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Appendix A
XRD database

The XRD peak position of barium titanate, calcium copper titanate. contam-
ination substances (TiO,, CaTiOj3) thin films were confirmed by XRD database

from The International Centre for Diffraction Data (ICDD) which shown as fol-

lows:
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Appendix B

Fe-doping concentration

The concentration of Fe doped 10% by weight for BTO and Fe doped 2% by
weight for CCTO were choosed in this thesis. The process of calculation as shown
in equation 1. From WDX experiment shown that Fe concentration of BTO is 7%
(data shown in Subsection 5.1.3) and EDX experiment show that Fe concentration
of CCTO about 2.5% (data shown in Subsection 5.3.2) by weight instead of 10%

and 2% by weight, respectivelv.

A/v};'eﬁ < Mg, ) 100 % (1)
£ . 4 = e (¢]
% MW sro,ccro)

where g F'e is weight of Fe. /W g, is molecular weight of Fe. g(Ba/Cua) is weight of
Ba for Fe-doped BTO or weight of Ca for Fe-doped CCTO. MW Bajcq is molecular
weight of Ba for BTO or Ca for Fe-doped CCTO and MW srojccroy is molecular
weight of BTO or CCTO, respectively.
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Appendix C

Definition

Gray (Gy) is the SI unit of energy for the absorbed dose of radiation.

Absorbed dosc is defined as the deposited energy from incident radiation per

unit mass of target material, such as air or body tissuc.

One gray is the absorption of one joule of radiation energv by one kilogram

4
of matter.

The curie temperature (Tc) is the critical temperature which a previously

ferromagnetic material becomes paramagnetic.
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Appendix D

Conference presentations

International Presentations:

‘Ko»ngwut, O. . Kornduangkaco, A. . Jangsawang. N. and Hodak, S.K.
Influence of gamma irradiation on refractive index of Fe-doped barium titanate
thin films. Poster presentation at The Fifth Mathematics and Physical Sciences
Graduate Congress, Faculty of Science, Chulalongkorn University, Bangkok (7-9

December 2009)

O. Kongwut, A. Kornduangkaeo, N. Jangsawang and S.K. Hodak, Influ-
ence of gamma irradiation on refractive index of Fe-doped barium titanate thin
films. Oral presentation at TACT 2009 International Thin Films Conference, Na-

tional Taipei University of Technology, Taipei, Taiwan (14-16 December 2009)

Local Presentation:

O. Kongwut, W. Dharmavanij. A. Kornduangkaeo and S. K. Hodak. Ef-
fects of gamma ray irradiation on optical properties of BaTiOj thin films prepared
by a sol-gel methode. Oral presentation at The Science forum 2009, Faculty of

Science. Chulalongkorn University, Bangkok (12-13 March 2009)

O. Kongwut, W. Dharmavanij, A. Kornduangkaeo and S.K. Hodak. Ef-

fects of gamma ray irradiation on optical properties of BaTiOj thin films prepared
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by a sol-gel method. Poster presentation at Siam Physics Congress 2009. Cha am

beach, Phetchaburi (19-21 March 2009)

O. Kongwut, N. Jangsawang, A. Kornduangkaeo and S.K. Hodak. Optical
properties of Fe-doped calcium copper titanate thin films under gamma irradiation.
Poster presentation at The 16th national graduate Rescarch Conference, Macjo

University, Sansai, Chiang Mai (11-12 March 2010)

Satreerat . Hodak, O. Kongwut, N. Jangsawang and A. Kornduangkaeo.
Optic;al properties of Fe-doped barium titanate thin films under gamma irradia-
tion. Oral presentation at The Science forum 2009. Faculty of Science, Chula-

longkorn University, Bangkok (11-12 March 2010)

O. Kongwut, N. Jangsawang, A. Kornduangkaeo and S.K. Hodak. Optical
properties of Fe-doped calcium copper titanate thin films under gamma irradia-
tion. Oral presentation at Siam Physics Congress 2010, River Kwai Village Hotcl,

Kanchanaburi (25-27 March 2010)
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Appendix E

Publications

O. Kongwut, A. Kornduangkaeo, N. Jangsawang and S.K. Hodak, Influ-
ence of gamma irradiation on refractive index of Fe-doped barium titanate thin

films. (Thin Solid Films).

O. Kongwut, A. Kornduangkaeo, N. Jangsawang and S.I{. Hodak, Optical
properties of Fe-doped calcium copper titanate thin films under gamma irradiation.

