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SUMMARY

In this dissertation, the investigation on growth and post-growth annealing
treatment of ZnO thin films, deposited by a home-made metal organic chemical vapor
deposition (MOCVD), is presented. The growth of the ZnO thin films was studied
with various growth parameters and reactor designs. With the first generation of
MOCYVD, the fabricated ZnO thin films consist of amorphous and crystalline phases.
The optical bandgap of the nominal undoped ZnO thin films grown at low
temperature was blue-shifted from 3.25 to 4.06 eV, which was attributed to the
amorphous ZnO absorption. Furthermore, ZnO quantum dots (QDs) embedded films
could be obtained by introducing large amount of precursors during the growth. The
size of the QDs, estimated using high-resolution transmission electron microscopy
(HRTEM), was found to be ~3-12 nm. The quantum confinement effect of ZnO QDs
embedded films was evidently observed and validated in the broadening of near-band-
edge emission that extended to 3.6 eV. The dependency of QDs bandgap on dot size
and the growth mechanism were discussed in detail.

The pre-reaction of precursors in gaseous phase has greatly influenced the
ZnO thin films deposited with the original reactor. In fact, with the appropriate flow
rate of precursors and growth temperature, ZnO QDs embedded films were
successfully demonstrated. In order to obtain high quality film, the MOCVD reactor
and growth process have been systematically modified to eliminate the pre-reaction of
the precursors. Using the modified reactor and growth process, highly c-axis oriented
polycrystalline ZnO thin films were obtained. The quality of the fabricated ZnO thin
films was found to be comparable to that of single crystalline ZnO thin films.

Thermal annealing is an important post-growth treatment in semiconductor

industry. In this dissertation, detailed investigation on post-growth annealing was

v
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carried out on the MOCVD-grown ZnO thin films. The nanoscale-sized sheets with
random orientation on as-grown films changed to three-dimensional nanoneedles
upon annealing. A coarsening kinetics developed by Lifshitz and Slyozov, and
Wagner was used to estimate the activation energy of the coarsening process. The
activation energy of the Ostwald ripening in ZnO thin films was estimated for the first
attempt to be 1.33 eV, which is likely to be governed by Zn atom migration.

It is well known that the difficulty in getting p-type ZnO thin films has
prevented the realization of ZnO-based opto-electronic devices. In this dissertation,
substantial efforts have been devoted to the investigation on the intrinsic defects in
7Zn0O thin films. Nominal undoped and N-doped p-type conduction ZnO thin films
were successfully fabricated by controlling the Zn:O ratio in the range of 0.05 to 0.2.
The obtained p-type ZnO thin films grown by the original reactor exhibit good
electrical and optical properties but have relatively poor crystallinity. As a result, the
investigation on the defect physics became complicating and challenging.
Nevertheless, the demonstration of nominal undoped and N-doped ZnO thin films
provides a guide for future work. Other than the as-grown p-type ZnO thin films, p-
type nominal undoped ZnO thin film was obtained by post-growth thermal annealing.
The unintentional carbon doping in MOCVD grown ZnO is unavoidable as it comes
from the zinc precursor during MOCVD process. The doped carbon, which has been
confirmed by secondary ion mass spectrometry (SIMS), immobilized the oxygen at
the interstitial sites in ZnO thin films after annealing, which resulting in p-type
conduction. By x-ray photoelectron spectroscopy (XPS), the O-C-O complex and
oxygen interstitials were confirmed. The cryogenic photoluminescence of the carbon-
doped p-type ZnO thin film showed an additional peak, which was attributed to

neutral acceptor bound exciton located at 3.3564 eV.
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As seen from a surge of a relevant number of publications, nanostructured
materials have attracted considerable interest recently due to their unique and novel
properties over their bulk counterparts. In this dissertation, the synthesis of ZnO
hollow spheres and hexagonal stacking disks is presented. The growth was
investigated as a function of time, and the peculiar structures were obtained in a
narrow window of a near-zero oxygen partial pressure. The largest hollow sphere has
a diameter up to 20 pm with a shell thickness of ~200 nm formed by nanocrystals or
nanodisks. HRTEM shows that the hexagonal stacking disks are surrounded by a few
nanometer-thick metallic Zn. The formation of hollow spheres and stacking disks was
attributed to the accumulation and dissociation of diethylzinc through beta hydride
elimination process in the near-zero oxygen partial pressure.

In summary, this dissertation addresses the growth and characterization of
7Zn0 thin films and nanostructures by a home-made MOCVD. The work has provided
some insights for designing a better MOCVD system and hence realizing the high-

quality p-type ZnO thin films for opto-electronic devices.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

1.1.1 Semiconductor revolution

The quantum revolution initiated at the beginning of the twentieth century, in
conjunction with the invention of the vacuum tube, provided the inspiration for the
invention of bipolar transistor in year 1947. The Nobel prize in Physics 1956 was
awarded to John Bardeen, Walter Brattain, and William Shockley for their researches
on semiconductors and invention of bipolar transistor (Figure 1-1)."! The invention has
initiated a new era in solid-state electronic and stired up huge effort in semiconductor
research. From then on, the semiconductor industry is dominated by silicon (Si) and
germanium (Ge), which are considered as the first generation of the semiconductor
materials. However, Si and Ge are not direct bandgap semiconductors, which have
limited their application in opto-electronic and photonic devices.

Photons and phonons can be generated by the recombination of the excited
electron-hole pairs in both direct and indirect bandgap semiconductors. However, the
radiative recombination rate in indirect bandgap semiconductors is much lower than

indirect bandgap semiconductors, such as Si and Ge.? For radiative recombination, the

ol - e o = |

Figure 1-1 (a) From left to right, John Bardeen, William Shockley, and Walter Brattain at Bell

Laboratories. (b) The first point contact germanium bipolar transistor.
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wavelength of the emitted photon can be calculated by the following equation:

A

he
£ (1.1)

g
where 4 is the emitted wavelength, 4 is Planck’s constant, ¢ is the speed of light in
vacuum, and E, is the bandgap energy. Figure 1-2 shows the room-temperature
bandgap energy versus lattice constant of common elemental and binary compound
semiconductors.”

The demand on the current-driven light-emitting diodes (LEDs) and laser
diodes (LDs) has motivated the development on semiconductors with direct bandgap.
In the 1960s, the development of III-V compound semiconductors, such as gallium
arsenic (GaAs), gallium phosphide (GaP), Indium phosphide (InP), and their alloys
had brought a new revolution to the semiconductor industry. GaAs and related
compounds have been used dominantly in the early 1990s for light emitters and high-
speed electronics. The laser wavelengths of GaAs-based LDs range from infrared to
the red region of the visible spectrum; while for GaP-based LEDs, the wavelengths

range from green, orange and red region of the visible spectrum. Figure 1-3 shows the
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Figure 1-2 Room-temperature bandgap energy versus lattice constant of common elemental

. . 4
and binary compound semiconductors.
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luminence efficiency versus emitted wavelength of visible LEDs made from
phosphide, arsenide and nitride compound semiconductors.* As is shown in Figure
1-3, phosphide and arsenide compound semiconductors could not emit blue or
ultraviolet light. The quest for shorter wavelength (blue and ultraviolet) opto-
electronic and photonic devices has been the focus of the compound semiconductor
research in recent yea_rs.5

The wide bandgap semiconductors that have bandgap energy greater than 2.3
eV, such as diamond, silicon carbide (SiC), Ill-nitride (AIN, GaN), zinc selenide
(ZnSe), and zinc oxide (ZnO) are regarded as the third generation semiconductors.
Blue or even ultraviolet (UV) light can be emitted by the radiative recombination of
the electron-hole pairs in the wide bandgap materials. The huge demand of the short-

wavelength opto-electronic devices has stirred up the research on wide bandgap

semiconductors.
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Figure 1-3 Luminence efficiency versus emitted wavelength of visible LEDs made from

phosphide, arsenide and nitride compound semiconductors.*
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1.1.2 Potential market for wide bandgap semiconductors

The wide bandgap semiconductors have attracted much attention due to the
strong demand of short-wavelength opto-electronic applications, such as blue and UV
light-emitting diodes (LEDs) and laser diodes (LDs), high-density optical storage
devices, full-color LED displays, electronic devices, and UV photodetectors, as
shown in Figure 1-4.

Among the potential applications, blue and UV LEDs market is expected to
grow from US$ 1.5 billions in 2004 to US$ 3 billions in 2010.° Blue is one of the
three primary colors (red, blue, and green) for display. The combination of primary
color LEDs will generate white light, which can be used for solid state lighting. The

LEDs are believed to be the lighting source in near future as LEDs have

som
an
o
xom
20
o
o

Figure 1-4 Potential market for ZnO-based materials.”"
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advantages of longer lifetime and lower power consumption compared to the existing
florescent light source. The emission efficiency of GaN-based white LED is as good
as or better than that of the florescent lamps and it is expected to have great impact on
display and solid-state lighting.l(’ Two good examples of the LED display are the
world largest LED display NASDAQ market site and Stone Bridge, which is shown in

Figure 1-5 and Figure 1-6, respectively.

: i |
Figure 1-5 NASDAQ Market site at night. It consists of almost 19 millions high brightness
LEDs."

i = = » :
= EF
Figure 1-6 Stone Bridge at Regensburg, Germany with about 22,000 red and white LEDs."®
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1.1.3  Why ZnO?

7Zn0O is a multifunctional material that has been investigated for many years

19,20 21,22

and utilized in many applications, such as phosphor, varistor, solar cell,”

24,25

transparent conductive thin film, gas sensor,”®?’ thin film buffer,”*** and thin film

. 32
transistor.>%>

Recently, ZnO has stimulated great interests because of its potential
applications in blue and UV LEDs and LDs, owing to its wide direct bandgap of 3.37
eV at room temperature. As mentioned earlier, the strong demands on short-
wavelength opto-electronic devices have attracted more and more attention on the
research of wide bandgap semiconductors such as ZnSe, SiC, GaN, and ZnO.
However, the asymmetry-doping problem of the wide bandgap semiconductors is still
the main challenge presently. Among the wide bandgap semiconductors, remarkable
progress has been achieved in IlI-nitride materials especially GaN-related materials in
the past decade.”® In 1989, Akasaki er al.** solved the p-type doping dilemma by Mg
doping using a low-energy electron beam irradiation. In 1992, Nakamura et al. 33
further improved the p-type GaN films by using metal organic chemical vapor
deposition. After that, they developed the commercial blue LEDs,*® which are about

200 times as bright as previously available blue LEDs. In 1996, Nakamura et al. had

successfully

Figure 1-7 (a) World’s first violet LED on GaN:Mg.37 (b) Commercial GaInN/GaN blue

LEDs array manufactured by Nakamura ef al., Nichia Corporation.*
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fabricated the pulsed current-injection blue LDs 38.39

and continuous wave (cw)
operation LDs from InGaN-based material with over 10,000 hours of lifetime.*® With
the significant breakthrough on MOCVD growth of GaN-based materials, GaN-based
optoelectronic devices are commercially available. Nevertheless, there are some
major drawbacks of GaN-based materials compared with ZnO-based ones, making
Zn0O as another promising candidate for short-wavelength optoelectronic devices. A
comparison of GaN and ZnO-based materials in various aspects such as emission

efficiency, material and fabrication cost, Si-CMOS compatibility, and substrate

availability, was made and elaborated in the following sections.

1.1.3.1 Emission efficiency

Zn0O has a larger exciton binding energy (60 meV) compared with GaN (25
meV), and ZnSe (20 meV). The large exciton binding energy suggests that electron-
hole pairs are well bounded even at room temperature (kT = 26 meV). Therefore, ZnO
is expected to be a brighter emitter compared with other wide bandgap
semiconductors. Besides, with a large exciton binding energy, ZnO-based blue and
UV LEDs and LDs operating at room temperature can be expected, provided p-type

41-43

Zn0O is available. In fact, room temperature lasing by optical excitation was

demonstrated experimentally, which reveals the potential of ZnO as a blue or UV
lasing material for the near future.*+*

The working device structure of a ZnO-based emitter would be in quantum
well structure. The bandgap engineering in ZnO materials could be implemented by

alloying magnesium (Mg) and cadmium (Cd), which increases and decreases the

bandgap, respectively. Figure 1-8 shows the bandgap engineering of both ZnO and
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Figure 1-8 Lattice constant of ZnO, GaN and theirs related alloys.*
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Figure 1-9 Energy bandgaps, lattice constants and crystal structures of selected II-VI

50
compounds.

GaN and their related alloys.*” It can be seen that the a-axis lattice mismatch for ZnO
ternary alloy films is much smaller than that of GaN ternary alloy films. More
recently, Ryu ef al.”® proposed a new BeZnO ternary compound, which is expected to
match ZnO lattice better as shown in Figure 1-9. Compared to GaN ternary alloy, the
small lattice-mismatch of ZnO ternary alloy films will reduce the lattice-mismatch

8
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induced strain and hence the piezoelectric field between the quantum well layers. This
will in turn improve the emission efficiency and hence device performance of ZnO-

based light-emitting devices.

1.1.3.2 Material and fabrication cost

GaN-based materials depend strongly on indium (In) alloying. It is known that both
Ga and In are rare compared to Zn mineral. As reported in Compound Semiconductor
magazine, the price of indium has risen ten-fold over the past two years (Figure
1-10).°" Moreover, high-purity of ammonia gas used in GaN fabrication is also
relatively expensive than the oxidizer used for ZnO fabrication. As a result, the
material cost for GaN-based materials is much more expensive than ZnO-based
materials. Other than the raw material cost, the fabrication cost for GaN-based
materials is also more expensive than that of ZnO-based materials. The deposition
temperature required to grow GaN-based materials is about 1050°C, which is higher
compared with ZnO-based materials of 500-800°C. The tight demanding on high
deposition temperature of growing GaN-based materials makes the fabrication
process costly and hence more expensive devices. As a result, ZnO-based LEDs and

LDs are expected to be cheaper than GaN-based LEDs and LDs.

1
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2 8 8
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Figure 1-10 Price of Indium. (Extracted from Compound Semiconductor magazine)'
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1.1.3.3 Si-CMOS compatibility

Low deposition temperature of ZnO materials (500-800°C) and possible wet-
chemical processing enable the possibility of integrating the ZnO thin films on Si.
This is particularly interesting since if the ZnO can be integrated on Si wafer, the
available low-cost CMOS technology would further reduce the fabrication cost of the
optoelectronic devices. Subsequently, it would be easier for LEDs to enter
the lighting market and compete with florescent lamps. Also, there would be great
impact on the display industry, data storage, telecommunication, consumer

electronics, etc.

1.1.3.4 Substrate availability / chemical & radiation resistance

As GaN wafer is still not commercially available, GaN and related materials
can only be epitaxially grown on certain substrates such as sapphire, ZnO or SiC by
adopting buffer layer technology, while ZnO of reasonable quality can be grown on a
wide variety of substrates such as ZnO, sapphire, Si, quartz, and even glass. The
flexibility of substrate used in growing ZnO thin films has certainly broadened its
possible applications. For example, the availability of large-area ZnO epi-ready
substrates provides the best substrates for the growth of ZnO-based emitting devices.
The deposition of ZnO on glass or indium tin oxide (ITO) opens up a window of
transparent thin film transistor for display technology.

Furthermore, the chemical & radiation resistance for ZnO materials is better
than GaN materials, which makes ZnO a possible candidate for space-based
applications.

In summary, from intrinsic material properties to fabrication process, ZnO has

advantages over GaN. As a result, ZnO has attracted much attention in the past

10
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52-55
decade.

In particularly, significant effort has been devoted to the realization of p-
type ZnO, which is the major bottleneck to be tackled in order to realize ZnO-based

optoelectronic devices. Driven by this motivation, a MOCVD system was built-up for

the growth of ZnO-based materials in this work.

1.1.4 Overview of ZnO

7Zn0O is one of the natural chemical forms of zinc. It is a II-VI compound
semiconductor with a wide direct bandgap of 3.337 eV at room temperature and 3.44
eV at 4 K57 ZnO has a wurtzite, hexagonal close packed (HCP) structure with
lattice constants of a=3.25 A and c=5.21 A, as shown in Figure 1-11. Two types of
atoms, Zn and O, are tetrahedrally coordinated to each other and are therefore
equivalent in position. The Zn-O distance is 1.992 A parallel to the c-axis and 1.973 A

in the other three directions of the tetrahedral arrangement of nearest neighbors.

Figure 1-11 Wurtzite, hexagonal close packed (HCP) structure of ZnQO.

1.1.4.1 Bipolar doping of ZnO
The most important property of semiconductors is the ability to change their

conductivity through the addition of impurity atoms. The controlled addition of

11
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impurities to alter the properties of a semiconductor is called “doping”. ZnO, like
other wide bandgap semiconductors, has problem in bipolar doping, more specifically,
it can be easily doped n-type but not p—type.sg'61 Also, it is well known that p-type
doping in oxides and nitrides are very difficult, while efficient n-type doping is very

62,6 . 64
63 and diamond.

difficult to achieve in ZnTe,

The ZnO structure is relatively open, with all of the octahedral and half of the
tetrahedral sites empty. It is, therefore, relatively easy to incorporate external dopants
into the ZnO lattice. The open structure also influences the nature of defects and the
mechanism of diffusion. Single crystal ZnO exhibits n-type conductivity. The reason
for getting intrinsic n-type conduction in ZnO is the excess zinc that acts as a donor.

The zinc excess results in a non-stoichiometric compound Zn;.4O, which can be

explained in the following chemical reaction:
ZnO—>Zn1+XO+§OZ 0 (1.2)

Using KrOger—Vink notation for lattice defects, the zinc interstitial (Zn;) in ZnO can
be directly ionized and give away electrons as Eq. (1.3) or subsequently be ionized

and give away electron as Eq. (1.4) and Eq. (1.5). As a result, electrons of
Zn,and Zn; can be ionized and transferred to other part of crystal, which causes the

intrinsic n-type conduction in ZnO.

Zn, +0, — Zn;" +%O2 T +2e' (1-3)
Zn, — 7Zn; +¢' (1.4)
Zn; — 7Zn;" +¢' (1.5)

12
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1.1.4.2 Hydrogen in ZnO

Other than the intrinsic point defects, the conduction of the ZnO thin films is
also governed by the impurities that incorporate into the films during deposition. Van
de Walle has done a first principle calculation on the hydrogen (H) impurities in ZnO
thin films and concluded that the H is also responsible for the n-type conduction in
ZnO0 thin films, as shown in Figure 1-12.9

Fortunately, the H impurities could be driven out from the ZnO thin films by
high-temperature post-growth annealing (>600°C).°° However, the passivation of the

p-type dopants caused by the H impurities might be a serious issue to look into.%’

T[ﬂ[ﬂ]l]

(a) (b}

Figure 1-12 (a) Possible incorporation of hydrogen in ZnO. BC indicates the bond-
center sites, and AB indicates the anti-bonding sites. (b) Relaxed atomic
positions of hydrogen and host atoms in the BCL configuration. Ideal
lattice65 positions without hydrogen incorporation are shown in dotted
lines.

13
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1.1.5 Current status of ZnO research

After decades of research, there is no doubt that ZnO is close to a
commercialization stage, where commercial ZnO-based devices are burgeoning.
Table 1-1 has tabulated the ZnO-based heterojunction and homojunction LEDs
demonstration from the research groups around the world.

