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ABSTRACT

The research conducted for this dissertation involved three tasks importance to the
achievement of (1) aluminum nitride (AIN), indium nitride (InN) and related thin films including
of indium tin oxide (ITO) and indium oxynitride (InON) grown by radio frequency (r.f.)
magnetron sputtering with innovative technique called “reactive gas-timing”, (2) the structural,
electrical and optical properties of deposited films ch&acteﬁzed by X-ray Diffraction (XRD),
Field Emission Scanning Electron Microscope (FE-SEM), Four-Point Probe , Ultraviolet-Visible
Spectroscopy (UV-VIS) and Photoreflectance Spectroscopy (PR), and (3) the experimental
devices fabrications of pH-AIN sensor, InN photodetector, ITO plastic antenna, and InON optical
filter.

By reactive gas-timing thin film growth technique, the XRD patterns of all deposited AIN
films show orientation of cubic zincblende structure in (111) and (200) planes. The lattice
constant and grain size of AIN films were decreased with decreasing flow rate of nitrogen gas.
For InN thin films, the XRD patterns show the crystalline phase change from hexagonal-InN in
orientation of (101) and (002) to cubic-InN in (111) planes depended on the difference of reactive
gas-timing sequence. The surface morphologies observed by FE-SEM show all deposited AIN
and InN films have the grain size in nanometer scale. Bandgap energy (E,) of AIN and InN thin
films was investigated by room-temperature photoreflectance spectroscopy (PR). PR results show
the value about 3.18 eV for AIN thin films and increase with decreasing flow rate of N, fed into’
the sputtering chamber. Meanwhile, the PR peaks of InN thin films reveal the E, values of 1.18
and 1.38 eV for hexagonal-InN and cubic-InN, respectively. The pH-AIN sensor, nanocrystal-InN

Photodetector, ITO flexible transparent electrode, ITO plastic antenna, and InON optical filters

I



were fabricated as application devices. Finally, the InON optical filters take advantage for

medical and crime scene investigation in forensic science.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The IlI-nitride such as (Aluminum Nitride (AIN), Gallium Nitride (GaN) and Indium
Nitride (InN) are promising materials for the application to optoelectronic devices. They span a
range of direct band gaps from near-Infrared (near-IR), green, blue to Ultra-Violet (UV). III-
nitrides are more attractive because short wavelength is beneficial to high capacity optical digital
data storage. Characteristics such as high drift velocity, high breakdown voltage, high thermal
conductance and thermal stability make them good candidates for the application of high speed,
high power, and high temperature devices.

Group IlI-nitrides extended the field of semiconductor applications to the limits where
classical semiconductors such as Si and GaAs fail. The theoretical ability to tailor the direct
bandgaps of this system from 0.7-6.2 eV makes it suitable for light emission and detection
applications ranging from the red to the deep ultra-violet (UV) regions of the electromagnetic
spectrum. LEDs based on Ill-nitride materials emitting from green to UV have been
commercialized over the last decade. The visible LEDs are well suited to indicator applications
such as automotive light and traffic signals as well as in the development of full color displays.
These applications demand the improved materials quality and better device design, which turn
require the knowledge of nitride material parameters. The new results from the intensive research
on properties and device applications of III-nitrides require revision of the importance parameters
of these materials, the energy gap of InN being a dramatic example.

During the last 6 years evolution and rise. of IlI-nitride semiconductors has been
phenomenal due to their various potential applications [1]. Authored books, and edited books
have been published on these semiconductors and on the device fabricated using them. Reviews
on the IlI-nitrides have been written by Akasaki and co-workers [2], by Nakamura [3] and more
recently by 'Pearton et al. [4]. Morkoc and co-workers have written comprehensive reviews
covering several aspects of the nitride semiconductors [5]. There are many areas where
conventional III-V semiconductors (GaAs based) cannot be used. Ill-nitride devices have

significant market potential. There are five major market segments that benefit from IIl-nitride



devices, including optical storage, laser printing, high brightness LEDs, general illumination, and
wireless base stations. .

The bandgap of a semiconductor material is the most important parameter that determines
the transport, optical properties, and other phenomena. The large variation in the nature of the
chemical bonding has brought up a wide range in energy gap covered by the nitride
semiconductors. The recent studies, it has been determined that the bandgap of InN is 0.7 eV
instead of 1.9 eV value from earlier studies [6-8]. The widest bandgap of 6.2 eV in the nitride
family is possessed by AIN. Thus, the group Ill-nitrides could potentially be fabricated into
optical devices which are active at wavelengths ranging from the infra-red well into the deep
ultraviolet.

Growth improvements in device performance were enabled mainly by the growth of high
quality epilayers and heterostructures. The development of substrates (including introduction of
new substrates and substrate preparation) and growth process are still the challenges to the
researchers. The crystalline microstructure, which influences important physical properties of a
material, is directly related to-the growth process. Improvement of the growth techniques of III-
nitrides will therefore yield improved film quality, a better understanding of their properties, and
certainly more reliable III-nitride based devices.

Independent of the substrate choice and regardless of the growth method employed,
another important concern of the epitaxial growth of good quality II-nitride films arises from
incorporating stoichiometric quantities of nitrogen into the fabricated film. Nitrogen vacancies in
nitride films are thought to be responsible for the n-type conductivity and the large carrier
concentration observed in these films. A recent study by Butcher er al. [9] ascribes the high
carrier concentrations in radio frequency sputtered InN films to high levels of excess nitrogen
incorporation. The large carrier concentrations are also attributed to the presence of impurities
(Oxygen) in the films. Thus an impurity-free atmosphere and a high purity source material are
essential for the growth of high quality nitride films. The difficulty in the growth of InAIN alloy
is mainly caused by thermal instability resulting from spinodal phase separation. This effect leads
to problems with solubility between AIN and InN. Among Ill-nitrides, the fabrication of single
crystalline InN films is still not esily attainable due to the low dissociation temperature (550 °0)
and stoichiometric instability of InN. As a result, incorporation of Indium (In) in In-rich alloys is

very difficult. Temperatures lower than ~ 550 °C must be used to prevent InN from dissociation



but at the same time temperatures should be high enough for epitaxial growth. These difficult and
the attempt to overcome them are addressed differently by different deposition techniques.

In order to grow good quality IlI-nitrides; research groups have tried several deposition
techniques. The more common growth methods are metalorganic chemical vapor deposition
(MOCVD), molecular beam epitaxy (MBE), and reactive sputtering. However these methods are
limited in their capabilities to produce high quality wide band gap semiconductor thin films. The
growth temperature for MOCVD is generally higher than 1000 °C. MOCVD reactor design for
Ili-nitrides growth is a complex issue because it must cope with the problems presented by the
gas phase reaction, high temperature, and film non-uniformity. Threading dislocations stemming
from the interface tend to deteriorate the electrical properties of the material. H. Amano et al. [10]
and S. Nakamura ez al. [11] reported that low temperature grown AIN and GaN buffer layers,
respectively, could‘improve the crystalline structure substantially, as well as electrical and optical
characteristics. The lower growth temperature compared to the CVD counterpart makes MBE
attractive for the preparation of GalnN quantum wells, which are necessary for blue/green display
devices, because lower growth temperature is required for the growth of GalnN. The reaction
process involved during growth is simpler with the case of MBE. The fine growth sequence
control and lower growth rate are another benefits to the growth of layer structure such as laser
diodes. However, the lower MBE growth temperature compared to MOCVD is a disadvantage for
surface diffusion.

Radio frequency reactive sputtering (RF-sputtering) is a relatively simple growth technique.
Using on-axis reactive sputtering AIN films have been deposited on different substrates such as
glass, Si (100), Si (111), SiO, and sapphire. The c-axis AIN films are easier obtained at lower
pressure (0.75-8 mTorr) and lower pressure [12-17] In Chien-Chuan Cheng’s study [18], it is
provided that the full width of half maximum intensity (FWHM) of AIN (002) was decrease with
_ increase the N, concentration. It is widely studied growth technique for InN thin films, see for
example Foley and Tansley [19], Tansley and Foley [20] and Butcher et al. [21]. Importantly,
film growth typically occurs at low temperature, below IOOOC, which is important for the growth
of InN films. Low temperature growth allows the use of substrates other than temperature
resistant materials such as sapphire. These alternative substrates, including glass and Si, are less-
expensive. Hence, the growth of InN films using the RF-sputtering technique is relatively cost-
effective. InN films grown by Butcher et al. (2004), columnar structures are clearly visible

suggesting polycrystalline materials were obtained for RF-sputtering growth technique. The width



of these columns is about 50 nm. Even though AIN and InN is a difficult material to study, radio
frequency rf magnetron sputtering has been achieved with a polycrystalline structure.

Today there are still major obstacles to obtaining high quality thin films for device structures,
such as the lack of lattice and thermally matched substrate, the narrow growth window, adduct
formation, material characterization, and ability to obtain high quality p-type doping. In addition,
challenges still remain to reduce interface defect densities, high impurity levels and surface
roughness.

This research is focused on the issues relating to the growth of thin films by reactive r.f.
magnetron sputtering including of four important semiconductor compounds; aluminum nitride
(AIN), indium nitride (InN), indium tin oxide (ITO) and indium oxynitride (InON) with the
innovative growth technique called “reactive gas-timing”. The X-ray Diffraction (XRD) and Field
Emission Scanning Electron Microscope (FE-SEM) are proposed to characterize crystalline
structures and surface morphologies of thin films. The photoreflectance spectroscopy and UV-
Visible spectroscopy (UV-VIS) are conducted to investigate the band gap energies of thin films.
The Four Point Probe is used to measure sheet resistance of ITO thin films. Finally, the thin films

of AIN, InN, ITO and InON were fabricated as application devices.

1.2 Objective

The objective of this research work has been the study of

1.2.1 the thin film growth process of AIN, InN, ITO and InON thin films by reactive
gas-timing rf magnetron sputtering system.

1.2.2 the physical properties and breakdown characreistics of AIN, InN, ITO and
InON thin films with various growth parameters.

1.2.3 the fabrication of AIN, InN, ITO and InON devices and their applications.

1.3 Scope of This Study

The scope of this research is as follows,

1.3.1 study the background of AIN, InN, ITO and InON thin films
1.3.2 study the theory of the rf magnetron sputtering growth system.

1.3.3 study the characterization systems;



» X-ray diffraction spectrometer (XRD)
» Scanning electron microscope (SEM)
» Photoreflectance spectroscopy (PR)
» UV-VIS measurement (UV-VIS)
> Four point probes measurement
» Current-Voltage measurement (I-V)
» Wavelength response measurement
1.3.4 experiment of AIN thin films grown with varying parameters.
1.3.5 experiment of InN thin films grown with varying parameters.
1.3.6 experiment of ITO thin films grown with varying parameters.
1.3.7 experiment of InON thin films grown with varying parameters.
1.3.8 set up the photoreflectance spectroscopy, wavelength response and pH-
measurement experiment.
1.3.9 employ the characterization systems including XRD, SEM, Four Point Probe, PR,
UV-VIS to investigate crystallization, surface morphology, sheet resistance and
band gap energy of AIN, InN, ITO and InON thin films, respectively.

1.3.10 fabrications of AIN, InN, ITO and InON devices for some applications.

1.4 Expected Results

1.4.1 Important physical meaning; i.e, crystalline structure, thin film morphology and
band gap energy of AIN, InN, ITO and InON will be clearly understood.

1.4.2 Effects of substrate distance, reactive gas-timing, gas flow rate, thin film thickness,
and r.f. sputtering power on the growth of AIN, InN, ITO and InON
thin films by using r.f. magnetron sputtering will be acknowledged.

1.4.3 Potential advantages of AIN, InN, ITO and InON thin films will be fabricated as
devices including the pH-AIN sensor, nanocrystal-InN Photodetector, ITO flexible

transparent electrode, ITO plastic antenna, and InON optical filters.



1.5 Dissertation Outline

This dissertation consists of three major parts, the first part dealing with the background of
AIN, InN and related thin films (ITO, InON), sputtering system and characterization methods, the
second part dealing with the growth and characterization experiments, results and discussions of
AIN, InN, ITO, InON and the third part dealing with the devices applications of aluminum nitride,
indium nitride and related thin films.

Chapter 2, 3 and 4 provide the fundamental knowledge of AIN, InN, ITO, InON and r.f.
magnetron sputtering system, respectively. The new innovation method call “reactive gas-timing”
was proposed in chapter 4. Chapter 5 presents the thin film characterization methods including x-
ray diffraction, scanning electron microscope, photoreflectance spectroscopy, UV-VIS
measurement, and four point probe measurement used in the thesis experiments.

Chapter 6 concerns experimental growth and analytical studies of structural and optical
properties of AIN thin films. This chapter provides the characterizations of crystalline structure,
surface morphology, and bandgap energy of AIN thin films and reports experimental results and
discussion regarding the effects of growth parameters, including rf sputtering power, gas-timing,
gas-flow rate, and film thickness.

Chapter 7 presents an experimental study on InN, ITO and InON thin films. The growth
and characterizations of thin films affected by r.f. sputtering power, gas-timing, gas-flow rate, and
film thickness were addressed.

Chapter 8 provides the applications of AIN, InN, ITO and InON thin films including AIN-
pH sensor, InN photodetector, ITO plastic electrode, ITO plastic antenna and InON optical filters.
The introduction, experiment, results and discussion of each application was addressed in this

Chapter. The thesis conclusion and future perspective of area study addresses in Chapter 9.
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CHAPTER 2

BACKGROUND OF ALUMINUM NITRIDE (AIN)

2.1 Introduction to AIN

As a member of nitride system, aluminum nitride (AIN) is one of the most promising I11/V
binary materials in these acoustical, optoelectronic, and microwave applications. In binary form
and alloyed with GaN and InN, AIN has the unique capability of serving as a cladding, active,
buffer or window layer in short wavelength optoelectronic devices. The crystal AIN structure is

shown in Fig. 2.1.

. Al atom
o N atom

Fig. 2.1 The crystal structure of AIN: (a) the structure of distorted tetrahedron (b) unit cell.

