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ABSTRACT

The growth of nanocrystal indium tin oxynitride (ITON) and zinc oxynitride (ZnON) thin
films using rf magnetron sputtering with reactive gas-timing method have been studied in this
dissertation. The sample thin films show new physical and optical properties. Based on the study
of indium tin oxide (ITO) and zinc oxide (ZnO) thin films growth using rf magnetron sputtering,
argon is used as the sputtering gas. The growth conditions and effects on thin film properties are
investigated. The crystal structures of sample films and, their optical, and electrical properties are
investigated by X-Ray diffraction (XRD), field emission scanning electron microscopy (FE-
SEM), X-Ray photoelectron spectrometer (XPS), UV-VIS spectrophotometer (UV-VIS) and the
resistivity mapping system four-point probe. Then, nitrogen gas was added into the sputtering
process at the optimized sputtering conditions. Both ZnON and ITON thin films at unique
deposited films show newly interesting properties. It is experimentally demonstrated that the
films properties are depended on the growth conditions such as reactive gas-timing, radio
frequency power, sputtering gas flow rate and film thickness.

Particularly, the ITON grain sizes are in the range of nanometers. The significant change of
the optical absorption edge from 3.35 to 2.21 eV with increasing nitrogen flow rate conditions at
fixed sputtering rf power are also found. The electrical conductivity property of sample films is
found to be around 15 to 34 ohm/square. The structure and optical property of sputtered ZnON
films are also investigated. The nitrogen composition in ZnON films were actually affected on the
structural and optical properties of ZnON, which depended on the nitrogen flow rate conditions.

The change of the crystallinity structure with decreasing nitrogen flow rate conditions or

III



increasing sputtering rf power conditions were also observed. At 10 sccm nitrogen flow rate
condition, the most alteration of the structure property is found. The confirmation of N-
incorporation into ZnO is verified by XPS analysis with high N/Zn ratios of above 0.50. The
relationships of the optical band edge with decreasing nitrogf.n flow rate and increasing rf power
conditions are shown the red shift effect, with lowest value at 2.98 eV. In addition, the resistances
of ZnON films still remain the same value as ZnO films. In conclusion, the gas-timing rf
magnetron sputtering deposition is a simple method of fine-tuning material properties with slight

modifications to the existing sputtering technique.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The semiconductor era was dominated by silicon (Si) and germanium (Ge), which there
was the first generation of semiconducting electronic materials. For next few decades, the second
generation of electronic materials was investigated, as binary and ternary compound
semiconductors, which is known as gallium arsenide (GaAs), indium gallium arsenide (InGaAs),
gallium phosphors (GaP), indium phosphors (InP) and theirs alloys. In the last few years, the third
generation of electronic materials is now come forward from the research. These materials have
been designed and produced for the specific applications. The wide band gap semiconductor
materials play the important role in the optical and optoelectronic devices such as gallium nitride
(GaN), aluminum nitride (AIN) and zinc selenide (ZnSe).

Nowadays, a conductive transparent semiconductor is emerging from the research and
development, such as tin doped indium oxide (ITO), fluoride doped tin oxide (FTO), zinc oxide
(ZnO), aluminum doped zinc oxide (Al:ZnO) and indium doped zinc oxide (In:ZnO). These
materials were not only conductive materials but also wide optical band gap semiconductors. The
band gap of a semiconductor material is the most important parameter that determines the
transport, optical properties, and other related phenomena. The large variation in the nature of the
chemical bonding has brought up a wide range in energy gap covered by the metal oxide
semiconductors. However, the generally wide band gap materials are a high resistivity
semiconductor, thus they have been improved their electrical properties by doping method.
Consequently, a few researchers have been prepared particular films with metal-doped or
modified composition and/or new fabrication techniques. In the case of oxynitrides of many
metals, like Ti, Zr, Hf, Zn and In [1-4] have been investigated for their properties and their
potential applications in a range of devices.

Indium tin oxide (ITO) is a transparent conductive oxide material widely used in many
optoelectronic devices. It is an n-type degenerate semiconductor used to contact electrode which
its high conductivity is due to both important role of oxygen vacancies and tin interstitials.

Moreover, it exhibits a high optical transmittance because its wide band gap, 3.5-4.06 eV [5]



semiconductor. According to its properties, ITO films have found in many applications in
optoelectronics such as photodetectors, organic light emitting diode (OLED), solar cells and
sensors [6-10]. In a challenge to advance the properties of ITO films by doping with nitrogen to
form ITON thin films, it could be apply for various future technological applications in
electronics and optoelectronics.

Zinc oxide (ZnO) is the other key material in many different fields of science and
technology. Their optical and structural properties make them excellent candidates for optical and
optoelectronic applications, for example, as optical windows for solar cell devices {11] and
transparent piezoelectric materials for surface and bulk acoustic wave devices [12]. In particular,
a zinc-oxide-nitride system has been demonstrated to be an optically functional material, in which
the optical band gap can be tuned within a broe;d energy range (2.3-3.3 eV) by controlling the
nitrogen doping level [3].

A number of techniques have been used for fabrication of ITO and ZnO thin films,
including chemical vapour deposition, sol-gel, spray-pyrolysis, molecular beam epitaxy, pulsed
laser deposition, vacuum arc deposition, and magnetron sputtering [13-19]. Nonetheless, it
remains difficult to grow ITO and ZnO films with high crystallinity, stable and sufficiently high
conductivity. Plasma sputtering is one of the most promising techniques for the nitrogen
incorporated ITO and ZnO films because of its capability for large-area deposition, low-
temperature processing, and controllable nitrogen incorporation into the films. By making minor
modifications to a conventional sputtering system, we have demonstrated a new sputtering
technique, called gas timing, whereby sputtering or doping gases are controlled periodically by an
on-off sequence during the sputtering deposition. The technique has been successfully applied to
produce AIN and ITO thin films without substrate heating [20-21].

This research work is focused on the growth and characterization of nitrogen incorporated
to ITO and ZnO, in term of designing and tailoring the optical band edge of ITON and ZnON thin
films. All of nitrogen incorporated ITO and ZnO were grown by the conventional rf magnetron
sputtering using the gas-timing technique. The structural, optical and electrical properties of films

were investigated and studied by varying the sputtering conditions.



1.2 Statement of the problems

1.2.1 In a challenge to advance the properties of ITO and ZnO films, it could be applied
for various future technological applications in electronics and optoelectronics.

1.2.2 Tailoring the optical band edge of ITO and ZnO thin films by the nitrogen doping
using reactive RF magnetron sputtering.

1.2.3 The newest optically functional materials as ITON and ZnON will be required for

future optoelectronic devices.

1.3 Objective

As mentioned before, in order to solve the problems stated in 1.2.3, the topics of
investigation include:

1.3.1 Study the possibility of doping nitrogen into ITO and ZnO.

1.3.2 Study the doping concept of the conductive transparent thin films.

1.3.3 Study the fabrication and characterization process of ITON and ZnON thin films.

1.4 Scope of this study

The study will concentrate on the growth and characterization of ITON and ZnON thin
films by reactive gas-timing RF magnetron sputtering. The first scope is to study, fabricate and
characterize ITO and ZnO thin films. The next task is to use the special technique known as
reactive gas-timing RF magnetron sputtering grow ITON and ZnON thin films. The last task is to

investigate the structural, optical and electrical properties of the prepared thin films by specific

material characterization equipment.

1.5 Dissertation outline

The outline of this dissertation is as follow; chapter 1 is an overview of the research
motivation, statement of the problem, objectives and scope of this research. Chapter 2, 3 and 4
provide the fundamental knowledge of ITO, ITON, ZnO, ZnON, and rf magnetron sputtering
system, respectively. The reactive gas-timing is a special method used to produce thin films

(described in chapter 4).



Chapter 5 presents the thin film characterization methods including x-ray diffraction, x-ray
photoelectron spectroscopy, scanning electron microscopy, atomic force microscopy, UV-Visible
spectroscopy, and four point probe measurement used in the thesis experiments.

Chapters 6 and 7 describe the experimental growth, result and discussion of ITO, ITON,
ZnO and ZnON thin films, respectively. These chapters provided the characterizations of
crystalline structure, surface morphology, optical band gap energy, and other related property of
ITO, ITON, ZnO, and ZnON thin films and reported experimental results and discussions.