Among them, Tsukazaki et al.”’ firstly demonstrated the ZnO-based
homojunction LED by laser molecular beam epitaxy (laser MBE) in year of 2005. The
p-type ZnO:N layers were fabricated using a repeated temperature modulation epitaxy
and the electroluminescence (EL) spectrum consists of emission bands centered at
570 nm and 400 nm at room temeperature. After that, homojunction LEDs were
demonstrated in succession by several groups using deferent techniques and p-type
dopants. Liu et al.,*® Pan et al.,”” and Xu et al.®® realized the p-type ZnO:N layer and
hence ZnO homojunction LED by metal organic chemical vapor deposition
(MOCVD). The EL of their LEDs appears dominantly at 520 nm, 384 nm, and 450
nm, respectively. More recently, Ryu er al.¥ has even demonstrated the ZnO-based
quantum-well structure LED, with a wall-plug efficiency of 0.1%. They tackled the p-
type ZnO problem by hybrid beam deposition and employed arsenic (As) as p-type
dopant.

From the ZnO homojunction LEDs demonstrations, it is obvious that the ZnO
light-emitting devices could be realized by using either N, As, or P as p-type dopants.
Moreover, all these devices were fabricated using either MBE or MOCVD, which
clearly indicates the feasibility of these two deposition techniques. Comparing to
MBE, MOCVD is a better tool for ZnO-based devices, as MOCVD enjoys lower cost,

easy scaling up, and the successful story in producing GaN-based LEDs and LDs. It is

14
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worth mentioning that to be commercial successful, ZnO LEDs have to be produced

in a cheaper process compared to GaN LEDs, which can only be fulfilled by MOCVD.

Table 1-1 ZnO-based heterojunction, and homojunction LEDs survey.

Researchers .
(Year Techniques Structures f](;)r Olgi;t;e Electzqug;f;is;:zg, EL
published)
AoKi et al. .
68 Laser doping  p-ZnO/n-ZnO P 400 — 500 nm at 110 K
(2000)
Hosono et
al. 2002)° FLD p-SrCu,0,/n-Zn0 NIL 382 nm at RT
Yu et al. .
(2003)™ Laser ablation n-ZnO/p-GaN NIL 384 nm at RT
Alivov et al.
(2003)"! CVD n-ZnO/p-GaN NIL 430 nm at RT
Ahvovnet al. VD n-Zn0/p-AlGaN NIL 189 1 at RT
(2003)
Wang etal.  RF magnetron .
(2003)" sputtring n-ZnO/p-diamond NIL NIL
Ip et al.
(508():1)74 PLD p-ZnyoMg, 10/n-ZnO P NIL
Osinsky et RF Plasma- n-Mgy 1Zng ¢O/n-ZnO/
al. (2004 assisted MBE  p-AlysGapguN/p-GaN 11T 390 nm at RT
Chichibu et Helicon-wave-
al. (2004)" excited-plasma n-ZnO/p-CuGaS, NIL 548 nm at RT
’ sputtering
Tsukazaki et
al. Laser MBE ZnO p-i-n N 400 nm at RT
(2005)77,78
Hazra et al.
(2005)" CvD ZnO p-n NIL NIL
Xu et al. RF reactive .
(2005)% sputtering p-GaN/i-ZnO/n-ZnO NIL 386 nm at RT
Hwang et al. RF magnetron
(2005)"' sputtering p-ZnO/n-GaN P 409 nm at RT
Jang et al. e
(2005)2 Diffusion ZnO p-n P NIL
Lee et al. .
(2005) Laser annealing ~ ZnO p-n P NIL
Yuen et al Filtered cathodic
(2005)% ~ Vacuumarc n-ZnO/p-SiC(4H) NIL 385 nm at RT
technique
Jiao et al. Plasma-assisted
(2006)* MBE ZnO p-n N 410 nmat 11 K
Liu et al. 372 nm and 520 nm at
(2006)*° MOCVD ZnO p-n N RT
Pan et al.
(2006)* MOCVD ZnO p-n N 384 nm at RT
Xu et al. MOCVD ZnO p-n N 430 — 600 nm at RT
(2006)™
Ryu et al. Hybrid beam As 363 nm, 388 nm and 550
(2006 deposition Beo2Zny0-ZnO MQW At RT

15
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1.2  Objectives

This dissertation addresses the growth and characterization of ZnO thin films
and nanostructures by MOCVD. The structural, optical, and electrical properties of
Zn0 thin films were studied in detail with the variation of growth parameters. Among
the growth parameters, growth temperature, precursors flow rate, and gas flow
configuration are crucial for obtaining good quality ZnO thin films.

One of the main objectives of this work is to set up a MOCVD system to
accommodate the needs for growing ZnO thin films. As the Dimethylzinc (DMZn)
reacts with oxygen (O,) even at room temperature, the pre-reaction of the gaseous
phase of precursors must be avoided. Therefore, conventional MOCVD reactor
designs are not suitable for growing ZnO thin films. Besides the reactor design, other
growth parameters such as temperature and flow rate will be evaluated in order to
establish an optimum growth condition. The optical properties of the ZnO thin films,
such as transmission spectra and photoluminescence (PL) will be studied and
correlated with the structural properties. The growth conditions for obtaining
polycrystalline, nanocrystal embedded, and highly c-axis oriented ZnO thin films
have been investigated. ZnO nanostructures were also investigated in detail and the
difference in growth condition of ZnO thin films and nanostructures was discussed.

The major technical difficulty in development of ZnO material is the
fabrication of efficient and reliable p-type ZnO thin films. In this work, we will also
look into the fundamental issues of the p-type doping of ZnO materials. The intrinsic
defects induced by the non-stoichiometric growth are responsible for getting n-type
conduction in ZnO thin films. The undoped ZnO thin films grown at various

conditions were carefully examined in order to identify the origin of the problem.

16
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1.3  Major contributions

This dissertation presents the investigation on the growth and characterization
of ZnO thin films grown by MOCVD. A home-made MOCVD has been specifically
built for ZnO growth and the reactor design has been investigated in the course of the
work. The properties of the ZnO thin films grown by different reactor design were
characterized in terms of structural, optical, and electrical properties. In the mean time,
p-type doping issue on ZnO materials was also investigated.

Major contributions are summarized as followings:

® A home-made MOCVD has been specifically catered for ZnO growth and
investigation. Various reactor designs have been implemented and their
corresponding effects to the growth of ZnO thin films have been addressed
and discussed. By accumulating the knowledge and experience during the
modification, a second generation of MOCVD system was designed and it is
being manufactured. The second generation MOCVD is expected to overcome
most of the problems encountered in the first generation MOCVD.

e Post-growth annealing treatment on as-grown ZnO thin films has been
investigated. Different type of the mass transport mechanisms are discussed
and correlated with the experimental results. Ostwald ripening, together with
sintering process were evidently observed and resulting in a transformation
from ZnO thin films to nanoneedles. By using the coarsening kinetics
developed by Lifshitz and Slyozov, and later Wagner, the activation energy of
the Ostwald ripening in ZnO thin films was estimated for the first attempt.

e P-type doping in ZnO has been investigated during the course of the work.
Nominal undoped and N-doped p-type ZnO thin films have been realized. The

carbon, which is inevitable in MOCVD grown ZnO thin films, is proposed to
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be the element that immobolize the oxygen interstitial, resulting in p-type
conduction in ZnO thin films. The acceptor level of the oxygen interstitial was
identified and reported.

e 7/nO self-assembled hollow spheres and stacking disks have been fabricated
without catalyst. The hollow spheres and stacking disks were fabricated at low
growth temperature of 350°C. At such a low temperature, the evaporation
mechanism that causes the formation of hollow spheres is unlikely to happen.
In this dissertation, a possible growth mechanism of the ZnO hollow spheres

and stacking disks was proposed and discussed.

1.4  Organization

The dissertation starts with chapter 1, which describes the motivation and the
objectives of the research. Background of the semiconductors revolution has been
briefed and the demand of wide bandgap semiconductors is illustrated. Also, the
comparison of GaN and ZnO concluded that ZnO is a promising wide direct bandgap
semiconductor for UV/blue emitting devices. In this chapter, we have also revealed
the current research status of the ZnO materials.

Chapter 2 provides the background on various deposition techniques for ZnO
growth. A home-made MOCVD system was specifically built for this work due to the
advantages of MOCVD compared with other deposition techniques for ZnO growth.
The growth and characterization of ZnO quantum dots embedded films and highly c-
axis oriented ZnO thin films are presented.

In chapter 3, some reactor designs are depicted together with the
characterization results of the ZnO thin films deposited. Growth, characterization, and

post-growth thermal annealing treatment on the highly c-axis oriented ZnO thin films
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are presented and discussed. The second generation of the MOCVD system is also
introduced in this chapter.

The p-type doping issue of ZnO thin films is addressed in chapter 4. The
realization of nominal undoped p-type ZnO thin films is investigated. Conversion of
nominal undoped n-type ZnO thin films to p-type ZnO thin films by post-growth
annealing is also presented in this chapter. The possible acceptor complex is proposed
and discussed.

Chapter 5 shows some ZnO nanostructures grown by the MOCVD. The
difference of the growth behavior of ZnO thin films and nanostructures is described
and discussed. A possible growth mechanism for obtaining ZnO nanostructures is
proposed.

The dissertation ends in chapter 6 with a summary of the main results and

recommendations for future work.
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CHAPTER 2 ZNO QUANTUM DOTS EMBEDDED THIN

FILMS BY MOCVD

2.1 Background

In the past decade, ZnO thin films have been prepared by various techniques
such as metal organic chemical vapor deposition (MOCVD),”°-%* molecular beam

epitaxy (MBE),”*" pulsed laser deposition (PLD), 2™ liquid phase epitaxy (LPE),”%”

84,100-104 12,31,105, 106

filtered cathodic vacuum arc (FCVA), sputtering, and ultrasonic

97 The choice on the deposition techniques always depends on the

spray pyrolysis.
quality of the film deposited, the feasibility in fabricating complex devices, such as
multiple quantum well structures, the equipment cost which including maintenance
and fabrication, and last but not least, the throughput of the equipment for
productivity consideration. A comparison of various growth techniques in a few major
aspects for ZnO was tabulated and shown in Table 2-1. Among the various aspects,
film quality and feasibility in fabricating complex devices determine the effectiveness
of the equipment, while the cost and throughput determine the potential ability of
commercialization. Comapring the growth techniques, MOCVD has a clear advantage
of being an advanced research tool for material and device physics, while reserving
the potential of being a production tool for devices commercialization. Since the birth
of MOCVD growth concept in mid-1980s, MOCVD has gone from primarily a
research tool to the stage where it is now being practically used in microelectronic and
optoelectronic industry, especially for GaN and related materials.”>”® The ease of
scale-up in MOCVD system from laboratory to industrial tool has stimulated

tremendous interest and research activity on MOCVD growth of ZnO material. In the

opinion of the authors, MOCVD is a promising technique to be employed in ZnO
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Table 2-1 Comparison table of various growth techniques for ZnO material.

Feasibility in
Growth . . fabricatin Target
. Film quality & Cost Throughput arge
technique complex applications
devices
. . _ Emitting devices;
MBE TWExcellent | ™ Excellent | = High “Low transistors;
spintronics
) ) ~ Emitting devices;
w e w g A% . . .
MOCVD | “=Good “'Good ¥ Moderate | ™'High transistors;
spintronics
. _ o . Emitting devices;
LPE TWExcellent | “*Moderate | ™' Low “High transistors;
spintronics
) Emitting devices;
PLD “/Good 2 Moderate | **Moderate | =/Low transistors;
spintronics
) ) o Emitting devices;
w bt - T . 1 .
FCVA ='Good ='Good “*Moderate | “High transistors;
spintronics
Transparent
Sputterin T T 23 as conductors and
P g | ='Poor ='Poor T'Low T'High thin film
transistors

material research as it is a well-developed method to grow GaN films, which is
isomorphic to ZnO.''®

However, as mentioned in the previous section, commercial nitride-based
MOCVD system could not be directly used to grow ZnO thin films. Therefore,
research on MOCVD growth of ZnO thin films could not take full advantages of the
mature nitride-based MOCVD technology. Nevertheless, the fruitful experiences of
nitride-based MOCVD technology from past few decades will definitely accelerate
the development of ZnO-based MOCVD. The two competing giants of the nitride-
based MOCVD suppliers, Aixtron (Germany) and Emcore, which is now owned by
Veeco (USA), have taken an active interest in oxide-based MOCVD development,
especially for ZnO-related materials. Beside the two MOCVD giants, other research
groups from universities or institutes have also shown interests in the realization of
ZnO-based devices by MOCVD. Triboulet er al.'® has tabulated and plotted the
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number of papers reporting on the MOCVD growth of ZnO as a function of time, as
shown in Figure 2-1. As Figure 2-1 was tabulated up to year 2003 only, we extended
the data to year 2006. According to quick search in the ISI web of knowledge, the
number of publications in year 2004, 2005 and 2006 on MOCVD growth of ZnO was
50, 70 and 52, respectively.109 The sharp increase in papers published after year 2000
clearly indicates that MOCVD is being looked upon as a promising tool to fabricate
Zn0 thin films and ZnO-based devices. As a result, MOCVD is expected to make

significant impact in ZnO growth just as before.

Papers reporting on the MOCVD growth of ZnO

2
o
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[
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[
=

R — Y
L ) |

Number of papers
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0 @—4p——

1960 1970 1980 1990 2000 2010
Years

Figure 2-1 Number of papers on MOCVD grown ZnO as a function of time.'”
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22 MOCVD System

In this work, we have specifically built a simple yet comprehensive MOCVD
system for ZnO growth. The schematic of the MOCVD system is depicted in Figure
2-2, while the photos of the system are shown in Figure 2-3. In our MOCVD system,
there are two metal organic lines for base and dopant. N, is used as carrier gas to
transport the metal organic vapor into MOCVD reactor together with a separate gas
oxidizer. Based on this setup, systematic study of MOCVD reactor design, associated
with growth parameters, is conducted. The experiments revealed that the reactor
design plays an important role in getting various types of ZnO thin films. With the
first generation of reactor, thorough investigation has been carried out by varying all
the growth parameters, such as growth temperature, growth pressure and precursors
flow rate. From the material characterization results, it was found that ZnO quantum
dots (QD) embedded films were repeatably fabricated. By modifying the reactor
design, highly-oriented ZnO polycrystalline films were obtained. In the following

chapters, key experiments and characterization results will be presented and discussed.
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Figure 2-2 MOCVD system, consists of two metal organic sources (DMZn and TMGa), a gas

oxidizer injection and a background gas line.

Figure 2-3 (a) Home-made MOCVD system, (b) Vertical reactor chamber and (c) MO

bubbler in a coolant bath.
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2.3 Zn0O Quantum Dots Embedded Films

2.3.1 MOCYVD Reactor Setup

The initial design of the MOCVD reactor was depicted in Figure 2-4. The
DMZn, carried by N, gas, was deliberately designed to flow parallel with the O,
nozzle towards the substrates. By using this setup, systematic study was carried out to
grow ZnO thin films on various substrates such as Al,O3 (0001), quartz, and Si (100)
by varying the growth parameters such as growth temperature, precursors flow rate,
growth pressure. Post-growth annealing on the deposited films was also carried out to
investigate the effect of annealing.

With the initial reactor design as shown in Figure 2-4, no epitaxial growth was
demonstrated with even Al,O3 (0001) substrates. In fact, ZnO thin films grown on
ALO3 (0001) have similar structural, optical and electrical properties as ZnO thin
films grown on quartz and Si (100). The experiments show that the growth is
independent of the substrate used, indicating the inappropriate design of reactor.
Nevertheless, these experiment data provide invaluable insights on the ZnO growth
behavior which benefits the design of second generation MOCVD. In this section,
some typical results of the ZnO films grown by the configuration in Figure 2-4 were

discussed.

0O,

Heater

Figure 2-4 Initial MOCVD reactor design. DMZn (carry by N,) and O, gases were

deliberately designed to flow parallel towards the substrates.
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2.3.2 Experiment

The ZnO thin films used in this study were grown on Al,O3; (0001), quartz,
and Si (100) by the first generation of MOCVD system. The growth temperature was
varied from 200 to 500°C with an increment of 50°C. DMZn, N, gas, and high-purity
O, were used as zinc source, carrier gas, and oxidizing agent, respectively. The flows
of DMZn and O, were set at 30 and 20 sccm, respectively. The DMZn bubbler was
kept at -10°C in a coolant bath. The chamber pressure was maintained at about 30
mbar and the deposition time for all the samples was 10 min. Post-growth thermal
annealing, if any, was carried out in a mixed O, and N, ambient at 500°C for 10 min.

The crystalline structure of the films was characterized by X-ray diffraction
(XRD) measurement with CuKa radiation (Siemens D5005 X-Ray Diffractometer).
The surface morphology of the ZnO thin films was investigated by a Digital
Instruments NanoScope Illa atomic force microscopy (AFM). The optical
transmission spectra were measured with a UV-2501PC spectrophotometer at room
temperature. The photoluminescence (PL) spectra were measured with a micro-PL
excited by the 325 nm line of a 30 mW He-Cd laser and detected with a charge

coupled device (CCD) array at room temperature.

2.3.3 Results and Discussion

Typical XRD data of the ZnO thin films grown on quartz substrates at various
growth temperatures from 200 to 500°C with an increment of 50°C was shown in
Figure 2-5 (a) and (b). It was found that all as-grown ZnO thin films exhibit
polycrystalline structure, with the XRD peaks similar to that of ZnO powders.'"”

Using the background noise level as a reference, it can be seen that the
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Figure 2-5 XRD profiles of ZnO thin films fabricated on quartz substrates at various

temperatures from (a) 200 to 350°C, (b) 400 to 500°C with an increment of 50°C.

crystallinity of all the films grown at low temperature from 200°C to 400°C are poor,
as shown in Figure 2-5 (a) and (b). The XRD measurements show that the ZnO thin
films obtained contain nano-sized crystallites, vary from 5 nm to 13 nm according to

Scherrer’s formula:
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Table 2-2 Estimated crystallite size of crystallographic plane (0002) of ZnO thin films at

various growth temperatures.

Growth Temperature Crystallite size (nm) in crystallographic plane (0002)
200°C 5.57
250°C 7.66
300°C 9.93
350°C 8.85
400°C 8.75
450°C 14.69
500°C 10.11
350°C+annealing at 500°C 13.55
t= B fjs P (2.1)

where B is the full width at half maximum (FWHM in radians) of XRD yields, A is

the x-ray wavelength (CuK _, =0.154 nm ), @ is the Bragg diffraction angle and C is a

correction factor which is taken as 1. The estimated crystallite size at crystallographic
plane (0002) was summarized in Table 2-2. From Table 2-2, it can be seen that the
estimated crystallite size ranges from 5 nm to 13 nm for crystallographic plane (0002).
It should be mentioned that the crystallite size should not be uniform and the
estimated value may not be exact, which can be seen from Table 2-2 that the
crystallite size does not increase monotonically with temperature.

The poor crystal quality of the films grown at low temperature can be greatly
improved by annealing. Figure 2-6 compares the XRD data of the 350°C as-grown
sample and its subsequently annealed sample at 500°C in O, and N, ambient for 10
minutes. It can be seen that the c-axis orientation is improved significantly after the

annealing process, with FWHM of (0002) reduces from 1.04 degrees to 0.68 degrees.
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Figure 2-6 XRD profiles of ZnO thin films fabricated on quartz substrates at 350°C and

subsequently annealed at 500°C for 10 minutes.