Due to its wide band gap of 6.2 eV at room temperature, AlN is of interest for devices,
which operaie at wavelength well into the UV regime of the spectrum. As compared to GaAs, Si,
Ge, GaN, SiC and other commonly used semiconductors for devices. Due to its low dielectric
constant (€ = 9) and good lattice match (less than 1% mismatch) to SiC, AIN is a prime dielectric
alternative to SiO, in high temperature, high power SiC technology. With high surface acoustic
velocities and piezoelectric properties, AIN has also been investigated for surface acoustic wave

delay lines. Therefore, in order to realize the full potential of AIN and Al based nitrides, it is
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essential to understand the growth of high quality AIN and device implications in the progression
of nitride technology. .

In the late 1950’s and early 1960’s, many investigations were (éonducted to grow and
characterize AIN. These studies mostly fabricated small metallic aluminum crystals or AIN
powder samples. The earliest reports of synthesized AIN growth were by Tiede ef al. [1]. Who
used a metallic Al source in a stream of NH,. For powder samples of AIN, a flow of ammonia
over a source material in a furnace was also used. Investigations of AIN single crystal growth
continued with Edwards [2], Cox [3], and Kawabe [4] using sintering compacted AIN powder and
sublimed pressed AIN powder under a nitrogen flow, respectively. As progress in AIN thin film
growth continued, researchers found reactive sputtering to be inexpensive and simple. These Al
sputtered films using argon ions tended to be polycrystalline or amorphous, however, there was
some improvements in crystallinity using Ne ions.

Early difficulties in obtaining high quality single crystal AIN stemmed from the reactivity
of Al with oxygen, the lack of thermal and lattice compatible substrate, the need for high quality
source materials, and the absence of an oxygen free environment. In an effort to address some of
these growth issues, researchers in 1970’s used many popular epitaxial growth techniques, such
as chemical vapor deposition (CVD), molecular beam epitaxy (MBE), and hydride vapor phase
epitaxy (HVPE). High quality AIN was achieved in early investigations by using vapor transport
CVD, but the films had very high background contaminations. Not until the late 1970’s have
results of high quality AIN been rep.orted on sapphire (ALO,) and silicon carbide (SiC). Chu et al.
[5] reported growing a 25 micron thick monocrystalline AIN layer on hexagonal SiC at 1260 to
1250 °C. In 1979 Yoshida used MBE to grow on Si (111) and sapphire (0001) at 1000 to 1200
°C. Source materials for many of these studies were trimethylaluminum and ammonia,
diethylaluminum azide and hydrazine, triethylamine and ammonia, or triethylaluminum and
ammonia. Different substrates for the‘se investigations included Si, SiC, and sapphire. As the
optimization of AIN continues today, researchers are investigating using two very common

growth techniques, the MOCVD and MBE processes.

2.2 The Growth of AIN
Because of the outstanding properties of AIN, high quality AIN thin films are potential
candidates for use in the fabrication of corrosion resistant [6], SAW, short wavelength laser and

UV light detector [7]. About the optical properties, the AIN thin films were transparent in visible
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and infrared region, and have high refractive index (~2.1). For most optical application such as
anti-reflection coating, the high hardness, high refractive index (n) and lower extinction
coefficient (k) are required. The refractive index is much related to packing density and
crystalline of the film. The extinction coefficient was affected by the impurity and defects.
Therefore, the optical constants and quality are very important for optical application. Moreover,
the optical constants of AIN were varied by different deposition methods. The table 2.1 shows the

optical constants in the different deposition systems.

Table 2.1 The optical constants of AIN prepared by different deposition systems.

Method Refractive index - Structure References
CVD 2.18(58%nm) Single J Pastmik and
crystalline(wurizite) (L Roskoveova, (8!
CVD 1.99(5500m) Polycrystalline Chu and Kelm
PECVD  [1.85(375um) Hexagonal (002) Bauer et al' (19
1PCVD  [1.9-2.2(632.8nm) Polycrystalline Tnterrante et al 11
DC Magpetron |1.7-1.8(632.80m) _ E.V. Gerova et al [12)
sputtering _
DC Magnetron |2.075(632.80m) Hexagonal (002) A. Cachard et 3] [13)
. )
R F sputtering [1.9-2.1(350nm) Polycrystalline Hirofumi et at 4]
RF sputtering {1.95-2.05(633nm) Hexagonal (002) Han et al [15)
Dual ion beam {1.96-2.10(632.8nm)  [Hexagonal (002) H.Windischmana (16)
sputtering
RIVIP  [2.10-2.15(550nm)  [Hexagonal (002) N.QDasnh et al [!7)

2.2.1 Epitaxial Growth

High quality nitride thin films are grown almost exclusively using molecular beam epitaxy
(MBE), metalorganic chemical vapor deposition (MOCVD) and hydride vapor phase epitaxy
(HVPE). Since MBE requires ultra high vacuum and the growth rate in MBE is about 10 times
smaller than in MOCVD, it cannot be scaled up from research to production of commercial
devices easily. Bulk-like nitride is often grown by HVPE due to the high growth rate that can be
achieved using this technique. However, crystal quality is not as good as that of MOCVD grown

layers.
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MOCVD technique has been widely used in research from early 1970s and in commercial
production from 1990s for epitaxial growths of single crystal thin films of III-V, II-VI, IV-VI
semiconductors. The major attractions of MOCVD relat.ive to other techniques are its versatility
and suitability for larger scale production. Nevertheless, a few problems remain, including the
need of expensive precursors, and a larger number of parameters that must be precisely controlled
to obtain uniformity and reproducibility. In 1986, Amano et al. [18] develop the “two step
processes™ for nitride growth for the first time. This involves deposition of a thin nucleation layer
(NL) at low temperature prior to high temperature (HT) GaN growth. The crystal quality of the
NL itself is poor due to the low atomic mobility at low deposition temperature, followed by
deposition of device quality overlayers at higher temperature. It has been proposed that the high
island densities obtained in the NL after annealing at HT provide attachment sites for the HT GaN
adatoms, resulting in enhanced lateral growth of the GaN film [19-21]. This technique paved the

way for practical applications of nitride-based devices by greatly improving the film crystal

quality.

2.2.2 Sputtering Growth

Sputtering is a very versatile process for the fabrication of thin solid films. Even though
AlN is a difficult material to study, radio frequency rf magnetron sputtering has been achieved
with a polycrystalline structure. Today there are still major obstacles to obtaining high quality
thin films for device structures, such as the lack of lattice and thermally matched substrate, the
narrow growth window, adduct formation, material characterization, and abilit); to obtain high
quality p-type doping. In addition, challenges still remain to reduce interface defect densities,
high impurity levels and surface roughness. Fabrication of good AIN films is possible at
considerably lower temperatures using reactive sputtering [22-24] as compared to MOCVD.

This study, AIN thin films were grown by reactive rf magnetron sputtering with a new
technique called reactive gas-timing using various growth conditions and parameters. In the
process of establishing the growth conditions, other influences, such as substrate cleaning and
chamber contamination, were also investigated. To provide the high quality AIN thin films, the
XRD, FE-SEM, AFM, and PR were used to characterize all the samples and feedback to enhance

the growth process. Finally, this study will demonstrate such potential applications of AIN thin

film in pH-sensitive devices.
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2.3 The Properties of AIN

2.3.1 Crystal Structure of AIN

The group III atoms form compounds with N that have four covalent bonds for each atom.
AIN can crystallize in two crystal structures [25]; Wurtzite and Zinc blende with the stable one
being the wurtzite structure. The wurtzite structure has a hexagonal unit cell with two lattice
parameters a and ¢ with an ideal ratio of c¢/a= V8/3=1633. Four nitrogen atoms surround
every éoup III atom, and four group III atoms, which are arranged at the edges of a tetrahedron,
surround every nitrogen atom. For an actual nitride, the structure is distorted from the ideal
hexagonal packing of the basic molecule oriented along the stacking direction (c-axis). Because
of this small distortion, there are two slightly different bond lengths in the wurtzite structure

given by:

(2.1

2
a 1 y B
B, =,]—+(——-u) -c
1 ‘/3 G-

where u represents the cell-internal structural parameter (ideal value is 3/8), a and ¢ denote the
length of the lattice vectors of the structure. B, represents the length of bonds parallel to the ¢-
axis and B, represents the length of bonds pointing in any other direction. The wurtzite structure
with greater c_/a value than the ideal value of 1.633 is unstable, while less than 1.633 is stable.

In a perfect hexagonal wurtzite structure, the bond lengths between atoms in any tetrahedral
cell are all the same and the angle between any two bond directions is also the same (the standard
tetrahedral angle of 109.60).

In AIN, this structure is slightly distorted [26-28] with two different bond lengths and two
different angles. X-ray experiments performed on AIN [29, 30] to measure lattice parameters a, ¢
and v gave 3.1115, 4.9798 and 0.3821 respectively. Upon using these values in equations 2.1, the
two different bond lehgths in AIN were found to be 1.9028 (parallel to the c-axis) and 1.8899
(otherwise). This leads to two different angles between bond directions that can bé calculated
using simple geometry rules (see figure 2.2 below). There got 108.10° for the angle between the

two bonds when one of them is along the symmetry axis and 1 10.81° otherwise.
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Fig. 2.2 Part of the AIN wurtzite structure showing the two different bond lengths and the angles

between bond directions.

The deviation of the c/a ratio from that of the ideal wurtzite crystal is probably due to
lattice stability and ionicity. While the theoretical estimate of the lattice parameter of zincblende
structured AIN is a = 4.38 A, the rocksalt structure has a value of a = 4.043-4.045 A at room
temperature. Figure 2.3 represents the stick and ball stacking model of AIN crystals orientations.

The cubic zincblende AIN is easier to dope, cleave (for laser facets), and make contact with
silicon due to its higher symmetry. Also zincblende structured AIN is believed to have decreased
photon scattering and higher ballistic electron velocities, thermal conductivity and acoustic
velocity due to its higher symmetry.

The crystal structure can be modified into a variety of polytypes with the addition of
impurity elements such as oxygen, carbon, and silicon. At 1.00 atm of pressure, AIN does not
melt, but dissociates significantly above 2230°C. AIN does not occur naturally; therefore, it must

be synthesize by high-temperature reaction.
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(b) (c)

Fig. 2.3 Stick and ball stacking model of AIN crystals with wurtzite (a), zincblendee (b) and

rocksalt (c) orientations.

23.2 Thérmal and Chemical Properties of AIN

The properties of hexagonal wurtzite structured AIN have been much more often reported
due to its stability. Hex-AIN is an extremely hard ceramic material with a melting point higher
than 2000 °C. The thermal conductivity k of AIN at room temperature has been predicted at = 3.2
Wem 'K [31). Values of k measured at 300 K are 2.85 Wem K [32]. The measured thermal
conductivity as a function of temperature is plotted in Fig. 2.3. It has high resistivity (1013 Qm)
and high breakdown voltage (14 kV/mm).

Using X-ray techniques across a broad temperature range (77-1269 K), it was noted by
Slack and Bartram [31] that the thermal expansion of AIN is isotropic with a room temperature
value of 2.56x10° K. The thermal expansion coefficients of AIN measured by Yim and Paff [33]
have mean values of Aa/a = 4.2x10° K and Ac/c = 5.3x10° K. The dependence of the thermal
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expansion coefficient in the ¢ plane and in the ¢ direction is shown in Fig. 2.4, which can be fitted
by the following polynomials

Aa/a, = - 8.679x10” + 1.929 x10™*T + 3.400 x10" T2 — 7.969 x10" ‘T3
and

Aclc,= - 7.006x10" + 1.583 x10™'T + 2.719 x10 T2 - 5.834x10" ‘T3
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Fig. 2.4 Thermal conductivity of single-crystal AIN

The equilibrium N,-vapor pressure above AIN is relatively low compared to that above
GaN which makes AIN easier to synthesize. The calculated temperatures at which the equilibrium
N, pressure reaches 1, 10, and 100 atmospheres are 2836 K, 3088 K, and 3390 K, respectively.

Similar to GaN but even more so, AIN exhibits inertness to many chemical etches. A
number of AIN etches have been reported in the literature. However, none of these etches have
performed on high-quality single-crystal AIN. The surface chemistry of AIN has been
investigated by numerous techniques, including Auger electron spectroscopy, X-ray and
Ultraviolet Photoemission Spectroscopy (XPS, UPS), ultraviolet photoelectron spectroscopy, and
electron spectroscopy. One of these investigations by Slack and McNelly [34] indicated that the
AN surface grows an oxide 50-100 angstrom thick when exposed to ambient air for about a day.

However, this oxide layer was protective and resisted further decomposition of the AIN samples.
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Fig. 2.5 Variation of the thermal expansion coefficient of AIN on temperature in and out of

the c-plane.

2.3.3 Mechanical Properties of AIN

Early investigations of the elastic properties of AIN were carried out on sintered
polycrystalline specimens, due to the unavailability of large single crystals. This, however, paved
the way to more refined measurements as single crystalline AIN became available.

The hardness of AIN has been measured to be ~ 12 GPa on the basal plane (0001) using a
Knoop diamond indenter. Some anisotropy in Knoop hardness has been observed with the indent

direction perpendicular to the ¢ axis with measured values in the range of 10-14 GPa.

2.3.4 Electrical Properties of AIN

Due to the low intrinsic concentration, and the deep native defect and impurity energy
levels, the electrical characterization of AIN has usually been limited to resistivity measurements.
One such measurement by Kawabe and co-workers on transparent AIN single crystals yielded
resistivities p = 1011-1013 Qcm, a value consistent with other reports. However, it was found
that impure crystals, which exhibited a bluish color possibly due to the presence of Al,OC, have
much lower resistivities p = 103-105 Qcm. These resistivity values are much lower than those
according to Chu et al. who were able to obtain both n- and p-type AIN by introducing Hg and Se,

respectively, but failed to determine the net carrier concentrations due to very high resistivities.

