L wwVimriisuas s s

EFFECT OF METALS DOPING ON TIN OXIDE THIN FILM

PROPERTIES PREPARED BY SPRAY PYROLYSIS TECHNIQUE

JUMNAIN PUTPAN

A THESIS SUBMITTED IN PARTIAL F ULFILLMENT OF THE REQUIREMENTS
FOR THE BEGREE OF MASTER OF SCIENCE
MAJOR IN CHEMISTRY
FACULTY OF SCIENCE
UBON RATCHATHANI UNIVERSITY
YEAR 2012

COPYRIGHT OF UBON RATCHATHANI UNIVERSITY



( avAnAaguas i j

THESIS APPROVAL
UBON RATCHATHANI UNIVERSITY
MASTER OF SCIENCE

MAJOR IN CHEMISTRY FACULTY OF SCIENCE

TITLE EFFECT OF METALS DOPING ON TIN OXIDE THIN FILM PROPERTIES

PREPARED BY SPRAY PYROLYSIS TECHNIQUE
NAME MR. JUMNAIN PUTPAN

THIS THESIS HAS BEEN ACCEPTED BY

CHAIR
(ASST.PROF.DR. SUWAT PABCHANDA)
.................. W&"&W COMMITTEE
(ASSOC.PROF.DR. JATUPORN WITTAYAKUN)
e R s COMMITTEE
(ASST.PROFDR. JUTHAMAS JITCHAROEN)
ARG e COMMITTEE
(DR. PRANORM SAEJUENG)
.............................. T e DEAN

(ASST PROF.DR. JANPEN INTARAPRASERT)

APPROVAL BY UBON RATCHATHANI UNIVERSITY
............ L6 BB,
(ASSOC.PROF.DR. UTITH INPRASIT)
VICE PRESIDENT FOR ACADEMIC AFFAIRS
TFOR THE PRESIDENT OF UBON RATCHATHANI WIVERSITY

ACADEMIC YEAR 2012



ACKNOWLEDGMENTS

I would like to thank my advisor Asst. Prof. Dr. Suwat Pabchanda for his constant
advice, guidance, insight, and for sharing his extensive knowledge of chemistry. I am wish to
thank Assoc. Prof. Dr. Jatuporn Wittayakun for being a committee and his suggestions. Thanks to
Asst. Prof. Dr. Juthamas Jitcharoen and Dr. Pranorm Saejueng for their comments and
suggestions. Thanks to the Center for Innovation in Chemistry: Postgraduate Education and
Research Program in Chemistry (PERCH-CIC) and Ubon Ratchathani University for financial
support.

1 would also like to thank many people who have contributed their time,
instramentation, and advice to my project. Thanks to Department of Microbiology for SEM
analysis. Thanks to Department of Chemistry for UV-Vis Spectromeier, Fluorescence
Spectrometer and FT-IR measurement. Thanks to Department of Physics for XRD and AFM
measurements. Many thanks to everyone in the Center for Innovation in Chemistry.

1 would like to thank all of my family for their love and encouragement.

{W‘*T\ o :}Ofﬂf’@/

(Mr. Jumnain Putpan)

Researcher

o f,\’;-‘-gﬂ_..q ,”i‘.g aa 9 PP
FELIAD RV IO N LA

3% :ﬁ_?ﬂ%'ﬁﬁ?ﬁ?ﬁ

“ . 7 . . o~ i
0933 prghng Ao A ORaly
..,“v“.s‘,.=§3¢~ks¢uf§.:m,¢)l_w;,§w.,u ., '»iv»s-v;r-tl-v;y:cwac ]
wo@ A, Beed )




II

UnAnLo

Foiioe . wavpamatie langavantidveslduinsdyneen ladins vu lasmaiia
awsdnls laFa

Tag . $uflos wanius

FotlSgan ¢ Inemansuwiiude

AIH ;19

1

Uszsmnssumsiilioe : d¥enansienst as. giand muduen

Fwiddy Hawua@ynoenlad nsleminnewass mailaaalsdlnlslada

;4

= el =

aAssilanymavessianazasududumsfodeauianinssaiauas
auvmiFndvesidunrefiynoonladiniovlaomaidamysdlnislaga
3
uugrusosnszandlad Taold 25 HadTua i av) anelsdmuaslamsnidumsdedu
) ¥
Tudriiazaenauveuasuoa v uaznsalalasnassn 651821 90: 10 4 laelSuns
3 [}
Tueuilunldeuanududumsiielosoou @ aao'lsd uaz weudludl @ aao'lsa
1 4 ) = {
indosaz 0 de 18 Taslua szwinemdsdinlsledaldguugigusenseanneiin
400 papuwaion nsvadevauiAnInssadaunsauAFwawedildueiaionld
= 7y L g = PR o = - o .
MHAMs IR EidematiansAsusdfendldhiduuniiyneen Tadynarududy
4 o -2 o | ¥ 9 A <
woamavedi Inseadananunyg Inawasz Inuea saduiinnududuvesmsidoman
- @ v H o
Yovaz 18 TaoTua msiuszduasidedwaldisnaninuazanuduninvesiiduing
& ar 3 @ A T oar -8 : ' - o A 9
anad AszduanududuvesmsBamiiusuerdnveslduunsdiynesn ladiiedan
& d = s r ¢ a4 g & a o o
arsemdnfivuiadinlduueiifed18d15130%029 IANANITIATIZHADY
ndoeganssmididnasounundesnsiauazniesgansimiisiesaoy WU MINAYEUNTY
A - ¢/ AL A4 4 as ¥ 9 A o a1
gAY Iszvesiufifaumvihniiofisssduniududuvesmsivamanuaziiniann
- o Y A o oY ~ o
Woyseduanududuarssmsdonars vnransliaiziareyFoinsuaredy
14 v
sudsusaanlnInsalntiuedinlesoudyngrunuiidlolesswminnianan
o A ¢ 4 Y o or
ulassadruaniiasfynoon lua Taswunsineuvasiianisduvesdynoen leanaw lud
A a4 A dy = o 2 1 dyv 3/ dl L3
uafufitRudy  #an1s AT ERn s ouaaindnanudunsiissasussfauing

=) o A 9 2 =] 1 A & = 1:?
ﬂ‘l,!ﬂE!‘E]ﬂ1%ﬂl%fJﬂ']fJﬁ'I‘iﬁ}’ﬂWﬁ’NiJﬂ"!ﬁﬂﬂGMWﬂﬂ’HNﬁ"UE]Qﬂ’l‘iéi]’f)ﬂ'"lﬁli)ﬂmﬁﬂ R RN




111

t ' ar = <+ ~ L= A oMy |
!.LQ‘UGHEN?'NWENQ'!HF,‘HQ]LL’ENLQJUGISﬂﬂ]ﬂﬂﬂﬁhﬂwﬂﬁﬂ?J'E]ﬂ‘l“h’ﬂﬂﬂ'Iﬁﬂﬁx‘!!ﬁlf’f]ﬁ]ﬂﬂ?ﬂﬁ'ﬁﬁ}ﬂ
2 | &y & g 1 Y ow ' ' oy A
NIADITUR "INﬂ'1'iﬁl@ﬂ’)Eiﬁ'iiﬁlﬂEﬂﬁﬂﬂ@WﬂﬁlHﬂﬁﬂﬁﬂﬂ?ﬁﬁﬂﬁﬁﬂ"Iﬂﬂ')'lﬂ'k‘iﬁ]ﬂﬂ?E}’dﬁiﬂﬂﬂﬁ'}l%
" LR ' = a A M v A =4 R 3
ﬂ'lﬂ'!‘jﬁﬂﬁ'luliﬁﬂ‘llﬂﬁﬂﬁﬁj'ﬂwﬂuﬂﬂ'ﬂﬂul“b’ﬂﬁﬂﬁ\‘imﬂﬁ)ﬂﬂ'mﬁ'ﬁmi’]t‘H'ﬁﬂ Glu‘llm%ﬁﬂﬂWﬂ@ﬂﬁTJ

a o oy A 4 A A 4 d ¥y -
AABNEIHIUNTTIIOAUEITIIDWE 1T oUDL 6 Tﬂﬂiuaua:ummumumﬂ'nmwwmma

o
AITONANGIVU




v

ABSTRACT

TITLE - EFFECT OF METALS DOPING ON TIN OXIDE THIN FILM PROPERTIES
PREPARED BY SPRAY PYROLYSIS TECHNIQUE

BY : JUMNAIN PUTPAN

DEGREE : MASTER OF SCIENCE

MAIJOR : CHEMISTRY

CHAIR : ASST. PROF. SUWAT PABCHANDA, Ph.D.

KEYWORDS : TIN OXIDE THIN FILMS /IRON OR ANTIMONY DOPING / SPRAY
PYROLYSIS TECHNIQUE

The purpose of this research was to investigate the effect of dopants and their
concentrations on structural and optical properties of SnO, films prepared by spray pyrolysis
technique. The SnO, films were deposited on slide glass plates from 25 mmol SnCl,*5H,0
in the mixed solvent of C,H,OH/H,0/HCI 90:10:4 (v/v/v). In this work, FeCl, and SbCl; were
selected as doping additives with quantities varied from 0 to 18 mol%. The glass substrate
temperature was kept constant at 400 °c during the spray pyrolysis. The structural and optical
properties of the prepared thin films were characterized. From X-ray Diffractio—n (XRD) results, all
deposited SnO, thin films were in rutile phase with tetragonal structure, except that of 18 mol%
Fe-doping. The increased of doping concentrations resulied in a decreased of both crystallinity and
crystalline sizes of prepared doping films. At the same doping level, crystalline sizes of Fe-doping
were lower than those of Sh-doping. From Scanning Electron Microscopy (SEM) and Atomic
Force Microscopy (AFM) results, the grain sizes and surface roughness of prepared thin films
were enhanced with increasing concentration of Fe-doping. However, those of Sb-doping films
were decreased with increasing concentration of Sb-doping. From Fourier Transform Infrared
Spectroscopy (FT-IR) results, Sn ions were replaced by Fe or Sb ions in SnO, lattice, resulting in
shift of vibration peak of $n0, film to higher wavenumber. The photoluminescence (PL) analysis
indicated that both suppressed the PL emission intensity, but the PL intensity of SnO, films with

Sb-doping was lower than that of Fe-doping. Moreover, the direct optical band gap of the



SnO, films decreased for both dopants. More decreased was observed in Fe-doping more than
Sb-doping. The transparencies of the SnO, films decreased with all increased concentrations of
Fe-doping, whereas the transparency of 6 mol% Sb-doping films was decreased, and those of

other Sb-doping films were increased.
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CHAPTER 1

INTRODUCTION

Transparent conductive oxide (TCO) film was aftractive for many optoelectronic
devices due to their unique physical properties such as high electrical conductivity and high
transparency in the visible region. Thus, transparent and electrically conductive films were widely
used for a variety of applications [1-2]. In particular, tin oxide films have high transparency in the
visible region, low electrical resistivity, reflectivity in the IR region, stable at high temperatures
and very good adhesion to many substrates such as glass [3] and flexible subsirate (polypropylene
adipate (PPA)) [4]. Therefore, tin oxide films were widely used for a variety of aﬁplications
such as gas sensor [5-6], dye—sénsitized solar cell [7], light emitting diodes {8] and thermoelectric
material [9].

