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MAGNESIUM ZINC OXIDE / X-RAY ABSORPTION SPECTROSCQP

NANOCRYSTAL

Mg ZnxO (MZO) is an attractive wide-band gap semicondudts deep
ultraviolet optoelectronic device since its bandgapnable over a broad range, from
3.3-7.8 eV. In principle, MZO can be obtained fratioying MgO with ZnO.
However, since MgO has rocksalt (RS) structure &m® has wurtzite (WZ)
structure, MZO alloys would have RS and WZ struetdepending on the magnesium
concentration. In this study, the co-precipitatitoathod was used to synthesize MZO
nanocrystals with various Mg concentrations<{(x < 1). The standard analytical
instruments and the synchrotron-based x-ray alsor@pectroscopy (XAS) were
used to investigate the structural properties oflMzanocrystals, especially to study
the local structure of Mg and Zn in MZO nanocrystal

From x-ray diffraction, it was found that the MZ@nocrystal samples with
< 0.04 exhibit pure WZ and the MZO samples with 0.90 have RS structure. For
0.04 <x < 0.90, the samples have mixed WZ and RS phadesxeTis no clear
evidence for the composition that structural phasesition takes place. The
crystallite size tended to decrease as the Mg nomtereased. The results agreed well
with the measurements from transmission electrorcrascope and electron

diffraction.
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Both Mg and ZrK-edges XANES spectra of MZO nanocrystal sampleg wer
taken to shed light on the local structure arourgidvid Zn atoms. It was found that
all spectra can be fitted by using two basis typhen the central metal atoms resides
in either RS local structure (6-folds) or WZ locstructure (4-folds). By linear
combination analysis the RS/WZ ratios were obtaifoedll samples. From RS/WZ,
it was found that the majority of metal atoms ogcMWZ sites for samples with low
and RS sites for samples with high Moreover, form XAS results, it can be
concluded that for each sample (at the same caatem) Mg atom has higher
RS/WZ ratio compared to that of Zn atom. This canviewed as an experimental
evidence that, in MZO alloys at thermal equilibriuMg atom prefers 6-fold site
while Zn atom prefers 4-fold site. The RS/WZ ratresre also used for the simulation
of XAS spectra using FEFF software. All featurestie XANES spectra can be

theoretical reproduced well in both Mg and Zn edges
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CHAPTER |

INTRODUCTION

1.1 Background

Currently, the research on semiconductor nandsitres is one of the most
active topics in physics, chemistry and materiailsrece due to its significance in both
fundamental and technological aspects. In the eady, the semiconductor
researchers have focused their works on group-tMa@ductors such as silicon and
germanium. Then, compounds and alloys of elemeats §roup IV, group 1I-VI and
group IlI-V were studied and utilized. Presenthgde new generation semiconductors
in various nano-structural forms gave rise to aewmidnge of useful properties with
varieties of applications.

In the recent years, wide bandgap semiconductnrs played a crucial role in
the development of optoelectronic devices for abrange of applications. In order
to make a compound semiconductor useful for newicdey one of the important
requirements is the bandgap engineering. Base @V#gard’'s law (Fong, Weber,
and Phillips, 1976), bandgap engineering has beactiped very successfully in the
many families of compound semiconductors such #sigaindium nitride (GalnN)
for blue light emitter, mercury cadmium telluriddgCdTe) for infrared detector and
gallium aluminum arsenide (GaAlAs) for laser dicaled high speed transistor. The

same law may also be applied to materials for igexteration, spintronic devices.



Recently, magnesium zinc oxide (Ma,.xO or MZO)alloys has been used with a
certain success in deep UV detection applications.

To perform bandgap engineering, one must findathg to form solid alloys of
semiconductors with desired composition. There saeeral methods to grow such
alloys, i.e. pulsed laser deposition (PLD), molaculbeam epitaxy (MBE),
metalorganic vapour-phase epitaxy (MOVPE), electseam evaporation (EBE), RF
magnetron sputtering. In general, the high-techipggents to be used for alloying
semiconductor compounds are accessible only invibk-equipped laboratories.
However, there are also several economic ways tathegis nanocrystal of
semiconductor alloys, i.e. via chemical routes.

In this thesis, we have selected a chemical metatieéd “oxalate-based co-

precipitation (Ertl, Kndzinger, and Weitkamp, 1998) synthesis MZO nanocrystals

by alloying ZnO with MgO The structural properties of MZO nanocrystal sksp

were then characterized.

There are many characterization techniques cagablenicroscopic study of
compound semiconductor and non crystalline materia. x-ray diffraction (XRD),
infrared spectroscopy (IR), nuclear magnetic resoea(NMR) and transmission

electron microscope (TEM). However, the diffractibechniques using periodic

nature of material may not be used effectivelytudging the microstructure around

the impurities in semiconductors materials, sinbe tomponents are randomly

distributed.Nonetheless, x-ray absorption spectroscopy (XAS)bdeen shown to be

an efficient way to verify the microstructure ofogts and compound semiconductors

materials(Rehr and Albers, 2000).



In this thesis, characterization techniques, ab#l at Suranaree University of
Technology (SUT) and Synchrotron Light Researcthitlite (Public Organization),
(SLRI), were used to investigate the structurapprtes of the resulting products. In
particular, XAS was employed as a main techniqusttmly the local structure of
MZO nanocrystals prepared by oxalate-based comtation. It was found that, the
results obtained are unique and may not be obtdigaasing other characterization

techniques.

1.2 Review of literatures

121 Zincoxide

Zinc oxide is a II-VI compound semiconductor witle chemical formula ZnO.
It has a direct and wind bandgaps;(E 3.37 eV) in the near-UV spectral region and a
large free-exciton binding energyy(E 60 meV) at room temperature. At ambient
pressure and temperature, the crystal structuzmofis the hexagonal wurtzite (WZ2)
structure, as shown in Figure 1.1. This structuse characterized by two

interconnecting sublattices of Zrand G-, such that each Zn ion is surrounded by a

tetrahedral of O ionsandvice-versa.

Figure 1.1 Crystal structure of ZnO (wurtzite).
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ZnO is one of the potential materials for low-agke luminescence and short
wavelength light emitter (Wonga and Searson, 19%9ran be used in surface
acoustic wave (SAW) devices (Hunt, 2001). In naclmtelogy field, ZnO nanowire
arrays hold a host of opportunities for flat screksplays, field emission sources,
chemical and biological sensors, and as UV lighttens and switches (Wang, 2004).
Epitaxial layers and single crystals are importdot the development of
optoelectronic (blue and ultraviolet light emitteand detectors), piezoelectric and
spintronic devices (Norton, 2003). Epitaxial Zn@aholds much promise as a semi-
conducting transparent thin film, which again Wk important for solar cells, gas
sensors, displays and wavelength selective apjlitat For mass production, zinc
oxide powders have been synthesized by severahitpeds, such as sol-gel method
(Bhattacharjeet al., 2002), solid-state method (Chetnal., 2001) and oxalate-based
coprecipitation (Young-llet al., 2007). In general, only n-type ZnO could be
consistently produced. Thetype doping of ZnO still be an active researchidayd

the present day.
1.2.2 Magnesium oxide

Magnesium oxide (MgO) is generally found in a whaiowdery compound. It
occurs naturally as the mineral periclase or mdgnesd can be prepared by
thermally decomposing the mineral magnesite. Thestar structure of MgO is
rocksalt (RS) structure, as show in Figure 1.2sW®tructure is characterized by two

interconnecting sublattices of ¥fgand G, such that each Mg ion is surrounded by

six O ions andvice-versa.



Figure 1.2 Structure of magnesium oxide (rocksalt).

Magnesium oxide can be used in various applicatibor example, it is used
as an insulator in industrial cables and is alse ohthe raw materials for making
cement in dry process plants. Due to its high dtale strength and average thermal
conductivity, MgO is usually crushed and compactéth minimal airgaps or voids.
Pressed MgO is used as an optical material bea#usés transparent from 0.3 to 7

um. Some properties of MgO and ZnO are comparedbiell.1.

Table 1.1 Some properties of magnesium oxide and zinc oxide.

Magnesium oxide Zinc oxide
Chemical formula MgO ZnO
Structure Rocksalt Wurtzite
a=4.24 A a=324A
c=520A
1I-VI bond length 2.10 A 1.98 A

Bandgap 7.75 eV 3.37 eV




1.2.3 Bandgap engineering of MgO-ZnO

MgxZnixO is being considered as a candidate material fimaviolet
optoelectronic devices. According to the phaserdiagof ZnG-MgO binary systems,
the thermodynamic solid solubility of MgO in ZnOnsrmally less than 4% (Sarver,
Katnack, and Hummel, 1959). However, several grobgee successfully grown
single phase MZO thin films with Mg content hightvat 4%. Therefore, the
enhancement solubility limit of MZQlloys might be explained in term of non-

thermal equilibrium nature of the synthesis techagjand can be varied.

Since the crystal structures of ZnO and MgO aretzite and rocksalt,
respectively, and the ionic radius of2Zr{0.60 A) is quite close to Mg (0.57 A),
alloying ZnO with the increasing concentration of igan lead to structural evolution
from wurtzite to rocksalt and also the increasdhef bandgap energy from 3.37 to

7.75 eV. However, the pathway of structural traosiof WZ to RS in these material

systems is still ambiguouBased on x-ray diffraction characterization, @ntoand

Muth (Ohtomoet al., 1998; Muthet al., 2000) reported the synthesis of single-phase
MgxZn1xO thin films with Mg concentration up to 33-36 at&bd bandgap energies
up to 3.99-4.0 eV by PLD. Although there are repoftMBE (Kawasaket al., 1998)
and MOVPE (Park, Yi, and Jang, 2001) growths with &bntaining up to 49 at.%,
most of the MgZn; O thin film growth has been carried out by PLD (Shaenal.,
1999). It should be note that all the above-memtibMgZn; O thin films possess

WZ structure.

However, continually increasing the Mg concentmatiChoopun (Choopuet
al., 2002) and Narayan (Narayanal., 2002) reported the growth of RS Mg;.xO

thin films grown by PLD, with Mg compositioxin the range of 0.50-0.86 and 0.82-



1.00, respectively. Therefore, based on the previgarks, we have summarized in
Figure 3, the bandgap relations in }Mg; O alloys for Mg concentration varying

from 0% to 80%. It can be seen that the structfifd£0 alloys reported to date can

be characterized into three regimés) the WZ regimex ~0 to 0.30), (2) the RS

regime k ~0.5 to 1.0) and the mixed phase regime-@.3 to 0.5). No intermediate

form of MZO has been observdtis noteworthy that in the mixed phased regthe

alloys still be MZO not the phase separation of zZm@ MgO. The knowledge about
local structure around Mg and Zn atoms in thesgyalls important for the study of

WZ/RS structural transition pathway.
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Figure 1.3 Summary of the band gap energy of Mg O alloys as a function of Mg

content.