50130
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The n-AIN films grown by Rutz [19] had a quite low resistivity (p = 103 Qcm), which is
comparable to those of Kawabe et al. Although Rutz did not determine the source of the electrons,
Rutz et al. observed an interesting transition in their AIN films in which the resistivity abruptly
decreased by two orders of magnitude with an increase in the applied bias. This observation found
applications to switchable resistive memory elements that are operated at 20 MHz.

The insulating nature of these early films hindered meaningful studies of their electrical
transport properties. With the availability of refined growth techniques, AIN is presently grown
with much improved crystal quality and shows both n- and p-type conductions. This has
rejuvenated efforts to measure both the electron and hole Hall mobilities. Edwards et al., and
Kawabe et al. carried out some Hall measurements in p-type AIN, which produced a very rough
estimate of the hole mobility up = 14 cm’/Vs at 290 K. Not all the parameters needed for the
calculations are known precisely, which somewhat reduce the confidence in predicted values. As
is the case for GaN, the room temperature mobility is dominated by the polar optical photon

scattering.

2.3.5 Optical Properties of AIN

Since an AIN lattice has a very large affinity to oxygen, it is almost impossible to eliminate
oxygen contamination in AIN. Currently, commercially available AIN contains about 1-1.5 at. %
oxygen. Some oxygen is dissolved in the AIN lattice while the remainder forms an oxide coating
on the surface of each power grain. Harmris and Youngman have recently reviewed
photoluminescence and cathodoluminescence characteristics of AIN. After irradiation with
ultraviolet light, AIN doped with oxygen was found to emit a series of broad luminescence bands
at the near-ultraviolet frequencies at room temperature, no matter whether the sample was
powdered, single crystal, or sintered ceramic. Pacesova and Jastrabik observed two broad
luminescence lines centered in the vicinity of 3.9 and 4.2 eV and more than 0.5 eV wide for
samples contaminated at about 1 to 1.5 at. % oxygen. Youngman and Harris, and Harris et al.
investigated the luminescence characteristics of polycrystalline sintered AIN samples and noted a
continuous shift of the peak position in the ultraviolet luminescence line as a function of oxygen
content up to a critical concentration of about 0.75 at. %. The luminescence lines beyond this
limit of oxygen concentration remained stationary.

Yim et al. characterized high-quality AIN by optical absorption and determined the room-

temperature bandgap to be direct with a value of 6.2 eV. Several groups have reported



19

comparable values whereas others have produced questionable values considerably below 6.2 eV,
probably due to oxygen contamination. Oxides formed with Ga are not stable at GaN-growth
temperatures and are easily desorbed. However, the same fortuity does not hold for AIN. Both
MOCVD and MBE films show oxygen contamination. Yim et al. also observed a broad emission-
spectrum range of 2-3 eV with a peak at 2.8 eV. Other investigations confirmed the presence of a
2.8 eV peak which Slack and McNelly have attributed to oxygen impurities. Samples; grown at
the H. Morkoc’s laboratory by MBE and measured at the Honeywell Technology Center revealed
a broad peak at 4 eV as well as the band-edge or near-band-edge signal in the emission spectrum.
These observations are common to MOCVD samples as well. Perry and Rutz performed
temperature-dependent optical absorption; measuring a bandgap of 6.28 eV at 5 K compared to
their room temperature value of 6.2 £ 0.1 eV. In the only optical study of AIN impurities, Karel
and coworkers reported on the luminescence of Mg and rare-earth center in AIN. Measurements
of the refracvtive index of AIN have been carried out in amorphous, polycrystalline, and single
epitaxial thin films. The values of the refractive index are in the n = 1.99-2.55 range with several
groups reporting n = 2.15 + 0.05. These values are found to increase with increasing structural
order, varying between 1.8 to 1.9 for amorphous films, 1.9 to 2.1 for polycrystalline films, and
2.1 to 2.2 for single crystal epitaxial films. The spectral dependence and the polarization
dependence of the index of refraction has been measured and showed a near-constant refractive
index in the wavelength range of 400-600 nm. Some of these measurements also indicate that, in
the long-wavelength range, the dielectric constant (€,) of AIN lines in the range of 8.3-11.5, and
that most of the values fall within € = 8.5 + 0.2. Other measurements in the high-frequency
range produced dielectric constants of 4.68 and €, = 4.84. AIN has also been examined for its
potential for second-harmonic generation.

Synchrotron radiation studies of AIN single crystal out to 40 eV have been performed,
which resulted in the observation of 8 eV luminescence peak. The same peak was also found in
vacuum-ultraviolet reflection measurements. Recently, i)hotoluminescence determinations using
excimer-laser excitation were performed and the results are displayed in Fig. 2.5 for MBE
samples gfown at 800 °C and 850 °C. The samples were grown on sapphire substrates and
exhibit broad peaks at a wavelength of 320 nm. Table 2.2 summarizes the observed structural and

optical properties of AIN.
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Fig. 2.6 Intensity versus wavelength curves of the photoluminescence spectra of AIN grown

on sapphire.

Table 2.2 A summarizes the observed structural and optical properties of AIN

Wurzite polytype

Bandgap energy E,(300K)= 6.2¢eV E(5K)= 6.28eV
Lattice constant a=3.1124,c=4982A,

Thermal expansion Aa/a=4.2x10°/K Ac/c = 5.3x10-6/K
Thermal conductivity k=32W/cmK . |
Index of refraction n(3eV) =2.15 10.05 n(3.42eV) = 2.85
Dielectric constant £=8.510.2 €0=4.6814.84
Zincblende polytype

Bandgap energy E (300 K) = 5.11 eV; theory

Lattice constant a=438A

2.3.6 Band Structures of AIN
AIN is a wide band gap material, and can crystallize in both wurtzite and zincblende
polytypes. Hexagonal wurtzite structured AIN has a direct room temperature bandgap of 6.2 eV.

Cubic (zincblende) structured AIN has a bandgap of ~4 eV and hard to obtain.
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Well-known AlGa, N band structure calculations are performed by the methods of
orthogonalized linear combinations of atomic orbitals [35], by linear-muffintin- orbitals [36], by
the first-principle pseudopotential calculation based on the theory of density functional [37], and
by other methods. The band structure of AIN is also calculated by the local model pseudopotential
method. A modified virtual crystal approximation [38] accounting for the existence of antisite
defects created during the formation of substitutional solid solution is used to explain the
nonlinear concentration dependence of the energy gap. Temperature dependence of the energy
gap is considered in the context of the Brooks-U theory [39]. The dynamics of the chemical bond
in the compounds is investigated by analyzing the spatial distribution of the valence electron
charge.

In 1999, V. G. Deibuk et al. [40] were sudied e AIN epitaxial layers of 0.5-20 pm thickness
grown by pyrolytic deposition on the (0001) sapphire substrates from complex ammonium
compounds of Al halides [41]. Electron diffraction and X-ray diffraction studies confirm that as-
grown structure is single-crystal. The composition of solid solution is determined by X-ray
diffraction analysis using a JXA microanalyzer. The energy gap (E,) of the samples is found from
the optical absorption long-wavelength edge. The dependence of optical absorption coefficient a
on the photon energy hv is approximated by the well-known relation for direct interband

transitions
17
a(hv) = ag(E;—hv) ", 2.2)

Where o, is the parameter which does not depend on Av. According to (1), the dependence o'(hv)
of is linear within six orders of magnitude, and extrapolation of o’ until it intersects the energy
axis yields the values of Eg which are in reasonably good agreement with well-known published
data.

Their‘ calculations are based on the local model pseudopotential method [38] developed in
[42, 43] for hexagonal binary compounds. One-electron pseudopotential Hamiltonian is expressed

by the relation

. 2

= _nn 2
2mV + V(r), (2.3)

where/(r) is total crystal pseudopotential, which is written for periodic lattice as
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V(r) = Y V(G)exp(iG-r), (2.4)

G<G,

The influence of temperature on solid-solution band structure is considered in the context
of the Brooks-U theory. The calculation band structure of wurtzite-AIN from V. G. Deibuk et al.

is shown in Fig. 2.7.

E, eV
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Fig. 2.7 Calculation band structure of wurtzite-AIN

2.4 Chapter Summary

Among the Nitrides, GaN films have been investigated extensively in the last thirty years,
however, few studies on AIN growth have been reported. AIN can crystallize in two crystal
structures; Wurtzite and Zincblende. High quality AIN thin films are grown almost exclusively
usiné MBE, MOCVD, and HVPE. Sputtering is a very versatile process for the fabrication of thin
solid films. Even though AIN is a difficult material to study, radio frequency rf magnetron
sputtering has been achieved with a polycrystalline structure. Hexagonal wurtzite structured AIN
has a direct room temperature bandgap of 6.2 eV. Cubic (zincblende) structured AIN has a
bandgap of ~4 eV and hard to obtain. Moreover, the optical constants of AIN were varied by

different deposition methods.
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Today there are still major obstacles to obtaining high quality thin films for device

structures, such as the lack of lattice and thermally matched substrate, the narrow growth window,

adduct formation, material characterization, and ability to obtain high quality p-type doping. In

" addition, challenges still remain to reduce interface defect densities, high impurity levels and

surface roughness.
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CHAPTER3
BACKGROUND OF INDIUM NITRIDE (InN)

AND RELATED THIN FILMS

3.1 Introduction to Indium Nitride

In recent year, indium nitride (InN) has emerged as a potential material for optical and
electronic devices. InN has similar to GaN in many respects. For example, both are IlI-nitride
semiconductors and the thermodynamically stable crystal structure is wurtzite. The cubic
zicnblende structure has also been obtained for both GaN and InN by growing thin films on the
(001) crystal planes of cubic substrates such as Si and GaAs (Mohadmad & Mokoc, 1996). Figure
3.1a shows the hexagonal wurtzite structure of InN. Each indium atom is coordinated by four
nitrogen atoms and vice versa. The lattice parameters of InN and GaN are given in Table 3.1. The
hexagonal structure of InN is also evident from the SEM image shown in Fig. 3.1b [1]. InN is
predicted to have the lowest effective mass for electron among all the nitride semiconductors [2].

This would result in a high mobility and a high saturation velocity of the electrons [3].

Fig. 3.1 (a) Schematic illustration showing the lattice structure of InN. The dashed lines show the

bonds. (b) SEM image of an InN crystal grain including its hexagonal lattice structure.

Based on Monte Carlo simulations, O’Leary et al. (1998) predict that the peak drift

velocity at room temperature in InN is 4.3x107cms", which is considerably larger than that of
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GaN for which it is estimated to be 3.1x10" cms". The electron mobility in InN is also predicted
to be much higher than in GaN. Using the variational principle method, Chin et al. (1994) have
calculated that the maximum room temperature mobility in InN is 4400 em’V's” and it is 1000
em’V's" in GaN. In fact, the highest mobility measured at room temperature is 2700 em’V's”
[4]. This value is thtee times larger than that obtained for GaN which is reported to be 900
em’V's" [5). Thus, it is expected that InN based high speed and high frequency devices should
perform better than GaN based devices.

However, compared with the intensively studied GaN, GalnN and other nitride
semiconductors, InN, which is also an important component of the IlI-nitride system, is less
studied. This is mainly due to the difficulty in preparing high quality InN epilayer. There is no
suitable substrate material for InN. The lattice mismatch between InN and AlLO, (001), which is
widely used, is about 25%. Even if an AIN or GaN buffer is used, the lattice mismatch between
_InN and GaN buffer is still more.than 10%. Table 3.1 shows physical and electrical properties of
InN compared to GaN. The lattice parameters given here .are the average value of the data for

wurtzite InN given by Mokoc & Mohadmad, 1996.

Table 3.1 Physical and electrical properties of wurtzite GaN and InN.

Parametes GaN InN Unit References

Lattice constant, ag | 3.189* 3.55° A “Mobhammad & Morkng (1996)

Lattice constant, ¢y | 5.185% 5.78° A and references therein

Effective mass 020" 0.11° mg ¥Chin et al. (1994)

Mobility “Binari & Dietrich (1997)
Theoretical 1000*  4400° | cm®V—1s~?! | “Thuelay & Foley (1984)
Experimental 900 2700¢ | c®V—1s~1 | “O'Leary et al (1998)

Peak drift velocity 31° 43°| 107 cims! | /Maruskn & Tietjen(1969)

Band gap 339/ 1.89¢ eV 9Teneley & Foley (19865)
1.55% eV AButcher et al. (2005)
0.9 eV Davydov et al. (2002D)
0.7 eV IWa et al. (2002)

The early measurements of the electronic band gap of InN gave 1.89 eV [6] which was
long accepted as the nominal value. Consequently, InN has been proposed to be a top cell
material for a two-junction tandem solar cell [7]. The combination of 1.98 eV for InN and 1.1 eV

for Si would give a conversion efficiency of over 30%.
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Recently, there have been reports suggesting the electronic band gap of InN material may
be lower around, 0.7-1.0 eV [8-10]. This is very interesting since the newly reported band gap
values are compatible with the wavelength of optical ﬁbe}' [3]. If a low value around 0.7 eV is
confirmed, InN might be used to fabricate high speed laser diodes and photodiodes in optical and
infrared communication system. It is further suggested that the ternary compound In,_GaN
(0=x=1) may be tuned by changing x to cover the whole of the visible spectrum [8], from
infrared to deep ultraviolet. This is schematically illustrated in Fig. 3.2. This would allow the
manufacture of light emitting diodes which emit all colors of the visible spectrum. Importantly,
this compound would also be suitable for new types of photovoltaic cells. In fact, solar cells made
of multilayer of this material are expected to provide high conversion efficiency. Indium (In) and

gallium (Ga) used in solar cells are much less toxic than arsenic (As) used in Ga-As based solar

cells.

Band gap (eV)
T T T

In  Ga N~

S

1 *2 ] 3 * T4
InN? InN? GaN

Fig. 3.2 Solar spectrum and the electronic band gap of GaN and illustrating band gap debate

for InN.
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Due to the large and diverse spectrum of possible applications of InN, the correct band gap

assignment for InN is the focus of much current research and debate.