Finally, Chapter 8 concludes the overall work and outlines the direction of the future work.
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CHAPTER 2

BACKGROUND OF INDIUM TIN OXIDE (ITO)

2.1 Introduction to ITO
Since the first reports of transparent and conductive cadmium oxide films appeared in

1907, interest in transparent conductors has rapidly increased [1]. Tin-doped In,0,, so-called

3
indium-tin oxide (ITO), is one of the most attractive of these materials due to its high
conductivity and transmission in the visible range as transparent conducting oxides (TCOs). The
crystal structure of ITO is shown in Figure 2.1. The defect structures of ITO are responsible in
part for their superior optical and electrical properties, which are exploited in various transparent
electrode applications, such as transparent heating elements [2], antistatic coatings over electronic
instrument [3,4], electro-optic devices [5,6], liquid crystal displays [7,8,9], transparent electrodes
for various display devices [10,11}, and transparent contact [12,13].

As an ITO films have a high transmittance in the visible range and a high conductivity
simultaneously, typical high quality ITO film has the transmittance is above 90% in the range of
400-700 nm and the electrical resistivity is below 200 p2-cm. Thus, ITO films show an
interesting and technologically important combination of properties, which they have high
luminous transmittance, high infrared reflectance, good electrical conductivity, excellent substrate

adherence, hardness, and chemical inertness.

Fig. 2.1 The crystal structure of tin (Sn) doped indium oxide.



The most commonly used methods for ITO deposition are sputtering, thermal evaporation,
spray pyrolysis, pulsed laser deposition (PLD) and screen printing technique [14-21]. However,
due to the complexity of crystal structure, tin doping level, and composition, the properties of
ITO films produced by different processes vary significantly. Table 2.1 shows some of the results
of previous research. From this table, we can see that the resistivity, transmittance and carrier
concentrations vary significantly. This indicates that properties of ITO film strongly depend on
individual processes. Electro-optic technology requires a greater understanding of the optical and

electrical properties of ITO, so it is necessary to characterize an ITO film deposition process.

Table 2.1 The properties of ITO thin films prepared by various growth techniques.

Carrier
Thickness Resistivity Transmittance
Deposition techniques concentration Ref.
A) () (Q-cm) (%)
cm
RF Sputtering 7500 6.0x10” 3.0x10™ 90 [14]
RF Sputtering 5000 1.2x10™ 4.0x10™ 95 [15]
Pulsed laser deposition 14000 1.0-1.2x10” 5.0x10” 80 [16]
Magnetron sputtering 800 6.0x10% 4.0x10" 85 [17]
DC Sputtering 1000 9.0x10” 2.0x10" 85 (18]
Reactive evaporation 2500 5.0x10” 8.0x10™ 90 [19]
Ton beam sputtering 600 2.0x10” 1.2x10° - [20]
Spray pyrolysis 3000 5.0x10” 3.0x10" 85 [21]

2.2 The deposition of ITO

Nowadays, various methods can be used to deposit ITO films including thermal
evaporation [19], sputtering deposition (both diode and magnetron) with dc or rf power
[14,15,17,18], pulsed laser deposition (PLD) [16], Ion beam sputtering [20], and spray pyrolysis
[21]. The choice of deposition techniques is determined by various factors such as quality and
reproducibility of the films, the cost and complexity of the equipments, and specific disadvantage
of each technique. The techniques most widely reported in the literatures and most widely used in

industry are dc magnetron sputtering, dc/rf magnetron sputtering and electron beam evaporation.



However, different processing usually produces ITO films with significantly different
properties. Of these, rf magnetron sputtering produces both high rates of deposition and good
quality films. In the following sections, thermal evaporation, spray pyrolysis technique, pulsed
laser deposition, chemical vapor deposition, screen printing techniques, pulsed laser deposition,
and sputtering will be briefly introduced. In this study, ITO films were produced by rf magnetron
sputtering using the reactive gas-timing technique, so this method will be introduced in more

detail in chapter 5.

2.2.1 Thermal evaporation

Solid material vaporizes when heated to sufficiently high temperature. The condensation of
the vapor onto a cooler substrate yields thin solid films. The high temperature can be achieved by
resistively heating, or by firing an electron or ion beam at the boat containing the material to be

evaporated. Under ideal circumstances, the total evaporated metal is:
- 14
M, = [ [T.dd,dt @.1)
04

where 4, is the surface area of the source, I“, is the evaporation rate, M, is the total evaporated

mass and ¢ is time.

\ P* o
\1\;;,1/,/

5T SDURCE

o

Fig. 2.2 Evaporation from a point source and a surface source [28].

In the situation illustrated in Fig. 2.2, the mass received by per area of the wafer is:

M, a M, cosé
dA 4’

5

(2.2)
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where @ is the incident angle of the evaporated metal, r is the distance from the evaporation
source to the wafer surface, 4, is the area receiving the incident evaporated species.

Thermal evaporation may be achieved directly or indirectly (via a support) by variety of
physical methods [28]. This technique has several advantages: (i) it is capable of yielding films
which do not contain significant amount of uncontrollable contaminations; (ii) it is relatively easy
to operate; (iii) it involves a minimum of critical process parameters; and (iv) it does not cause
radiation damage to the substrate [36]. The evaporation rate is a most important parameter for the
film quality. When ITO is evaporated, it decomposes slightly into suboxides and free oxygen, the
typical source is a 95% indium and 5% tin alloy (by weight). The oxygen release causes a non-
stoichiometry in the films of a magnitude which depends critically on the details. of the
deposition. In order to obtain reproducible results and high-quality coatings it was necessary to
carefully control the amount of oxygen. For reactive deposition in the presence of oxygen, the
governing parameter is then the relative impingement rate of oxygen molecules onto the surface
of the growing film, which, in its tum, is determined by the evaporation rate and the oxygen
pressure. Furthermore, the reactivity of the oxygen with the surface is important, which points at
the fact that substrate temperature is another crucial parameter. The temperature also mostly
affects the crystallinity of the film. Reports of substrate temperatures being raised from 300°C up
to 450°C during evaporation in order to enhance conductivity and transmittance are reported by
Balasubramanian et al. [19]. However, due to the difference of the indium and tin vapor pressure,

it is very hard to achieve the proper stoichiometry in the film.

2.2.2 Spray pyrolysis

Pyrolysis refers to the thermal decomposition of gaseous species at a hot surface. The
major advantage of pyrolysis technique is its relatively fast deposition rate more than 1000 A/min
and it does not require a vacuum. This method has been used for the preparation of TCO films for
many years because it is relatively simple and cheap. The conventional spray pyrolysis technique
consists of spraying a dilute solution of appropriate chloride from an atomizer onto a heated
substrate under normal atmosphere conditions or controlled atmosphere. High pressure argon,
nitrogen, or air is usually used as spraying gas. A schematic diagram of such equipment and

deposition mechanism as aerosol transport is shown in Fig. 2.3.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



31

Determining the conductivity type of ZnO is experimentally difficult for several reasons
including, low mobility, difficulty in making ohmic contacts, persistent photoconductivity effects
and the formation of a degenerate surface layer. However, a number of authors have reported p-
type behavior and their results [11,12]. At the present stage of development of ZnO, it is likely
that some of these reports may be suspect due to the measurement and material-related issues
listed above. Now, we focused on nitrogen dopant, a typical method for producing ZnO by
reactive sputtering is to sputter a target where the nitrogen dopant is incorporated in the desired
stoichiometry depended on sputtering conditions. This technique, or variations thereof, was used
to attempt growth of ZnO doped with nitrogen thin films. The new optical functionally of

nitrogen incorporated ZnO thin films were expected in this research.

Table 3.2 The properties of ZnO thin films prepared by various growth techniques.

Deposition techniques Thickness () Substrate type  Ref.
RF sputtering 5200 diamond(111) (13]
RF sputtering 700-2000 p-type Si(001) [14]
Chemical vapour deposition (CVD) 10000 sapphire(0112) [15]
RF magnetron sputtering 10000 a-Al,0,(0001) [16]
Molecular beam epitaxy (MBE) 2300 a-Al,0,(0001) (171
Molecular beam epitaxy (MBE) 150 sapphire(0001)  [18]
Pulsed laser deposition(PLD) 5000 epi-GaN/sapphire  [19]
Metalorganic chemical vapor deposition 7600 Sio,/Si (20]
(MOCVD)

3.2 The growth techniques for ZnO

The early reports dealt with deposition of ZnO utilizing growth techniques such as
magnetron sputtering [13,14] and chemical vapor deposition (CVD) [15] however, the films were
mainly polycrystalline. Later attempts led to high-quality ZnO single crystal films prepared by rf
magnetron sputtering [16] and other growth techniques allowing a fine control over the deposition
procedure, such as molecular beam epitaxy (MBE) {17,18]. pulsed laser deposition (PLD) [19],
and metalorganic chemical vapor deposition (MOCVD) [20]. Table 3.2 compiles some of the

structural and electrical properties from ZnO samples grown by different techniques. The
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structural, optical and electrical properties of the ZnO thin film is critically related to the specific
growth technique employed and to the growth parameters used. In the following section, the

briefly on ZnO deposition techniques will be presented.