1.2.4 Synthesisof Mg«Zn1xO alloys

There are many methods to synthesisdng,O alloys such as PLD, MBE,
RF magnetron sputtering and, etc. Most of the rtegles require sophisticated
synthesis equipments and are not available at SITs also possible to use some

simple and economic way to synthesis the matetialthis work, we used a process

called oxalate-based co-precipitation method tolaepthe possibility of alloying

ZnO and MgO to make nanocrystalline g; O.

Co-precipitation method is the carrying down bypracipitate of substances
normally soluble under the conditions employed.tts other hand, co-precipitation
can be used to separate an element. Since theelexoent is too dilute to precipitate
by conventional means, it is typically coprecipthtwith a carrier, a substance that

has a similar crystalline structure that can inooage the desired element.

There are three main mechanisms of co-precipitatioclusion, adsorption
and occlusion (Harvey, 20Q0An inclusion occurs when the impurity occupies a
lattice site in the crystal structure of the caraed lead to a crystallographic defect.
This mechanism can happen when the ionic radiuschadge of the impurity are
similar to those of the carrier. An adsorbate isimpurity that is weakly bound
(adsorbed) to the surface of the precipitate. Adusion occurs when an adsorbed
impurity gets physically trapped inside the crysaal it grows. In this work, the
starting materials which used to make g O nanocrystals by oxalate-based co-

precipitation method consist of zinc acetate, maiyme acetate and oxalic acid.

Lu et al. have experimentally studied a general polymerdbgz®cess to
prepare mixed metal oxides: MO nanoparticles (Lt al., 2006). The MZO

nanoparticles were prepared by controlled pyrolgdizinc/magnesium polyacrylate



complex and characterized by x-ray diffraction (XRDOransmission electron
microscope (TEM), and photoluminescence (PL) spsctpy. It was concluded that
calcination of the polymer precursor at 550°C gipesticles of the metastable solid
solution of the ZnO/MgO system in the compositiange X < 0.2 andk > 0.82). The
MZO particles are typically 20-50 nm in diameteheTphotoluminescence in the
visible is enhanced while the high-energy emisamothe UV region is suppressed by
incorporation of magnesium ions on zinc ion lattisges. The Mgn;.O
nanocrystalline start to undergo segregation irdgagonal and cubic phases upon

annealing at 800°C.

In general, it is believed that alloying of ZnO damMMgO proceeds by
substituting Mg atoms by Zn atoms in the RS stmgctandvice versa in the WZ
structure. And the different solubility limit of M@ in RS or WZ MgZn;,O alloys
should be associated with growth mechanism as agetirowth condition. XAS can
be used to identify the Zn and Mg location in Mg O alloys. Chiouet al. have
reported that Mg-induced widening of bandgap in&fgO nanorods revealed by x-
ray emission spectroscopy (XES) and XAS (Chebal., 2008). They have found that
Mg substituted at the Zn sites in the ;O nanorods and the structural distortion
at the Zn sites increase as the Mg content incsed®a&rket al. observed a similar
trend for MgZn; O thin films (Park, Kim, and Seo, 2006). Recentiaznichenkacet
al. have reported that structural phase transitiahfandamental band gap of MZO
alloys from first principle calculation (Maznichemlet al., 2009). They concluded
that the phase transition from the wurzite to theksalt structure is predicted at the
Mg concentration ok = 0.33, which is closed to the mixed phased regivserved

experimentally.
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1.3 Research objectives

a) Explore the possibility of synthesis Mg.,O nanocrystals by an oxalate-
based coprecipitation method.

b) Study the conditions of structural phase tit#sifrom wurtzite structure of
ZnO to rocksalt structure of MgO.

c) Study the local structure of NEN;xO nanocrystals by x-ray absorption
spectroscopy.

d) Study the synthesis Mgn; xO products by characterization tools available in
SUT, Nano-KMITL and SLRI. The characterizationheifjues used in this study are
X-ray diffraction (XRD), Scanning electron microgpeo (SEM), Transmission
electron microscope (TEM), Ultraviolet-visible spescopy (UV-VIS), and X-ray

absorption spectroscopy (XAS).

1.4 Scope and limitation of the study

This study is a preliminary research aiming todfian economic way to
synthesize Mgn; O nanocrystals. The synthesized products may ndf be
MgxZn1xO but at least we will identify the chemical speaéghe product using the
available tools. The local structure of Mg; O nanocrystals will be characterized by
XAS. FEFF 8.2 code will be used to simulate thex-absorption near edge structure

(XANES) of Mg«Zn; <O nanocrystals to compare with experiment.



CHAPTER I

RESEARCH METHODOLOGY

In this chapter, the research methodology utilizedhe thesis work will be
reviewed. Firstly, x-ray diffraction (XRD) was uséat the structural characterization
of Mg«Zn;xO products. Secondly, by the scanning electron oaape (SEM)
equipped with energy dispersive spectroscopy (Bl used for alloys composition
determination, then transmission electron microsc@EM) was used for taking the
high resolution micrograph of nano-crystals. Theérawiolet-visible spectroscope
(UV-VIS) was used to study the optical band edgeogition. Next, the attention was
focused to the study of local structure around i§ipeatoms which can be done by
using x-ray absorption spectroscopy (XAS) in boxtterded x-ray absorption fine
structure (EXAFS) and x-ray absorption near-edgectire (XANES) regions. We
will describe the general concept of those techesgand on how to extract the result
from experiments. Finally, the detail of XAS speatrcalculation will be discussed in

the last section.

2.1 Oxalate-based co-precipitation method
2.1.1 Preparation of MgxZn;xO alloys

Zinc acetate, Magnesium acetate and Oxalic acidewesed as starting
materials. Initially, the mixed oxalate precursgyZn;«(C,0,)-2H,O (x = 0, 0.01,

0.04, 0.06, 0.10, 0.15, 0.25, 0.30, 0.35, 0.500,0(r80, 0.90) were prepared by
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adding 0.4 mol solutions of zinc and magnesiumadestwith a 0.4 mol solution of
oxalic acid. The adding speed of the aqueous saolsitiof zinc and magnesium
acetates was about 15 ml/min. The precipitates weshed with de-ionized water,
dried at 60C for 4 h, and transformed to N, xO by heating in air at 55C for 24

h. The procedure is shown in Figure 2.1.

0.4 mol solution of Zn and Mg acetates

[(1-x)Zn(CH,CO0),- 2H, O +% )Mg(CH COO) 2H C 0.4 mol solution of oxalic acid
(x=0,0.01,0.04,0.06,0.1,0.15,0.25,0.3%)5,0.7,0.8,0.9,

Mixing

|

Coprecipitate zinc magnesium oxalate
Mg,Zn,, (C,0,) 2H,0

Washing with
de-ionized water

Drying at 60°C
for 4 h.

Heating in air
at 550°C for 24 h.

|

Mg, Zn,, O alloys

Figure 2.1 Process diagram for the synthesis of,Efg.O nanocrystals.
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2.2 X-ray powder diffractometry (XRD)

X-ray powder Diffraction is a one of the standtedhnique that can be used to
identify the crystal structure of material. Fundauaé treatment of x-ray diffraction
by crystals is done by considering the interactibran x-ray plane wave with the
electrons of the crystal materials (Guinier, 1998he wave nature of the x-rays
means that they are reflected by the lattice ofctlystal, as shown in Figure 2.2, to
give a unique pattern of peaks of “reflections’differing angles and of different
intensity, just as light can be diffracted by atgm of suitably spaced lines. The
diffracted beams from atoms in successive planesetainless they are in phase, and
the condition for this is given by the Bragg redaship;

2dsing = ni, (2.1)
whered is the distance between adjacent planes of at@gimis, the angle of incidence

of the x-ray beampn is the order of the diffracted beam andrepresents the

wavelength of the incident x-ray beam.

Incident
X-rays

Reflected
X-rays

o—©
(hkl) planes

Figure 2.2 The X-ray diffraction beam path.
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The Bragg condition can be satisfied for any deplanes whose spacing is
greater than half the wavelength of the x-ray u#fed < A/2, then si@ > 1, which is
impossible). This condition sets a limit on how mamders of diffracted waves can
be obtained from a given crystal using an x-raynbeéa given wavelength. Since the
crystal pattern repeats in three dimensions, fognanthree-dimensional diffraction
grating, three integers, denoted K |) are required to describe the order of the
diffracted waves. These three integers are defasetthe Miller indices which used in
crystallography, denote the orientation of thee@fhg sheets with respect to the unit

cell and the path difference in units of wavelerggthween identical reflecting sheets.

The Miller indices K k1) can be calculated from Bragg's law:

2d,,, sind = ni. (2.2)
In the cubic systems, the plane spacing is relatethe lattice parameter and the
Miller indices by the following relation:

a
dy = ———= (2.3)

Combining equation (2.2) and (2.3), we get

~ nAVh®+k®+1?

B = 2sind

(2.4)

Considering the non cubic systems such as hexaggatdm, the Miller indices can

be calculated by using the lattice parameter froavais lattice:

3 5 +—. (2.5)

1 4( h>+hk+k?) 1?2
a c?

Recall Bragg’s law:

2dsing = 4, (2.6)
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4d*sinfd = A%, (2.7)
1 4sirf 6
? = 12 . (28)

Combining equation (2.5) and (2.8), we obtain

"3 > +— = . (2.9)

1 4 h?+hk+k?) 1?2 4sirt g
a c? A?

We can rearrange equation (2.9) in ternsiof @ as,

|2

sSin’g = (4/1—;)*{% (h2+hk+k2)+(c/—a)2}' (2.10)

wherea andc/a are constants for a given diffraction pattern.
The information of an XRD pattern can be used foraxmate the crystallite size of
particles by using Debye-Scherrer formula (Warf€§9):

KA
Bcost’

(2.11)

where D is crystalline sizé, is the wavelength of x-ray radiation (1.5418 A @u
Ky ), B is the full wide at half maximum height (FWHM), iK the crystallite shape
factor (usually taken as 0.89)js the diffraction angle.

The x-ray diffraction technique is normally cadieout by an x-ray
diffractometer. The essential components of x-rdffattometer (Fultz and Howe,
2008) are:

1) A source of x-ray, usually a sealed x-ray tube

2) A goniometer, which provides precise mechaniva@tions of the tube,
specimen and detector

3) An x-ray detector
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4) Electronics for counting detector pulses inckyonization with the positions
of the goniometer

There are four practical approaches for obsendifffactions and making
diffraction measurements: Debye-Scherrer MethodjeL®lethod, Rotating Crystal
Method and-26 diffractometer Method. All are designed to endinat Bragg’s law
is satisfied. The schematic diagram®®0 x-ray diffractometer used in this work
(BRUKER X-ray diffractometer model D5005 equippedthwCu K, sealed tube,
wave length 1.54 A) is shown in Figure 2.3 and ZHe0-20 Diffractometer is used
for diffraction measurements of unfixed horizordample. For this purpose, sample
will be rotated td® and x-ray detector moved t6.2The diffraction angle followed on
Bragg’'s equation (2.1). The one-side weight of tillee stand is compensated by a

counter weight. Both tube stand and counter weigtfiged to the outer ring.