There are a number of techniques developed for deposition of thin films on substrate
such as magnetron sputtering [10], plasma enhance chemical vapor deposition (PECVD) [11],
spin coating [12], dip coating [13}, electrostatic spray pyrolysis [14], thermal evaporation [15]
and spray pyrolysis deposition (SPD) [16-18] and the propertics of thin films relate to the
deposition methods. Among these methods, one of the most simple technique is spray pyrolysis in
which a thin films is deposited by spraying solution onto the heated substrate where the
constituents react to form a chemical compounds [19]. The spray pyrolysis system is rather simple
in principle and represents the less expensive alternative method with high deposition rate.
In addition, the oxide film prepared by this technique is also physically and chemically resistant
against environmental effects and adheres strongly to different substrates. Moreover, the doped
oxide films could be easily prepared by adding dopants into the spray solution. Thesc make spray
pyrolysis coating to be a good choice for this thesis.

Recently, the structural and optical properties of undoped SnQ, [5-6, 9-10, 12-18, 20],
Fe-doped Sn0, [21-25] and Sb-doped SnO, [4, 11, 26-32] thin films prepared by spray pyrolysis

technique were investigated. However, from the best of our knowledge, there is no report for



fabrication of Fe-doped SnQ, films and Sb-doped SnO, films under the same condition on glass
substrate by spray pyrolysis method.

The objective of this thesis was to establish a relationship between the dopant (Fe and
Sb) and the SnQO, thin film propertics. Therefore, tin oxide films doping with Fe and Sb at
different concentrations ranging from 0 to 18 mol% were prepared by spray pyrolysis method.
The properties of the films were characterized by X-ray Diffraction (XRD), Scanning Electron
Microscopy (SEM), Atomic Force Microscopy (AFM), Fourier Transform Infrared Spectroscopy
(FT-IR), Fluorescence Spectroscopy and UV-Visible Spectroscopy.

The present thesis has been derived in the following sequence, Chapter 1 presented the
introduction, chapter 2 described some of the previous work related to this thesis, chapter 3
presented the fabrication of SnQ,, Fe-doped SnO, aﬁd Sb-doped SnO, thin films and

- characterization techniques used in this work, chapter 4 described the results and discussions and

finally, the thesis was concluded in'chapter 5.



CHAPTER 2

LITURATURE REVIEWS

[n the past decade, transparent conductive oxide (TCO) films were attracted
a great attention because of their fascinating properties and potential building blocks for
electronics, optoelectronics and sensor applications [1]. Tin oxide (SnOzj film is one of the
promising materials for fabrication of nanodevices such as gas sensor [5-6], dye-sensitized solar
cell [7] and light emitting diodes [8]. Currently, tin oxide was the most interesting materials
among metal oxides due to their broad application lists related to their optical and electrical
propertics. For instance, undoped and (Fe or Sb)-doped SnO, films could bé used in
optoelectronics, sensors and 't'ransducers. Here, somé of the properties of these films were
highlighted:

2.1 Basic properties of undoped and (Fe or Sb)-doped SnO, films

2.2 Thin films deposition methods

2.3 Precursors and their concentrations

2.4 Solvent for spray pyrolysis

2.5 Deposition temperature for spray pyrolysis

2.1 Basic properties of undoped and (Fe or Sbh)-doped SnO, films

These were two forms of tin oxide, differing by the electronic state of the tin atom.
When the tin atom was in the +4 oxidation state, the tin oxide was formed in stannic oxide (SnO,).
When the tin atom was in the +2 oxidation state, stannous oxide (SnQ) was formed. Stannic
tin oxide is a wide band gap semiconductor with a band gap of 3.6 ¢V [18, 33-34], whereas
stannous tin oxide has a band gap of 2.5 - 3.0 eV. Stannic tin oxide has the rutile crystal structure
and starts to crystallize at 450 OC, while the stannous form of tin oxide has the litharge structure.
Stannic is the most common form of tin oxide and that the only form which is useful in gas
sensing application. The density of tin oxide is 6.99 g/cm3 [34]. Stoichiometric SnO, is

an insulator; however, oxygen vacancies render it to n-type semiconductor, The formation energy



of oxygen vacancies and tin interstitials was very low, so it was hard to deposited a stoichiometric
film and most films turned out to be conductive [34].

Tin oxide (SnO,) normally forms in the tetragonal rutile structure (space group
p4/mmm) as illustrated in Figure 2.1. Its lattice parameters are included of a = 0.4737 nm,
¢ = 0.3186 nm and u = 0.306 [35]. The large different in the value of electronegativity of Sn
(1.96 ) and O (3.44) render it to be a strong ionic bonding. In the tetragonal structures, the tin (Sn)

atoms were tetrahedrally coordinated to six oxygen (O) atoms.

@ Tin

Oxygen

Figure 2.1 The primitive tetragonal unit cell of the bulk SnO,, with the basis of (Sn0,},.

The lattice parameters are a = 0.4737 nm, ¢ = 0.3186 nm and u = 0.306 [35].

2.2 Thin film deposition methods

There are a number of methods used for deposition of undoped and (Fe or Sb)-doped
SnO, films as presented in Table 2.1. These chemical methods comprised of gas phase and
solution deposition methods. The gas phase methods included of sputtering [10], chemical vapor
deposition (CVD) [11] and thermal evaporation [15], while dip coating [13, 25, 32}, spin coating
[12, 23-24] and spray pyrolysis [3, 5-6, 9, 14, 16-22, 26, 29-31, 36-38] methods employ solution
precursor. The advantages and disadvantages of various methods for preparation of SnO, films

were shown in Table 2.1,



Tahle 2.1 The advantages and disadvantages of various methods for prepared SnO, films

Deposition methods

Advantages

Disadvantages

Chemical vapor

deposition (CVD)

- Smooth and uniform films surface

- Low deposition rate
- DifTicult to increase film
thickness

- High cost technique

Thermal evaporation

- Smooth and uniform films surface

- Low deposition rate

- High cost technique

Sputtering

- Smooth and uniform films
surface
- High deposition rate

- Eaéy to increase films thickness

- High cost technique

Dip coating

- Smooth and uniform films surface

- Precursor solution is recyclable

- Difficult to increase films
thickness and control precursor

evaporation

Spin coating

- Smooth films surface

- Easy to increase films thickness

- Limit in size of substrate

- High cost technique

Spray pyrolysis

- Simple equipment

- Easy to adding doping materials

- High growth rate and easy to
increase film thickness

~ Mass production capability for
uniform large area coating

- Low cost technique

- Rough films surface

- Substrate should be durable for
high temperature

- Precursor unrecyclable

- Difficult to control dust spray
size

- Easy to nozzle clogged

The spray pyrolysis is a low cost technique, simple and has major advantage of
allowing deposition over area for industrial applications {19]. Using this method, dopants could be
easily introduced into the matrix of the films by adding appropriate precﬁrsors. The precursors

decomposed under suitable thermal treatment and the desired solid compound were form,



while the unwanted species were evaporated. In this work, the structural and optical properties of
the undoped SnO, and (Fe or Sb)-doped SnO, thin films deposited by spray pyrolysis were

presented.

2.3 Precursor and their concentrations

The type of the tin (Sn) precursors is one of the most important factors affecting the
microstructure and in turns the films properties. X-ray diffraction measurements indicated that the
Sn0, films prepared from SnCl, presented a preferential growth along the (200) direction whereas
the sample prepared from SnCl, presented a preferentially along the (110) direction [39].
Moreover, SEM photographs of SnO, films suggested that the films derived from SnCl,*5H,0
exhibited better surface morphology than those of films from SnCl,-2H,0 [39]. The improved
electrical and optical properties were obtained when SnCl,-5H,0 was used as the starting material
instead of SnCl,"2H,0. Although SnCl,*2H,0 is cheaper than SnCl,*5H,0 and could be easily
produced in a laboratory, SnCl,*5H,0O is selected to prepare thin films in this thesis due to the
superior film properties.

The undoped and (Fe or Sb)-doped SnO, thin films were deposited using different
concentrations of precursor solution. it has been reporied that the crystalline size increased with
increasing precursor concentrations in the spray solution. SEM analysis suggested that the
orientation of the grains was random, but the grain size increased with increasing concentrations
of the precursor solution, The films were prepared by using pentahydrated stannic chloride
(SnC1,-5H,0) as a precursor, and the spraying solution with 0.01 M [21}, 0.20 M [22] and
0.28 M [38] were used. The initial concentrations of the sprayed solution as 0.25 M of stannic
chloride were used. This concentration was a good compromise between times of film deposition,
influencing of the substrate cooling during the deposition process and possibility of thickness and
growth rate control of Sn0O, film.

Doping the SnO, nanostructure with fransition metals were primary means of
controlling optical property and electrical conductivity of SnO, host semiconductors. Iron (Fe) and

antimony (Sb) were selected to study effect of additives on the SnO, thin film properties.