3.2 The Growth of InN
The growth technology of InN is the least developed of the group III nitrides and
compound is thus the least understood. Stoichiometry is one of the key issues: thermal
dissociation of the equilibrium binary compound becomes significant about 550 °C and there is
.strong circumstantial evidence, currently without unequivocal proof, that nitrogen vacancies
provide shallow donor centres leading to high electron concentration. Good crystallinity in thin
film materials requires sufficient adatom mobility during growth for lattice sites to adopt their
preferred species. The particularly acute conflict in the case of InN is between growth
temperatures low enough to avoid dissociation, yet high enough for crystalline evolution. There is
a clear correlation in the literature between lower electron concentrations and higher mobilities in
films of imperfect crystallinity, and, in better crystals, concentrations around 10 em” with
commensurately low mobility.
Another difficulty in growing InN is the low dissociation temperature of InN as well as
the high equilibrium N, pressure over the InN film. Therefore, the preparation of InN requires a
low growth temperature. Meanwhile, for common III-nitride epitaxy techniques, such as OMVPE
and MBE, low growth temperature means a short surface migration distance of group-III atoms.
That is, many group-III atoms will have less energy to travel long enough on the growing surface
to locate their minimum energy sites before they react with N to form small less-mobile nitride

islands. As a result, InN film with high density defects will form.

3.2.1 Growth Techniques of InN Films

The growth of InN thin film has been studied since 1970’s. Hovel and Cuomo grew InN
films by RF-sputtering. The resulting films were reported to be wurtzite polycrystalline. In the
1980’s extensive work on InN was carried out by Transley and Foley. Using RF-sputtering, they
produced polycrystalline InN films with the highest mobility and the lowest background carrier
concentration reported to date. Their material was said to show room temperature Hall mobility
more than 2700 cm’V''s” with 5.3x10'® cm’. The progress in epitaxial film growth has been slow

due to the low dissociation temperature of InN (~550°C), the steep rise of the equilibrium N,



30

pressure with growth temperature and the poor pyrolysis efficiency of the NH; reactant at low
growth temperatures [11].

The growth of InN using MOVPE was pioneered by Wakahara and Yoshida (1989). The
films were grown on sapphire (Al,0,) substrates in the temperature range of 400-600°C. The
quality of the films was improved by nitridation of the substrate surface before growth [12-13].
This may be as a result of the formation of AIN, since the lattice mismatch is reduced from 25 %
for InN and oC-Al,0; to 13% for InN and AIN.

The growth of InN with MBE only began in the early 1990’s following the successful
development of this technique for the growth of GaN. The films has been improved with various
approaches such as the use of AIN [14], InN [15] and GaN [16] buffer layer between film and
substrate. It may be speculated that the improvement in film quality is related to the reduced
lattice mismatch. The lattice mismatch between InN and GaN is about 10%. Lu et al. (2001) have
shown that the electrical and structural properties of InN films improve with the thickness of the
AIN buffer layer. The mechanism for the improvement has not been explained, but it is
speculated that the quality of the AIN buffer improves with thickness, with then provide a better
foundation for the InN film.

Figure 3.3(a) and Figure 3.3(b) show several measurements of electron mobility and carrier
concentration in InN films from growth techniques. All the films were grown un-doped. It is clear
from the figure that the quality of InN films, in the term of electron transport, has significantly
improved over the last few years with an increase in the electron mobility and a decrease in the
carrier concentration. However, the highest mobility and lowest background carrier concentration
has been measured for the material grown 20 years ago by RF-sputtering. Lately the MBE-grown
films have shown signiﬁcgant improvements, with mobilities close to the highest value reported.

Therefore, in order to test the’theoretical predications are provided guidance for device
design, there is an urgent need to synthesis high quality InN to extract or verify its fundamental

parameters.
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Fig. 3.3 Electron mobility, carrier concentration and electronic band gap measurements for InN

films. Dashed curves are for illustration.

3.2.2 Radio Frequency Reactive Sputtering

Radio frequency reactive sputtering (RF-sputtering) is a relatively simple growth
technique. It is widely studied growth technique for InN thin films, see for example Hovel &
Cuomo (1972), Foley (1984), Tansley & Foley (1984, 1986b) and Butcher et al. (2004).
Importantly, film growth typically occurs at low temperature, below 100°C, which is important
for the growth of InN films. Low temperature growth allows the use of substrates other than

temperature resistant materials such as sapphire. These alternative substrates, including glass and
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Si, are less-expensive. Hence, the growth of InN films using the RF-sputtering technique is
relatively cost-effective. InN film in Fig. 3.4 was grown by Butcher et al. (2004). Columnar
structures are clearly visible suggesting polycrystalline materials were obtained for RF-sputtering

growth techniq

Fig. 3.4 A typical transmission electron microscope image of a film grown by RF-sputtering.

For the RF-sputtering InN films studied in this thesis were grown with a new technique
developed in our laboratory called *“reactive gas-timing” which is difference from the other
researchers such as Tansley and Foley (1984, 1986b), Motlan et al. (2002) and Butcher et al.
(2004). The films growth technique detail is described in experiments. Briefly, thin films are
grown by sputtering a metallic indium (99.999% In) target with energetic ions from argon and
nitrogen plasma which are controlled timing of flow rates inflected to the chamber. The r.f. source
was operated at a frequency of 13.56 MHz. The films were grown on glass slides cleaned with
PIRANHA process. In this research, no substrate heating were used, however, the substrate

temperature may have been as high as 60°C due to plasma heating.

3.2.3 Metal Organic Chemical Vapor Deposition

Metal Organic Chemical Vapor Deposition (MOCVD) is a common method of growing
high quality GaN films. In this growth technique, the films are deposited by chemical reactions
occurring between the precursors. In the case of InN, trimethyllindium (TMIn) and NH, are used
as precursors of indium and nitrogen, respectively. Nitrogen is used as the carrier gas for the
TMIn. When these precursor gases come into contact with a heated substrate, they decompose

and react to form InN on the substrate.



33

Both the substrate temperature and the ratio of the precursor flow rates (V/III) are critical to
film quality. At high temperature the decomposition rate of NH, increases, however, this also
results in the decomposition or thermal etching of the already grown InN film. Alternatively,
growth at a temperature below 400°C can result in the formation of metallic indium droplets due
to the shortage of reactive nitrogen as the decomposition rate of NH, is low at such a low
temperature [3]. Moreover, growth below 550°C has been found to produce columnar structures.
Two-dimensional growth has been achieved for a growth temperature higher than 600°C [17].
Importantly, an increase in mobility and a reduction in carrier concentration have been reported.
Growth temperatures in the range of 500-600°C have been suggested as suitable for the growth of
InN [3].

For low temperature growth, formation of indium droplets has been reported for V/III ratio
<1.63x10" [18]. The number of indium droplets was shown to decrease with this ratio increasing,
and for a V/II ratio >1.63x10° no droplets was observed. For film growth temperature above
650°C, a low V/III ratio is suggested due to enhanced decomposition of NH,. Importantly, an
increase in the NH, decomposition rate also increases the H, partial pressure, which prevents the

film growth [19].

3.2.4 Remote Plasma Enhanced Chemical Vapor Deposition

Remote Plasma Enhanced Chemical Vapor Deposition (RPECVD) is an improved version
of CVD in which reactive nitrogen radicals are produced by plasma dissociation independent of
the growth temperature. This allows the low temperature growth of InN. TMIn and neutral
nitrogen plasma species were used as indium and nitrogen precursors, respectively. N, was used
as the carrier gas for the TMIn. TMIn is introduced to the substrate through a shower head above
the substrate holder. The substrate is heated to a.desired temperature by a heater attached to the
substrate holder. The growth of InN occurs because of reactions between thermally decomposed.
TMIn and nitrogen radicals produced in the nitrogen plasma. The plasma itself is generated by
245 GHz microwa;/es. The plasma is produced away from the substrate so that high energy ions,
which are also generated in the plasma, do not reach the substrate. Hence, the substrate and the
grown film are protected from possible ion-induced damage. This is the advantage of RPECVD
over plasma enhanced CVD growth. A typical SEM image of a film grown by RPECVD is shown

in Fig. 3.5 [20].
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1 um
Fig. 3.5 A typical SEM image of a film grown by RPECVD

3.2.5 Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) growth of InN, indium and nitrogen, in the form of
molecular beams, are deposited on a substrate heated to a desired temperature. In gas-source
MBE, a solid source is used for indium, whereas a gas source faor nitrogen, typically, N, or NH,.
In contrast, a metal organic chemical beam is used as a source of indium in metal organic MBE
(MOMBE). In both types of MBE-growth, the dissociation of the nitrogen source is a major issue,
since the dissociation energy of N, molecular is relatively high (9.5 eV). Reactive atomic nitrogen
is generally obtained by applying radio-frequency to dissociate N, molecules. Alternatively,
reactive nitrogen can be obtained by electron cyclotron resonance (ERC) microwave plasma
source. However, the energetic ions generated in the plasma can produce damage in the films.
Oxygen and carbon contaminations are other issues associated with the plasma. The use of
electric or magnetic fields has been used attempted to reduce the ion induced damage [21]. In
case of ECR source, the damage can be reduced by operating the plasma at a low power,
however, it results in a lower growth rate [2].

Growth temperatures in the range of 450-550°C are suggested to be suitable for the growth
of InN by MBE [3]. It is reported that the growth rate of InN above this temperature range is very
low, or that film growth may not occur at all due to the dissociation of the film. I;'ilm growth
below this temperature range results in poor quality films. Studies have shown that the crystal
quality and electric properties of InN films improve with growth temperature [22, 23]. Lu ef al.

have reported that a growth temperature of ~500°C is optimum to achieve good quality films.
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Figure 3.6 shows X-ray diffraction spectra for films from RF-sputtering, RPE-CVD, MBE
and MOCVD studied by Butcher ez al. (2002), Lu et al. (2003), Bhuiyan et al. (2003) and
Maleyre et al. (2004), respectively. In all cases the (002) and the (004) reflections are clearly
evident confirming the hexagonal wurtzite structure of InN films. The dominance of the (002)
reflection indicates that the c-axis of the hexagonal InN structure is perpendicular to the substrate.

In the case of the film grown by MOCVD, in addition to the peaks corresponding to InN, a
peak due to metallic indium is also evident; see Fig. 3.6 (d). Moreover, a split in the (002)
reflection can be observed (see inset). This may suggest strain in the InN lattice, possibly due to
the inclusion of indium clusters in the film. In all cases a strong reflection from the (002) plane is
observed indicating the wurtzite structure of InN films. In (d) a metallic indium signal and a split

in the InN peak are evident which is also shown in the inset.
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Fig. 3.6 Typical X-ray diffraction spectra for InN films grown by difference techniques.
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3.3 The Properties of Indium Nitride

3.3.1 Crystal Structure of InN

InN normally crystallizes in the wurtzite (hexagonal) structure. The zincblende (cubic)
form has been reported to occur in films conta;ining both polytypes. Due to absence of good-
quality single crystal films, the crystal structure of InN has been measured mainly in non-ideal
thin films, particularly the ordered polycrystalline films with crystallites in the range of 50-500
nm. The end results of the measurement indicate that, although InN normally crystallizes in the
wurtzite structure, occasionally it also crystallizes in the zincblende (cubic) polytype. Table 3.2
lists values of the basal-plane and out-of-basal-plane lattice constants, a, and c,, deduced from a

series of experiments as well as other basic properties.

Table 3.2 The basal plane and perpendicular-axis lattice constants along with other basic

parameters of InN,

Waurtzite polytype of InN
Bandgap energy E,(300K)= 1.89eV
Temperature coefficientt dE/dT = -1.80x10 " eV/K
Lattice constant a=3.548 A,c=5.760 A
Index of refraction n = 2.80-3.05
Dielectric constant €153, €,=8.4

Zincblende polytype of InN

Bandgap energy E (300 K) = 2.2 eV; theory

Lattice constant a=498 A

The value of ¢ /a; data from various measurements is about l.6i5 + 0.008. This is close to
the more optimistic value of 1.633 determined from layers specially grown under significant
precautions, best possible growth conditions, and presumably with reduced nitrogen vacancies.
An examination of the tabulated data indicates an unacceptably large scatter. This may possibly
be due to nitrogen deficiency, since nitrogen atoms are closely packed in (0001) planes. While the
cubic polytype of InN yields a molecular cell volume of 30.9 A3, the hexagonal polytype gives a

molecular cell volume of 31.2 + 0.2 ;\3.
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3.3.2 Mechanical and Thermal Properties of InN

The experimental density of InN deduced from Archimedean-displacement measurements
is 6.89 g/cm3 at 25 °C. This is comparable to 6.81 g/cm3 estimated from X-ray data. The bulk
modulus determined from first-principles calculations by a local-density approximation method
and by the linear muffin-tin orbital method is B = 165 GPa. In a hexagonal structure, the second-
order elastic moduli are C,, C,,, C,,, C,,, and C,,, but there are no reports of these parameters yet.
Since these figures depend on the lattice constants which are within some 10%, values of other
nitrides can be used as a first approximation when absolutely needed. InN has twelve photon
modes at the zone centre (symmetry group: C,), three acoustic and nine optical ones with
acoustic branches near zero at k = 0. The infrared active modes are of the E, (LO), E (TO),
A(LO), and A (TO) type. Moreover, a transverse optical mode has been observed at 478 cm’
(59.3 meV) by reflectance and 460 em’ (57.1 meV) by transmission measurements.

The linear thermal expansion coefficients measured at five different temperatures between
190 K and 560 K, indicate that both along the parallel and perpendicular directions to the ¢ axis of
InN these coefficients increase with increasing temperature. Deriving thermal conductivity data
from the Leibfried-Schloman scaling parameter and assuming that the thermal conductivity is
limited by intrinsic photon-photon scattering, the thermal conductivity is about 0.80 + 0.20 Wem'
K. While the heat capacity of InN is (9.1 £2.9) 10° (cal/mol K) at temperatures between 298 and
1273 K, the entropy is 10.4 cal/(mol K) at 298.15 K. The equilibrium partial pressure of N, above
InN is about 1 atm at 800 K, and it increases exponentially with temperature to 105 atm at 1100

K.