Detector

X-ray tube

A »g | >crystal parallel plane (hkl)

<>

d sin O

Figure 2.3 Schematic illustration dd-20 x-ray diffraction experimenfadapted from

(Smith, 1993)].
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Focus circle

Scattered
radiation slit

Figure 2.4 Schematic representation of X-ray diffractometé&005 [adapted from

(BRUKER, Analytical X-ray Systems, 1998)].

2.3 Scanning electron microscope (SEM)

The scanning Electron Microscope (SEM) is an irtgoaoe electron microscope
that uses a focused beam of high-energy electmgenerate a variety of signals at
the surface of solid specimens. The signals thaveldrom the interaction of the
focused beam of high energy electrons with the atofthe target sample reveal
information about the sample including external phaiogy (texture), chemical
composition, and crystalline structure and orieatatof materials making up the
sample (Brandon and Kaplan, 1999).

The schematic diagram of scanning electron mioqsds shown in Figure 2.5.
The SEM generates a beam of incident electronsielactron column above the
sample chamber. The electrons are produced byraahemission source, such as a

heated tungsten filament, or by a field emissioth@de. The energy of the incident
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electrons can be as low as 100 eV or as high ae80depending on the evaluation
objectives. The electrons are focused into a sheam by a series of electromagnetic
lenses in the SEM column. Scanning coils near tiet & the column direct and
position the focused beam onto the sample surfidue electron beam is scanned in a
raster pattern over the surface for imaging. Thearbean also be focused at a single
point or scanned along a line for x-ray analysise Deam can be focused to a final
probe diameter as small as about 1GvAen the electron beam strikes a specimen, a
large number of signals are generated. TheseslIsigmdude secondary electrons,
backscattered electrons, characteristic x-ray, ochtluminescence and transmitted

electrons, as shown in Figure 2.6.

Electron gun

Cathoad Ray Tube

Condenser lens N

Scanning circult
Scanning coil g

Objective lens sy
ey . ) .
Video signal amplifier

Specimen = Signal detector

Figure 2.5 Principles schematic illustration of SEM (JEOLdLt1989).
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Electrons
probe
A
Backscattered
electrons
X-ra A
Auger y / .
g x / Cathodoluminescence
electrons w AN K Pl
~ Ve
o\ ’,”" 5 Secondary
~ N // _-
~o - electrons

<«—— Specimen

|
|
s | N
|
|

‘/ \‘ .
Elastically InFElastically
scattered v scattered
electrons Transmitted electrons
electrons

Figure 2.6 Schematic diagram of signals in SEM.

There are four the significant signals which te usSEM:

1) Secondary Electrons (SE) are emitted lowerggnelectrons, which can be
formed by inelastic collisions with the nucleus wheubstantial energy loss occurs or
by the ejection of loosely bound electrons from Hanple atoms. The energy of
secondary electrons is typically 50 eV or less. twography of surface features
influences the number of electrons that reach ¢lsersdary electron detector from any
point on the scanned surface. This local variatiorelectron intensity creates the
image contrast that reveals the surface morphol®fe. secondary electron image
resolution for an ideal sample is about 3.5 nmafdungsten-filament electron source
SEM or 1.5 nm for field emission SEM.

2) Backscattered electrons are high-energy elesttbat are ejected by an
elastic collision of an incident electron, typigallith a sample atom’s nucleus. These
high-energy electrons can escape from much dedyagr $secondary electrons, so

surface topography is not as accurately resolvefbrasecondary electron imaging.
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The production efficiency for backscattered eletéras proportional to the sample
material's mean atomic number, which results ingenaontrast as a function of
composition, mean that higher atomic number mdteqgears brighter than low
atomic number material in a backscattered eledimage. The optimum resolution
for backscattered electron imaging is about 5.5 nm.

3) Characteristic x-rays are generated when therein beam interacts with the
inner shell electrons of the specimen atoms byast& scattering with enough energy
to excite inner shell electrons to outer shell t@albi leaving inner-shell vacancies. As
outer-shell electrons fall to the various innerlisbebitals, characteristic amounts of
energy are generated that are a function of tlgeetalement and the type of orbital
decay. These characteristic x-ray are used toifgghe component and measure the
plenty of elements in the sample.

4) Cathodoluminescence (CL), the emission of lighien atoms excited by
high-energy electrons come back to their grountk dtathe SEM,CL detectors either
collect all light emitted by the specimen, or caralgse the wavelengths emitted by
the specimen and display an emission spectrum amage of the distribution of
cathodoluminescence emitted by the specimen incadaur.

To create an SEM image, the incident electron bearscanned in a raster
pattern across the sample's surface. The emittedrehs are detected for each
position in the scanned area by an electron dete€tee intensity of the emitted
electron signal is displayed as brightness on dodat ray tube (CRT). By
synchronizing the CRT scan to that of the scamefincident electron beam, the CRT
display represents the morphology of the sampléasararea scanned by the beam.
Magnification of the CRT image is the ratio of tineage display size to the sample

area scanned by the electron beam.
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Two electron detector types are predominantly u$sed SEM imaging.
Scintillator type detectors (Everhart-Thornley) amsed for secondary electron
imaging. This detector is charged with a positivdtage to attract electrons to the
detector for improved signal to noise ratio. Detextfor backscattered electrons can
be scintillator types or a solid-state detectore BEM column and sample chamber
are at a moderate vacuum to allow the electronsateel freely from the electron
beam source to the sample and then to the detektigis-resolution imaging is done
with the chamber at higher vacuum, typically fro®>lto 10” Torr. Imaging of
nonconductive, volatile, and vacuum-sensitive sasgan be performed at higher
pressures.

Energy dispersive x-ray spectroscopy (EDS) is aalygical technique for
identifying and quantifying elemental compositiors a very small sample of
material. EDS is an integral part of the scannilegteon microscope. When taking an
SEM image, the surface under consideration is bodeohwith an electron beam. A
schematic of EDS system is depicted in Figure 2he bombardment of electrons
causes an excitation between the atoms, whichtsesua release of excess energy in
the form of X-ray. When the samples surface is bentdd by the electron beam,
some electrons are removed from the atoms on tmplsasurface. This results in
electron vacancies which must be filled with elecs from a higher shell. As a result,
an X-ray is emitted to balance the energy diffeechetween the two electrons. The
amount of energy released is characteristic ofatioens it excites, forming various
peaks in the energy spectrum, according to the ositipn of the material. The
intensities or areas of the various peaks of aispepectrum are proportional to the
concentration of that specific element, making Eia® only a qualitative but also a

guantitative composition diagnostics tool.
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Figure 2.7 Schematic diagram of an EDS.
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2.4 Transmission electron microscopy (TEM)

Transmission electron microscopy is a microscamhnique that uses a high
energy electron beam transmitted through a veny fiiecimen and analyzed the
microstructure of materials with atomic scale raoh. The high energy electrons
from the gun are focused with electromagnetic leresed the image is formed from
the interaction of the electrons transmitted thiodlge specimen and scattered is
observed after being magnified by electron len$&s. electron-intensity distribution
behind the specimen is imaged with a three or &age lens system, onto a
fluorescent screen that converts the high energgtrein image into an image that is
visible to the eye. The image can be recorded bgctiexposure of a photographic
emulsion inside the vacuum or digitally by CCD of Tameras. TEM has a greater
resolving power than a light-power optical micrgsepbecause it uses electrons that
have wavelength about 100,000 times shorter thaiblgilight (photons), and can
achieve magnifications of up to 20,000x, whereghtlimicroscopes are limited to

2,000x magnification.
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For optical microscope, the resolution (d) hasderited by the wavelength of
the photons that are being used to probe the sahpkath the relationship (Brandon
and Kaplan, 1999);

g = 96% (2.12)
usina

whereu is the refractive index of the medium betweengample and the objective
lens. The produclysina is usually called the numerical aperture (NA).
Electrons have both wave and particle propertnestheir wave-like properties

thus wavelength, and momentuny, are related by the de Broglie relationship;
PR (2.13)
Y

where h is the Planck constant. In the TEM, the de Brogké&tionship is not
sufficient to define the wavelength of an electedrhigh energies because relativistic
effects become important at these energies. Ifréisé mass of electron isgnand
assuming that the accelerating voltage in the reeajun isV. Hence, the relativistic
equation for the wavelength of the electiann term of the accelerating voltage as

s h
© o J/2mev(l+ev /2me?)

(2.14)

TEM is comprised of the several components, winclude a vacuum system
in which the electrons travels. Schematic repredgemt of TEM was shown in Figure
2.8. At the top of the instrument is the electram,gwhich is the source of electrons.
The electrons are emitted in the electron gun leyntionic emission from tungsten
hairpin cathodes or lanthanum hexaboride @af®ds or by field emission from
pointed tungsten filament. Then, the electrons aceelerated to high energies

(typically 100-400 keV) and focused towards thecgpen by a two-stage condenser-
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lens system. The condenser aperture used to cahgotonvergence angle of the
beam. The objective lenses focus the beam dowhesample, while the projector
lenses are used to expand the beam onto the fusrescreen or other imaging
device. The magnification of the TEM is due to thgo of the distance between the
specimen and the objective lenses image plane. mMage is formed from the
transmitted beam, which contains information abel#ctron density, phase and

periodicity.

Electron gun

Acceleration tube

0L

1st condenser lens =
2nd condenser lens -
Condenser aperture —=
assembly
Goniometer
. Objective aperture
Specimen holder—=

Objective lens
Selected field aperture—=—

< Intermediate lens
< Projector lens
Binocular ——
N Small fluorescent
Viewing port—— screen
’ Large fluorescent
/ screen

Camera chamber—

=5 D

Figure 2.8 Cross section of column in Transmission electroorasicope (Fultz and

Howe, 2008).

Phase-contrast imaging is the highest resolutinaging technique in TEM,
which can be used to investigate the crystal sirecbf materials. This technique

arises from the fact that the atoms in a materféldt electrons as the electrons pass
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through them, causing diffraction contrast in additto the already present contrast
in the transmitted beam. In the central sectioMBM the electron beam interacts
strongly with specimen by elastic and inelasticttecang. The specimen must
therefore be very thin, typically of the order oh&-0.5um for 100 keV, depending
on the density and elemental composition of theaiand the resolution desired.

Electron diffraction (ED) is the one of signifidaiffraction techniques of three
groups, X-ray diffraction, Neutron diffraction, aetectron diffraction. Diffraction in
transmission electron microscopy used techniquavknas “Selected Area Electron
Diffraction, SEAD”. This technique can easily cheofrom which part of the
specimen to obtain the diffraction pattern. In TEfMe interactions of the electron
beam with planes of specimen and produced smalésihgad to electron diffraction.
An electron of diffraction from planes of atom ipesimen will be focused by
objective lens at diffraction points.

