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7m0 and ZnS are wide-bandgap semiconductors that have been widely used
in transparent conductors and optoelectronic devices. Due to different bandgap
values the alloys of both semiconductors may give an opportunity for bandgap
engineering on ZnO-ZnS family. In this study, the oxidative annealing technique
is proposed to synthesize alloys of the two compounds, with the assumption that
the process may leave some sulfur atoms in the annealed compounds and result in
/mS,0O;_,. This assumption was verified by using x-ray absorption spectroscopy
(XAS) facility of the Synchrotron Light Research Institute and the other stan-
dard analytical instruments available at Suranaree University of Technology for
microstructural investigations of the annealed products.

For ZnO:S samples prepared by oxidative annealing, it was found that the
crystal structure changes from cubic zincblend of ZnS to hexagonal wurtzite of
ZnO occurs when the annealing temperature is greater than 600°C. Scanning elec-
tron microscope showed that the surface roughening of product powder increased
together with the annealing temperature. Sulfur was found to be approximately
0.25% in 2 h, 800°C annealed products. With x-ray diffraction, it can be concluded
that the change of crystal structure from ZnS to ZnO occurs at the temperature be-
tween 600°C - 700°C. The crystal grain size increased with annealing temperature
to be in the range of 30 - 80 nm. The results agreed well with the measurements

from transmission electron microscope and electron diffraction.
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The study of oxidative annealed ZnO:S products by XAS on Zn K-edge
showed that after annealing at 600°C - 800°C the compounds contain a similar
structure to that of ZnO. However, from S K-edge measurement, it was found that
the majority of sulfur are in the form of (SO4)?>~ after annealing. The EXAFS
analysis showed that the averaged S-O distance is approximately 1.5 A. These
experimental results showed that that the samples are mainly ZnO nanocrystals

with (SO4)*~ contaminant but not ZnS,0;_, alloys.
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CHAPTER 1

INTRODUCTION

1.1 Background

It is generally excepted that research and development in new materials,
especially in semiconductors, helps transforming the world into the present form.
In the early days, researchers have focused their works on elemental semiconductors
such as silicon (Si) and germanium (Ge) (Jagadish and Pearton, 2006). Based on
the well established theory described in text book, the research and development
in elemental semiconductor have gained tremendous success. The breakthroughs
in silicon technology have started revolutions in the electronics industry. Today,
the computer and information technology industries are mostly relying on silicon-
based technologies. The Moore’s law seems to be continued for a while (Moore,
1965), until the news breakthroughs in nanotechnology bring the world to the new
paradigm.

Nevertheless, not long after the beginning of silicon age, it has been realized
that other semiconductors also posses excellent properties suitable for electronic
applications. For example, the optoelectronics devices could be made from direct
bandgap, compound semiconductors, which energy gap E, could be tailor-made.
High powder applications need high break down voltage properties to withstand
the high electric field. Solid state lighting could consume less energy than the
incandescent light bulb. Hence, research and development in new semiconductors
still continue to grow.

In the recent years, the wide band gap compound semiconductors have



attracted the attention from emerging applications. For example, titanium diox-
ide (TiOy) for photo-catalytic applications, gallium nitride (GaN) and zinc oxide
(ZnO) for blue light emitters, zinc sulfide (ZnS) for UV detection etc. In appli-
cation such as, photon detector and photovoltaic cell, the bandgap of material
must be engineered to match the energy of absorbing photon. The word ”bandgap
engineering” was coined to call the process that can the band gap of by control-
ling the composition of certain semiconductor alloys (Makino et al., 2001). The
Vegard’s law states that there is a linear relation between lattice constant and
composition of a solid solution at constant temperature. The same law could be
extended to establish the relation between Eg and composition of semiconductors.
The Vegard’s law was shown to be applicable for a certain range of semiconductor
families (Fong et al., 1976). Base on this empirical law, bandgap engineering has
been practiced, very successfully, in many families of compound semiconductors
such as gallium aluminum arsenide (GaAlAs) for laser diode and high speed tran-
sistor, gallium indium nitride (GalnN) for blue light emitter and mercury cadmium
telluride (HgCdTe) for infrared detection applications.

To perform bandgap engineering, one must find a way to form solid al-
loys of semiconductors with desired composition. There are several methods to
synthesis such alloys, i.e. bulk crystal growth, liquid phase epitaxy (LPE), molec-
ular beam epitaxy (MBE), chemical vapor epitaxy (CVD), sputtering (Gupta and
Mansingh, 1996). In general, the equipments to be used for alloying semiconduc-
tor compounds could be accessible only in well-equipped laboratories. It is also
true that operation and maintenance of those equipments require some funding
and manpower resources. Those requirements raise the cost of alloyed products
effectively. If an economic way can be used for alloying semiconductors, it would

be beneficial to the some researchers in academic institutions who want to pursue



compound semiconductor research experiment with very limited budget (which is
the general case for Thailand).

From the fact that, all of us live in the earth atmosphere: nitrogen, oxygen,
and carbon can be found in atmosphere. Oxygen is a column IV of the periodic
table and can be obtained with no cost and the oxidation process could occur
easily. When we thermally anneal a compound semiconductor in air, the powder
could be oxidized and results in new product.

In this thesis, we used a method called “oxidative annealing” or “thermal
oxidation” to explore the possibility of alloying ZnS with ZnO to get “S-doped”
Zn0O or ZnO:S.

Their are many characterization techniques capable for microscopic study
of compound semiconductor and non crystalline materials, i.e. x-ray diffraction
(XRD), infrared spectroscopy (IR), nuclear magnetic resonance (NMR) and trans-
mission electron microscope (TEM). However, the diffraction techniques using pe-
riodic nature of material may not be used effectively on studying the microstruc-
ture around the impurities in semiconductors materials, the components are ran-
domly distributed. Nonetheless, x-ray absorption spectroscopy (XAS) has been
shown to be an efficient way to verify the microstructure of alloys and compound
semiconductors materials (Rehr and Albers, 2000).

In this thesis, characterization techniques, available locally in Suranaree
University of Technology, (SUT) and Synchrotron Light Research Institute (Public
Organization), (SLRI), were used to investigate the microstructural properties of
the resulting products. In particular, XAS was employed to study the microstruc-
ture of S-doped ZnO nanocrystals prepared by oxidative annealing. The results
obtained are unique and can not be obtained by using standard characterization

techniques.



1.2 Review of Literatures

1.2.1 Background on zinc oxide

Zinc oxide is a wide bandgap compound semiconductor (E; = 3.37 V) with
chemical formula ZnO. It occurs as white hexagonal “wurtzite” crystal or a white
powder commonly known as zinc white. The crystal structure of ZnO is shown in

Figure 1.1.

Figure 1.1 Crystal structure of ZnO (wurtzite).

ZnO is one of the potential materials for low-voltage luminescence and
short wavelength light emitter (Wong and Searson, 1999). Due to its high exci-
tonic binding energy of 60 meV, ZnO has high efficient exciton emission at room
temperature. It can also be used in surface coustic wave (SAW) devices (Gorla
et al.; 1999). In general only n-type ZnO could be consistently produced. The
p-type doping of ZnO still be an active research topic of the present day.

ZnO is also one of the promising materials for the realization of nanotech-



nology. The low cost, ZnO in particle forms, are used in a variety of applications
such as UV absorption cosmetic powder, antibiotic treatment etc. ZnO micro-
engineering structures can also be utilized in photonic devices. For mass pro-
duction, zinc oxide powders have been synthesized by several methods, such as
sol-gel method, solid-state method, gas-phase condensation, liquid-phase chemical

precipitation (Yang et al., 2003).

1.2.2 Background on zinc sulfide

Zinc sulfide is also a wide bandgap compound semiconductor with chemical
formula ZnS. It powder has white to yellow color. It is typically encountered in
the more stable cubic form (E, = 3.54 €V). The “sphalerite” or “zincblend” cubic
crystal structure has been named after this material. The phase transition of zinc
sulfide from sphalerite into wurtzite occurs at around 1000°C. The structure of

zinc sulfide is shown in Figure 1.2

Figure 1.2 Structure of zinc sulfide (zincblend).



Zinc sulfide has received high attention due to its excellent properties, such
as large band gap energy, direct recombination and resistance to high electric field.
It can be doped as both n-type semiconductor and p-type semiconductor, which is
unusual for II-IV semiconductors. Zinc sulfide is a well known phosphor material
with various luminescence properties thus it has generally been utilized in the fields
of laser, sensors and displays. In the early years of nuclear physics, it was used as
a scintillation detector. ZnS emits light on excitation by x-ray or electron beam,
making it useful for x-ray and cathode ray screens. Its direct wide band gap offers
great potential in optoelectronic applications. Because of its high transmittance
it is also used as an optical window, infrared windows or shaped into a lens. Some
properties of ZnS and ZnO are compared in Table 1.1.