3.3.3 Electrical Properties of InN

It is fair to state that no reliable experimental data for the electron mobility in InN have yet
to be obtained. InN suffers from thie lack of a suitable substrate material and the atomic radii of In
ax;d N is an additional contributing factor to the difficuity to obtain InN of good quality. As a
result, nitrogen vacancies are thought to lead to large background electron concentrations in InN.
Because of all these factors, the electron mobility obtained from various films have varied very
widely. The electron mobility in InN can be as high as 3000 cm'/Vs at room temperature. A
recent study of the electron mobility of InN as a function of the growth temperature indicates that

the mobility of Ultra-High-Electron Cyclotron Resonance-Radio-Frequency Magnetron
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Sputtering (UHV-ECR-RMS) grown InN can be as much as much as four times the mobility of

conventionally grown (vacuum deposition) InN.

3.3.4 Optical Properties of InN

Recently, the value of the optical band gap energy E_ for InN has come under intense
reinvestigation due to a disagreement between the generally accepted value of 1.9 eV [24-26] and
recently reported values in the range of 0.7-1.1 eV [27-29]. The higher values of E, (1.8-2.1 eV)
have been determined from optical absorption spectra on polycrystalline or (002)-textured InN
thin films deposited by reactive sputtering techniques. Band-edge photoluminescence peaks with
energies ranging from 1.81 to 2.15 eV have also been observed for InN films grown on Si
substrates by molecular beam epitaxy (MBE). On the other harid, optical absorption and
photoluminescence measurements on high-quality InN thin films gown on (001) sapphire
substrates by MBE and MOVPE have revealed the lower E, values (0.7-1.0 eV). Thus, the lower
reported band gap values (< 1 eV) are thought to be associated with improvements in the thin film
fabrication techniques leading to higher quality InN films with relatively less disorder, and are
more consistent with values predicted by theoretical calculations.

It is well known that first-principles density-functional calculations using the local density
approximation (LDA) typically understimate the band gaps of materials. Although the generalized
gradient approximation (GGA) has been found to give a better description of many properties
connected with the total energies of atoms and solids, the GGA does not any significant
improvement in the calculation of band gap energies. For example, the calculation band gaps in
the LDA (GGA) are 24% (32%) and 47% (55%) smaller than the measured gaps for AIN and
GaN, respectively. Moreover, InN is found to be metallic in both the LDA and GGA with
respective band gaps of —0.3 eV and —0.4 eV. However, a full GW calculation using a dielectric
matrix calculated in the random-phase approximation has been shown to correct underestirr;ations
in the band gap calculated from the LDA and GGA. Likewise, a GW calculation using a good
model dielectric function is just as satisfactory for many materials. Such a model dielectric
function calculation has led to good agreement between the corrected and experimental band gap
values for AIN and GaN. For wurzite InN, a calculation using the GW approach with a recent
model dielectric function results in a corrected band gap of 0.8-0.9 eV. Although this result agrees

with the lower experimental values for E,, there is some uncertainty in this calculation due to
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difficulties in properly accounting for the pd repulsion arising from In 4d electrons in LDA-based
calculations such as this one.

The correct value of the band gap for this material is crucial, as the usefulness of InN for a
particular application depends sensitively upon it. The reasons for the observed variation in the
apparent band gap are not well understood. Several possibilities are suggested, of which the

important ones are discussed below.
3.3.5 The Possibility Suggestions

3.3.5.1 Moss-Burstein Effect
A Moss-Burstein effect occurs when carrier concentrations are such that electrons partly fill
the conductio.n band. As a result the band gap, when measured by optical absorption
spectroscopy, is overestimated due to the additional energy required to excite electrons from the
top of the valence band to the Fermi level within the conduction band. This effect was first
observed for InN by Trinor & Rose (1974) and later it was studied in detail by Tansley & Foley
(1986b) for film grown by RF-sputtering. The increase in the absorption edge was empirically

described as

E™ =E, +2.1x107n"eV 3.1)
where E,(z'") is the measuréd apparent band gap and 7 is the carrier concentration in cm”.

This formulation is based on the assumption that the correct value of the band gap energy is
E, = 1.89 eV. This equation suggests a significant shift of the observed-band gap value for
material with carrier concentrations higher than 10’ cm”.

Figure 3.7 shows the apparent band gap as a function of carrier concentration for InN films
grown by different techniques. The solid curve represents the expected value greater than 1.9 eV,
however, it can not explain the observed lower values around 0.7 eV. Recently Walukiewicz et al.
(2004) have attempted to describe the differences in the measured band gap with an alternate
model. This is shown by the dashed curve in Fig. 3.7. It is evident that this model cannot explain
those data point below 10" cm” which have high band gap values around 2 eV. This suggests that

other effects might be important.
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Fig. 3.7 Apparent band gap of InN films as a function of carrier concentration.

The solid and the dashed curves in Fig. 3.7 represent the theoretical Moss-Burstein effects
suggested by Tansley and Foley (19865) and Walukiewicz et al. (2004), respectively. The other
sputtered films are from Hovel & Cuomo (1072). Trainer & Rose (1974), Natarajan et al. (1980)
and Westra et al. (1988).

3.3.5.2 The Role of Oxygen

The band gap values around 2 eV observed for the polycrystalline material, as obtained
primarily from RF-sputtering, are also suggested to be possibly due to high oxygen incorporation
in these types of films [30, 31]. It has been proposed that the high oxygen incorporation in these
sputtered films leads to the formation of an InN-In,0, alloy. Such as alloy could have a higher
band gap than the value for InN. This is because of the high band gap value of In,0, which is 3.75
eV [32]).

Figure 3.8 shows Vegard’s diagram for the InN-In,0, alloy system. The solid lines
represent the expected increase of the band gap energy of InN with oxygen content assuming an
InN-In,O; alloy system. It'can be derived that an oxygen content of 39 at.% (43%In,0,) is
required to increase the band gap from 0.7 eV to 2 eV. Altemnatively, only 8 at.% oxygen (6%
In,0,) is required to increase the band gap from 1.89 eV to 2 eV. Both cases are indicated by

dashed lines in Fig. 3.8. Some preliminary measurements of oxygen content of InN exist,
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however, no accurate quantification has been carried out in a comprehensive fashion for InN

films from the important growth techniques.
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Fig. 3.8 Vegard’s diagram for an InN-In,0, alloy system.

The expected increase in the band gap with oxygen alloying is shown assuming the band
gap of InN to be 0.7 eV or 1.89 eV. The two vertical dashed lines indicate the compositions of a
hypothetical InN-In,0, alloy, for which the band gap is 2 eV, assuming the band gap of InN to be
0.7 eV or 1.89 eV, respectively.

3.3.5.3 Mie-Resonance

The presence of metallic indium in InN films is suggested to obscure band gap
measurements with optical absorption spectroscopy. In a recent paper by Shubina et al. (2004) it
was proposed that photoluminescence emission at 0.7-0.8 eV from films grown by MOCVD and
MBE, may be due to Mie scattering from metallic indium clusters in the films. These clusters can
form during film growth, which is particularly likely when a film is grown above 500 °c
(Shubina et al. 2004). Importantly, the energy value of the absorption edge was shown to decrease
with the amount of indium clusters in the film. For a film without such clusters, an absorption
edge near 1.4 eV was reported.

The presence of metallic indium clusters in an InN film would suggest that the film is

indium-rich, reducing the value of the nitrogen-to-indium ratio 77 below unity. Additionally, the
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possibility of metallic indium inclusions has been investigated at the microscopic level with
Perturbed Angular Correlation (PAC). The observed variation in the electronic and optical
properties of InN films produced by different growth techniques may suggest that their
microscopic structure is different. Local microscopic structure can be probed using hyperfine
interactions methods. PAC spectroscopy is a suitable technique to study local structure as well as
defects and annealing behavior at the atomic scale. For PAC spectroscopy a radioisotope is
introduced into a host material as a probe which is sensitive to the local electric field gradients or
magnetic fields. The directional correlation of the probe’s emitted radiation can then be defected
which may provide information about local electromagnetic fields in the immediate vicinity of the

probe nucleus.

3.3.5.4 Quantum Size Effects

It has been suggested in a report of a lower InN band-gap that the observed higher band-
gaps may result from quantum size effects related to polycrystallinity. This suggestion remains
open, although there has been no instance where the presence of quantum size effects has been
positively identified in InN thin films. Lan et al. produced CVD grown InN-based nanorods and
observed that with rod diameters of 30—50 nm the InN was brown with 1.9 eV photoluminescence
(PL) being evident, whereas nanorods of more than 50 nm diameter were observed to be black
with 0.77 eV photoluminescence. Great care must, however, be used in interpreting these results
solely in terms of quantum confinement effects. Undefined differences in growth temperature
existed between the two materials (the brown nanorods being grown at lower temperature) and
the impurity concentrations in both types of material (as determined by X-ray diffraction) were
large. A chemical origin for the observations of Lan et al. cannot therefore be excluded. It is
instructive that a discrete change from 0.77 to 1.9 eV PL was observed and that a continuous
change in PL energy, as might be expected in a situation where quantum confinement is evident,
was not observed as the rod diameters shrank.

Other groups have ~0.7 V PL in polycrystalline material. Anderson et al. grew
polycrystalline InN with ~0.8 eV luminescent present but did not identify the size of
polycrystalline grains; similarly, Kuball et al. observed ~0.85 eV PL from polycrystalline
RPECVD grown InN, while, as shown in Fig. 3.9 a weak room temperature ~0.7 eV PL emission
_has been observed for a polycrystalline RF sputtered InN sample with a band-gap, measured by

absorption techniques, of 1.9 eV. It has also recently been shown that for polycrystalline samples
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(with crystal grain diameters of ~100nm) that a large variation in band-gap could be achieved, for
material containing less than 1% oxygen concentration, through a variation in In:N ratio. Finally,
Cimalla et al. have calculated only a 0.03 eV shift for a 20 nm InN film, which would exclude the
presence of a strong quantum size effect for almost all thick sputtered films, since grains tend to
be larger then 20 nm, and in thin epitaxial layers. While these results do not exclude the
possibility of quantum size effects, they certainly indicate that other mechanisms are probably

considerably more important.-
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Fig. 3.9 Room temperature photoluminescence spectra for an older Cornell MBE sample (GS-

1322) and for an RF sputtered InN sample.

The spectral intensities have been normalised for comparison (the intensity for the RF
sputtered sample being much less). Both spectra are clipped at the lower energy side due to the

response of the Ge detector used.

The properties of genuine InN quantum dots differ from those observed in InN films, and
much smaller dimensions than those typical of the grain size of polycrystalline material have been
achieved. The possibility of InN quantum dot formation in InGaN layers has had a long and
controversial history of its own that need not be addressed here. The first intentional growth of
InN quantum dots has only recently been reported but no quantum confinement effects have yet

been identified. For high indium content intentionally grown InGaN quantum dots, however,
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quantum confinement has been evident through blue shifted PL emission. In that case the dot

height was 1.2 nm, much smaller than the grain sizes typical of sputtered InN.

3.3.6 As-Grown Indium Nitride

Except for one report of p-type material, as-grown InN has high n-type carrier
concentrations resulting from native defects [3]. This has widely been attributed to nitrogen
vacancies in the InN lattice [33]. Other possible sources are oxygen atoms on nitrogen sites or
silicon atoms on indium sites [34] or the hydrogen incorporation into the film [35-36].

The existence of nitrogen vacancies in InN suggests that material may be nitrogen-poor
with the nitrogen-to-indium ratio 77 <1. In the present study, this proposition has been tested with
measurements of the nitrogen-to-indium ratio of InN films from different growth techniques.
Additionally, the possibility of defects at the microscopic level has been investigated with the

PAC method.

3.3.7 Implantation and Annealing Study

Future devices based on InN will require the availability of both n-type and p-type material.
In the case of GaN, p-type material has been obtained by doping Mg as an acceptor impurity
during growth, followed by low-energy electron-beam irradiation [37], or by thermal annealing of
the film in a N,-ambient at a temperature above 700 °C [38]. In general, p-type characteristic is
often achieved by introducing dopants using ion implantation. Ion implantation is also widely
employed in device processing, for example to provide electrical isolation between layers.

When an energetic projectile ion penetrates a material, it deposits its energy in the material.
The deposited energy can result in the displacement of lattice atoms. Both the ion and the
displaced atoms can continue their motion and create a damage cascade. Hence, the original
crystal lattice structure of the material will be perturbed to a disordered state. If the implanted
dose of the incident ions is sufficiently large, complete amorphization of the material can occur.
High temperature annealing can remove the lattice defects and thus is an important processing
tool. Although both ion implantation and annealing will be important for future device procession

of InN, only limited information is available.

3.3.8 Optical Data for Nanostructured InN
Optical data for InN nanostructures present an interesting reference to the discussion of the

bandgap of the bulk InN semiconductor, since specific energy shifts compared to the bulk case
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are expected, due to confinement of electrons. InN quantum dots (QDs) of nanometer dimensions
have been prepared by MOCVD growth (39, 40]. An example of a PL spectrum for such
structures is shown in Fig. 10, where the PL from a QD sample is compared with an ordinary
MOCVD grown InN film [41]. Two observations are interesting here. The bulk InN film shows a
PL peak at about 0.76 eV, often observed in the case of an electron concentration of about 1 x10"
cm-J, as was the case here. The QD structure has an emission substantially upshifted in energy,
peaking at about 0.95 eV (Fi.g. 3.10). Also, this QD PL is.much more temperature stable than the
bulk spectrum. Although it is not clear whether the QDs have a similar electron density to that of
the bulk layer, these data support the observation of a confinement induced shift to higher
energies in the QD structure. This means that the bulk InN bandgap of about 0.7 eV would be
consistent with these observations.

