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Optical and Structural Properties of ZnO Epitaxial Films Grown by

Atomic Layer Deposition

Student: Song Yang Advisor: Wen-Feng Hsieh

Department of Photonics and Institute of Electro-Optical Engineering

National Chiao Tung University

Abstract

We have successfully grown mono-crystalline ZnO" epitaxial films on C¢-plane and m-plane
sapphire substrates by using the atomic layer deposition. X-ray diffraction and transmission
electron microscopy were employed to verify the structural properties of the ZnO thin films.
The structure of the ZnO epi-films exhibits significantly improvement upon thermal annealing
and intrinsic types of basal plane stacking faults (BSFs) are the predominant structural defects in
the ZnO films after thermal treatment. The ZnO epi-films grown on the ¢-plane and m-plane

sapphires have the epitaxial relationships of

(0001 ){1010} ,,, [ (0001 ){1010} ,, , and (10 10) <0001 >, [ (10 10)<1210> respectively.

Al,0,
The BSF is found to contribute to the emission at 3.325 eV in the photoluminescence (PL)
spectra of the annealed ZnO films. This is attributed to quantum-well (QW) structure formed by

I



the BSF, which has the thin layer of zinc blend structure embedded in the wurtzite structure ZnO
layer. The influence of thermal annealing to the structural and optical properties of the ZnO
epi-films was also investigated. Through the time-resolved PL, we determined the decay times
of the BSF related emission and the near-band-edge (NBE) emission. The QWs formed by the
BSFs are found to trap the carriers to form BSF-bound excitons. The PL measurements revel
that the BSF-bound excitons are influenced by the localization effect, which consists of
localization states, and these bound excitons migrate among these localization states. Such
localization states are attributed to the quantum coupling effect among the random distributed
BSFs; the quantum coupling effect results from the wave function overlapping of the electrons
bound in QWs and leads to the localization states. Because of the obtained low donor
concentration and near band emission without the phenomenon of exciton migration, we exclude
the donors in the vicinity of BSFs.and the alloy density fluctuation from the origins of these

localization states.
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Chapter 1 Introduction

1.1 Overview of ZnO

The ZnO material is II-VI semiconductor and attracts much research attention for
decades because of its wide direct band gap about 3.374 eV and large exciton binding
energy about 60 meV, which leads the high emission efficiency and the lasing action
based on exciton recombination at room temperature. In addition, the other properties of
the ZnO such as the non-toxicity, high physical stability, and piezoelectricity also reveal
the potential for industrial and advanced optics-electro applications [1-9]. Over the past
decade, in order to perform the properties of the quantum physics many efforts are put
into the topic of fabricating the nano=scale structures of ZnO such as nano-rods [10],

quantum-dots [11] and quantum-wells. [12]

1.1.1 Properties of ZnO
The ZnO has the crystal structures m‘either hexagonal wurtzite, cubic zinc-blende, or
cubic rocksalt structure, they are shown in Fig. 1-1. [13] At the ambient conditions, the

thermodynamically stable ZnO structure is wurtzite structure, which belongs to the space
group €., and has the lattice constants & = 3.243 and ¢ = 5.203 A. The ZnO with

zinc-blende crystal structure could be formed on cubic substrates and the estimated lattice
constant ranges from 4.37 ~ 4.47 A. The basal stacking faults can be considered as a
thin layer of zinc-blende structure being embedded in the wurtzite ZnO. According to the
arrangement of atoms in basal stacking fault, the lattice constant of zinc-blende could be
estimated as about 4.586 A from the lattice constants of wurtzite ZnO. Besides, the

rocksalt ZnO structure could be obtained at relatively high pressures from the wurtzite
1



structure due to the phase transition, and the estimated lattice constant ranges from 4.271

t0 4.294 A. [13]

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

Fig. 1-1 Stick and ball represéntation of ZnO crystal structures: (a) cubic
rocksalt (B1), (b) cubic zide blend (B3); and(c) hexagonal wurtzite (B4). The

shaded gray and black spheres denote.Zn and O atoms, respectively.

As the structures shown in Fig. 1-1; the atomic arrangement of zinc-blende structure
is similar to that of the wurtzite structure, but the zinc-blende ZnO structure is metastable
and is reported to be grown on cubic substrates such as ZnS. [31] Many efforts have
been put onto the research of wurtzite ZnO epitaxy, while a few experimental and
theoretical literatures had reported on zinc-blende ZnO growth and its fundamental
properties. The zinc-blende structure has the highest symmetry compatible with the
existence of piezoelectric polarization under the strain in the [001] directions, which
offers an attractive platform for exploring the excitonic systems without the perturbation
field. [14]

The ZnO crystal in wurtzite structure contains polar and non-polar crystallographic

2



planes, which determine the optical and electrical properties of the films. Strong
spontaneous polarization and piezoelectric polarization at the interfaces of ZnO based
heterostructures induce a large internal electric field along the c-axis that results in the
quantum-confined Stark effect leading to a spectral red-shift and a dramatic decrease in
the luminous efficiency. In order to avoid this problem, many efforts have been put to
enhance the luminous efficiency by taking advantage of the non-polar /m-plane orientated

Zn0 layers [15].