The concentrations of Fe-doping were the important parameter for controlling SnO,
films properties. Effect of Fe-doping concentrations {0 - 28.4 mol% in solution) on SnO,
thin films properties deposited on the glass substrates using spray pyrolysis was investigated [21].
The precursor solution was prepared by dissolving a curtain amount (0.01 M) of stannic chloride
(SnCl,"5H,0) and different amount of iron (III) chloride hexa hydrate (FeCl,*6H,0) in 10 m! of
solvent (a mixture of double distilled water and ethanol in a volume ratio 1:1). To enhance the
solubility of stannic chloride, a few drops of HCIl was also added to the solution. The weight
percentage (wt%) of FeCl,-6H,O in the solution was changed from 0 to 10 wt% (or O to
28.4 mol% or atomic ratio of (Fe)/(Sn) = 0 - 40 at%). The XRD patterns indicated that all films
with different doping levels had polycrystalline SnO, (with tetragonal-cassiterite phase) and SnO
phases. Increasing the doping levels increased the amorphoﬁs phase along with the reduction of
peak intensities and increasingﬂ of the width that resulted in the mean crystalline size reduction.
Also, in doping levels less than 19.1 mol%, XRD peaks intensity were stronger and this related to
higher crystallinity of the films. The crystalline sizes of films decreased from 60 - 80 nm (for
undoped SnO, ﬁlms) down to 25 - 45 nm in 19.1 mol% doping level. The average transmittance of
the films decreased from about 90% to 70% when the doping level increased from 0 mol% to
19.1 mol% (or 0 at% to 23.6 at% in solution). Thus, Fe-doping levels at 6, 12 and 18 mol% were
investigated in this thesis in order to keeping optical transparency and controlling amorphous
background of films.

In addition to Fe, the literature survey revealed that very recently, there have been
studies on the properties of antimony doped Sn0O, films [4, 11, 26-28, 30-32, 38]. From previous
study [38], pure and antimony doped tin oxide films were deposited on both glass and quartz
plates by spray pyrolysis method. The substrate temperatures was varied in the range of
300 - 450 °C and the doping varied from 0 to 10.7 mol% in solution (or 0 to 12 at% of (Sb)/(Sn))
and their effects on the structural, optical and electrical properties were studied. It was found that
8.3 mol% (or 9 at%) was the optimum doping level and the best electro-optic properties were
obtained; resistivity as low as 9 x 10* Q.cm and the average transmission of 80% in the visible
region, at the substrate temperature of 400 °c, Moreover, when doping with Sb change in
preferred orientation was observed from {110) to (200). The optical investigation showed that,

depending upon the doping concentrations, the antimony doped films had direct allowed



transitions in the range 4.13 - 4.22 ¢V and indirect allowed transitions in the range 2.54 - 2.65 eV,
respectively [38].

SbCl, was used as dopant source for Sb-doping because of its low cost [27-28, 30-3 1].
The XRD analysis showed that the undoped SnO, films had (211) preferred orientation whereas
the Sb-doped films had (200) planc [27].

Scanning electron microscopy studies indicated that the surfaces of the films prepared
with lower doping level (1 mol%) consisted of larger grains whereas those prepared with higher
doping levels (> 1 mol%) consisted of smaller grains. Some researchers [27-29] reported that ATO
films showed a preferential growth along the (200) direction. However, Ma et al. (4] found that the
preferred orientation was (110) direction. In this thesis, SbCl, was used a dopant source of

Sh-doping for preparation of Sb-doped SnO, films,

2.4 Solvent for spray pyrolysis

The- precursor solution was prepared by dissolving a certain amount of stannic chloride
(SnC1,*5H,0) and different amounts of dopant in a mixture of double distilied water and ethanol
in a volume ratio of 1 : 1 [21]. To enhance the solubility of stannic chloride and dopant, HCI was
also added to the solution [21, 38, 40]. However, Smith et al. [40] and Shanti et al. [38]} have
shown that the preferred orientation was (110) with low amount of HCI in the starting solution
(< 0.2 mol/l). Thus, a mixture of 90 ml of ethanol, 10 m! of double distilled water and 4 mi of HCI
(in the starting solution was 0.5 mol/l) was selected to prepare the SnO, films by spray pyrolysis in

* this thesis.

2.5 Deposition temperature for spray pyrolysis

The effects of the deposition temperature on the structural, optical, morphological and
electrical propertics of undoped SnO, films prepated by spray deposition method were
investigated [17]. The X-ray diffraction patterns for undoped SnO, films deposited at 300, 350,
400, 450 and 500 ¢ indicated that films deposited at 300 °C were nearly amorphous whereas the
increase of deposition temﬁerature above 350 °C caused the increase of crystailization of the

films, The films deposited at 350 °C showed only three peaks namely (200), (211) and (301)



whereas the films deposited at higher temperatures showed as many as five peaks such as (110},
(101), (200), (211) and (301), respectively. Thin films deposited at 350, 400, 450 and 500 °c
showed sharp XRD peaks, indicating to polycrystalline and cassiterite tetragonal structure. In all
films, the half width of the Bragg peaks decreased and the intensity of the peak increased with
increasing deposition temperature. Especially, the peaks (110) and (211) dominantly increased
with the increase of deposition temperatures. It was also observed by XRD analysis that,
the crystallinity of the films was improved, the crystalline size became larger, and the degree of
surface roughness increased with increasing substrate temperatures.

In addition, Shanti et al. [38] prepared pure and Sb-doped SnO, films by spray
pyrolysis method using substrate temperatures in the range of 300 - 450 °C. It was observed that,
from the XRD patterns, the preferred orientation changed from (110) to (200) with Sb-doping and
(200) peak intensity was maximum at 400 °C substrate temperature. This was indicated that
Sb has also gone into 1.the interstitial sites of Sn atoms in Sn0, lattice structure and 400 °c
substrate temperature has been found to be optimum subsirate temperature. Moreover, the
deposition femperature over 500 °C was not suitable due to limit of glass substrate annealing
temperature (546 °C). Thus, 400 °C was selected to be a deposition temperature for preparation

of thin films by spray pyrolysis in this thesis.



CHAPTER 3

EXPERIMENTAL

3.1 Chemicals and instruments

All the chemicals used in this thesis were analytical grade as shown in Table 3.1.

Tabfe 3.1 Chemicals

3

Chemicals Formula Assay (%) Manufacturer
Tin (IV) chloride pentahydrate SaCl1,-5H,0 98.0 % Sigma Aldrich
Iron {III) Chloride o FeCl, 57.0 % Sigma Aldrich
Antimony (III) Chloride SbCL 99.9 % Sigma Aldrich
Ethyl alcohol CH,CH,0H 99.9 % Merck
Hydrochloric acid HC} 37.0 % Carlo Erba
Nitric acid HNO 69.0 % AnalaR

The details of instruments for thin film characterization were listed in Table 3.2.

Table 3.2 Instruments

Fourier Transform Infrared Spectrometer (FT-IR)
Fluorescence Spectrometer

UV-Visible Spectrometer

Spectrum RX |
LS-55
Lambda 25

Instruments Model Company
X-ray Diffractometer (XRD) Philips X ‘pert MPD  Philips
Scanning Electron Microscope (SEM) JSM 5410-LV JEOL
Atomic Force Microscope (AFM) XE-100 PARK

Perkin Elmer
Perkin Elmer

Perkin Elmer
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3.2 Experimentai

The undoped and metals (Fe or Sb)-doped SnO, thin films were deposited on the
glass substrates by home-made spray pyrolysis experimental set-up. Optical microslide glass
plates with an effective area of 7.5 x 2.5 cm were used as substrates. The glass substrates were
cleaned with HNO, : HCI (1 : 3) cleaning solution, rinsed with ethanol in an ultrasonic bath and
heated at 500 °C for 1 hour before spraying. The precursor solution was prepared by dissolving
8.75 g (0.025 mof) of SnCl,-5H,0 in the mixed solvent of CZHSOHﬂizoﬂ-iCl 90 : 10 : 4 (vV/v)
{38]. Different doping levels were prepared by varying the metal salts (FeCl, or SbCL,) content in
the spray solution. The SnO, films were deposited by spraying solutions at various doping
concentrations of dopants as 0, 6.0, 12.0 and 18.0 mol%, respectively in the separated sets of
experiment. The substrate temperature was kept constantly at 400 + 10 °C. The flow rate of
solution (3.0 ml/min) was controlled by compressed air at a carried air pressure of 0.2 kg/cmz.
The normalized distance between the spray nozzle and the subsirate was 60 cm and 15 mi of

starting solution was used for spraying in each case.

3.3 Characterization techniques

The structural and optical properties were characterized by XRD, SEM, AFM, FT-IR,
Fluorescence and UV-Visible spectrometric methods. The details of methods were presented in
section 3.3.1 - 3.3.6.

3.3.1 X-ray Diffraction (XRD)

The X-ray diffraction studies were carried out using X-ray diffractometer
(Philips X ’pert MPD, Cu K radiation wavelength 0.154 nm) to investigate the structure of the
deposited films. The scanning range of 20 was restricted to the range of 20 - 60°with scan rate of
0.02 °ss.

The average crystalline sizg was calculated using th-e Scherrer’s formula

(in equation 3.1) based on the XRD patterns [41].
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D= kA
~ BcosO

(3.1

where; D is the average crystalline size
k is the Scherrer’s constant, (in this case, it is assumed to be 0.9}
A is the wavelength of X-ray (0.15406 nm)
B is Full-Width-Half-Maxima (FWHM) of the peak (in radians)
0 is the Bragg's angle (in radians). |
The lattice strain {£) induced in films due to crystal imperfection and distortion

was calculated using the equation 3.2:

Bnxl 32
4tanf

where; £ is lattice strain
B,y is Full-Width-Half-Maxima (FWHM) of the (211) peak (in radians)
0 is the Bragg's angle (in radians).
The lattice distance (d), lattice parameters (a-axis, c-axis) and cell volume (v} of

thin films could be also calculated according to the equation 3.3 - 3.6, respectively [42-43].

A
diy = 3.3
WK™ 9sind (33)
o= VS (3.4)
2sind
1
c=
11 (3.5)
d%im) Zd?no)
V= a’c (3.6)
where; d is the lattice distance at hkl

(h, k, 1) are Miller indices of XRD plane

S is summation of n+ k2 +7
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a and c are lattice parameters

A s wavelength of X-ray (0.15406 nm)
0 is Bragg's angle (in radians)

V is cell volume of tetragonal unit cell.

The tetragonality (¢/a) could be determined by following equation:
_ c
Tetragonality = 3 _ 3.7

where; a and ¢ are lattice constants and could be calculated from the XRD patterns.
3.3.2 Scanning Electron Microscapy (SEM)

The surface morphology in microstructure‘ of deposited films was examined by
scanning electron microscope (SEM; JEOL JSM-5410 V). The SEM was operated at 25 kV and
magnification at 10,000. in the vacuum atmosphere. The samples were coated with gold by
sputtering technique before measurement.

