with the pure CCTO films. There appear to be three main
particle distributions on the surface, a granular from similar to that in pure CCTO, a
clustered form and elongated crystal. In addition, it can be observed that the granular
size becomes smaller and more uniform as the silver doping level increases. At the same
time, rod-like CCTO crystals appear to become increasingly important. The clustered
particles do not appear to have a clear trend being more or less similar among all the
Ag-doping levels studied. The rod shaped particles have a mean length of ~200-300 nm
and appear to have a highly correlated orientation either in one direction or
perpendicular to that direction. The origin of these elongated particles is not clear at
this time. The fact that the X-ray diffraction experiments did not reveal additional
phases as well as the preferential orientation suggest that these rod-like particles are
CCTO crystals with highly anisotropic growth. Shape inducing effects involving
nanorods in the presence of silver ions are recurrent phenomenon. The surface
morphology Ag-nanoparticles/TiO> composite thin films also exhibit some
spherical/rod-like and partially agglomerated particles on the surface of the films [76]
and gold nanorods are commonly synthesized by introducing Ag as a catalyst for the
nanorod growth [77]. A likely explanation is that Ag tends to adsorb predominantly on
particular faces of the growing crystal where it slows down their growth while other

planes continue to grow and dominate the final particle shape [77].
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Figure 5.6 (a)-(d) show a typical cross section image of Ag-doped CCTO thin
films on alumina substrates. Due to the roughness of alumina substrates, it can be seen
that the film thickness for four-layered deposition is considerably varying between 220
to 500nm. The cross sectional view of the films reveals that some properties and voids

exist in the films

a) undope B " .3 wt%
doped CCTO ; 0.3 wt%

500 nm

(d) 0.9 wt%

Figure 5.5: FESEM images of CCTO films on alumina substrates annealed at fixed
temperature 800 °C (a) undoped, (b) 0.3 wt% Ag, (c) 0.6 wt% Ag, and (d) 0.9 wt%

Ag.
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(a) undoped CCTO (b) 0.3 wt%

Figure 5.6: Cross section of CCTO films on alumina substrates annealed at fixed
temperature 800 °C (a) undoped, (b) 0.3 wt% Ag, (c) 0.6 wt% Ag, and (d) 0.9 wt%

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

XPS measurement can be confirmed the oxidation states of the elements in the
Ag-doped CCTO films. Figure 5.7 shows a typical XPS survey spectrum for the Ag-
doped CCTO film. The expected elemental peaks including Ca 2p, Cu 2p, Ti 2p and O
1s were examined with high-resolution scans, respectively. Signals due to silver were
not observed in the survey spectrum of the doped films when the films were prepared

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

dopants are added in the films.
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Figure 5.7: X-ray photoelectron spectra of survey spectrum for the Ag-doped CCTO
films.
Figure 5.8 shows the X-ray photoelectron spectra (XPS) of (a) Ca 2p, (b) Cu 2p,
(c) Ti 2p and (d) O 1s core levels for Ag-doped CCTO films. The Ca 2p signal (Fig.

5.8(a)) could be related to two dominant Gaussian peaks of Ca 2ps» and Ca 2p12 at



72

binding energies of 346.6 and 350.0 eV, which might be assign to the typical Ca?
oxidation state with 12 oxygen atoms [41]. The secondary peaks with no 12 oxygen
atoms of Ca 2psr and Ca 2p1» at binding energies of 347.5 and 351.0 eV. The Cu 2p
core level spectrum (Fig. 5.8(b)) comprised the spin orbit doublets of Cu 2ps2 and Cu
2p1/2 that can be assigned the main peaks at 933.7 and 953.3 eV and satellite peaks at
941.8 and 962.1 eV. Both Cu 2p32 and Cu 2p12 consist of three components which
could be all assigned to Cu*, Cu?* and Cu?" with 6 oxygen atoms [78]. In the case of
the core level of Ti 2p (Fig. 5.8(c)), the spin doublets of Ti 2ps2 and Ti 2p1- also
contained the main peaks at 458.5 and 464.2 eV, respectively, which were shown the
typical Ti** oxidation state of TiOs [79, 80]. The O 1s in Fig. 5.8(d) could be
decomposed into two main peaks at binding energies of 529.8 and 531.5 eV, which
might be related to lattice oxygen (0%) and the chemisorbed oxygen species on the

surface (03), respectively [81].
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Figure 5.8: X-ray photoelectron spectra (XPS) of (a) Ca 2p, (b) Cu 2p, (¢) Ti 2p and

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

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

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

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

The silver peak can be occurred to two dominant Gaussian peaks of Ag 3ds2 and 3ds/2

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

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

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

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

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

Petrochemical College, Chulalongkorn University.

| expected that the silver
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concentrations in the films are too small to detect with the limit of the XPS instruments
used in this study. Also as we know, XPS is a surface-sensitive quantitative
spectroscopic technique that measures the elemental composition only on the surface
and ~10 nm depth from the surface (top 0 - ~10 nm). Later on in next section, I will
show the results from EDX and Raman techniques that confirmed the existence of silver

dopant in the films.
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Figure 5.9: X-ray photoelectron spectra (XPS) of Ag 3d core level for Ag-doped
CCTO films.

The EDX spectra of 0 and 0.9 wt% Ag-doped CCTO films are shown in Fig.
5.10 (a) and (b), respectively. Both undoped CCTO and Ag-doped CCTO thin films
exhibit signatures of calcium (Ca), copper (Cu), titanium (Ti), and oxygen (O). Signals
due to silver were only observed when the films were prepared from Ag containing
precursor solutions, confirming that Ag-doped films were obtained. And Table 5.1
shows Characteristic X-ray line energies (keV) in the EDX spectra of the undoped

CCTO film and 0.9 wt% Ag-doped CCTO film.
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Figure 5.10: The EDX spectra of (a) the undoped CCTO film and (b) 0.9 wt% Ag-

doped CCTO film.
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Table 5.1: Characteristic X-ray line energies (keV) in the EDX spectra of the undoped

CCTO film and 0.9 wt% Ag-doped CCTO film.

Element K-series (KeV) L-series (KeV)
Ko, Ka, KB, Loy Loy LB,
Ca 3.69168 3.68809 4.0127 0.3413 0.3413 0.3449
Cu - - - 0.9297 0.9297 0.9498
Ti 4.51084 4.50486 493181 0.4522 0.4522 0.4584
(§) 0.5249 0.5349 - -
Ag - - 0.27676 2.98431 297821 3.15094

Table 5.2 shows the stoichiometry of undoped and Ag-doped CCTO on silicon

substrates with different concentration in both of percent by weights and atoms. Figure

5.11 shows the plot of measured Ag doping concentrations and the concentration of Ag

in precursor solutions. It can be seen that the linear trend with increasing input Ag

concentration in the precursor solution has two characteristics. This data is used to

calculate atomic and weight percentages of Ag doping concentrations of all CCTO

films. With increasing input Ag concentration in the precursor solution at 0.3 wt% to

0.9 wt%, the measured Ag doping concentration occurred mainly from 0.21 wt% or

0.06 at% to 0.70 wt% or 0.18 at%. From these results, they can be confirmed that Ag

is doped into the film.




7

Table 5.2: The stoichiometry of undoped and Ag-doped CCTO on silicon substrates

with different concentration in both of percent by weights and atoms.

Ag doping [Element] in the films
concentration Ca Cu Ti Ag
(Wt%)
wt% | at% | wt% | at% | wt% | at% | wt% | at% | wt% | at%
0 6.40 4.23 20.91 8.71 30.11 16.65 42.58 70.42 0 0
0.3 7.80 5.55 17.24 7.74 39.28 23.41 3547 63.24 0.21 0.06
0.6 7.82 5.50 12.54 5.57 4331 2549 35.94 63.32 0.39 0.11
0.9 7.96 5.59 10.63 471 44.79 26.32 3592 63.20 0.70 0.18
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Figure 5.11: The plot of measured Ag doping concentrations and the concentration of

Ag in precursor solutions.