1.1.2 Growth of ZnO Thin Films

The traditional methods of fabricating the ZnO films include the metal-organic
chemical deposition (MOCVD), melecular beam epitaxial (MBE), radio-frequency sputter
(RF-sputter), and pulse-laser deposition (PLD), which usually demand high growth
temperature and high vacuum environment. In-addition, many kinds of substrates are
used to fabricate these ZnO structures. The ¢-plane sapphire substrate is usually adopted
for fabricating the ¢-plane ZnO films. For reducing the strains, diminishing dislocation
density, and obtaining high quality of epitaxial crystalline, ZnO are also fabricated on
other substrates, such as Si, SiC, GaAs, CaF,, and ScAIMgO,. [13] Nonetheless, in
order to fabricate the non-polar orientated ZnO layers the non-polar sapphire such as /-

and /m-plane sapphires are adopted as the substrates. [16]

1.2 Atomic Layer Deposition

Atomic layer deposition (ALD) is a chemical vapor deposition technique, which is

used to manufacture inorganic material layer with thickness down to a fraction of a



monolayer. ALD is able to deposit a conformal layer with high quality on extremely
complex shapes that is the unique feature among various deposition techniques. ALD
based on sequential self-terminating gas-solid reactions has been applied for about four
decades. In recent years, the increasing research interest in use of ALD is attributed to
the scaling down microelectronic devices.
1.2.1 Application of ALD

Because of the ability of controlling thickness, ALD has been studied for depositing
the gate insulator layer of the transistor. The gate insulator layer, traditionally made by
silicon dioxide to separate the gate terminal of a transistor from the source and drain
terminals as well as the conductive channel that connects source and drain when the
transistor is turned on. The gatesoxide layer sustaining electric field to modulate the
conductance of the channel should be made as. thin as possible to increase performance.
However, while the thickness of the gate“layer is down'to few nanometers the quantum
mechanical phenomenon of electron tunneling occurs between the gate and channel and
leads to increase power consumption. In order to overcome the increase in power
consumption, the high-x dielectric materials such as Al,Os, ZrO,, and HfO, are used
instead of silicon dioxide for higher gate capacitance and lower leakage effects. [17,18]
Besides, in the development of DRAM capacitor, the high conformal depositing
requirement leads ALD to the most promising depositing technique. [19] In order to
assure sufficient data retention time of DRAM, high charge storage capacitance is
required. Three-dimensional capacitor structures with high aspect ratios are therefore
commonly used in the DRAM industry for small cell size and thus reduce chip cost. For
the three-dimensional structures of nano-rods, and nano-particles, ALD also shows

excellent conformal depositing ability. [20,21]
4



1.2.2 ZnO grown by ALD

Recently years, the research interest in fabricating the ZnO thin film by ALD is
increasing, and it is able to obtain the epitaxial quality. Depending on the different
substrates, the epitaxial ZnO thin films have been grown on different surface planes.
There has been reported that the ¢-plane ZnO thin films could be grown on the ¢-plane
sapphire, ¢-plane GaN, or yttria-stabilized zirconia with (111) layer; and the /m-plane ZnO
has been grown on the m-plane sapphire. [22,23,24] For the precursors, the sources of
zinc atoms could be the diethyl-zinc (DEZ) or zinc acetate, and the sources of oxygen
could be the water or nitrous oxide. [25,26]

The ALD method is also able to deposit the functional ZnO layer by doping other
material such as Mg, Al, Ga, P, ‘and N. For+doping Mg, Al, Ga, and P, the
cyclopentadienylmagnesium, trimethy-aluminum, tricthylgallium, and trimethylphosphite
are used as the precursors, respectively, to-provide the dopants. Controlling the doping
ratio has been implemented by manipulating the number ratio of ZnO and dopant-oxide
layers, or by using the mixed precursor of DEZ and dopant sources. [32-35] For N
doping, the ammonium hydroxide and ammonia have been used as the precursor, and the
doping ratio controlling is implemented by the number ratio of depositing layers or

mixing the dopant precursor with the carrier gas. [36,37]

1.3 Motivation

The ALD has usually been used for the deposition of the insulator layer of the
DRAM and transistors. These growth features of the ALD are very powerful for

fabricating electronic devices; especially for the dimension downscales to the few



nanometers in the complex three-dimensional structures. However, the ALD on the
respect of fabricating the electro-optic device is still very lack of understanding and needs

more efforts on research.

1.3.1 The Growth Mechanism of the ALD Reaction

ALD growth mechanism bases on the sequential self-terminating chemical reactions
that is a kind of chemical style/way. Such a growth technique is different from the
deposition techniques based on the physical style/way such as PLD, MBE, and
RF-sputtering, which decompose the material into particles or plasma in high temperature
for following deposition. The demand of depositing particles and/or plasma is very high
vacuum to prevent from colliding with the undesired gas molecules that raises the
difficulty of deposition. Besides,. the dissolving problem is usually the problem for
depositing the alloy material with high 'concentration by using the techniques in physical
ways. Therefore, the depositing with sequential-self-terminating chemical reactions is
reasonably considered to make sure that the different materials of alloy would be
deposited layer-by-layer along growing direction. The concentration of the alloy
material could be expected to closely 50 %, in theory, and in the meanwhile the demand
of the growth temperature and vacuum condition would be rather low. In addition, the
controlling of depositing thickness in few atoms and the conformal depositing layer on
complex structure could be reached. Such features of ALD technique are reasonably

expected and worthy of investing in effort to research.

1.3.2 Epitaxial Growth of Polar and Non-Polar ZnO Films

As mentioned previously, the non-polar ZnO thin films traditionally grown in use of
6



MBE, PLD, MOCVD, and RF-sputter require high growth temperature, high vacuum,
high precursor consuming, or high electrical power. In ALD, the growth temperature
depends on the reaction temperature of the precursors. For growing the ZnO thin film,
diethyl-zinc (DEZ) and water are used as the precursors for providing the source of zinc
and oxygen atoms with suitable growth temperature at 200 °C. The precursors reacting
can occur at the pressure of about few Torrs, which means that the low requirement of
vacuum. The consumption of the precursors depends on the reaction surface area and the
capacity of reaction chamber.