3.3.5 Atonmic Force Microscopy (AFM)

Atomic force microscopy (AFM) is one of the microscopic techniques.
Small sample was usually mounted on some sort of piezoelectric scanner, A probe tip was then
brought into extremely closed proximity to the sample surface, the sample was then scanned
laterally, and usually the strange of the feedback signal (or error or some other quantity) was
monitored as a function of x, y positions. ATM could be done with a number of modes and
variations, i.e. contact, tapping and noncontact modes to manipulate individual atom such as
tin oxide nanocrystal. In this thesis, surface morphology of SnO, films were investigated by
atomic force microscopy (AFM; Park, XE - 100} with operated in non-contact mode on a scanning
area of 1 pm x 1 pm with scan rate as 0.50 H, on XY direction and slow scan reverse system.
The average grain size and root mean square (RMS) values of surface roughness were estimated
for study the effect of dopant and their concentrations on the surface morphology of SnO, films.

The root mean square (RMS) of films could be calculated according to the

equation 3.8 [44].
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N 72
R, ,_iil%?mja_ (3.3)

where; R, . is root mean squarc

RMS
N is total number of data points
Z, is vertical coordinate of the image
Z is mean value of Z.,
3.3.4 Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FI-IR) gives information about
functional groups present in a compound along with the molecular geometry and inter or intra
molecular interactions. The powder scratched from deposited film was characterized by fourier
transform infrared (FT-IR) spectroscopy using Perkin Elmer FT-IR spectrometer model spectrum
RX1. The FT-IR spectra were measure from samples prepared by KBr pallet technique
(KPBr : sample ratio, 300 : 1) in the wavenumber ranges of 460 - 1500 cm

3.3.5 Fluerescence Spectroscopy

Room temperature photoluminescence (PL) measurements were performed with
a Perkin-Elmer LS - 55 fluorescence spectrometer recording specira in the range of 300 — 400 nm
using excitation line at 215 nm, excitation slit 6.0, emission slit 3.0 and scan speed 500 nm/min,
respectively. The photoluminescence spectra of the prepared thin films on glass substrates were
directly measured under the above mentioned condition.

3.3.6 UV-Visible Spectroscopy

The optical absorption and transparency studics were performed in the
wavelength range of 300 - 1,100 nm using Lambda 25 UV - Vis double beam spectrophotometer
with scan speed 960 nm/min. The thickness of films (t) were determined by using the optical

transmission spectra (%T) and the following equation {21]:

A1ho

IR 2

where; A, and A, are two consecutive peaks in transmission spectra

1 is refractive index of SnO, (1 = 1.95).
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From optical absorption measurements, the direct optical band gap (E) for
various of SnO, thin films doping with Fe- and Sb-doping levels were obtained by plotting (Othv)2

versus photon energy (hv) and using the following relation [21]:
(ahv)' = A (hv - E,) (3.10)

where; o is absorption coefficient
A is constant
E, is direct band gap of the materials

hv is photon energy.



CHAPTER 4

RESULTS AND DISCUSSION

Several characterization technigues were used to study the prepared thin films; like
XRD, SEM, AFM, FT-IR, Fluorescence Spectroscopy and UV-Visible Spectroscopy. An attempt
has been made to correlate of the structural and optical properties of these films with the dopanis
and their concentrations. The results of structural and optical properties of films were

characterized and discussed in the following sections.

4.1 Structural analysis of undoped and {Fe or Sb)-doped tin oxide films

The X-ray difﬁractioﬁ patterns of Fe-doped SnO, and Sb-doped SnO, thin films in
various doping levels 0of 0, 6, 12, 18 and 100 mol% in spray solution were shown in Figure 4.1 and
4.2, respectively. As shown in Figure 4.1a, the XRD pattern of undoped SnQ, illustrated (110),
(101), (200) and (211) orientated growth at 20 as 26.8°, 34.1°, 38.3° and 52.0°, respectively.
The XRD pattern of the SnO, indicated that the undoped film was tetragonal rutile structure with
the lattice constants as a =b = 0.4711 nm and ¢ = 0.3174 nm, which corresponded with the data
of Sn0, powders record in the JCPDS document (Powder Diffraction File Complied by the Joint
Committee on Powder Diffraction, 1985, Card No. 03-1116). No diffraction peaks corresponding
to 8n or other impurities were detected within the limits of experimental error. The broad hump at
28 between 20° and 30° was the background intensity due to amorphous of glass substrate [30].

The XRD patterns of Fe-doped SnO, films were deposited by spraying solutions at
various doping concentrations of Fe as 6, 12 and 18 mol%, as presented in Figure 4.1b - d,
respectively. Most of them were exhibited the tetragonal rutile structure of polycrystalline SnQ,
with the same prefer orientation (the {200) plane), except Fe-doping at 18 mol%. However, for
18 mol% Fe-doping (Figure 4.1d), it could be seen that no diffraction peaks corresponding to the
tetragonal rutile structure of crystalline SnO, or SnO were observed. Moreover, there exist another
phase which was different from the known phase in undoped films (see Figure 4.1a and 4.1e).

The different diffraction pattern of 18 mol% Fe-doping compared with undoped SnO, was
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The different diffraction pattern of 18 mol% Fe-doping compared with undoped SnO, was
cxpected to the distortion in the structure of tetragonal SnO, due to high Fe-doping levels,
The XRD pattern of Sb-doped SnQ, films were compared in Figure 4.2, All cases of
Sb-doped SnO, films with 6, 12 and 18 mol% doping presented the tetragonal rutile structure of
polycrystalline SnO,, which different preferred orientation compared to undoped films
(Figure 4.2a). According to the XRD analysis results in Figure 4.1 and 4.2, the aim of the present
work was to study the effect of dopants and their concentrations on the structural and optical
properties of the system (Fe or Sb)-doped SnQ, films, The XRD results for these concentrations

were summarized in Table 4.1.

Table 4.1 Summary of XRD parameters for ditferent dopanté and various doping concentrations

Dopants concentrations (mol%)
XRD parameter SnQO, Fe-doping Sb-doping

A 0 6 12 18* 6 12 18
Preferred orientation 211 200 200 - 200 110 110
20 change (%)** 0.00 0.73 0.97 - -0.15 0.17 042
FWHM (degree)*** 0.351 1.047 | 1.137 - 0.394 1.089 ¢ 1.464
Intensity (Cps)*** 220 52 39 - 109 1 81 61
Strajn¥+* 0.0031 | 0.0094 | 0.0102 - 0.0035 | 0.0098 | 0.0131
Crystalline size (nm)*** | 25.19 9.81 8.50 - 22,50 8.71 6.22
Lattice parameter: a (nm) | 0.4711 | 0.4775 | 0.4852 - 0.4717 | 0.4703 | 0.4692
Lattice parameter: ¢ (nm) | 0.3174 | 0.3127 | 0.3090 - 0.3183 | 0.3180 | 0.3173
Unit cell volume (nm’) 0.0704 | 0.0713 | 0.0727 - 0.0708 | 0.0703 | 0.0699
Tetragonality (c/a) 0.6737 | 0.6549 | 0.6369 - 0.6748 | 0.6762 | 0.6763

*All parameters of Fe-doped SnO, 18 mol% not calculated due to XRD plane of SnO, rutile

tetragonal phase were not detected

2ednped fiim 'Zeundapcd film -
20

*#*¥The FWHM, intensity, strain, and crystalline sizes have been calculated from the (211) plane,

*%20 change (% ) of preferred orientation = 100 x
£ p

undoped film
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Figure 4.1 X-ray diffraction patterns of Fe-deped SnQO, thin films for various doping levels:

0,6, 12, 18 and 100 mol%.
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The preferred orientation of the X-ray diffraction patterns of (Fe or Sb)-doped SnO,
were illustrated in Table 4.1. The XRD analysis showed that a preferred (211) orientation was
observed for the undoped SnO, thin films. In Fe-doping case, the Fe-doped films grew in (200)
plane both 6 and 12 mol% Fe-doping. All of them exhibited a preferred orientation growth along
the (200) direction which was not agreement with the results obtained by some rescarchers
[21,23-25], in which the XRD patterns of Fe-doped SnO, films exhibited peaks corresponding to
the rutile structure of polycrystalline SnO, with the maximum intensity peak from (110) planes
with high deposition temperature (500 - 800 °C). However, for 18 mol% Fe-doping, no diffraction
peaks corresponding to the tetragonal rutile structure of SnO, were observed. Moreover, the
apparent diffraction peaks were not corresponded to Fe,O, film (Figure 4.1e). It was assumed that,
the different diffraction pattern between 18 mol% Fe-dopiﬂg and undoped SnO, was assumed fo
the high distortion of lattice structure due to substitution of Sn atoms by Fe atoms in SnO, lattice.
From this, at low Fe-ddping levels {6 - 12 mol%), Sn afoms were replaced by Fe atoms and
affected to distortion of lattice in SnO, lattice structure due to lattice mismatch. At high Fe-doping
level (18 mol%), the substitution of Sn atoms by Fe atoms were increased, resulted to changing to
different XRD pattern peaks at 18 mol% Fe-doping.

As the Sb-doping concentrations were increased, a preferred (200) orientation was
appeared for 6 mol% Sb-doped films, while the reflection intensity for plane (110) was very
prominent with the antimony concentrations of 12 mol% Sb-doping. The Sb-doped SnO, films
showed a preferential growth along the (200) direction, agreement with the results obtained by
some researchers [27-29]. While the 12 and 18 mol% Sb-doping also indicated that a (110)
preferred orientation was agreed with the films prepared by r. f. magnetron sputtering technique
[4]. However, the diffraction patterns of 18 mol% Sb-doping still corresponded to the tetragonal
rutile structure. The results were agreed with the tetragonality of Fe-doped SnO,, which was
higher than that of Sb-doping (Table 4.1). The results indicated that, Fe-doping was more
influencing on the structural distortion of SnO, than that of Sb-doping.