(Proceeding).
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Polycrystalline Fe-doped barium titanate |Fe-doped BaTiO;) thin fims were grown by thermal decomposi-
ton of the precursurs deposited from a sol-gel systern onto quartz substrates The changes in the
transmittance specta induced by gamma irradiation on the Fe-doped BaTiO, thin films were quantified. The
values for the optical energy band gap weie in the range of 3.42-3.95 eV depending cn the annealing time
The refracuve index of the film. as measured in the 350-750 nm wavelength range was in the 2.17-188
range for the as prepared fii
extincnon coefficient of the film was in the order of 10~? and increased after gamma irradiation. We

and this increased to 2.34~1.95 after gamma irradiation at 13 kGy. The

ohtained tuneabdle complex refractive index of the fims by exposure to various gamma rays dases.

£:2010 Elsevier B.Y. All ights reserved.

1. Introduction

Recently, the effects of the inclusion of different transition metals on
the structural optical. electrical and magnetic properties of perovskite
(ABO;) thin films have been investigated. Various types of dopants and
cations of different sizes can be accommodated in the ABO, sites | 1-4].
Barium titanate (BaTiOy; is a ferroelectric material with a perovskite
structure (Ba®~ as A and Ti*~ as B} that has gained much interest due to
its many potential applications, such as high dielectric constant
capacitors, dynamic random access memeries, and piezoelectric and
optical wave guide devices |3-7}. In addition, doping Fe ions into the
BaTiOy lattice leads to the acquisition of bath ferromagnetic and
ferroelectric praperties [8]. The ferromagnetism of Fe-daoped BaTiO,
ceramics was reported to be dependent upon the annealing atmosphere
and Fe-doping concentration, with the substitution by Fe?~ occurring in
Ti sites being confirmed by Mossbauer measurements {9,10]. Herner et
al showed that doping barium strontium titanate |BaSrTiQ;} with Fe
could reduce the loss tangent {11 by means of improving the dielectric
properties compared to pure BaStTiOy Ancther way to change the
fundamental properties of these materials is by expasure to high energy
electromagnetic radiation or high energy particles, such as X-rays,
gamima rays, electron or neutron bombardment. The retained polariza-
tion, dielectric constant and coercive field of lead titanate films
decreased upon increasing gamma irradiation doses, but the material
was less sensitive to neutron irradiation |12|. Recently. Arshak et al.
observed that the energy gap of a bismuth germanate film decreased
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from 1956V to 1.76 eV after exposure to gamma irradiation with a
0228 mGy of gamma liradiarion [13]. Fasasi et al have reported the use
of high dose gamma irradiation to study the thermoluminescence glow
curve characteristic of BaTiOs ceramics and the dose dependence on the
glow curve |14} These radiation imparted changes in BaTiO; are ex-
tremely useful for the effective design of modern radiation dosimeters.

I this work. the effect of gamma ray irradiation on the optical
properties of Fe-doped and undoped BaTiO; thin films was investi-
gated. The changes in transmittance spectra induced by gamma
ircadiation, and the corresponding changes in the film refractive index
and extinction coefficient, were measured as a function of the gamma
irradiation dose.

2. Experimental details

BaTiO; and Fe-doped BaTiOy thin films were deposited on quartz
substrates by a sol-gel method. The Fe-doping process was done by
dissolving iron (I} sulphate (FeSO} in a mixture of barium acetate
(Ba{CH;C00);, and acetic acid. Then, pure titanium n-butoxide and
methano! were added to the solution. The precursor solution was
dropped onto the clean quartz substrate with a spinning speed of
1500 rpm to provide the first layer of the film. The film was preheated
a1 120 *Cfor 20 min before annealing in an atmosphere of air at 800 *C
for 60 min in order to form the crystalline structure. This process was
repeated until the desired thickness was obtained. Different film
thicknesses can be obtained by varying the number of deposition
cycles. A *Co gamma radiation source with an activity of 10 kCi
{Gammace| 220 Excell} was used to irradiate the BaTiO; and Fe-doped
BaTiOy thin films. The radiation doses were varied via the exposure
time up to 15 kGy at a rate of 10 kGyh. The optical transmittance
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spectia of the films were measured using a Perkin-Elmer Lambda 750
UV-Vis-NIR spectrophotometer. The refractive index and the extinc-
tion coefficient of the films before and after gamma irradiation as a
function of the gamma dose were extracted from the transmittance

spectra using the envelope method {15). The band gap was also

calculated from the transmittance spectra using the Tauc relation | 161,

The compositions of the films were obtained using a wavelength
dispersive X-ray spectrometer (WDX equipped with an electron
probe microscopic spectrometer (EPMS: JEOL model JXA-8100:. The
oxidation state of Fe in the Fe-doped 8aTiO; films was examined by X-
ray absorption spectroscopy near the edge structure (XANES) using a
synchrotron source. The X-ray diffraction [XRD: Bruker model D8-
Discover; patterns of BaTiOy and Fe-doped BaTiO; films were recorded
to determine their crystal structures. The surface morphology of
the films was observed using a Veeco Nanoscope IV atomic force
microscopy [AFAY).