In addition to the requirement of growth conditions, to fabricate m-plane ZnO
epi-films with high structural perfection and smooth surface morphology is still difficult
for these tradition deposition techniques. _One _common problem is the coexistence of
minor domains with (10 13) which are diffieult® to -eliminate. [27,28,29] Moreover,
surface morphologies of the deposited /-plane-ZnO. films on foreign substrates often
exhibit stripe features elongated along a direction ‘either parallel or normal to the ZnO
c-axis depending on the growth conditions. These features strongly hamper the
applications of ZnO-based heterostructures. For the ALD technique, the sequential
self-terminating gas-solid reactions are expected to lead to the layer-by-layer growth
mechanism, which is a two-dimensional growth mode. It is expected to grow the polar
and non-polar ZnO thin films with epitaxial quality, high flatness, high uniform thickness,
and without the co-existing domains. Therefore, to investigate the fabrication process,
chemical reaction situation, influence of lattice mismatch, and crystalline structure

property are very import issues for the developing the fabrication technique.



1.3.3 Research of the Basal Stacking Faults in Wurtzite ZnO

The growth mechanism of ALD is considered to influence the structure of the
as-grown ZnO thin films and leads to specific crystalline features such as the high-density
basal stacking fault (BSF). Theoretical study showed that the BSF structure embedded
in the ZnO thin film leads to the band alignment in the form of type-II quantum wells, and
influences the photoluminescence properties. [30] Such a specific band alignment is
attributed to that BSFs in the material of wrutzite (WZ) structure has the lattice structure
of zinc blend (ZB). For the research of ZnO material, the ZB structure is very difficult to
be grown, which leads to that the understanding of ZB ZnO material is still insufficient
and desired. As the development of the ab /nitio technique, many properties the ZB ZnO
are calculated such as the lattice; constants, and band gaps. The ZB ZnO is also
predicated to have lower carriet scattering and-higher doping efficiencies than the WZ
Zn0. [14] Therefore, such high: density-of the BSFEs in the ZnO thin films makes
measuring and observing the properties of ZB ZnO thin film possible. Through the
photoluminescence measurements, we investigate the ZB ZnO thin film by observing the

dynamic of the excitons in the BSFs.

1.4 Organization of this Dissertation

In this thesis, we present the growth of ZnO thin films by ALD, and investigate the
influence of the thermal annealing treatment. And we study the structural properties of
these ZnO films through the measurements of X-ray diffraction (XRD), transmission
electron microscope (TEM), and atomic force microscope (AFM). In Chapters 4 and 5,

we present the results of the ¢- and m-plane ZnO thin films, and discuss how the growth



mechanism of ALD influences the crystalline structure. As high density of BSFs are
observed in the m-plane ZnO, in Chapter 6 we take the advantages of the temperature
dependent, power dependent, and time-resolved photoluminescence measurements to

observe the excitons dynamics in BSFs—ZB ZnO thin films.
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Chapter 2 Theoretical Background

2.1 Growth Mechanism of Atomic Layer Deposition

Atomic Layer Deposition (ALD) is a chemical vapor deposition technique with
layer-by-layer growth mechanism and the features of low growth temperature, high
uniformity, low vacuum demand, and thickness controlling in the nanometer range.
Such features are the results of the sequential and self-terminating chemical reactions of
the precursors on substrate surface. For depositing the epitaxial ZnO thin film, the
reacting temperature of the chemical reaction is ranged from room temperature to about
250 °C, and the most suitable growing temperature is about 200 °C. The precursor for
providing zinc is the diethyl-zinc (DEZ), which is the colorless liquid contained in the
bubbler and has vapor pressure about 15 torr at 25 °C and boiling point at 118 °C under 1
atm.

The sequential self-terminating gas*solid reactions for growing ZnO layers by ALD
consist of the following four steps:

(a) The introducing and the self-terminating reaction of the first precursor A -- DEZ.

(b) Purging the residual precursor and the by-products, and then evacuating the

reaction chamber.

(c) The introducing and self-terminating reaction of the second precursor B -- water

(H20).

(d) Purging the residual precursor and the by-products, and then evacuating the

reaction chamber.

One reaction cycle consists of the steps 1 to 4, which would deposit amount of ZnO
material to the surface.
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Fig. 2-1 One cycle of ALD gromh_.pc:)nsiélt:s of. :the four steps: (a) introducing
DEZ, (b) purging by-products, (c) mfrgdﬂcing water (H,0O), and (d) purging

" ]

by-products.

|
The illustration of one ALD re:aZ:tion cycle 1s -sketched in Fig. 2-1. Each reaction
cycle adds a given amount of ZnO onto the surface. To grow a ZnO layer, reaction cycles
are repeated until the desired thickness of layer achieved. The ALD process starts when
the substrate surface is in a stabilized state with the desired temperature and hydroxyl
group on the substrate surface. The ALD growth mechanism bases on the self-terminating
reactions, which means the dominating factor is the surface-state control while the other

process parameters (such as the precursor flow rate and chamber pressure) have little or

no influence.
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2.2 Photoluminescence of ZnO

The wurtzite ZnO material has the wide direct band gap of about 3.37 eV and the high
binding energy of the free-exciton (FX) about 60 meV. The properties of the emission
transitions in ZnO attract variety of research attention. The main intrinsic excitonic
emission transition is free exciton (FX), which is usually bound by the donors and/or
acceptors to form donor-bound exciton (D"X) and/or acceptor-bound exciton (A’X),
respectively. In certain conditions, the transitions of the two-electron satellites (TES)
related to the DX, LO-phonon replica of the main excitonic transitions, and the
donor-acceptor-pair (DAP) transitions could be observed. Recently, the basal stacking
fault (BSF) is found to form the type-1I,quantumswell in the wurtzite structure and trap the
excitons. Such excitons bound by the-BSF is possibly influenced by intrinsic defects
such donor and acceptor, which leads to a complex transition mechanism. [2] Through the
Mg-doping technique, the energy band gapjand band alignment could be engineered to
fabricate the quantum wells (QWSs). structure. By taking advantage of the designed
micro-cavity to enhance the coupling of excitons and photons, the transition of

excion-polaritons was observed. [3]

2.2.1 Free Exciton (FX)

The FX is a bound state of an electron and a hole, which attract to each other by the
Coulomb interaction. It is taken as an electrically neutral quasi-particle. An FX could
result from an excited electron from the valence band into the conduction band and leaves
a positively charged hole. Such electron and hole pair is in the form of hydrogenic

system, which provides a stabilizing energy state slightly less than the energy of
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unbounded electron and hole. The binding energy is the difference of energy between
the stabilizing energy of the hydrogenic system and the unbounded electron and hole.
The binding energy of the FX in ZnO is about 60 meV that prevents the FX from thermal
ionization at room temperature while the thermal energy at room temperature is about 25

meV.