Due to the chemical similarity between silver and copper, | expected that Ag

atoms will occupy some the Cu sites in the CCTO lattice. To verify this, | observed
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dependence of the composition as obtained from EDX analysis versus the aimed film
composition as expected from the silver concentration adding in the precursor solution.
Figure 5.12 shows the plot of measured Ag doping concentrations and the concentration
of Ag in precursor solutions. These data revealed a linearly increasing trend in the Ag
concentration in the films and a concerted linearly decreasing trend in the copper
content of the films. No clear dependence on the Ag doping was seen in the titanium
and calcium contents for the films. These results not only confirm that doping is taking

place but also that Ag substitutes the copper positions of the CCTO lattice.
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Figure 5.12: The plot of measured Ag and copper concentrations in atomic percent

(at%) versus expected the weight percent (wt%) of Ag in CCTO based on silver

content of precursor solutions.
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In addition to the particular line scan intensity distributions with longitudinal and
transverse rod shape displayed in Fig. 5.13 and 5.14, one other interesting finding is that the
stoichiometry represented by the Ca, Cu, Ti, O and Ag atoms in the 0.9 wt% Ag-doped
CCTO film. These results are not clear at this time. Silver maybe adsorb on the surface of
the films and can be formed to the final particle shapes. However, there is no clear that a

small signal of silver atom in the films appeared only in rod shape areas.

Distance (nm)

Figure 5.13: The EDX line scan image along rod shape in longitudinal direction of 0.9

wt% Ag-doped CCTO film on silicon substrate annealed at fixed temperature 800 °C.
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Distance (nm)

Figure 5.14: The EDX line scan image along rod shape in transverse direction of 0.9

wt% Ag-doped CCTO film on silicon substrate annealed at fixed temperature 800 °C.

5.1.3 Vibration modes of the Ag-doped CCTO films

Raman experiments were carried out to confirm the chemical CCTO structure
and the Ag doping of the sensing films. The Raman spectra of the undoped CCTO thin
films and Ag-doped CCTO thin films are presented in Fig. 5.15 and 5.16 showing
intense bands in the range of 100-1200 cm™. All samples exhibited the three main peaks

at 445, 509 and 577 cm™. The most dominant peaks at 445 and 509 cm™ can be
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associated with the rotation like Ag-symmetry of TiOs. A peak at 577 cm™ can be
assigned to Fg-symmetry of Ti-O-Ti bending. The band at 750 cm™ is associated with
the symmetric stretching-breathing mode of the TiOg cage [83]. The weak peak at 246
cm™ may be attributed to O-Ti-O bending mode like seen in CaTiOs [84]. All these
signatures are consistent with the CCTO perovskite structure [41]. Impurities are not

significant, with weak bands assigned to rutile TiO2 seen at 145 and 608 cm™ [85].
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Figure 5.15: Raman spectra of undoped CCTO film.
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Figure 5.16: Raman spectra of Ag-doped CCTO film.
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Figure 5.15 and 5.16 show the Raman spectra of the undoped CCTO films and
Ag-doped CCTO films, respectively. It can be seen that the intensity of undoped CCTO
films is higher than intensity of Ag-doped CCTO films. The Ag-O vibrations have
signatures appearing in the Raman spectrum in the 230-1100 cm™ range [86]. In
particular, these results show that the peak at 258 cm™ depends on the level of silver
doping concentration and thus it is attributed to one of these vibrational modes of Ag-
O bonds [87]. These peaks were fit to a Gaussian curve after subtracting a background
to estimate their intensity and verify the correlation between the silver signal and the
silver doping concentration. The Equation for two Gaussians fitting is shown in
Equation (5.1). In two Gaussians fitting, the Gaussian function is the distribution
function for uncorrelated variates the half-maximum points of x, and x; having
a bivariate normal distribution and equal standard deviation (o, and o,)

—(x—xo)2

f(xg,x1) =C+ Ay xexp (W) + Ay * exp (_((2%:332) (5.1)
where A,, A; are Raman intensity peak area of the first peak and the second peak.

C is the y-intercept value in term of the intensity.

It can be added the error bars in the results are shown in the Fig. 5.17. In
agreement with the EDX analysis, the Raman spectra reveal that as the silver content
on the sol-gel precursor solutions is increased, the intensity of the silver peaks increase

linearly, further confirming the silver doping of the sensing films.


http://mathworld.wolfram.com/BivariateNormalDistribution.html
http://mathworld.wolfram.com/StandardDeviation.html
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Figure 5.17: The correlation of Ag-O vibration with the silver doping concentration.

5.1.4 Gas sensing results of various reducing and oxidizing gases

The sensing devices made with undoped CCTO films typically had resistances
in the range of 107-10% ohms in the temperature range of 150-350 °C in an air
atmosphere. Figure 5.18 shows that the resistance of all silver-doped gas sensors
decrease more drastically than that of the undoped CCTO one upon exposure to H2S
pulses. The sensor response of the film sensors was tested at the operating temperatures
of 150, 200, 250, 300, and 350 °C at H>S concentration in the range of 0.2-10 ppm in
air. Figure 5.16 shows resistance changing of the CCTO films with different the amount
of Ag dopants under exposure to various H2S pulses at different concentrations at an
operating temperature of 250 °C. Upon silver doping the resistance tends to decrease

approximately one order of magnitude. It is clear that the Ag-doped CCTO sensing
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devices show the characteristic switch-on-switch-off response to alternating exposure
to H.S and air with a much higher response with increasing silver doping. Exposure of
the sensors to H»S gas caused an extraordinarily large decrease in resistance in all silver
doped gas sensors and a less pronounced decrease for the undoped CCTO sensors. More
importantly, the magnitude of the resistance drop decreases with H>S gas concentration.
It is be seen the trend of graph that tends to decrease with decreasing H.S
concentrations. At all H2S concentrations that be used for H>S gas testing, 0.9 wt% Ag
doped CCTO is the highest resistance changing. And the undoped CCTO sensor is the
lowest resistance changing. It illustrates the resistance of all CCTO sensors rapidly
decreases after exposing H.S. It can be confirmed that these films are a typical n-type

semiconducting behavior.
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Figure 5.18: Resistance changes for undoped CCTO and Ag-doped CCTO exposed to

H>S gas at 250 °C.
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Figures 5.19 and 5.20 show the film sensor response as a function of sensor
operating temperature and gas concentration, respectively. The sensor response first
rises and then falls with increasing temperature reaching the highest value (~100) for
the sensor made with 0.9 wt% Ag-doped CCTO at 250 °C. The optimum operating
temperature decreases as the silver doping level increase while the film sensor response
increases considerably as shown Fig. 5.19. The response of the Ag-doped CCTO
sensors varies nonlinearly at H>S concentrations smaller than ca. 3 ppm but it becomes
nearly linear in the 3-10 ppm range. As seem in Fig. 5.20, the better affinity of the silver
doped films towards reacting with at HS is evidenced by the nearly tenfold increase of
the sensor response when going from undoped CCTO to 0.9 wt% Ag-doped CCTO

operating at 250 °C.