TEM can provide two separate kinds of informatiabout a specimen, a
magnified image and a diffraction pattern. The otiye lens forms a diffraction
pattern in the back focal plane with electronstecatl by the specimen and combines
them to generate an image in the image plane. Tiffigction pattern and image are
simultaneously present in TEM. It depends on thermediate lens which of them
appears in the plane of the second intermediatgeraad magnified by the projective
lens on the viewing screen. Switching from realcgpémage) to reciprocal space
(diffraction pattern) is easily by achieved by chiaug the strength of the intermediate

lens. Ray diagrams of image and diffraction patepresented in Figure 2.9.
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Figure 2.9 Ray diagrams of (a) diffraction pattern and (b) gmgadapted from

(Williams and Carter, 1996)].
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Figure 2.11 Schematic diagram showing the geometry of diffaactipattern

formation.
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In imaging mode, an objective aperture can berieden the back focal plane
to select one or more beams that contribute tofitted image. For selected area
electron diffraction, an aperture in the planehaf tirst intermediate image defines the
region of which the diffraction is obtained.

A single crystal specimen oriented such that sésats of planes are parallel to
the beam will give rise to a diffraction pattermsisting of a regular array spots, as
shown in Figure 2.10(a). This pattern providesitivestigator with information about
the space group symmetries in the crystal and ty&tad’s orientation to the beam
path. If the specimen contains several crystaldifbérent orientations, as shown in
Figure 2.10(b), then the diffraction pattern is #uen of the individual, and is more
complicated. Figure 2.10(c) shows the case for eciggen containing very many
crystals of random orientation. In this situatiohe spots on the ring are so close
together that the rings appear continuous.

In order to understand the geometry of electrdfragdition, we can ignore the
lens system, which merely magnifies the diffractmattern, and consider the much
simpler ray diagram of Figure 2.11. A beam of etmt$ impinges on a crystalline
specimen. Some of the electrons pass through #a@msen without interaction, and
hits the screen which is at a distance L from thecsnen, at O. Other electrons are
diffracted through an angléd2y the crystal planes of spacing d, and thesdrelec
hit the film at A, which is a distances r from QorRhe first diffraction spot ané is

small, we get:
. 1
sind ~ tand ~ Etan(ze) : (2.15)

Thus, Bragg’s equation (2.1) becomes
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2d (% tan 29) = 1. (2.16)

By the simple geometry used in Figure 2.11:
tan 2 = { (2.17)

combining equation (2.16) and (2.17), we obtain

r
2d (Zj = A, (2.18)

rd = AL. (2.19)

As the camera length, L, and the wavelength ofTtB®l accelerating voltage,
A, are dependent of the specimen, and are a corietatfie instrument. The product
AL is called the Camera Constant. It can be seenthieatlistance of a diffraction
spot from the undiffracted spot, R, is thereforeensely proportional to the lattice
spacing,d, of the reflecting planes. If we know the cameoastant for instrument,
then we can determine the crystal lattice spacingply by measuring the distances
between spots on a single crystal diffraction paiteor ring diameters on

polycrystalline diffraction pattern.
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2.5 Ultraviolet-visible (UV-VIS) spectroscopy

The ultraviolet-visible (UV-VIS) spectroscopy refe to absorption
spectroscopy, which is an instrument commonly usetthe laboratory that analyzes
compounds in the ultraviolet (UV) and visible (Vi®gions of the electromagnetic
spectrum (Rouessac, 2004). The absorption in thibleiregion directly affects the
perceived color of the chemical involved. In thegion, molecules undergo electronic
transitions. This technique measures transitioos fthe ground state to the excited
state and determine the wavelength and maximunriadosce of the compounds. The
wavelength and amount of light that a compound ddssdepends on its molecular
structure and the concentration of the compound.u&ealiagram of the components

of typical spectrometer is shown in Figure 2.12.

Light Source UV
Diffraction
Grati
ratng H H Mirror 1
Slit 1 /
Slit 2 === i )
. Light Source Vis
Filter
Reference
Mirror 4 Ref Cuvette /\ Detector 2
eference : /
Beam \/ 'D VWb o
Lens 1
Half Mirror
Mirror 2 Sample
Cuvette Detector 1
Sample /\ D T
% Beam \/
Mirror 3 Lens 2

Figure 2.12 A diagram of the components of typical UV-Vis spenteter.
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The functioning of this instrument is relativelyaghtforward. A beam of light
from a visible and UV light source is separatea iité component wavelength by a
prism or diffraction grating. Each monochromatiaimein turn is split into two equal
intensity beams by a half-mirrored device. One beaasses through a small
transparent container (cuvette) containing a smuf the compound. The other
beam is the reference, which passes through anigdeouvette containing only the
solvent. The detector measures the intensity oféference beanl) and compares
it to the intensity of the sample beath Over a short period of time, the spectrometer
automatically scans all the component wavelengthshe manner described. The
ultraviolet region scanned is normally from 20040 nm, and the visible portion is
from 400 to 800 nm. If the sample compound absbghs thenl is less than,, and
this difference may be plotted on a graph versugeleagth, as shown in Figure 2.13.

Absorption may be presented as transmittance (T):

71 (2.20)

lo

On the other hand, the absorbance, A, can be atdcufrom the Beer-Lambert law:
A = Iog||—° = ¢gcl, (2.21)

where ¢ is molar extinction coefficient, ¢ is the concetiobn of the compound in
solution and is the path length of the sample.

Molar extinction coefficients are specific to pewtar compounds, therefore
UV-Vis spectroscopy can aid one in determining aknown compounds’s identity.
Furthermore, absorption of UV or visible light lsai promotion of an electron from
ground state to the excited state. The energyeofiisorbed photon must be equal to

the difference in energy between the ground statethe excited state, which only



32

photons of a particular frequency (or wavelengtil) me absorbed. This energy can

be calculated by using the equation:

E =" (2.22)

whereh is the Planck’s constant,is the speed of light andlis the wavelength (at the

absorption edge). An UV-visible absorption spectiarshown in figure 2.13.

80
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Figure 2.13 UV-visible absorption spectrum of ZnO nanocrystals
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2.6 X-ray absorption spectroscope (XAS)

X-ray absorption Spectroscopy (XAS) is one of tlemwverful techniques to
examine the electronic structure of materials, frmxidation state, coordination
number and used to probe local structure. The XAZ®ment is normally carried
out at the synchrotron radiation facility, whichnche modified and selected the
energy of x-ray photon (Koningsberger and Prin88)9

X-ray absorption spectroscope measures the x-tagorption u(E)as a
function of x-ray energy

E = ho. (2.23)

The x-ray absorption coefficient is determined frélhe decay in the x-ray

intensity | with the length of a sampleby the relationship,

| =16, (2.24)
where |,is the intensity of the incoming x-ray beain,is the intensity of the beam
after pass though the sample, and the thickness of the sample, is the definition

of absorption coefficient, as shown in Figure 2.14.

X

/e

|o | = Ioe'“x

> N

Figure 2.14 Schematic view of x-ray absorption measuremeiraimsmission mode.
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In the x-ray absorption process, a photon is diegbby the atom, giving rise to
the transition of the electrons from the inner shdf, L or M shell to empty state
above the Fermi level. The core hole, empty staie be created in the inner shell,
and the energy level of the shell is used to iderkie type of absorption edge as
shown in Figure 2.15. For example, K-edge refergansition that excited electron
from 1s shell to unoccupied states. The x-ray pih@&woergy has to greater than the

difference of energy between unoccupied stateskasbell state. The energy of the

absorption edges are specific characteristic tmefts, making x-ray absorption an

element-selective technique.

Ea

xs,p )d
4>

pott VIR T, Fermi energy (Er)

3135:/2
3

36 M,
21)3;1/2
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2¢?

1s?

v

Figure 2.15 The relationship between the energy transition$ aosorption edges

[adapted from (Rehr and Albers, 2000)].
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Figure 2.16 Normalize ZnK-edge absorption spectra classified into two region

XANES and EXAFS.

The x-ray absorption spectrum is typically sepatanto two regions (1) the x-
ray absorption near edge structure (XANES) whidtiuides features approximately
50 eV above the absorption edge and (2) the extexrday absorption fine structure
(EXAFS) typically extending to 1,000 eV above thHesarption edge as shown in

Figure 2.16.

2.6.1 X-ray absorption near edge structure (XANES)

X-ray absorption near edge structure, or XANESt@imis the information about

the chemical state of the element, including thédation state, and the local

geometry of the absorbing atoddANES structure in an absorption spectrum cover

the range between the threshold and the point attvthe extended x-ray absorption
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fine structure (EXAFS) being. XANES comprises tipait of the spectrum within
about 40-50 eV of the edge.

In this region of the absorption spectrum is dated by multiple scattering of
low energy of photoelectron. In addition there aggmally strong features due to
transitions to empty bonding and anti-bonding @ibitin molecular systems, or to
atomic-like or unoccupied density of state in salidte systems. The combination of
these influence mean that XANES is sensitive toltleal electronic structure of the
absorbing species and the coordination geometryNEK® has most often been used
in a fingerprint fashion, with spectra comparedtandards to determine the quantity
of interest such as the oxidation state of the idiiisg element.

The absorption coefficient in equation (2.24) isgortional to the transition

rate as given by Fermi’'s Golden Rule; described by
AE) o Y| t]5-7|))| 5(E ~E, +ha), (2.25)
f

whereli) is the initial coreket state vector(f| is the finalbra state vector of
the excited electronE is the energy of absorbed x-ray photdfjs the energy of
initial state, E, is the energy of final statéi is the energy of x-ray photon energy,

¢ is the x-ray polarization vector ang@E) is absorption coefficient with ignoring of

core hole life time and experimental resolution KAdinov et al., 1998). By
considering Eqg. further with the additional effeat$ core-hole life time and
experimental resolution, the XANES spectra can dleutated as described later in

section 2.7.
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2.6.2 Extended x-ray absorption fine structure (EXAFS)
The extended x-ray absorption fine structure esdhcillating part of the x-ray
absorption spectrum that extends to about 1,000akdve the absorption edge.

Analyses of the EXAFS spectrum provide informataiout the number, species and

inter-atomic distances of the neighbors from thsogttion atom EXAFS is a result

of the adjustment of the photoelectron final sthie to scattering by the surrounding
atoms. The final state photoelectron is changefiréb order by a single scattering
from each surrounding atom. According to quantusoti this photoelectron can be
visualized as a wave emitted form the absorber wdkelength. is given by the de
Broglie relation in equation (2.13). In EXAFS regjothe momentum of the

photoelectromp can be defined by the free electron relation

~ —hv-E,, (2.26)

where hv is the energy of frequency photon, Ep is the bonding energy of the
photoelectron andhis mass of the excited electron.

For a solitary atom the photoelectron can be dedeas an outgoing wave as
shown in Figure 2.17 by the solid line of Mg atofine outing wave is scattered by
neighbor that surround the absorbing atom and gémecattered wave, which display
by the dashed lines of O atoms. The final stathaessuperposition of the outgoing
and scattered waves. Interference occurs betweenutgoing and the backscattered
waves and then creates the total amplitude. Tlz¢ éoaplitude of the electron wave
function would be raised or diminished, respecyivéhus altering the possibility of
absorption of the x-ray correspondingly. The phasnge with the wavelength of the
photoelectron depends on the distance betweendhiercatom and backscattering

atom. The variation of the backscattering strermgha function of energy of the
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photoelectron depends on the type of atom doingbdekscattering. Thus EXAFS

contains information on the atomic surroundingthefcenter atom.