Table 1.1 Some properties of zinc sulfide and zinc oxide.

Zinc sulfide Zinc oxide

Chemical formula ZnS Zn0O
Structure Zincblend  Wurtzite
a=>54204 a=32484,c= 51994
II-VI bond length 2.42 1.98
Bandgap 3.54 eV 3.37 eV

1.2.3 Bandgap engineering of ZnS-ZnO

Even thought, both are II - VI semiconductors, ZnS and ZnO have different
crystal structures, one zincblend and the other wurtzite. Therefore, it might not be
possible to obtain ZnS,0;_, alloys for a wide range of x. However, if we assume
that Vegard’s law could be approximately applied for some range of ZnS,O;_y
alloys and assume that the alloys with low x have crystal structure similar to ZnO,

some properties of S-doped ZnO or ZnO:S may be estimated. A plot between II



- VI bond length and energy gap for ZnO and ZnS is shown in Figure 1.3. From
this plot, by following a linear trend, one may guess that ZnS;0;_y could have
a higher bandgap than ZnO, i.e. for ZnSy 1099 would have Eg about 3.4 eV. If

ZnS,0_, alloys could be made, it may find some applications in the UV range.
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Figure 1.3 Plot of band gap and II-VI bond length of ZnS and ZnO
(www.iic.kyoto-u.ac.jp).

1.2.4 Synthesis of ZnO:S

There are many possible methods to synthesis semiconductor alloys i.e.
CVD, MBE, RF sputtering etc. However, most of the techniques require sophis-
ticated synthesis equipments and are not available at SUT, presently. It may be
possible to use some simple and economic way to synthesis the material. In this
work, we propose to use process called oxidative annealing to explore the possibil-
ity of alloying ZnS and ZnO to get either ZnS,0;_, alloys or ZnO:S.

From the fact that, all us live in the earth atmosphere, oxygen can be found

freely, the oxidation process could occur easily. When we thermally anneal ZnS in



air, the powder could be oxidized and results in new product. There are several
possibilities for the oxidation process.

One of the possible reactions may be:

ZnS + (3/2)x Oy — ZnS;_Ox+x SOy ?

Some other reaction may be:

ZnS + (3/2)x Oy = (1 — z) ZnS + ZnO + x SO, 7

The first reaction could allow the formation of ZnS,O;_, while the second reaction
would form ZnO domain separately from ZnS domain. Also, the mixture between
two processes may be allowed. Another possibility may be the formation of ZnSO,
product. The investigation of the final product from the annealing experiment may
shed the light on the path that the reaction has followed.

Lu et al. have experimentally studied the characteristics of low- temper-
ature synthesized ZnS and ZnO nanoparticles (Lu et al., 2004). They synthe-
sized ZnS nanoparticles by solid-state reaction of zinc acetate and thioacetamide
at low temperature. ZnO nanoparticles were obtained after annealing at 600°C
in air. The ZnS and ZnO nanoparticles were characterized by x-ray diffraction
(XRD), photoluminescence (PL) spectroscopy. They concluded that the mean of
the solid-state method, the zinc sulfide nanoparticles have been obtained through
the low-temperature synthesis. It was shown the cubic structure and the mean
particle size indicates 3.6 nm in diameter in ZnS. After annealed at 600°C in air
atmosphere environment, ZnS nanoparticles are oxidized into ZnO nanoparticles.
The structure converts from cubic into hexagonal structure. The particle size of

ZnO samples calculated from XRD consistent with the TEM image was 37 nm.



Umebayashi et al. have reported that the titanium dioxide (TiO) powder
doped with sulfur (S) can be synthesized by oxidation annealing of titanium disul-
fide (TiSs) powder. TiSs turned into anatase TiOs when annealed at 600°C. The
substitution of S for O was speculated to cause a significant shift in the absorption
edge to lower energy (Umebayashi et al., 2002). They concluded that the band
gap narrowing of TiOs is by S doping. Recently, Smith et al. have experimentally
studied the identification of bulk and surface sulfur impurities in TiO2 using x-ray
absorption near edge structure (XANES) (Smith et al., 2007). They have studied
sulfur-doped TiO2 prepared by oxidative annealing of TiS2. They have reported
good agreement between the measured XANES spectra of Ti and S K-edge and
the calculated XANES spectra based on first principles simulations of XANES for
S at various locations within TiOy. The simulations were performed using the
FEFF8 code. From the simulations of pure systems such as TiSs and free SOy
molecule, it was found that the XANES features are in good agreement with the
known spectra. For annealing temperature of 300°C or above, the samples are
converted to TiO, with no detectable TiS2 phase, according both to XRD and Ti-
edge XANES measurements. The S-edge XANES spectrum is found to gradually
evolve away from that of TiS,. They concluded that the sulfur atoms are mainly
on the TiO, surface as SO4, most likely in the form of split interstitials. The
averaged S-O distance was reported to be 1.8 A and the next nearest neighbors of
the S atom are an O at 2.2 A and three Ti at 2.3 - 2.4 A arranged asymmetrically.

In this work, we followed the direction set by Smith et al. (Smith et al., 2007)
to investigate the microstructure of ZnO:S by using XAS as the major investigation

equipment.
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1.3 Research objective

a) To explore the possibility of synthesis ZnS,0;_, alloys by an economic
method.

b) To study the conditions of structural phase transformation from ZnS
into ZnO.

¢) To study the products of oxidative annealed ZnS by characterization
tools available in SUT and SLRI. The characterization techniques used in this
study are X-ray diffraction (XRD), Thermal gravitational analysis (TGA), Scan-
ning electron microscope (SEM), Transmission electron microscope (TEM), and

X-ray absorption spectroscopy (XAS).

1.4 Scope and limitation of the study

This study is a preliminary research aiming to find an economic way to
synthesize ZnS,0;_, II - VI alloys. However, the synthesized products ZnO:S was
found to be not in the form of ZnS;O;_. The chemical species of the products
were identified using the available tools. Due to the limited beam-time and com-
petitive applications among SLRI users, only a few selected annealing products

were characterized by XAS.



CHAPTER 11

RESEARCH METHODOLOGY

In this chapter, the research methodology used in this thesis will be re-
viewed. Firstly, the characterization of ZnO:S products is studied by x-ray diffrac-
tion (XRD). Secondly, by the thermal gravitational analysis (TGA), then by scan-
ning electron microscope (SEM), and transmission electron microscope (TEM).
Finally, the attention is paid to the local structure around specific atoms which can
be done by x-ray absorption spectroscope (XAS) in both extended x-ray absorp-
tion fine structure (EXAFS) and x-ray absorption near-edge structure (XANES).
We will describe the general concept of those techniques on how to extract the

result from experiments.

2.1 Oxidative annealing

2.1.1 Preparation of S-doped ZnO

Powder zinc sulfide (ZnS) obtained commercially was used as a main start-
ing material without any purification. ZnS powder was annealed in atmosphere
at the heating rate of 10°C/min and holding at temperature 200°C - 800°C for 2
hour. The powder was then cooled to 70°C - 90°C for 2 - 4 hour and became fine
powder resulting in S-doped ZnO or ZnO:S samples. The procedure is shown in

Figure 2.1
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(ZnS Powder High purity 99.99%)
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Annealing at 200°C, 300°C, 400°C, 500°C,
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S-doped Zn0 Powder
(200°C, 300°C, 400°C, 300°C, 600°C, 700°C and 800°C)

( Characterization )

Figure 2.1 Flow chart of the preparation procedure for S-doped ZnO.

2.2 X-ray powder diffractometry (XRD)

X-ray diffraction (XRD) is one of the standard methods that can be used
for identify the structure of crystalline solids. In principle XRD measurements
come down to measuring distances between lattice planes in the crystal with x-ray
plane waves. When the x-ray condition is met, there can be a reflected x-ray, as
shown in Figure 2.2. The relationship between the wavelength of x-ray beam, the
angle of diffraction #, and the distance between each set of planes of the crystal

lattice, d, is given by Bragg condition

2dsin = n\, (2.1)

where, n represents the order of diffraction.
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The x-ray diffractrometer was used to study crystalline phase identification
and can estimate the crystal size of particles. The mean particles size in diameter

are purposed by Debye-Scherrer formula

D = K\/Bcosb, (2.2)

where D is the mean particle size, A is the wavelength of X-ray radiation (CuK,
1.54 A), B is the full width at half maximum height (FWHM), K is a constant

usually taken as 0.89, 6 is the diffraction angle.

Incident Reflected
X-rays X-rays

Figure 2.2 The X-ray diffraction beam path.