110
I ---M--- Undoped CCTO
100 _ A ---®--- Ag 0.3 wt%
90 - S A Ag 0.6 Wt%
[ f T W Ag 0.9 wit%
oz 80
@ 70 v.
2 I
S of ..
»w 50 v A
2 [ ; AT A
s T
2 30-_ A Menaitinn L
Q 20+ ; ?
w i o i o .\.
10 B ___.«.':,"“" ........... W | S e
0 -_ ",d-_z::’. ------ -@
T T T r 1 . : : '
150 200 250 300 350

Operate temperatures (°C)

Figure 5.19: Response rate of undoped CCTO and Ag-doped CCTO with operating

temperature ranging from 150 to 350 °C to 10 ppm H>S.
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Figure 5.20: Sensor response as a function of H>S gas concentrations for CCTO
sensors with different Ag doping concentration operating at a fixed temperature 250
e

To characterize the dynamic behavior of the CCTO films, the response and
recovery times were examined. The response time for the gas sensors is defined as the
time it takes to the electrical resistance to vary between the 10% and 90% of the steady
state resistance obtained after sudden exposure to the stream containing H.S gas.
Analogously the recovery time is measured upon sudden switching from the stream
containing the H»S to pure dry air [88, 89]. Figure 5.21 and 5.22 show the response and
recovery times of the Ag-doped CCTO sensors in the presence of H>S with
concentrations varying in the 0.2 to 10 ppm range. The response and recovery times are

longest for undoped CCTO, and tent to decrease with silver doping. When the sensors
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operate at higher H»S concentration the response time decreases while the recovery time
increases. The response and recovery times of 0.9 wt% Ag-doped CCTO sensor to 0.2,
0.5, 1, 3,5and 10 ppm H>S are 355 and 379 s, 154 and 542 s, 56.7 and 645 s, 13.3 and
833 s, 5.62 and 887 s, 2.96 and 630 s, respectively. On one hand, a shortening of the
response time is to be expected from an increase of the occupation of active sites where
H>S binds on the film surface at higher target gas concentration. On the other hand,
longer recovery times are in line with removal of larger concentrations of the excess
electrical carriers deposited in the film by the reaction with the target gas. So, the
smallest number of response and recover times belong to 0.9 wt% Ag-doped CCTO
sensor to 10 ppm HS. These results can be indicated that 0.9 wt% Ag-doped CCTO

sensor has excellent response to H»S.
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Figure 5.21: The typical response time of Ag-doped CCTO sensor to different H>S

concentrations (from 0.2 to 10 ppm).
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Figure 5.22: The typical recovery time of Ag-doped CCTO sensor to different H,S
concentrations (from 0.2 to 10 ppm).

Ideally a gas sensor should be able to selectively respond to a single component.
Thus, the selectivity is a very important performance parameter of gas sensor. Insight
about the selectivity to H>S was obtained by measuring the response of the Ag-doped
CCTO sensors towards NHs, Hz, NO2 and C2HsOH beside H.S. These tests were
conducted at the optimum temperature of 250 °C found for H2S. The results are shown
in the histogram of Fig. 5.23. All CCTO sensors exhibit a high contrast in the relative
response to the tested gases, with highest response to H.S, a small response to NO, and
negligible response to NHs, H> and C2HsOH which were at concentrations 2 to 3 orders
of magnitude higher than that for H>S. The selectivity for H.S of CCTO film sensors
tends to improve with silver doping, and the highest Ag doping level exhibited the

highest response contrast.
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Figure 5.23: Selectivity histograms exhibited by the undoped CCTO and Ag-doped

CCTO sensors towards various gases at 250 °C.

Sensor response of films with different gases were obtained by taking the
response rate from selectivity histograms to plot as shown in Fig 5.24. It can be seen
that all test gases exhibited small response below 5. Also the trends in the graphs for
ethanol and H> testing are not linear as compared with the results from the H»S gas
testing. It can be concluded that the surface area of the films does not relate the sensor
response of films rather than the reaction between specific gases (e.g. NH3z, NO2, H2S)

and CCTO film surface.



2.0

(a) Ethanol at 2000 ppm

o 18
$ .h""'-—-..___‘_‘_____.
c 16f
o
o
n
@ 14t
b=
=]
2
5 121
(73]

1_0 i A 'l A .

0.0 0.2 0.4 0.6 0.8 1.0
Ag-doping concentration (wt%)
(c) NH, at 2000 ppm

18}
i 4
$ 16
c
o
o
0
C 14}
o
w
=
&

12t

0.0 0.2 04 0.6 0.8 1.0

Ag doping concentration (wt%)

Sensor response, R

Sensor response, R

24+

2.0 -

16|

12

08t

4.0

35F

3.0

25+

2.0

15+

1.0

91

(b) H, at 30000 ppm
.‘_‘_‘_'_‘_‘—I
aju ufz of4 ufa nfs 1.0
Ag doping concentration (wt%)
(d) NO, at 5 ppm
0.0 02 04 06 08 1.0

Ag doping concentration (wt%)

Figure 5.24: Sensor response of undoped CCTO and Ag-doped CCTO with operating

at a fixed temperature 250 °C to different gases (a) Ethanol at 2000 ppm, (b) H; at

30000 ppm, (c) NHsz at 2000 ppm and (d) NO2 at 5 ppm.

Gas sensing response of recently reported metal oxide sensors towards H>S and

several gases, the 2 wt% Ag-doped a-Fe2O3 nanoparitcles exhibited the maximum

response (220) to H>S at 100 ppm [11]. It’s too high H2S concentration. In addition, it

displays a low optimal operating temperature compared with our work. The Ag/TiO-

nanofibers at the same H,S concentration with our work, have higher optimal operating

temperatures (350 °C) [15]. Ag doped SnO2 on ceramic substrate exhibited the sensor
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response of 91.2 to high concentration of H.S at low operate temperature [90]. It was
investigated the effect of Ag-doped CCTO thin films towards H>S and finally to
compare with that of Fe-doped CCTO thin films. In particular, 9 wt% Fe-doped CCTO
sensor exhibited the highest response of ~126 to 10 ppm H3S [41]. The response rate
of 0.9 wt% Ag-doped CCTO sensor is higher than 7 wt% Fe-doped CCTO sensor. And
the response time of 0.9 wt% Ag-doped CCTO is smaller than 9 wt% Fe-doped CCTO.
It can be concluded in the Table 5.3. Thus, Ag-doped CCTO sensor with small doping
concentration exhibits an excellent candidate for developing H.S sensors operating at

low-temperatures.

Table 5.3: Comparison H2S-sensing properties between Ag-doped CCTO and Fe-doped

CCTO.
Gas-sensing | Undoped Fe-doping concentrations Ag-doping concentrations
properties CCTO (wt%) (wt%)
3 5 7 9 0.3 0.6 0.9
Sensor 11.0 13.4 29.0 46.0 126.4 26.4 44.6 98.7
response
Response 579 ~30 ~20 ~10 ~8.5 12.5 5.94 2.96
time
(sec)
Recovery | 1,192.97 | ~1,100 | ~900 | ~800 ~500 1,100 1,080 894
time
(sec)
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5.1.5 Mechanisms for enhanced H.S gas sensing performance of the
Ag-doped CCTO films

It is generally accepted that in the absence of the target gas the sensing material
will be in a state deprived of carriers by effects of oxygen reactions at the surface. The

first step is the chemisorption of oxygen which involves the reactions [91].

gas - >
02 + esurf <« OZ adsorbed

gas - N -
O2 + 2esurf <= 2Oadsorbed (5.2)

02_ adsorbed + 2es_urf — 2Oz;dsorbed

The electrons supplied by the oxide become trapped at the sites where oxygen species
attach losing their charge carrier nature. Oxygen may also react with crystal defects that
contain an oxygen deficiency at certain metal ion (denoted by V;"). In this process
oxygen diffuses until it encounters the oxygen vacancy and becomes bound to the

corresponding metal ion, immobilizing a pair of electrons at that lattice point.

1

Eozgas +V2* +2e ——0/, (5.3)

lattice

In an n-type semiconductor material like CCTO [41, 83] the chemisorption of oxygen
extracts electrons from the conduction band and reduces the conductivity of the
material. Concurrently with the charge carrier trapping, an accumulation of negative
charges at the surface and a depletion of carriers in the proximity of the surface leads
to band bending [92]. The effects of the band bending are similar to the field effect

modulation of the conductivity in field effect transistors.
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Upon exposure to the reducing H.S target gas, competitive replacement of
trapped oxygen ions, as well as adsorption followed by reaction with adsorbed oxygen

species sets in, injecting excess electrons in the materials [93, 94].