3.2.1 Pulsed laser deposition (PLD)

In the pulsed laser deposition (PLD) method, high-power laser pulses are used to
evaporate material from a target surface such that the stoichiometry of the material is preserved in
the interaction. As a result, a supersonic jet of particles (plume) is directed normal to the target
surface. The plume expands away from the target with a strong forward directed velocity
distribution of different particles. The ablated species condense on the substrate placed opposite '
to the target. A schematic diagram of the typical PLD system is shown in Fig. 3.2. The main
advantages of PLD are its ability to create high-energy source particles, permitting high-quality
film growth at low substrate temperatures, typically ranging from 200°C to 800°C, its simple
experimental setup, and operation in high ambient gas pressures in the 10*-10" Torr range.

Quartz Lens
(F~300mm)

——l r—‘ Lascr

Heater

me”

couple

Target

L] L

Fig. 3.2 Schematic of a pulsed laser deposition system [21].

For the growth of ZnO by PLD technique, usually UV excimer lasers (KrF: A =248 nm
and ArF: A = 193 nm) and Nd: yttrium aluminum garnet (YAG) pulsed lasers (A = 355 nm) are
used for ablation of the ZnO target in an oxygen environment. In some cases, Cu-vapor laser
emitting at A = 510-578 nm was also used for the same purpose [22]. Cylindrical ZnO tablets
made from pressed ZnO powder are usually used as targets. Single-crystal ZnO has been used to
grow high-quality ZnO thin films very recently. The properties of the grown ZnO films depend

mainly on the substrate temperature, ambient oxygen pressure, and lascr intcnsity.
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3.2.2 Molecular beam epitaxy (MBE)

The main advantage of molecular-beam epitaxy (MBE) is its precise control over the
deposition parameters and in-situ diagnostic capabilities. With the feedback from reflection high-
energy electron diffraction (RHEED), the growth mode of ZnO epilayers can be monitored in real
time dynamically. For ZnO thin film deposition by MBE, Zn metal and O, are usually used as the
source materials. High-purity Zn metal is evaporated from an effusion cell, where the cell
temperature can be varied to examine the effect of the Zn flux on the growth rate and material
properties. The oxygen radical beam, which can be generated by an electron cyclotron resonance
(ECR) [23] or a rf plasma source [17] is directed on the film surface to obtain high-oxidation
efficiency. When the O plasma is used, the chamber pressure during growth is in the 10° Torr
range. Nitrogen dioxide (NO,) was also utilized for MBE of ZnO on (0001) sapphire substrates to
keep the chamber pressure low in an‘;ﬁ:::)rt to protect sensitive filaments and heaters [24] but the
resultant crystal structures and the surface morphology were not satisfactory. Successful growth
of ZnO films by using hydrogen peroxide (H,0,) vapour as a source of active oxygen has also

been reported [25]. The schematic of MBE deposition system is depicted in Fig. 3.3.

To LN2 hop & diffusion pump

Fig. 3.3 Schematic of MBE deposition system [24].

3.2.3 Chemical-vapor deposition (CVD)

Among' other 'growth methods, chemical-vapour deposition (CVD) technology is
particularly interesting not only because it gives rise to high-quality films but also because it is
applicable to large-scale production. This technique is widely used in the fabrication of epitaxial

*films toward various GaN-based optoelectronic devices, and similar trend might be expected for
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future applications of ZnO. There are several modifications of this method depending on
precursors used. When metal-organic precursors are used, the technique is called metal-organic
chemical-vapour deposition (MOCVD), metal-organic vapor-phase epitaxy (MOVPE), or
organometallic vapor-phase epitaxy (OMVPE) [20]. The schematic of a typical CVD deposition
system is shown in Fig. 3.4.

In the CVD method, ZnO deposition occurs as a result of chemical reactions of vapour
phase precursors on the substrate, which are delivered into the growth zone by the carrier gas. The
reactions take place in a reactor where a necessary temperature profile is created in the gas flow
direction. For ZnO growth, MOCVD/MOVPE technique typically involves the use of metal
alkyls, usually dimethyl zinc [(CH,),Zn] (DMZn) or diethyl zinc [(C,H,),Zn] (DEZn) in
combination with a separate source of oxygen and argon or nitrogen as a carrier gas. In earlier
investigations, O, or H,O were used as oxygen precursors [26-28]. However, DEZn and DMZn
are highly reactive with oxygen and water vapour, so that severe premature reaction in the gas
phase occurs in the cold zone of the reactor, resulting in the formation of white powder, which
degrades the film quality. Nevertheless, great progress has been made in ZnO growth by MOCVD
recently. The improvement of the material quality is related to improved reactor design or the use
of less-reactive precursors, allowing one to minimize parasitic prereactions in the gas phase.
Stable metal-organic source of zinc acetylacetonate in combination with oxygen was successfully
used for the growth of high-quality ZnO films on sapphire substrates by atmosplteric pressure
MOCVD [29,30].

[Paltadivu
Puritler

o Pnesumatic Valve
[J eressurs Conrofier

D MassFlow Controller
ﬂ Pressure Sensor

Fig. 3.4 Schematic of a typical CVD deposition system.
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3.2.4 Radio frequency magnetron sputtering

One of the most popular growth techniques for early ZnO investigations was sputtering
such as dc sputtering, rf magnetron sputtering, and reactive sputtering. As compared to sol gel and
chemical-vapour deposition, the magnetron sputtering was a preferred method because of its low
cost, simplicity, and low operating temperature [31]. ZnO films grow at a certain substrate
temperature by sputtering from a high-purity ZnO target using a rf magnetron sputter system. The
gsrowth is usually carried out in the growth ambient with O,/Ar+O, ratios ranging fromOto | ata
pressure of 10°-10" Torr range. O, serves as the reactive gas and Ar acts as the sputtering
enhancing gas. ZnO can also be grown by dc sputtering from a Zn target in an Ar+O, gas mixture.
The rf power applied to the plasma is tuned to regulate the sputtering yield rate from the ZnO
target. For these experiments, the target is pre-sputtered for 5-15 min before the actual deposition
begins to remove any contamination on the target surface, make the system stable, and reach
optimum condition.

Although most of the earlier sputtered materials were polycrystalline or even amorphous,
some important accomplishments were reported. Upon increasing the O/Ar+O, ratio in the
growth ambient, the visible emission was drastically suppressed without sacrificing the band-edge
emission intensity in the ultraviolet region. This tendency is attributed to the reduction of the
oxygen vacancies and zinc interstitials in the film induced by the improvement of the
stoichiometry, indicating that the visible emission in ZnO originates possibly from oxygen
vacancy or zinc-interstitial-related defects. A more advanced sputtering technique utilizes
electron cyclotron resonance (ECR) source to supply the power to the plasma, as shown in
Fig.3.5. The advantage of the ECR sputtering system is that it enables the production of highly
jonized plasma under low gas pressures. The ZnO films deposited by ECR sputtering exhibited a

high electrical resistivity and good piezoelectric and optical properties [32,33].
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Uagnet Substrate

Specisen Chasber

Fig. 3.5 A typical ECR sputtering apparatus [32].
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3.3 The properties of ZnO
Zinc (IT) oxide is a chemical compound with formula ZnO, which is a binary compound
semiconductor from group II-VI, its ionicity is at the boundary, is between the covalent and ionic

semiconductors. Table 3.2 summarizes the most significant properties of ZnO [34-36].

Table 3.3 Physical properties of a ZnO single crystal.

Crystal system 6mm (wurtzite)

Space group P6, mc

Lattice constant a=b=3253A,c=5211 A[38]
Sublimation point 1975 +25 °C

Optical transparency 0.4-2.5mm

Optical band gap energy ~3.2 eV (RT) [35] and ~3.44 eV (4 K) [36]
Refraction index n, = 1.9985, n, = 2.0147 (A = 6328 A)
Thermal-expansion coefficient o, =40,0,,=2.1 (104 /°C)

3.3.1 Crystal structures

Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)

Fig. 3.6 Stick and ball representation of ZnO crystal structures: (a) cubic rocksalt (B1), (b) cubic
zinc blende (B3), and (c) hexagonal wurtzite (B4). The shaded gray and black spheres

denote Zn and O atoms, respectively.