In order to distinguish the effect of crystallite-size induced broadening and strain
induced broadening at FWHM of the XRD profile, the Williamson-Hall plot (Ref. 111)
was performed and shown in Figure 2-7. The crystalline size and strain can be

obtained from the intercept at the y-axis and the slope, respectively:

Bcosf = C—/1+ 2esin 6 2.2)
t

where B is FWHM in radians, 7 is the grain size in nanometers, € is the strain, A is
the x-ray wavelength in nanometer and C is a correction factor which is taken as 1.
The grain size and strain of the as-grown sample were found to be 9.95 nm and 1.265
x 107 respectively. After annealing, the grain size increased to 13.9 nm while the
strain reduced to 9.05 x 10™. Through the annealing process, the strain in ZnO
structures was partially relaxed. However, as is seen from the Williamson-Hall plot
(Figure 2-7), the strain values are very small and thus their effect on broadening is

negligible. Thus, the
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Figure 2-7 Williamson-Hall plots for as-grown and annealed ZnO thin films.

grain size estimation by Scherrer’s formula, which is carried out without the
consideration of strain relaxation, is accurate for polycrystalline and epitaxial
films.112’113

Surface morphology of the ZnO thin films grown by MOCVD was
investigated by AFM. Comparison of AFM images of the ZnO thin films grown on
quartz substrates at various temperatures are shown in Figure 2-8. The root-mean-
square (rms) roughness of the corresponding image is also indicated in Figure 2-8. It
can be seen that the surface becomes rougher at the lower growth temperature. The
rms roughness of the film grown at 200°C was found to be 7.620 nm, which
decreased to 4.284 nm upon increasing the growth temperature to 400°C. The pillar-
like characteristic was also found to be weaker as the growth temperature increased,
shown in Figure 2-8 (a) to (f). However, when the growth temperature was further
increased to 500°C, more pillar-like structures appeared on the ZnO thin film surfaces

b

[Figure 2-8 (g)]. This is due to (1) violent reaction of precursors DMZn and O, at high
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temperature, and (2) non-uniformity of films deposition at high growth rate, resulting
in more pillar-like structures. After the annealing treatment on the as-grown sample
[Figure 2-8 (d)] at 350°C in a mixed N, and O, ambient, the merging of the
nanocrystal clusters enables the recrystallization process to occur. As a result, the rms
roughness of the annealed film [Figure 2-8 (h)] was found to be only 2.543 nm,

decreased from 5.407 nm for as-grown sample at 350°C.

() (b) ©

5.166 nm

5.407 nm 3.110 nm

7.709 nm 2.543 nm

Figure 2-8 AFM images of ZnO thin films grown on quartz substrates at (a) 200°C, (b) 250°C,
(c) 300°C, (d) 350°C, (e) 400°C, (f) 450°C, (g) 500°C, and (h) 350°C and annealing
at 500°C for 10 minutes. The corresponding rms roughness of the films is

indicated in the figure.
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Optical transmission spectroscopy has been frequently used to determine the
optical transmission/absorption and optical bandgap of semiconductor films. The
typical transmission spectra of the ZnO thin films fabricated on quartz substrates at
various growth temperatures from 200°C to 500°C are shown in Figure 2-9. The
transmittances are over 80% in the visible region for all the samples except for films
grown at 450°C, Figure 2-9 (f), and 500°C, Figure 2-9 (g). The interference fringes
indicate that all the ZnO thin films had optically smooth surfaces and that the
interface with the quartz substrate is also smooth. It can be seen from Figure 2-9 that
an absorption tails near 280 nm is present for films grown below 400°C. Also, the
absorption edge shifted to shorter wavelength as the growth temperature decreases.
This phenomenon can be observed clearly in Figure 2-10, which shows the absorption

coefficient as a function of photon energy.
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Figure 2-9 Transmission spectra for the ZnO thin films fabricated on quartz substrates at
various temperatures, (a) 200°C, (b) 250°C, (c); 300°C, (d) 350°C, (e) 400°C, (f)
450°C, (g) 500°C, (h) grown at 350°C and annealed at 500°C for 10 minutes.
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Figure 2-10 Plot of (ahv)® versus photon energy for the ZnO thin films fabricated on quartz
substrates at various temperatures, (a) 200°C, (b) 250°C, (c) 300°C, (d) 350°C,
(e) 400°C, (f) 450°C, (g) 500°C, (h) grown at 350°C and annealed at 500°C for

10 minutes.

The absorption coefficient a can be calculated by:
T = A exp(-od) (2.3)

where T is the transmittance of thin film, A is a constant and d is the film thickness.
The constant A is approximately unity, as the reflectivity is negligible and
insignificant near the absorption edge. The optical bandgap of the films is determined
by applying the Tauc model,''* and Davis and Mott model'"” in the high absorbance

region:
chv=D(hv-E,) (2.4)

where hv is the photon energy, E,is the optical bandgap and D is a constant. For a

direct transition, n= 1/2 or 2/3 and the former value was found to be more suitable
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Table 2-3 Estimated optical bandgap of ZnO thin films fabricated on quartz substrates at

various growth temperatures.

Sample Growth temperature Estimated optical bandgap (eV)
(a) 200°C 4.06
(b) 250°C 4.00
(©) 300°C 3.84
(d) 350°C 3.79
(e) 400°C 3.30
) 450°C 3.25
(8 500°C 3.13
(h) 350°C + Annealing at 500°C 3.25

for ZnO thin films since it gives the best linear curve in the band edge region.m’117

The relationship between (¢1v)* and hv is plotted in Figure 2-10. The E . value can

be obtained by extrapolating the linear portion to the photon energy axis in the figure.
The optical bandgap values obtained are summarized in Table 2-3. As the growth
temperature was reduced from 500 to 200°C, the optical bandgap blue-shifted from
3.13 eV to 4.06 eV. A similar blue-shift phenomenon of optical bandgap was also
observed in ZnO thin film deposited on sapphire substrates.'®

It was noticed that if the sample was annealed, there would be a red-shift of
the bandgap. Figure 2-9 (d) shows the bandgap for a sample grown at 350°C while
Figure 2-9 (h) shows the same sample after annealing. The absorption edge red-shifts
from 3.79 eV to 3.25 eV (Table 2-3). The sample grown at 350°C was chosen as an
example for clarity. In fact, all the annealed samples showed an optical bandgap of
around 3.25 eV.

From the XRD results, we propose that the absorption edge blue-shift is due to
the poor crystallinity of ZnO thin films grown at low temperature. The crystallinity of

the ZnO thin films grown below 400°C was poor and exhibits polycrystalline structure.
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The physical model of the structure can be viewed as various nanocrystalline islands
embedded in a matrix of amorphous ZnO. Qualitatively, the interatomic spacing of
amorphous structure would be relatively long and more disordered than crystalline
structure due to the absence of long-range translational periodicity. As the fraction of
amorphous ZnO phase increases in the films grown at low temperature, the extended
localization in the conduction and valence bands increases. As a result, the absorption
of photon is mainly contributed by amorphous ZnO and hence the absorption edge
blue-shifted. On the other hand, for samples grown at higher temperature (>400°C),
the crystallinity of ZnO thin films becomes better. The optical bandgap reduces to that
of the crystalline ZnO.

The PL of the ZnO thin films was measured at room temperature. Figure 2-11
(a) to (g) show the PL spectra for ZnO thin films grown on quartz substrates at
temperature from 200°C to 500°C with an increment of 50°C, respectively. Figure
2-11 (h) shows the PL spectrum of the sample grown at 350°C [Figure 2-11 (d)] and
annealed at 500°C. The observed fringes were due to the interference effect from the
coating of charge coupled device (CCD) detector. All the ZnO thin films have good
optical properties as they have strong band edge emission and weak green band
emission as shown in Figure 2-11. Also, it can be seen that the luminescence property
of the films does not improve proportionally with its crystallinity. This can be
observed clearly that the samples grown at 350°C and 400°C [Figure 2-11 (d) and (e)]
have stronger band edge emission but poorer crystallinity than the samples grown at
450°C and 500°C [Figure 2-11 (f) and (g)]. This might be due to the forming of trap
centers during the growth with higher growth rate at higher growth temperature, which
reduces the radiation recombination efficiency. However, the annealing treatment

improved luminescence property as shown in Figure 2-11 (h).
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Figure 2-11 Room temperature PL spectra of the ZnO thin films fabricated on quartz
substrates at various temperatures, (a) 200°C; (b) 250°C; (c) 300°C; (d) 350°C;
(e) 400°C; (f) 450°C; (g) 500°C and (h) 350°C and annealing at 500°C for 10

minutes are shown.

Besides, it can be seen from the Figure 2-11 that all samples exhibit wide band
edge emissions ranging from 3 eV to 3.6 eV, especially for the samples grown at 350
and 400°C [Figure 2-11 (d) and (e)]. The wide range of emission spectrum should be
due to the nanocrystalline phase, as the amorphous phase should not emit well. The
emission by the nanocrystalline structure will have the similar quantum size effect as

quantum dots and can be described by the following equation:“g’ 120

(gap ,nanocrystal ) = (gap ,bulk) 2R 2

P11 .
T (*+—*j—0.248ERyd 2.5)

me mh

The bulk bandgap, E .. 1S taken as 3.2 eV'?! and the bulk exciton binding

energy, E;yd can be taken as 60 meV.*® According to Beni and Rice (Ref. 122) and
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Fan et al.,57

the electron and hole effective masses are taken as m, = 0.24m, and

m, =2.31m,, respectively. Additionally, & is the Planck’s constant and R is the radius
of ZnO nanocrystals.

Figure 2-12 shows a plot of the nanocrystal bandgap, E versus the

(gap nanocrystal)
nanocrystal radius, R. The solid curve is the theoretical fit of Eq. (2.5), while the
symbols (o) are the grain sizes estimated from XRD result (Table 2-2) and their
corresponding bandgaps measured from PL. From Figure 2-12, it can be seen that the
nanocrystal bandgap of all the samples measured from the PL fits the theoretical
curve. It is noticed that, the bandgap does not show much variation with the crystallite
size, which corresponds to various growth temperatures (Table 2-2). This is probably
because the crystallite size is not small enough to show a marked confinement effect.
It is clear from Figure 2-12 that, the PL emission does not show a blue-shift

corresponding to the blue-shift in the transmission spectra in Figure 2-9. Hence, the

- 50- Theoretical fit of equation Eq. (2.5)
%) O Experimental data
N

~ 4.51

8

>

8

g 4.0+

2

o

o
Lu 35'

50~
3.0+
I | ] L]

o 2 4 6 8 10
Crystallite size, R (hm)

Figure 2-12 Plot of E obtained from PL measurement versus the nanocrystal

(gap,nanocrystal )
radius R for ZnO thin films grown at various temperatures (©) and a theoretical

fit using Eq. (2.5).
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PL measurement demonstrates that the emission comes from the ZnO nanocrystals,
and the blue-shift in the transmission spectra (Figure 2-9) is due to the amorphous

phase in the film.

2.3.4 Summary

In summary, the optical bandgap blue-shift of ZnO thin films made of
amorphous and nanocrystalline phases was studied. The amorphous phase in ZnO thin
films obtained in films deposited at low temperature is believed to be the main reason
for the blue-shift of optical bandgap. The estimated optical bandgap of ZnO thin film
blue-shifts from 3.13 eV to 4.06 eV as the growth temperature decreased from 500°C
to 200°C. The optical bandgap shifts back to normal value after the annealing process.
The PL emission does not blue-shift as in the transmission spectra indicating the

existence of nanocrystals embedded in the amorphous matrix of the ZnO thin films.

38



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 2 ZNO QUANTUM DOTS EMBEDDED THIN FILMS BY MOCVD

2.4 Quantum Confinement of ZnO Quantum Dots

Embedded Films

2.4.1 Background

As mentioned in previous section, ZnO has relatively high exciton binding
energy of 60 meV. In fact, this property makes ZnO a much more interesting and
promising material for optoelectronics. It is expected that the significance of the
exciton effect will become more prominent in nanostructures especially in zero-
dimensional nanostructures, i.e. QDs. Hence, QDs are expected to have many
interesting and useful properties for opto-electronic applications, for example,
application of QDs in semiconductor lasers, which was firstly proposed by Arakawa
and Sakaki [Ref.123] in 1982. Owing to this, ZnO QDs has been synthesized and
investigated by various groups in the last decade. 2012417

The MOCVD reactor setup has been described in previous section and shown
in Figure 2-4. As discussed previously, we have shown the blue-shift of optical
bandgap due to the amorphous matrix of the ZnO thin films. Also, the slightly blue-
shift of the PL peak and broad emission spectra that tail up to 3.6 eV clearly indicates
the existence of QDs in the films. In this section, the fabrication and characterization

of ZnO QDs embedded films are reported in detail. The dependency of QDs bandgap

on dot size is investigated.

2.4.2 Experiment

The ZnO QDs embedded films were grown on Si (100). The Si wafer was
cleaned by sequential ultrasonic baths of acetone, ethanol, and rinsed by de-ionized
water. Hence, it is expected that a thin layer of oxide will form on the Si wafer

especially when the wafer was heated up in the reactor chamber with the presence of
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O,. The growth temperature was set at 350°C. Again, DMZn, N, gas and high-purity
O, were used as the Zn source, carrier gas and oxidizing agent, respectively. By
tuning the precursors flow rate, ZnO QDs embedded films or highly c-axis oriented
ZnO thin films could be obtained. Here, we chose the sample grown at 3 and 20 sccm
of DMZn and O; each, respectively for demonstration. The flow rates of the DMZn
(N, carrier gas) and O, were set at 20 sccm each for the QDs fabrication. The DMZn
bubbler was kept at -10°C in a coolant water bath. The chamber pressure was
maintained at about 30 mbar and the deposition time was 10 minutes. The QDs
embedded ZnO thin films grown at 350°C have an average thickness of 290 nm. The
sample used in this study has a thickness of 280 nm that was confirmed by the surface
profile measuring system (TENCOR P-10). For comparison purpose, a highly c-axis
oriented ZnO thin film was grown at 350°C with the flow rate of DMZn (N, carrier
gas) and O, maintained at 3 sccm each. Besides the precursors flow rate, the
experiment conditions for growing ZnO QDs and highly c-axis oriented ZnO thin
films were exactly the same. The highly c-axis oriented ZnO thin film has a thickness
of 260 nm. The growth rate for highly c-axis oriented films is comparable to that of
QDs embedded films indicates the excess precursors used in the later growth. In fact,
after the growth of QDs embedded films, the stainless steel wall of the reactor
chamber was covered with a layer of white particles, which was confirmed as ZnO
powder.

The crystal structure of the obtained films was characterized by X-ray
diffraction (XRD) measurement with CuKo radiation (Siemens D5005 X-Ray
Diffractometer). High-resolution transmission electron microscopy (HRTEM) with
accelerating voltage of 300 kV was employed to observe the lattice structure (JEOL

3010). Photoluminescence (PL) of the ZnO thin films was measured with a micro-PL
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system excited with the 325 nm line of a He-Cd laser with an output power of 30 mW

and detected with a charge-coupled device (CCD) array.

2.4.3 Results and Discussion

Figure 2-13 (a) and (b) show the XRD profiles of ZnO thin films grown at 3
sccm and 20 sccm of DMZn and O, each, respectively. From Figure 2-13 (a), it can
be seen that the ZnO thin film exhibits highly c-axis oriented structures, while the
QDs embedded film is in poor crystallinity and exhibits polycrystalline structure with
the existence of various crystallographic planes, as shown in Figure 2-13 (b). By

using Scherrer’s formula [Eq. (2.3)], the grain sizes corresponding to crystallographic

plane (1010), (0002), and (1011) were estimated to be 3.45, 9.92, and 4.83 nm,

respectively.
g (a) Highly c-axis oriented ZnO film
o
= ) ,g
© o 2
N - S
._é, 1 .A 1 I L 1 1 M 1 M
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& Q (b) ZnO QDs embedded film
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Figure 2-13 XRD profiles of (a) highly c-axis oriented ZnO thin film and (b) ZnO QDs
embedded film.

41



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 2 ZNO QUANTUM DOTS EMBEDDED THIN FILMS BY MOCVD

The crystallite size estimated from the XRD was further proved by employing the

HRTEM. The HRTEM images of the ZnO QDs embedded film grown on Si
(1010) are shown in Figure 2-14. As seen from Figure 2-14 (a), the QDs are found

embedded in the ZnO thin film grown on Si substrates. The size distribution of ZnO
QDs embedded film can be observed clearly in the lower magnification of the
HRTEM image, as shown in Figure 2-14 (b). The QDs were uniformly distributed in
the film and the size of the QDs measured was in the range of 3 to 12 nm. The QDs
size was estimated from Figure 2-14 (b) and the distribution was plotted as histogram
as shown in Figure 2-15. The dashed curve is the Gaussian fitting of the QDs
distribution. Most QDs were distributed at around 7 nm in diameter. The measured
QDs sizes are in good agreement with the grain size estimated by using the Scherrer’s

formula from XRD data.

Figure 2-14 HRTEM images with (a) high magnification and (b) lower magnification of the
ZnO QDs embedded film fabricated on Si substrates.

70 —
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8 501 i ﬂ\\ Figure 2-15 Histogram of ZnO QDs
? 401 / S distribution measured from Figure 2-14 (b).
é zg: Y The dashed curve is the Gaussian fit of the
2 10 ﬂ H Zn0O QDs distribution.
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Figure 2-16 PL spectra of (a) highly c-axis oriented ZnO thin film and (b) ZnO QDs
embedded film measured at temperature of 80 K. The inset shows the room

temperature PL of the QDs embedded film.

In order to examine the quantum confinement of the ZnO QDs embedded
films, PL measurement at temperature of 80 K was carried out. Figure 2-16 (a) and (b)
show, respectively, the PL of the highly c-axis oriented ZnO thin film and QDs
embedded film. The inset of Figure 2-16 (b) shows the room temperature PL of QDs
embedded film. The PL spectrum of the highly c-axis oriented ZnO thin film shown
in Figure 2-16 (a) is dominated by the near-band-edge emission (NBE) at 3.356 eV,
which is attributed to the neutral donor-bound exciton (DOX). The shoulder peaks at
3.326 and 3.249 eV are attributed to the deep bound exciton and donor-acceptor pair
(DAP) emissions. 128.129 Tpe spectrum, however, shows drastic difference for QDs
embedded film, as shown in Figure 2-16 (b). The emission spectrum of the QDs
embedded film measured at 80 K shows a broad NBE with a tail up to 3.6 eV and
peaking at around 3.358 eV, which is attributed to D’X. As the transverse optical (TO)
and longitudinal optical (LO) phonon energy is 51.3 and 71.9 meV [Ref. 130],
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respectively, the shoulder peaks observed on the spectrum [Figure 2-16 (b)] are
clearly not the phonon-assisted emission. Since the room temperature PL of the QDs
embedded film also exhibits several peaks [Figure 2-16 (b) inset], we believed that
these shoulder peaks are due to the interference effect from the coating of CCD
detector. However, comparing the PL of QDs embedded film measured at 80 K and
room temperature [Figure 2-16 (b)], there is an obvious change in the NBE shape. At
temperature of 80 K, the emission peaks at 3.358 eV (DOX) and 3.509 eV can be
identified even with the presence of the interference noise.