The Miller’s index (h k [) can be calculated from Bragg’s law:
2dhkl sinf = n/\, (23)

and

a

T — 2.4
S/ EE 24)
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For face center cubic structure, the lattice parameter can be calculated from

nAVh? + k2 + [2

2sin 6 ’

Ahkli = (2.5)

with A = 1.544, n = 1. Considering the plane spacing equation for the crystal
structure of hexagonal, (h k 1) can be calculated using the lattice parameters from

Bravais lattice:

1 4 (h*+hk+k 12
=" — 2.
az 3 ( a? ) * c? (2:6)
Recall the Bragg’s law:
A= 2sinb, (2.7)
N = 4d’sin 0, (2.8)
)\2
in*f = —. 2.
sin” 6 V¥ (2.9)
Combing equation (2.7) and (2.8), we obtain
Hexagonal
1 4 (h?+hk+ K 2 4sin?6
S (N N = , 2.1
az 3 < a? ) + c? x? (2.10)

Which can be repaired in terms of sin?# as

_ A2 4 (h?+ hk + K? 12
Sln20 = (Z) [} |:§ <T> + §:| 5 (2].1)

where a and ¢/a are constants for a given diffraction pattern.
The X-ray diffraction experimental is commonly performed by X-ray diffrac-

tometer. Actually monochromatic radiation is obtained by reflecting x-ray from
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crystal planes. In general, there are four methods of x-ray diffraction technique:
Laue Method, Rotating Crystal Method, Debye-Scherrer Powder Method and 6 -
260 Diffractometer Method. The schematic diagram of 6 - 260 x-ray diffractometer
used in this work (BRUKER X-ray diffractometer model D5005 wave length 1.54
A) is shown in Figures 2.3 and 2.4. The 6 - 20 Diffractometer is used for diffrac-
tion measurements of unfixed horizontal sample. For this purpose, sample will
be rotated to 6 and x-ray detector moved to 20. The diffraction angle followed
on Bragg’s equation (2.1). The one-side weight of the tube stand is compensated
by a counter weight. Both tube stand and counter weigh are fixed to the outer
ring. The picture of actual experimental set up of XRD experimental station at
the Center of Science Technology Equipment (CSTE), Suranaree University of

Technology is shown in Figure 2.5.

* Sample

AN N AL
VAV,

X-ray tube

crysal parallel plane (hkl)

-—

—
dsin B

Figure 2.3 Schematic illustration of # - 20 x-ray diffraction experiment [adapted
from (Smith et al., 2007)].

2.3 Thermogravimetric analysis (TGA)

Thermal analysis comprises a group of techniques in which the physical

property of the material is measured as a function of temperature while the mate-
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Figure 2.4 Schematic representation of X-ray diffractometer D5005 [adapted from
(BRUKER, Analytical X-ray Systems, 1998)].

Detector
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Scattered
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Figure 2.5 XRD experimental set up at the Center of Science Technology Equip-
ment.

rial is exposed to a controlled temperature program. When a sample is heated or

cooled at a controlled rate, the weight of a material in an environment is recorded

and the change of weight is measured as a function of temperature or time.
Thermal analysis instrument concentrates two thermal analysis techniques:

1) Thermogravimetric analysis (TGA), measures the amount and rate of



17

change in sample mass as a function of temperature and time. TGA analysis
is used to indentifies material that shows weight or phase changes as appear of
decomposition, dehydration, and oxidation. Two modes are normally used for
exploration thermal consistency behavior in controlled atmospheres: (1) dynamic,
in which the temperature is increased by follow a linear rate, and (2) isothermal,
in which the temperature is kept constant.

2) Differential scanning calorimetry (DSC) measures the thermal flow dif-
ferences as a sample is uniformly heated as a function of temperature and time.
The DSC part of analysis works on the origin that when a sample and an still
reference are heated at a known rate in a controlled environment, the increase in
the sample and reference temperature will be the same unless a heat-rated change
takes place in the sample.

Moreover, executing both DSC and TGA measurements at the same time,
on the same tool and same sample, offers greater potency and removes experimen-
tal and sampling changeables as factors in the analysis of data.

The thermocouples in the balance arms are used to measure the differential
heat flow between the sample and reference. The schematic diagram of a TGA
is shown in Figure 2.6. Thermocouples are joined at the center of the sample
platforms. Sample temperature is also observed directly by thermocouple in the
sample platform. The sample and reference pans are rest on platinum sensors at
the end of each balance arms. These pans reach down to platinum sensor. The
thermocouples uses a servomotor performed balance system in which the electrical
signal from an optical null detector is adapted directly to control the current in a
torque motor. When the balance is in null position, a position sensor flag blocks
an equal amount of light to each of the photodiodes, as sample weight is lost

or increase, the beam becomes derange, causing the unequal amount of light to
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strike the photodiodes. The derange signal, called fault signal, is behave upon by
the control circuitry and decrease to zero. This is completed by an increase or
decrease in the current to the meter movement, causing it to switch back to its
original position (null position). The change in current necessary to accomplish
this task is directly proportional to the change in mass of the sample. This current

is converted to the weight signal.

Thermoaoouple

Sample Cup

Reference Cup

Purge Gas Outhet

(&)

Figure 2.6 Schematic diagram of TGA; (a) Sensor and Thermocouple Details
and (b) Balance and Furnace Components (TA Instruments, Inc., 2000).

In this work, we used DSC-TGA model SDT 2960 to decide mass change
with temperature in the range 0°C - 800°C under air atmosphere with heating

rate of 10°C/min. All data were acquired at the Center of Science Technology

Equipment, Suranaree University of Technology, Nakhon Ratchasima (CSTE).
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The main parts of DSC-TGA used in this thesis work are presented in Figure 2.7.

Cabinet

Balance Assemblies

Furnace

Figure 2.7 The main parts of DSC-TGA (Model SDT 2960): 1) Sample and ref-
erence balance assemblies, which provide the precise measurement of heat flow and
sample weight. 2) Furnace, which controls the sample atmosphere and tempera-
ture and 3) The cabinet, where the system electronics and mechanics are housed.

For TGA experimental set up, we used platinum cups to measure the sam-
ple, that it is easy to clean and does not react with most organics and polymers.
Tarring the SDT cups certify that the weight measured by the balance reflects
the weigh of the sample only. The sample cups should be tarred before each ex-
periment with the furnace closed, the SDT reads the weight of the empty cup
and then stores the weigh as an offset, which is material from subsequent weight
measurements. For finest exactness, the weight reading must be steady before it is
approved as an offset. When using the automatic tare mode, the SDT will define
when the weight reading is adequately stable. The result of DSC-TGA is shown

in Figure 2.8.
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Figure 2.8 DSC and TGA data of ZnS powder.

2.4 Scanning electron microscope (SEM)

The scanning electron microscope or SEM is one type of electron micro-
scope, the image of sample surface is shown by scanning with a high-energy beam
of electron in a raster investigate form in high vacuum mode. The electrons inter-
act with atom that make up the sample generate signals that include information
about the sample’s surface topography, morphology, combination, distribution and
other properties. SEM signals included secondary electrons (SE), back-scattered
electrons (BSE), characteristic X-rays, cathodoluminescence and transmitted elec-
trons, as shown in Figure 2.9.

There are 4 types of signal to use in SEM:

1) Secondary Electrons (SE) is low energy electron (< 50 eV) emitted when
primary electrons interact with the surface of the sample. Secondary electrons
that are throw out from inner shell (k-orbital) of the specimen atoms by inelastic

scattering interactions with beam electrons. SE can generate high topographic



21

Electrons probe

Auger clectrons R Secondary electrons

X-ray Cathodoluminescence
[

", k!
™, 1

Backscattered electrons

———- Specimen
J ."-\_
§ .I'\_
/ .
Elastically K e In — Elastically
scattered electrons scattered electrons
¥

Transmitted electrons

Figure 2.9 Schematic diagram of signals in SEM.

divergence and proposition, show details size less than 1 - 5 nm. The angle of
incidence beam of primary electrons to sample surface and surface structure of a
sample was depended on the intensity of secondary electrons.

Secondary electron detectors are normal in all SEMs. The signals result
from interactions of the electron beam with atoms at the surface of the sam-
ple. SEM micrographs have a large deepness of branch yielding property three-
dimensional features useful for understanding the surface construction of a sample.
Figure 2.10 is a micrograph of S-doped ZnO powder taken from SEM.

2) Back-scattered electrons (BSE) has been reflected from a primary elec-
trons interacted with the sample by elastic scattering interactions. BSE be formed
of high-energy electrons activity in the electron beam. The intensity of the back-
scattered electrons signal is powerfully associated to the atomic number of the
sample, as weighty elements (high atomic number) backscatter electrons more

strongly than gentle elements (low atomic number), thus the image appeared
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Figure 2.10 SEM micrograph of S-doped ZnO powder.

bright. Back-scattered electrons are used in analytical SEM identical with the
spectra made from the characteristic x-rays. BSE are used to detect contrast be-
tween areas with different chemical compositions; that the images can recognize
about the distribution of different elements in the specimen.