Most of the group-1I-VI binary compound semiconductors crystallize in either cubic zinc-

blende or hexagonal wurtzite structure where each anion is surrounded by four cations at the
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corners of a tetrahedron, and vice versa. This tetrahedral coordination is typical of sp3 covalent
bonding, but these materials also have a substantial ionic character. ZnO is a 1I-VI compound
semiconductor whose ionicity resides at the borderline between covalent and ionic
semiconductor. The crystal structures shared by ZnO are wurtzite (B4), zinc-blende (B3), and
rocksalt (B1), as schematically shown in Fig. 3.6. At ambient conditions, the thermodynamically
stable phase is wurtzite. The zinc-blende ZnO structure can be stabilized only by growth on cubic
substrates, and the rocksalt (NaCl) structure may be obtained at relatively high pressures. From
the crystal structure point of view, the wurtzite structure has a hexagonal unit cell with two
hexagonal lattice parameters, a and c, in the ratio of ¢/a = (8/3)""=1.633 and belongs to the space
group of P6, mc. A schematic representation of the wurtzite ZnO structure is shown in Fig. 3.7.

In an ideal wurtzite structure, the structure is composed of two interpenetrating hexagonal
close-packed (hcp) sublattices, each of which consists of one type of atom displaced with respect
to each other along the threefold c-axis by the amount of u=3/8 = 0.375 in fractional coordinates,
which u parameter is defined as the length of the bond parallel to the ¢ axis, in units of c. Each
sublattice includes four atoms per unit cell and every atom of one kind (group II atom) is
surrounded by four atoms of the other kind (group VI atom), or vice versa, which are coordinated

at the edges of a tetrahedron.

[0001]

Fig. 3.7 Schematic representation of a wurtzite ZnO structure having lattice constants a in the
basal plane and ¢ in the basal direction; u parameter is expressed as the bond length or
the nearest-neighbour distance b divided by c (0.375 in ideal crystal), and o and 3

(109.47° in ideal crystal) are the bond angles.



38

In a real ZnO crystal, the wurtzite structure deviates from the ideal a.rrangement, by
changing the c/a ratio or the u value. It should be pointed out that a strong correlation exists
between the c/a ratio and the u parameter in that when the c/a ratio decreases, the u parameter
increases in such a way that those four tetrahedral distances remain nearly constant through a
distortion of tetrahedral angles due to long-range polar interactions. These two slightly different

bond lengths will be equal if the following relation holds by:

2
u=(%)[a—2J+:11-, 3.1
c

Since the c/a ratio also correlates with the difference of the electronegativities (EN) of the two
constituents, components with the greatest differences show the largest departure from the ideal
c/a ratio [37]. The stable phase of ZnO is hexagonal wurtzite crystal structure is depicted in Fig.
3.8. The stable hexagonal wurtzite ZnO structure has lattice constants a =b = 3.253 A, c=5211

A and the ratio c¢/a = 1.602 [38].

POLAR ZINC SURFACE
fooo(
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POLAR
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Qions @Zn ions

Fig. 3.8 The wurtzite lattice of ZnO: small circles represent the zinc atoms, while large circles

depict oxygen atoms [38].
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3.3.2 Electronic band structure of ZnO

The band structure of a given semiconductor is pivotal in determining its potcntial utility.
Consequently, an accurate knowledge of the band structure is critical if the semiconductor in
question is to be incorporated in the family of materials considered for device applications.
Several theoretical approaches of varying degrees of complexity have been employed to calculate
the band structure of ZnO for its wurzite, zinc-blende, and rocksalt polytypes. Besides, a number
of experimental data have been published regarding the band structure of the electronic states of
wurtzite ZnO. X-ray or UV reflection/absorption or emission techniques have conventionally
been used to measure the electronic core levels in solids. These methods basically measure the
energy difference by inducing transitions between electronic levels, such as transitions from the
upper valence-band states to the upper conduction-band states and from the lower valence-band
states or by exciting collective modes, such as the upper core states to the lower edge of the
conduction band and to excitations of plasmons. Another important method for the investigation
of the energy region is based on the photoelectric effect extended to the X-ray region, namely,
photoelectron spectroscopy (PES). The peaks in emission spectrum correspond to electron
emission from a core level without inelastic scattering, which is usually accompanied by a far-
less-intense tail region in the spectrum. More recently, angle-resolved photoelectron spectroscopy
(ARPES) technique has started to be used. This technique together with synchrotron radiation
excitation has been recognized as a powerful tool that enables experimental bulk and surface
electronic band-structure determinations under the assumptions of k conservation and single
nearly-free-electron-like final band [39]. After the theoretical work on band-structure calculation
of ZnO proposed by Réssler using Green’s function, namely as Korringa-Kohn-Rostoker (KKR)
method [40]. In the following years, LDA and tight-binding methods were employed [41-44] by
considering the Zn 3d states as core levels to ease calculations. A bulk band structure along the
iligh symmetry lines in the hexagonal Brillouin zone is shown for ZnO in Fig. 3.9. The band
structure was generated theoretically using an empirical tight-binding Hamiltonian [43].

From the band structure is shown on the left hand side of Fig. 3.9, the six valence bands can
be seen between -6 eV and 0 eV. These six valence bands correspond to the oxygen’s 2p orbital
that contribute to the band structure. Below -6 €V at about -20 eV the valence band terminates
with the oxygen’s 2s core like state. The corresponding density of states (DOS) is shown on the

right hand side of Fig. 3.9. From this figure it is clear that most of the electrons are located close
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to the valence band edge. According to this model, the optical band gap can be specified between

the I, and [ ; with a value of about 3.3 eV.
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Fig. 3.9 Band structure for ZnO for various high-symmetry lines (left). On the right hand side,
the density of states (DOS) is shown. The shading between the two graphs characterizes
the different band groups. The zero in the graphs is taken as the valence band upper

edge [43].

3.3.3 Mechanical properties of ZnO

The mechanical properties of materials involve various concepts such as hardness,
stiffness, and piezoelectric constants, Young’s and bulk moduli, and yield strength. In hexagonal
crystals, there exist five independent elastic constants: C,,, C;;, C,;, C,;, and C,,. Elastic constants
C, and C,; correspond to longitudinal modes along the [1000] and [0001] directions,
respectively. Elastic constants C,, and Cy = (C,,-C,,)/2 can be determined from the sound
velocity of transverse modes propagating along the [0001] and [1000] directions, respectively.
The remaining constant C,; is present in combination with four other moduli in the velocity of
modes propagating in less symmetrical directions, such as [0011]. The bulk modulus is related to

the elastic constants by {45]:

B= (C+C)C55 = 2C123 , (3.2)
Cu + ClZ + 2C33 - 4C|3
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Although the wurtzite ZnO crystal is acoustically anisotropic, there is only a very small
difference between the shear sound velocities v;,, and V;,, propagating along the [001] and [100]
directions, respectively (V;,,/ Vi, = 0.98). In the isotropic approximation, the Young modulus (£)
and shear modulus (G) can also be evaluated using the relations E = 3B(1-2V) and G = E2(1+Vv),
respectively. The term v is the Poisson ratio and is given by v=C,,/ (C,+C,,). It has been argued
that the most precise technique used to determine the elastic moduli of compound materials is
ultrasonic measurement, which requires thick single crystalline samples, about 1 c¢m thick, to
enable precise measurement of the time required for the plane-wave acoustic pulses to propagate
through the crystal. The quasi-longitudinal and quasi-shear wave velocities can be used in the

following equation to calculate C,, [46]:

1
Ciy =———— (e = PV )y - PV*) = Cas, (3.3)
cosasina
where, for hexagonal symmetry,
Ay, =C,cos’a+C,sin’a, (3.42)
Ay =Cycos’a+Cysin’ a, (3.4b)

Here, « is the angle between the propagation direction and the c-axis, o is the mass per unit
volume, and ¥ is either the quasi-longitudinal or the quasi-shear velocity.

Among the tetrahedrally bonded semiconductors, it has been stated that ZnO has the
highest piezoelectric tensor or at least one comparable to that of GaN and AIN [47]. This property
makes it a technologically important material for many applications, which require a large
electromechanical coupling. The piezoelectric tensor has three independent components in
hexagonal wurtzite phase and one (e,,) in the cubic zinc-blende phase, which characterize the full
piezoelectric tensors of such crystals [48]. Two of these components in wurtzite phase measure
the polarization induced along the c-axis, at zero electric field, by a uniform strain either along the

c-axis or in the basal plane. The relevant relationship is [49]

plezo _
PP =eye. ey €, (3.5)
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where £,and &, are the strain along the c-axis and in the basal plane, respectively. The e;; and
e,, are the piezoelectric coefficients. The third independent component of the piezoelectric tensor,
e,s, describes the polarization induced by a shear strain which is usually neglected for simplicity.
The sign of the piezoelectric tensor is generally fixed assuming that the positive direction along
the c-axis goes from the cation to the anion.