The quantum confinement effect of the band tail emission could be observed

from PL measurement and the size-dependence of the QDs bandgap (E,,, op,) ) can

be described by the following equation:''*'*°

222
T°he (| 1 1 .
(gap ,nanocrystal) = (gap ,bulk) W( m: + m_;j - 0'248ERyd (26)

The bulk bandgap, E , 1s taken as 3.377 eV and the bulk exciton binding

(gap ,bulk

energy, E;yd is taken as 60 meV. According to Beni and Rice [Ref. 122] and Fan et
al”’, the electron and hole effective masses are taken as m, =0.24m, and
m, =2.31m, , respectively. Additionally, & is the Planck’s constant and R is the
radius of ZnO QDs. Using the Eq. (2.5), the QDs bandgap (E,,, op,,) of the dot size

of 3 to 12 nm was calculated to be 4.130 to 3.425 eV, respectively. Owing to the fact
that Eq. (2.5) was derived with the assumption that the electrons and holes are
completely confined in the well by the infinite potential barrier, the actual quantum
confinement effect should be less significant, as is seen in Figure 2-16 (b). Besides,
due to the presence of smaller percentage of 3 nm QDs, as shown in Figure 2-15, their

contribution to the emission is weak. Hence, its corresponding emission could not be
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observed in the PL measurement. Meanwhile, for the most distributed QDs with
diameter of 7 nm shown in Figure 2-15, the corresponding emission calculated was
3.503 eV. It can be seen from Figure 2-16 (b) that the emission peak at 3.509 eV, due
to 7nm QDs, can be clearly identified even with the presence of interference.

Other than the NBE, the deep-level emission (DLE) was observed for both the
highly c-axis oriented and QDs embedded ZnO thin films as shown in Figure 2-16.
The DLE for highly c-axis oriented ZnO thin film peaking at 2.5 eV while the QDs
embedded film has a DLE centered at 2.26 eV. It is generally accepted that the DLE
at around visible spectrum is attributed to the recombination of a photogenerated hole

19,120,131 .
%.120.131 patio of

with electron in singly ionized oxygen vacancy in ZnO thin film.
NBE to DLE is always used to evaluate the concentration of structural defects in ZnO
thin films. The NBE to DLE ratio of the highly c-axis oriented film is 17 while for the
QDs embedded film is only about 2. The PL efficiency of the QDs embedded films is
inferior, which is expected. The incorporation of the nanocrystals deteriorates the
crystallinity of the films, which in turn degrades the luminescence efficiency. The
defects concentration is expected to be higher in the QDs embedded films compared
to highly c-axis oriented film. Moreover, with a comparable thickness of both samples,
the PL of the QDs embedded film is much inferior due to the fact that the amorphous
ZnO (matrix) should not emit well.!1®

The relative quantum yield of the highly c-axis oriented and QDs embedded
ZnO thin films was estimated by integrating the area under the PL spectra. The
quantum yield of the QDs embedded film is around 5 % compared to the highly c-axis
oriented ZnO thin films. The quantum yield is low due to the fact that the QDs

embedded films are poor in crystallinity. Also, it is worth mentioning that even the

thickness of the two films is about the same, the relative quantum yield could not
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reveal the actual quantum efficiency of the QDs embedded film. This is because the
QDs embedded film is in the form of ZnO nanocrystals embedded in the ZnO
amorphous matrix. In other words, most of the phase in QDs embedded film is
amorphous rather than crystalline. As a result, the PL efficiency of the ZnO QDs
embedded films is definitely poorer than those crystalline films since amorphous
phase should not emit well. Therefore, in our opinion, the relative quantum yield (5 %
in this case) of the QDs embedded film compared to highly c-axis oriented ZnO thin

films could be underestimated.

2.4.4 Post-growth Thermal Annealing on ZnO QDs Embedded Films

Figure 2-17 (a) shows the room temperature PL of the ZnO as-grown QDs
embedded film. The PL of the post-growth annealed films, carried out at 800°C in
atmosphere for 10, 30, 60, and 90 seconds are shown in Figure 2-17 (b) to (e),
respectively. The PL intensity increased by a factor of 10 upon the annealing for 90 s.
It is noticed that the quantum confinement effect (photon energy greater than line B)
decreased as the annealing time increased and completely dissappeared after 90 s of
annealing. While the intensity at the lower energy band (photon energy smaller than
line A) gradually decreased as the annealing time increased. The change in PL is
related to the crystallinity of the ZnO thin films. The QDs that embedded in the films
were combined and formed larger grains upon annealing. Hence, the quantum
confinement effect completely disappears after the annealing for 90 s. The decrease in
intensity at the lower energy band (photon energy smaller than line A) is correlated to
the crystallinity. Generally, the amorphous phase semiconductor has an ambiguous
bandgap due to the extended localization in the conduction and valence band.'"® The

post-growth annealing enhanced the film crystallinity and in turn decreased the
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Figure 2-17 Room temperature PL of QDs embedded films annealed at 800°C for (b) 10, (¢)
30, (d) 60, and (e) 90 s, respectively. Room temperature PL of as-grown ZnO

QDs embedded film is shown in (a) for reference.

localization in the conduction and valence band. As a result, the radiative
recombination through defects decreased and the free exciton recombination

increased after the post-growth annealing.

2.4.5 Growth Mechanism of ZnO QDs Embedded Films

From XRD measurement (Figure 2-13), it can be seen that as the precursors
flow rate increased from 3 to 20 sccm each, the film crystallinity degraded
significantly. We proposed that the QDs are formed in gaseous phase and then

incorporated into the ZnO thin film during the growth. The proposed growth
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Figure 2-18 Growth mechanism of the ZnO QDs embedded film. (a) Arriving of the
precursors on the hot substrate. (b) Pre-reaction of the precursors facilitates the

formation of nanocrystals, and in turn incorporates into the ZnO thin film.

mechanism is illustrated in Figure 2-18. It is well known that the DMZn reacts
vigorously with oxygen even at room temperature.'>> Hence, the pre-reaction of the
precursors can easily happen during the growth, especially when a large amount of
precursors is introduced into the chamber, as shown in Figure 2-18. The pre-reaction
of the precursors in gaseous phase facilitates the formation of nanocrystals, which is
then incorporated into the ZnO thin film [Figure 2-18 (b)]. The QDs formed in
gaseous phase and incorporated in the film during the growth, resulting in poor film

crystallinity, as shown in Figure 2-13 (b). Also, as the incorporation of the ZnO QDs
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takes place randomly, the various crystallographic planes were formed and detected,

which are similar to ZnO powders detection.'"

In fact, white ZnO nanocrystals were
deposited on the stainless steel wall of the reactor chamber after the experiment,
suggesting a severe pre-reaction that occurs during the growth and therefore leads to
the formation of ZnO QDs embedded films. The formation of QDs embedded in film
grown on quartz and sapphire substrates was also observed in our work. ''"*''® Hence,
it is very clear that the formation of QDs is independent of the substrates. This acts as

a strong evidence that the QDs are formed in gaseous phase, which is due to the pre-

reaction of the precursors.

2.4.6 Summary

Zn0O QDs embedded films were fabricated by MOCVD. The QDs were
incorporated into the films during the growth due to the vigorous reaction of the
precursors. The QDs size ranged from 3 to 12 nm was found embedded in film from
the HRTEM characterization. The PL spectrum measured at 80 K shows that the
broadening of NBE with a tail up to 3.6 eV is due to the quantum confinement effect
of the QDs. Post-growth thermal annealing was carried out on the ZnO QDs
embedded films. As expected, the quantum confinement effect was quenched by post-

growth thermal annealing, which is due to the ripening or coarsening of the QDs.
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CHAPTER 3 HIGHLY C-AXIS OERIENTED ZNO THIN

FILMS BY MOCVD

3.1 Reactor Design Investigation

In previous chapter, we have shown the ZnO thin films deposited with various
growth conditions. Nevertheless, epitaxy growth of the ZnO thin films has not been
demonstrated even with sapphire substrates. The pre-reaction of Zn precursor and O,
has greatly affected the crystallinity of the ZnO thin films. In fact, the pre-reaction of
Zn precursor and O, has facilitated the formation of a homogeneous ZnO QDs
embedded films as discussed in the previous chapter.''® In order to obtain high quality
ZnO thin films, the pre-reaction of the precursors in gaseous phase has to be
minimized or even eliminated by modifying the growth reactor and growth process.

During the course of the reactor design, crystallinity and optical property are
used to qualify the effectiveness of the reactor design. Figure 3-1 depicts the reactor
with different design of precursors flow configuration, (a) original, (b) modification
#1, and (c) modification #2 configuration, respectively. The original precursors flow
configuration was designed such that the precursor DMZn and O, were flow parallel

to the substrates. For modification #1 reactor [Figure 3-1 (b)], the direct flow tube of

" Y | © Y | f—

X 1, ]

Heater Heater Heater

Figure 3-1 Reactor with different design of precursors flow configuration, (a) original, (b)

0,

modification #1, and (c) modification #2 configuration.
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Figure 3-2 XRD (left) and PL (right) of ZnO grown on sapphire substrates by (a) original, (b)

modification #1, and (c) modification #2 reactor design.

precursor DMZn was changed to a circular flow tube and placed on top of the
substrates. Also, the O, flow was directed upward for more uniform O, supply. Figure
3-1 (c) shows the modification #2 reactor configuration. For this design, the flow of
precursor DMZn was directed horizontally towards the substrate in order to simulate a
laminar flow and hence restrict the chemical reaction on the substrate surface.

Figure 3-2 shows the XRD and PL of ZnO thin films grown on sapphire by (a)
original, (b) modification #1, and (c) modification #2 reactor, respectively. The flow
rate for both DMZn and O, were fixed at 10 sccm and the growth temperature was
fixed at 350°C for the experiments. It is seen that the XRD of ZnO thin films grown
by original and modification #1 reactor exhibit polycrystalline structures with no
preferential orientation of crystal growth. By using modification #2 reactor, the
crystallinity of the ZnO thin films shows great improvement with a highly c-axis
orientation.

Room temperature PL was carried out to investigate the emission property of
the ZnO thin films grown with various reactor designs, as shown in Figure 3-2. The

broad PL emission that tail up to 3.6 eV of the ZnO thin films grown by original and
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modification #1 reactors is due to the quantum confinement effect of ZnO QDs, as
described in the previous chapter. The XRD and PL measurements clearly indicate
that the pre-reaction was severe during the growth in original and modification #1
reactors. While for the films grown by modification #2 reactor, the PL spectrum
shows great improvement in exitonic-related emission and no tail emission is
observed. This strongly suggests that the ZnO thin films grown by modification #2
reactor have better structural and optical properties. However, the pre-reaction of Zn
precursor and O, in gaseous phase is yet to be totally eliminated by modification #2

reactor.

3.2  Highly c-axis Oriented ZnO thin films

3.2.1 Experiment

In previous section, we have shown that the modification #2 reactor is capable
of growing high quality ZnO thin films. However, the growth was not optimized and
hence the ZnO thin films suffer from the pre-reaction of the precursors. In order to
obtain high quality epitaxial films, the growth process has been modified to eliminate
the pre-reaction of the precursors. In the modified growth process, the O, source for
the growth of ZnO thin films was obtained from the residual gas inside the chamber
rather than continuously supplying O, gas. The chamber was firstly evacuated to 5 x
107 Torr, and the growth was then conducted at 350°C for 10 minutes under a
pressure of 25 Torr with N, background gas. The flow rate of the DEZn was
maintained at 6 sccm and the DEZn source was kept at 5°C in a coolant water bath.

The crystal structure was characterized by x-ray diffraction (XRD) using
Siemens D5005 x-ray diffractometer with CuKa radiation. The photoluminescence

(PL) spectra of the ZnO thin films were measured with a rapid photoluminescence
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mapping system (Accent RPM2000). The optical transmission spectra were measured
with a UV-2501PC spectrophotometer at room temperature. The surface morphology
of the ZnO thin films was investigated by a Digital Instruments NanoScope Illa
atomic force microscopy (AFM). Electrical resistivity, carrier density and mobility
were measured with a magnetic field of 0.32 T by a four-point probe van der Pauw

method at room temperature.

3.2.2 Results and Discussion
Highly c-axis oriented ZnO thin films have been fabricated using the modified

reactor and growth process. The typical properties of the ZnO thin films are shown in
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Figure 3-3 Typical Properties of highly c-axis oriented ZnO thin films grown by MOCVD. (a)
XRD profile with an inserted enlarged spectrum of (0002) peak; (b) Room
temperature PL spectrum; (c) Transmission spectrum with an inserted absorption

spectrum; and (d) AFM morphology on the ZnO thin films.
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Figure 3-3. Figure 3-3 (a) shows the typical XRD profile of the as-grown ZnO thin
films grown on sapphire substrates. The enlarged spectrum of (0002) peak was
inserted with a Gaussian fitting. The FWHM of the (0002) peak was determined to be
0.2965 degrees.

Figure 3-3 (b) shows the typical room temperature PL of the as-grown ZnO
thin films. The ZnO thin films, excited by the 325 nm line of a He-Cd laser (1.8 mW),
exhibit two emission bands that commonly observed in other ZnO thin films. The
near-band-edge emission (NBE) positioned at 3.31 eV with a FWHM of 98 meV is an
exitonic-related emission. The broad deep-level emission (DLE) centered at 2.47 eV
is generally attributed to the radiative recombination of a photogenerated hole with an
electron in singly ionized oxygen vacancy in ZnO thin films.'*13113

The optical transmission measurement was carried out to examine the
transmittance and optical bandgap of the ZnO thin films. Figure 3-3 (c) shows the
typical transmission spectrum with an inserted absorption spectrum. The as-grown
ZnO thin films are highly transparent in the visible wavelength region. The typical
transmittance is about 80 % as shown in Figure 3-3 (c). From the insert in Figure 3-3
(c), the exitonic absorption was clearly observed in the as-grown ZnO thin films and
the optical bandgap was determined to be 3.26 eV by using the Eq. (2.4).

The surface morphology of the typical as-grown ZnO thin films were
characterized by AFM and shown in Figure 3-3 (d). As is seen, the as-grown ZnO thin

films are in granular form with a rms surface roughness of 3 ~ 8 nm.

3.2.3 Summary
From the experimental results, it is seen that the ZnO thin films grown by the

modified reactor and growth process exhibit good optical and structural properties.
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The obtained ZnO thin films were highly c-axis oriented but epitaxial growth is yet to
be established. The possible reasons of not getting epitaxial films could be due to the
non-uniform growth that arised from the non-rotational substrate holder and non-
laminar flow of precursors. Depsite of the over-simplified growth reactor, the optical
quality of the fabricated ZnO thin films is comparable to that of single crystalline ZnO
thin films. The design of experiments in growth reactor provides not only the
knowledge and physics on the growth behaviour of ZnO material, but more
importantly, it provides a firm guideline for the design of second generation MOCVD

system.
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3.3  Post-growth Thermal Annealing on Highly c-axis

Oriented ZnO thin films

Thermal annealing is an important post-growth treatment that has been applied
in many fields such as metallurgical and semiconductor industry. Typically, it results
in softening of the metal through removal of defects and the internal stresses caused
by the defects. In semiconductor industry, the controlled addition of impurities to alter
the properties of a semiconductor, which is also known as doping, is one of the most
important technologies. Most of the semiconductor films are annealed in order to
activate the dopant atoms and hence change the conductivity. Other than the
traditional applications, there are reports on fabrication of nanostructures by thermal

annealing. 134,133

The study on coarsening process of MOCVD grown ZnO thin films
will be beneficial in understanding the processes in improving film quality and
dopants activation, which are crucial for ZnO optoelectronic devices, such as LEDs
and LDs. Especially, as proved in practice, MOCVD is the most viable tool for LEDs
and LDs. However, it is lack of study on the coarsening process of MOCVD grown
Zn0O by thermal annealing.

Generally, Ostwald ripening is one of the coalescence phenomenons that
always associates with thermal annealing treatment and has been studied for over a
decade.'* Lifshitz and Slyozov [Ref. 137] and later Wagner,"*® developed an analytic

mean-field theory, which is also known as LSW theory to describe the coarsening

kinetics. The theory predicts the mean radius of particles increases as:
P -7 () =K, t—t,) (3.1)

where 7’ (t,) and 7>(t) are the mean radius of particles at time f, and ¢, respectively,

and Kisw is a temperature and material dependence constant. The LSW theory also
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predicts that the particle size distribution (PSD) exhibits the self-similarity behavior
when it is scaled by the mean particle size.

Although the LSW theory was built with several premises such as spherical
shape of particles, near zero volume fraction, and diffusion-growth without
convection, those premises generally do not alter the power law of coarsening [Eq.
(3.1)]."° " In this section, the morphology evolution of ZnO thin films from
nanosheets to nanoneedles structures by post-growth thermal annealing is reported
and discussed. The LSW theory is employed to estimate the activation energy of the
coarsening process. Also, the electrical and optical properties of the ZnO thin films

are investigated and correlated to the coarsening.

3.3.1 Experiment

The ZnO thin films used in the post-growth thermal annealing were deposited
on sapphire [Al,O3 (0001)] substrates by MOCVD at 350°C. The film thickness was
controlled at around 300 nm and confirmed by the Tencor P-10 surface profiler. The
detail growth has been described in the previous section.

The ZnO thin films used in this study were grown in a Zn-rich condition.
Energy-dispersive x-ray spectroscopy (EDX) attached to the scanning electron
microscopy (SEM) was employed to determine the element composition of the ZnO
thin films. It was found that the Zn/O ratio for the as-grown film was 1.5868,
indicating the film is not stoichiometric, and formation of zinc sub-oxide (ZnO,
where x<1). In fact, the zinc sub-oxide films have been reported by several groups

145147 1t is worth mentioning that the Zn/O ratio is not

with various growth techniques.
exactly determined from the EDX result, it provides only a clue for non-stoichiometry.

The as-grown sample was cut into pieces and one of them was used as a reference of
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the as-grown sample. The rest of the samples were annealed in a temperature range
from 600 to 900°C with an increment of 100°C. The post-growth thermal annealing
was performed in a N, ambient and at atmospheric pressure for 1 hour. The samples
were loaded into the heated chamber and pulled out immediately after the annealing
and kept in the N, ambient to cool down.

The surface morphology of the ZnO thin films was investigated by a JEOL
JSM-6700F field-emission gun scanning electron microscopy (FEG-SEM) and Digital
Instruments NanoScope Illa atomic force microscopy (AFM). The crystal structure
was characterized by x-ray diffraction (XRD) using Siemens DS5005 x-ray
diffractometer with CuKa radiation. Electrical resistivity, carrier density and mobility
were measured with a magnetic field of 0.32 T by a four-point probe van der Pauw
method at room temperature. The photoluminescence (PL) spectra of the ZnO thin
films were measured with Renishaw 2000 micro-PL setup excited with a 325 nm line

of He-Cd laser at room temperature.