Figure 2.17 Schematic of the radial portion of the photoelatti@ve.

The oscillatory part of the x-ray absorption abavgiven absorption edge, EXAFS

function can be defined by

7(E)= [”(E)A;%(E)] , 2.27)

where 4(E) is the x-ray absorption coefficientp(E) is smooth atomic background

absorption coefficient.

Furthermore, in the EXAFS analysis( E) could be transformed froma space

to k space by the relatioris:\/Zm(E— E,)/#* . Then the function can be converted

from x(E) to x(k) for general purpose. In theoretical procedure, #f&) can be

described by (Wilsoet al., 2000)
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SN 22
x(K)=>] koRzl |, (k. )| sin[ &R, +g; (k) ]e™ g 2/ (2.28)
j

J

where N; is the number of neighbor if ™ shell of surrounding atomsk is
photoelectron wave vectorf; is the scattering amplitudeSf(k) is the amplitude
reduction term due to many-body effe&,is radial distance from absorbing atom to

j shell, A(k) is electron mean free pathy, is the Debye-Waller factor ang(k)

accounts for the total phase shift of the curve evagattering amplitude along the
scattering trajectory.

The distance between core atom and backscattatorgs or the path-length
change the phase contrasting with the wavelengtiphoftoelectron. Furthermore,
different types of surrounding atoms vary the baaktering intensity as a function of
photoelectron energy. It is accepted that, by theefal analysis of the EXAFS
structure, one can receive significance structpeahmeters surrounding the center

atom.

2.6.3 X-ray absorption Spectroscopy experimental set up

The x-ray absorption spectroscopy experiment ismonly accomplish at a
synchrotron radiation source, due to high intenaitg energy alterable competency
of generated x-ray photon, and the competency taimlthe continuous absorption
spectrum over extensive energy range. In genenaketare three types of x-ray
absorption measurements: transmission-mode XASyrdicence-mode XAS and

electron-yield XAS as schematic illustration shawirigure 2.18.
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Figure 2.18 The three modes of XAS measurement (a) transmissiode, (b)
fluorescence mode and (c) electron yield [adaptath {Kawai, 2000)].

In transmission mode XAS, after the energy of xyhotons being changed by
x-ray double crystals monochromator, the intensioé incident x-ray photon beam
(lo) and the transmitted x-ray photon bedjrate measured by ionization chambers as

shown in Figure 2.19. In this mode, we make sueextitay photon beam is well-
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aligned on the sample. The x-ray absorption carexieacted based on equation
(2.24). The experimental set up of XAS experimestation at XAS beam line, Siam

Photon Laboratory, SLRI is shown in Figure 2.20.

Double cystal
monochromator

A 4

B

Sample
chamber

X - ray) \ Ionization Ionization
chamber ﬁ chamber

Figure 2.19 Schematic illustration of the experimental settipransmission-mode

X-ray absorption spectroscopy.

coms |

- Sample Chambefy

Figure 2.20 XAS experimental set up at the Siam Photon LaboyatSynchrotron

Light Research Institute.
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Other than the transmission mode, the fluorescerade and the electron yield
are also competent for the measurement of the pii@orcoefficient. In the x-ray
absorption phenomena, where x-ray photon knoclanwlectron from the inner shell
an electron from higher energy level will cascadsvil to fill in the hole and
discharging radiation of energy, the dischargedgng-ray photon will be released
as demonstrated in Figure 2.21(a) and the fluoresce-ray can be detected. In
addition, de-excitation can cause the Auger effebgre the electron reduce to lower
energy state, a second electron can be excitdietodntinuum state and perhaps go
out from the sample as shown in Figure 2.21(b), thieth we can be detected it by
using the electron-yield XAS detectors.

For fluorescence mode, we measure the intensifieacident x-ray photon
beam and the fluorescence x-ray that are emittddwimg the x-ray absorption.
Usually the fluorescence detector is placed &t®@®he incident x-ray photon beam in
the horizontal plane, with the sample at an angkudlly 45) with respect to the
beam. Fluctuations in the number of elasticallyitecad x-ray are a significant source
of noise in fluorescence XAS, so the position @& tietector is selected to minimize
the elastically scattered radiation by exploitihg polarization of the x-ray beam. In
case of electron yield, we measure the electroatsdte emitted from the surface of
the sample. The relative short path leng#1@00 A) makes the technique surface-
sensitive, which can be beneficial if one is ins¢éed in near-surface phenomena. It
also can be beneficial for avoiding “self absomptieffect that occurs in fluorescence
mode. However, both modes are instantly equivalernhe absorption ability of the
sample. Hence, the three techniques are alterabléhé study of the structure of

material using the absorption ability of the sample
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Figure 2.21 The excited state (a) x-ray fluorescence andh@)Auger effect [adapted

from (Koningsberger and Prins, 1988)].

2.7 X-ray absorption spectrum calculation

2.7.1 FEFF code overview

In thesis, the principle theoretical calculati@me performed based on FEFF 8.2
code. This code is developed to primarily calcubateay absorption for the FEFF
(ferr) project developed by the Department of Physicsivétsity of Washington,

Seattle. USA. Apart from XAS spectra calculatiokHF code can also calculate x-
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ray natural circular dichroism (XNCD), spin-depentealculations of x-ray magnetic
dichroism (XMCD), nonresonent x-ray emission (XE&)d electronic structure
including local densities of states (LDOS). FEFBeds written in ANSI FORTRAN
77 with principle investigator John J. Rehr andpcociple investigator Alexei L.
Ankudinov.

FEFF is ab intio self-consistent real space mighgeattering (RSMS) code for
simultaneous calculations of x-ray absorption gjpeeand electronic structure. The
input file “feff.inp” can be created directly forAaTOMS code via “atoms.inp” as

shown in Figure 2.22.

title MgO, sodium chloride structure
space F M3 M

a=4.213

rmax=10.0

core=Mg

atom

lat.type x v z
Mg 0.000 0.000 0.000
o] 0.500 0.500 0.500

Figure 2.22 Detail of an atoms.inp input file to generate fiep” for FEFF

calculation.
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* This feff.inp file gensrated by AICHS, version 2.50
¥ ATOMS writcten by and copyright ic) Bruce Rawel, 1552-153%8

-

—— W W mm P e ® o W mm F o o W o W o W o W o W s o W

W tocal ma = 13646.9 cm™=-1, delta mu = 9582.1 cm™-1

- specific gravicty = 3.581, cluster contains 461 atoms.

* - __ 0w __ 0w __ 0w __ ® __ ¥ __ " __ 0w __ 0w __ 0w __ 0w __ " __ ® __ 0w
w mcmascer corrections: O0.002%6 ang™2 and O0.210E-04 ang™4

W e W W W W W o W W W W e W W W

TITLE Ms0, sodium chloride stzustuze

EDGE K
502 1.0
* pot Xaph L= paths genfmt f£fichi
CONTROL 1 1 1 1 1 1
PRINT 1 1] 0 1) 2 0
* r scf [ L scE n scf ca]
sCF 2.3 Q L3 Q.1
- ixc [ V& Vi)
EMCHANEGE ©O s] ]
*EXRFS
*RPLTH 9.28880
w kmax [ delta k delta e |
XANES 4.0 .07 0.5
w r fme [ 1 fms ]
s g.0 0
L
RPATH 0.10000
* emin emax resolution
*LDOS =20 20 0.1
POTENTIALS
¥ ipot Z [ label 1l scmc 1 _fms stoichicometry ]
0 iz bt =1 -1 =}
1 B o -1 -1 i
2 1z Mg =1 =1 1
ATOMS
Q.00000 @.00000 2.00000 Q Mg Q.00000
-2.10&50 0.0000D 0.00CO0 1 L] 2.1085D
2.106350 0.00000 0.00C00 1 o 2.106350
0.00000 0.00000 2.10€50 i ] 2.10850
0.00000 2.10650 0.00000 1 o 2.10650
0.00000 0.00000 —2.10630 1 4 2.10650
0.00000 —2.108650 0.00000 1 o 2.10650
0.00000 2.10650 =2,10€50 2 Mg 2.9790¢
0.00000 2.10650 2.10€50 2 Mg 2.97904
=2.10850 2.10850 0.00000 2 Mg 2.97304
-6.31950 &.31950 4.21300 2 Mg 9.88038
-5, 31930 -5.31830 =4.,21300 2 Mg 2.88038
6.31850 4.21300 €.3149580 2 Mg 5.88038
END

Figure 2.23 Detail of a “feff.inp” input file of MgO with Mg a center atom for FEFF

calculation.
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The suitable commands, parameter and atomic positfor FEFF-XAS
spectrum calculations can be edited within the trfpp@ named “feff.inp”, which is
shown in Figure 2.23. This file controlled with semletails, for instance the generator
of input file and the number of atom which is camtan the cluster. The followed
details describe about various card use to ashgsteps of calculation. The type of
atomic potentials and defined atomic symbols aesegmted in the next part, and
eventually with the locations of the created atamthe system where the location of

center atom is placed at (0,0,0) in (x,y,z) cocatlon.

2.7.2 XAS Calculation
Calculation of XAS can be carried out with the inmagy part of one-electron
Green’s function operator (Ankudinov, 1998)

G=[E-H]", (2.29)
whereH is the effective one-electron operator HamiltoraaaE is the photoelectron
energy. Based on the Green’s-function calculatrothe complex plane, to explicit
equation (2.25) by using spectral representatiaih Wreen-function operator, thus

the absorption coefficient can be rewritten as
- 2 A A
H(E)c——Im(i |- T'G(r",r,E)e-T i), (2.30)
T

where G(r',F,E)=(F"|G(E+in)|F), ¢ is the x-ray polarization vector and the
parameters denoted with prime is that quantity imalf state (Ankudinov, 1998).
Furthermore, since only the transition to unoccdpséate above Fermi energy are
permitted and the effect of core-hole lifetime aedperimental resolution are

essentially taken in to calculation, the total apson coefficient should become



a7

r
[(E-EN?+17"

w(E) = [ dEA(E) (2:31)

where I' is determined by the combined sum of the core-Hdkl time and
experimental resolution, and- is Fermi level energy. FEFF code aid scientist to
approach the XAS spectra by performing the posgiogcise Green’s function in
4(E) . For FEFF 8 series, the developers suggested @avwosnaeveloped feature for
XAS calculation. The two main advantage are thea@gughes of self-consistent field
(SCF) and full multiple scattering (FMS).