The natural structure of ZnO is wurtzite, which has a low-symmetry, resulting in the
existence of spontaneous polarization along the c-direction. However, the absolute value of the
spontaneous polarization in a non-ferroelectric material has never been directly measured, while
one invariably measures the polarization derivatives. In semiconductors, the spontaneous
polarization may be deduced by investigating the two-dimensional electron gas and the red shift
of the transitions in quantum wells, indirectly. From the theoretical point of view, there have been
some efforts in determining the value of the spontaneous polarization in ZnO. One conventional
approach is to define the spontaneous polarization of a low-symmetry crystal (wurtzite) as the
polarization difference with respect to a high-symmetry structure (zinc-blende) of the same
material. The spontaneous and piezoelectric polarization in ZnO have been studied theoretically
by a number of groups and compared with a few available indirect experimental results. Dal
Corso et al. [47] demonstrated the feasibility of ab initio studies of piezoelectricity within an all
electron scheme. A comparative analysis was performed in order to understand the microscopic
origin of the particular behaviour of ZnO. They have concluded that the piezoelectric effect
results from two different contributions of opposite signs, which were referred to as the clamped
jon and internal strain. It has been shown that the large piezoelectric tensor of ZnO is due to the
low value of its clamped ion contribution. Besides, the piezoelectric tensor is dominated by the
internal relaxation of anion and cation sub-lattices induced by the macroscopic strain, Later, the
piezoelectric tensor in ZnO has been calculated by using various techniques such as plane-wave
analysis, ultrasoft pseudopotentials, and a generalized-gradient-approximation Hamiltonian, an
all-electron basis set and HF Hamiltonian. The values of e, and e,, were reported in the range of:

0.39-0.66 and 0.92-1.30 C/m’, respectively [47,49,50-54].

3.3.4 Thermal properties of ZnO
There are three key parameters of thermal properties of ZnO; thermal-expansion
coefficients, thermal conductivity and specific heat. First one is thermal-expansion coefficients,

which are defined as Aa/a or o, and Ac/c or o, for in-plane and out-of-plane cases, respectively.
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They are dependent on stoichiometry, presence of extended defects, and free carrier
concentration. The temperature dependence of the lattice constants a and ¢, and the thermal-
expansion coefficients of hexagonal ZnO have been determined by the capacitive method [55].
Han et al. {56] studied thermal properties of ZnO films prepared by rf magnetron sputtering on Si
and GaAs substrates. Thermal stresses were determined by using the bending beam technique
where the specimens were thermally cycled from 250 to 400 °C. They investigated the thermal-
expansion coefficient as a function of some growth parameters, such as substrate temperature and
sputtering power. It has been observed that the thermal-expansion coefficient increases about
37% from 5x10° to 8x10° 1/°C within the temperature range of 250 to 400 °C. Aoumeur ef al.
{57] calculated the thermal-expansion coefficient for both the zinc-blende and rocksalt phases of
Zn0 using a molecular dynamics simulation based on Tersoff’s potential. They found that o =
1.24x10° X' for the zinc-blende and ot = 0.16x10° K ' for rocksalt structures.

The second, thermal conductivity (&), which is a kinetic property determined by the
contributions from the vibration, rotation and electronic degrees of freedom, is an extremely
important material property when high-power or high-temperature electronic and optoelectronic
devices are considered. For pure crystals, phonon-phonon scattering, which is ideally proportional
to T' above the Debye temperature, is the limiting process for thermal conductivity. The heat
transport is predominantly determined by phonon-phonon scattering by point and extended
defects, such as vacancies and impurities. As for other semiconductors, due to their imperfection,
point defects play a significant role in the thermal conductivity of ZnO. The lattice contribution as

phonon scattering to the thermal conductivity is obtained from the kinetic theory as [58]

Klamu (T) = %V, Clalllce (T)L(T )a (3 6)

where T is the temperature, V, is the velocity of sound, C,,,.(T) is the lattice specific heat, and

attice
L(T) is the phonon mean free path. In almost all materials, x(7) first increases with temperature,
reaches a maximum (x,_, ) at some characteristic temperature 7, and then decreases. At low
temperatures L is relatively long and is dominated by extrinsic effects such as defects, crystal size
and C,, (T)~ (T76,)’, where 8, is the Debye temperature. As the temperaturc increases, Cp.(T)
begins to saturate and intrinsic temperature-dependent processes become dominant, thus causing a
decrease in L. For the electronic contribution to the thermal conductivity which is negligible for

. . 19 -3 .
carrier concentrations lower than 10 ¢m ™ is [59]
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ﬂz‘ nk;TTeIzclr (37)
3m.

K otectronic (T) = s
c
where n is the carrier density, &, is the Boltzman constant, 7, is the scattering time of the
electrons, and m_* is the conduction-band effective mass. The overall thermal conductivity
generally decreases with increasing carrier concentration, because the decrease in the lattice
component of x due to increased phonon scattering from both the impurities and free electrons
outweighs the increase in the electronic contribution to x [60].

The last one, the specific heat of a semiconductor has contributions from lattice vibrations,
free carriers, and point and extended defects. For a good quality semi-insulating crystal, the
specific heat is determined mostly by the lattice vibrations. Lawless et al. [61] investigated the
specific heat for both pure and varistor types of ZnO samples between the temperature ranges of
1.7 to 25 K, where the latter has an average grain size of 10 pm. The specific heat data for pure
ZnO were further analyzed by considering two non-Debye features at different temperature

regions according to C = Cp,, , + Copouy T €

Einstei?

are the Debye,

instei

where C, ., Couy and Cg
Schottky, and Einstein terms of the total specific heat of ZnO, respectively. In general, the Debye
expression for the temperature dependence of specific heat in a solid at a constant pressure can be

expressed as

. 3

T ~ x'e*

C =18R| — dx, (3.8)
petre (90) ‘[ (" -1

where x, = 6,/T and R = 8.3144 J/mol.K is the molar gas constant. The coefficient in front of
the term R has been multiplied by 2 to take into account the two constituents making up the
binary compound. By fitting the measured temperature-dependent heat capacity to the Debye
expression, one can obtain the Debye temperature &, specific to the heat capacity. It is often
easier to extract a Debye temperature using data either near very low temperatures or well below

the Debye temperature where the specific heat has a simple cubic dependence on temperature:

3
C pepye =234 R(I_) , (3.9)

D
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The latter, the Einstein term has an exponential dependence and is given by:

6, 6
CEinsleln = 3RrE (75_) exp(_ TE.)’ (3 l 0)

where r, is the number of Einstein oscillators per formula weight and 6, is the Einstein

temperature. The Schottky term has a 7’ dependence and is expressed by:
Csehauay = bT ™" 3.11)
where b = nR(cfi’Z)2 (n = r, is assumed) is the Schottky coefficient.

3.3.5 Electrical properties of ZnO

« Owing to direct and wide band gap material, ZnO is attracting a lot of attention for a
variety of electronic and optoelectronic applications. Advantages associated with a wide band gap
include higher breakdown voltages, ability to sustain large electric fields, lower noise generation,
and high-temperature and high-power operation. The electron transport in semiconductors can be
considered for low and high electric fields from two main reasons. Firstly, at sufficiently low
electric fields, the energy gained by the electrons from the applied electric field is small compared
to the thermal energy of electrons, and therefore, the energy distribution of electrons is unaffected
by such a low electric field. Since the scattering rates determining the electron mobility depend on
the electron distribution function, electron mobility remains independent of the applied electric
field, and Ohm’s law is obeyed. Secondly, when the electric field is increased to a point where the
energy gained by electrons from the external field is no longer negligible compared to the thermal
energy of the electron, the electron distribution function changes significantly from its
equilibrium value. These electrons become hot electrons characterized by an electron temperature
larger than the lattice temperature. Furthermore, as the dimensions of the device are decreased to
submicron range, transient transport occurs, when there is minimal or no energy loss to the lattice
during a short and critical period of time, such as during transport under the gatc of a field-effect
transistor or through the base of a bipolar transistor. The transient transport is characterized by the
onset of ballistic or velocity overshoot phenomenon. Since the electron drift velocity is higher
than its steady-state value, one can design a device operating at frequencies exceeding those

expected from linear scaling of dimensions.