2.2.2 Bound Exciton Complex

The exciton as a quasi-particle is usually bound by the dopants or native defects,
which results in the bound exciton complex and discrete electronic states in the band gap.
The exciton bound by the neutral or charged donors and acceptors forms the neutral donor
bound exciton (D’X), charged donei bound exciton (D X), neutral acceptor bound exciton
(A’X), and charged acceptor bound. exciton (A:X). . In-high quality bulk ZnO, the D°X
often dominates because of the unintentional impurities and/or shallow donor-like defects,
and the A’X is usually observed in:ZnO containing' acceptors due to the intentionally
p-type doping technique. Therefore, the transition of D°X is usually observed to
dominate the PL spectra at low temperature, at which the thermal energy is able to ionize
into FX. At low temperature under 10 K, the transition energy of the DX is in the range
0f 3.360~3.368 eV and the transition energy of the A’X is in the range of 3.348~3.374 eV.

Another characteristic of the neutral D°X is the two electron satellites (TES). For
the ZnO material, the transition energy of TES is in the range of 3.32~3.34 eV. The
transition of TES results from an exciton bound to a neutral donor in excited state, and is
usually observed in the samples with extreme crystalline quality, and has the intensity
weaker than the DX,
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When an electron on a donor has the wave function overlap with a hole on an acceptor,

the transition of DAP would occur. The energy of the transition of the DAP is given by
82
Epup = Eg -(E, + EA)+——mha)w,
dre  er
where 1 is the separation value of donor-acceptor pair, £p and £, are the respective
ionization energies of the donor and the acceptor as isolated impurities. £, is energy
band gap of the ZnO and the last term presents the LO phonon replica. Therefore, the
energy of the DAP transition Epgp depending on the separation value 7/ of the
donor-acceptor pair. With increasing excitation power, the number of occupied donor

and acceptor centers increases and their average distance necessarily decreases, which

lead to the DAP blue-shift of the DAP transition energy £pap.

2.2.3 Basal Stacking Faults Emisston

According to the atomic stacking sequence.of the BSFs, each BSF embedded in
wurtzite structures can be taken as a thin zinc-blende layer surrounded by the wurtzite
barriers. The band structure of a zinc-blende ZnO is still under debate since a few
papers have been reported. Based on the ab /nitio calculation [4], the BSFs as the zinc
blend layer leads to the QW-like region act as type-II QWs with 147 and 37 meV negative
band offsets of the conduction band minimum and the valance band maximum to those of
the barriers, respectively. The sketch of the band alignment is plot in Fig. 2-2. This
means that the BSF structure would be a potential barrier at the valence band and a
potential well in the conduction band to capture the electrons, which attract the holes in

wurtzite structure via Coulomb interaction to form the BSF confined exciton [5].
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Fig. 2-2 The schematic plot of the band alignment of ZnO at WZ/ZB/WZ

regions.

2.3 XRD Measurement

The X-ray measurements were.conducted using a four-circle diffractometer at
beamline BL13A of National Synchrotron Radiation Research Center (NSRRC) Taiwan
with incident wavelength 1.02473 A. Two pairs of slits located between the sample and
a Nal scintillation detector were employed and yielded a typical resolution of better than
1x10° A, The X-ray Diffraction measurements are the powerful technique to observe
and determine the structural properties of the deposited crystalline film in the theory of

diffraction.

2.3.1 X-ray Diffraction Theory
For the crystalline material, the periodical structural information can be determined

by analyzing the reflected X-ray from the material. In Fig. 2-3, the incident X-rays are
17



reflected from the adjacent atomic planes with spacing of ¢ in the crystalline material,
and the reflected rays result in the constructive interference while match the condition of
the Bragg’s law: 71 =2dsin @, where the 1 is the wavelength of X-ray and ¢ is the

angle between incident X-rays and reflecting planes.

Ehki
kl
a
k
(0,0)

Fig. 2-3 Bragg diffraction eondition int (a) real'space and (b) reciprocal space.

In the elastic scattering process, the*mcident and emergent X-rays with wave vectors
k and k', both of which have the magnitude of 2 / 4 , and the scattering vector ¢ can

be obtained by the equation: ¢= k'- k=2ksin . In reciprocal space, every periodical

plane with spacing ¢ in real space is transformed as a point with a lattice spacing of
2z /d, while g=2z/d the diffraction condition match the Bragg’s Law. Therefore,
each set of periodical parallel planes in real space can be represented by the Miller indices
(hkl), and be expressed by corresponding lattice vector: g¢,, , where the | g,, | value is
equal to 2z/d,,. The ZnO crystal structure is hexagonal with lattice parameters

a=3243 A and ¢=5203 A (a=p=9%°y=120°). The reciprocal lattice vector

g,, ofahexagonal lattice can be expressed by
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g 27 4a(h + hk+ Kk’ /?
=—=7g |- — |+ —.
’W d,, 3 a’ c’

Conventionally, for crystals with hexagonal and rhombohedral symmetry,
crystallographic planes are denoted using the four indices based on a four-axis
Miller-Bravias coordinate system, consisting of three basal plane axes (a;, a, az) at 120 °
angles to each other and the fourth axis ¢ perpendicular to the basal plane. The
Miller-Bravias indices (#kil) satisfy the conditions /= —(#+ k). In this thesis, 4-digit
Miller-Bravias indices are used for materials with hexagonal and rhombohedral
symmetries including ZnO and sapphire to distinguish them from those with cubic
symmetry.