3.3.2 Results and Discussion

The SEM topographs of the as-grown ZnO thin films, and subsequently
annealed at 600, 700, 800, and 900°C for 1 hour are presented in Figure 3-4 (a) to (e),
respectively. The topographs at the left hand side show the topography of the surfaces
while those at the right hand side show the topographs taken with a tilted angle of 45°.
It can be observed from Figure 3-4 (a) that the surface morphology of the as-grown
film consists of nanosheet structures, with an average thickness of less than 30 nm. It
is also noticed that there are some spherical crystallites with radius ranging from 10 to
50 nm distributed in the matrix of nanosheets. After annealing at 600°C, most of the

nanosheets remained [Figure 3-4 (b)]. However, it is observed that the size and
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Figure 3-4 SEM topographs of (a) as-grown ZnO thin films and subsequently annealed at (b)
600°C, (c) 700°C, (d) 800°C, and (e) 900°C. The topographs at the left hand side
show the topography of the surfaces while those at the right hand side show the
topographs taken with a tilted angle of 45°. Arrowheads in (e) show the necks

connecting two islands. All the scale bars are 200 nm in length.
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density of the spherical crystallites increases. The diameter of the crystallites of the
film annealed at 600°C is in the range of 50 to 80 nm. As the annealing temperature
increased to 700°C, the surface morphology of the film changed completely from
nanosheets to fine three-dimensional (3D) nanoneedles and became well developed at
800°C as shown in Figure 3-4 (¢) and (d), respectively. The nanoneedles have an
average base diameter ranging from 150 to 200 nm. The diameter of the needles
decreased as the height is building up, resulting in the tip sharpening as observed in
the tilted SEM topograph. Interestingly, quasi-hexagonal shape of the nanoneedles
can be observed in the tilted SEM topograph, which reveals the wurtzite structures of
the ZnO crystal. From the tilted SEM topograph [Figure 3-4 (d)], the average height
of the nanoneedles can be estimated to be in the range of 200 to 300 nm. With further
temperature increment to 900°C, the nanoneedles show little difference with the one
annealed at 800°C from the SEM topograph. Nevertheless, it is observed that the
height of the nanoneedles reduced and the tip of the needles changed to dome shape.
Some joints or necks connecting two or more islands as indicated by the arrowheads
in Figure 3-4 (e) are also observed.

The AFM topographs of the films were also taken in order to observe the
height and roughness evolution with annealing temperature. The AFM topographs of
the as-grown and annealed films are shown in Figure 3-5 with a scanning area of 2
pm x 1 um. The inset in Figure 3-5 (a) shows a color scale bar with a maximum
height of 300 nm for all samples. The root-mean-square (rms) roughness of the ZnO
thin films was measured using the Nanoscope III software (attached to the AFM
machine) and indicated in the figure too. It is clearly seen from the AFM topographs
[Figure 3-5 (b) to (d)] that, the height and size of nanoneedles is building up as the

annealing temperature is increased from 600 to 800°C. It should be noted that the tips

60



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 3 HIGHLY C-AIXS ORIENTED ZNO THIN FILMS BY MOCVD

300 nm

RMS roughness: 7.775 nm

RMS roughness: 13.354 nm

RMS roughness: 30.574 nm

RMS roughness: 50.534 nm

RMS roughness: 27.066 nm

Figure 3-5 2 um x 1 pym AFM topographs of (a) as-grown ZnO thin films and subsequently
annealed at (b) 600°C, (c) 700°C, (d) 800°C, and (e) 900°C. All the topographs
share the same color scare bar with the maximum height of 300 nm and the

corresponding rms roughness of the films is indicated in the figure.
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of the sample annealed at 700 and 800°C are too sharp to be resolved by AFM. Hence
the AFM topographs do not reveal the exact morphology, as we can compare with the
SEM topographs. Nevertheless, the density and height of the nanoneedles can still be
well identified and represented in the topographs. As the temperature was further
increased to 900°C, the height and size of the nanoneedles decreased compared to the
one annealed at 800°C. The sample annealed at 800°C has a rms roughness of 50.534
nm, which is much larger than that of the as-grown film (7.775 nm). The rms
roughness of the film annealed at 900°C decreased to 27.066 nm due to the tip
flattening as observed in SEM topographs.

X-ray diffraction was carried out to confirm the crystal structure of the films.
The XRD data of the as-grown ZnO thin films and those subsequently annealed at
various temperatures are shown in logarithm scale in Figure 3-6. The inset shows the
peak position of (0002) orientation with its corresponding full width at half maximum

(FWHM). It can be seen from Figure 3-6 that, all the films exhibit strong (0002) peak
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Figure 3-6 XRD profiles of the as-grown and annealed ZnO thin films. The (0002) peak

position and its FWHM were recorded in the figure.
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with a minor peak at (1011 ), which is in good agreement with SEM measurement that
the growth direction of the nanoneedles is in [0001] direction. It is also noticed that
the crystallinity is improved as the annealing temperature increased from 600 to
800°C. In comparison, the FWHM of (0002) peak decreases from 0.3086° for the as-
grown film to 0.255° for the 800°C annealed film. It is believed that the narrowing of
the FWHM is due to the improved crystallinity after annealing since the strain
relaxation by annealing was found negligible in narrowing XRD peaks.''® Hence, the
effect of strain in the coarsening process was neglected in this analysis.

The nucleation and growth process of films have been well established. It
generally involves the process of nuclei formation, growth, and coalescence. At a
lower growth temperature, the formation of small crystallites is kinetically favored.
The formation of small crystallites reduces the supersaturation, and hence the
possibility of the coalescence. During the post-growth thermal annealing, the grains
gain sufficient thermal energy to initiate the coalescence. Several mass transport
mechanisms have been proposed to account for the coalescence phenomenon, namely
Ostwald ripening, sintering, and cluster migration. ¥ The cartoons of the mass
transport mechanisms are shown in Figure 3-7. In the Ostwald ripening mechanism,
the larger particles grow or “ripen” at the expense of the smaller particles. The size of
the smaller particles will shrink or even disappear due to the net atomic transport to
larger particles. On the other hand, sintering is a coalescence mechanism involving
particles in close proximity. A neck forms between the particles in order to reduce the
total surface energy of the system. The last mechanism, cluster migration occurs as a
result of collisions between separate particles as they move in random motion under
excitation. Generally, the cluster migration mechanism is primarily limited to small

particles with diameter of 5 to 10 nm, 48149 Hence, the coalescence process will be

63



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 3 HIGHLY C-AIXS ORIENTED ZNO THIN FILMS BY MOCVD

(a) Ostwald ripening (b) Sintering (c) Cluster migration
\/

Figure 3-7 Cartoons of mass transport mechanisms of coalescence phenomenon. (a) Ostwald

ripening, (b) sintering, and (c) cluster migration.

dominated by Ostwald ripening and sintering mechanism.

The grain growth is a thermally activated coarsening process. In our
experiment, the temperature threshold of the coarsening process is observed to be in
the range of 600 to 700°C (Figure 3-4). The Ostwald ripening is a thermal energy
dependent process and hence it became significant as the temperature is increased,
especially for the film annealed at 800°C. In the temperature range of 600 to 800°C,
we did not observe the sintering mechanism as most of the islands appeared
independently from one another [Figure 3-4 (b)-(d)]. However, as the temperature
was further increased to 900°C, there are some necks connecting the islands as
observed in Figure 3-4 (e). Hence, it is believed that both the Ostwald ripening and
sintering mechanism occur simultaneously. These experimental results indicated that
the sintering mechanism might need higher activation energy than Ostwald ripening.
Also, the height of the nanoneedles reduces and the tip changed to dome shape at an
annealing temperature of 900°C. It is believed that at this temperature, the evaporation

rate is significant due to the fact that (1) nanosized material has a much lower melting
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point than its bulk counter part;'*"!

(2) the melting temperature of ZnOy is generally
much lower than that of the ZnO bulk (1975°C).152 As a result, during the thermal
annealing, the evaporation process might happen simultaneously with the coalescence
process, which complicated the analysis. This is especially obvious at the annealing
temperature of 900°C, at which the evaporation process is significant, resulting in
flattening of the nanoneedles. Hence, the sample annealed at 900°C will not be
included and discussed in the later study of coarsening.

Grain size of the as-grown and annealed ZnO thin films was estimated from
XRD, AFM, and SEM for comparison. The estimated grain sizes are summarized in
Table 3-1. The grain size estimation from XRD was performed using the Scherrer’s
formula [Eq. (2.1)]. The grain size estimation from AFM topographs in an area of 5
pum x 5 wm was performed using the Nanoscope III software. Separation of the island
clustering was performed additionally by using Line function in the software in order
to minimize the estimation error. While the grain size estimation from SEM
topographs was performed manually. It can be seen from Table 3-1 that the grain size
estimated from different schemes increases monotonically with the annealing
temperature except for the film annealed at 900°C. It should be noticed that the
islands observed on the surface under the microscopes are actually the aggregation of
smaller grains. Hence, larger grain size was observed in SEM and AFM compared to
that determined from XRD. Nevertheless, the grain size estimated from XRD
correlates well with the surface morphology observed in SEM and AFM. It shows the
same trend that the grain grows larger with the increase of annealing temperature
except for the one annealed at 900°C. It is also observed from Table 3-1 that the grain
size estimated from AFM is close to the one estimated from SEM, except for the as-

grown sample. It is worth mentioning that the grain size estimation on as-grown film
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Table 3-1 Estimated grain size of as-grown and annealed ZnO thin films from XRD, AFM,

and SEM.

Annealed Grain size (nm) in Grain size (nm) Grain size (nm)
temperature crystallographic plane estimated from AFM estimated from SEM
(°C) (0002) from XRD topographs topographs

As-grown 29.94 59.36 29.67
600 32.84 67.52 61.53
700 34.55 94.57 98.33
800 36.24 127.96 139.08
900 35.74 104.06 119.66

from SEM is tough due to the fact that it consists of irregular shape of crystallites.
Hence, the grain size estimated from AFM is more reliable to represent the mean
grain size of the as-grown film by assuming circular shape of crystallites. In the later
study of coarsening kinetics, grain size estimated from AFM was adopted to calculate
the activation energy of coarsening.

For the ease of explanation, the size distribution of the crystallites estimated
from SEM for as-grown and annealed ZnO thin films was tabulated in Figure 3-8. The
value of the weighted average diameter (3) and the density (n) of the crystallites are
shown in Figure 3-8 too. It can be seen from Figure 3-8 that the size of the crystallites
increases with annealing temperature from 600 to 800°C. The weighted average
diameter increases from 61.53 nm for 600°C-annealed sample to 139.08 nm for
800°C-annealed sample. The density of the crystallites, on the other hands, decreases
from 58.88 x 10° cm™ for 600°C-annealed sample to 38.4 x 10° cm™ for 800°C-
annealed sample. The density distribution, associated with the size distribution,
evidently shows that the Ostwald ripening and sintering occur during the thermal

annealing.
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Figure 3-8 Crystallite size distribution of the as-grown and annealed ZnO thin films estimated

from SEM, and fitted with a Gaussian curve. The weighted average of grain

diameter (E) and particle density (n) of the samples were shown in the figure.

The scaled particle size distribution (PSD) of the samples annealed at 600, 700,
and 800°C is shown in Figure 3-9, where g(p) is the normalized product of frequency
and average crystallite diameter and p is the normalized diameter. It can be seen from
Figure 3-9 that, the PSD narrows as the annealing temperature is increased from 600
to 800°C. Ardell suggested that the PSD broadens with the increase of volume
fraction."*” Tt is well known that the growth rate along the c-axis is the fastest for

Zn0."> From the XRD data, the c-axis is along the film thickness direction. Through
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Figure 3-9 Scaled PSD of the samples annealed at 600, 700, and 800°C.

the ripening process, small crystallites diffuse to the larger crystallites, larger
crystallites will then grow bigger and taller to form needle-like structures, which are
along c-axis. Thus, annealing will result in a “thicker” film with a larger volume of
voids (Figure 3-5), i.e. a reduction in volume fraction. Therefore, the volume fraction
of the 800°C-annealed sample is definitely smaller than the one of 600°C-annealed
sample, which accounts for the narrowed PSD curve with the increase of annealing
temperature shown in Figure 3-9. It is worth mentioning that the data points that
constructed the scaled PSD are too scarce to reveal the actual PSD. However, the self-
similarity behavior of the scaled PSD agrees with the existence of Ostwald ripening
during the annealing.

According to LSW theory, the coarsening kinetics of spherical crystallites can

be described by:"*7'*

d’-d} =K— (3.2)
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where d,and d, are the average crystallite diameters for the as-grown and annealed

samples at specific temperature 7, respectively, K is a constant, ¢ is annealing time, D
is the coefficient of particle diffusion in the matrix, and C,, is the equilibrium particle
composition in the matrix. In our experiment, the annealing temperature is varied
while the annealing time is fixed. Hence, Eq. (3.2) can be rewritten by letting the

product DC,, proportional to exp(-E,/k,T):'*>'*

T(d; —dg)oc e E/"0 (3.3)

where E, is the activation energy for coarsening process, and k; is the Boltzmann

constant. The E, can be obtained from the slope by plotting the logarithm of
T(d®—d;) versus I/T, as shown in Figure 3-10. The activation energy E, was

calculated to be 1.33 eV. To our best knowledge, this is the first attempt to estimate
the activation energy of Ostwald ripening in ZnO thin film. The origin of the

migration species that govern the Ostwald ripening is unclear at the moment.
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Figure 3-10 Plot of logarithm of T(d, J— 6703) vs 1/T, and fitted with a line. The E, yield from

the slope is 1.33 eV.
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However, the obtained activation energy of 1.33 eV is very close to the
migration enthalpy of +2 charged Zn interstitial (Zn;"), which was reported to be 1.35

eV (Ref. 154 and therein). Since the intrinsic defect of Zn; is abundant in as-grown
film (see electrical properties for detail), it is very likely that the Ostwald ripening is
governed by the migration of Zn;.

Krost et al."®® had also reported the Ostwald ripening on ZnO thin films during
the in situ annealing at 900°C in a mixed N, and O, ambient (200 mbar). The islands
they obtained have a height and rms roughness of 150 and 41 nm, respectively. Also,
they found that the Ostwald ripening only occurs in the very beginning of the
annealing (within 2 minutes) and the origin of the conversion from 3D to 2D
morphology is still unclear yet. In our study, the annealing time is fixed. Therefore,
we could not observe the phenomenon reported by Krost et al. However, after 1 hour
of annealing, fine 3D structures were observed and found dependent on annealing
temperature, which suggesting the Ostwald ripening occurs during the whole
annealing process up to at least 1 hour in our experiment.

Electrical properties of the as-grown and annealed ZnO thin films were
measured and summarized in Table 3-2. The as-grown film exhibits n-type
conduction behavior with electron concentration of 8.08 x 10' cm'3, resistivity
0f0.022 Q-cm and Hall mobility of 36 cm?/V-s. The conduction of the undoped ZnO
is generally attributed to the intrinsic defects and/or unintentionally doped dopants. It
has been calculated that the formation enthalpy for Zn interstitial (Zn;) is low
especially under Zn-rich condition, making the shallow donors abundant.'*® Also,
most of the theoretical works show that the O vacancy (V,) is a deep donors that it is
unlikely to be the cause of the unintentional n-type conductivity.'”*">® On the other

hand, Van de Walle'”® has presented the theoretical evidence that hydrogen(H) acts as
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Table 3-2 Electrical properties of the as-grown and annealed ZnO thin films.

Annealed Resistivity Hall mobility Concentration Conduction
temperature (°C) (Ohm-cm) (cmZ/V—s) (cm’3) type
As-grown 0.022 36 8.08 x 10" n
600 High NA NA NA
700 22.3 0.208 1.35x 10" n
800 0.469 8.55 1.56 x 10" n
900 0.831 8.94 8.40 x 10" n

a shallow donor in ZnO. While H is one of the by-products of the DEZn pyrolysis,
which is inevitable in MOCVD.®”"*! Hence, the low resistivity of the n-type as-grown
film indicates that the film consists of shallow intrinsic defects (Zn;) and
unintentionally doped donors (H). It has been proven that the H can be driven out
from the film after the post-growth annealing at temperature as low as 600°C.% In our
experiment, we found out that the film annealed at 600°C show highly resistivity, and
hence reliable Hall effect measurement could not be performed. The outdiffusion of H
and Zn; after the annealing at 600°C is believed to be the main reason to obtain high
resistive ZnO thin films. However, as the annealing temperature was further increased,
the resistivity decreased dramatically. The resistivity of the film annealed at 700, 800
and 900°C is 22.3, 0.469 and 0.831 Q-cm, respectively. It is also noticed from Table
3-2 that the Hall mobility and carrier concentration decreased after the annealing.
Comparing the as-grown film, the Hall mobility decreased from 36 to 0.208 cm?*/V-s
at an annealing temperature of 700°C. The decrease in Hall mobility might directly
related to the surface morphology of the film. Both the SEM and AFM topographs
show that the 3D islands were formed densely on the surface after the annealing.
Hence, the well-established grain boundaries might act as scattering center and
reduced the mobility of the electrons in the films. With further temperature increment

to 800 and 900°C, the Hall mobility of the ZnO thin films is about 40 times higher
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(8.5~9 cm?*/V-s) compared to the one annealed at 700°C, indicating the crystallinity
improved after annealing. Meanwhile, the carrier concentration of the films decreases
from 8.08 to 1.56 x 10" cm™ after the annealing at 800°C. Unlike the single
crystalline ZnO thin films, where the carrier concentration increases after the high-
temperature annealing,'® the decrease of carrier concentration in our textured films
might be due to the suppression of H donors and intrinsic defects, such as Zn;. In fact,
the decrease of carrier concentration by annealing at high temperature was previously
observed by Kang et al.'®" and was attributed to the suppression of Zn;.

PL measurement was carried out to observe the effect of the annealing on the
optical properties. The PL of the ZnO thin films carried out at room temperature
exhibits two emitting bands, namely the near-band-edge emission (NBE) and deep-
level emission (DLE) as shown in Figure 3-11. The NBE in ultra violet (UV) range is
attributed to the exitonic emission, due to the fact that ZnO has a large exitonic
binding energy of 60 meV. The origin of the green color DLE in ZnO thin films still

remains debatable. However, it is well accepted that the green color DLE is due to the
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Figure 3-11 Room temperature PL spectra of as-grown and annealed ZnO thin films. Inset is

the plot of NBE to DLE ratio and FWHM versus annealing temperature.
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radiative recombination of a photogenerated hole with an electron in singly ionized

19131133 ¢t can be seen from Figure 3-11 that both

oxygen vacancy in ZnO thin films.
the NBE and DLE appears in the PL with peak positions at 3.28 and 2.5 eV, respectively.
The intensity of the NBE increases with the increase of annealing temperature, while
the DLE does not change much after the annealing. The FWHM of the NBE and the
NBE to DLE ratio was plotted against the annealing temperature as an inset in Figure
3-11 for a better observation. The FWHM of the NBE is narrowed with the increase
of annealing temperature. A 70 meV FWHM was achieved for the sample annealed at
800°C, compared to a FWHM of 75.5 meV for the as-grown sample. NBE to DLE
ratio is always used to evaluate the concentration of structural defects in ZnO thin
films. The NBE to DLE ratio for the as-grown sample is only 6.35 (Figure 3-11 inset).
The ratio of the sample annealed at 600°C is comparable to the as-grown film,
revealing the fact that the film has little improvement in crystallinity upon annealing.
The film annealed at 800°C has the highest NBE to DLE ratio of 24, which can be
correlated well with the structural properties of the films. The photon emission
efficiency was estimated by integrating the area of the PL emission spectra. It was
found that the photon emission efficiency of the 800°C-annealed film increased about
four times compared to the as-grown ZnO thin film. The increase of photon emission
efficiency suggests that the annealed film has less intrinsic defects, which act as non-
radiative recombination centers. The enhancement of photon emission efficiency

correlates well with the electrical measurement that annealed film has lower carrier

concentration compared to the as-grown film.
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3.3.3 Summary

In summary, post-growth thermal annealing was carried out on MOCVD
grown ZnO thin films. The surface morphology changed drastically from nanosheets
to nanoneedles after annealing due to the well-known Ostwald ripening in the
temperature range of 600 to 800°C. The size and height of the nanoneedles are
building up as the annealing temperature is increased from 600 to 800°C. As the
annealing temperature was further increased to 900°C, other than Ostwald ripening,
sintering mechanism was evidently observed. The activation energy for the Ostwald
ripening was estimated to be 1.33 eV, which is likely to be governed by Zn atom
migration. The experimental results suggest that the sintering mechanism might
require higher activation energy compared to Ostwald ripening. Also, the thermal
evaporation was observed and resulted in flattening of the nanoneedles. The
outdiffusion of H atoms after annealing is responsible for the high resistive ZnO thin
films obtained at 600°C annealing. The subsequent annealing at higher temperatures
(700 to 900°C) improved the crystallinity and in turn increased the Hall mobility
compared to 600°C-annealed film. PL. measurement at room temperature shows that

the luminescence efficiency improves with crystallinity after annealing.
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CHAPTER 4 REALIZATION OF P-TYPE ZNO THIN

FILMS

4.1 Background

Currently, asymmetry doping problem in ZnO is the main obstacle that
hindered the realization of ZnO-based current injection LEDs and LDs. Therefore, a
lot of efforts have been devoted to the doping engineering of ZnO in order to realize
Zn0O-based opto-electronic devices.