RN
H ZS(gas) <T H ZSadsorbed

2 H ZSadsorbed + 3()Z_adsorbed L) ZSOZ + H ZO + 3e_ (54)
H ZSadsorbed + 3Oazdisorbed L) SOZ +H 2O +6e”
50

e + HLS ooy ——2—> S0 + H,0+3V," +6e

These processes neutralize the carrier depletion, repopulates the conduction
band and reverts the band bending, effectively increasing the conductivity of the sensor.
These results clearly suggest that the presence of silver atoms play a role on these
surface reactions. The strong affinity of silver ions for sulfur is a well-known fact. This
is why adding Ag to the composition of the films for fabricating sensors would have
beneficial effects on their sensing abilities. While this has indeed been observed, the
actual mechanism by which Ag make the sensors more sensitive and selective can vary
depending on the host material used [95]. It has been argued that silver can act in two
possible ways. On one hand, silver can provide highly specific binding sites on the
CCTO surface to facilitate the adsorption of HzS increasing the response for the same
amount of target gas [15]. On the other hand, silver may also provide catalytic centers
to the oxidation of adsorbed H>S molecules which injects electrons into the conduction
band of the CCTO at which change the conductivity of the films [11].

Insight about the role of silver doping in CCTO for the sensing H2S may be

obtained by inspection of dependence of response time or recovery time of these doped

CCTO sensors as a function of silver doping. The zero order expectation is that the rate
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of conversion of H2S from the gas phase into carriers injected in the film follows the
Langmuir isotherm,

Kn,s'PH,s (5 5)
1+Kq,5'PH,s ’

®H25 =
where Oy, is the surface coverage, Py, is partial pressure of HzS, Ky s is the
adsorption equilibrium constant. In the sensing measurements, the partial pressure of
H2S is very low leading to the limiting case, @y, = Ky,s* Py,s. The rate k,. at which
H>S reacts with the oxygen species from the surface is proportional to the surface
coverage of H2S, k, = k, - ©y,s. The rate of resistance change is directly related to the
charge carrier concentrations in the CCTO film. Thus the resistance change is expected
to be proportional to k,. Based on these premises, | first obtain the response rates by
taking the reciprocal of the response times shown in Fig. 5.21 which indeed yield nearly
linear functions of the H>S concentration at all the Ag doping levels. The slope of these

plots represents the effective response rate (k.sf), for which the dependence on the

silver doping concentration is plotted in the inset on Fig. 5.25.
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Figure 5.26: The specific response rate versus the square of the silver doping
concentration (black squares) and linear fit (black solid line). The red solid circles
represent the specific sensing response rate versus the silver doping concentration and

the red dashed line is a quadratic fit.

The dependence of the effective rate on the silver doping concentration
represents the reaction order on the catalyst in a chemical Kinetics sense as shown in
Fig. 5.26. Interestingly the effective rate depends quadratically on the silver doping
concentration. If the rate determining reaction step in the response of the sensor
involves a catalytic step promoted by silver ions, then the effective response rate would
be linearly proportional to the concentration of the catalyst. This result may be
rationalized by taking onto consideration that the silver atoms can interconvert between
the Ag*ion and the AgP state via a single electron transfer. Although the reaction in
Equation 5.4 appear to be a single step they most likely involve a more complex
mechanism with sequential electron transfer. Adsorption of H>S may take place by
sharing electrons between the sulfur atom and the binding silver ion site forming a
chemical bond, as well as via hydrogen-bonding to oxygen species at the surface.
Electron transfer from the sulfur ion into the silver ion causes the Ag-S bond to break
at the same time the Ag* ion gets reduced to Ag® while the H2S gets oxidized to a
hydrosulfide radical (HSe). Because silver cannot take a second electron, the HSe
cannot be further oxidized to S° until a second silver ion can take a second electron. The
reaction at this point may proceed by binding to a second Ag*ion in close proximity
which then abstracts a second electron to form a sulfur atom and Ag®. The reduced

silver atoms in the CCTO lattice rise the Fermi level, essentially sharing the extra
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electron with the conduction band. The fate of the sulfur atom is essentially a
combustion with surface adsorbed oxygen species ultimately leading to the formation

of SOz gas. | would like to represent this mechanism in a pictorial way on Fig. 5.27.

ISt electron
transfer

2nd
transfer

electron

water elimination
oxygen adsorption
H,S adsorption

/[/ Charge injection |

sulfur combustion

Figure 5.27: Schematic representation of a catalytic cycle with sequence of events that
would be consistent with a second order dependence on the silver doping

concentration of CCTO.

The possibility for this mechanism relies on the existence of surface catalytic
sites containing two silver atoms at distances comparable to the dimensions of the H2S
molecule. Although our CCTO films are polycrystalline, at the length scale of the
reaction site we can assume that crystal facets with the characteristic crystal structure

are exposed. It is not unlikely to find two silver ions in the same unit cell substituting a
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pair among the 18 of copper ions present in the facets of CCTO cell. The atom
substitution probability is given by a Poisson distribution, which naturally leads to a
quadratic dependence of the abundance of the sites having two silver ions substituting
copper ions per unit cell facet, and also goes in line with the quadratic dependence on
the silver doping. It is important to remark that our interpretation is a zero™ order
explanation of silver doping effect. According to this hypothesis, the enhancement of
H>S response by silver doping should settle in a plateau once there are two or more
silver ions per CCTO unit cell corresponding to more than 10 mole%, which is much
higher than the maximum Ag doping level that can be achieved by this sol-gel method.
Thus, the optimal Ag doping concentration cannot be experimentally verified within
this work. Furthermore, the crystal and band structures of CCTO are expected to be
significantly altered at very high Ag doping levels, causing a change in the gas-sensing
mechanism that may not conform to the current proposed model of this system. Hence,
additional experimental and theoretical studies will be needed to further determine the
effect of Ag doping at high concentrations. Nevertheless, the findings of this work
suggest that dopants that strongly interact with sulfur via the transfer of two electrons
such as Mn, Mo, Co and Ni are promising candidates for enhancing the CCTO response
towards H»S.

Catalytic reaction was considered from the amount of Ag-doping
concentrations. Silver dopants make the sensors more sensitive to different HoS gas
concentrations. Figure 5.28 shows the response time of Ag-doped CCTO sensors in the
presence of Ag-doping concentrations with different H>S concentrations varying in the

0.2 to 10 ppm range. It can be seen that the response times are tend to decrease with
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silver doping. Therefore, catalytic reaction and surface reaction can even cause an

enhanced sense 0

f sensing.
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Figure 5.28: The response time of the Ag-doped CCTO sensors with different H.S gas

concentrations at a fixed temperature 250 °C.
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5.2 Results and discussion for silver perchlorate as the
Ag dopant in CCTO films

From Table 4.1, silver acetate has a limit of solubility. The limit for Ag-doping
of silver acetate is 0.9 wt%. We have searched other silver compounds that can be
highly dissolved in the precursor. Silver perchlorate will be excellent candidate for Ag-
doped CCTO preparation because it has a high solubility in acetic acid as shown in
Appendix C. The crystal structure of Ag-doped CCTO films containing Ag
concentrations of 1, 3, 5, 7 and 9 wt% were studied using XRD technique. It is similar
to the XRD results of silver acetate as the Ag dopant in CCTO films that were shown
in the previous section (see Fig. 5.1 ad 5.2). The EDX spectra of 9 wt% Ag-doped
CCTO films was shown in Fig. 5.29. In fact, | tried to detect silver signals in all films,
but all the plots are the same thus here I only show the result from the maximum silver
doping concentration. The spectra confirmed the presence of calcium (Ca), copper (Cu),
titanium (Ti), and oxygen (O) the film and silver (Ag) cannot be detected in the doped
film. Table 5.3 shows the stoichiometry of undoped and 9 wt% Ag-doped CCTO on
silicon substrates with different concentration in the percent by weights. It can be seen
that the stoichiometry of undoped film is similar to 9 wt% Ag-doped CCTO film. In
addition, the intensity of Cu peak 9 wt% Ag-doped CCTO does not decrease. It can be

confirmed that silver cannot be add in the films.
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Figure 5.29: The EDX spectra of 9 wt% Ag-doped CCTO film.
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Table 5.4: The stoichiometry of undoped and 9 wt% Ag-doped CCTO on silicon

substrates with different concentration in the percent by weights.