For determining the crystalline structure propetties, the four-circle diffractormeter is
used which consists of four rotatable circles: €, 26, z.and ¢. The 26 circle is the detector
axis controlling the magnitude of scatteringvector g. /The 6, y, and ¢ circles control the
sample orientation. When the @§“vector coincides.with the specific reciprocal lattice
vector g, the Laue condition is satisfied. The ¢ angle is equivalent to the azimuthal angle
and the y angle is related to the polar angle of the crystal film. Different scan methods
could perform the macro observation with different respect. The 626 scan could
observe the coherent length along the surface normal. The orientation of the deposited
film could be observed through the & rocking curve scan, and the ¢ scan could determine
the symmetry. The XRR method could confirm the roughness and thickness of the

deposited layers.

2.3.2 Radial Scan

Radial scan is performed by driving the two rotatable circles: ¢ and 26, which is
19



shown in Fig. 2-4, to vary the ¢ vector to scan the reciprocal space in the surface normal
direction. The most commonly performed radial scan is the one along sample surface
normal, which is often known as 4 - 26 or »-26 scan as shown Fig. 2-4. From the
positions of diffraction peaks we can determine the corresponding interplanar spacing
along the direction of q and the line width of the diffraction peak can yield the structural

coherence length (grain size) and inhomogeneous strain along the same direction.

Scan
Bh Direction
K

q—>q+Aq
8 —6+A0 260 = 20+ A\26
k
SESSSEEESSSSSESESSS (0,0)
Real Space Reciprocal Space

Fig. 2-4 The radial scan situation in the real space and reciprocal space.

2.3.3 Rocking Curve

As shown in Fig. 2-5 for a given incident x-ray direction, a detector is placed at the
position of a diffraction spot with certain lattice vector, the scattered x-ray collected while
the crystal is rotated by means of scanning the ¢ angle, which is also called “¢ rocking
curve”. The width of a rocking curve A¢ is a direct measurement of the width of the
diffraction spot in the reciprocal space. The A ¢ also presents the distribution of the

sub-grains’ orientation in the film; the wide distribution leads to the larger A6 .
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Fig. 2-5 6 -rocking scan situations in the real space and reciprocal for ideal
and non-ideal lattice structures.

.-'-\'.‘-\-\.'"i_' Sl 2 5
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2.3.4 Azimuthal Scan o s——f '| Bl N ’;',
_-_r | I_I' N e
Azimuthal scan means meaSuhng the djfﬁfaétlon 111tdns1ty as a function of azimuthal
angle ¢ Dby rotation the sample glqnganfzxm—vzhmh rsusually parallel to surface normal
.- -"' 3::-

or, in some cases, to a specific crystallog:raph.lc ax1s Flgure 2-6 illustrates the scheme of
the Azimuthal scan which can used to study the symmetry and crystal quality of the

grown film and determine its relative orientation with substrate in epitaxy.

21



Top View \/ Top View \/’
<0’I> <l.l
Q.I Q.I

Bhko

Bhko Scan
Direction

Scan
Direction

Fig. 2-6 Azimuthal angle scan situations in the real space and reciprocal for

ideal and non-ideal lattice structures.

2.3.5 X-ray Reflectivity o, e
o= | .III I.I h'" =]
X-ray reflectivity (XRR)Zis" a surfae_:eis’énsitive'! and non-destructive analytical

= P k
technique to estimate the density, thickniess and’ roughness of thin film structures by

analyze the reflection of the X-ray-sf{rdm the surface and interfaces among layers. The
setup of the XRR is sketched in Fig. 2-7(a). [6] Through scanning of the incident X-ray,
the reflected X-rays result in interference that leads to the periodic interference stripes in

Fig. 2-7(b). For the X-ray beam, the index of refraction » is defined as:
2 2

n=1-6+if=1-—rp,+i—u,,
2 4

where is the x-ray wavelength, r, is the classical electron radius, p, is the electron

density of the material, and x, is the absorption length. According to the Fresnel

reflection equation, the total external reflection of X-ray occurs at the angle of incidence
smaller than the critical angle, ¢, =+/25 , which depends on the electron density of the

material. [17]
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Fig. 2-7 X-ray reflectivity measurement situation of (a) the thin film structure
and (b) the analysis of the obtained data.

For an incident angle ¢ , which is half of the scattering angle 26 in the reflectivity
measurements, the X-ray momentum transfers along the surface normal could be presents
as ¢ =*=sin . Hence the period of interference fringes of the reflected X-ray beams is
related to the thickness d of the film via 2z/¢. And the roughness of the interfaces,

which results in the dampling of reflevitity intensity, can be taken into account. [17] Fig.
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2-8 shows the simulation results of reflectivity with different situations: ideal surface and
film/substrate interface, surface roughness of 1 nm and ideal film/substrate interface, and
ideal film surface with interfacial roughness of 1 nm. The simulated results reveal that
the surface roughness of ZnO film has negative influence on the decay rate of the

reflectivity curve, and the substrate roughness manily affects the amplitude of interference

fringes.
1
- Roughness O nm
——Film Roughness 1nm
Substrate Roughness 1nm
g 01}
= X
©
et
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Fig. 2-8 Simulated XRR curves of the ZnO films on sapphire substrate with
different R,y values: ideal interface and surface, film roughness of 1 nm with

ideal substrate roughness, and ideal surface with substrate roughness of 1 nm.

2.4 Transmission Electron Microscope

The TEM is a very powerful method to analyze the structure characteristics of the
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crystalline material in the atomic level, which make implementation of the direct

observation of crystal defect possible.