InN quantum rods have also been reported recently [42]. They may be grown by an Au
catalyst CVD technique, with diameters 30-100 nm. Apparently two different species of rod
ensembles may be produced: “brown™ InN rods with a broad PL band about 2.0 eV and no
observed IR PL, and “black” InN rods with an IR PL band at 0.77 €V at 20 K. The latter would
again be consistent with a bulk InN PL spectrum for a shallow donor doping density of about 1
x10"” cm'J; indeed the large diameters of these rods would make the properties bulk-like. The

reason for the quite different optical properties of the “brown” rod ensembles is so far unclear.

Intensity (a0.)

0 60 S0 1200
Energy (meV)
Fig. 3.10 Photoluminescence spectra obtained for an MOCVD grown InN quantum dot sample,
compared with the corresponding data an ordinary InN film, at two different

temperatures.
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The strong upshift in the peak position for the QD sample is suggested to be partly due to

quantum confinement.

3.4 The Quality and Reproducibility of InN

Accurate information on the stoichiometry of gas-grown InN and the amount of impurity
contaminations is limited. What are acceptable levels of impurities and defects in InN films will
be determined by specific future device applications. At this stage little is known about the
minimum concentrations possibly achievable for oxygen and other impurities. Compositional
analysis is often performed with sputter depth profiling techniques such as Secondary Ion Mass
Spectrometry (SIMS), or X-ray Photoelectron Spectroscopy (XPS) which are, however, reliant on
calibration samples.

Studies of Maruyama and Morishita (1994) [43] have shown that the composition of InN
films grown by RF-sputtering can be sensitive to the growth conditions (temperature, RF power
and total pressure). Interestingly, for all the films analyzed the nitrogen-to-indium ratio 77 was
always less than unity indicating indium-rich material was obtained. Motlan ez al. (2002) [44] it
can be calculated that the nitrogen-to-indium ratio 77 of films from a non-nitrided target was as
low as 0.36. This ratio increased with target nitridation to the maximum value of 7 = 0.73, again
indicating that all the films were highly indium-rich. It should be noted, however, that in both of
the above cases the composition was measured with XPS, a technique which can only provide
qualitative information on the elemental composition. The determination of the composition relies
on correct calibration, which is difficult for InN due to the lack of standard samples.

Kumar et al. (1996) [45] have compared the composition of films grown by RF-sputtering
as obtained with XPS and Rutherford Backscattering Spectroscopy (RBS). Significantly different
values have been obtained. The authors argue that XPS underestimates the nitrogen-to-indium
ratio 7] due to preferential sputtering of the N atoms by the Ar ion gun used for the sputter
cleaning and depth profiling of the sample. It may be also possibly due to the redeposition of the
sputtered indium on the sample surface. Hence, RBS was suggested to be a better used by
Yoshimoto et al. (2003a) [46] to measure the composition of a film grown by MBE. Both of the
above two studies suggested that the films were non-stoichiometric (77 #1) and that the films
had oxygen contamination. Kumar ez al. (1996) [45] reported the film to be nitrogen-rich (n=
1.1), whereas the film analyzed by Yoshimoto et al. (2003a) [46] was measured to be indium-rich

with 77 =0.9.
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Figure 3.11 shows simulated 4 MeV ‘He RBS spectra for InN films grown on silicon and
sapphire substrates. For the simulation, stoichiometric InN (77 = 1) with carbon and oxygen
impurities assumed to be at the 5% level, has been used. The simulation has been performed
using the program SIMNRA (Mayer 1997) [47]). The calculation for the 300 nm film grown on
silicon (Fig. 3.11a) shows that the carbon, nitrogen and oxygen signals are fairly separated,
though these signals are obscured by the large signal from the silicon substrate. As film thickness
increases, these signals start to overlap as shown in Fig. 3.11b for a 500 nm film. Thus, the
determinati.on of film composition becomes very difficult. The situation becomes even worse
when RBS is applied to the analysis of InN films grown on sapphire substrates. This is shown in
Fig 3.11c. In principle, the extraction of individual signals from the experimental data may be
attempted using simulation routines such as SIMNRA (Mayer 1997) or Data Furnace. However,
because of the complexity of the data, accuracy is certainly compromised. Thus, using this
technique reliable stoichiometric information of InN films is not readily obtained unless the film
is grown on a low-z substrate such as glassy carbon. Even then the InN film has to be rather thin
(<200 nm). The use of resonant backscattering could enhance the light element signals, but it is

cumbersome and quantification is difficult, since it would rely on measured nuclear cross-
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Fig. 3.11 Simulated RBS spectra for InN films with 5% carbon and 5% oxygen grown on silicon

and sapphire substrates.
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In I:'ig. 3.11(a) the carbon, nitrogen and oxygen signals are separated. However, they
overlap in Fig. 3.11(b) and Fig. 3.11(c). In all cases these signals are obscured by large signals
from the substrate. This is particularly so when measurement statistics are also considered.

It is noteworthy that the RBS spectra presented in both cases are for films less than 200 nm
thick and even then the nitrogen and oxygen signals are not fully separated. Thus, the
determination of the nitrogen and oxygen contents of the film is not accurate. Moreover, the films
were grown on uncommonly used glassy carbon substrate to permit the RBS measurements.
Hence, any information on the carbon content in the film is not ready available. If the RBS
technique were used on InN films grown on more common substrate, such as silicon or sapphire,
the carbon, nitrogen and oxygen signals from the film would be obscured by those from precisely

measured.

3.5 The Related Thin Films

3.5.1 Indium Tin Oxide (ITO)

Indium Tin Oxide or tin doped indium oxide (ITO)-is an n-type, highly degenerated, wide
band gap semiconductor with relatively low resistivity and high transmittance in visible range
region [48]. Due to these properties, it has been widely used as transparent electrodes in various
displays, including liquid-crystal display (LCD), electro luminescent display (ELD), and organic
light-emitting diode (OLED) [48]. It has been reported that r.f magnetron sputtering yields ITO
thin films with low resistivity and good reproducibility. For the crystallization of ITO thin films,
the heating process at an elevated temperature during the film deposition or an addition post-
annealing treatment at around 150°C is required [49]. The substrate temperature is an important

parameter for several applications, particularly when organic polymer substrates are used [50-51].

3.5.1.1 Physical Structure and Properties of ITO
Indium Tin Oxide is essentially formed by subsititutional doping of In,0, with Sn which
replaces the In’" atoms from the cubic bixbyte structure of indium oxide [52]. Sn thus forms an
interstitial bond with oxygen and exists either as SnO or SnO,accordingly it has a valency of +2
or +4 respectively. This valency state has a direct bearing on the ultimate conductivity of ITO.
The lower valence state results in a net reduction in carrier concentration since a hole is created
which acts as a trap and reduces conductivity. On the other hand, predominance of the SnO, state

4 . . .
means Sn' acts as a n-type donor releasing electrons to the conduction band. However, in ITO,
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The reported value for the refractive index of ITO is 1.96 [59]. The transmittance of ITO
films is also influenced by a number of minor effects which include surface roughness and optical
inhomogeneity in the direction normal to the film surface. Inadvertently grown dark brown
(effectively translucent) metallic films of ITO have also been reported. This opaqueness has been
attributed to unoxidised Sn metal grains on the ITO surface as a result of instability due to

absence of sufficient oxygen during deposition [52, 55].

3.5.1.2 ITO Deposition Techniques
Sputtering, of one form or another, is by far the most extensively used technique for the
deposition of ITO. This is closely followed by thermal evaporation - which can also be achieved
using several different techniques. ITO has also been prepared by other methods such as Spray
Pyrolysis and Screen Printing. The choice of deposition technique is dictated by a number of
factors such as quality and reproducibility of the ITO film, homogeneity over a wide cross
section, capacity, ease and cost of use as well as detrimental side effects and limitations specific
to each technique. In addition, since the properties of ITO depend strongly on the microstructure,
stoichiometry and the nature of the impurities present, it is inevitable that each deposition
technique with its associated controlling parameters should yield films with different

characteristics. Some of these issues will now be discussed briefly.

3.5.1.3 Sputtering

Sputtering involves knocking an atom or molecule out of a target material by accelerated
ions from an excited plasma and condensing it on the substrate. When this modification is
induced by a chemical reaction during the transit from the target to the substrate, the process is
referred to as reactive sputtering. In general, most ITO sputter sources consist of hot pressed 90%
In,0, : 10% SnO, compound targets. The sputtering can be achieved by a number of ways which
include accelerating the plasma ions by a d.c field [60] or a d.c field combined with a magnet (to
direct the high velocity emitted electrons away from the substrate), r. f. (with its self induced bias)
as well as by ion beams [61]. Hence names such as magnetron [62] and reactive r.f sputtering
reflect on the process that has been used for the deposition of the ITO film.

The techniqué used in the course of this study involves reactive r. f. sputtering with reactive
gas-timing method. This method is reputed for its excellent uniformity, high conductivity and
high transparency. The r.f field ensures that sputtering of non-conductive materials can also be

achieved at a practical rate. Parameters known to influence ITO quality include sputtering
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pressure, pre-conditioning, film thickness and r. f. power amongst others. The control of oxygen
partial pressure is particularly critical in determining the conductivity and transmittance.
However, without the ability to direct unwanted high velocity electrons away from the substrate,
damage is associated with this technique; on the other hand magnetron sputtering yields high

deposition rates and minimizes this damage.

3.5.2 Indium Oxynitride (InON)

The presence of oxygen has been suggested as a cause of the higher band-gap observed for
some InN-based material (e.g. [27]), though proponents of a lower band-gap have provided little
cited work and even less experimental evidence on the actual role of oxygen. Many
misconceptions have consequently arisen regarding the role of oxygen in InN. In particular, InN—-
In,O, alloy formation hag been suggested as a possible explanation for the higher. band-gap [27].
There are two ways in which sufficient quantities of oxygen in InN may affect the band-gap. The
first requires oxygen to form optically active centers, which, in high densities, modify a notional-
oxygen-free band-gap by the band filling (Moss—Burstein) effect or by impurity banding within
the forbidden band. These effects will increase or decrease the apparent band-gap respectively.
The second requires the formation of a semiconducting pseudo-binary alloy phase, InON_ witha
band-gap different from InN. It seems to be a common misconception that an InN-In,0, alloy
system should exist and that its presence should intuitively explain the higher band-gap.

However, the physical evidence does not support the existence of InN-In O, alloys; in
fact it has been known for a number of years that when oxygen is present in InN films in large
quantities it forms discrete well segregated compounds [63]. It has also been shown that even if
InN-In,0, alloys were to occur and we re-iterate that the weight of evidence does not support
their existence the amounts of oxygen present in available films have been insufficient to explain
the difference in observed band-gap.

Examination of the relevant crystallography provides an explanation as to why the InN—
In,O, pseudo-binary alloy is not observed. The group III metal (M) oxides, of the form M,0,,
most readily crystallise in the corundum structure. Group III metal nitrides most commonly form
a wurtzite hexagonal structure with fewer atoms per unit cell. There is no continuous geometric
transformation between the two structures and thus no continuous pseudo-binary analogous to
familiar III-V intermetallics such as InGaAs. In particular, the equimolecular pseudo-binary

M,O,N (i.e. MN+M,0,) does not exist for any group Il metal M, although there is a
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compositionally adjacent spinel in the AIO,N, system. Other complex crystal structures appear at
specific AION compositions, but this is attributable to the strong Al-O bond. The familiar AION
range, commercially available in high quality optical components, is a sintered mixture of
nanocrystalline AIN and ALO, powders with optical properties governed by effective-medium
theory. There is no published evidence of an indium analogue to any of the AION, phases and a
compositionally continuous crystalline pseudo-binary alloy of InN-In,0, may be presumed not‘ to
exist. Nevertheless, effective-medium theory also dictates that sufficiently fine admixtures of two
segregated phases will show optical absorption edges intermediate between those of the
components.

Westra et al. [64] proposed a convincing model for the role of oxygen in indium nitride
back in 1988. They produced polycrystalline material with carrier concentrations between 7x10"
and 2x10” cm_.3 and low mobilities of 4-10 cm’/V s. Rutherford backscattering measurements
showed oxygen oncentrations of about 11 at.%, but with indium to nitrogen ratios slightly above
1. However, there was no evidence of oxygen-related phases in their X-ray diffraction spectra,
allowing them to propose that the oxygen in their films was surface-bound as an amorphous
indium oxynitride. This oxide surface phase had previously been observed by Foley and Lyngdal
[65] using XPS measurements. Such a structure maintains near-stoichiometry between nitrogen
and indium, while the oxygen adsorbate is invisible in X-ray diffraction spectra. An NO,-related
contribution has also been observed in samples containing a higher oxygen content [45]. Kumar
et al. [45] suggested that the grain boundaries of their columnar polycrystalline indium nitride
acted as a site for the incorporation of such an oxygen—nitrogen species. They also saw no oxide
contribution to X-ray diffraction spectra or to infrared absorption spectra.