For Fe- or Sb-doped SnQ,, the 20 values in XRD patterns of the SnQ, phase were
shifted to lower or higher value, indicating that Fe or Sb was incorporated into Sn sites in SnO,
lattice. If a change in the 26 values became lower value, the crystal radius of host was smaller than

that of a dopant. In contrast, if a change in the 20 values became higher value, the crystal radius of
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host was bigger than that of a dopant. A change in the 20 values as a function of dopant and their
concentrations were illustrated in Table 4.1. It was observed that, the 20 percentage change of
Fe-doped SnQ, for 6 and 12 mol% Fe-doping as 0.73% and 0.97 %, respectively. From changing
in the 28 values of SnO, peak to higher value of 28, the tin crystal radius was indicated bigger
grain size than that of the iron crystal. The Shannon - Prewitt crystal radius (CN = 6) of Sn4+, Fe"
and Fe’ were 83, 69 and 75 pm, respectively [45]. Sn* crystal radius was greater than both Fe”
and Fe”', resulted to the peak shifting to higher angle side, which was good agreement with the
results obtained by XRD patterns as shown in Table 4.1. In the Sb-doping case, the 20 percentage
change for 6 mol% Sb-doping was -0.15%, whereas the 20 values of peak from (110} plane with
12 and 18 mol% Sb-doping was increased as 0.17% and 0.42%, respectively.
The Shannon - Prewitt crystal radius (CN = 6) of Sn”, Sb*" and Sb™ were 83, 90 and 74 pm,
respectively. Sb*" crystal radius was greater than that of Sn"’ resulting to peak shifting to lower
angle side, which indi'cated( that' Sb™ was incorporated to SnQ, lattice structure at 6 mol%
Sb-doping. In contrast, the crystal radius of Sb™" was smaller than that of Sn™* relating to change of
26 percentagé to higher value, which indicated that Sn" was substituted by Sb*" in SnQ, lattice
sites at 12 and 18 moi% Sb-doping. Therefore, a part of sn" in Sn0, lattice sites were replaced by
Sb™ and Sb”™* with 6,12 and 18 mol% Sb-doping. This observation was good agreement with the
Shannon - Prewitt crystal radius.

From Table 4.1 and Figure 4.3, the full width at half maxima (FWHM) at (211) plane
of SnQ, thin films for different dopants and various doping levels were investigated. The FWHM
values of tin oxide doped with Fe at 6 and 12 mol% were 1.047° and 1.137°, whereas Sb-doping
at 6 and 12 mol% were 0.394° and 1.0890, respectively. The FWHM of thin films were slightly
increased with increased of doping concentrations compared with SnO, (0.351°). The increased in
FWHM along with increasing of doping level were suggested that dopant incorporation into the
SnQ, lattice resulted in a reduction of crystallinity of thin films. Moreover, FWHM of Fe-doped
SnO, thin films were higher than that of Sb-doping at the same doping concentrations.
This indicated that Fe-doping was influenced on the crystallinity of thin films more than that of
Sb-doping.

The presence of compressive strain was also supported by observed reduction of the

unit cell volume in Sb-doped SnO, films (Table 4.1). This was signified a compressive strain in



22

a lattice attributed to mismatch of Shannen - Prewitt crystal radius of Sb™" ions (90 pm) and
Sb™" ions (74 pm) compared to Sn' ions {83 pm}. In addition, the values of unit cell volume and
cotresponding lattice strain of Sh-doped SnO, films were also shown in Table 4.1. As shown,
lattice strain of 6, 12 and 18 mol% Sb were higher than that of SnO,. Furthermore, the unit cell
volume of Sb-doped SnO, films was tend to decrease but increase with Fe-doping. For Fe-doping,
the observed increase in the unit cell volume may arise from the possible introduction to iron-ions
into both substitutional and interstitial lattice sites. It can be inferred that, both iron and antimony
were incorporated into the SnQ, lattice. Moreover, strain values of Sb-doped SnO, were higher
than that of Fe-doping at the same doping level. This indicated that Sb-doping was influencing on

the compressive of lattice strain in SnQ, lattice structure more than that of Fe-doping.
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Figure 4.3 FWHM of (211) orientation for thin films at various dopant as a function of mol%

doping concentrations in spray solution.
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Figure 4.4 Crystalline size for thin films at various dopant as a function of mol% doping

concentrations in spray solution.

The crystalline sizes for thin films at various dopants as a function of mol% doping
concentrations in spray solution were calculated from Sherrer's equation as shown in Figure 4.4.
As shown, the crystalline sizes of tin oxide doped with Fe at 6 and 12 mol%.were 9.81 nm and
8.50 nm, whereas Sb-doping were 22,50 nm and 8.71 nm, respectively. The crystalline sizes were
tended to decrease with increasing Fe and Sb content compared with SnO, (25.19 nm).
The increasing of Sb or Fe atoms incorporated in SnQ, host matrix leaded to crystalline growth
suppression, resulting in reduction of crystalline sizes, Moreover, the crystalline sizes of Fe-doped
Sn0O, were lower than that of Sb-doping at the same doping level. This indicated that Fe-doping
was influenced on the reduction of erystalline sizes more than that of Sb-doping.

For doped SnO, films with high Fe- or Sb-doping concentrations, the weak diffraction
peaks of SnO, could be detected, as shown in Figure 4.1 and 4.2. At low doping concentrations,
dopant ions were incorporated into the SnO, crystal structure to form a solid solution. At high
doping concentrations, impurity phases such as Fe,0, or Sb,0, could be segregated in the surface
or grain boundary of SnQO, under annealing condition. However, no diffraction peaks

corresponding to impurity phases were detected within the limit of experimental error.
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As dopant ions were incorporated in to SnQ, lattice, the tetragonal distortion could be
induced. The variations of their tetragonality as a function of different doping concentrations were
listed in Table 4.1 and the data also presented in graphs as shown in Figure 4.5. The tetragonality
(c/a) of Fe-doped SnO, films were decrcased sharply and lower than those of Sb-doping at the
same doping concentrations. The solid solution limit of Sb ions in SnO, films could be lower than
that of Fe ions. The tetragonality (c/a) of Fe-doped SnO, films remarkably decreased with
increasing Fe content, which was in agreement with the smaller size both of ‘Fe3+ (69 pm) and Fe'r
(75 pm) compared to Sn™ (83 pm). At the same condition, the tetragonality (c/a) of Sb-doped
SnO, films slightly increased with increasing Sb-doping, which indicated that a part of Sn' in
SnO, Iattice sites were replaced by Sb”™" (90 pm) and Sb™ (74 pm). A small amount of secondary
phases with disoriented distribution may be insufficient to form adequate sharp to be detected by
XRD patterns because the XRD peak was only sensitive to long - range crystalline order.
Therefore, the segregated impﬁritie's cannot be detected in XRD patterns of SnO, films probably

due to the limited resolution of our XRD instrument as well as amorphous structure of the

impurities.
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Figure 4.6 XRD peak intensity of (211) orientation for thin films at various dopant as a function

of mol% doping concentrations in spray solution.

In addition, the XRD peak intensity was reduced obviously and the full width at
half - maximum (FWHM) increased with the increase of dopant concentrations, indicating that the
crystalline quality of the films was very sensitive to the addition of dopants. The preferred
orientation of (211) was observed for the undoped SnO, thin films. The XRD peak intensity of the
samples at (211} orientation with different dopant concenirations were presented in Figure 4.6.
It was also indicated that the peak intensity of Fe-doping with increasing doping level were
reduced more than that of the Sb-doping, which was good agreement with the tetragonality of

films.

4.2 Surface meorphology studies of undoped and (Fe or Sb)-doped tin oxide films

4.2.1 Surface morphology studies of undoped and (Fe or Sb)-doped tin oxide films
by SEM
The SEM micrographs of undoped Sn0O,, Fe-doped SnO, and Sb-doped SnO,

thin films for different doping levels (6, 12 and 18 mol%) were shown in Figure 4.7 and 4.8,
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respectively. The surface morphologies of the SnQ, films were strongly depend on the doping

concentrations.

Figure 4.7 SEM micrographs of SnQO, thin films for different dopants and various doping levels:

(a) undoped SnQ,, (b) Fe-doped SnO, 6 mol%, (¢) Fe-doped SnO, 12 mol% and

(d) Fe-doped SnO, 18 mol%.

As seen, the SnO, films (Figure 4.7 a and 4.8 a) have the fine distribution of
spherical shaped grains and almost uniform [27]. In Fe-doped SnO, films (Figure 4.7 b - d),
the bigger round shaped grains, surrounded by a small grains were appeared on the films surface.
The numbers of bigger grains were increased with increasing of Fe-doping concentrations.

At 18 mol% Fe-doping (Figure 4.7 d}, the agglomerated grains from small grains to bigger grains
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were appeared. For Sb-doping (Figure 4.8 b - d), the grain sizes were decreased with increased

of Sb contents and increased again at 18 moi% Sb-doping.

Figure 4.8 SEM micrographs of SnO, thin films for different dopants and various doping levels:
(a) undoped SnO,, (b) Sb-doped SnO, 6 mol%, (c) Sb-doped SnO, 12 mol% and
(d} Sb-doped SnO, 18 mol%.

The approximately average grain size of Fe- and Sh-doped SnQO, were shown in
Table 4.2 and Figure 4.9. As seen in Table 4.2, approximately average grain size of
Fe-doped SnO, at 6, 12 and 18 mol% were about 1,436 nm, 1,780 nm and 2,700 nm, respectively.
The approximately average grain sizes were increased with increasing of Fe-doping levels.

The concentration of Fe-doping influenced on surface morphology with grain growth promotion in
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films and more effective at higher doping concentrations due to grain segregation was increased
along with increasing of Fe contents.

The approximately average grain size of Sb-doped SnO, was shown in Table 4.2
and Figure 4.9. The approximately average grain size of Sb-doped SnO, at 6, 12 and 18 mol%
were about 720 nm, 480 nm and 900 nm, respectively. The approximatcly average grain size of
SnQ, films were decreased with increased of Sb-doping concentrations (6 - 12 mol%). The similar
results were obtained from Sb-doped SnO, films prepared by spray pyrolysis technique [27].
However, grain sizes were increased with Sb-doping reach to 18 mol%. The increased of grain
size with Fe or Sb-doping (18 mol%) could be explained By possible reasons, with the increasing
of doping concentrations, the deposited films lost the crystallinity, lead to high grain growth

promotion.