In general, there are three main factors that could limit the dopability in a
material. (i) The dopants have a low solubility in the bulk material. (ii) The dopants
have good solubility but it forms deep acceptor or donor level, which are not readily
ionized at the desired operating temperature. (iii) The dopants have good solubility
and are readily ionized, but the self-compensation effect limits the material to be n-
type or p—type.162

For ZnO material, the possible p-type dopants includes of group-I elements
lithium (Li), sodium (Na), and potassium (K) and group-V elements nitrogen (N),

163
L.

phosphorus (P), arsenic (As), and antimony (Sb). Kobayashi et a revealed that

among the group-V elements, N is the best candidate of p-type dopants in ZnO.

1.°" extended the first principle calculation to the group-I elements.

Recently, Park et a
In their finding, group-I elements, Li, Na, and K that substitute on the Zn site are
predicted to have acceptor energy levels of 0.09, 0.17, and 0.32 eV, respectively.
While the group-V elements, N, P, and As that substitute on the O site have acceptor
energy levels of 0.40, 0.93, and 1.15 eV, respectively. From their calculation, group-I

elements are predicted to be better dopants than group-V elements in terms of the

shallowness of the acceptor levels. However, group-I elements have low doping
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efficiency which is limited by the formation of compensating interstitials. So the best
p-type dopant for ZnO was concluded to be N since N has the smallest ionization

energy among the group-V dopants.

4.1.1 Dopant choice I: Group-I elements (Li, Na, K)

Li and Na doping in ZnO thin films was known to lead to semi-insulating (SI)
behaviour.'®*'*> While for K doping, the formation of Vo donors will hinder the
formation of p-type ZnO thin films.” However, Lee and Chang revealed that the
solubility of group-I elements for Li and Na could be greatly enhanced by
hydrogenation and a subsequent annealing process, which will lead to the activation
of passivated acceptors.'®® On the other hand, Wardle er al.'®’ further investigated the
dopant Li in ZnO thin films and concluded that Liz,-Li; is formed more readily than
any isolated defects. Hence, the self-compensation between Li impurities would be
the limiting factor to obtain Li-doped p-type ZnO thin films. The theoretical
prediction suggested that group-I dopants are not the ideal choice for p-type dopants
in ZnO thin films. Nevertheless, p-type Li-doped ZnO thin films have been

experimentally demonstrated by using sputtering and PLD rf:cently.zos’206’217

4.1.2 Dopant choice II: Group-V elements (N, P, As, Sb)

From theoretical point of view, N seems to be the best dopant for ZnO

. 161,163
materials.”

However, the difficulty in realizing p-type ZnO:N films experimentally
has always amazed and humbled the researchers. The low doping efficiency of N
acceptors was addressed theoretically and attributed to the compensation effect by N»

168

complexes, which behaves as a double donor. ™ Nevertheless, a great deal of effort

has been devoted to the development of p-type ZnO thin films especially on ZnO:N.
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The first p-type ZnO:N was reported by Minegishi et al. 1 in year 1997.
Subsequently, most of the attempts to produce p-type ZnO have employed N as the

acceptor (see Table 4-1, page 100). In year 1999, Yamamoto et al.'”'"

investigated
the electronic structures of n- or p-type doped ZnO based on ab initio electronic band
structure calculations. They proposed a codoping method, in which the acceptor (N)
and donor (Ga, Al, In) are simultaneously doped into ZnO thin films in order to
increase the solubility of N. Several codoping methods have been reported to prepare
the p-type ZnO thin films by different donors, such as Ga, Al, and In as seen in Table
4-1.

Due to large difference in ionic size between P and O, theoretical calculation
predicted that Po should have a deeper acceptor level at 0.93 eV, as compared to 0.40
eV for No.61 Nevertheless, Aoki et al.®® have fabricated a homojunction ZnO diode
with light emission (370 — 380 nm and 400 — 500 nm) at 110 K using laser doping of
P from ZnsP,. Recently, Kim et al.'™ have used P,0Os5 to fabricate ZnO:P films and
produced p-type ZnO:P films by thermal annealing. However, the microscopic
structure of dominant acceptors in P-doped ZnO is not yet established. Moreover, the
difference in doping efficiency between two dopant sources, P,Os and ZnsP,, is not
clearly understood.?”

For As doping, Ryu et al.'™ have successfully demonstrated p-type As-doped
ZnO layers on Al,Os susbtrates with an activation energy of about 120 meV. More
recently, Look et al.'” prepared p-type As-doped ZnO thin films by evaporating
Zn3As; and subsequent sputtering of ZnO. Theorical investigation has suggested that
an Asz,-2Vz, complex, in which the As atom occupying a Zn site gives a shallow

acceptor level by forming a complex with two Zn vacancies, would be the origin of p-

type conduction. 76 Wahl er al.'” have also revealed that As does not occupy
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substituitional O sites but in its large majority substituitional Zn sites. However,
Vaithianathan et al.'’® have shown that As substituitionally replaces O in the ZnO
lattice, i.e. Asp to contribute p-type conductivity, by using x-ray absorption near-edge
structure (XANES) spectroscopy. All these interesting but contradicting results must
be subject to further experimental verification.

In addition to N, P, and As, another group-V element Sb has been investigated
as a p-type dopant in ZnO materials. Xiu et al.'” have demonstrated high-mobility
Sb-doped p-type ZnO thin films by MBE. The p-type ZnO:Sb films have mobility as
high as 20 cm?*/V-s, with hole concentration of 1.7 x 10" cm™. More recently, Kang
et al.”*'* have also investigated on p-type ZnO thin films by employing Ag as acceptor.
They revealed that the acceptors were formed by susbstituion of Ag for Zn and the
ZnO:Ag films have hole concentration of 4.9 x 10" — 6.0 x 10" ¢cm™. These
interesting finding on the new dopant sources might provide a new clue in p-type ZnO

thin films investigation.

4.1.3 Self-compensation process in ZnO

After the discussion on the dopant choice and their solubility in ZnO, another
important issue that limits the p-type doping in ZnO is self-compensation process.
The donor-like native defects, such as zinc interstitial (Zn;) and oxygen vacancy (V,),
are dominant in ZnO, resulting in n-type behavior. In order to achieve p-type
conduction in ZnO, these donor-like native defects have to be suppressed or even

l.,lgo the donor-like defects can be

eliminated. According to Zhang et al.”® and Lee et a
suppressed at the oxygen rich (O-rich) condition and hence it is possible to

obtain intrinsic p- type conduction in ZnO. However, as seen from Figure 4-1, under

the O- rich condition, the concentration of acceptor-like defects, such as zinc vacancy
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Figure 4-1 LDA defect formation enthalpies are shown in lines as a function of the Fermi
energy EF at the zinc-rich (u7=0) and oxygen-rich (uz=-3.1 eV) limits,
respectively. The charge states of the defects are shown as -2, -1, 0, and +2.

Defect transition energies are shown as solid dots.>

(Vzn) and oxygen interstitial (O;) remain low due to their high formation enthalpy.
Nevertheless, p-type ZnO thin films can be realized even without doping by
suppressing the donor-like defects, but the reproducibility is the main issue at the
present research.'®"*2"> Ma er al."** reported recently that they obtained intrinsic p-
type ZnO thin films by tuning the oxygen partial pressure in the MOVPE. The best p-
type sample they have obtained has a carrier concentration of 1.59 x 10'® cm™ and
carrier mobility of 3.74 cm?/V-s. However, the film has relatively large resistivity
with 42.7 Q-cm. Xiong er al."® reported intrinsic p-type ZnO thin films by adjusting
the oxygen content in the reactive sputtering. These works have demonstrated that the
intrinsic p-type ZnO thin films can be realized by optimizing the growth condition,

such as growth method, growth temperature, precursors flow rate control.
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Although there have been many reports of p-type doping in ZnO thin films

using various growth methods and various dopant elements, as shown in Table 4-1,

reliable and reproducible high quality p-type conductivity has not yet been achieved

for ZnO. This strongly suggests that the physics underlying ZnO doping engineering

is subtle and poorly understood. It is hence worthwhile to carry out a detailed study on

defect engineering in ZnO. In this chapter, nominal undoped, N-doped, and

unintentional carbon-doped p-type ZnO thin films are investigated.

Table 4-1 Survey of p-type ZnO.

Year Researchers Methods Dopants Hall Hole
mobility Concentration
(cm*/V-s) (cm™)
1997 Minegishi eral.”™ CVD N 12 1.5%x 10"
1999  Joseph et al.'™ PLD Ga,N  0.05-0.07 2-4x10"
2000 Aoki et al.® CVD p NA NA
2000 Guo et al."” PLD N 0.1-0.4 3-6 x 108
2000 Ryueral'®® Pulsed laser ablation As 0.1-50 1 x 101 x 10*
2002 Look et al.'® MBE N 2 9x 10"
2002 Lieral'® Thermal oxidation N 0.098 4.16 x 10"
2003  Singh er al."” RF sputtering Ga,N NA 9x10'"°
2003 Lueral™ Solid source CVD N 0.97 9.8 x 10"
2003 Kimeral.'” RF sputtering P 3.51 1.7x 10"
2003 Lu et al.'® DC reactive magnetron ¢ 1324 4x1057x 10"
sputtering
2003 Ryueral'™ Hybrid beam deposition ~ As 35 4% 10"
2003 Lietal'” MOCVD N 0.34 1.06 x 10"
2004 Xueral ' MOCVD N 0.203 1.73 x 10"
2004 Ye et al'’ DC reactive magnetron 0.3 1.1 x 107
sputtering
2004 Zhang et al.'® Ultrasonic spray pyrolysis Al N 73.6 5.09 x 10"
2004 Bian et al."”’ Ultrasonic spray pyrolysis In, N 155 244 x 10"
2005 Tsukazakieral””  Laser MBE N NA 1 x 10"-1 x 10"
2005 So et al.'® Diffusion As, P 19.04 6.94 x 10"
Vaithianathan ef 5.1 x 10"-1.5 x
2005 199 PLD P 2.38-39.3 -
al. 10
2005  Xiu et al.*® MBE Sb 20 1x 10"
2005 Braunstein e al.”®  Ton implantation As 6.9 2.5% 10"
02 5.5 x 10°-8.3 x
2005 Dueral. MOVPE N 3-17

1017

(continue in next page)
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(continue)
Year Researchers Methods Dopants Hall Hole
mobility Concentration
(cm?/V-s) (cm™)
03 0.189- 2x107-1.6 x
2005 Chenetal.”™” MOCVD P 18
0.838 10
o4 _ 1x10"7-1.7 x
2005 Hwang et al. RF magnetron sputtering P 0.53-3.51 10"
205 DC reactive magnetron : 17
2005 Zengetal. ) Li 3.47 1x10
sputtering
2006 Zeng et al.** PLD Li 2.65 1.44 x 10"
207 DC reactive magnetron 18
2006 Wang et al. ) N 0.0768 7.47 x 10
sputtering
2006  Jiao et al*® Plasma-assisted MBE N 1.5 1.3x 10"
2006  Yueral” RF sputtering P 1 3.84x 10"
210 : 2.7 % 10'°-2.2 x
2006 Wang et al. RF magnetron sputtering P 4-13 10"
2006 Nakano er al.”"! Sputter + annealing N 3-5 1x10"
. 4.9 x 10'%-6.0 x
2006 Kang et al. PLD Ag 0.29-2.32 107
2006 Lueral’” PLD LiN 075 8.92x 10"
2006 Cao eral*™ Sol-gel spin coating N, In 0.6 9.81x 10"
2006 Zeng et al.*" MOCVD NA 2.6 1.88 x 10"
2006 Hu et al*'® RF sputtering P 0.341 2.8 x 10"
2006 Lueral”" PLD Li 1.75 6.04 x 10"
2006 Kumar er al.*"® RF magnetron sputtering ~ Ga, N <1 3.9 x 10"
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4.2  P-type Nominal Undoped and N-doped Polycrystalline

ZnO Thin Films

4.2.1 Experiment

The ZnO thin films were grown on Al,O3 (0001) by MOCVD with original
reactor as described in chapter 2 and 3. The deposition temperature was controlled at
350°C as the films grown at this temperature yield good structural, optical, and
electrical properties.'"® Dimethylzinc (DMZn) and ultrahigh-purity O, (99.9999%)
were used as the zinc source and oxidizer, respectively. Nitrogen (N,) gas was used as
the carrier gas for the DMZn bubbler and the nitrous oxide (N,O) was used for
nitrogen doping. The flow rates of the DMZn and O, were varied such that the Zn:O
ratio was maintained within 0 to 0.8 (O-rich condition). For N doping experiment, 5
sccm of N,O gas was mixed with oxygen and then injected into the reaction chamber.
The deposition time was 10 minutes and the growth rate was about 30 nm/min. The
chamber pressure was maintained at about 30 mbar.

Electrical resistivity, carrier density and mobility were measured with a
magnetic field of 0.32 T by van der Pauw method at room temperature. Indium
contacts were heat treated at ~300°C for a few minutes for establishing reliable ohmic
contact to ZnO thin films. Secondary ion mass spectrometry (SIMS) was carried out
with a secondary ion mass spectrometer (TOF SIMS 1V). The crystal structure of
obtained films was characterized by X-ray diffraction (XRD) measurement with
CuKa radiation (Siemens D5005 X-Ray Diffractometer). The optical transmission
spectra were examined with a spectrophotometer (UV-2501PC). The
photoluminescence (PL) spectrum was measured with a micro PL system at room

temperature and excited by the 325 nm line of a He-Cd laser.
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4.2.2 Results and Discussion

Figure 4-2 shows the summary of the electrical properties of ZnO thin films
examined by Hall measurement at room temperature. One of the samples (with filled
symbols) was grown with 5 sccm of N,O gas with the intention of N doping. It can be
seen clearly that the realization of intrinsic p-type ZnO thin film depends strongly on
the Zn to O ratio. A change of conduction type from n to p occurs at Zn:O ratio of 0.2.
As the Zn:O ratio was controlled smaller than 0.2, the p-type ZnO thin films can be
realized. The intrinsic p-type ZnO thin films were also realized by several research
groups by tuning the Zn:O ratio during the growth."®'""® From Figure 4-2, it can be
seen that the best intrinsic p-type ZnO thin films has low resistivity of 0.369 Q-cm,
high carrier concentration of 1.62 x 10" cm™ and relatively low Hall mobility of 3.14
cm?/V-s. While the p-type sample grown with the N,O has carrier concentration of
1.41 x 10" cm™, Hall mobility of 0.264 cm?/V-s and resistivity of 16.8 Q-cm. At the
O-rich condition, acceptor-like defects, such as Vz,, O; and Oz,, have lower formation

enthalpies compared to those at the Zn-rich condition. The excess oxygen results in a
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Figure 4-2 Carrier concentration, Hall mobility, and resistivity of ZnO thin films as a function

of Zn:O molar ratio. Filled symbol sample was grown with 5 sccm of N,O.
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non-stoichiometric compound Zn; O (0O<x<1), which can be explained in the

following chemical reactions by using KrOger-Vink notation for lattice defects:

(1—X)ZnO+§Oz(g) 5 7Zn,_0 @1

1 " .
EOz(g) -V, +0, +2h 4.2)

where V,_ is the negative charge on zinc vacancy and Oo is the oxygen on regular

lattice site. The zinc vacancy can subsequently be ionized to “give away” holes as Eq.

(4.3) and Eq. (4.4):
V, +h* &V, 4.3)
V, +h* <V, (4.4)

As a result, holes present in the V%n and Vz, can be excited and transferred to other

part of crystal, which makes the ZnO p-type conduction intrinsically, for sample
grown without N,O.

Figure 4-3 (a) and (b) show respectively, the SIMS profiles of p-type ZnO thin
films obtained with and without supplying N,O gas into the chamber during growth.
Secondary ions intensities of Ga and N atoms were detected using ''Ga* and "N,
respectively. Ga detection was carried out during the SIMS analysis in order to
confirm the ZnO thin films are free of Ga contamination that remained in the chamber
due to previous experiments with Ga doping. The N impurities were detected by using
Cs sputtering gun with negative secondary ion polarity. For the sample shown in
Figure 4-3 (a), though 5 sccm of N>,O gas was introduced into the chamber during the
growth, the nitrogen intensity was well below the SIMS sensitivity limit (N count was

too low to be detected). H. Matsui et al.*'® have previously shown that the solubility
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Figure 4-3 SIMS profile of the p-type ZnO thin films deposited on sapphire at 350°C (a) with
N,O and (b) without N,O.

of nitrogen is low due to the poor dissociation process of N,O at low growth
temperature of 350°C. Thus, the N concentration in the ZnO thin film grown with
N,O flow should be quite low. However, the film grown with N,O flow was
yellowish in color by visual inspection, while the sample grown without N>,O flow

appeared colorless. The yellowish appearance of N-doped ZnO thin film was also

85



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 4 REALIZATION OF P-TYPE ZNO THIN FILMS

reported by Nakahara er al.”*” So, it is likely that a small amount of N was doped into
the ZnO thin film grown with N,O flow. Thus, we postulate that the p-type behavior
of the sample grown with N,O should be due to the N occupying O sites (No) as
acceptors from N,O doping, and/or the intrinsic acceptor-like defects Vyz,. From
Figure 4-3 (b), it can be seen that the secondary ions intensities of Ga and N in
undoped ZnO thin film are well below the SIMS sensitivity limit. This shows that the
obtained p-type ZnO thin film is free of contaminants or dopants, such as Ga and N,
as expected. As a result, the p-type behavior of the undoped ZnO sample indicates the
successfully suppression of donor-like defects and formation of intrinsic p-type ZnO
thin films.