3) Characteristic x-rays are emitted when the electron beam take away
from an electron of inner shell from the sample by primary electrons with a higher
energy electron to fill the shell and discharge energy. These characteristic x-ray
are used to identify the composition and measure the bounty of elements in the
sample.

4) Cathodoluminescence, the discharge of light when atoms excited by high-
energy electrons come back to their ground situation, is similar to UV-induced flu-
orescence, and some materials and some fluorescent stain, show both phenomena.

In this thesis, the surface morphology of the S-doped ZnO samples was ob-
served on a JEOL JSM-6400 scanning electron microscope. All data were acquired
at the Center of Science Technology Equipment (CSTE), Suranaree University of
Technology.

The main parts of SEM are:

1) Electron Gun

2) Condenser Lens
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3) Scan coil

4) Objective Lens

5) Detector

The principles schematic diagram of scanning electron microscope as shown

in Figure 2.11

Electron gun

Condenser lens

Objective lens aperture

Objective lens

Specimen

Signal detector

Figure 2.11 Principles schematic illustration of SEM (JEOL, Ltd., 1989).

In SEM techniques, an electron beam is emitted from an electron gun pro-
vided with a tungsten filament cathode. Tungsten is generally used in thermal
electron guns because it has the highest melting point and lowest vapour pressure
of all metals, whereby permitting it to be heated for electron emission. The elec-
tron beam is focused by two condenser lenses. The beam passes through pairs of
scanning coils in the electron column, regularly in the final lens, which deflect the

beam in the x and y axes so that it scans in a raster create over a square area of
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the sample surface.

In SEM observation, the electron beam generated from the electron gun
that is finely focused and illuminated on the specimen by electron lenses and
interacts with the specimen, as the beam is scanned over the specimen surface in
both x- and y-directions, the electron lose energy by repeated random scattering
and absorption. The secondary electrons and backscattered electrons are detected
by particular detectors. The beam current absorbed by the specimen can also be
detected and used to create images of the distribution of specimen current. The
raster is scanning of the CRT display is synchronized with that of the beam on
the specimen in the microscope, and the resulting image is therefore a distribution
map of the intensity of the signal being emitted from the scanned area of the
specimen. By amplifying these electron signals and modulating their brightness
on the observation CRT, a specimen image is displayed on the CRT.

Energy dispersive x-ray spectroscopy (EDS) is an x-ray analysis based on
electronic transition between inner atomic shells. EDS in scanning electron micro-
scope technique gives information on the elemental composition. Primary electrons
knock out electrons from a shell of low energy. An electron from a higher shell
subsequently fills the vacancy, emitting radiation of energy in the form of x-ray
fluorescence. The emitted x-ray produces a charge pulse in a semiconductor de-
tector. Current is converted into a voltage pulse, then into a digital signal. The
signal adds a count to the appropriate channel of a multi-channel analyzer (MCA).

The main parts of EDS are:

1) Electron source
2) Detector

)
)

3) Electronic components
)

4) Analyzer
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The basic parts of EDS are shown in Figure 2.12.

| ] Elactron suan

Deector MEeA

Digil

o podLeniE

U Hersy

s=mple

Elactron
column

Figure 2.12 Schematic diagram of an EDS.

EDS can be used to identify the type of element composing the sample.
The detection limit in bulk materials is about 0.1 wt%. This testifies to the fact
that the EDS are embodying many advanced features of semiconductor technology.
It is compact, stable, robust, easy to use, inexpensive, can quickly interpret the

readout, and quantitative for some samples (flat, polished, homogeneous).

2.5 Transmission electron microscope (TEM)

Transmission electron microscopy (TEM) is a microscopy technique by
which an electron beam is transmitted through an ultra thin specimen, inter-
acting with the specimen and a beam which has passed the specimen. An image
is formed from the interaction of the electrons transmitted through the specimen
and scattered is observed after being magnified by electron lenses; the image is
magnified and focused onto an imaging device, such as a fluorescent screen, on
a layer of photographic film, or to be detected by a sensor such as a CCD cam-

era. TEM has the ability of imaging at a significantly higher resolution than light
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microscopes, owing to the small de Broglie wavelength of electrons.
Theoretically, d is the maximum resolution, that one can obtain with a light
microscope has been limited by the wavelength of the photons that are being used

to probe the sample (A) and N A is the numerical aperture of the system,

A A
d= Insina  2NA (2.12)

Electrons have both wave and particle properties and their wave-like prop-
erties mean that a beam of electrons can be made to behave like a beam of elec-
tromagnetic radiation. The wavelength of electrons is found by equating the de

Broglie’s equation to the kinetic energy of an electron:

Ao = h : (2.13)

\/QmOE’ (1 + ﬁ)

where, h is Planck’s constant, my is the rest mass of an electron and F is the energy

of the accelerated electron. An additional correction must be made to account for
relativistic effects, as in TEM an electron’s velocity approaches the speed of light,
c.

Electrons are normally generated in an electron microscope by a process
known as thermionic emission from a filament, usually tungsten, in the same man-
ner as a light bulb, or alternatively by field electron emission. The electrons are
then accelerated by an electric potential and focused by electrostatic and elec-
tromagnetic lenses onto the sample. The transmitted beam includes information
about electron density, phase and periodicity; this beam is used to form an image.

TEM is composed of several components, which include a vacuum system

in which the electrons travel, an electron emission source for generation of the
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electron stream, a series of electromagnetic lenses, as well as electrostatic plates.
The layout of optical components in basic TEM was shown in Figure 2.13.

At the top of the TEM column is the electron gun, which is the source of
electrons. The electrons are accelerated to high energies (typically 100 - 400 keV)
and then focused towards the sample by a set of condenser lenses and apertures.
The source is chosen so that the rates of electrons incident on the sample per unit
area and leaving the source per unit solid angle are maximized. This is so that
the maximum amount of information can be extracted from each feature of the
sample.

Typically a TEM consists of three stages of lenses. The stages are the
condenser lenses, the objective lenses, and the projector lenses. The condenser
lenses are responsible for primary beam formation, while the objective lenses focus
the beam down onto the sample. The projector lenses are used to expand the beam
onto the phosphor screen or other imaging device. The magnification of the TEM
is due to the ratio of distances between the specimen and the objective lens image
plane. Additional quad or hexapole lenses allow for the correction of asymmetrical
beam distortions.

Crystal structure can also be investigated by High Resolution Transmission
Electron Microscopy (HRTEM), also known as phase contrast. When utilizing a
field emission source, of uniform thickness, the images are formed due to differ-
ences in phase of electron waves, which is caused by specimen interaction. Image
formation is given by the complex modulus of the incoming electron beam.

In the central section of the microscope the electron beam interacts with
the specimen, and the resulting electron are gathered and focused ready for further
magnification of the desired images. As the electrons are incident on the sample

they may be scattered by several mechanisms.
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Figure 2.13 (a) Cross section of column in TEM (JEOL, Ltd., 1996) and (b)
Transmission electron microscopy JEOL JEM-2010.

These scattering mechanisms will change the angle the electrons are moving
at relative to the optic axis, and may be elastic or inelastic. It is by measuring
the changes to the electrons on passing through the sample, either by measuring
the angle that they have been scattered through or by measuring the amount of
energy that they have lost, that we can gather information about the sample.
The specimen itself is inserted into the path of the electrons, and for the best
resolution must be extremely thin; a few nanometers. Once inside the microscope,
the specimen sits right inside the objective lens and therefore be small; typically

less than 3 mm in diameter. It is necessary to align the specimen very accurately
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with the electron beam to achieve the required images. Common specimen holders
allow rotation about two horizontal axes, along with lateral movement. Other
holders might include heating elements or nano-indenters to deform the specimen
as it is imaged.

Electron diffraction (ED) is the one of important diffraction techniques
of three groups, X-ray diffraction, Neutron diffraction, and electron diffraction.
Diffraction in transmission electron microscopy used technique to call “Selected
Area Electron Diffraction, SEAD”, which typically has an energy ranging from
100 - 400 keV.

Electron diffraction in TEM resulted from interactions of the electron beam
with planes of specimen and produced small angles. An electron of diffraction from
planes of atom in specimen will be focused by objective lens at diffraction points.
Electron diffraction can be identified by Bragg’s equation in equation (2.1).

Selected area diffraction pattern can be generated by adjusting the mag-
netic lenses such that the back focal plane of the lens rather than the imaging plane
is placed on the imaging apparatus. For thin crystalline samples, this produces an
image that consists of a pattern of dots in the case of a single crystal, or a series of
rings in the case of a polycrystalline or amorphous solid material. For the single
crystal case the diffraction pattern is dependent upon the orientation of the speci-
men and the structure of the sample illuminated by the electron beam. This image
provides the investigator with information about the space group symmetries in
the crystal and the crystal’s orientation to the beam path. This is typically done
without utilizing any information but the position at which the diffraction spots
appear and the observed image symmetries.