Ag doping [Element] in the films (wt%)
concentration
(Wt%) Ca Cu Ti O Ag
0 6.40 20.91 30.11 42.58 0
9 6.82 19.20 31.45 42.51 0.02

It can be confirmed that silver dopants were not added into the precursors from

gas sensing properties. Figure 5.30 shows the change in resistance of 9 wt% Ag-doped

CCTO film under exposure to various H2S pulses at different concentrations at an

operating temperature of 250 °C. It can be seen that the response rate is approximately
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11. It is almost the same with the undoped film that is shown in the previous section

(see Fig. 5.18).
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Figure 5.30: Change in resistance of 9 wt% Ag-doped CCTO film under exposure to

various HzS pulses at different concentrations at an operating temperature of 250 °C.



CHAPTER VI
CONCLUSION

In this thesis work, | have used two silver compounds (silver acetate and silver
perchlorate) acting as dopants to synthesize the Ag-doped CCTO films by a sol-gel spin
coating technique. For each batch of precursor, either silver acetate or silver perchlorate
was added into separate precursor solutions. For the first silver compound, | have
chosen silver acetate to be the dopant because it is a compound of acetate which are the
same acetate starting compounds like copper acetate and calcium acetate. Silver acetate
with small concentrations up to 0.9 wt% (~1.7% by mole) can be dissolved in the
precursors. For the second silver compound, silver perchlorate was selected to be a
candidate as one of possible dopants because of higher solubility in acetic acid.
However, | discovered that it is not be a good candidate to synthesize Ag-doped CCTO
thin films because no silver signals were detected in EDX experiment and the sensing
response value was the same (~ 11 at H»S concentration = 10 ppm) as that of undoped
CCTO films. The reasons why using silver perchlorate did not work in my experiment
are still questionable. Thus, most of characterizations of the films including their
sensing properties reported in this thesis are from the Ag-doped CCTO thin films
prepared by using silver acetate as a silver dopant.

Silicon (Si (100)) and alumina (Al203) substrates were used for the Ag-doped
CCTO thin films deposition. In Chapter 5, | have explained and illustrated the CCTO
thin film depositions, their characterizations and gas sensing properties as well as their

results. For the conclusion of this study, | will conclude as follow:
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According to XRD patterns on silicon and alumina substrates, they confirmed
the structure of CCTO and investigated small amount of impurities evidenced some
weak diffraction TiO2 (110) rutile signals and there are no signs of any Ag oxides in
XRD patterns. It is also interesting to note that with increase in Ag concentrations, the
intensity of CCTO peaks decrease. It can be confirmed that the Ag doping can occur in
the films without distorting the crystal structure of CCTO. From surface morphology
on silicon and alumina substrates, it exhibited some spherical/rod-like disperse on
surface with the doped films. The cross section image of the Ag-doped CCTO films on
alumina substrate that the film thickness is approximately 360 to 500 nm for four layers.
The film thickness is approximately 330 to 540 nm for four-layered deposition on
silicon substrates. XPS analysis confirmed the oxidation state of the elements in the
CCTO films. It cannot detect the silver signal with the oxidation states due to small
amount of silver doping in the films and the limitation of the XPS instruments that can
measure only elemental compositions from top surface to about 10 nm depth from the
surface. Fortunately, EDX analysis could be used to confirm the presence of Ag atoms
in the Ag-doped CCTO thin film. Even though, the only doped film is presented the
spectra of silver (Ag) that is too low because of small doping concentration but the Ag
signals increased as the doping concentration increased and the Cu signals decreased.
This could indicate that silver substitutes the copper positions of the CCTO lattice. In
addition, | also confirmed the existence of silver doping in the films with Raman
experiments. The Raman spectra of the CCTO films with different Ag doping
concentration are highly defined, showing intensive bands in the range of 100-1200 cm-

1. It can be confirmed that the silver signals appeared from the vibration mode of Ag-O
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bonds at 258 cm™. Their integrated peak areas increase linearly with Ag-doping
concentration increase from 0.3 to 0.9 wt%.

For gas sensing properties, the sensor response of CCTO sensors was operated
as a function of gas concentration and operating temperatures of 150, 200, 250, 300 and
350 °C toward various gases including H>S, NHs, Hz2, NO, and C2HsOH. Both undoped
CCTO and Ag-doped CCTO thin films is selective to H>S against NHs, H2, NO- and
ethanol vapor. Silver doped CCTO films can be used as the active medium for
constructing H>S gas sensors in such a low concentration range of 0.2 to 10 ppm at the
optimal operating temperature of 250 °C. The doped film sensor showed stability and
relatively shorter response and recovery times than the undoped film. The sensor
response of the sensor depends on the doping level, achieving a sensor response on the
order of 100 at silver concentrations of 0.9 weight %. The silver doped CCTO films are
remarkably selective, with typically 100 to 1000 times higher response to H»S than Ha,
NHz, NO> and ethanol vapor. Comparison between HzS-sensing properties of Ag-doped
CCTO and Fe-doped CCTO film, 0.9 wt% (1.7% by mol) Ag-doped film shows better
performance than that of 7 wt% (51.2% by mol) Fe-doped CCTO film such as a smaller
response time while keeping small doping concentrations. The response time of 0.9
wt% Ag-doped CCTO (2.96 s) is shorter than that for 9 wt% Fe-doped CCTO (~8.5s).
Silver ions appear to play a catalytic role in enhancing the response of the sensors, likely
involving sites with a pair of silver ions in close proximity. Therefore, Ag-doped CCTO
films with small doping concentration constitutes an excellent candidate for developing
H>S sensors operating at low-temperatures of 250 °C and Ag-doped CCTO films still

display a good H>S selectivity.
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Future works:

For more characterization of the sensing material in the future, X-ray
Absorption Fine Structure Spectroscopy (XAFS) will be characterized to determine the
small silver signal of the Ag-doped CCTO films. XAFS uses the x-ray photoelectric
effect and the wave nature of the electron to determine local structures around selected
atomic species in materials. And Auger Electron Spectroscopy (AES) should be used
in this future work because it is an analytical technique used to determine the elemental
composition and the chemical state of the atoms in the surface of a solid material.
Relaxation in AES is larger than in XPS. Chemical effects in XPS will not directly
correspond with those of Auger. Therefore, these techniques maybe used to confirm to
the small silver dopants in the Ag-doped CCTO films.

For gas-sensing properties, the sensor response of Ag-doped CCTO film sensors
should be improved with several methods such as the utilization of heterogeneous
interface. Ag/SnO2 nanocomposite with quick response and recovery behavior upon
exposure to H2S as low as 1 ppm at working temperature as low as 70 °C prepared by
the sol-gel method, has been reported [96]. Consequently, we should try to prepare the
films using other methods to improve gas-sensing properties with high sensor response

by increasing the surface area.
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Appendix A
Ag-doping concentrations

In order to doped Ag in CCTO films, we can be calculated the percentage of Ag

concentration for silver acetate by following expression

_9agcH;co,
MWagch,co, MW,
X 100 = ...... % Ag b i ght
Yca(C,H50,),xH,0 (MWCCTO) %o g by weig
MWC“(Cszoz)z-tzo
9agcHsco
57>\ (107.86 O 06 42 b9 weich
0855 (613.37)>< RN 0 Ag by weight
158.17
’gAgCH3C02 X 1949 = ... .. % Ag by Welgh,t

In this thesis, | tried to dope Ag 0.3%, 0.6% and 0.9% by weight. By following
the Equation above, we weighed Ag 0.01496 g, 0.02992 g and 0.04488 g for Ag doped
0.3%, 0.6% and 0.9% by weight, respectively. However, the quantity of Ag in our films
were later measured from EDX experiments which are 0.21%, 0.39% and 0.70% by

weight instead of 0.3%, 0.6% and 0.9% by weight.
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In order to doped Ag in CCTO films, we can be calculated the percentage of Ag

concentration for silver perchlorate by following expression

Yagcio,
MWAgClO4 MWAg
X 100 = ..... % Ag b ight
MWCQ(C2H302)2'XH20
Yagcio,
207.32 (107'86) x 100 = ....% Ag by weight
0.855 61337/~ 0 T e 0A4g by g
158.17
Jagcio, X 15.69 = ... % Ag by weight

In this thesis, | tried to dope Ag 1%, 3%, 5%, 7% and 9% by weight. By
following the Equation above, we weighed Ag 0.0637 g, 0.1912 g, 0.3181 g, 0.4461 g
and 0.5736 g for Ag doped 1%, 3%, 5%, 7% and 9% by weight, respectively. However,
the quantity of Ag in our films were later measured from EDX experiments which are

not presented the Ag signal in the EDX spectra of the Ag-doped CCTO films.