2.4.1 TEM setup

A schematic presentation of the microscope is shown in Fig. 2-9. [7] The TEM
instrument consists of an electron gun connecting to a high voltage (typically about
100-300 kV) accelerating electronic filed to emit electrons. By using condensor lenses
(magnetic lens), the electron beam is focused to a spot of the order of 1 mm on the
specimen. The image is magnified more than 10° times in the bright filed image mode
(Fig. 2-9 (a)). In selected area diffraction mode (Fig. 2-9 (b)), the electron diffraction
patterns are formed on the final image screen. In bright field imaging, the image of a thin
sample is formed by the electrons, which pass the film without diffraction, the diffracted
electrons being stopped by a diaphragm. Ih-the corresponding dark-field-imaging mode, a

diffracted beam is used for imaging:
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Fig. 2-9 The measurement setup of TEM in (a) bright field imaging and (b)
selected area diffraction modes.

2.4.2 Dark Field Image

Selected area electron diffraction (SAED), is a crystallographic experimental
technique, which selects certain area of the specimen to obtain the diffraction pattern. The
crystalline specimen is subjected to a parallel beam of high-energy electrons. Because the
wavelength of high-energy electrons is close to the spacing of atoms in a crystal, the
periodic atoms act as a diffraction grating to the electrons. As a result, the image on the
screen of the TEM will be a series of diffraction spots (diffraction pattern), and each

diffraction spot is corresponding to a satisfied diffraction condition of the crystal structure.
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As a diffraction technique, SAED can be used to identify crystal structures and examine
crystal defects. As shown in Fig. 2-10 below, the specimen holder is an objective aperture,
which can be inserted into the beam path to block the electron beam except for the
selected diffraction spot. [8] The diffraction spot, which is selected by the objective
aperture can form the image on the screen is called dark-field (DF) images. Such an
imaging mode is called the DF mode. In addition, the image formed by the unblocked
spots including the direct beam and specific selected diffraction spots is called the bright
filed (BF) image and the imaging mode is called the BF mode. Through these modes the

TEM image can be formed by only the selected spot with a specific diffraction vector g.

optic axis

objective aperture

-

diffraction pattern

dark field image

Fig. 2-10 The measurement setup of dark filed imaging with the selected spots

with specific diffraction vector g.

2.4.3 Basal Stacking Fault Analysis by TEM

The most common crystal structure of ZnO epitaxial film is wurtzite structure, which

has the atoms stacking sequence ... AaBbAaBbAaBb... along the [0001 ] direction (C-axis

direction), where Aa and Bb represent the planes with specific stacking positions of atom
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layer and the capital letters represent the zinc atoms and the lowercase letters represent the
oxygen atoms, the positions are shown in Fig. 2-11. [9] The stacking fault means that
the ideal stacking sequence of wurtzite structure (... AaBbAaBb...) has the faults, such as
the sequence ...AaBbAaBbCcBbCc... which is termed as the fype-/ stacking fault. In

addition, the stacking sequence of the zinc blend structure of ZnO is ... AaBbCcAaBbCc...

along the [111] direction.

A - plane B - plane C - plane

Fig. 2-11 Three kinds of plz;'ﬁ’q's_._with_ Qiff_erqﬂt-"étom stacking arrangements in
ZnO material marked as A-, B-, and’ - planes.

The BSF can be classified into four types: type-1, type-11, type-11/, and Extrinsic SF.
The scheme of the four types of stacking sequences are shown in Fig. 2-12. [10]

(a) Type-1 stacking fault (1):

The type-I BSF is shown in Fig. 2-12(a). It is commonly expected to have the
lowest formation energy. For the type-I SF, two stacking sequences are
considered: ...AaBbCcBbCc... and ...AaBbAaCcAaCec..., both types of SF stacking
sequences have the same energy.

(b) Type-11 stacking fault ().
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The BSF has the stacking sequence of ...AaBbAaBbCcAaCcAaCec..., which has the
second lowest formation energy.
(c) Type-I1l stacking fault:

These are intrinsic BSFs, in which one of the Aa or Bb layers occupied by the Cc
position: ...AaBbAaCcAaBb....
(d) Extrinsic stacking fault:

These SFs have the additional Cc layer inserted in the midst of the normal stacking

sequence: ...AaBbCcAaBb....

Fig. 2-12 Four types of stacking faults in ZnO: (a) type I, (b) type II, (c) type

III, and (d) extrinsic. The arrows indicate the position of the stacking faults

and the black and white circles denote zinc and oxygen atoms, respectively.

Depending on the type of error in stacking sequence or equivalently the displacement
vector A defines the relative displacement between the unfaulted lattices above and below

the fault. In wurtzite crystal structure the displacement vectors associated with the I;, I

and Extrinsic type of BSFs are l<2503 > , l<1 100 > , and i—<0001 >, respectively; [11-13]
6 3

but the type-III BSF has no displacement vector. From the TEM image of a crystal, the

intensity of the electron beam diffraction could be described as following:
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According to this formula, a stacking fault will be out of contrast if the dot product of its
displacement vector A with the diffraction vector g used for imaging equals to 2nn, where
n=0, 1, £2, ....[14, 15] Consequently, all three types of stacking faults are visible in
image with g= (10 11) and out of contrast as g = (0002). In the case of g= (10 10) ,
only intrinsic stacking faults of types I, and I, are in contrast. Table 1 shows the

visibility of the stacking faults with«different g vectors.

(0002) (101 1) (10 10)
(11 20}
Type-I Invisible Visible Visible
Type-II Invisible Visible Visible
Extrinsic Invisible Invisible Visible

Table. 1 The visibility of the BSFs in TEM dark-field imaging with different

selected g vectors.