The information images in a TEM technique is a give result of two charac-

ters:
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1) Image: show details of the microstructure, which magnification rages
10000X to 1000000 X.

2) Diffraction pattern: information about atomic positions within the ma-
terial.

Figure 2.14 shows ray diagrams in both images. From the image we can
widely interpret data, such as the structural defects. Data from TEM image in
both diffraction pattern and image will be show position and characteristic of
deficiency in specimen.

The image of electron diffraction in TEM techniques will be had two con-
ceptions such as

1. Diffraction angle (26) is small angle only 3 - 4 theta as shown in Figure
2.15.

2. Selected area diffraction was found Ewald sphere, which sphere cuts
through the reciprocal lattice point, the Bragg condition is satisfied. Diffraction
patterns will be formed at the intersections as presented in Figure 2.16.

Consider Figure 2.15 and Figure 2.16; these figures show geometry of elec-
tron diffraction with reciprocal space lattice. A perfectly aligned crystal shooting
down the reciprocal space lattice planes axis. Only spots lying on the Ewald
sphere are diffracting. Perfectly aligned external gives circular diffraction rings
from intersection of planes with a circle. By the way, from Bragg’s equation (2.1),
when n = 1 for the first diffraction spot and 6 is small. We can use small angle

approximation

sinf ~ (Bhy) x 1/L = 1ty (2.14)
R
d= =\ (2.15)

d=/p (2.16)
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Figure 2.14 Ray diagrams of (a) diffraction pattern and (b) image [adapted
from (William and Carter, 1996)].

or

AL = Rd (2.17)

where A is the wavelength of the TEM accelerating voltage (nm), L is the camera

length (mm), dhkl is the lattice spacing (nm), R is the measured distance between
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Figure 2.15 Graphical representation of geometry of Bragg’s Law [adapted
from (Hammond, 1992)].
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Figure 2.16 Creation of diffraction pattern (a) reciprocal space lattice planes and
(b) detector face on view [adapted from (Hammond, 1992)].

two adjacent diffraction spots on a single crystal diffraction pattern or half the
diameters on a polycrystalline diffraction pattern (mm)

The product ALis called the Camera Constant. However, this value is not
a constant, its follow with accelerating voltage or electron energy. The camera
constant calibration is the most common calibration used in electron diffraction.

It allows the user to identify the crystal lattice spacing of material being ob-
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served, which helps to identify the material. This identification is accomplished
by measuring distances between spots on a single crystal diffraction pattern, or

ring diameters on polycrystalline diffraction pattern.

2.6 X-ray absorption spectroscope (XAS)

X-ray absorption Spectroscopy (XAS) is a powerful technique to investigate
the electronic structure of materials, chemical state, oxidation state coordination
number, and used to study local structure. The measurement data is usually
collected at the Synchrotron laboratory, where the oscillations observed on the
higher energy side of an absorption edge, these oscillations arise as a result of
interference effects between the outgoing photoelectron wave and the backscattered
wave; caused by the reflection of incident photoelectron wave by neighbouring
atoms.

X-ray absorption spectroscope measures the x-ray absorption u(E) as a

function of x-ray energy,

E = hw. (2.18)

The x-ray absorption coefficient is determined form the decay in the x-ray
intensity I with distance x. In the experiment, we will obtain the x-ray absorption

coefficient in the term of thickness independent,

[ = Tye ™, (2.19)

where [ is the intensity of the incoming x-ray beam, [ is the intensity of the

beam after pass though the sample, and x is the thickness of the sample, p is the
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definition of absorption coefficient, as shown in Figure 2.17.

The absorption edge corresponds to an x-ray photon having enough energy
to just free a bound electron in the atom. When the electron are in the most
tightly bound n = 1 shell the edge is called the K-edge. For the next most tightly
bound is n = 2 shell, the corresponding edge are called the L-edge. At present
these edges are the only ones used to observe XAS, though in principle n = 3 or

higher shells could be used.

I = I eHr

.

Figure 2.17 Schematic view of x-ray absorption measurement in transmission
mode.

In the process of absorption, electrons in shells: K, L or M shell will be
excited by photoelectron absorption where the photon is completely absorbed, and
leaving behind a core hole in the atom. The excited atom with its core hole has
some probability of having additional excitations. The core hole, empty state, will
be created in the inner shell, and the energy level of the shell is used to define the
type of absorption edge as show in Figure 2.18.

The x-ray spectrum is generally divided into two regions (1) the x-ray ab-
sorption near edge structure (XANES) which extends up to 40 - 50 eV and (2) the
extended x-ray absorption fine structure (EXAFS) typically extending to 1000 eV

above the absorption edge as shown in Figure 2.19.
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Figure 2.18 The relationship between the energy transitions and absorption edges
ladapted from (Rehr and Albers, 2000)].
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Figure 2.19 Normalize Zn K-edge absorption spectra classified into two regions,
XANES and EXAFS.

2.6.1 X-ray absorption near-edge structure (XANES)

X-ray absorption near edge structure, or XANES provide information on
the valence state, electronic structure and coordination geometry of the absorbing
atom. XANES structure in an absorption spectrum cover the range between the

threshold and the point at which the extended x-ray absorption fine structure
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(EXAFS) being. XANES extending to an energy of the order to 40 - 50 eV above
the edge.

This region is the signal of x-ray absorption caused by migration status of
the electron energy from valence state to the continuum state. XANES structure is
associated with the atomic energy structure and energy density of the state space
systems, that XANES are definite to the chemical environment of atom, which use
to chemical analysis of fingerprinting and principle component analysis. Therefore,
XANES is usually used to study the oxidation state and the local orientation of
material.

XANES structure is participated of scattering signal of low energy of pho-
toelectron, and the majority is will be multiple scattering. We can calculate wave-

length of photoelectron (A.) from wave number (k) by equation,

k =27/ (2.20)

Wave number of photoelectron will be change with the energy of x-ray

photo energy (F), that can be described by

k= /2m(E — Ey)/h2, (2.21)

where Ej is the threshold energy or ionization energy.
The absorption coefficient in equation (2.19) can be derived from the tran-

sition rate given by Fermi’s Golden Rule, described by
AE) o 3OS 16 - 710) %6 (B — By + hw), (222)
!

where [i) is the initial core ket state vector, (f| is the final bra state vector of
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the excited electron, E' is the energy of absorbed x-ray photon, F; is the energy of
initial state, £y is the energy of final state, fw is the energy of x-ray photon energy,
€ is the x-ray polarization vector and ji(E) is absorption coefficient with ignoring

of core hole life time and experimental resolution (Ankudinov et al., 1998).

2.6.2 Extended x-ray absorption fine structure (EXAFS)

EXAFS gives information about the number, nature and interactomic dis-
tances of the neighbours from the absorption atom. The extended x-ray absorption
fine structure is a consequence of the modification of the photoelectron final state
due to scattering by the surrounding atoms. The absorption fine structure staring
from electron atom scattering phase shifts. The electron scattering is treated us-
ing a spherical wave augmentation which takes into account the finite size of the
atoms. Multiple scattering effects are included by classifying multiple scattering
paths by the total path lengths. The effects are quite large but appear to make
quantitative but not qualitative change on the single scattering contribution. The
final state photoelectron is modified to first order by a single scattering from each
surrounding atom. Quantum mechanically the photoelectron must be treated as
a wave emitted form the absorber with wavelength A\ is given by the de Broglie

relation
h
A= —, 2.23
p (2.23)

where p is the momentum of the photoelectron and A is Planck’s constant. In

EXAFS regime p can be determined by the free electron relation

2

2p—m = hv — B, (2.24)
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where hv is the energy of frequency v photon, Ej is the bonding energy of the
photoelectron and m is mass of the excited electron.

For a separated atom the photoelectron can be illustrated as an outgoing
wave as shown in Figure 2.20 by the solid line of Zn atom. The surrounding
atoms will scatter the outgoing wave as indicated by the dashed lines of S atoms.
The final state is the superposition of the outgoing and scattered waves. The
backscattered waves in Figure 2.20 will add or take off from the outgoing wave
at the center depending on their associate phase. The total amplitude of the
electron wave function would be improved or decreased, respectively, thus changing
the possibility of absorption of the x-ray correspondingly. The phase varies with
the wavelength of the photoelectron depends on the distance between the center
atom and backscattering atom. The deviation of the backscattering strength as
a function of energy of the photoelectron depends on the type of atom doing the
backscattering. Thus EXAFS contains information on the atomic surroundings of

the center atom.

Figure 2.20 Schematic of the radial portion of the photoelectron wave.

The oscillation of x-ray absorption will be show of the absorption edge,
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EXAFS function can be expressed by

(2.25)

, (2.25) where v(FE) is the x-ray absorption coefficient, v(E) is smooth atomic
background absorption coefficient.