46

Hall effect is the most widely used technique to measure the transport properties and
assess the quality of epitaxial layers. For semiconductor materials, it yields the carrier
concentration, its type, and carrier mobility. More specifically, experimental data on Hall
measurements over a wide temperature range of 4.2 to 300 K provide quantitative information on
impurities, imperfections, uniformity, scattering mechanisms. The Hall coefficient and resistivity
(p) for n-type conduction are experimentally determined and then related to the electrical
parameters through R, = r,/ne and p,, = R,/p, where n is the free-electron concentration, e is the
unit electronic charge, 4, is the Hall mobility, and r,, is the Hall scattering factor which is
dependent on the particular scattering mechanism. The drift mobility is the average velocity per
unit electric field in the limit of zero electric field and is related to the Hall mobility through the
Hall scattering factor by x4, = r,u. The Hall scattering factor depends on the details of the
scattering mechanism, which limits the drift velocity. As the carriers travel through a
semiconductor, they encounter various scattering mechanisms that govern the carrier mobility in
the electronic system. The major scattering mechanisms that generally govern the electron
transport in III-V semiconductors are also valid for ZnO. They are briefly listed as follows.

(1) lonized impurity scattering is due to deflection of free carriers -by the long-range
Coulomb potential of the charged centers caused by defects or intentionally doped
impurities. This can be thought as a local perturbation of the band edge, which
affects the electron motion.

(2) Polar LO-phonon scattering is caused by the interaction of a moving charge with an
electric field induced by electric polarization associated with lattice vibration due to
the ionic nature of the bonds in a polar semiconductor.

(3) Acoustic-phonon scattering through deformation potential arises from the energy
change of the band edges induced by strain associated with acoustic phonons, where
the scattering rate increases with the wave vectors of the phonons.

(4) Piezoelectric scattering arises from the electric fields that are produced by the strain
associated with phonons in a crystal without inversion symmetry.

(5) If the density of dislocations and native defects are high in a semiconductor,
dislocation scattering and scattering through defects are also considered as possible
scattering mechanisms. Dislocation scattering is due to the fact that acceptor centers
are introduced along the dislocation line, which capture electrons from the

conduction band in an n-type semiconductor. The dislocation lines become
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The film transmittances in the UV-Visible range (300-1100 nm) were measured in
different nitrogen-argon mixed flow rate and film thickness. The transmittance for the ITON films
deposited at the different nitrogen-argon mixed plasma in the sputtering process was shown in
Fig. 6.15, along with the transmittance of the glass substrate as the baseline. The most important
results in the transmission spectra of ITON films, the fundamental absorption edge shifts toward
longer wavelength side with increasing nitrogen flow rate into the sputtering process. The
absorption coefficients were calculated from the transmission spectra results using unconstrained
minimization algorithm [23]. To determine the absorption edge energy or optical band gap energy
(E,,) of the films, the famous method where the absorption edge energy of ITO is evaluated in
standard manner from a plot of o’ as function the emergy of the incident radiation and

extrapolated the linear part of the curve to intercept the energy axis.
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Fig. 6.15 Transmission spectra of the films prepared at various N, flow rate ratios in nitrogen-
argon (N,: Ar) mixed which are fed into the sputtering chamber, the maximum flow

rate of argon is 10 sccm (sputtering pressure ~3.0x10° mbar); ITO(0:10), 30%(3:7),
50%(5:5), and 100%(10:0), all films have thickness of 1000 nm.

The relationship between E_, and the nitrogen flow rate in sputtering process is showed in
Fig. 6.16, indicate the E , decreased from 3.35 to 2.21 eV with increasing nitrogen flow rate from
2 to 10 sccm. The observed red shift in transmittance, and consequently the decrease of the
optical band gap (Eop‘) of ITON, could be explained by the difference in ionicity between In-Sn-O

and In-Sn-N bonds. According to the Pauling theory [24], ionicity in an ionic bond increases with
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the difference in values of electron negativity between two elements formed the single bond. The
electron negativity of O (3.5) is larger than that of N (3.0), which indicates that the In-Sn-O bond
has larger ionicity than the In-Sn-N bond. The decrease in E_, is probably attributed to the
decrease in ionicity due to the formation of In-Sn-N bonds. Thus, the shift of optical band gap
observed for the ITON films is possibly related to basic structural changes, which take place with

the introduction of nitrogen into the film.
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Fig. 6.16 The relationship between optical band gap and the various N, flow rate ratios in
nitrogen-argon (N,: Ar) mixed gas, which are fed into the sputtering chamber, the
maximum flow rate of argon is 10 sccm (sputtering pressure ~3.0x10° mbar);

ITO(0:10), 30%(3:7), 50%(5:5), and 100%(10:0), all films have thickness of 1000

nm.

Fig. 6.17 Camera image of approximately 1 pm thick ITON films reflecting their high optical
transparency and its color, a) ITO (0:10sccm), b) ITON (3:7 sccm), ITON (5:5 sccm)
and ITON (10:0 sccm).
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As the results, the films colours were changing from clear to brown depend on the nitrogen
flow rate conditions as shown in Fig. 6.17. Furthermore, it became also apparent that the
properties of the ITON films depend not only on the amount of nitrogen in plasma but also on the

amount of nitrogen in the structure and consequently on the rf power used in sputtering process.

6.3.2 Effect of rf sputtering power on the properties of ITON

Due to the previous experimental on effect of gas flow rate, the nitrogen incorporated ITO
thin films were deposited by various of gas flow rate conditions at fixed rf power of 30 W. As the
results indicated that the optical band gap shift was depended on the amount of nitrogen
incorporated into ITO thin films. Hence, the rf power is another one significant parameter in the
sputtering process. Then we were studied focus on the effect of rf power on the optical properties
of ITON by different sputtering rf power condition of 30, 50, 70, 100 and 150 W. The
transmission spectra of all films are shown in Fig. 6.18. The transmittance in the UV-Visible
range (300-1000 nm) for the ITON films deposited at the five different rf power conditions, along
with the transmittance of the glass substrate. The films after deposition showed different
transmittance. When increasing the rf power from 30 W to 100 W, the transmittance of the ITON
films were decreasing, and the most important change by increasing rf sputtering power was the
shift of the onset of transmittance to higher wavelength. But the high rf sputtering power at 150

W, the transmittance curve was shifted to lower wavelength.
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Fig. 6.18 Transmission spectra of the ITO films prepared at various rf power of (a) 30, (b) 50,
(c)70, (d) 100 and (e) 150 W, all films have thickness of 1000 nm.
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The observed red shift in transmittance, and consequently the decrease of the optical band gap of
ITON films, can be explained by the effect of more nitrogen incorporated in the structure of the
ITON films by increased rf sputtering power. The critical value of rf sputtering power is 100 W
for maximum red shift phenomenon, and then it will be changed to higher wavelength when
increasing the rf sputtering power of 150 W. Thus, the lower band gap observed for the ITON
films (30, 50, 70 and 100 W) were possibly related to basic structural changes, which take place
with the introduction of nitrogen into the films. However the excess rf sputtering power is
affected to amount of nitrogen incorporated in ITON films. The sputtered ITON film by rf
sputtering power of 150 W was showed the blue shift in transmittance. Furthermore, it became
alsb apparent that the properties of the ITON films depend not only on the amount of nitrogen in
plasma (nitrogen flow rate) but also on the amount of nitrogen in the structure and consequently

on the rf power used.

6.3.3 Effect of film thickness on the properties of ITON

The film thickness of ITON was directly effect to the optical properties by the absorption
phenomenon. In other hand, the increase of film thickness was also increasing the resistivity, due
to the increasing of nitrogen incorporated into ITO. The transmittance spectra of ITON thin films h
with different thickness of 200, 400, 600, and 1000 nm are shown in Fig. 6.19. The calculated
optical band gap was shifted to lower photon energy with thickness increasing. This result is good

agreement to the absorption model [25].
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Fig. 6.19 Transmission spectra of the ITON prepared at various film thickness of 200, 400, 600,

and 1000 nm.
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6.4 Chapter summary

In this chapter, we first studied with in doped indium oxide (ITO) thin film deposition.
ITO is one material, which used to TCOs in many devices application. The two requirement
properties of ITO are low resistance and high transmittance. Achievement of the lowest possible
resistivity is of practical significance in the respect that it provides some flexibility in selecting
the film thickness in order to achieve high optical transmission while still retaining low sheet
resistance. However, transparency in the visible region is strongly affected by the electrical
properties of the film as well. For that reason, we deposited ITO thin films on cleaned glass
substrate by the special technique with a conventional rf magnetron sputtering system, namely
gas-timing technique. The focus properties of all the samples thin films were investigated. The
enhanced optical property of ITO was consequently approached, which introduced nitrogen to
ITO to from ITON thin films. The crystalline structure, morphology, nitrogen incorporated state,
sheet resistance and optical band gap energy of the samples were characterized by XRD, XPS,
FE-SEM, four-point probe and UV-Visible spectroscopy, respectively.