3. Results and discussion
3.1. Structural properties

The substitution site for the dopant caticn depends more strongly
on its concentraticn and on the Ba Ti molar rario than on its size (17].
The ionic radius of Fe>~ (064 A is comparable with the ionic radlus of
T*~ [0.88 A but is significantly different from that of Ba*~ (134 A}
|4]. However, the WDX shows signals that are consistent with
Ba, xFey;Ti0; with the Fe doping occurring by substitution of Ba
sites in BaTiOy yielding a Ba Ti ranio slightly smaller than 1. The
oxidation state determined from the energy of the X-ray absorption
edge (7130.5 eV corresponds to Fe*~. In our case the Fe*~ dopant acts

(a)
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as a donor when it substitutes the Ba®~ site. A similar result for this
substitution was found in the work of Battishaet al. {1},

The crystallinity of the films was investigated using X-ray
diffraction. Fig. 1 shows the XRD patterns of undoped BaTiO; with
two and six layers as well as that for Fe-doped BaTiO, films with eight
layers, derived from a sol-gel method. We denoted each film by the
material formuia followed by the number of layers (L. The tetragonal
phase cf BaTiO, was identified in our films and it is indicated in Fig, !
by the peaks with the indices of its crystallographic planes. The
diffraction peaks are sharper and more intense as the films grow
thicker through the deposition of more layers. The peak positions
slightly shifted to higher diffraction angles after doping Fe in the film
indicating that the lattice constants slightly decreased. This could be
attributed to the substitution of ions with smaller size (Fe*~) to ions
with bigger size {Ba?~). These results are cansistent with the work of
other groups [4.18).

The surface of morphology of BaTiOs and Fe-doped BaTiQ; fiims
was investigated by atomic force microscopy (AFM), where the
estimated average grain size of the BagyFe, ;TiO, 8 L film at 40 nm is
smaller than the 54 nm grain size for the 6L film as seen in Fig. 2.
Devan et al. observed similar results with a decrease in grain size with
doping concentrations [18]. Indeed, many research groups have
reported that increasing the dopant concentration could reduce the
grain size due to competition between different phase structures in
the materials |2.4,19.20]

3.2 Optical properties

Fig. 3 shows the optical transmission spectra in the 300- 1200 nm
wavelength range of the undoped BaTiOy and Fe-doped BaTiOj films of
comparable thickness (ca. 220 nm, before and after gamma irradiation
at 15 kGy. The oscillation in the transmission curve is due to
interference between light reflecting from the film surface and from
the film-substrate interface. The depth of modulation indicates good
homogeneity of the films across the light beam [ca. 1 cm in diameter .
The transmittance of both undoped and Fe-doped films was reduced
after the irradiation, and a brownish tint could be seen by the naked
eye in the irradiated films. However, our results revealed that gamma
irradiation causes a more marked change on the transmittance of the
fe-doped BaTiOs film than to the undoped film. For comparison,
following gamma irradiation ar 15 kCy, the transmittance decreased
by ~4% in the undoped BaTiO; film but by ~ 11% for the BagsFep»TiOs
film. It seems that the trapping process in the films after irradiation
occurs more readily in the doped films, presumably because they have
mare defects than in undeped films. There are two types of defects in
barium titanate; the type that preserves the stoichiomerry {Schottky)
and the type that changes the stoichiometry that occurs at the dopant
substituted cells. Oxygen vacancy defects are commonly found in