Similar behavior has been demonstrated in polycrystalline GaN grown at low temperature
(570 °C) [66] where it has been shown that large amounts of oxygen can be incorporated at the
grain boundaries, and indeed and that the available concentration determines the eventual GaN
crystal size. The reported amorphous oxynitride contribution [33] thus appears to be resident at
the grain boundaries. Raman data for sputtered InN with 10% atomic oxygen concentration

reveals only broad InN-related phonon peaks [67], also supporting the model.
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3.5.2.1 Oxygen and Other Potential Dopant Sources

Theory predicts that oxygen substitutional on a nitrogen site in InN should be a donor
[36,34]; however, there has been no experimental confirmation of this. Other donor species have
been identified as playing a more significant role for some forms of InN [36]. Early experimental
evidence taken from sputtered samples suggested that there is at least one donor species resonant
with or extremely close to the conduction band of InN [33], while other, deeper donor levels at
40-50 meV and 150 meV have also been identified [33]. The recent work of Haddad et al. [68] on
nominally undoped MBE grown material of varying carrier concentration also shows the
dominant donor to be resonant with the conduction band. These workers also observed deeper
dopant energy levels using high temperature Hall effect measurements and found activation
energies of 40, 81 and 114 meV. Additional energy levels at 17 and 66 meV were observed for
Si-doped material, again with high carrier concentration and therefore likely to be influenced by
both impurity banding and band-tailing. The energy separation between the conduction band and
these deeper dopant levels may be affected by band-tailing for some of the heavily doped
material. Interestingly, experimental evidence does not support oxygen as a dominant donor in
InN. The work of Look et al. [36] suggests that hydrogen
or possibly a native defect may have been the dominant donor in the 3.5 x10" cm ° MBE
material they studied, since oxygen levels of only 3 x10'® cm * and silicon levels of 2x10" cm
were found to be present. The SIMS study of Specht et al. [69] also does not support the
assignment of oxygen as an important donor in InN, with measured oxygen and donor
concentrations showing no correlation. The recent work of Yoshimoto et al. [45], on films grown
by MBE at 500 °C, showed electron concentrations of about 10” cm—s, corresponding to a donor
concentration of 0.3% in InN with oxygen concentrations of 1-6 at.%. If oxygen is the donor in
their films, then only 5% is electrically active, but it is not clear whether solubility limits have
been reached. Carrier concentrations as high as 10" cm ° have been recorded, and since very
high oxygen concentrations do not yield these concentrations, other shallow donor impurities
must be suspected. Nevertheless, oxygen substitutional on nitrogen sites may create a deeper
donor state in InN, while segregated amorphous phases appear likely to be electrically neutral

complexes.
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3.5.2.2 Oxynitride Crystal Structure

Materials based upon oxygen hold special potential because of low reactivity with the
atmosphere. In the case of the metal dioxide (MO,), it is very likely that as the metal coordination
increase so does the bulk modulus. The highest coordination in the metal dioxides is the cotunnite
structure in which the metal atom is coordinated by nine oxygens. Several metal dioxides have
now been observed in the orthorhombic cotunnite form with ZrO,, HfO,, CeO,, PbO,, UO,, TbO,,
TeO,, and ThO,, all currently known dioxides include into this phase by pressure.

In fact it may be that the cotunnite phase of the metal oxides is the highest coordination
phase that can be achieved in the MO, series and therefore could represent the hardest possible
structure. Given the great potential of the highly coordinated MO, contunnite phase as an
ultrahard material, the possibility of changing the chemical nature of this phase through
incorporation of other elements may lead to another potentially important series of ultrahard
materia]s. In this suggestion the possible direct incorporation of N into the cotunnite structure
giving an oxynitride structure of the form MON. The N is assumed to directly occupy a site in the
14-atom unit cell of the cotunnite lattice that has the lowest energy structure and do not to be
randomly distributed through the oxygen sublattice as previously supposed for other oxynitride
structure is shown in Fig. 3.13.

J. E. Lowther et al. make a comparison of this phase with a similar MO, phase and
especially compare the elastic properties as measured by the bulk modulus. Lattice parameters for
each MON cotunnite structure are also obtained. They have used the local density approximation
(LDA) function of Ceperley and Alder [70] as parametrized by Perdew and Zunger [71], to obtain
accurate exchange and correlation energies for a particular ionic configuration. A plane-wave basis
is used [72] which is sampled over a reduced set of eight special & points. A criterion of at least
10" eV/atom was placed on the self-consistent convergence of the total energy and all of the
calculations reported here used a plane-wave cut off of 870 eV (64 Ry) with soft Troullier-
Martins pseudopotentials [73].

In conclusion a correlation has been established between the number of electrons in the
metal and the overall compressibility of the cotunnite structure as measured by a bulk modulus
for the metal oxides and oxynitrides. They find that the d orbitals make an important positive
contribution to the bulk modulus through a sensitive reduction in the volume of the unit cell. The
presence of N into the structure has affected the density of states at the Fermi energy and also

introduced a series of sharp states lying below the Fermi level. A special enhancement of the bulk
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modulus has been found in the case of NbON and TaON, suggesting that such a cotunnite

material could exhibit considerable hardness. ’

Fig. 3.13 Typical crystal structure of a cottunite metal-Ta-Oxynitride.

The increase of the oxygen percentage is followed by a significant loss of crystallinity,
being the films with the highest oxygen contents (34 and 43 at.%) practically amorphous. This
amorphization of the films is related with the increase of the oxygen content promoted by the
increase in the gas flow keeping in mind that oxygen is more reactive than nitrogen. The increase
of the available oxygen over supersaturation level w15x reduces the possibility of crystallization
(mostly that of TiN). The extended deformation of the titanium nitride structure, resulting from
the incorporation of oxygen (referred here as Ti—-N-O phase), increases the number of defects,
and then facilitates the amorphization. This oxygen doping explains the broadening of the
diffraction peaks, as it can be evidenced for intermediate and highest oxygen contents, where the
peak broadening indicates the existence of microstrains and nanometer grain size. The
asymmetricpr ofile may be related to peak overlap corresponding to phase structures with
different lattice parameters. In-depth structural inhomogeneities assumption may be rejected since

RBS results indicate homogeneous
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A combination of beneficial properties of indium nitride and indium oxide results in a new
material-indium oxynitride-with variable composition and functionality. Changing the oxygen-to-
nitrogen ratio in In-O-N in a wide range offers a possibility to tune the film properties by

controlling the progress parameters.

3.5.2.3 InON Deposition Technique
The reactive magnetron sputtering system, which used for experimental growth of AIN,
InN and ITO thin films in this thesis, was also used to deposit indium oxynitride thin films. The
InON thin films were achieved by mixed-gas and reactive gas-timing techniques. A detail of
experiment was presented in Chapter 8. With our technique, the bandgap of ION thin films were

obtained in range between ultraviolet to near-IR depended on gas flow control.

3.6 Chapter Summary

InN is a key material of the III-nitride system. It has emerged as a potential material for
optical and electronic devices. Due to the large and diverse spectrum of possible applications of
InN, the correct band gap assignment for InN is the focus of much current research and debate. In
this chapter mainly presented on the. background of indium nitride which including of the growth
techniques such as MBE, MOCVD and RF sputtering, the properties such as crystal structure,
electrical, mechanical and optical properties, in addition of the quality and reproducibility of InN
films. The related InN film, furthermore, ITO and InON films are also briefly here in order to
using these films for device applications discussed in Chapter 8.

Recently, the value of the optical band gap energy E, for InN has come under intense
reinvestigation due to a disagreement between the generally accepted value of 1.9 eV and recently
reported values in the range of 0.7-1.0 eV. The lower reported band gap values (<1.¢V) are
thought to be associated with improvements in the thin film fabrication techniques leading to
higher quality InN films with relatively less disorder, and are more consistent with values
 predicted by theoretical calculations. The correct value of the band gap for this material is crucial,
as the usefulness of InN for a particular application depends sensitively upon it. The reasons for

the observed variation in the apparent band gap are not well understood.
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4.3 Chapter Summary

The sputter process has almost no restrictions in the target materials, ranging from pure
metals where a d.c-power supply can be used to semiconductors and isolators which require a r.f-
power supply or pulsed dc. Deposition can be carried .out in either non reactive (inert gas only) or
reactive (inert & rea;:tive gas) discharges with single or multi-elemental targets. During the
sputter process a magnetic field can be used to trap secondary electrons close to the target. The
electrons follow helical paths around the magnetic field lines undergoing more ionizing collisions
with neutral gaseous near the target than w;)u]d otherwise occur. This enhances the ionisation of
the plasma near the target leading to a higher sputter rate. It also means that the plasma can be
sustained at a lower pressure. The sputtered atoms are neutrally charged and so are unaffected by
the magnetic trap.

The use of radio frequency, r.f to sputter material was investigated in the 1960’s. Davidse
and Maiseel used r.f sputtering to produce dielectric films from a dielectric target in 1966. In
1968 Hohenstein co-sputtered glass using r.f and metals (Al, Cu, Ni) with d.c, to form cermet
resistor films. The r.f sputter deposition is not used extensively for commercial PVD for several
reasons. The major reasons are it is not economic to use large r.f power supplies due to their high
cost and the fact that you introduce high temperatures, due to the high self-bias voltage associated
with r.f power, into insulating materials.

The term reactive sputtering was introduced by Veszi in 1953. Reactive sputter deposition
of tantalum nitride for thin film resistors was an early application. However it wasn’t until the
mid-1970s that reactively sputter-deposited hard coatings on tools began to be developed and they
became commercially available in the early 1980s. Although the concept of reactive sputtering is
quite simple, the art of employing it effectively to produce high quality insulating films at
maximum rates can be a real challenge. The nature of forming insulating layers in a dc sputter
deposition is inherently disruptive to the process. In recent years the issue of arcing in reactive
sputtering has been effectively managed using one of several power delivery techniques. The
most common of these are pulsed-dc in a single magnetron system and low frequency ac power in
a dual magnetron system. In both cases a voltage reversal at the cathode is used to effectively
eliminate charge built up on the target surface and thus avoid the breakdown event. Many modern
power supplies also posses arc detection and arc handing circuitry designed to quickly extinguish

an arc should one occur.
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In this research, the innovation technique called “reactive gas-timing” will be purposed to
grow AIN, InN and their compounds thin films by r.f magnetron sputtering at room temperature.
Gas-timing technique is a process to control timing sequence of feeding gases (Ar, N, and O,)
into the sputtering process. The period of time sequence depends on thin film thickness

requirement.
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CHAPTER 5

THIN FILM CHARACTERIZATIONS

5.1 Structural Characterization Methods

5.1.1 X-Ray Diffraction (XRD)

X-ray diffraction was discovered by Max von Laue in 1912. It has provided a wealth of
important information to scieﬁce and industry [1, 2] for example, much that is known about the
arrangement and the spacing of atoms in crystalline materials- has been directly deduced from
diffraction studies. In addition, such studies have led a much clearer understanding of the physical
properties metals, polymeric materials, and other solids. X-ray diffraction is currently of prime
importance in elucidating the structure of such complex natural products as steroids, vitamins,
and antibiotics. X-ray diffraction also provides a convenient and practical means for the
qualitative identification of crystalline compounds. This application is based upon the fact that an
X-ray diffraction pattern is unique for each crystalline substance. Thus, if an exact match can be
found between the pattern of an unknown and an authentic sample, chemical identity can be
assumed. In addition, diffraction data sometimes yield quantitative information in concerning a
crystalline compound in a mixture. The method may provide data that are difficult or impossible
to obtain by other means as, for example, the percentage of graphite in a graphite-charcoal
mixture.

X-rays are electromagnetic radiation with typical photon energies in the range of 100 eV-
100 keV. For diffraction applications, only short wavelength x-rays (hard x-rays) in the range of a
few angstroms to 0.1 angstrom (1 lgeV-lZO keV) are used. Because the wavelength of x-rays is
comparable to the size of atoms, they are ideally suited for probing the structural arrangement of
atoms and molecules in a wide range of materials. The energetic x-rays can penetrate deep into
the materials and provide information about the bulk structure.

X-rays-are produced generally by either x-ray tubes or synchrotron radiation. In a x-ray
tube, which is the primary x-ray source used in laboratory x-ray instruments, x-rays are generated
when a focused electron beam accelerated across a high voltage field bombards a stationary or
rotating solid target. As electrons collide with atoms in the target and slow down, a continuous

spectrum of x-rays are emitted, which are termed Bremsstrahlung radiation. The high energy
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electrons also eject inner shell electrons in atoms through the ionization process. When a free
electron fills the shell, a x-ray phc;ton with energy characteristic of the target material is emitted.
Common targets used.in x-ray tubes include Cu and Mo, which emits 8 keV and 14 keV X-rays
with corresponding wavelengths of 1.54 A and 0.8 A, respectively.

In recent years synchrotron facilities have become widely used as preferred sources for x-
ray diffraction measurements. Synchrotron radiation is emitted by electrons or positrons travelling
at near light speed in a circular storage ring. These powerful sources, which are thousands to
millions of times more intense than laboratory x-ray tubes, have become indispensable tools for a
wide range of structural investigations and brought advances in numerous fields of science and
technology.

Lattice Planes and Bragg's Law:

X-rays primarily interact with electrons in atoms. When x-ray photons collide with
electrons, some photons from the incident beam will be deflected away from the direction where
they original travel, much like billiard balls bouncing off one anther. If the wavelength of these
scgttcred x-rays did not change (meaning that x-ray photons did not lose any energy), the process
is called elastic scattering (Thompson Scattering) in that only momentum has been transferred in
the scattering process. These are the x-rays that we measure in diffraction experiments, as the
scattered x-rays carry information about the electron distribution in materials. On the other hand,
In the inelastic scattering process (Compton Scattering), x-rays transfer some of their energy to
the electrons and the scattered x-rays will have different wavelength than the incident x-rays.

Diffracted waves from different atoms can interfere with each other and the resultant
intensity distribution is strongly modulated by this interaction. If the atoms are arranged in a
periodic fashion, as in crystals, the diffracted waves will consist of sharp interference maxima
(peaks) with the same symmetry as in the distribution of atoms. Measuring the diffraction pattern

therefore allows us to deduce the distribution of atoms in a material.
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Bragg’s Law Lattice Planes

Fig. 5.1 Schematic illumination of x-ray diffraction in the lattice plane.
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The peaks in a x-ray diffraction pattern are directl‘y related to the atomic distances. Let us
consider an incident x-ray beam interacting with the atoms arranged in a periodic manner as
shown in 2 dimensions in the following illustrations. The atoms, represented as green spheres in
the graph, can be viewed as forming different sets of planes in the crystal (colored lines in graph
on left). For a given set of lattice plane with an inter-plane distance of d, the condition for a

diffraction (peak) to occur can be simply written as

mpA =2d,sin@ o))

where my is an integer representing the order of diffraction peak, A is the wavelength of the x-ray,
d, the distance between parallel consecutive atomic planes and 0 is the angle between these
planes and the incident beam. Different elements or compounds are then identified by analysis of
the d, values that are characteristic for the crystalline phase.