Figure 4-4 (a) and (b) show the XRD profiles of the ZnO thin films grown on
sapphire at 350°C with and without supplying N,O gas into chamber, respectively. It
can be seen that the ZnO thin films exhibit polycrystalline structure with preferential
orientation along c-axis. With the introduction of N,O gas into the chamber, the

crystallinity of the film is slightly poorer. The polycrystalline structure in the obtained
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Figure 4-4 X-ray diffraction profiles of ZnO thin films grown on sapphire at 350°C (a) with
N,O and (b) without N,O.
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Figure 4-5 Transmittance spectra for the p-  Figure 4-6 Plot of (ahv)® versus photon

type ZnO thin films obtained (a) with N;O and  energy for the ZnO thin films obtained (a)
(b) without N,O. with N,O and (b) without N,O.

ZnO thin films is the main reason for the low Hall mobility as stated in the previous
discussion.

Figure 4-5 (a) and (b) show the typical transmission spectra for the p-type
Zn0O thin films obtained with and without supplying N,O gas, respectively. It can be
seen that both the obtained films possess high transmittance close to 100% in the
visible region and have sharp absorption edge. Figure 4-6 shows the relationship
between the absorption coefficient and photon energy for the p-type ZnO thin films.
The optical bandgap was determined to be 3.26 eV and 3.27 eV for the p-type ZnO
thin films obtained with and without supplying N,O gas, respectively by using Eq.
(2.3) and Eq. (2.4).

Figure 4-7 shows the normalized room temperature PL spectra of two p-type
ZnO thin films grown with and without N>,O flow. The fringes, which are more
prominent for the sample grown without N,O flow, are due to the interference effect
from the coating of CCD detector. Comparing the samples grown with and without
N,O flow in Figure 4-7, an obvious shift in the near-band-edge emission (NBE) peak

is observed. The peak of N-doped sample is at 3.330 eV, which can be attributed to
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Figure 4-7 Normalized room temperature PL spectra of obtained p-type ZnO thin films (a)
with N,O and (b) without N,O.

the neutral acceptor-bound exciton (AOX) associated with No. While the undoped
sample is peaking at 3.388 eV, which is due to the A’X associated with Vz,. The A’X
red-shifted 58 meV for N-doped sample compared to the undoped one, which
indicates the N acceptors have higher ionization energy than V,. Similar red-shift of
emission peak at room temperature for N-doped ZnO thin film was also observed by

12" It is worth mentioning that the difference in PL spectra for the p-type

Wang et a
Zn0 thin films grown with and without N,O flow is also an evidence that the p-type
N-doped ZnO thin films were achieved with N,O flow, apart from the difference in
visual appearance of the two types of samples.

The origin of the green color deep-level emission (DLE) in ZnO thin films still
remains debatable. Many researchers attributed the DLE in ZnO thin films to the
intrinsic defects of Vo.lg’m’184 As is seen from Figure 4-7, there is no DLE observed
for both p-type samples. We suspect that the V, was suppressed in the films grown at

222,223

O-rich condition,'™ and/or passivated by hydrogen, which is one of the by-

products of DMZn pyrolysis process. So, the undetected DLE in the p-type samples is
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mainly due to the suppression of V,, which has a higher formation energy at O-rich

. 168
condition.>

4.2.3 Summary

In summary, low resistivity p-type ZnO thin films were obtained by MOCVD
with and without N,O flow in fabrication. From SIMS measurement, the p-type
conduction of ZnO thin films fabricated without N,O flow is intrinsic, and mainly
contributed by intrinsic acceptor-like defects, Vz,. For the sample fabricated with N,O
flow, the p-type conductivity is primarily due to the impurities (N acceptors) formed
by N-doping. The intrinsic p-type ZnO thin films can be obtained by adjusting the
Zn:0 ratio from 0.05 to 0.2. The best p-type ZnO thin films possess low resistivity of
0.369 Q-cm and high hole concentration of 1.62 x 10" em™, which is suitable for
short-wavelength optoelectronic devices. This work demonstrates that p-type ZnO can
be realized by MOCVD without doping, which proves the theoretical prediction of

intrinsic p-type conduction and provides a guide for future works.
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4.3  Revealing p-type in Carbon-doped ZnO Thin Films

As described peviously, prominent achievements have been made recently on

78.86-89 \vhere either

Zn0 especially on the demonstration of ZnO homojunction LEDs,
MBE or MOCVD was applied. Comparing to MBE, MOCVD is possibly the tool of
choice for ZnO-based devices, as MOCVD enjoys lower cost, easy scaling up, and
most importantly, the successful story in producing GaN-based LEDs and LDs.
Nevertheless, unintentional hydrogen and carbon doping in MOCVD grown ZnO is
unavoidable, as the metal organics contain organic compounds. Li et al.®*** has
reported the passivation effect of hydrogen and compensation effect of carbon in
nitrogen-doped ZnO thin films grown by MOCVD. Other than which, reports on the
role of unintentionally doped carbon in ZnO by MOCVD are rare. In this section, the
p-type conductivity of ZnO thin films revealed by post-growth thermal annealing is

presented and the role of carbon in immobilizing oxygen interstitials in ZnO is

discussed.

4.3.1 Experiment

The 350 nm thick ZnO thin film was deposited on sapphire [Al,O3(0001)]
substrates by MOCVD. Previously, highly c-axis oriented ZnO thin films were found
to be zinc-rich and the susbsequent annealing at high temperature leads to the
formation of nanoneedles.?? In this experiment, the flow rate of DEZn was reduced
from 6 to 3 sccm. The as-grown sample was cut into pieces and one of them was used
as a reference of the as-grown sample. The rest of the samples were annealed in air,
O,, and N, ambient, respectively. The post-growth thermal annealing was performed
at 800°C and at atmospheric pressure for 1 hour. The samples were loaded into the

heated chamber and pulled out immediately after the annealing. The rms roughness of
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the as-grown and annealed ZnO thin films was found to be in the range of 5 to 6 nm
by AFM.

The crystal structure was characterized by x-ray diffraction (XRD) using
Siemens D5005 x-ray diffractometer with Cu Ko radiation. Electrical resistivity,
carrier concentration and mobility were measured with a magnetic field of 0.32 T by a
four-point probe van der Pauw method at room temperature. Indium contacts were
heat treated at ~100°C for a few minutes for establishing reliable ohmic contact to
ZnO thin films. Secondary ion mass spectrometry (SIMS) measurement was carried
out using secondary ion mass spectrometer (TOF SIMS 1V). The x-ray photoelectron
(XPS) measurement was performed using ESCALAB 220i-XL with Al Ko radiation
of 1486.6 eV. The binding energy was referenced to the C 1s line at binding energy of

285.0eV.

4.3.2 Results and Discussion

The electrical property of the as-grown and annealed ZnO thin films is
tabulated in Table 4-2. All the Hall measurements were carried out with reliable
ohmic contact to ZnO thin films and the typical I-V curve was shown in Figure 4-8. It
is noticed that the as-grown ZnO thin film is conductive (resistivity of 0.01 Q-cm)
with the majority carrier of electron (concentration of 5.7 x 10'® cm™). The electron
conduction in the nominal undoped ZnO thin films could be due to hydrogen (H)
and/or intrinsic defects, which is generally attributed to zinc interstitial (Zn;). After
annealing, the resistivity of the annealed films increases by at least two orders in
magnitude. The increase of resistivity could be understood by (1) outdiffusion of H
(Ref. 66) and (2) suppression and/or passivation and/or compensation of the Zn; after
annealing. Due to the highly-resistive characteristic of the air-annealed and O;-

annealed samples, the conductivity type of the films could not be confirmed by Hall
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Table 4-2 Electrical property of ZnO thin films characterized by Hall effect measurement.

Annealed Resistivity Hall mobility  Carrier concentration  Conduction type
ambient (Q-cm) (cmZ/V—s) (cm’3)

As grown 0.01 57.8 5.70x 10" n

0, 68.2 5.18 8.70 x 10" n

Air 158.4 17.1 1.31x 105 p

N> 2.18 20.7 5.65% 10" p

~Con.12 ~Con.34
0.0123 mA
0.05¥

Figure 4-8 Typical I-V characteristic of ZnO films in Hall measurement. Ohmic contact was
established on both the connector 1 & 2 and connector 3 & 4 in four-point probe

van der Pauw method.

effect measurement. Nevertheless, the typical results are shown in Table 4-2 for
reference. The ZnO thin film annealed in N, interestingly, shows p- type conduction
consistently. Looking carefully on the electrical property of the N>-annealed film, it
has fairly high Hall mobility and hole concentration of 20.7 cm*/V-s and 5.65 x 10'®
cm”, respectively. Here we suggest that the Nj-annealed film has bi-carrier
conduction behavior with majority carrier of hole. As the mobility of electron is much
higher than hole’s mobility (~ 200 times), the existence of electrons in the ZnO thin
films will definitely affect the Hall effect measurement especially when the hole

. . 22
concentration is low. 6
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Temperature-dependent Hall effect measurement was carried out on the p-type
C-doped ZnO thin film and the hole concentration versus temperature is shown in

Figure 4-9. The experimental data (square dots) was fitted by
p=(N,/Np—1)g,/!8.s)N, T exp(~E | k,T) (4.5)

where N,/N, is the compensation ratio, the occupied and unoccupied state
degeneracy are g, =1 and g,, =4 respectively, N, is 4.94x10" ecm™ K™ by
assuming the effective hole mass m, =m,, with m, as the electron rest mass, k is
the Boltzman constant, and T is the absolute temperature.'”® The activation energy
E, and compensation ratio N, /N, was estimated to be 50.2 meV and 0.11,
respectively, through the linear fitting. The N, /N, was found to be comparable with

that in ZnO:N by Look er al.,'®® and better than that in ZnO:N by Tzukazaki ez al..”’
The smaller activation energy suggested that the acceptors are shallow with about

50.2 meV above the valance band.

1016 E | v T v T v T v T v T
NN, = 0.11
1015 | EA=502 meV
Q/\
o?x
5
— 4L
o 10
)
=
o
107 F 3

3 4 5 6 7 8 . 9
1000/T (K™

Figure 4-9 Hole concentration versus temperature of p-type C-doped ZnO thin film.
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Figure 4-10 XRD spectra of as-grown and annealed ZnO thin films with different y-scale.

Peak position and FWHM of (0002) peak were indicated in the figure.

X-ray diffraction was carried out to confirm the crystal structures of the as-
grown and annealed ZnO thin films. All the ZnO thin films exhibit only (0002) peak,
as shown in Figure 4-10. The corresponding peak position and FWHM of the (0002)
peak was indicated accordingly in the figure. As expected, the crystallinity of the ZnO
thin films improved after the thermal annealing. The FWHM of (0002) peak reduces
from 0.3200 degrees of as-grown films to 0.2843, 0.2868, and 0.2649 degrees after
annealing in O,, Ny, and air, respectively.

Other than carbon, which is an inevitable contaminant in MOCVD growth, no
other contaminants such as In and Ga were detected in the ZnO thin films by using
SIMS. Figure 4-11 shows the SIMS profiles of Zn, O, C, and Al of as-grown and
annealed ZnO thin films. The difference in acquring time for the four samples is mainly

due to the measurement errors such as the stability of the sputter gun and charging
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Figure 4-11 SIMS profile of as-grown and annealed ZnO thin films.

effect of the samples. It is seen that the C was doped into the ZnO thin films through
the pyrolysis of the metal organic precursor. Judging the concentration of C with the
aid of the inserted dotted line, it is found that the concentration of C in N,- and air-
annealed ZnO thin films piled up at the surface. However, for weak n-type O,-
annealed ZnO thin film, the C concentration remained or even decreased near the
surface, indicating the active reaction between carbon and oxygen to form CO/CO,
gas in high oxygen partial pressure ambient.

Figure 4-12 shows the XPS spectra which contain of C 1s and O 1s of all the
ZnO thin films. For the C 1s spectra, the dotted baselines were added for better
observation. Using the inserted baselines as reference, a weak peak was detected at
289.1 eV with a 2 eV of FWHM in the as-grown ZnO thin film. The peak is generally

attributed to the COOR bonding that was introduced by the metal organic source.
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Figure 4-12 XPS spectra of C Is and O 1s of (a) O,-annealed, (b) air-annealed, (c) N,-

annealed and (d) as-grown ZnO thin films.

Beside the as-grown ZnO thin film, an additional peak is observed in the XPS spectra
of Np-annelaed ZnO thin film. By deconvoluting the spectra, the peak is found
centered at 286.1 eV with a FWHM of 1.8 eV. As the binding energy of C-OR is at
285.4 eV, the binding energy of 286.1 eV is suggested to be O-C-O complex. The
Ols spectra of the ZnO thin films can be deconvoluted into two peaks centered at
binding energies of 530.67 and 532.58 eV, respectively. The low binding energy at
530.67 eV, denoted by Ol, corresponds to Zn-O bonding, while the higher binding
energy peak located at 532.58 eV (0O2) has always been regarded as absorbed oxygen
species or hydroxyl.227 However, looking at the intensity of the O2 peak, it is

impossible to detect such a huge amount of absorbed oxygen and hydroxyl in the
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films since the films were pre-sputtered before the measurement. Hence, we believed
that the O2 peak is mainly the binding energy of oxygen in the interstitial site (O;). It
is seen from Figure 4-12 that the O2 peak has comparable intensity with O1 peak in
as-grown film but dominate the Ols spectra after annealing. The increase of O2 peak
in annealed films suggests that the O atoms in ZnO lattice were induced and
immobilized at the interstitial site by forming O-C-O complexes.

Room temperature PL. was carried out to investigate the annealing effect on
the ZnO thin films and is shown in Figure 4-13. The as-grown ZnO thin film exhibits
two distinct emission bands, denoted as near-band-edge emission (NBE) and deep-
level emission (DLE) that centered at 3.3093 and 2.4750 eV, respectively. As
described in previous section, the NBE is exitonic-related emission from ZnO while
the green color DLE is due to the radiative recombination of a photogenerated hole
with an electron in singly ionized oxygen vacancy in ZnO thin films." After

annealing, interestingly, an additional orange-red color DLE was observed in all

020} (a) As grown 3.3093 eV} (b) Annealed in O2

1.9400 eV 5 5028 eV lo10

3.3137 eV.

010+ 2.4750 eV . 005
=3
S 0.00
2
B . 15 20 25 30 35
5 015 T T T O T T T Tois
T (c) Annealed in N, 33226 eV (d) Annealed in air

3.3182 ev1010

1.8649 eV {005

2.4628 eV

0.00

1.5 20 25 30 35 1.5 20 25 30 35

Photon Energy (eV)

Figure 4-13 Room temperature PL spectra of as-grown and annealed ZnO thin films.
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annealed films. The orange-red color DLE centered at 1.9400, 1.8949, and 1.8649 eV
for O,, Ny, and air-annealed ZnO thin films, respectively. The orange-red color DLE
has been observed and attributed to the Oj-related deep acceptors.””® Combine with
the electrical property measured by Hall measurement, it is noted that as the resistivity
increases, the orange-red color DLE increases as well.

The cryogenic PL measurement was carried out to investigate the emission
characteristic of the ZnO thin films. Figure 4-14 shows the normalize near-band-edge
PL spectra of the ZnO thin films at 4.8 K. Free exciton with the A and B valence band
(FX4 and FXg) were observed at 3.375 eV and 3.387 eV, respectively in annealed
films.**’ The PL spectra of as-grown, O,- and air-annealed films consist of neutral
donor bound exciton (DOX) positioned at 3.3578, 3.3628, and 3.3610 eV, with the

two-electron-satellite (TES) of the DX located at 3.3321, 3.3330, and

F (a) As-grown (b) O,-annealed
L 2

TES(D°X

(c) N,-annealed A°

TES(D°X

Intensity (a.u.)

3.36 3.40 3.24 3.28 3.32 3.36 3.40

Photon Energy (eV)

3.24 3.28 3.32

Figure 4-14 PL spectra of as-grown and annealed ZnO thin films at 4.8 K.
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230231 Begides, the donor-acceptor-pair (DAP, with

3.3307 eV, respectively.
unknown acceptor) transition is found in as-grown ZnO thin films at 3.25 eV. The PL
of the N-annealed film (Figure 4-14c), shows an additional peak position at 3.3564
eV. The peak is found to be a neutral acceptor bound exciton (A"X) according to Teke
et al.” Other than the A°X, D"X and TES(D"X) are also found at 3.3610 and 3.3384
eV, respectively. From the Hall effect measurement, the N>-annealed film is found to

have bi-carrier with majority of holes. Consistently, the PLL measurement shows that

the D’X intensity is comparable to A’X emission.

4.3.3 Summary

In summary, p-type unintentional carbon-doped ZnO thin films were realized
after post-growth annealing. The carbon, induces and immobilizes the O; to form O-
C-O complex. The O-C-O complex has been evidently observed in XPS spectra. The
acceptor in the p-type carbon-doped ZnO thin film is attributed to the oxygen
interstitial and its A’X is positioned at 3.3564 eV. High carrier concentration in p-type
Zn0O thin films measured by Hall effect measurement and the coexistence of green
and orange-red DLE in PL measurement might be due to the inhomogeneous of p-

type ZnO region.
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CHAPTER5 ZNO SELF-ASSEMBLED NANOSTRUCTURES

5.1 Background

Nanostructured materials have attracted increasing interest recently due to
their unique and novel properties over the bulk materials. For example, the large
surface area of the nanostructures makes it a superior candidate in chemical and gas
sensing application. Also, quantum confinement effect resulted from the shrinking in
size will lead to new optical, electrical, and mechanical properties, which have opened
up a new window for applications in optics, optoelectronics, biotechnology, chemistry,
etc. In the past decades, various nanostructures have been synthesized from
semiconducting oxides, such as ZnO,41’232’233’234 Sn02,235 236 Ga203,237 and CdO.>®
Among the semiconducting oxides, ZnO shows the richest nanostructural
morphologies. In the past decade, in lure of the fascinating potential applications,

133, 239 - 242

ZnO nanostructures in zero-dimensional (0D) — quantum dots; one-

41, 243-246

dimensional (1D) — wires, rods, tubes, and belts; two-dimensional (2D) —

quantum wells; 247,248,249

and even three-dimensional (3D) — polyhedral spheres or
shells,?*#*%022 have been extensively synthesized and studied.

The hollow structures are expected to have wide application as reported by
Jiang et al** and reference therein. As the hollow structures possess unique
properties, they have received much attention and have been synthesized by several
groups. Gao and Wang?* and Leung et al.*° have synthesized ZnO hollow spheres

and shells by using solid-vapor deposition. Besides, polyhedral hollow beads and

hollow microspheres have also been synthesized with the aid of ethanol droplets and

233 251
L. L.

PSS [poly(sodium 4-styrenesulfonate)] by Jiang et a and Mo et a However, to
our best knowledge,there is no report on ZnO hollow spheres synthesized by

MOCVD.
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As described previously, it is well known that the MOCVD has been
practically used in optoelectronic industry to grow active layers of LEDs and LDs.
The investigation of ZnO nanostructures by MOCVD has therefore attracted much

attention.>>> >’

In this chapter, the self-assembled ZnO hollow spheres and stacking
disks by MOCVD are presented. The structural and optical properties of the ZnO

structures are investigated and the growth mechanism is discussed.