Fig. 2. Azomic force microscopy tmages ( 1.0x 1.0 pm; of the fims comprised of (2} BaTiO; vith 6 layers (b, Fe-coped BaTiO; with 8 layers.
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BaTi0s due to an insufficient oxygen supply during the film processing
{21]. Intrinsic Schottky defects in BaTiO; are believed to form
according to the following process: '14).
Bag, = Tir, ~ 30, =V, — Vi ~ 3V ~ Bg, ~ Ti, = 30,
where Bag,, Tir. 30, are occupied Ba, Tiand O sites. respectively, Vy,.
Vr. and 3V, are vacancies of Ba, Ti and O atoms, respectively, and
Bas, Ti; and 30, are the Schottky defects, respectively. Upon
irradiation there are a number of phenomena that can give rise to
trap sites in BaTiOs. Fur example. a negative ion could be removed
and this ion vacancy can subsequently trap an electron which
constitutes the so-called F-center | 141, Another pathway is the self-
rapping of holes [22]. Fig. 4(a; shows the oprical transmission
spectra of Fe-doped BaTiO; films with four and six layers (denated by
Ba; yFey . Ti0; 4L and BagyFe,TiO; 6 L, respectively) in the 300-
1200 nm wavelength range and Fig. 4(b} shows the same trend for
the Fe-doped BaTiO; film with eight layers [denoted by Bag sFec..
TiOs 8 L. As expected, the thicker film shows deeper oscillations in
the transmission spectrum than the thinner film. The transmittance
also decreased with the increasing gamma radiation doses. The dases
used in this study were 1, 5, 10 and 15KkGy, respectively, We
observed that the transmittance of the films did not change any
further for gamma radiation doses higher than ca. 10 kGy. The
absorption edge shifted to a lower energy as the films got thicker
(Fig. 4(a)). because the films with a larger number of layers
accumulated longer heating times {800 *C for 60 min for each
layer; causing the growth of bigger grains, However, there was little
variation in the absorption edge between the BaggFey ;TiO; 4 L film
annealed for 4h and Bag gFec ;TiOs 8 L film annealed for 8 h. The film
thickness of BagsFec»TiO; ranging from four to eight layers was
calculated via the envelape method derived by Swanepoel [23] and
was approximately 220 nm (4 L. 375 am (6L} and 520 nm (8 L).
From the transmittance spectra, the energy for the direct gap could
be calculated by using the Eq. (1)
wahe? = Blhv~E) &)

Where ais the absorption coefficient calculated by o = Jin, invis
the photon energy, £, is the energy gap and 8 is a canstant i)h[ Fig. 3
shaws a plot between {ahi)? versus hi (V] of the Fe-doped BaTiO;
thin films with 4, 6 and 8 layers of thin films. The resulting energy band
gaps were 342 eV, 3.69 eV and 3.95 eV for Bag gFe ,TiO; with 8. 6 and
4 layers, respectively. For comparisan, the energy band gap value of
pure BaTiO; powder, BaTiOjy single crystal, and BaTiOs thin films are
382eV [24], 368V [23] and 3.72-3.77 eV be respectively. The
particle size in these films increases as the annealing cycle increases
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|27]. The corresponding reduction in band gap enetgy with increasing
particle size can be explained by quantum confinement {28,289} The
refractive index can be obrained using an envelope method:

] 142
ni\y = {.’» - |N’ (" g {2;

/nd - 1
where N = (_”’ - 2n? (__Tm min }
P ToaxToin |
the substrate, T,y and T.., are the maxlmum and minimum trans-
mittances. The extinction coefficient can be obtained from

. is the refractive index of
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where X is the wavelength, a is the absorption coefficient
(a =ttt limen: 1 -, T“"{ - ) and d is the film

o
a7 A 0 1= Ty T
thickness.

Analysis of the variation of the dispersion curves of Bagyfe,aTiOy
films after different {0-15 kGy; gammairradiation doses reveal that the
refractive index and the extinction coefficient increase with the
wavelength rising more rapidly toward short wavelengths and
following a typical dispersion curve shape (Fig. 6). When measured in
the 350-750 nm wavelength range. the refractive index for the Bays.
Feg ;TiO; 4 L increased from the 2.17-1.88 range to the 2.34-1.95 range
upon the gamma irradiation at a dose of 15 kGy, with a corresponding
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increase in the extinction coefficient (Fig. ti(a) and /b) ). The vahue of the
extinction coefficient for this film prior to gamma irradiation was in the
order of 107 and this increased after the irradiation with higher doses,
indicating thar higher optical losses result directly from the irradiation.
With thicker films, the refractive index is also inceased due to the
increased film density and better crystallinity. The extinction coefficient
follows an approximately linear function of the wavelength. The
dispersion curves near the electronic band transition were significantly
altered by the gamma irradiation. One of the main results of thesa
experiments is that the complex refractive index of the filns can be
tuned by exposure to varicus gamma rays doses. These abserved
phenomena could be useful for the development of gamma irradiation
dosimeters based o simple optical detection properties.
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4. Conchusions

Gamma irradiation effects were found to be more pronounced for
the iron doped films (Bag gFe, ,TiOy) than for the undoped BaTiOs. The
transmittance of the films in the UV-visible range decreased afte:
gamma irradiation with doses in the 1-15kGy range. The refractive
index and the extinction coefficient of the films were increased by
exposure to higher gamma ray doses. These changes are due to the
formation of color centers and the cancomitant change in the complex
refractive index for the irradiated the Bag gFeg 2TiOs filins,
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