Appendix B
XRD database

The crystal structure of the CCTO films on substrates were synthesized by the
sol-gel technique. They were compared with the XRD database from The International

Centre for Diffraction Data (ICDD) which illustrated as follow
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Pattern : 01-075-2188

Radiation = 1.540598

Quality : Calculated

(CaCu3)TuO

Calcium Copper Titanium Oxide

Also called: Calcium fricopper tetratitanium oxide

Lattice : Body-centered cubic
$.G.: Im3 (204)

Mol. weight = 614.31

Volume [CD] = 403.75

a= 7.39100

Dx = 5.053

Mcor= 5.76

ICSD collection code: 032002
Temperature factor: |TF
Cancel:

Data collection flag: Ambient.

Bochu, B., Deschizeaux, M.N., Joubert, J.C., Collomb, A., Chenavas, J.,
Marezio, M., J. Solid State Chem., volume 29, page 291 (1979)
Calculated from ICSD using POWD-12++

Radiation : CuKa1
Lambda : 1.54060

SS/FOM : F22=1000(0.0000,22)

Filter : Not specified

d-sp : Calculated spacings

2th

16.952
24062
29.581
34.289
38.486
42.327
45.904
49.276
52.485
55.562
58.529
61.405
64.204
69.618
72.252
74.848
77.413
79.951
B82.471
84.975
87.470
89.961
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Pattern : 00-021-1276

Radiation = 1.540598

Quality : High

TiO2

Titanium Oxide
Rutile, syn
Also called: titania

Lattice : Tetragonal Mol. weight = 79.90
S.G.: P42/mnm (136) Volume [CD] = 62.43
a = 459330 Dx = 4250

Dm = 4230
¢ = 295920

zZ= 2 Vicor = 3.40

G / : No impurity over 0.001%.
Vickers hardness number: VHN100=1132-1187.
Sample source or locality: btained from National Lead Co., South
Amboy, New Jersey, USA.
G / Pattem d by Syvinski, W., McCarthy, G., North
Dakota State Univ, Fargo, North Dakota, USA, ICDD Grant-in-Aid (1990).
Agrees well with experim | and P
General comments: Two other poly h (! gonal) and b
(orthorhombi d to rutile on heating above 700 C.
General comments: Additional weak refl: [indicated by ] were
observed.

Optical data: A=2.9467, B=2 6505, Sign=+

Additional pattern: Validated by calculated pattem.

General comments: Opftical data on specimen from Dana's System of
Mineralogy, 7th Ed., 1555.

General ly rring may be reddish brown.
Color: White

fl Opaque optical data on specimen from Sweden: RsR%=
20.3, Disp.=Std.
Temp: e of data collection: Pattern taken at 25 C.

Data collection flag: Ambient.

Natl. Bur. Stand. (U.S.) Monogr. 25, volume 7, page 83 (1969)

Radiation : CuKa1 Filter : Monochromator crystal
Lambda : 1.54056

SS/FOM : F30=108(0.0087,32)

d-sp : Not given
Internal standard : W

Bon23883RwB8

-
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>
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Pattern : 00-029-1360

Radiation = 1.540598

Quality : High

TiO2

Titanium Oxide
Brookite

Lattice : Orthorhombic
S.G.: Pcab (61)

Mol. weight = 79.90
Volume [CD] = 257.63

a = 545580 Dx= 4120
b= 9.18190 Dm = 4140
¢ = 5.14290

a/b= 059419 Z= 8

c/b= 056011

Optical data: A=2.5831, B=2.5843, Q=2.7004, Sign=+, 2V=~28"
Additional pattern: To replace 00-016-0617 and validated by calculated

pattern.

Color: Black

Additional pattern: See ICSD 36408 (PDF 01-076-1934).

Sample source or locality: Speci from Magnet Cove, Ark USA
(USNM 97661).

Analysis: S ap lysis: 0.1-1.0% Si; 0.01-0.1% each of Al Fe,

and V; 0.001-0.01% Mg.

brookite from M ique [Chemical analysi
(Wt.%): Ti 02 80.7, Nb2 O5 14.1, FeO 5.53); Carvalho et al., Rev. Cien. Geol.
Ser. A, 7 61 (1974) reports an identical pattern.
Temp: e of data collection: Pattern taken at 25 C.
General comments: Intensities verified by calculated pattem.
Data collection flag: Ambient.

Natl. Bur. Stand. (U.S.) Monogr. 25, volume 3, page 57 (1964)

Radiation : CuKa1 Filter : Beta
Lambda : 1.54056
SS/FOM : F30=58(0.0115,45)

d-sp : Not given

2th

25.340
25.689
30.808
32.791
36.252
37.297
37.934
38.371
38.576
39.205
39.967
40.153
42.340
46.072
48.012
49.173
49.694
52.012
54.205
55.234
55.711
57.176
57.685
59.991
62.065
63.065
63.415
63.643
64.104
64.603
65.002
65.876
68.768
70.432
71.490
71.931
73.648
76.948
79.024
79.283
83.643
84.287
84.724
86.743
95.590
*95.590
95.993
97.609
102.559
103.201
*103.201
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Pattern : 03-065-5714

Radiation = 1.540598

Quality : Cakulated

TiO2

Titanium Oxide

Lattice : Body-centered tetragonal Mol. weight =
S.G.: l41/amd (141) Volume [CD] =
a = 3.78500 Dx = 3894
c = 9.51400

Z= 4 Vicor= 5.04

79.90
136.30

NIST M&A collection code: A 50867 ST1243 1
Temperature factor: TF Isotropic TF given by author
Sample preparation: C: ial pig Yy i
Remarks from ICSD/CSD: Anatase-synthetic

Data collection flag: Ambient.

| was used

Cromer, D.T., Herrington, K., J. Am. Chem. Soc., volume 77, page 4708

(1955)
Calculated from NIST using POWD-12++

Radiation : CuKa1 Filter : Not specified
Lambda : 1.54060

SS/FOM : F30=597(0.0014,35)

d-sp : Calculated spacings
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Pattern : 00-046-1212

Radiation = 1.540598

Quality : High

AlLO3

Aluminum Oxide
Corundum, syn
Also called: a- AR O3

Lattice : Rhombohedral Mol. weight = 101.96
$.G.: R3c (167) Volume [CD] = 254.81
a= 475870 Dx = 3987
¢ = 12.99290
Z= 6
Sample source or locality: The ple is an alumina plate as ived from
1COD.
General Unit cell P from deos.

Optical data: A=1.7604, B=1.7686, Sign=-
Data collection flag: Ambient.

Huang, T., Pamish, W., Masciocchi, N., Wang, P., Adv. X-Ray Anal., volume
33, page 295 (1990)

Radiation : CuKa1 Filter : Not specified
Lambda : 1.54056

SS/FOM : F25=379(0.0026,25)

d-sp : Diffractometer
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Appendix C
Solubility of silver compounds

The solubility of silver acetate in acetic acid at 30 °C is found to be 0.00470
molal [97]. It can be calculated that the maximum amount of silver acetate is 0.019613
g in acetic acid 25 g at 30 °C. In addition, the solubility of silver acetate in acetic acid
will be increased at high temperature. Silver acetate 0.0655 g can be dissolved in acetic
acid 25 g at 76 °C.