Furthermore, in the EXAFS analysis x(£) could be converted from E space

to k space by the relations & = \/2m(E — Ey)/h?. Then the function can be
transformed from x(FE) to x(k) for general purpose. In theoretical procedure, the

X (k) can be described by (Wilson et al., 2000).

(2.26)

(k,m)|sin [skR; + ¢;(k)] e 2R 2RI AR), (2.27)

-y

J

, (2.26) where N; is the number of neighbour in j shell of surrounding atoms, k is
photoelectron wave vector, f; is the scattering amplitude, S3(k) is the amplitude
reduction term due to many-body effect, R; is radial distance from absorbing atom
to j shell, A(k) is electron mean free path, o; is the Debye-Waller factor and ¢(k)
accounts for the total phase shift of the curve wave scattering amplitude along the
scattering trajectory.

The length between core atom and backscattering atoms or the path-length
change the phase differing with the wavelength of photoelectron. In addition,
different types of encompassing atoms vary the backscattering depth as a function
of photoelectron energy. It is accepted that, by the careful analysis of the EXAFS
structure, one can receive significance structural parameters surrounding the center

atom.
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2.7 X-ray absorption spectroscopy experimental set up

The x-ray absorption spectroscopy experiment is usually carry out at a
synchrotron radiation source, because of high intensity and energy adaptable ca-
pability of generated x-ray photon, and the capability to obtain the continuous
absorption spectrum over broad energy range. In generally, there are three types of
x-ray absorption measurements: transmission-mode XAS, fluorescence-mode XAS
and electron-yield XAS as schematic illustration shown in Figure 2.21.

To 1

> (a)

X-ray
sample
(b)
X-ray Fluorescent x-ray
detector ,

e_

(©)

Figure 2.21 The three modes of XAS measurement (a) transmission mode, (b)
fluorescence mode and (c) electron yield. [adapted from (Kawai, 2000)].

In the transmission-mode, after the energy of x-ray photons being altered
by x-ray double crystals monochromator, the intensities of incident x-ray photon
beam (/) and the transmitted x-ray photon beam (I) were measured by ionization
chambers as shown in Figure 2.22. We will obtain the x-ray absorption coefficient
in the term of thickness independent based on equation (2.19). The experimental

set up of XAS experimental station at XAS beam line, Siam Photon Laboratory,
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SLRI is shown in Figure 2.23.
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Figure 2.22 .Schematic illustration of the experimental setup of transmission-
mode X-ray absorption spectroscopy

Figure 2.23 .XAS experimental set up at the Siam Photon Laboratory, Syn-
chrotron Light Research Institute

In the part of the transmission mode, the fluorescence mode and the electron
yield are also ability for the measurement of the absorption coefficient. In the x-
ray absorption phenomena, where the electrons knock out an electron from a shell
of low energy an electron from a higher energy level fill the vacancy and emitting
radiation of energy, the emitted energy x-ray photon will be liberated as explained
in Figure 2.24 (a) and the fluorescence x-ray can be find out. Moreover, de-
excitation can cause the Auger effect, where the electron decrease to lower energy
state, a second electron can be excited to the continuum state and maybe go out
from the sample as shown in Figure 2.24 (b), and the electron-yield XAS detectors

can be detected. However, both modes are instantly equivalent to the absorption
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ability of the sample. Hence, the three techniques are alterable for the study of

the structure of material using the absorption ability of the sample.
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Figure 2.24 The excited state (a) x-ray fluorescence and (b) the Auger effect.
ladapted from (Koningsberger and Prins, 1998)].



CHAPTER III

STANDARD CHARACTERIZATION

RESULTS AND DISCUSSION

In this chapter, the structural characterization and the interpretation of the
experimental data will be presented and discussed. First, the preparation of sulfur
doped ZnO powder by oxidative annealing is presented. Then characterization
results by x-ray diffraction (XRD), thermal gravitational analysis (TGA), scanning
electron microscope (SEM), transmission electron microscope (TEM) images and
electron diffraction will be given and discussed. The x-ray absorption spectroscopy
(XAS) data in both EXAFS and XANES regions, will be analyzed and presented

with discussion in chapter IV.

3.1 Oxidative annealing

Zn0O nanocrystals have been synthesized by various techniques. In this
work, the synthesis of ZnO:S nanocrystals powder was based on thermal oxidation
method called oxidative annealing (Smith et al., 2007). This technique involves
neither tiresome catalytic process nor carrying aqueous thermal decomposition.
Indeed, the synthesis process was carried out in a normal oven. The starting
source material was pure ZnS powder.

S-doped ZnO powder was prepared by oxidative annealing of ZnS powder in
normal atmosphere. First, we annealed ZnS in air at 200°C, 300°C, 400°C, 500°C,

600°C, 700°C and 800°C for 2 hour at each temperatures, the powder could be
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oxidized and results in new product. After that, the samples were cooled down
in air. Then the annealing products at each temperature were dried. Finally, the
products were kept in a humidity controlled cabinet at room temperature before
characterizations.

A NIKON stereomicroscope model SMZ-U with magnification 10X was used
to study the physical appearance of the powder of sample. Figure 3.1 shows the
pictures of ZnS powder and the annealing products.

The products formed in the temperature range of 200°C to 300°C appear
to be white color. The colors of the products begin to become light-yellow at
products formed in the temperature range of 200°C to 300°C. At 400°C to 600°C,
the colors gradually appear become more yellow (the color of sulfur). After that,
the yellow color starts to disappear and became white powder again at 800°C.
This suggests some chemical reaction of the starting material has occurred during
the annealing. Next, the structure of the products will be characterized by XRD,

TGA, SEM, TEM, EDS and XAS.

3.2 X-ray diffraction (XRD)

The BRUKER X-ray diffractometer model D 5005, wave length 1.54 A was
used to study the structure of the ZnO:S nanocrystals obtained. The patterns
of XRD for ZnS powder and annealing products prepared at different annealing
temperatures (200°C, 300°C, 400°C, 500°C, 600°C, 700°C and 800°C) are shown
in Figure 3.2

From Figure 3.2, it can be seen that the annealing products at temperature
500 C and lower still posses the ZnS structure. The structural transformation can
be seen at temperature 600°C. At 600°C - 800°C, the XRD pattern shows that

the products are almost pure ZnO. We concluded that the zincblend ZnS powder
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Figure 3.1 ZnS powder and ZnO:S annealing products.

can be transformed to wurtzite structure of ZnO at annealing temperature 600°C
and above.

From full-width at half-maximum (FWHM) of the strongest diffraction peak
at each temperature, the mean crystal grain size was determined by Debye-Scherrer

formula using equation 2.2. The obtained particle sizes are shown in Table 3.1.
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Figure 3.2 XRD patterns of ZnS and annealing products.

Table 3.1 The mean crystal grain size of ZnS powder and ZnO:S annealing prod-
ucts at 200°C - 800°C calculated from Debeye-Scherrer formula.

Sample A B C D E F G H
annealing RT 200 300 400 500 600 700 800
temperature

(°C)

Particle diameter 51.91 53.30 53.65 61.57 57.05 55.80 55.58 72.45

(nm)

The grain sizes of ZnS and ZnO:S products are about 50 - 70 nm which
can be said that the products are nanocrystals. These results are confirmed by
the measurement using TEM. Noting that, the discrepancies of particle size mea-
surement may arise from fact that the diffraction angle in the x-ray diffractometer
model D 5005 used in this work was not well calibrated and the instrumental

broadening was not taken into account. The diffraction angles were also shifted
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due to some misalignment.
The Miller’s index numbers (h k [) are assigned to the corresponding diffrac-
tion peaks as shown in Figure 3.3 (group 1) and Figure 3.4 (group II), respectively.

The lattice parameters calculations are summarized in Table 3.2 - 3.5.
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Figure 3.3 XRD patterns of ZnS powder and annealing products from 200°C -
500°C.

Table 3.2 The assigned (h k 1) indices for group I (ZnS) 2dp sinf = nA and
et = Zos

Peak No. 20 sin®f 1x 280 35 ;26 24 124 12 (hk)
1 28.56° 0.0608  1.0000 3.0000 3 (111)
2 33.0° 0.0811  1.3329 3.9986 4 (200)
3 47.52° 0.1623  2.6681 8.0044 8 (220)
4 56.20° 0.2225  3.6571 10.9714 11 (222)

From Tables 3.2 - 3.5 the lattice parameter for the annealed products at

200°C - 500°C (ZnS) is obtained to be a = 5.41 A. The lattice parameters for the
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Figure 3.4 XRD patterns of ZnO:S annealing products at 600°C - 800°C.

Table 3.3 Calculation of lattice parameter for the XRD peaks group I (ZnS).