For XAS calculation (especially XANES), the SClepoare used to create the
SCF potentials and compute the total electron tieasid Coulomb potential within
RSMS Green’s-function framework. In FEFF 8.2 cotlee SCF potentials are
implemented using the spherical or “muffin-tin pdtel” as illustrated in Figure 2.24.
Muffin-tin potential considers the atomic interyadtential since a spherical scattering
potential center on each atom equal to sum of appihg potential and has a constant
value in the interstitial region between atoms. F&4%d will perform the calculation

for all possible paths within the defined cluster.

(a) (b)
Figure 2.24 Schematic illustration of muffin-tin potential twwo dimensions (Rehr

and Albers, 2000).
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The SCF loop constructs Green’s function, whichstst of central atom and

scattering contribution

G(r,r',E)=G°(r,r",E)+G< (r,r',E), (2.32)
where G°(r,r',E) and G¥(r,r',E) are central and scattering contribution,
respectively.

XANES calculation can be performed under the a@efinontrol cards, most of
them are normally used as the defaults, exceptiMs Fand SCF which are
importantly managed. For SCF consideration, theteturadius is used to define the
suitable scattering potential, which usually regsiraround 30 atoms within the
cluster. That cluster radius should be definetha@tconsistent of calculated absorption
spectra as shown in Figure 2.25. The appropriate @@ter should be the least value

that makes the consistent of the spectra presamtssdving the computational

resources.
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MgK-edge

SCF=7.5, FMS=8.0

SCF=7.0, FMS=8.0

SCF=6.0, FMS=8.0
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Figure 2.25 Calculated Mg K-edge XANES of MgO with differen€C5 parameters.

Similar to the SCF, FMS calculation should beraliegradually for the cluster
radius for FMS consideration as shown in Figureé2FRurthermore, there are other
parameters that can be changed for more satisfiedtra, such as the step size of
energy.

For EXAFS calculation, the scattering muffin-tirash less effect to the
calculated spectra than at the lower energy regidh. EXAFS region, the

photoelectron gain larger energy, and then itss Eensitive to the details of potential
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between atoms. Therefore, SCF calculation may motegsential in the EXAFS

calculation.

MgK-edge

FMS=9.0, SCF=7.0

L

FMS=8.5, SCF=7.0

FMS=8.0, SCF=7.0

Normalized Absorbance

FMS=7.5, SCF=7.0

FMS=7.0, SCF=7.0

1290 1300 1310 1320 1330 1340 1350 1360
Photon Energy (eV)

Figure 2.26 Calculated Mg K-edge XANES of MgO with differeniS parameters.



CHAPTER |11
STANDARD CHARACTERIZATION

RESULTSAND DISCUSSIONS

In this chapter, the structural characterization @ne interpretation of the
experimental data will be presented and discud3est, the preparation of Mgn; O
nanocrastals by oxalate-based co-precipitationresgmted. Then characterization
results by x-ray diffraction (XRD), energy dispeesi spectroscopy (EDS),
transmission electron microscope (TEM) images,teacdiffraction and ultraviolet-
visible spectroscopy will be given and discussdtk X-ray absorption spectroscopy

(XAS) results, will be analyzed and presented wiitussion in chapter IV.

3.1 Oxalate-based co-precipitation

In this work, the synthesis of Mgn;«O nanocrystals was based on chemical
method called oxalate-based co-precipitation (Kmizinger, and Weitkamp, 1999).
This technique is based on the different solubitify the cation in the oxalate
compounds.

MgxZmxO nanocrystals were prepared by oxalate-based empiation
method. Zinc acetate dehydrate, magnesium acetatghydrate and oxalic acid
dehydrate were used as the starting precursois, Rie mixed aqueous solutions of

zinc and magnesium acetates in oxalic acid solution the ratio of
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[Zn*?]: Mg ":[C 0,1 =1 -%: x:1.05, the mixed oxalate precursors Mg;.
x(C204)-2H,0 (x = 0, 0.01, 0.04, 0.06, 0.10, 0.15, 0.25, 0.305,0(850, 0.70, 0.80,
0.90) could be occurred. After that, the precipsatvere washed with copious
guantities of de-ionized water. Then the precipgaat each Mg concentration were
dried at 60C for 4 h and heating in air at 5%D for 24 h. Finally, the Mgn; O
nanocrystals were kept in a humidity controlledicabat room temperature before

characterizations. The picture of ZnO, MgO andEfg.,O nanocrystals are shown

in Figure 3.1-3.3. It reveals that the colors dtlad samples appear white.

(@) ZznO (b) MgO

(c) Mgo1Zno.oO (d) M@Zno.edO

Figure 3.1 ZnO, MgO and Mgn; O nanocrystals at Mg contents< 0, 1, 0.01 and

0.04).



(a) MgosZno o0 (b) MgZno.edO

(c) Mgo.15Z2N0.850 (d) MesZno.sO

(e) Mgp.30Zno.70 (f) NgZno 60

(9) Mgs0Zno 5O (h) MgZno.sO

Figure 3.2 MgxZn, O nanocrystals at different the contents: (0.06-0.7).
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(@) MgsoZno.2dO (b) MgZno.1dO

Figure 3.3 Mg,xZn;xO nanocrystals at different the Mg contents (0.8, 0.9)

3.2 X-ray diffraction (XRD)

The crystal structure of the Mgn.«O nanocrystals were characterized by the
BRUKER X-ray diffractometer model D 5005, wave lénd.54 A. The patterns of
XRD for Mg«Zn;xO nanocrystals at different the Mg concentratioa shown in
Figure 3.4.

From Figure 3.4, it can be seen that the pattefrike pure ZnO are indexed
according to the known hexagonal phase (zinciteyl that of MgO is indexed
according to its cubic phase (periclase). Cleaiicattbns for segregation into a
hexagonal and a cubic phase are found for sampl@agimagnesium content 0.€6
x < 0.80. Samples of = 0.04 showed a very weak (200) reflection of MO phase,
indicating that the majority of the material wagthe form of zincite. At composition

of Mgo.90Zno.19, the cubic phase was the only one seen.
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Figure 3.4 XRD patterns of MgZn; O nanocrystals.

The appearance of the reflections in the powddtepe pertaining to two
different phases indicates that particles with @sitin phase structure and elemental
composition have been formed in a particular raa@verall composition at the
temperature and time interval of the calcination.

From full-width at half-maximum (FWHM) of the stigest diffraction peak at
each the Mg concentration, the crystallite size watermined by Debye-Scherrer
formula using equation 2.11. The grain sizes ofipats are about 15 - 60 nm which
can be said that the products are nanocrystalscéNttat, the gain sizes of products
tended to decrease as the Mg content increasdubasisn Table 3.1. These results

are confirmed by TEM measurements.
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The relative percentage of the hexagonal and cphi&ses of Mgn;.,O
nanocrystals can be determined by calculating ibegrated strongest peak intensity
or the total area under the strongest peak [(18&k ffor hexagonal phase and (200)
peak for cubic phase], after subtracting backgrauride, listed in Table 3.1.

The total area under the strongest peak can lietasealculate the phase ratio
of RS to WZ in MgZn; O nanocrystals. Therefore, the dependence of platiseof
RS to WZ in MgZn;xO nanocrystals depending on the overall Mg corésnthown
in Figure 3.3. It can be seen that the phase maticRS to WZ in MgZn;.xO
nanocrystals increases linearly with Mg content #mal structural phase transition
from wurtzite structure of ZnO to rocksalt struetwwf MgO occur at the range of Mg
contents between 0.04 x < 0.90. However, the diffraction angle in the y-ra
diffractometer model D 5005 used in this work wad well calibrated and the
instrumental broadening was not taken into accolime. diffraction angles were also
shifted due to some misalignment. Thus, the relatigp between the Mg content and
the phase ratio of RS to WZ which obtain form thRD{measurement may not be

accurate the value. XAS measurement will be usedindirm this result.
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Table 3.1 The crystallite size and the total area under tft@ngest peak of hexagonal

and cubic phases of N <O nanocrystals at different the Mg concentration.

Mg concentration Particle diameter total area under total area under
(nm) (101) peak (200) peak
0 53.33 164.29 0
0.01 48.62 163.96 0
0.04 44.92 163.54 0
0.06 42.60 163.28 3.48
0.10 34.02 158.86 7.83
0.15 32.29 140.25 18.17
0.25 32.67 128.00 36.25
0.30 30.52 106.47 55.85
0.35 29.84 96.31 69.35
0.50 15.98 69.07 98.54
0.70 16.58 36.87 138.63
0.80 14.59 22.27 156.16
0.90 14.32 0 165.86

1.0 13.57 0 166.21
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Figure 3.5 The Phase ratio of RS to WZ in Map, O nanocrystals obtained from

XRD measurement.

3.3 Energy dispersive spectroscopy (EDS)

Energy Dispersive Spectroscopas used to analyze the composition of the
synthesized products to ensure that Mg is left igdvh, O nanocrystals product.
EDS spectra of the synthesized products with 0.01, 0.10 and 0.90 are shown in
Figure 3.6. All peak of these spectra correspondmglements Zn and Mg. The
intensities of Mg peak increase linearly with therease of the Mg concentration for

MgxZn;xO nanocrystals.
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nanocrystals and (c) M@eZhno.1O nanocrystals.
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3.4 Transmission electron microscope (TEM)
Transmission electron microscope was used to wbgke microstructure of the
synthesized products. The low-magnification imafjthe ZnO, MgO and Mgn; O

nanocrystals was illustrated in Figure 3.7 - 3.8.

50.00 nmn

(@) (b)

Figure 3.7 (a) TEM images of ZnO and MgO nanocrystals ands@gcted area

electron diffraction patterns of ZnO and MgO nagetals.
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100.00 nm

Mg, o621 9,0

100.00 nm

(a) (b)

Figure 3.8 (a) TEM images of MgoaZno.odO and M@ 0sZNp.940 nanocrystals and (b)
selected area electron diffraction patterns of o bgdnooeO and Mg 0sZNo 90

nanocrystals.

From the TEM micrographs it can be estimated tiafparticle size of ZnO and
MgO nanocrystals are about 80 nm and 20 nm, respgctWhile TEM image of
Mgo.04ZNp.9eO nanocrystals shows that the MZO nanocrystalshareogeneous and
agglomerated with a particle size under 60 nm. H@newhen Mg concentration

increased to 6%, phase separation appears in TEBRQemof Mg 0sZNno.oO
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nanocrystals. The particle size of Mg;xO nanocrystals tended to decrease as the
Mg concentration increased. These observationsa@msistent with the XRD result.
The corresponding selected area electron diffrac®EAD) patterns are shown in
Figure 3.8 - 3.9. The index of the polycrystallireg observed by SEAD a calibration
with Si crystal has been done. The SEAD patterZrd® nanocrystals displays the
pattern of hexagonal structure. While the SEAD gratiof MgO nanocrystals reveal
the ring diffraction patterns which are in agreem@ith XRD results. The indexed
rings of SEAD pattern of MgaZneodO and Mg.oeZno.o4O nanocrystals agree well
with XRD pattern of wurtzite ZnO. It indicates thidiey form the hexagonal single

phase.