Table 4.2 Approximately average grain size of SnO, thin films for different dopants and their

doping levels*

Thin films Approximately average grain size (nm)
SnoO, 880
Fe-doped SnO, 6 mol% 1,436
Fe-doped SnO, 12 mol% 1,780
Fe-doped SnQ, 18 mol% 2,700
Sb-doped SnO, 6 mol% 720
Sb-doped Sn0O, 12 mol% 480
Sb-doped Sn0O, 18 mol% 900

* Approximately average grain size from at least 10 grains in each conditions.
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Figure 4.9 Approximately average grain sizes of filins at various dopants as a function of mol%

doping concentrations in spray solution,

4.2.2 Surface morphology studies of undoped and (Fe or Sb)-doped tin oxide films

by AFM
2D and 3D atomic force micrographs of the undoped and (Fe or Sb)-doped
tin oxide films for different dopant concentrations on a scanning area of 1 x 1 pm were shown in
Figure 4.10 - 4.11. Root mean square (RMS) roughnesses of the films from the AFM data were
shown in Figure 4.12. For Fe-doped SnO, films, the surface roughness was found to increase wi;h
Increasing Fe contents. Root mean square (RMS) roughness of films with 0, 6, 12 and 18 mol%
Fe-doping were 18, 21, 23 and 26 nm, respectively. This was maiched with other report related to
the surface roughness studies by AFM [23]. On the other hand, root mean squared (RMS)
roughness of films with 0, 6, 12 and 18 mol% Sb content were 18, 12, 11 and 13 nm, rcspectively.
The surface roughness was found to be decreased with increasing the Sb content which correlated

along with decreasing of crystalline sizes and grain sizes in the XRD and SEM analysis.

The results confirmed that the crystalline sizes of the particles were decreased with increasing

Sb-doping. The similar results were obtained from Sb-doped SnO, films prepared by sol gel
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dip-coating technique [46]. However, for increasing of Sb-doping levels to 18 mol%, surface
roughness of SnO, films were increased along with decreasing of crystalline sizes. That was due to
increasing of doping concentrations, the deposited films lost the crystallinity, lead to high grain
growth promotion, resulted to increasing of surface roughness of films.

Roughness of the surface was related to the crystalline sizes of films.
The phenomenon was described by Ostwald ripening process [24, 47]. In the crystal growth
process, the nucleation process was occurred and generated crystals. The crystals were combined
to produce grains, grain sizes were depended on crystalline sizes. Large grains had lower surface
to volume ratio, resulting to a lower energy state. Then, small grains tended to detach and diffuse
though the surface of larger grains, lead to grain scgregation and sizes of grains were very
different. The different of large and small grain sizes on surface films were led to high surface
roughness, In contrast, thin films with small crystalline sizes had small grain sizes with
high surface energy and resulied to low surface roughness due to regularly of small grain sizes.

For Sb-doping, the surface roughness of SnO, films were decreased with
increasing of SE-doping levels, due to incorporation of Sb atoms in SnO, lattice which produced
lattice defect and enhanced nucleation sites. Consequently, small erystalline sizes were formed on
surface of films and resulted to decrease of surface roughness of films. However, the surface
roughness was found to be increased with 18 mol% Sb-doping. For high doping levels,
the deposited films lost the crystallinity, led to grain growth promotion producihg more roughness

of surface in films.
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Figured.10 2D (left) and 3D (right) AFM micrograph of SnO, thin films for different dopants and
various doping levels: (a) undoped SnO,, (b) Fe-doped SnO, 6 mol%,
(c) Fe-doped Sn0O, 12 mo1% and (d) Fe-doped SnO, 18 mol%.
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doping concentrations in spray solution.

Mean grain size from AFM of thin films at various dopants as a function of
mol% doping concentrations in spray solution were presented in Figure 4.13. For Fe-doped Sn0,
films, the mean grain size of films with 0, 6, 12 and 18 mol% Fe content were 269, 335, 373 and
527 nm, respectively. The mean grain size was increased with increasing the Fe content.
Moreover, some {race amount of Fe may be segregated at the surface of the film due to solubility
of Fe in SnO, was primarily responsible for surface segregation [24]. In the case of Fe-doped
films, the surface agglomerates were clongated as compared to their shape deformations of
crystalline in the Fe-doped SnO, thin films due to the stacking fault density [24].

For Sb-doping, the mean grain size of films with 6, 12 and 18 mol% Sb-doping
content were 176, 107 and 225 nm, respectively. The mean grain of Sb-doping films was found to
decrease with increasing the Sb content to 6 - 12 mol%, which good agreement with the XRD and
SEM results. Therefore, the crystalline sizes of the films were decreased with increasing
Sb-doping. The mean grain size for Fe-doped SnQ, films were larger than that of Sb-doped Sn0O,

films, shown in Figure 4.13. That was good agreement with the tetragonal distortion of films from
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the XRD analysis, confirming that the solid solution limit of Fe ions in SnQ, film could be higher
than that of Sb ions. For Sb-doped Sn0,, doping SnO, by Sb provided maximum decrease of the
grain sizes at the same concentrations of Fe-doping. The grains of the second oxide located
between the SnO, grains could be really prohibited from the tin atoms transferring from the one
crystalline to another one during the film deposition. The presence of the second oxide promoted
the generation of a larger mumber of nucleation centers for the SnO, growth. However, grain sizes
of SnO, films were increased with 18 mol% Sb-doping, due to high substitution of Sn atoms by
Sb atoms at high Sb-doping raised to amorphous films, which affected to increase of grain growth

promotion on SnQ, films surface.
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Figure 4.13 Mean grain sizes from AFM of thin films at various dopant as a function of mol%

doping concentrations in spray solution.
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4.3 Optical properties of undoped and (Fe or Sb)-doped tin oxide films
4.3.1 Characterization of undoped and (Fe or Sh)-doped tin oxide films by FT-IR

From Figure 4.14, the FT-IR transmittance spectra of the powder scratched from
the SnO,, Fe- and Sb-doped SnQ, thin films in the wavenumber range 400 — 1500 cm were
illustrated. The FT-IR transmittance spectra presented the information about phase composition,
and the way of oxygen was bound to the metal ions {M — O structure). The transmission peak of
the prepared films at 700 — 1018 cm’ corresponded to vibration of Si-O bond. The Si-O vibration
mode was appeared due fo the powder scratched of glass substrate [48]. The vibration of Sn-O was
appeared in the range of 400 - 700 cm’ as the result of condensation reaction. In previous result,
Krishnakumar et al. [41] reported the FT-IR transmission spectra of SnQ, nanostructure prepared
by chemical precipitation technique. The FI-IR transmfssion band of films was appeared at
480 e’ which could be attri_buted to stretching frequency of Sn-O. In the other works, Song et al.
prepared 0O-Fe,0, nanotube by hydrothermal method. The FT-IR transmission spectra of
0t-Fe,0, nanotube was presented at 455, 540 and 1010 cm” which had been attributed to bending
and snetchiné vibration frequency of Fe-O, respectively [49]. In addition, Abdullah et al. prepared
Sb,0, nanoparticles by forward and reverse precipitation technique. The FT-IR of $b,0,
nanoparticles were presented at 460 and 596 cm’ which attributed to stretching frequency of Sh-O
[50].

In this work, the FT-IR transmission peaks of Fe-doped SnO, at 6, 12 and
18 mol% were 472, 483 and 491 cm-i, whereas those of tin oxide doped with Sb were 470, 475
and 480 cm-i, respectively (see in Table 4.3). The transmission band of Fe or Sb-doped SnO,
thin films were slightly shift to the higher wavenumbers compared with pure SnO, (467 cm’).
The results could be explained that, in Fe- and Sb-doped Sn0O,, Fe and Sb had been supposed to
substituted Sn in of Sn-O group symmetric vibration. The different in charge and crystal radius of
Sn, Fe and Sb was changed in symmetric vibration of Sn-O due to asymmetric vibration, and it
increase the defect in SnO, lattice because of lattice mismatch. Asymmetric vibration was required
more energy for molecular vibration than symmetric vibration, Therefore, the Sn-C band was
resulted to shift into higher wavenumber with addition of dopants. The FT-IR results were good
agreement with other authors {51-52]. In other possible reasons, a soluiaility limit of Fe and

Sb atoms in SnQ, lattice was generated the excess of Fe and Sb atoms, which could not replace the
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with other authors[51-52]. In other possible reasons, a solubility limit of Fe and
Sb atoms in SnO, lattice was generated the excess of Fe and Sb atoms, which could not replace the
Sn atoms in the lattice, but form the interstitial additives. The presence of interstitial additives
were increased the disorder of lattice markedly, which was causedto the shifting of Sn-O vibration

frequency at high doping levels[52].

Transmittance

1460 4200 1000 800 600 400
Wavenumber (cm™)

Figure 4.14 FT-IR spectra of the powder scratched from films:(a) undoped Sn0O,, (b) Fe-doped

Sn0O, 6 mol%, (c¢) Fe-doped SnO, 12 mol%, (d) Fe-doped SnO, 18 mol%,

(e) Sb-doped SnQ, 6 mol%, {f) Sb-doped SnO, 12mol% and (g) Sb-doped SnQ,

18 mol%.
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Table 4.3 The main vibration frequencies (cm—l) of SnQ, thin films for different dopants and

various doping levels

Thin film Vibration frequencies {cm“’)

SnO, 467
Fe-doped SnO, 6 mol% 472
Fe-doped SnO, 12 mol% 483
Fe-doped Sn0O, 18 mol% 491
Sb-doped SnO, 6 mol% 470
Sb-doped Sn0, 12 mol% 475
Sb-doped SnO, 18 mol% : 480

From Table 4.3, the vibration peaks of SnO, film with Fe-doping were shifted to
higher wavenumber than those of Sb-doping at the same doping level. The incorporation of
Fe ions were change in the symmetry vibration of Sn-O group in SnO, lattice than that of Sb ions,
supporting by tetragonal lattice distortion of Fe-doped SnO, films which higher than that of
Sb-doping at the same doping level (seen Table 4.1). Fe-doping were influenced on distortion of
SnO, lattice structure more than that of Sb-doping, which was agreement to the shifting of
vibration peak in F1-IR analysis.

4.3.2 Effect of dopants (Fe or Sb) and doping levels on the photoluminescence
properties of tin oxide films
The room temperature photoluminescence (PL) emission spectra from
320 - 400 nm of the Fe- and Sb-doped SnQO, thin films in various doping level at 0, 6, 12 and
18 mol% were shown in Figure 4.15 and Table 4.4, All Sn0, films with various concentrations of
Fe or Sb dopants exhibited were one emission peak with a wavelength of about 367 nm.
The phonon energy corresponded to wavelength of 367 nm was about 3.38 eV. If the band gap of
films was the bulk SnO,, this emission peak should be originated from the clectrons transition
from conduction band to acceptor level formed by interstitial oxygen atoms.