Now we successfully fabricated high quality ITO thin films on unintended-heat glass
substrate by gas-timing rf magnetron sputtering. As the experimental results, the ITO films grown
at very low rf power but still obtained theirs important properties. Therefore, we also fabricated
ITO thin film on other substrate such as plastic and some organic material. For indium tin
oxynitride (ITON) thin films, we had shown that by introducing nitrogen (N) into the argon (Ar)
plasma during the deposition of the ITO by rf sputtering, the properties of the deposited (ITON)
thin film were very much dependent on the amount of nitrogen in the plasma during deposition. It
was found that there was a significant improvement of the optical properties of oxynitride films
deposited in pure N plasma when compared to the respective properties of both the ITON film
fabricated in a mixture of Ar-N gases and the ITO film deposited in pure Ar plasma.

We concluded that there was a significantly variation of the optical properties of ITON
films deposited on glass in mixed N,-Ar plasma (identify by nitrogen fraction) when compared to
the respective properties of the ITO film deposited in pure Ar plasma. The absorption coefficients
are calculated from the transmission spectra to determine the optical band gap energy. The
absorption edge of the ITON films deposited in pure N, plasma was shifted towards lower
energies to 2.21 eV from 3.35 eV (ITO deposited in pure Ar plasma). The sheet resistance of
films also rises from ~15 to ~34 ohm/square when the N, concentration increases. It is believed

that the incorporation of more nitrogen into the film could tailor the optical and keep electrical
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properties of the ITON films. As the final point, ITON is a promising conductive optically

functional material that can use as a novel optical filter in near UV to visible region.
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CHAPTER 7

GROWTH AND CHARACTERIZATIONS OF

ZnON THIN FILMS

7.1 Introduction

Zinc oxide (ZnO), one of the most important binary II-VI compounds, is a direct wide band
gap semiconductor of wurtzite structure. Its minimum energy gap is ~3.2 eV at room temperature
and ~3.44 eV at 4K [1,2]. The remarkable properties of ZnO are large bond strength, good optical
quality, extreme stability of excitons, and excellent piezoelectric properties. Consequently, ZnO
has been actively studying in various fields, with potential applications in many technological
domains, such as transparent conducting electrodes in display devices and solar energy cells,
surface and bulk acoustic wave devices (SAW), optical-wave guide and acoustic-optical devices,
and light-emitting diodes (LEDs) and laser diodes (LDs) [3-8]. Another advantage of zinc oxide
relative to other materials is its low price, placing it as a strong candidate for industrial
applications. A number of techniques have been employing for fabricating ZnO thin films,
including chemical vapor deposition, sol-gel, spray-pyrolysis, molecular beam epitaxy, pulsed
laser deposition, vacuum arc deposition, and magnetron sputtering [9-15). Nonetheless, there
remain difficulties in growing stable and high quality ZnO films. One of the most important
deposition techniques for ZnO thin films is the rf plasma sputtering, which permits deposition at
low temperature, and gives better adhesion, larger coverage and higher film density than other
methods. However, the quality of the films regard to the crystal structure depends strongly on the
sputtering conditions, such as rf power, sputtering pressure and target-to-substrate distance. By
making minor modifications to a conventional sputtering system, we have demonstrated a new
sputtering technique, called gas timing, whereby sputtering or doping gases are controlled
periodically by an on-off sequence during the sputtering deposition. This technique obtained high
quality crystalline thin films at low rf power and at ambient temperature.

In the current state of ZnO, Ozgur et al. [16] distinguish the numerous researches in five
challenge ways. The first one is studying on the defects of ZnO in order that it effected to the
optical transition in ZnO. The second one is focusing on the I-group or V-group element doped

ZnO to from a high stability p-type ZnO. The third one is dealing with the ZnO-based dilute
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magnetic semiconductor such as (Zn,Mn)O, (Zn,Co)O and (Zn,V)O. The fourth one is studying
on the band-gap engineering based ZnO alloys such as Mg,Zn, O and Cd,Zn, O. The newest
research is growing and investigating on nanostructures of ZnO such as nanowires, nonorods,
combs and tubes structure and nanopropeller.

In particular, a zinc-oxide-nitride system was demonstrated to be an optically functional
material, in which the optical band gap can be tuned within a broad energy range (2.3-3.3 eV) by
controlling the nitrogen doping level [17). Zinc oxynitride (ZnON) thin film can be fabricated by
various techniques. Plasma sputtering is one of the most promising techniques for the ZnON films
because of its capability for large-area deposition, low-temperature processing, and controllable
nitrogen incorporation into the films.

Here we report on the fabrication of ZnO and ZnON thin films on glass substrate by pure
argon and nitrogen reactive gas-timing rf magnetron sputtering of a ceramic ZnO target. The
substrates remained at room temperature during the deposition. The structural properties, the
nitrogen doping levels, and the optical band gaps of the ZnON thin films were investigated with

regard to the sputtering parameters, i.e., the sputtering gas flow rate and rf power.

7.2 Experimental results and discussions of ZnO

7.2.1 Substrate cleaning process
In order to obtain high quality film, it is necessary to clean the substrate thoroughly. Since
the condition of substrate surface would influent the quality and adhesion of deposited thin films.
The glass slides (Superior W. Germany) be use to the substrate for all deposited thin films in this
study. The glass substrate cleaning process is as below,
1) Wash the glass surface with detergent solution for 15 minutes in ultrasonic bath
cleaner.
2) Rinse with water.
3) Etch the oxide and contamination on the surface with standard piranha solution (3:1
mixture of H,SO, (95%) and H,0, (30%) by volume) for 30 minutes.
4) Rinse in deionized (DI) water for 20 minutes.
5) Deep rinse in deionized (DI) water for 30 minutes in ultrasonic bath cleaner.
6) Dry out the surface with nitrogen gas.

7) Bake the substrates in oven at 120 °C for 30 minutes.
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Prior to set up the glass substrate on the substrate holder in sputtering chamber, the cleaned
glass substrates were purge with nitrogen gas again. Two thickness-verification purpose samples
were marked with a strip of an aluminum tape on the surface, which placed one at the central and
other one at the peripheral of the substrate holder. After sputtering process, the removal of
aluminum tap was performed the measurable mark on the sample. The thickness of thin films had
determined by physical stylus profilometer, and compared to the film thickness value from the

sputtering thickness monitor.
7.2.2 ZnO thin films growth without gas-timing

7.2.2.1 Sputtered ZnO thin film in Ar plasma

The ZnO sputtering deposition was conducted with an Edwards AUTO 500 plant equipped
with a rf magnetron sputtering set. A compound .ceramic zinc oxide (99.999% impurity) from
Kurt J. Lesker was used as a target material with a diameter of 3 inch. The substrate holder has an
ambient temperature during the sputtering process. The main adjustable process parameters were
the rf power and the sputtering gas pressure. A quartz crystal microbalance was employed to
monitor film thickness during deposition. The chamber was evacuated down to 5.0x10” mbar.
The target-substrate distance was 50 mm. The design of experiment is required with first two-
point as no rf reflected and achieved the high crystallinity, which Ar purity of 99.999% was used
as a plasma gas to bombard the target with rf power in range of 30 to 120 W. The flow rate of Ar
was varied of 9 to 16 sccm and the film growth rates were recorded. The excess ions in the
chamber may collies each other affected to the decreasing of sputtering yield so the thin film
growth rate was decreased when the flow rate of Ar increased and inversely in case of rf power
increased at fixed Ar flow rate. From this experiment, the Ar flow rate of 9 sccm was selected
because the plasma is stable with no rf reflection effect during the process. The comparison of
sputtered ZnO thin films by gas-timing and without gas-timing is significant on film resistance.
The gas-timing sputtered ZnO film has film resistance in range of 50-100 ohm but the other one is

actually insulator film.

7.2.3 ZnO thin films growth with gas-timing
An on-off gas-timing sequence was used to control the flow of argon into the sputtering

chamber. This was realized by a mass flow controller with an external control program. The flow
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rate of argon during the ‘on’ sequence was fixed at 9 sccm. Figure 7.1 depicts the gas-timing

sequence of argon gas that flows for 50 seconds then stops for 2 seconds.
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Fig. 7.1 Schematic representation of the 50:2 on-off gas-timing sequence of argon during
sputtering deposition with a flow rate of 9 sccm (on) for 50 seconds and zero flow (off)

for 2 seconds.