3.5 Ultraviolet Visible Spectroscopy (UV-VIYS)

The UV-Vis spectra were collected at the NanocasitpoMaterial Research
Laboratory, College of KMITL Nanotechnology, King avigkult’s Institute of
Technology Ladkrabang. The UV-Vis measurement wagopmed in absorption
mode. The spectra were scanned from wavelengthelket®00 nm to 600 nm which
cover the ultraviolet and visible regions.

The UV-Vis absorption spectra of N&n;«O nanocrystals are shown in Figure
3.9. It reveals that the absorption edge of pur® Aanocrystals was about 375 nm,

while that of M@ 2sZno 750 is blue-shifted to about 347 nm.
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Figure 3.9 UV-visible absorption spectra of Ngn; O nanocrystals

Table 3.2 The absorption edge of the UV-Vis absorption speatrd the bandgap of

ZnO and MgZn; O nanocrystals.

Samples Absorption edge (nm) Bandgap (eV)

Zn0O 375 3.31
Mdo.16ZNo.9dO 362 3.43
Mgo.252No 750 347 3.57

From the absorption edge of these spectra, thedgagnwas determined by
using equation 2.25. It clearly demonstrates tHa bandgap of Mgn;O
nanocrystals increase as the Mg content increasddsted in Table 3.2. This result is
consistent with the research of X. C@ual. (X. Qiu et al., 2008) which study about

the enhanced photocatalytic activities of semicetmlg, a case study of ZnO doped

with Mg?*,



CHAPTER IV
XASSTUDY OF MAGNESIUM ZINC OXIDE

NANOCRYSTALS

In the last chapter the microstructural study ofZfgO nanocrystals using
XRD, EDS and TEM suggest that the structural phiaasition from wurtzite
structure of ZnO to rocksalt structure of MgO appatthe range of Mg contents
between 0.04 - 0.9 and the percentage of cubicepb&svigZn; O nanocrystals
increases linearly with Mg content. However, thandlrd characterization which
used in chapter lll can not reveal the local strreetof Mg and Zn atoms in the
nanocrystals, since the mixing of WZ/RS MZO nanstalyis not solely the phase
separation between ZnO and MgO pure compoundghbunixture of both WZ and
RS, MZO nanocrystals with various compositions. Kilyc the synchrotron-based
XAS facility was accessible to us through the useamtime allocated by SLRI. It
will be shown in this chapter that XAS is a poweérfool for resolving the local

structure surrounding Mg atoms in Ma,.,O nanocrystals.

4.1 XAS measurement of Mg,Zn,,O nanocrystals

XAS spectra were obtained at the XAS facility (BL-@& the Siam Photon
Laboratory, Synchrotron Light Research Instituteakhon Ratchasima, with the

storage ring running at 1.2 GeV and beam currenB®f- 120 mA during the
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measurement. XAS measurement was performed inubeescence mode using KTP
(011) and Ge (220) monochromators for Meedge and ZrK-edge XAS spectra,
respectively. The x-ray transparent Kapton® tapse uwsed to mount the samples. The
spectra were collected for the-edges of Mg (1303 eV) and Zn (9659 eV) in
nanocrystal samples. XANES and EXAFS were colleategh energy step of 0.25 eV

and 1.0 eV, respectively.

4.2 XANESAnalysis

XANES contains the basic information about thealostructure around the
specific absorbing atoms. The measured Zn and Medde XANES spectra of
MgxZn1xO nanocrystals are shown in Figure 4.1 and 4.peely, in comparison
with ZnO and MgO spectra.

From XANES of ZnK-edge finger print, it can be seen that the featdirdne
spectra taken from samples with high Mg contentcéearly difference from that of
pure ZnO. Similarly, XANES Md&-edge reveals that the feature of the spectra taken
from samples with low Mg conternt € 0.10) are clearly difference from that of pure
MgO. Therefore, two assumptions can be made fronNK3 measurements. First,
assumption Zn resides in Mg site of RS structurdighx samples. Second, Mg
replaces Zn in the WZ low-Mg,Zn; O samples. The XANES calculation can be

used to verify these assumptions.
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Figure 4.1 Zn K-edge XANES spectra of Mgn; O nanocrystals at different tivg

contents compared with ZnO.
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Figure 4.2 Mg K-edge XANES spectra of Mgn; O nanocrystals at different tivg

contents compared with MgO.
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The feature of the measured XANES spectra slolugnges as Mg contents
increased. This change associated with the phageaaRS to WZ in MgZn;.,O
nanocrystals. RS and WZ are the most common phaski,Zn; O nanocrystals.
The relative proportion of RS and WZ phases in&hgO nanocrystals can be
calculated from the normalized absorbance of theaswmed XANES spectra of
difference Mg contents. For the measuredkZedge XANES spectra, the normalized
absorbance at photon energy 9665, 9670, 9680, @6@09710 eV has been selected
and shown in Table 4.1. While the normalized abesock at photon energy 1304,
1310, 1312, 1317, and 1327 eV has been chosenhémmeasured Md-edge
XANES spectra and shown in Table 4.2.

From the XRD results, ZnO and W&Zno.oeO have a single phase of WZ while
MgO and Mg ooZnp.1dO have a single phase of RS. Therefore, the plagiseaf RS to
WZ obtained from the normalized absorbance of teasuared Zn and M#-edge
XANES spectra at different photon energy are shawfable 4.3 and Table 4.4,
respectively, and shown as a function of Mg comstentFigure 4.3 and Figure 4.4,
respectively. The phase ratio of RS to WZ is alldowe vary between 0 (completely
WZ) and 1 (completely RS).

Figure 4.4 and Figure 4.5 show the average plagiseof RS to WZ in MgZn,;,,O
nanocrystals as a function Mg contents, which oletiby averaging the phase ratio
of RS to WZ from every the photon energy in Figdir@ and Figure 4.4, respectively.
The average phase ratio of RS to WZ in,Kilg.O nanocrystals are listed in Table

4.5 and Table 4.6 for the measured Zn andkviegilge XANES spectra, respectively.
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The average phase ratio of RS to WZ in,Bfg.«O nanocrystals obtained from
both the measured Zn and Mgedge XANES spectra is shown in Figure 4.7. It can
be seen that the phase ratio of RS to WZ obtainet the measured Mg K-edge
XANES spectra rises before that of the measurediK£age XANES spectra at the
low-Xx region andvice versa at the highx region. The results demonstrated that Zn
atoms occupy favorable 4-fold cation sites (WZ) enttran 6-fold cation sites (RS) in
highx Mg«Zn <O nanocrystals and Mg atoms occupy favorable 6-altion sites
(RS) more than 4-fold cation sites (WZ) in lowMg«Zn; O nanocrystals. No
intermediate phase is needed to obtain a good fite XAS.

We conclude that XAS measurement technique caappked to determine the
phase ratio of RS to WZ in Mgn; O nanocrystals which is impracticable by

standard characterizations technique such as XRIEDBf.
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Table 4.1 The normalized absorbance of the measuredK&uge MZO XANES

spectra at different photon energies.

Normalized absorbance

Samples 9665 9670 9680 9690 9710

Zn0O 1.170 1.720 1.215 0.965 1.030
MJo.01£N0.9dO 1171 1.720 1.215 0.965 1.031
MJo.04£N0.960 1.172 1.722 1.213 0.963 1.032
Mdo.06£N0.940 1.175 1.724 1.211 0.961 1.034
Mdo.10ZNo.9dO 1.178 1.726 1.204 0.957 1.038
Mdo.152N0.850 1.193 1.735 1.192 0.953 1.050
Mdo.26Z2N0.750 1.240 1.754 1.163 0.930 1.080
Mdo.30ZNo.7d0 1.279 1.765 1.142 0.918 1.100
Mdo.35ZN0.650 1.312 1.776 1.120 0.896 1.121
Mdo.50ZNo.5d0 1.401 1.807 1.056 0.835 1.175
Mdo.70ZNo.3d0 1.505 1.841 0.964 0.766 1.248
Mdo.80ZNo.2dO 1.546 1.856 0.928 0.727 1.281

Mdo.90ZNo.1d0 1572 1.865 0.900 0.710 1.302
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Table 4.2 The normalized absorbance of the measuredkMegige MZO XANES

spectra at different photon energies.

Normalized absorbance

Samples 1304 1310 1312 1317 1327
MJo.042N0.960 0.980 1.520 1.100 1.318 1.070
Mdo.06£N0.940 1.000 1.536 1.130 1.312 1.068
Mdo.10ZNo.9dO 1.080 1.582 1.200 1.300 1.062
Mdo.15Z2N0.8s0 1.320 1.680 1.330 1.240 1.047
Mdo.26Z2N0.750 1.560 1.930 1.700 1.130 1.012
Mdo.30ZNo.7d0 1.700 2.020 1.880 1.080 0.992
Mdo.35ZN0.650 1.800 2.100 2.020 1.040 0.974
Mdo.50ZNo.5d0 2.080 2.230 2.280 0.920 0.932
Mdo.70ZNo.3d0 2.330 2.310 2.430 0.806 0.885
Mdo.80ZNo.2dO 2.400 2.350 2.500 0.760 0.866
Mdo.90ZNo.1d0 2.460 2.372 2.530 0.745 0.857

MgO 2.480 2.380 2.540 0.736 0.854
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Table 4.3 The phase ratio of RS to WZ obtained from the meskZnK-edge MZO

XANES spectra at different photon energies.

Phase ratio of RS to WZ

Mg contents 9665 9670 9680 9690 9710
0.00 0.000 0.000 1.000 1.000 0.000
0.01 0.002 0.000 1.000 1.000 0.004
0.04 0.005 0.014 0.994 0.992 0.007
0.06 0.012 0.041 0.987 0.984 0.015
0.10 0.020 0.041 0.965 0.973 0.029
0.15 0.057 0.103 0.927 0.945 0.074
0.25 0.174 0.234 0.835 0.863 0.184
0.30 0.271 0.310 0.768 0.816 0.257
0.35 0.353 0.386 0.689 0.729 0.335
0.50 0.575 0.600 0.495 0.490 0.553
0.70 0.833 0.934 0.203 0.220 0.801
0.80 0.935 0.938 0.089 0.086 0.923

0.90 1.000 1.000 0.000 0.000 1.000
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Table 4.4 The phase ratio of RS to WZ obtained from the messsMgK-edge MZO

XANES spectra at different photon energies.