Peak No. (hkl) 20 0 appy = VIR ()
1 (111)  28.56°  14.29° 5.409
2 (200) 33.09°  16.55° 5.410
3 (220) 47.52°  27.76° 5.407
4 (222)  56.29° 28.16° 5.416
Average 5.411

annealed products at 600°C - 800°C (ZnO:S) are a = 3.25 A (pack#1) and ¢ =

5.20 A (peak#2) and c/a = 1.6. These obtained values compared well with the

values published in literature (ZnS: a = 5.41 A, 7Zn0O:a =325 A4, ¢ = 5214 and

c/a = 1.6).
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Table 3.4 The assigned (h k 1) from non-cubic crystal group II (ZnO:S) & =

4 ( h2+hk+k> + 12 _ 4sin?%9
3 a? c2 T N2

Peak No. 20 I/l sin?0 d(nm) (hkl)
1 31.770 0.57 0.075 2813 100

34.420 0.44 0.088 2.602 002
36.250 1.00 0.097 2475 101
47.540 0.23 0.162 1.910 102
56.600 0.32 0.225 1.624 103
62.860 0.29 0.272 1.477 200
66.380 0.40 0.300 1.407 112
67.930 0.23 0.312 1.378 201
69.100 0.11 0.322 1.358 004

© 00 N O Ot = W N

Table 3.5 Calculated lattice parameters for XRD group II (ZnO:S) & =

d?
4 [ h2+hk+E> 12 4sin26

Peak No. 20  sin®’60 (hkl) a c  h+hk+k 2
1 31.770 0.075 100 3.248 - 1 -
2 34.420 0.086 002 - 5.205 - 4
3 36.250 0.097 101 - - - -
4 47.540 0.163 102 - - - -
5) 56.600 0.225 103 - - - -
6 62.860 0.272 200 3.410 - 4 -
7 66.380 0.299 112 - - - -
8 67.930 0.312 201 - - - -
9 69.100 0.322 004 - 5.431 - 16

Average 3.329 5.318 c/a 1.597

3.3 Thermal gravitational analysis (TGA)

TGA technique was done to determine the mass change with temperature

in the range 0°C - 800°C with heating rate of 10°C/min in air. From TGA data
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the phase transition occurs around 600°C. The structure of final product is almost

stabilized at 800°C as shown in Figure 3.5.
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Figure 3.5 TGA data of ZnS annealing.

From TGA data together with the XRD diffraction pattern, it can be con-
cluded that the nanocrystal sample has transformed from zinc-blend crystal struc-
ture of ZnS to wurtzite ZnO:S at the temperature around 600°C. It is noteworthy
that some discrepancies in the transition temperature may arise from the fact that

the temperature in hot air oven used in this work was not well calibrated.

3.4 Scanning electron microscope (SEM)

The JEOL scanning electron microscope model JSM-6400 was used to study
the morphology of S doped ZnO prepared by oxidative annealing. The SEM can
give the information about the morphology and surface of crystals. From the SEM
micrographs of ZnS powder and annealing products at 200°C - 800°C with mag-

nification 10000X, are shown in Figure 3.6. The differences in surface morphology
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Figure 3.6 SEM images of ZnS powder and annealing products at 200°C - 800°C.

of powder products annealed at different temperatures can be seen. It is evidence
that the powder morphology has changed with the annealing temperature due to
thermal roughening. The S-doped ZnO samples appear to have very rough sur-
faces compared to ZnS samples. Noting that the powder size observed by SEM is
about 1 m which is the cluster size of nanocrystals not the crystal grain size. (A

powder grain is, in itself, polycrystals.)
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3.5 Energy Dispersive Spectroscopy (EDS)

Energy Dispersive Spectroscopy was used to analyze the composition of the
product to ensure that S is left in the ZnO:S product. EDS spectra of ZnS powder,

annealing products at 600°C and 800°C are shown in Figure 3.7.
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Figure 3.7 EDS spectra of (a) ZnS powder, (b) 600°C S-doped ZnO powder and
(c) 800°C S-doped ZnO powder.

After annealing products at 200°C - 800°C some trace of sulfide can be seen
by EDS in the annealing products. It was estimated that the sulfur concentration
of the sample ZnS annealed at 600°C, is about 0.5% and at 800°C the sulfur

concentration is 0.25%. The sulfur concentrations measured by EDS are reported
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in Table 3.6. The result suggests that ZnO:S nanocrystals can be formed by

oxidative annealing.

Table 3.6 The sulfur concentrations in annealing products as determined by EDS.

Sample A B C D E F G H
Annealing RT 200 300 400 500 600 700 800
temperature

(°C)

Sulfur atoms 1100 1346 1351 1400 1005 100 25 27
(cps)

Zinc atoms 550 631 646 670 461 1141 492 335
(cps)

Ratio of S:Zn  2.07:1 2.13:1 2.09:1 2.08:1 2.05:1 0.10:1 0.09:1 0.05:1

Sulfur 100 100 100 100 100 0.50 0.45 0.25
concentrate

(%)

3.6 Transmission electron microscope (TEM)

Transmission electron microscope was used to observe the microstructure
of the annealed products. The low-magnification image of the ZnS powder and
annealing products nanoparticle was illustrated in Figures 3.8 - 3.10.

From the TEM micrographs it can be seen that showed that the anneal-
ing products at 200°C - 500°C are nanocrystals with quite uniform particle size
about 30 - 50 nm. After the structural transition temperature, the particle size is
increased to 50 - 100 nm. The crystal larger than 100 nm can be seen at the tem-

perature of 800°C possibly due to the fact that nanocrystals can be recrystallized
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Figure 3.8 TEM images of ZnS powder and annealing product at 200°C and (b)
selected area electron diffraction patterns of ZnS powder and annealing product
at 200°C.

and merged together at this temperature. These observations are consistent with
the XRD result. The corresponding selected area electron diffraction (SEAD) pat-
terns are shown in Figures 3.8 - 3.10. The index the polycrystalline ring observed
by SEAD a calibration with Si crystal has been done. Figure 3.11 shows a reverse
color image of SEAD pattern taken from annealed product at 200°C and 600°C.
The indexed rings agree well with XRD pattern of zincblend ZnS and wurtsize
ZnO respectively. From SEAD patterns the structural transition temperature at
600°C suggested by XRD can be confirmed. This result is consistent with the

finding of Lu et al. (Lu et al., 2004) on the oxidation of ZnS nanoparticles in to
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Figure 3.9 (a) TEM images of annealing products at 300°C, 400°C and 500°C
and (b) selected area electron diffraction patterns of annealing products at 300°C,
400°C and 500°C.

Zn0O nanoparticles.
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Figure 3.10 (a) TEM images of annealing products at 600°C, 700°C and 800°C
and (b) selected area electron diffraction patterns of annealing products at 600°C,
700°C and 800°C.
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Figure 3.11 The indexed electron diffraction patterns of (a) annealing product
at 200°C (ZnS) and (b) 600°C (ZnO:S).



CHAPTER IV

XAS STUDY OF SULFUR DOPED ZINC

OXIDE

In the last chapter the microstructural study of nanocrystalline annealed
products using XRD, SEM, EDS and TEM suggest that there is a certain amount
of sulfur in the wurtzite framework of ZnO:S. This brought in the question, weather
sulfur substitute oxygen and form ZnS,0;_, alloys as desired or not. The question
can not be answered by standard characterization techniques used in chapter III.
Luckily, XAS facility was accessible to us through the user beamtime allocated
by SLRI. It will be shown in this chapter that XAS can give a clear picture of
local structure around S dopants in ZnO:S nanocrystals, and provide a conclusive

answer to the question raised above.

4.1 XAS measurement of sulfur doped ZnO

XAS spectra were collected at the XAS facility (BL-8) of the Siam Photon
Laboratory, Synchrotron Light Research Institute, Nakhon Ratchasima, with the
storage ring running at 1.2 GeV and beam current of 80 - 120 mA during the
measurement. XAS measurement was performed in the transmission mode using
Si (111) monochromator. The x-ray transparent Kapton® tape was used to mount
the samples. The spectra were collected for the K-edges of Zn (9569 eV) and S
(2472 eV) in ZnO:S nanocrystal samples. Both XANES and EXAFS were collected

an energy step of 1.0 eV.
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4.2 XANES Analysis

XANES can provide basic information about the local structure around
the specific absorbing atoms. The measured Zn and S K-edges XANES spectra
of ZnO:S are shown in Figure 4.1 and 4.2, respectively, in comparison with either

Zn0O or ZnSO, and ZnS.
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Figure 4.1 Zn K-edge XANES spectra of in ZnO:S annealed at different temper-
atures compared with ZnO and ZnS.