2.5 Atomic force microscopy

Atomic force microscopy (AFM) is a very high-resolution type of scanning probe

microscopy with demonstrated resolution on the order of fractions of a nanometer. The
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brief setup of the AFM is shown in Fig. 2-13. The AFM consists of a cantilever with a
sharp tip (the radius of curvature is on the order of nanometers), which is used to scan the
specimen surface. When the tip is brought into the vicinity of the specimen surface, the
forces between the tip and the surface deflects the cantilever according to Hooke's law.
Depending on the scanning modes, the forces that are measured in AFM include
mechanical contact force, van der Waals force, electrostatic force, magnetic force, etc.
Along with force, additional quantities may simultaneously be measured through the use
of specialized types of probe. Typically, the deflection of the cantilever is measured by
using the photodiode to detect the laser spot reflected from the surface of the cantilever.
The sample is mounted on a piezoelectrig pl_e_v@c::_e_ to move the sample in the z direction for
maintaining a constant force, and 1{nthe>r< apc!i. y (_ii.fie.(.:ﬁgps for scanning the sample.

wl H-ALT %

Photodiode

Detector and
Feedback
Electronics

Sample Surface

Fig. 2-13 The measurement setup of the atomic force microscope.
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Chapter 3 Experiments

3.1 Atomic Layer Deposition System and Growth Procedure

The substrates are cleaned by sequential D.I. water/acetone/D.I. water rinse for
Smin/5min/5min and then blew dry with N, gas. The cleaned substrates are then loaded
into the ALD reactor (SYSKEY Ltd., Taiwan), heated to 200°C, and held at this
temperature for 30 min. Diethylzinc (DEZn with chemical formula of Zn(C,;Hs), and
purity 4N8) and H,O (D. L. water of resistivity 18 MQ-cm), kept in reservoirs at 25°C, are
used as zinc and oxygen precursors, respectively.  The growth cycle consists of precursor
exposures and N, purge, which follows the sequence of DEZn/N,/H,O/N, with
corresponding duration of 5s/15s/5s/45s. After each N, purging, the reactor is pumped
down to ~ 1x107 torr by a mechanical pump.: Precursor introduction is done by opening
the inlet valve between the reservoir and reactor chamber while the outlet valve is closed;
no carrier gas was employed. The pressures of the DEZn and H,O in the reactor chamber
were approximately 7 and 17 torr, respectively, monitored by a vacuum gauge. The
substrate temperature was maintained at 200°C under the vacuum of 1~2 torr during the
deposition. The reaction repeated 200 ~ 400 times for all the studied samples. Ideally,
two cycles of reaction yield a unit cell of ZnO along the ¢-axis which means the 200
cycles would lead to 100 unit cells along the growth direction equivalent to a thickness of
about 52 nm. Thermal annealing was performed at temperatures varying from 300 to

800°C for 1.5 hrs in pure oxygen gas at 1 atm.

3.2 X-ray Diffraction

The X-ray measurements were conducted using a four-circle diffractometer at
33



beamline BL13A of National Synchrotron Radiation Research Center (NSRRC) Taiwan
with incident wavelength 1.02473 A, which is shown in Fig. 3-1. Two pairs of slits
located between the sample and a Nal scintillation detector were employed and yielded a

typical resolution of better than 1x10° A™.

. 'F.-'a'lﬂ"?{:'._'\-'- -
Fig. 3-1 The four-circle diffractomete'r'iﬂﬁSRRC at beamline BL13A.

3.3 Atomic Force Microscope

Surface morphology and roughness of the ZnO layer were measured by the
commercial Scanning Probe Microscope (Veeco Dimension 5000), which is shown in Fig.
3-2. The surface morphology images of the ZnO layers were scanned by the tapping

mode, and the roughness values were estimated by analyzing the images of morphology.
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Fig. 3-2 Veeco Dimension 5000 Scanning Probe Microscope

3.4 Transmission Electrofi Mictoscopy:

Cross sectional TEM specimens with thickness of about 90+10 nm were prepared by
focused ion beam (FIB) shown in Fig.3-3(a).”“TEM images were taken with a Philips
TECNAI-20 field emission gun type TEM, which is shown in Fig. 3-3(b). The structural
defects of the ZnO thin films were analyzed using transmission electron microscopy
(TEM). TEM specimens with a thickness ~80 nm were prepared by using a focused ion
beam (FEI Helios 400S). High resolution TEM (HR-TEM) images were captured by
using the JEOL JEM-2100F TEM with accelerating voltage 200 kV and the selected area
electron diffraction (SAED) patterns were taken with a camera length of 300 mm and

electron beam focused at the interface between ZnO film and sapphire substrate.
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3.5.1 Low Temperature Photoluminescence

The PL measurements were carried out by using a He-Cd laser at 325 nm as the
excitation source, and the sample is placed in a closed cycle cryogenic system. The laser
beam is introduced onto the sample by using the mirror while the emission light is
collected by using a convex lens. The emission is then conducted into a spectrometer
(TRIAX 320) equipped with a photo-multiplier tube. The sketch of this setup is shown in

Fig. 3-4.
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Fig. 3-4 The sketch of the photoluminescence measurement setup.