However, the band gap of undoped SnO, film in our work was about 3.53 eV

not 3.38 eV (see below for section 4,3.4), Therefore, the emission peak of about 367 nm should

not be originated from the electron transition from conduction band to acceptor band formed by
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interstitial oxygen atoms. The emission band was related to the interface traps existing in the
depletion regions among the SnQO, grains boundaries and the level of the interface trapsabout
0.15 eV below the conduction band edge,which could be known that 3.38 + 0.15equaled to
3.53eV. The single emission band appearance was due to radiative defects, related to the interface
traps existing at the grain boundary and then emitted from the radiative transition from the level of
0.15eV below the conduction band to the valance band[53].

Moreover, the previous works reported that the peak intensity of SnO,
PL emission decreased with Fe[24] or Sb[54] doping. In present work, the PL intensity of SnO,
doped with Fe at 6, 12 and 18 mol% were80,49and Qarb.unit, whereas Sh-doping levels wered3,
26 and 7arb.unit, respectively. The results concluded that the PL. emission intensity of films was

decreased with increasing Fe- or Sb-doping level compared‘ with pure SnO,(99arb.unit).
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Figure 4.15 Photoluminescence spectra of (a) undoped SnQ,, (b) Fe-doped SnO, 6 mol%,
(¢) Fe-doped Sn0O, 12 mol%, (d) Fe-doped Sn0O, 18 mol%, (e) Sb-doped SnO,
6 mol%, (f) Sb-doped Sn0,12mol% and (g) Sb-doped SnO, 18 mol%.
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Table 4.4 Photoluminescence (PL) emission intensity of SnO, thin films for different dopants and

various doping levels

Thin film PL emission intensity (arb. unit)

Sn0, 99
Fe-doped Sn0Q, 6 mol% 80
Fe-doped Sn0, 12 mol% 49
Fe-doped Sn0, 18 mol% 9
Sb-doped SnO, 6 mol% 43
Sb-doped Sn0, 12 mol% 26
Sb-doped Sn0O, 18 mol% : 7

From Table 4.4, possible origin of these peaks following, at room temperature,
the high density of oxygen vacancies interacting with interfacial tin, led to the formation of
a considerable amount of trapped states within the band gap, giving rise to high PL intensity of
pure SnO,. In spray deposited polycrystalline oxides, oxygen vacancies were known to be the
most common defects and form the donor level, Moreover, hecause of the pyrolytic
decomposition, there should be the existence of oxygen vacancies due to rapid evaporation and
oxidation processes [54]. On the other hands, doping SnO, nanostructure by additives such as
transition metal gave a higher density of crystalline defects such as stacking faults and point
defects than their bulk host, These intrinsic defects were often caused to PL emission reduction at
room temperature.

In the present case, the relative intensity of this peak was decreased in Fe- or
Sb-doped films (seen in Figure 4.16), due to the acceptor nature of Fe and Sb ions with respect to
Sn" ions in the SnO, matrix. Doped SnO, with Fe and Sb ions led to reduction of donor type
oxygen vacancies, thereby reducing the radiative recombination centers. Hence, the intensity of
oxygen vacancy related emission was decreased in Fe- or Sh-doped SnO, thin films [24].
In addition, the nature of this PL peak was indicated that it might decreased due to surface states
of SnO, thin films. However, intensity reduction of this peak could also cause by possible partial
segregation of Fe or Sb, modifying the surface states and the PL behavior in Fe or Sb-doped SnO,

thin films,
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Figure 4.16 Variation of PL. emission intensity of SnO, films at various dopant as a function of

mol% doping concentrations in spray solution.

Furthermore, Fe or Sh-doping was led to change in the surface morphology of
films. The microstructure changed along with defect chemistry of Fe- or Sb-doping in SnO, films
led to variation of the room temperature PL spectra compared to pure SnO, films, The reduction of
PL emission intensity were attributed to structural defects and surface states correlating to enhance
of strain and rendered to variation of films surface morphology with Fe- and Sb doping, which
was agreement in XRD, SEM and AFM results.

4,3.3 Effect of dopants (Fe or Sb) and doping levels on the transparency of
tin oxide films

The optical transmittances spectra in the range of 300 - 1100 nm in SnO, and
Fe- or Sb-doped SnQ, thin films at 6, 12 and 18 mol% doping concentrations were shown in
Figure 4.17. The average transmittance values in visible region (400 - 800) of films were

presented in Figure 4,18,
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Figure 4.17 -Optical transparency of thin films at various dopant as a function of mol% doping
concentrations in spray solution: (a) undoped Sn0,, (b) Fe-doped SnO, 6 mol%,
{c) Fe-doped SnO, 12 mol%, {d) Fe-doped SnO, 18 mol%, (e) Sb-doped SnO,
6 mol%, (f) Sb-doped SnO, 12 mol% and (g) Sb-doped SnO, 18 mol%.

The average transmittance values in visible region {400 - 800)of doped
thin films were lower than those of the pure SnO, as shown in Figure 4.18. The results could be
explainedthat, materials containing an element in two different oxidation states of host and
dopants weregave manifest deep and high intense light absorption. The electron transfer between
the different oxidation states of the elements was causedto high intense light absorptionf[27].
The other reason for optical transmission reduction mightcanse fromscattering effect on
thin films surface[21].The decrease in transmittancewith the increase in dopant concentrationswas
attributed to substitution of Sn atoms by Fe or Sb atoms. The diffused and multiple reflections at

the surfacewere occurred and given the reduction of films transparency.
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Figure 4.18 Average transmittance values in visible region (400 - 800 nm) from transmission
spectra of thin films at various dopant as a function of mol% doping concentrations

in spray solution.

The average optical transmittance of Sb-doped SnQ, films were demonstrated in
Figure 4.18 and Table 4.5. The mean transmittance of pure SnO, films was found to decrease on
the addition of 6 mol% of Fe and Sb in spray solution. At 6 mol% d(;ping, the average
transmittances of Sb-doped SnO, films were lower than those of Fe-doping at the same doping
levels. The results could be explained following, highly Sb-doped SnO, films which were
elaborated by spray pyrolysis was presented a bluish coloration due to a charge transfer between
two oxidation states of antimony, Sb™ and Sb™" [27]. As the amount of doping of Sb in SnO, was
increased, the films color became darker. Changing in the Sb-doped SnO, film colors was
attributed to the provision of additional electrons blow the conduction band (transition state) in
Sn0, matrix by the Sb ions of doped state in SnO, lattice. Those colors were due to the property of
ready excitation of the addition electrons. Morcover, the two oxidation states of antimony, Sb™
and Sb™ were generated more defects in SnO, films, resulting to high adsorption.

More transmission reduction of Sbh-doping was generated, when compared with Fe-doping.
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Table 4.5 Transparency (%T) of SnQ, thin films for different dopants and their doping levels

Thin film Transparency (%T)

Sn(, 81.68
Fe-doped Sn0, 6 mol% 64.08
Fe-doped SnO, 12 mol% 45.55
Fe-doped SnO, 18 mol% 20.53
Sb-doped Sn0, 6 moi% 36.49
Sb-doped Sn0, 12 mol% 53.69
Sb-doped SnO, 18 mol% 41.14

However, the average transmittance at 12 and 18 mol% Sb-doping were higher
than that of 6 mol% Sb-doping. These results were similarly in other reports [55]. High amount of
Sb-doping in SnO, films was presented in the amorphous structure {shown in Table 4.1). At high
Sb-doping, the deficiency in oxygen content was associated with the formation of SnO compound
in the SnO, films. The differences in coordination of Sb™ and Sb™ ions led to the asymmetric
atmosphere around them and made it difficult for electron transfer to take place due to increasing
of amorphous structure of thin films. Thus, the increase of the amorphization in Sbh-doped SnO,
films with Sh-doping were caused in the increase of their transparency [55].

4.3.4 Effect of dopants (Fe or Sb) and doping levels on the optical band gap
energy of tin oxide films

Fe- or Sb-doping also had influence on optical band gap (Eg) of the Sn0O, films
[21, 27]. The direct optical band gap of SnO,, Fe- and Sb-doped SnO, thin films at 6, 12 and
18 mol% doping concentrations were shown in Figure 4.19 and Table 4.6. As seen in Table 4.6,
optical band gap of tin oxide doped with Fe-doping levels at 6, 12 and 18 mol% were 2.66, 2,20
and 2,07 eV, while for Sb-doping levels were 3.41, 3.09 and 3.24 eV, respectively. The optical
band paps were decreased with increasing of doping concentrations compared with pure SnO,

(3.53 eV).
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Figure 4.19 ﬁirect optical band gap of thin films at various dopant as a function of mol® doping
concentrations in spray solution: (a) undoped Sn0O,, (b) Fe-doped SnO, 6 mol%,
{c) Fe-doped SnO, 12 mol%, (d) Fe-doped SnO, 18 mol%, (e) Sb-doped SnO,
6 mol%, (f) Sb-doped SnO, 12 mol% and (g) Sb-doped SnO, 18 mol%.