From XANES Zn K-edge finger print, it can be conclude that the local
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Figure 4.2 S K-edge XANES spectra of in ZnO:S annealed at different temper-
atures compared with ZnSO,4 and ZnS.

structure around Zn atoms in ZnO:S sample above the transition temperature is
wurtzite ZnO-like as indicated by XRD and TEM. On the other hand, XANES S
K-edge shows, unambiguously, that the local structure around S atoms in ZnO:S
sample above the transition temperature is ZnSQOy-like. Therefore, the assumption
of ZnS,0,_, alloys formation is not consistent with the characterization of our

oxidative annealed ZnO:S samples. Since trace of ZnSO, is undetected by XRD or
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SEAD patterns, even if subnano-domains ZnSO, is formed it can not be observed
anyway. EXAFS result confirms that S should be left in the form of (SO4)*~ on
the surface of ZnO:S nanocrystals rather than in the form of subnano-domains

ZI’ISO4.

4.3 EXAFS Analysis

The EXAFS data was analyzed using ATHENA software to get the EXAFS
structures. The k?-weighted spectrum over the k-range of 2.0 - 8.0 A~! was done
for curve fitting. The structural parameters can be obtained from direct EXAFS
fittings. Figure 4.3 shows k2-weighted Zn K-edge EXAFS spectra: ZnS powder,
annealing products at 200°C - 800°C, and pure ZnO powder. Figure 4.4 shows the
corresponding EXAFS spectra in real space. It can be seen that the spectra can be
separated into two groups. The first group: there are five spectrums, the spectra
of ZnS powder and annealing products at 200°C - 500°C. The second group the
annealing products at 600°C - 800°C and pure ZnO. As shown in Figures 4.3 and
4.4, the first group can be fitted very well with ZnS structure while the second
group can be fitted with ZnO structure.

Shown in Figure 4.5 are k?>-weighted S K-edge EXAFS spectra: ZnS pow-
der, annealing products at 200°C - 800°C, and pure ZnSO, powder. Figure 4.6
shows the corresponding EXAFS spectra in real space. The EXAFS spectra can
be separated into two groups. The first group, similar to the Zn K-Edge: there
are five spectrums, the spectra of ZnS powder and annealing products at 200°C
- 500°C. However, the second group, the annealing products at 600°C - 800°C
can be fitted well with (SO4)?>~ model. Thus the possibility to obtain wurtzite
ZnS,0;_4 alloys by oxidative annealing is eliminated.

To take a closer look, the EXAF'S oscillations of ZnO:S spectra in Figure 4.5
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k()

Figure 4.3 k%-weighted Zn K-edge EXAFS spectra (dot lines): ZnS powder,
annealing products at 200°C - 800°C, and pure ZnO powder. Fittings spectra are
shown in dash lines. The FEFF-generated spectra are shown in solid lines.

have shorter periods compared to that of ZnSO4. The real space EXAFS spectra
in Figure 4.6 suggest that S-O bonds in ZnO:S are about 1.5 A, longer than that
of S-O bonds in ZnSO, crystals. The fitting results of S-O bond-lengths in the
samples are shown in Table 4.1.

With larger bond-lengths, compared to bulk ZnSOy, it is possible that
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Figure 4.4 Real space Zn K-edge EXAFS spectra (solid): ZnS powder, annealing
products at 200°C - 800°C, and pure ZnO powder. Fittings spectra are shown in
dash lines.

(SO4)*™ would exist on the surface of ZnO:S by coordinate bonding to the surface
Zn atoms, result in the saturation of dangling bonds.

This has demonstrated that XAS can give an unique point of view on the
local structure around S dopants in ZnO:S nanocrystals which is unreachable by

standard microstructure characterizations such as XRD or TEM.
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Figure 4.5 k*:-weighted S K-edge EXAFS spectra (dot lines): ZnS powder, an-
nealing products at 200°C - 800°C, and pure ZnSO4 powder. Fittings spectra are
shown in dash lines. The FEFF-generated (SO,)?~ spectrum is shown in solid line.
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Table 4.1 Results from the EXAFS fitting for S-O bonds in ZnO:S nanocrystals
compared to ZnSOy4: Ry is nearest neighbor shell distance, N is coordination
number, o2 is Debye-waller factor, and R-factor is the residue.

Samples Ry (A) 0%(A?) N R-factor

ZnO:S 600°C  1.506 £ 0.056 0.291 4  0.010
Zn0O:S 700°C  1.492 £ 0.10 0.274 4  0.009
Zn0O:S 800°C  1.499 £ 0.07 0.081 4  0.175

ZnSO, 1.486 = 0.09 0.655 4  0.005




CHAPTER V

CONCLUSIONS

In this thesis, it has been demonstrated that ZnO:S nanocrystals can be
prepared by an economic method called oxidative annealing. Standard charac-
terization techniques such as TGA, XRD, SEM, EDS and TEM were used for
microstructural studies of the synthesis nanocrystals.

It was found that the zincblend-ZnS to wurtzite-ZnO structural transition
temperature occurs around 600°C during the annealing in atmosphere. Above the
transition temperature the ZnS nanocrystals can be oxidized and recrystalized into
ZnO:S nanocrystals. A small amount of sulfur atoms (0.25 - 1%) can be found in
ZnQO:S annealing products. This gave rise to the speculation that weather II - VI
ZnS,0O;_ alloys can be synthesized by oxidative annealing or not.

XAS was utilized as a key characterization technique to give a unique an-
swer. While Zn K-edge XAS measurements give similar result to XRD and TEM
that is most of Zn in ZnO:S are in wurtzite matrix as expected, the S K-edge
XAS give a remarkable result : the majority of S atoms reside in (SO4)?~ struc-
tural form possibly attached to Zn surface atoms of ZnO:S nanocrystals. This
finding by XAS can not be reached by other techniques such as XRD or TEM
due to limiting resolutions. Thus, the outstanding performance of XAS to resolve
the sub-nano structure in nanocrystal materials can be pronounced over standard

characterization techniques, once again.
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Abstract

We used scanning electron microscope to examine sulfur doped ZnO powder. To explore the
possibility of alloying ZnS and ZnO, the sulfur doped ZnO powder was prepared by oxidative annealing, with
ZnS powder as the starting material. The annealing products were characterized by x-ray diffraction (XRD),
thermal gravitational (TGA), and scanning electron microscopy (SEM). It was found that the structural
transformation of ZnS into ZnO occurs around 650 °C. From SEM observation, the powder morphology was
drastically changed possibly due to Oswald ripening. Energy dispersive spectroscopy (EDS) indicates that the
ZnO products contain small amount of sulfur. However, the exact location of sulfur atoms in ZnO is still

unknown.

Background

ZnO is a wide bandgap compound
semiconductor (E,=3.37 eV). It is one of the
promising materials for low-voltage luminescence
and short wavelength light emitter [1]. ZnO in
powder form are used in a variety of applications,
such as UV light emitter, UV absorption and
cosmetic powder [2].

ZnS is also a wide bandgap compound
semiconductor (E,=3.54 eV). ZnS has received
much attention due to its excellent properties, such
as large band gap energy, direct recombination and
resistance to high electric field. ZnS is also a well
known  phosphor  material ~ with  various
luminescence properties [3].

While p-type doping of ZnO was found to
bepreblematic, ZnS can be doped as both n-type
and p-type, which is unusual for the I1I-IV
semiconductors. Therefore, alloys between ZnO
and ZnS may possess some interesting doping
ability.  In this work, we aim to explore the
possibility of alloying ZnS and ZnO using
oxidative annealing process [4]. SEM was used as a
main characterization tool to investigate the
microstructure of the annealing products.

Materials and Methods

S-doped ZnO powder was prepared by
oxidative annealing of ZnS powder (high purity
grade, 99.99%) in atmosphere at 200 - 800 °C for 2
hours. The annealing products were characterized
by powder x-ray diffraction (XRD), thermal
gravitational (TGA), scanning electron microscopy

(SEM), and energy dispersive spectroscopy (EDS).

Results, Discussion and Conclusion

The powder XRD patterns of ZnS powder
and annealing products at 200, 500, 600, and 800
°C. are shown in Fig. 1(a)-(e) respectively. It can
be seen that the annealing product at temperatures
500 °C and lower still have ZnS structure. The
structural  transformation was seen at the
temperature 600 °C. At 800 °C, XRD shows that
the product is almost pure ZnO. The exact
transformation temperature was determined by
TGA to be around 650 °C. It is noteworthy that the
discrepancies in temperatures may be arisen from
the fact that the temperature in the hot air oven
used in this work was not well calibrated.

Figure 2 shows SEM images of ZnS
powders and annealing product at 800 °C. It can be
seen that the thermal roughening may change the
powder morphology, possible via Oswald ripening
during the oxidation process.

EDS was used to analyze the composition
of the product. As shown in Fig. 3, some trace of
sulfur can be seen in the annealing product. It was
estimated that the sulfur concentration of 600 °C
and 800 °C annealing products are about 1 9%,
0.25% respectively. Therefore it may be possible to
dope ZnO with S. Nevertheless, the exact position
of sulfur in ZnO lattice is still be unknown. More
sophisticate  analytical technique such as
synchrotron x-ray absorption spectroscopy [5] may
be used to provide the final answer in further
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investigation.
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