Phase ratio of RS to WZ

Mg contents 1304 1310 1312 1317 1327
0.04 0.000 0.000 0.000 1.000 1.000
0.06 0.010 0.019 0.021 0.990 0.991
0.10 0.040 0.072 0.069 0.969 0.963
0.15 0.160 0.186 0.160 0.866 0.894
0.25 0.387 0.477 0.417 0.677 0.731
0.30 0.480 0.581 0.542 0.591 0.639
0.35 0.547 0.674 0.639 0.522 0.556
0.50 0.733 0.826 0.819 0.316 0.361
0.70 0.900 0.919 0.924 0.120 0.144
0.80 0.947 0.965 0.965 0.041 0.056
0.90 0.987 0.991 0.993 0.007 0.014

1.00 1.000 1.000 1.000 0.000 0.000
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Figure 4.3 The phase ratio of RS to WZ obtained from the mess ZnK-edge

XANES spectra at different photon energies as atian of Mg contents.
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Figure 4.4 The phase ratio of RS to WZ obtained from the miesk MgK-edge

XANES spectra at different photon energies as atfan of Mg contents.
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Figure 4.5 The average phase ratio of RS to WZ in,&EfgxO nanocrystals obtained

from the measured 2k-edge XANES spectra as a function of Mg contents.
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Figure 4.6 The average phase ratio of RS to WZ in,&EfgxO nanocrystals obtained

from the measured Mig-edge XANES spectra as a function of Mg contents.
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Table 4.5 The average phase ratio of RS and WZ inding,O nanocrystals obtained

from the measured 2k-edge XANES spectra.

Samples Ratio of RS phase Ratio of WZ phase

Zn0O 0.000 1.000
MQ0.01£Ng.oO 0.001 0.999
Mo.04ZN0.060 0.008 0.992
Mo.06ZN0.040 0.017 0.983
Mgo.10ZNo.0QO 0.031 0.969
Mgo.15ZNo.850 0.072 0.928
Mgo.25ZNo.750 0.179 0.821
Mgo.30ZNo.7Q 0.251 0.749
Mgo.35Z2N0.650 0.329 0.671
Mgo.50ZNo.50 0.544 0.456
Mgo.70ZNo.3Q 0.809 0.191
Mgo.80ZNo.20 0.924 0.076

Mdo.90ZNo. 10 1.000 0.000
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Table 4.6 The average phase ratio of RS and WZ inding,O nanocrystals obtained

from the measured Mig-edge XANES spectra.

Samples Ratio of RS phase Ratio of WZ phase
Mo.04ZN0.060 0.000 1.000
Mo.06ZN0.040 0.011 0.986
Mgo.10ZNo.0QO 0.050 0.950
Mgo.15ZN0.850 0.149 0.851
Mgo.25ZNo.750 0.374 0.626
Mgo.30ZNo.7Q 0.475 0.525
Mgo.35Z2N0.650 0.556 0.444
Mgo.50ZNo.50 0.740 0.260
Mgo.70ZNo.30 0.896 0.104
Mgo.80ZNo.20 0.966 0.034
Mo.90ZNo.10 0.991 0.009

MgO 1.000 0.000
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Figure 4.7 Comparison of the average phase ratio of RS to WagZn; O
nanocrystals obtained from the measured Zn (blue) land Mg (red line) K-edge
XANES spectra. The phase ratio of RS to WZ obtaiftecth XRD measuremeris

shownin dash line. This is an evidence that Mg prefefslé site more than Zn and

Zn prefers 4-fold site more than Mg in MZO nanotais at any composition

4.3 Calculation of X-ray absor ption spectr oscopy

FEFF 8.2 code is used to calculate XANES spedtizn®, Zn in MgO, MgO
and Mg in ZnO. After generate “feff.inp”, there ademe input parameters needed.
For wurtzite MZO, the lattice parameters a=3.242&n8l ¢=5.1948 A (Decrems
al., 2003) are used. For rocksalt MZO, the pararmaetdr213 A (Oganoet al., 2003)
is used in the calculation. We found that variatioh metal-oxygen bond lengths for
several percent do not change the spectra featwiseably, therefore the lattice
distortion was not considered in XANES calculatioRer Zn K-edge calculation, a

cluster of 42 atoms (radius of 5.0 A) is used tiruwate the self-consistent field
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muffin-tin atomic potentials within the Hedin-Lundgt exchange potential. After the
potentials are obtained, a 144-atom cluster (radiug.5 A) is used for the full
multiple scattering calculation. The self-consistealculations are performed in the
sphere radius 7 A (~ 170 atoms) around the absdvigeatom. The full multiple
scattering calculations include all possible patitkin a larger cluster radius of 8.5 A
(~ 257 atoms). Zn in MgO model was created by ubigg rocksalt framework and
replaces the absorber Mg atom with Zn. While u&n@® wurtzite framework for Mg
in ZnO model and substitute the absorber Zn atorm Wig. The larger cluster
provided no need to introduce Z+1 scheme as suggjestently in the literature for
Mg K-edge XANES simulation.

The calculated Zn and M#-edge XANES spectra of MZO with various
composition can be simulated by using linear colioam of the phase ratio of RS to
WZ from Table 4.5 and Table 4.6, respectively. Tésults of the calculated linear
combination Zn and Mé¢l-edge XANES spectra are compared with the meastmed
and MgK-edge XANES spectra of Mgn;.O nanocrystals, as shown in Figure 4.8
and Figure 4.9, respectively. It can be seen tih&t,calculated linear combination
XANES spectra give features that can be matchedl thé experimental spectra. This
result confirms that Zn atoms occupy 6-fold catgies in RS MgZn; O and Mg

atoms occupy 4-fold cation sites in WZ Mg, ,O.
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Figure 4.8 (a) The measured ZnK-edge XANES spectra of Mgn;O
nanocrystals, and (b) the calculated Zn K-edge XANE&pectra from linear

combination of ZnO and Zn in MgO with various projans.
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(a) MgK-edge

Normalized Absorbance

L s | . L .
1300 1310 1320 1330
Photon Energy (eV)

(b) MgK-edge

e—e Mg inZnO

~— (.37RS + 0.63WZ

+—+ 0.74RS + 0.26WZ
0.97RS + 0.03WZ

— MgO

Normalized Absorbance

1300 1310 1320 1330
Photon Energy (eV)

Figure 4.9 (a) The measured Mi-edge XANES spectra of Mgn;.xO nanocrystals,

and (b) the calculated Mi§-edge XANES spectra from linear combination of MgO

and Mg in ZnO with various proportions.



CHAPTER V

CONCLUSIONS

In this thesis, various compositions of Mg«Zn;.xO nanocrystals were prepared
by a chemical method called oxal ate-based co-precipitation. Standard characterization
techniques such as XRD, EDS and TEM were used for microstructural studies of the
synthesis nanocrystals.

It was found that the MZO nanocrystal samples with x < 0.04 exhibit pure WZ
and the MZO samples with x > 0.90 have RS structure. For 0.04 < x < 0.90, the
samples have mixed WZ and RS phases. There is no clear evidence for the
composition that structural phase transition take place. The crystal grain size tended to
decrease as the Mg content increased. The results agreed well with the measurements
from transmission electron microscope and electron diffraction. From UV-VIS
measurement, it clearly demonstrates that the bandgap of Mg«Zn;xO nanocrystals
increase as the Mg content increased.

Both Mg and Zn K-edges XANES spectra were utilized as a key
characterization technique to probe the local structure around Mg and Zn atoms in
MZO nanocrystals. By linear combination analysis the RS/WZ ratios were obtained
for al MZO samples From RS/WZ, it was found that the majority of metal atoms
occupy WZ sites for samples with low x and RS sites for samples with high x.
Moreover, form XAS results, it can be concluded that for each sample (at the same

concentration) Mg atom has higher RS/WZ ratio compared to that of Zn atom. This
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can be viewed as the experimental evidence that in MZO aloys at therma
equilibrium, Mg atom prefers 6-fold site while Zn atom prefers 4-fold site. The
RS/WZ ratios were also used for the simulation of XAS spectra using FEFF software.
All features in the XANES spectra can be theoretical reproduced well in both Mg and
Zn edges. The result is very useful for the local environment investigation of MZO

nanostructure in the future nanoengineering.
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Abstract

Mg,Zn; O (MZO) is an attractive material for deep ultrdgtooptoelectronic device since the
bandgap can be tuned over a broad range, from.8.8V. In this work, nanocrystalline MZO samples
with x ranging from 0 to 1 were synthesized usimgaxalate-based co-precipitation method. The
samples were characterized by x-ray diffraction D¥Renergy dispersive x-ray spectroscopy (EDX),
transmission electron microscopy (TEM), and x-rdysaption spectroscopy (XAS). From XRD
measurements , the samples witlk<x0.1 exhibit pure wurtzite (WZ) structure and tlenples with x
> 0.9 show rocksalt (RS) structure. The samples wdgthcentration x between 0.1-0.9 have mixing of
both WS and RS structures. No sharp structurakitian regime was found. XAS indicated that Mg
replace Zn in MZO WZ samples (low x). AdditionalBmn was found to be in the cation site in MZO
RS sample (high x). However, the local structuruad Zn was found to be distorted from the MgO
RS structure. The finding is quite interesting wlvempared with the theoretical prediction of WZ to
RS structural transition of MZO in the literature.
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In this work, an experimental X-ray Absorption Spescopy (XAS) measurement was employed to
determine the local structure and valency of Cu afwd in BiFeQ-BaTiO;. Synchrotron x-ray
absorption near-edge structure (XANES) and extenxiedy absorption fine structure (EXAFS)
experiments were performed on Cu-doped and Mn-d&@iEd0,-BaTiO; samples. The Cu- and Mn-
doped BiFe@BaTiO; powder samples were used for the XAS experimeAS Xpectra at the Cu and
Mn K-edge were recorded in flurorescent mode wigielement Ge detector. The spectra were
collected at ambient temperature with a Ge(111)bbowerystal monochromator and recorded after
performing an energy calibration. The features ha&f theasured Cu and M&-edge XANES and
EXAFS were consistent with Cu and Mn on the Ti/lke and inconsistent with Cu and Mn on other
sites. The clear agreement was the strongest egdenCu and Mn substituting for B-site in BiFeO
BaTiO; materials. In addition, the valency of both Cu &Md ions in BiFe@-BaTiO; materials was
also confirmed.
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Probing Local Structurein Functional Oxide Materialswith
Synchrotron X-Ray Absor ption Spectr oscopy
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X-ray absorption spectroscopy (XAS) is proven tcabeery powerful technique for resolving the local
structure surrounding a particular (absorbing) atofmaditionally, XAS is divided into two regions:
(1) the low energy region, which covers photon gyerp to about 40 eV above the absorption edge,
called the x-ray absorption near-edge structureNKS&) and (2) the higher energy region from 40 eV
up to ~1000 eV above the absorption edge, called ektended x-ray absorption fine structure
(EXAFS). The XANES measurement can be used torméie the specific atom. In addition, the
EXAFS measurement allows the identification of tiarest neighboring atoms to the absorbing atom
to determine the coordination environment for thetahof interest. Recently, both techniques have
been successfully applied to various classes oénadd to obtain their local structures. In thieriy

we carried out a combined experimental investigatib the XAS measurement (both XANES and
EXAFS regions) to determine the local structurgarious functional oxide materials. The synchrotron
XANES and EXAFS measurements were performed atXtnay absorption spectroscopy beamline
(BL-8) of the Synchrotron Light Research Instit¢(® RI, Thailand). In this lecture, examples of how
the XAS technique was employed in determining l@taictures of various functional oxide materials,
such as BaTig) Pb(Zr,Ti)GQ, and BiFe@, will be outlined and discussed.
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