The solubility of silver perchlorate in acetic acid at 19.8 °C is found to be 79.86
g in acetic acid 100 g [98]. It means that silver perchlorate 19 g can be dissolved

in acetic acid 25 g at 76 °C.
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Modification of Calcium Copper Titanate Thin Films by Adding
Ag Compounds and their H,S Gas Sensing Response

Aukrit Natkaeo!, Ditsayut Phokharatkul?, Jose H. Hodak?, Anurat Wisitsoraat®, Satteerat K. Hodak!*
Department of Physics, Faculty of Science. Chulalongkom University. Bangkok 10330, Thailand

3
¥ o
*Nanoelectronics and MEMS Laboratory, Pathumthani 12120, Thailand iy '1'1
SDQIAYQF FCEN University of Buenos Aires/INQUIMAE-CONICET, Argentin NECTEC

*corresponding author: satreerat.h@chula ac:th-

Ag-doped CaCu;Ti,0, (CCTO) thin films with different doping concentrations were prepared by a sol-gel technique. Films were grown by depositing four layers of CCTO on alumina
substrates followed by sputtering Au/Cr interdigitated electrodes to fabricate gas sensors. The films were characterized by X-ray diffraction (XRD). field emission scanning electron microscopy
(FESEM) and energy dispersive X-ray spectroscopy (EDX). The films have predominantly the perovskite CCTO crystal phase with very small amount of TiO, secondary phases. In this work,
‘both undoped CCTO and Ag-doped CCTO thin films were tested for selective sensing to H,$ gas relative to NH;. H,. NO, and ethanol vapor. For characterizing gas sensing properties of the
films, gas concentrations in the range of 0.2-10 ppm were used with operating temperatures ranging from 150 to 350 °C. When compared to nndoped CCTO sensor. the Ag-doped CCTO sensors
presented much higher response. The best sensitivity towards HaS was found in 0.75 wt% Ag-doped CCTO film and at the optimum operating temperature of 250 °C. The highest response of the
sensor based on the 0.75 wt% Ag-doped CCTO film to 10 ppm of H,S is approximately ten times than that of a sensor based on undoped CCTO film. The doped film sensor also showed stability

and relatively short response and recovery times. Therefore, Ag-doped CCTO films with small doping concentration constitute an excellent candidate for developing H,S sensors operating at low-
temperatures.

The pseudo perovskite structure of CaCu;Tiy0;, material
has cubic structure having an octahedral tilting distortion. The
dielectric properties of CCTO have attracted considerable
interest for inventing microelectronic devices because of its
giant dielectric constant of about 10%-10° in the temperature
range of 100-600 K. Nowadays. there is continuous demand for
miniaturization of electronic devices, and interest to develop

-

B B capacitor materials with high dielectric constant and low loss A - - : -
Fig. 1 CCTO structure.  for applications in microelectronic devices [1]. Fig. 7 FESEM images of CCTO films annealed at fixed temperature 800 °C.
In recent years, gas sensors for the detection of gaseous molecules have attracted Surface morphologies of CCTO films with different Ag doping

much attention. The goal of gas sensor research is to create the detection with a group | |concentrations are shown in Fig. 7 (a)-(d). It is seen that the undoped
range of gases or specific type of gases. Detection the quantity of gases is important for | |CCTO film has granular morphology.

security and gas control. It would be expected to be useful for many applications such as Fig. 8 shows a cross section image of Ag-doped CCTO film on
food p ing. envi ! remediati iculture, medical di and defense. | |alumina substrate. Tt can be seen that the film thickness is approximately \
In recent rescarch work in our laboratory, both undoped CCTO and Fe-doped CCTO thin | |360 to 500 nm for four layers of deposition. . I
films is selective to H,S against NH;, CO, C,H,, CH,, ethanol and NO, [2]. Even for pure _ Fig. 8 Cross section image
CCTO thin film could be selective and sensitive to H,S with the seasitivity of about 10. | | It AAaLC] of CCTO film
Furthermore, the sensitivity of 9 wi% Fe-doped CCTO film towards HyS increased to : TS ATERENEE ) w0k
more than 100 which is about 10 times of that of pure CCTO thin film Thus, it is _ _ oz 08 §
interesting further to a novel dopant in the CCTO films. In this work, the effect of Ag- ] £l H - Linear trend H
modifying CCTO thin films towards F,S and the comparison in response times and | | § 8 g “E
recovery times with that of Fe-doped CCTO films is focused. . i, o gmmessentos §
£ H 1 O
Methodology fol wi
4 z . L e 1 = g5 oz o4 a8 o8 1p £
% The solution sol-gel method (SSG) is described in the following diagram- Energy (keV) Energy (keV) INpU Ag SONGENTtion In the Precursor SOILTIGN (WIT)
Fig. 9 EDX specira of (a) undoped CCTO and (b) 0.75 wi% Ag-doped CCTO films and
o] | e e (¢) the plot of d Ag doping and the ofAgin 1
0.75 wt%)
Gi
l o " W amc) » The 1 response is

observed for 0.75 wi% Ag-
doped CCTO at 250 °C.

» The highest concentration
for Ag dopant has the

Ethylene gtyeel

E3

Resistance (0

Sensor response, .

o st maximum response (~98 7)
ul T enecoro
VAV “HEEEER w low opertng emperrre
R N e (250°C)
Operate temperatures (<) i i)
Healedat 120°C for 151 Fig. 10 (a) R rate with i to 10 ppm H,$

(b) Resistance changes for films exposed to H,S gas at 250 °C.

s o,
Spu at 2 spin specd. o ——— Repeated 4 times for ) ©
T ,:m.:m? o Tt min 128 °C |'““ _a S ;| 7 The smallest number of
EH 8 1o0n e response and recover times
Fig. 2 The flow chart of synthesis Ag-doped CCTO precursor g o0 E a0 :" — ‘belong to 0.75 wit% Ag-doped
and the fabrication of Ag-doped CCTO films. é 20 g ol A7 N CCTO sensor to 10 ppm H,S.
CCTO thin films grown with different conditions on alumina substrates were %mn b e :

sputtered with Aw/Cr electrode as coplanar patterns for quantitative detection of o, ol T Aot ET0 o0 - oo eeponse 3509

gases. The electrode was deposited on the film surface through a photolithographic 0 s, i

mask created using a positive ph followed by ist lift-off in acetone 8 conventmions (o) T |

within an ultrasonic bath Fig. 11 () and (b) show the typical response and recovery time  §

of Ag doped CCTO sensor to different H,S concentrations |31
UV-light . B . 5
T oo o e © » The sensors exhibit the highest response to 10 ppm H,S. i
[N moderate response to NO, at low concentration (3 ppm)
is defined as " I R g

Maske—[_ N BN | [ - & S=R/R, and negligible response to NH; H, and C;H;O0H even at Unssesacer smum 0@

Fig. 4 CCTO film such a high concentration. Ag doping concentration (wi%)
. Photomsim - - - .