Equation 1 is known as the Bragg's law, after W.L. Bragg, who first proposed it. The
Bragg's Law is one of most important laws used for interpreting x-ray diffraction data. It is
important to point out that although we have used atoms as scattering points in this example,
Bragg's Law applies to scattering centers consisting of any periodic distribution of electron
density. In other words, the law holds true if the atoms are replaced by molecules or collections of

molecules, such as colloids, polymers, proteins and virus particles.

" 2sind

7y )
and lattice constant: a=——+h>+k*+I’ 2)

where a is lattice constant and h, k,] are diffraction planes

XRD measurements for AIN, InN, ITO and InON thin films were performed by using a
D8-Bruker model-XRD diffractometer, as shown schematically in Fig. 5.2, operating with a
grazing incidence angle of one degree in parallel beam geometry using CuK radiation using
wavelength 1.540598 A. The effective grain size, i.e. the diameter of assumed spherical particle,
was determined from the full width at half maximum (FWHM) of the X-ray diffraction peaks

using the Scherrer equation [3] [80]:

0.94
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5.4 Chapter Summary

The AIN, InN, ITO and InON thin films grown by reactive gas-timing rf magnetron
sputtering in this research were determined by the characterizations methods. The crystallized
orientation and surface morphology of thin films were obtained by XRD and FE-SEM,
respectively. The optical bandgap energy of thin films was successfully inveétigated by PR and
UV-VIS measurement. The sheet resistance of ITO films was measured by 4 point probes
instrument. In additional, the thickness of all films was monitored and measured by thickness
monitor and profilometer, respectively.

All measurement gave us to understand our grown films and can -apply for devices

applications.
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CHAPTER 6
GROWTH AND CHARACTERIZATIONS OF

AIN THIN FILMS

6.1 Introduction

AIN was first synthesized in 1877, but it was not until the middle of the 1980s that its
potential for application in microelectronics was reali7:ed due to its relative high thermal
conductivity for an electrical insulating ceramic (70-210 Wem 'K ' for polycrystalline material,
and as high as 275 Wem K ' for single crystals).

AIN is synthesized by carbothermal reduction of alumina or by -direct nitridation of
aluminium. AIN is a (mostly) covalent bonded material, and has a hexagonal crystal structure
which is isomorphic with one of the polytypes of zinc sulfide known as wurtzite. The use of
sintering aids and hot pressing is required to produce a dense technical grade material. The
material is stable to very high temperatures in inert atmospheres. In air, surface oxidation occurs
above 700°C, and even at room temperature, surface oxide layers of 5-10 nm have been detected.

o

This oxide layer protects the material up to 1370 C. Above this temperature bulk oxidation
occurs. Aluminum nitride is stable in hydrogen and carbon dioxide atmospheres up to 980°C. The
material dissolves slowly in mineral acids through grain boundary attack, and in strong alkalis
through attack on the aluminum nitride grains. The material hydrolyzes slowly in water.
Aluminum nitride is resistant to attack from most molten salts including chlorides and cryolite.
Mellor (1928) described the early production of aluminum nitride (AIN), crediting Briegleb
and Geuther (1862) as being the first to document a method for its production. Their method

involved heating aluminum in a nitrogen atmosphere to yield (impure) AIN according to the

nitridation reaction:
Al(s)}+1/2N,(g) = AIN(s) 0))

Mellor also reported the commercial production of AIN by Serpek via the carbothermal

reduction of alumina using coal and bauxite as starting materials:
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ALO, (s}+3C(s)*+N, (g) = 2AIN(s)+3CO(g) @)

As reactions observed in AIN powder production, (1) and (2) above are by far the most
prevalent (Fister, 1985). Purity has been increased over the years by increasing the purity of
~ reactants and by reducing the particle size of the solid reactants.

Another potential application for AIN is as a packaging material for electronic items.
Packages made of AIN could reduce cooling problems and allow higher power densities. AIN
also shows corrosion resistance to a wide variety of materials. It is wetted by molten aluminum,
but does not react with it. It is not attacked by uranium, lithium, many ferrous alloys and some
superalloys. It is also stable against molten salts such as carbonate eutectic mixtures and cryolite.
AlN is finding increased applications in cricibles and hardware for containing or processing
many of these corrosive materials.

Currently there is much research into developing light-emitting diodes to operate in the
ultraviolet using the gallium nitride based semiconductors and, using the alloy aluminum gallium
nitride, wavelengths as short as 250 nm have been reported. In May 2006 an inefficient LED
emission at 210 nm was reported. The bandgap of single crystal AIN has been measured (using
vacuum UV reflectivity) at 6.2 eV. This allows a wavelength of around 200 nm to be achieved, in
principle. However, there are many difficulties to be overcome if such emitters are to become a
commercial reality. Among the applications of AIN: opto-electronics, as a dielectric layer in
optical storage media, electronic substrates, as a chip carﬁer where high thermal conductivity is
essential, and in military applications.

Epitaxially grown crystalline aluminum nitride is also used for surface acoustic wave
sensors (SAW's) deposited on silicon wafers because of the AIN's piezoelectric properties. Very
few places can reliably fabricate these films. Agilent after more than a decade of research now
has a RF filter used in mobile phone called the FBAR. This technology is closely associated with
engineers working in the MEMS field.

Using on-axis reactive sputtering AIN films have been deposited on different substrates
such as glass, Si (100), Si (111), SiO, and sapphire. The c-axis AIN films are easier obtained at
lower pressure (0.75-8 mTorr) and lower pressure [1-6] In Chien-Chuan Cheng’s study [7], it is
provided that the full width of half maximum intensity (FWHM) of AIN (002) was decrease with

increase the N, concentration. It is also provided that the c-axis AIN films can be improved by
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increasing the r.f. power and temperature. The effect of r.f. power is similar to the result of M.
Ishihara’.s study [8].

Sputtering is a very versatile process for the fabrication of thin solid films. The subject of
this thesis concerns the study of thin films of non-stoichiometric aluminum nitride fabricated by
reactive magnetron sputtering with our innovation technique called reactive gas-timing technique.
Using gas-timing control in the sputtering process, the argon and nitrogen ions have effectively to
yield AIN film. The method allows the deposition of films have orientation in a cubic structure.
This deposition technique is shown to be an extremely useful tool in the growth <;f cubic-AIN
polycrystalline structure.

In this thesis, we report the first observation of band-gap energy obtained from room
temperature PR measurement on poly-crystalline AIN thin films grown by this new technique.
With this approach, the AIN thin films can be performed in cubic structures and nanocrystalline

sizes. The crystalline structure, morphology and band gap energy of the samples were

characterized by XRD, FE-SEM and PR spectroscopy, respectively.

6.2 Experimental Results and Discussions

6.2.1 Substrate Cleaning Process
In order to obtain high quality film, it is necessary to clean the substrate thoroughly.
Science' the condition of substrate surface would influent the quality and adhesion of AIN thin
films. The glass slides (Menzel-Glaser German model: SuperFrost) were used as the substrates for
AIN thin film growth 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 the tap water.
3) Etch the oxide and contamination on the surface with PIRANHA process (H,SO,
+30%H,0, with 4:1 by volume) for 30 minutes.
4) Rinse in tap water for 20 minutes.
5) Deep rinse in de-ionized (DI) water for 30 minutes in ultrasonic bath cleaner.
6) Dry out the surface with Nitrogen gas.

7) Bake the substrates in oven at 200 °c.
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CHAPTER 9

CONCLUSIONS AND FUTURE PERSPECTIVES

9.1 Conclusions

This work presents a comprehensive study of aluminum nitride (AIN) and indium nitride
(InN) thin films. The InN related thin films including indium tin oxide (ITO) and indium
oxynitride (InON) films are also in our study. By our innovative “reactive gas-timing”
technique, nanocrystal-AIN, nanocrystal-InN, nanocrystal-ITO and nanocrystal-InON thin films
‘have been successfully grown on various substrates by r.f magnetron sputtering system at room
temperature. The growth parameters, including gas flow rate, gas-timing, r.f sputtering power,
and film thickness, have been adjusted to grow the films. A detailed characterization of thin films
has been carried out usiné x-ray diffraction, scanning electron microscope, photoreflectance
spectroscopy, UV-VIS spectroscopy and four point probe measurement. The following sections
summarize the growth, characterizations and devices fabrications of AIN, InN, ITO and InON
films. The possible future work is suggested.

In order to grow good quality AIN, InN and InON; research groups have tried several
deposition techniques. The more common growth methods are metalorganic chemical vapor
deposition (MOCVD), molecular beam epitaxy (MBE), Organometalic Vapor Phase Epitaxy
(OMVPE) and reactive sputtering. However these methods are limited in their capabilities to
produce high quality wide band gap semiconductor thin films. Normally, these growth techniques
need to heat substrate and have growth temperature higher than 1000 °C which causes
dissociation in InN. Further improvement in the film quality has been achieved by applying new
technique which causes these system are complex reactor and more expensive. Radio frequency
reactive sputtering (RF-sputtering) is a relatively simple growth technique, cost effective, and
widely used for study of nitride films.

fn this work, it has been demonstrated that the reactive gas-timing technique used for r.f
magnetron sputtering plays an important role to grow AIN, InN, ITO and InON thin films with
following conclusions as below.

Crystalline structural and morphological examinations by XRD and FE-SEM show that all

deposited films have the polycrystalline form and composed of nanocrystalline grains.
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The AIN thin films can be achieved as cubic structure with the orientation along (111) and
(200) planes. The band-gap transition energy of cubic-AIN determined by PR measurement is in
range of 3.78-3.89 eV depended on the flow rate of N, and is decreased with increasing flow rate
of N,. The increasing grain size with N, flow rate was due to the improvement in the degree of
crystallinity of thin films.

For Ini\l thin films, the reflection peaks of XRD indexed (101), (102), and (110). in
accordance to, the wurtzite-InN polycrystalline structure while, InN thin films grown in pure N,
plasma showed one strong XRD peak in orientation along (111) plane corresponding to InN cubic
structure. The energy bandgap of about 1.18 eV for hex-InN and 1.38 eV for cubic-InN were
investigated by PR and UV-VIS measurements, respectively.

All deposited ITO thin films with various r.f power on PET show XRD peaks at 28 =
30.273° and 35.165° which correspond to (222) and (400) planes as polycrystalline cubic
bixbyite structure. The sheet resistance of ITO thin films obtained by four point probe
measurement is reduced from 30 to 8-/0 as the r.f. power of sputtering increases from 10 W to
40 W. The ITO thin films on PET substrates have the transmittance of about 90% in visible
region. The optical bandgap energy of ITO films obtained from UV-VIS measurement is about
3.6eV.

For deposited InON films series, the XRD peak at 20 = 31.4° of film grown in pl:r\e Nz
plasma determines the crystal orientation along (111) plane as cubicl-InN polycrystalline
structures. While the peak at 28 =34.97° and 50.71° of film grown in pure O, plasma determines
the crystél orientation along (400) and (440) planes, respectively as cubic body-center
polycrystalline structure. The crystal orientations of films grown in N,+0, plasma exhibit the
crystal phase change nearby to InN when O, flow rate is decreased and to In,0, when.O, flow rate
is increased. The optical bandgap of InON films series determined from UV-VIS measurement is
in range of 1.4-3.2 eV depended on growth conditions.

Finally, the devices fabricated from AIN, InN, ITO and InON thin films for the various
applications including nanocrsytal-AIN pH-sensing device, nanocrystal-InN photodetector, ITO
flexible transparent electrode and nanocrystal-InON optical filter.

The nanocrystal cubic-AIN thin film was selected as a sensing membrane in electrolyte-
insulator-semiconductor (EIS) pH-sensing devices. For experimental study, the pH sensors, EIS,
are designed and then fabricated with the reference/electrolyte/ AIN/SiO,/p-Si/Au structure. After

packaging, the current-voltage (I-V) measurement was utilized to measure a series of the I-V
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characteristic curves. The threshold voltage can be obtained to evaluate the pH sensitivity in the
differénce standard pH buffer solutions (pH = 4, 7, 10). From the characteristic results,
furthermore, the nanocrystal cubic-AlIN thin film is very attractive as a sensing membrane for pH
sensing ISFET devices.

The potential of InN as a photosensitive material was fabricated. The photodetector
structure was made on p-Si wafer. The wavelength response of nanocrystal-InN phodetector is in
range of near-infrared. The bandgap energy of nanocrystal-InN film used as photosensitive
material of about 1.2 eV as hexagonal polycrystalline structure.

The transparent flexible plastic electrode and antenna was fabricated. ITO thin film was
deposited on flexible plastic substrate at room temperature by gas-timing r.f. magnetron
sputtering. By usiig XRD measurement of the ITO thin film grown by this technique, a cubic
nano-crystalline structure with predominant (222) orientation was observed. The technique of
gas-timing we used, the ITO thin film on flexible substrate was achieved with high transmittance
in visible region of 90% and low resistivity. The ITO films with sheet resistance of about 8 QO
on plastic have potential as transparent electrode for display devices. The performance of the ITO
film antenna was studied experimentally with its return loss and radiation patterns.

InON thin films are used to functional layer for optical high-pass filter. The device can be
performed in ultraviolet to near infrared regions by the sputtering conditions. The InON thin film
on glass or plastic substrates prepared by gas-timing technique can be achieved without any post-
process requirement. XRD results show that the phase of deposited films change from InN to
InON and to InO as oxygen content mixed with nitrogen in sputtering are increased. However, the *
body-centered structures of InON and InO films with preferred orientation depend on
nitrogen/oxygen ratio. The FE-SEM micrographs of all deposited films exhibit nanocrystalline
structures. The optical properties of nanocrystalline films were recorded by means of UV-VIS
absorption spectroscopy, indicating that the optical energy bandgaps of thin films affected by
nitrogen/oxygen ratio. Especially, the films were proven to be useful to apply for medical and

crime scene investigation in forensic science.

9.2 Future Perspectives
In order to future improve the performance of nitride-based devices, significant advances in
materials characterization methods need to be made. The device fabrication design and process

are suggested for future work to significantly enhance the device efficiency such as ISFET pH-
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sensor, nitride-based photodetector, oxynitride-based pressure sensor, solar cell and plastic

electronics applications.
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