Furthermore, the red shift of the bandedge of tramsition-metal-doped TI-VI
semiconductors was attributed to the sp-d spin - exchangeinteraction between the band electrons
and the localized d - electrons of the transition metal ion substituting the cation. The s -dandp - d
exchange interactions could give rise to a negative and a positive correction to the conduction and
the valence band edges, respectively, which waslead to a SnO,band gap narrowing [53].
The other reasons for optical band gap reduction might be seen in lattice sirain values in XRD
analysis results (see in Table 4.1). The strain values were increase with increased of dopants
concentrations, which related to incorporation of dopants atoms to lattice of SnO,and enhanced of
lattice defect. That was resulted todecreased of optical bad gap in SnQ, thin films with increasing

of doping concentrations,
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Table 4.6 The direct optical band gaps of SnO, thin films for different and their doping levels

Thin film Direct optical band gap (eV)
SnQO, 3.53
Fe-doped SnO, 6 mol% 2,66
Fe-doped 5n0, 12 mol% 2.20
Fe-doped SnO, 18 mol% 2,07
Sb-doped SnO, 6 mol% 341
Sb-doped Sn0, 12 mol% 3.09
Sb-doped SnO, 18 mol% 3.24

4.0

3.5 4

3.0

2.5 4

Direct optical band gap (V)

2.0

—f#— Fe-doped SnO,
—CO— Sh-doped SnO,

1.5
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0 6 12 18

moi% dopant in spray solution

Figure 4,20 Direct optical band gaps of thin films at various dopant as a function of mol% doping

concentrations in spray solution,

The variation of direct band gap of SnO, films with function of Fe- and
Sh-doping levels were presented in Figure 4.20. As seen, the optical band gaps of Fe-doped SnO,
films were lower than Sb-doping at samic doping level. This observation could be described with

band gap of dopant sources. In fact, the optical band gap of host was depended on band gap of
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dopant sources. The direct optical band gap of Fe,0, and Sb,0, were 2.6 eV [56] and 3.4 - 3.6 eV
[57], respectively. It was found that, the optical band gap of Fe dopant source was lower than
Sb dopant source. That was lead to low optical band gap of Fe-doped SnO, compared with
Sb-doping. In the other reasons, the tetragonal lattice distortion of Fe-doping was higher than
Sb-doping, which relate to high solid solution limit. That was lead to high substitution of I'e ions
in SnQ, structure. Moreover, optical band gap energy of Sb-doping was increased at 18 mol%
doping. That was due to the low limit of solid solution of Sb ions in SnQ, films, related to limit of

Sb substitution in SnO, Iattice structure.



CHAPTER 5

CONCLUSIONS

The aim of this thesis work has been focused on the structural and optical properties of
Fe or Sb-doped SnO, thin films deposited on micro-slide glass by spray pyrolysis. Doping levels
influences (0, 6, 12 and 18 mol%) on films properties were investigated by XRD, SEM, AFM,
FT-IR, Photoluminescence and UV-Vis spectroscopic analysis techniques.

Based on the experiment results, the conclusions were presented as follows:

1. From the XRD results, polycrystalline structure with clearly characteristic peak of
the rutile phases SnO, crystallites with tetragonal structure in undoped SnQ,, Fe-doped SnQ,
6 and 12 mol% and Sb-'dopeci Sn0, 6, 12 and 18 mol%, except only 18 mol% Fe-doped Sn0,.

2. From SEM analysis, the grain growth of SnO, films was increased with increasing
of Fe-doping and suppressed with increasing of Sb-doping.

3. AFM analysis showed that the increase of Sb-doping level reduced the grain growth
of SnO, films with reduction of both the grain size and the surface roughness, in contrasted with
Fe-doping. The doping SnO, with Sb were effected on grain growth suppression of films more
than that of Fe-doping.

4. From FT-IR results, Sn ions could be replaced by Fe or Sb ions on Sn0O, lattice.
The substitutions of dopants ions was changed the symmetry of Sn-O group and increased the
defects in SnQ, lattice because of lattice mismatch, and caused in shifting to higher wavenumber
of Fe-doping than that of Sb-doping at the same doping level.

5. The photoluminescence (PL) analysis indicated that the PL emission intensity of
Sn0, film was suppressed by Fe or Sb-doping. The PL intensity of SnQ, film with Sb-doping was
lower than Fe-doping at the same doping level, because the incorporation of Sb ions were more
produced a higher density of crystalline defects of SnO, films compared with Fe ions.

6. The SnO, film doped with Fe or Sb were presented a decrease of direct optical
band gap. At the same doping level, the direct optical band gaps of Fe-doping was less than those

of Sb-doping. The Fe-dopings were effected on optical band gap of SnO, more than that of
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Sb-doping. Transparency of $SnQ, films were decreased with increasing of Fe- or Sb-doping level

due to a charge transfer fransition between two oxidation states of dopants and host.
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Figure A.1 X-ray diffraction patterns of thin films for various doping levels (n = 3);

(a) undoped SnO, and (b) Fe-doped SnO, 6 mol%.
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Figure A.2 X-ray diffraction patterns of thin films for various doping levels (n = 3)

(a) Fe-doped S$n0, 12 mol% and (b} Fe-doped SnQ, 18 mol%.
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Figure A.4 X-ray diffraction patterns of thin films for various doping levels (n = 3);

(a) Sb-doped Sn0, 6 mol% and (b) Sb-doped SnO, 12 mol%.
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{(a) (b)

Figure A.6 SEM micrographs thin films (n = 2); (a) Sn0O, and (b) Fe-doped Sn0O, 6 mol%.



(2) (b)

Figure A.7 SEM micrographs of SnO, thin films for different doping levels (n = 2);
(a) Fe-doped SnO, 12 mol% and (b) Fe-doped Sn0O, 18 mol%,
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(a) (b)
Figure A.8 SEM micrographs of SnQ, thin films for different doping levels (n =2);

(a) Sb-doped Sn0O, 6 mol% and (b) Sh-doped SnO, 12 mol%.
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Figure A.9 SEM micrographs of Sb-doped Sn(, 18 mol% thin films (n = 2).
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Figure A.10 2D (left) and 3D (right) AFM micrographs of undoped SnO, thin films (n = 3).
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Figure A.11 2D (left) and 3D (right) AFM micrographs of Fe-doped SnO, 6 mol% (u = 3).
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Figure A.17 FT-IR spectra of films (n = 3); (a) undoped Sn0O, and (b) Fe-doped SnO, 6 mol%.
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Figure A.19 FT-IR spectra of films (n = 3); (a) Sb-doped SnO, 6 mol% and (b) Sb-doped Sn0,
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Figure A.20 FT-IR spectra of Sb-doped SnO,18 mol% thin films (n = 3).
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Figure A.21 PL spectra of films (n = 3); (a) undoped SnO, and (b) Fe-doped SnO, 6 mol%.
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Figure A.22 PL spectra of films (n = 3); (a) Fe-doped Sn0,12 mol% and (b) Fe-doped SnO,

18 mol%.



300
Fe-doped SnO, 6 mol%- sample 1
- - -Fe-doped Sn0O_ 6 mol%- sample 2
1---- Fe-doped SnO, 6 mol%- sample 3
=
£ 200 4
S
g4
=
5
£
in
c
£z
E 100
0 T T T T T T
340 360 380 400
Wavelength (nm)
()
200
——Sb-doped $n0O, 12 moi%- sample 1
- — -Sb-doped Sn0O, 12 mol%- sample 2
1--- - sb-doped SnO, 12 moi%- sample 3
£
£ 200
3
g
e
5
&
‘B
g
£ 100
o T v T T

T v
340 380 380 400

Wavelength {nm)

(b)

Figure A.23 PL spectra of films (n = 3); (a) Sb-doped SnO, 6 mol% and (b} Sb-doped Sn0,

12 mol%.
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Figure A.24 PL spectra of Sb-doped Sn0,18 mol% thin films (n = 3).
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Figure A.26 Optical transparencies of films (n = 3); (a) Fe-doped Sn0O, 12 mol% and
(b) Fe-doped SnO, 18 mol%.
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Figure A.29 Optical band gaps of films (n = 3); (a) undoped SnO, and (b) Fe-doped SnO,

6 mol%.

86



1.0x10"
8.0x10°
E 6.0x10°
-
()
Nt
-
2 40x10"
A
, / */ ——Fo-doped Sn0O, 12 mol%- sample 1
2.0%10° — — Fe-doped Sn0, 12 mol%- sample 2
| -+ » 'Fe-doped Sn0, 12 mol%- sample 3
0.8 st T T T T T T
16 18 20 22 24 26 28 30 32 34 36 38 40
hv (eV}
(a)
1.0x10"
: Fe-doped SnO, 18 mol%- sample 1
8.0x10° - — — Fe-doped SnO, 18 mol%- sample 2
- « - -Fe-doped SnO, 18 moi%- sample 3
E  6ox10° -
=
() ]
iy
_E 4.0x10" -
2.0x10°
0L T LANAN SAREEN BENL N B

1 1
16 18 20 22 24

Tt
26 28 30 32 34 36 38 40

hv {eV)

(b)

Figure A.30 Optical band gaps of films (n = 3); (a) Fe-doped SnO, 12 mol% and

(b) Fe-doped SnO, 18 mol%.
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Figure A.31 Optical band gaps of films (n= 3); (a) Sb-doped SnO, 6 mol% and

(b) Sb-doped Sn0O, 12 mol%.
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APPENDIX B
Estimation of photoluminescence emission intensity of prepared thin films

with background correction method
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Photoluminescence emission intensity was significant factor which used for study of
some thin films properties. However, in case of background intensity of emission spectra were not
balanced, background correction method was important to correction of data. Estimation of
photoluminescence emission intensity of tin films with background correction method was

obtained by equation B.1.

(hs = A1)
=L — [ + (0 — (———)1 : (B.1)
where; I is the photoluminescence emission intensity of thin films

A, A, and A, are emission wavelength of films at middle of spectrum, base of
spectrum in left and right side, respectively
I,, I, and I, are emission intensity of films at A, 7\.2 and 7\3, respectively

The positions of presented symbols were shown in Figure B.1.

256

200 ~ 1)

160 -

100

Intensity (1) (2.u.)

50 —

T T v F T T v T d T T
300 320 340 360 380 400 420
Wavelength (A) (hm)

Figure B.1 The positions of presented symbols in background correction equation.

The example of photoluminescence emission intensity estimation with background

correction method for SnO, sample was shown in following steps;




1. From photoluminescence emission spectrum of SnQ, sample, data from emission

spectrum were shown in Table 1B and applied in Figure B.2.

Table 1B data from emission spectrum of SnQ, sample

Symbols Data values
Emission wavelength (nm) Emission i_ntensity (a. i)

A, 363 -
A, 318 -
A, 408 -
1, - ' 142
I - 3
I, - 86

250

200 - (363 nm, 142 a.u.)

150

100

Intensity (1) {a.u.)

-
\

50 {408 nm, 86 a.u.)

-

T T(318 nm, 3 a.u.)

-50 ; : . . . I , T . ; ;
300 320 340 360 380 400 420
Wavelength (1) (nm)

Figure B.2 data values of presented symbols in background correction equation.
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2. Data values in Table IB were used in equation B.1 as shown follows in equation

B.2 - B4, respectively.

408 nm — 363 nm

I=142au—[86au+ (3au—86 a.u.)(408 T nm)] (B.2)
=142 a.u.— 445 a.u (B.3)
(B.4)

1=975au

'The background correction method was applied to other samples of prepared SnO, thin

films for correction of photoluminescence emission intensity data.
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