5.2  Experiment

The ZnO hollow spheres and stacking disks were synthesized on Si (111)
wafers by MOCVD using the modified reactor and growth process as described in
chapter 3. As the O, was obtained from the residual gas inside the chamber rather than
continuously supplying O, gas, it is expected that the oxygen partial pressure will
change with time and a near-zero oxygen partial pressure could be obtained within a
particular period. The experiment was initiated by evacuating the chamber to 5 x 10
Torr, and then the growth was conducted at 350°C under a pressure of 25 Torr with
N, background gas. The flow rate of the DEZn (carried by N;) was maintained at 6
sccm and the DEZn source was kept at 5°C in a coolant water bath. The structures
were collected on Si (111) wafer located just in front of the DEZn nozzle. The Si (111)
wafer was cleaned by sequential ultrasonic baths of acetone, ethanol, and rinsed using
de-ionized water. The ZnO nanostructures were investigated using a JEOL JSM-
S910LV scanning electron microscopy (SEM) and the crystal structure was
characterized by x-ray diffraction (XRD) using a Siemens D5005 x-ray diffractometer
with CuKa radiation. High-resolution transmission electron microscopy (HRTEM)
with accelerating voltage of 300 kV was employed to observe the lattice structure

(JEOL 3010). The photoluminescence (PL) spectra of the ZnO thin films were
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measured with a Renishaw 2000 micro-PL setup excited with the 325 nm line of a
He-Cd laser at room temperature.

In this study, the growth was investigated as a function of time. Four samples
were grown with the growth duration of 1, 5, 10, and 12 minutes, respectively at the
same growth condition. The samples grown for 1 and 5 minutes have generally the
same structural properties. Hence, only the 5-minute-grown sample will be discussed

and compared with the samples grown for 10 and 12 minutes.

5.3 Results and Discussion

Figure 5-1 (a) and (b) show the SEM images of the film grown for 5 minutes
taken with 0° and 45° viewing angle, respectively. It was observed that the film
showed pillar-like structure with a diameter ranging from 150 to 200 nm. As the
growth duration was prolonged to 10 minutes, the structures of the ZnO thin films
changed drastically from pillar-like structures to sphere-like and disk-like structures.
The samples grown for 10 and 12 minutes have the same morphology except that the
12-minute sample showed additional X-ray diffraction peaks correspond to metallic

Zn.

Figure 5-1 Top view and 45° view of SEM image of ZnO structures grown for 5 minutes.
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Figure 5-2 SEM images of (a-b) an overview morphology on silicon wafer. (c-e) Typical ZnO
spheres with shell composed of hexagonal disks and nanocrystals. (f-h) ZnO
hexagonal stacking and lying disks. (i-k) Collapsed and broken ZnO spheres.

Figure 5-2 (a) — (k) show the SEM images of the film grown for 10 minutes
with various magnifications. The typical surface morphology of ZnO structure grown
on Si (111) wafer is shown in Figure 5-2 (a) — (b). One may see that spherical shape
structures were randomly distributed over the film. Examining the film with higher

magnification, it can be seen that the ZnO structures consist of two different structures,
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namely spheres and hexagonal stacking disks, as shown in Figure 5-2 (c) — (e), and
Figure 5-2 (f) — (g), respectively. The spheres and hexagonal stacking disks structures
were grown on a layer of disk-like ZnO thin film [Figure 5-2 (h)].

The spheres have the size ranging from several hundreds of nanometers to
micrometers. Some of them are composed nicely of disk-like structures while some
are composed of nanocrystals. It can be seen from Figure 5-2 (c) — (e) that some of the
spheres are in polyhedral shape. Interestingly, the spheres are hollow as observed in
SEM images of the collapsed and broken spheres as shown in Figure 5-2 (i) — (k). The
shell thickness of the spheres was estimated to be in the range of 100 to 200 nm.

Figure 5-3 (a) — (b) and Figure 5-3 (c) — (d) show the TEM images of a broken
and a fine spherical cage, respectively. The broken cage has a hollow spherical shape
with the diameter of a few micrometers. It can be seen clearly from Figure 5-3 (b) that
the shell of the broken cage is composed by a layer of hexagonal disks. The size of the
disks was estimated to be 200 nm on the average. The inset between the Figure 5-3 (a)
and (b) is the selected area electron diffraction (SAED) pattern of the shell. The
incident electron beam is perpendicular to the hexagonal disks. Hence, the electron
beam is along [0001] direction with a tilted angle. The SAED pattern reveals only one
set of lattice, which matches that of ZnO. Figure 5-3 (c) — (d) show a fine spherical
cage with diameter of 3 micrometers. Due to the presence of a structure underneath
the cage, the SAED could not be performed. However, it is observed that there is a
fine facet at the bottom of the spherical cage, and the shell with thickness of around

200 nm can also be clearly observed.
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Figure 5-3 (a-b) TEM images of a broken cage and its SAED pattern (inset). (c-d) TEM

images of a fine cage.

In addition to the hollow spheres, the stacking hexagonal disks are also found
densely distributed over the wafer. The size of the disks ranges from 100 nm to 1 pm
under the SEM observation. The TEM image of a hexagonal disk is shown in Figure
5-4 (a). Further insight into the hexagonal disk was obtained by HRTEM image and
part of the edges is shown in Figure 5-4 (b). The Morie fringes that appear in the TEM
images [Figure 5-4 (a) and (b)] are due to the interference of Bragg reflections of two
crystal structures.”® It can be seen that there are two sets of lattices appeared at the

edge of the hexagonal disk as is shown in Figure 5-4 (b). In fact, the SAED pattern
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Figure 5-4 (a-b) TEM image of a typical ZnO hexagonal disk. (¢) SAED pattern of the
hexagonal disk showing two sets of lattice. (d-e) Lattice reconstruction by
performing IFFT operation on metallic Zn and ZnO diffraction pattern,
respectively. The arrowheads show the clear distinction between the two

reconstructions.

in Figure 5-4 (c) evidently shows that the hexagonal disk consists of two crystal
phases, i.e. metallic Zn and ZnO. An inversed fast Fourier transform (IFFT) operation
was performed in order to reconstruct the lattice of metallic Zn and ZnO from the
SAED pattern. Figure 5-4 (d) and (e) show the lattice reconstruction by IFFT of the

metallic Zn and ZnO, respectively. It can be seen from the Figure 5-4 (d) that the
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lattice reconstruction of the metallic Zn is clearly observed at the surface of the
hexagonal disk especially at the edges, as indicated by arrowheads. The circled areas
were enlarged to give a better observation for both Figure 5-4 (d) and (e). The
observation in Figure 5-4 (d) and (e) evidently reveals the existence of metallic Zn
and ZnO in the hexagonal disk structures.

The XRD measurement on the ZnO structures was carried out to confirm the
composition of the structures. Figure 5-5 (a) to (c) show the XRD data of the ZnO
structures grown with 5, 10, and 12 minutes, respectively. It can be seen that the ZnO
structures grown within the first 10 minutes [Figure 5-5 (a) and (b)] consist of all the
diffraction peaks that match with the ZnO wurtzite structure with lattice constants of
a=3.250 and ¢=5.207 A. The sample grown for 12 minutes consists of metallic Zn
as shown in Figure 5-5 (c), indicating the formation of metallic Zn on the ZnO

structures. The most intense peak in the sample grown for 10 minutes [Figure 5-5 (b)]
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Figure 5-5 Normalized XRD of ZnO structures grown with (a) 5; (b) 10; and (c) 12 minutes.

The ZnO structures grown within 10 minutes show only ZnO related diffraction

peaks.
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was detected at 34.55°, which is due to the highly c-axis oriented film formed
underneath the structures. Although the TEM images show that the hexagonal disks
were surrounded by a layer of metallic Zn, no diffraction peaks of metallic Zn were
detected. It is believed that the volume of metallic Zn in the ZnO structures is too
small to be detected.

Figure 5-6 shows the normalized PL of the ZnO structures and ZnO thin film
in logarithm scale. It is seen that the PL of the ZnO structures have a broader near-
band-edge emission that tail up to 3.6 eV compared with those emit from ZnO thin
film. However, there is no distinct blue-shift of PL emission peak in ZnO structures.
This might due to the fact that the quantum confinement effect could be obvious only
when the size is less than 2 nm in ZnO material. Nevertheless, the broad near-band-
edge emission that tail up to 3.6 eV is due to the weak quantum confinement effect of

those nanostructures.
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Figure 5-6 Normalized PL of ZnO structures grown with 10 minutes and ZnO thin film.
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The growth mechanism of ZnO polyhedral spheres by solid-vapor deposition

with the aid of SnO; and graphite was proposed by Gao and Wang.23 4

In their growth
technique, the temperature used was in the range of 300 to 500°C, which was around
the melting point of metallic Zn (419°C). Hence, the excess metallic Zn in the spheres
was vaporized or sublimated through the mesoporous structures on the shell. In our
case, the growth temperature was much lower than the melting point of the metallic
Zn. Hence, the vaporization or sublimation of metallic Zn is unlikely to happen. In
fact, the TEM images of the hexagonal disks reveals the truth that the structures
consist of metallic Zn and ZnO, which acts as a strong evidence that the vaporization
and sublimation of metallic Zn did not occur during the growth. Moreover, it is
unlikely that the hollow spheres evolved from the oxidation of metallic Zn nuclei
considering the fact that the hollow spheres have large diameter to thickness ratio of
50 (taking 10 pum sphere with shell thickness of 200 nm). Hence, it is unlikely to
obtain such hollow spheres under this circumstance too. We speculate that in the near-
zero oxygen partial pressure environment, the DEZn carried by N, gas accumulates
on the substrate surface by forming hollow spheres or solid droplets as the result of
surface energy minimization. The spheres or droplets will then be oxidized by the
residue O; in the chamber to form ZnO hollow spheres or ZnO stacking disks.

The growth mechanism for the ZnO hollow spheres and hexagonal stacking
disks structures by MOCVD system is proposed and shown in Figure 5-7. Figure 5-7
(a) shows the arriving of the precursors, i.e. DEZn and O, on the hot substrate. The
organic ligand of DEZn is desorbed near the hot surface since the onset of pyrolysis
for DEZn occurs at 332.3°C. At the initial stage of the growth, the decomposed Zn
vapor will get oxidized immediately due to the rich residual O, in the chamber.

Hence, a highly c-axis oriented ZnO thin film is formed initially at the sufficient
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(d) Hollow
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Figure 5-7 A cartoon showing the growth mechanism for the ZnO hollow spheres and
stacking disks structures. (a) Both the DEZn and O, reach the hot substrate. (b)
The DEZn were dissociated in O-rich environment and resulting in the formation
of a highly c-axis textured ZnO layer. (c) As the O, partial pressure became less
due to the formation of ZnO, the DEZn vapor accumulates and dissociate via beta
hydride elimination process. The DEZn will form hollow spheres or droplets as a
result of surface energy minimization. (d) Subsequent oxidation on the DEZn
hollow spheres and droplets form the ZnO hollow spheres and hexagonal stacking
disks. The thin metallic Zn layer on the top of the disks might be due to the Zn
wetting layer that not fully oxidized due to the near-zero O, partial pressure

environment.
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supply of DEZn and O, [Figure 5-7 (b)]. However, at the later stage of growth, the
residual O, became less due to the formation of ZnO thin film. In Zn-rich
environment, DEZn vapor has slower oxidation rate and it may reach and accumulate
on the substrate as shown in Figure 5-7 (c). The DEZn vapor may combine and form

DEZn hollow spheres and droplets via beta hydride elimination progress:

(C,H,),Zn — (C,H,)Zn-H+C,H, (5.1
(C,H,)Zn-H — Zn-H, +C,H, (5.2)
Zn-H, — Zn+H, (5.3)

The subsequent oxidation that occurs on the surface of the DEZn spheres or droplets
will lead to the formation of ZnO hollow spheres and stacking disks, as shown in
Figure 5-7 (d). The DEZn vapor that constantly wet the (0002) facet leads to the
formation of ZnO hexagonal disks. In fact, the Zn wetting layer was evidently
observed in the HRTEM characterization of the hexagonal disk (Figure 5-4). Similar
observation has been reported by us previously on the ZnO disk-like structures
synthesized by vapor-phase transport.”* The disk-like structures were synthesized in
a Zn-rich environment where the growth along c-axis was suppressed. In our
experiment, the hollow spheres and stacking disks were obtained at the later stage of
the 10-minute growth. Hence, it provides a strong support that the residue O, was
vanishing when the growth approaching the end and the Zn-rich environment was

achieved.
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5.4 Summary

In summary, the ZnO hollow spheres and hexagonal stacking disks structures
were synthesized by the MOCVD. The accumulation of DEZn vapor and the
following beta hydride elimination process in Zn-rich environment enable the
formation of ZnO hollow spheres and stacking disks. The existence of a metallic Zn
layer on the structures in the prolonged growth indicates that the near-zero O, partial
pressure was the key parameter to obtain ZnO hollow spheres and stacking disks

structures.
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CHAPTER 6 CONCLUSIONS AND

RECOMMENDATIONS

6.1 Conclusions

MOCVD has been developed to specially cater for the growth of ZnO thin
films and nanostructures. The pre-reaction of the precursors in gaseous phase during
the growth facilitates the growth of ZnO QDs embedded films. The ZnO QDs are
embedded in a form of amorphous phase ZnO matrix. The blue-shift of the optical
bandgap (up to 4.06 eV) in nominally undoped ZnO thin films is observed and
reported for the first time and it was found to be due to the absorption of amorphous
phase ZnO. The quantum confinement of the ZnO QDs was also investigated with the
dependency of QDs bandgap on dot size. The QDs size ranged from 3 to 12 nm with
the most distributed QDs size of 7 nm were clearly observed by HRTEM. The broad
near-band-edge emission of 3.0 to 3.6 eV from the ZnO QDs embedded films is due
to the quantum confinement effect of the QDs.

In order to obtain high quality ZnO thin films, the MOCVD reactor and
growth process have been modified to eliminate the pre-reaction of the precursors. In
the modified reactor and growth process, highly c-axis oriented ZnO thin films were
fabricated. Due to the non-uniformity injection of precursors and stationary substrate
holder, the films obtained were polycrystalline. However, judging from the structural,
optical, and electrical properties, the ZnO thin films obtained have good quality that is
comparable to those single crystalline ZnO thin films.

Post-growth thermal annealing on MOCVD grown ZnO thin films was carried
out and investigated. The surface morphology changed drastically from nanosheets to

nanoneedles after annealing due to the well-known Ostwald ripening in the
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temperature range of 600 to 800°C. The size and height of the nanoneedles are
building up as the annealing temperature is increased from 600 to 800°C. As the
annealing temperature was further increased to 900°C, other than Ostwald ripening,
sintering mechanism was evidently observed. The activation energy for the Ostwald
ripening was estimated in the first attempt and the value is at around 1.33 eV, which is
likely to be governed by Zn atom migration. The experimental results suggest that the
sintering mechanism might require higher activation energy compared to Ostwald
ripening. Also, the thermal evaporation was observed and resulted in flattening of the
nanoneedles. The outdiffusion of H atoms after annealing is responsible for the highly
resistive ZnO thin films obtained at 600°C annealing. The subsequent annealing at
higher temperatures (700 to 900°C) improved the crystallinity and in turn increased
the Hall mobility compared to 600°C-annealed film. PL measurement at room
temperature shows that the luminescence efficiency improves with crystallinity after
annealing.

P-type conduction was demonstrated in nominal undoped and N-doped ZnO
thin films. The p-type ZnO thin films can be obtained by adjusting the Zn:O ratio
from 0.05 to 0.2. For N-doping, N,O was deliberately introduced to dope N into the
ZnO thin films. However, due to low dissociation efficiency of N,O, the
reproducibility of the p-type ZnO thin films is still a critical issue. Morever, using the
first generation MOCVD, the films obtained are in polycrystalline structures with
abundant native defects. This will definitely further complicated the p-type ZnO thin
films fabrication and investigation. After adopting a modified reactor and growth
process, highly c-axis oriented ZnO thin films were achieved. P-type conductivity
was revealed in the nominal undoped ZnO thin films after post-growth thermal

annealing in N, ambient. The carbon, which is unavoidable in MOCVD-grown films,
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immobilizes the oxygen in the interstitial site in ZnO after annealing. The O-C-O
complexes and oxygen interstitial were confirmed by the XPS measurement. The
cryogenic photoluminescence of the p-type carbon-doped film showed an additional
peak at 3.3564 eV, which was attributed to the neutral acceptor bound exciton.

Zn0O nanostructures, which have attracted great attention recently, were also
fabricated and investigated by modified MOCVD reactor. By controlling the oxygen
partial pressure, ZnO hollow spheres and hexagonal stacking disks structures were
synthesized. The accumulation of DEZn vapor and the following beta hydride
elimination process in Zn-rich environment enable the formation of ZnO hollow
spheres and stacking disks. The existence of a metallic Zn layer on the structures in
the prolonged growth indicates that the near-zero O, partial pressure was the key

parameter to obtain ZnO hollow spheres and stacking disks structures.

6.2 Recommendations for future research

In this dissertation, all the results were based on the ZnO thin films and
nanostructures grown by the first generation MOCVD system. Due to simplicity of
the first generation MOCVD system, the films obtained are not single crystalline.
Besides, the N-doping by using N,O gas suffered from low disscociation efficiency
and hence the p-type ZnO:N thin films was not investigated thoroughly.

From the experience of modifying the reactor design and growth process, a
second generation of MOCVD system was designed and is being assemblied. The
second generation of MOCVD system is shown in Figure 6-1. In the second
generation MOCVD system, a showhead injection will be adopted in order to
eliminate the pre-reaction of the precursors. For better uniformity and controllability,

a rotational
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Figure 6-1 (a) Showerhead injection for MO and gas precursors. (b) Plasma ignition. (c)

Rotational substrate holder with resistive coil heater that can heat up to 1000°C.

substrate holder with a maximum rotation speed of 500 rpm and a resistive heater
source that can heat up to 1000°C were attached to the system. In addition, a
microwave plasma source was attached to the system to increase the N doping
efficiency in ZnO by dissociating the N,, N,O, NO, or NH3 gas. With the second
generation MOCVD, it is expected to achieve high quality ZnO epitaxial films and p-
type ZnO thin films could be investigated in depth.

Other than the N dopants, As, P, and Sb will be investigated parallelly in order
to identify the best p-type dopant for ZnO. The investigation on the different p-type
dopants by MOCVD can be performed due to the available of metal organic sources.
Hence, the work is believed to have significant scientific contribution. Moreover, the
preliminary results on p-type ZnO:C thin films have revealed that C might be a

candidate to immobilize the p-type dopants, such as N, As, and P. Therefore, further
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investigation on ZnO:C should be addressed.

Besides, one of the important tasks in ZnO research is to tailor its bandgap
while reserving the crystal structure and lattice constant. In the proposed future work,
bandgap engineering of ZnO alloy should be addressed by looking into different
elements such as Mg, Be, Cd, Se, and S. So far, there is no report comparing these
alloys efficiently with a particular growth technique. Hence, there is no firm
conclusion on which elements are better for ZnO alloys. At the later stage of the
research, quantum wells and p-type ZnO alloy films will be investigated with the
combined effort of the p-type ZnO thin films and ZnO alloys. Last but not least, ZnO
homojunctions and heterojunctions multiple quantum wells structures will be

fabricated, tested, and optimized.
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