Film ey e R, and R, stand for Fig. 12 Selectivity histograms exhibited by the undoped CCTO
Alumina _ B e Y. and Ag-doped CCTO sensors towards various gases at 250 °C.
substrate samples in air and H;S Conclusions

. respectively.
Fig. 3 Photolithography process. In this study, Ag-doped CCTO thin films were successfully synthesized by a sol-gel
Smm technique According to XRD patterns. FESEM images and EDX spectra, they confirmed the
Fig. 5 CCTO sensors. crystal structure of CCTO. For gas sensing properties. both undoped CCTO and Ag-doped
CCTO thin films is selective to H>S against NH:, Hy. NO; and ethanol vapor. Ag-doped CCTO
o Si(a00) films with small doping 1 an excellent 1 for g H,S
ReSllltS and DlSCIlSSlOll - _ - [ sensors operating at low-temperatures of 230 °C. The highest response of the sensor based on the
. g El ";_' \ 0.75 wt% Ag-doped CCTO to 10 ppm of H,S is approximately 99.
3 2 g
s i i} S r
oz B - |
The XRD patterns of Ag-doped CCTO thinn 5 |qans, ,I\\
films deposited on silicon substrates calcined £ ke S :.‘\.‘_ References
at 800 °C with different Ag concentrations are g {10271, T ) .
shown in Fig. 6. The dominant diffraction ) wdope] T i/ [1] Gong. J.. Chen. Q.. Lian, MR.. Liu, N.C. Micromachined nanocrystalline silver doped tin
peaks of silicon substrates were detected in Pl J \» oxide hydrogen sulfide sensors, Proceeding of MSTI-Nanotech 2 (2005) 301-305.
XRD analysis on (220), (400) and (422) [2] P boonkul, 5. Phokharatkul, D., Hodak, JH., Wisitsoraat, A, Hodak, SK.
planes which can be seen in the film grown on ooowow . ::smi‘" ™ of H. ing per with Fe-doping in CaCu;Ti,0); thin films prepared
alumina substrate as well. Fig. 6 XRD patterns of Ag-doped CCTO fi by a sol-gel method, Sensors and Actuators B: Chemical 224 (2015) 118-127.
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L Abstact e,

Ag doped CaCu,Ti,0,, (CCTO) thin films with different doping concentrations were prepared
by a sol-gel technique. Films were grown by depositing four layers of CCTO on alumina substrates The XRD patterns of Ag-doped CCTO thin
followed by sp g Au/Cr digitated el des to fabricate gas sensors. The films were films depostted on silicon substrates calcmed at
characterized by X-ray diffraction (XRD). field emission scanning electron microscopy (FESEM) 800 °C with different Ag concentrations are shown
and energy dispersive X-ray spectroscopy (EDX). The films have predominantly the perovskite in Fig. 6. The dominant diffraction peaks of silicon
CCTO crystal phase with very small amount of TiO, secondary phases. In this work, both undoped | | substrates were detected 1n XRD analysis on (220).
CCTO and Ag-doped CCTO thin films were tested for selective sensing to H,$ gas relative to NH,, (400) and (422) planes which can be seen m the
H, NO, and ecthanol vapor. For characterizing gas sensing properties of the films. gas film grown on alumina substrate as well 20 25 3 35 40 45 50 55 60 85 70 75 80
concentrations in the range of 0.2-10 ppm were used with operating temperatures ranging from 150 26 (degree)
10 350 °C. When compared to undoped CCTO sensor, the Ag-doped CCTO sensors presented much
higher response. The best scasitivity towards H,S was found in 0.9 wt% Ag-doped CCTO film and
at the optimum operating temperature of 250 °C. The highest response of the sensor based on the
0.9 % Ag-doped CCTO film to 10 ppm of H,S is approximately ten times than that of a sensor
based on undoped CCTO film The doped film sensor also showed stability and relatively short
response and recovery times. Therefore, Ag-doped CCTO films with small doping concentration

1 an excellent candidate for H,S sensors at low-

Log Intensity (a.u.}

Fig. 6 XRD patterns of Ag-doped CCTO films

: i -
g LR o
. Fig. 7 FESEM images of CCTO films annealed at fixed temperature 800 °C.
Introduction Surface morphologies of CCTO films with different Ag doping [
concentrations are shown in Fig. 7 (a)(d). It is seen that the undoped

WL~ o R The pseudo perovskite structure of CaCuTi,0,, material has cubic | | CCTO film has granular morphology

- structure having an octahedral tilting distortion. The dielectric
properties of CCTO have attracted considerable interest for inventing
microelectronic devices because of its giant dielectric constant of about
10*-10° in the temperature range of 100-600 K. Nowadays. there is
continuous demand for miniaturization of electromic devices, and
1nterest to develop capacitor materials with high dielectric constant and
Fig. 1 CCTO structure. 10w loss for applications in microelectronic devices [1]

Fig. 8 shows a cross section image of Ag-doped CCTO film on
alumina substrate. It can be seen that the film thickness is approximately

360 to 500 nm for four layers of deposition. 4T
Fig. 8 Cross scction image

of CCTO film.

4

In recent vears, gas sensors for the detection of gaseous molecules have attracted much
attention. The goal of gas sensor research is to create the detection with a group range of gases or
specific type of gases. Detection the quantity of gases 1s important for security and gas control. It
would be expected to be useful for many such as food p ng,

d i medical diagnostics and defense.
In recent research work in our laboratory. both undoped CCTO and Fe-doped CCTO thin films is a T
selective to H,S against NH;. CO. C,H,. CH,. ethanol and NO, [2]. Even for pure CCTO thin film Enorgy (eV) Enerqy fkeV) g Concentation i te pescursor saluion (W)

could be selective and sensitive to H,S with the ity of about 10. Furth : the v Fig. 9 EDX spectra of (3) undoped CCTO and (b) 0.9 wt% Ag-doped CCTO films and
of 9 wi% Fe-doped CCTO film towards HoS increased to more than 100 which is about 10 times of | | (¢} the plot of d Ag doping ¢ and the of Ag in precussor solutions.

that of pure CCTO thin film Thus. it is interesting further to a novel dopant in the CCTO films. In
this work, the effect of Ag-modifying CCTO thin films towards H,S and the comparison in response | | [hSella ST el (i T
times and recovery times with that of Fe-doped CCTO films is focused

~ Linear trend
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» The solution sol-gel method (SSG) is described in the following diagram: oo for Ag dopant has the
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Fig. 2 The flow chart of synthesis Ag-doped CCTO precursor
and the fabrication of Ag-doped CCTO films.

CCTO thin films grown with different conditions on alumina substrates were sputtered with
Aw/Cr electrode as coplanar patterns for quantitative detection of gases. The electrode was deposited
on the film surface through a photolithographic mask created using a positive photoresist followed
by photoresist lifi-off in acetone within an ultrasonic bath.

» The sensors exhibit the highest response to 10 ppm H,S, =
moderate response to NO, at low concentration (5 ppm) and
negligible response to NH, H, and C,H.OH even at such a high
concentration.

— T
“adoping o el

Fig. 12 Selectivity histograms exhibited by the undoped CCTO

and Ag-doped CCTO sensors towards various gases at 250 °C.

UV-light The gas semsor semsitivity S is Conclusions
l l l l l l defined as In this study. Ag-doped CCTO thin films were ly d by a sol-gel tect
Mask e NN NN S=RJ/R, According to XRD patterns. FESEM images and EDX spectra, they confirmed the crystal structure of
Fig. 4 CCTO film ™ - A o i CCTO. For gas sensing properties. both undoped CCTO and Ag-doped CCTO thin films is selective
FilmamtT with Au/Cr electrode s O L5 S i < to H,S against NH;. H,. NO, and ethanol vapor. Ag-doped CCTO films with small doping
Alumina = ol i =il i e concentration constitute an excellent candidate for developing H,S sensors operating at low-
. Zsl LS ey p of 250 °C. The highest response of the sensor based on the 0.9 wt% Ag-doped CCTO to
substrate - 10 ppm of H,S is approximately 99.
Fig. 3 hy process. = Reference:
3 mm T, Chen, Q. Lian, M.R., Lin, N.C. Micromachined nanocrystalline silver doped tin oxide kydrogen slfide sensors,
Fig. 5 CCTO sensors B TI-Nanotech 2 (2005) 301-305.

mepaibooukal, S, Phokharatkul, D, Hodak, I H., Wisi Hodak, §.K. Eshancement of H,S-sensing performances with
Fe-doping in CaCn;Ti,Oy, thin films prepared by  sol-gel method, Sensors and Actuators B: Chemical 224 (2015) 118-127.
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