Table 7.1 Sputtering conditions used for deposition of ZnO thin films

Deposition parameters Conditions
Base pressure 5.0x10” mbar
RF power 30, 50, 80, 120 Watt
Substrate-target distance 50 mm
Sputtering pressure 2.8x10” mbar, argon gas activated
Ar flow rate 9, 12, 14, 16 sccm
Ar Gas-timing (on:off) 30:2, 40:2, 50:2, 60:2 seconds

The summaries of rf plasma sputtering conditions are listed in Table 7.1. The thickness of
the deposited ZnO thin films were all set at 200 nm. After the sputtering process, the film
thickness was measured by a profilometer (TENCOR, Alphastep 500). The crystallinity of the
films was investigated by x-ray diffractometer (Bruker, D8) using CuKa with the radiation
wavelength (A) of 0.154056 nm. The optical transmittance spectroscopy was performed with a
single beam UV-Visible spectrophotometer (Thermo electron corporation, Heliosy). The RMS
roughness and the surface morphology of films were measured by the Atomic Force Microscope

(Seiko, SPA-400).
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7.2.3.1 Effect of gas-timing on the properties of ZnO

For structural studies, the crystalline structure of the deposited films was investigated by
the XRD technique. The XRD patterns of ZnO thin films deposited at different gas-timing
sequences and rf powers indicate the difference in the crystalline quality. At the optimized argon
gas-timing sequence of 50:2 seconds, the highest peak intensity for the (002) plane oriented
wurtzite structure has been observed, as shown in Fig. 7.2. A possible mechanism for this
enhancement in the crystallinity is balanced between a specific gas-timing sequence with the
temporal characteristics of the nucleation and growth of ZnO thin films. In addition to the
preferential (002) reflection, all the films exhibit a weak (100) reflection. The AFM images
(5x5p.mz) of ZnO thin films prepared at different argon gas-timing sequences and a fixed RF
power of 30 W are shown in Fig. 7.3. The results indicate that the films have uniform
morphology of possibly the polycrystalline nature, with a relatively small root mean square (rms)
surface roughness of less than 12 nm. Comparable roughness values have been found in other

reports with sputtering deposition methods [19,20].

: (002) Argas-timing
(On:Off)

A 60:2 sec

Intensity (arb. units)

(100)
) 50:2 sec
“ 40:2 sec
30:2 sec
20 30 40 50

2-theta (degree)

Fig. 7.2 X-ray diffraction patterns of ZnO thin films deposited at different argon gas-timing
sequences (30:2, 40:2, 50:2, 60:2 sec) and fixed rf power of 30 W.
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In the study of ZnON, we successfully prepared nitrogen-doped zinc oxide thin films by
nitrogen reactive rf magnetron sputtering at ambient temperature by using the gas-timing
technique. We investigated the effects of two important sputtering deposition parameters on the
properties of the ZnON films, namely, the rf sputtering power and the nitrogen flow rate. We
found that the optical and structural properties of the ZnON films depend not only on the amount
of nitrogen in the plasma but also on the amount of nitrogen incorporated inside the films and the
if sputtering power. The nitrogen incorporation in the ZnON film was confirmed by XPS
measurements. In addition, the optical band gap energy can be tuned by varying the processing
conditions in the range from 2.98 to 3.08 eV. After further investigation, the gas-timing technique
should be applicable for the fabrication of many functional optical devices that require tunable

material properties and low-temperature processing.
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CHAPTER 8

CONCLUSIONS AND FUTURE PERSPECTIVES

8.1 Conclusions

This section is explaining the overall results of this dissertation. This work presents a
comprehensive study of indium tin oxide (ITO), indium tin oxynitride (ITON), zinc oxide (ZnO)
and zinc oxynitride (ZnON) thin films. By facilitating of gas-timing technique, nanocrystal-ITON
and nanocrystal-ZnON thin films were grown on glass substrates by rf magnetron sputtering
system at an ambient temperature. The literatures of ITO and ZnO are reviewed in chapters 2 and
3, respectively. Theoretical background of rf magnetron sputtering system and thin film
characterization equipment are briefly described in chapters 4 and 5. The growth parameters,
including gas flow rate, gas-timing, rf sputtering power, and film thickness, have been adjusted to
grow the films in various conditions. After that, a detailed characterization of thin films has been
carried out using x-ray diffraction, scanning electron microscope, x-ray photoelectron
spectroscopy, UV-VIS spectroscopy and four point probe measurement. In the following sections
the growth conditions, characterization results and significantly discussion points of sputtered
ITO, ITON, ZnO and ZnON films were summarized.

In chapter 6, the ITO and ITON deposition process was successfully developed according
to the gas-timing technique. The structural, electrical and optical properties of the ITO thin films
were characterized. The requirement properties of ITO are low resistance and high transmittance.
Achievement of the lowest possible resistivity is of practical significance in the respect that it
provides some flexibility in selecting the film thickness in order to achieve high optical
transmission while retaining low sheet resistance. The properties of ITO as functions of the
deposition parameters were quantified and optimized. The result shows large processing window
for reliable ITO films. With the argon flow rate fixed at 10 sccm, to get ITO film with
transmission greater than 90%, the power can be reduced to 30 W and the gas-timing condition is
on-off at 50:2 second provided the low sheet resistance of 8 ohm/square.

With the ITON thin films, we had shown that by introducing nitrogen (N) into the argon
(Ar) plasma during the deposition of the ITO by rf sputtering, the optical properties of ITON thin
films were very much dependent on the amount of nitrogen in the plasma during deposition. We

concluded that there was a significantly variation of the optical properties of ITON films
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deposited on glass in mixed N,-Ar plasma (identify by nitrogen fraction) when compared to the
respective properties of the ITO film deposited in pure Ar plasma. The absorption coefficient was
calculated from the transmission spectra to determine the optical band gap energy. The absorption
edge of the ITON films deposited in pure N, plasma was shifted towards lower energies to 2.21
eV from 3.35 eV (ITO deposited in pure Ar plasma). The results found are currently not present
in any publication. The sheet resistance of films also rises from ~15 to ~34 ohm/square when the
N, concentration increases. It is believed that the incorporation of more nitrogen into the film
could tailor the optical and affect the electrical properties of the ITON films.

In chapter 7, the ZnO and ZnON deposition process was accomplished by gas-timing f
magnetron sputtering. The experiments in this chapter deal with the growth and characterizations
of ZnO and ZnON films, which were deeply explained about the effect of deposition parameters
on the thin film properties. For ZnO, the high quality polycrystalline ZnO thin films were grown
on glass substrates at ambient temperature without any thermal treatment. The optimized
conditions for the wurtzite ZnO films have been found to correspond to the rf power of 30 W and
the gas-timing sequence of 50:2 seconds. The films deposited at these conditions also exhibit a
small surface roughness, with the rms value of less than 7 nm. Moreover, the films have high
optical transmittance in the visible range of over 85%. The calculations of the optical band gap
from the optical transmittance spectra give the band gap values for the films deposited at various
gas-timing sequences and rf powers to be in the range ~3.17 to ~3.21 eV.

In the study of ZnON, we successfully prepared nitrogen-doped zinc oxide thin films by'rf
magnetron sputtering at an ambient temperature by using the nitrogen gas-timing technique. We
investigated the effects of three important sputtering deposition parameters on the properties of
the ZnON films including the nitrogen flow rate, rf sputtering power and gas-timing condition. It
was found that the optical and structural properties of the ZnON films depend not only on the
amount of nitrogen in the plasma but also on the amount of nitrogen incorporated inside the films
and the rf sputtering power. The ZnON grain sizes at nitrogen flow rates of 10, 15, and 20 sccm
are 18.94, 18.24, and 27.47 nm, respectively. The crystallinity of the films increases at a higher
nitrogen flow rate, which coincides with a larger average grain size but lower nitrogen doping in
the films. The nitrogen incorporation in the ZnON film was confirmed by XPS measurements. At
the optimized sputtering condition, we have achieved ZnON films with high N/Zn ratios of above
0.50. In addition, the tuning of optical band gap energy was achieved by varying the processing

conditions in the range of 2.98 to 3.08 eV, from the optical ban gap of ZnO at 3.35 eV.
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8.2 Future perspectives

The further research work of this dissertation is emphasizing on the coupled of electrical
domain and optical domain on novel functionally ITON and ZnON films.

Although ITON films with excellent electrical and optical properties were obtained, this
process can be further improved. The uniformity variation resulted from 3 inch target can be
solved by larger diameter target. The film properties variation between runs still r.equires to be
minimized. In order to further research, ITON is a promising conductive optically functional
material that can use as a novel optical filter in near ultraviolet to visible region.

With further studies of ZnON, this technique may be applied to fabricate ZnON thin films
at room temperature for p-type layer in transparent electronics devices. The deposition parameters
of sputtered ZnON thin films need to be optimized.

The gas-timing technique should be applicable for the fabrication of many functional

optical devices that require tunable material properties and low-temperature processing.
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