3.5.2 Time Resolved Photolumig_cscence'M_e__asurement

Stationary PL spectra were Ima_e.a:sl-lred'l_y{_/ith the t;.(f):ur_th harmonic (Aexc= 266 nm) of a
continuous wave Nd:YVOy laser as the exclitiat'ioi.l so.ur.ce-"; The PL signal was dispersed by
a 0.55 m monochromator and ci-é.t_.écteq:_léslfimehhancled liquid-nitrogen-cooled charge
coupled device camera. For the tra.lﬁéien‘g PL mlea_lsurél;;ents the third harmonic (Aexc= 266
nm) from a Ti:sapphire femtosecond pulsed laser (pulse length 150 fs) was employed. The
PL transients were detected by a UV sensitive Hamamatsu streak camera system with a
temporal resolution better than 20 ps. The samples were placed in a variable-temperature

cryostat for measurements in the temperature range 2—-300 K. The setup of the TRPL

system is shown in Fig. 3-5.
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Chapter 4 C-plane ZnO grown on ¢-plane
Sapphire by ALD

The c¢-plane sapphire (a-Al,O3) with a rhombohedral crystal structure and lattice
constants @ = 4.759 A and ¢ = 12.992 A is commonly adopted as the substrate for ZnO
growth because the reasonable costs and good quality of the ZnO obtained. On
c-sapphire, ZnO preferentially grows with its ¢-axis aligned with the ¢-axis of substrate.
Molecular beam epitaxy (MBE), metal organic chemical vapor deposition (MOCVD) [6,
10] and pulsed laser deposition (PLD)[11-13] have been widely employed to grow ZnO
epitaxial films with high structural quality: I 'Reeently, atomic layer deposition (ALD) has
attracted much attention for its application in ZnQ© growth. [14-21] ALD is a technique
based on the sequential use of self terminating-gas-solid feactions that bear many practical
advantages such as large-area deposition, high uniformity, high reproducibility, high
covering ratio, low growth temperature,.and.the ability of producing sharp and tailored
interfaces. [22] Moreover, the merit of accurate thickness control renders ALD
particularly suitable for the fabrication of high quality multi-quantum-well (MQW)
structures. In this chapter, we will discuss their crystal structure and optical properties of

Zn0O epi-films on ¢-plane sapphire fabricated in use of ALD.

4.1 XRD Measurements

4.1.1 26/0 Scan
Figure 4-1 Illustrates the radial scan (6-20 scan) along surface normal of an
as-deposited ZnO layer and the samples annealed at 300, 700, and 800°C.
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Fig. 4-1 The radial scans (6-26 scan) along.surface normal of the as-deposited

ZnO and those annealed ,+300°C,,.700°C, and 800°C. The red broken line
marks the position of bulk'ZnO (0002) reflection. The arrow indicates the

location corresponding to the inter-planarspacing of ZnO (10 11) .

The pronounced peak centered at @,, momentum transfer along surface normal, ~
2.409 A observed in the as-deposited sample yields an interplanar spacing ~ 2.608 A.
This value is 0.24% larger than the d spacing of bulk ZnO (0002) planes, @hooo; We
assigned this peak to ZnO (0002) reflection. At higher g, side, a broad shoulder centered
at ~2.53 Al is attributed to the ZnO (10 11) reflection. Besides the reflections from
sapphire substrate, no other peak originated from ZnO was observed, indicating the
as-deposited ZnO layer is predominantly ¢-plane oriented with a minor (10 11)
orientation coexisting. It is worth mentioning that the (10 10) plane was reported to

be the preferential surface orientation in many ALD grown ZnO films, especially those
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grown on substrates such as Si(001)[ 15, 16] and fused silica glass [23] or deposited at low
temperatures. [19] No trace of the (10 10) orientated grains was detected in our
samples which is attributed to the hexagonal symmetry of the ¢-sapphire, which strongly
favors the growth of ¢-plane ZnO with compatible symmetry. [17-18] The other factor
in favor of the growth of high quality ¢-plane ZnO is the long purging time used in our
case. The simultaneous enhancement of (0001) growth and improvement of crystalline
quality with prolonged purging time was reported by A. Wojcik éf. al.. [19] Longer
purging time provides not only more complete removal of physically adsorbed surface
species and volatile by-product but also longer time for element diffusion to prepare a
better surface for subsequent reaction.

Upon thermal annealing, the ZnO (10 11) _ reflection disappears in company with
the sharpening up and intensity: enhancement .of the ZnO (0002) reflection, a sign of
increasing structural coherence along .the growth direction. Moreover, the lattice
parameter along the c axis systematically decreases with increasing annealing temperature
as revealed by the shift of the (0002) reflection to the higher ¢, side and approaches the

bulk value, as marked by the dashed line, to within 0.02% after 800°C annealing.

4.1.2 Rocking Curve

The ZnO (0002) rocking curves of the as-deposited and annealed samples, with the

intensity normalized to corresponding peak intensity, are illustrated in Fig. 4-2(a).
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Fig. 4-2 The #-rocking curves of (a) the as-deposited and annealed ZnO layers
and (b) the variation of the FWHM of Ps and Py as a function of annealing
temperature. Each curve is a superposition of a sharp (Ps) and a broad peak

(Pp).

All the curves are composed of a shape peak (Ps) with typical full width at half
maximum (FWHM) of less than 0.02° superimposed with a broad peak (Pg) whose line
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width is two orders of magnitude larger than the central sharp peak. The broad
component is attributed to the diffuse scattering from the structural defects, such as
dislocations, and misoriented grains. Such a pronounced diffuse component has hardly
been observed in ZnO epi-layers grown by PLD or MOCVD and indicates the intrinsic
difference between the structural characteristics of the ZnO layers grown by ALD and
other methods. Upon annealing the FWHM of the sharp component showed mild
improvement from 0.017° to 0.015°, as shown in Fig. 4-2(b). Such a sharp peak has also
been reported in sample grown by the MBE method having FHWM of about 0.005°. [59]
These values are comparable to the FWHM of sapphire (0006) reflection, 0.013°. In
contrast, the FWHM of broad component exhibits a monotonic reduction from 2.53° for
the as-deposited film to 0.91° for the 800°C-annealed sample and their integrated intensity
also drastically decreases with elevated annealing temperature, evidencing the significant
improvement of structural perfection by the thermal treatment. The ZnO layer was also
reported grown on GaN substrate by ALD with smalllattice mismatch and the FWHM of
the rocking curve data is estimated to be 0.09°. [60]
4.1.3 Azimuthal Cone Scans

In order to determine the epitaxial relationship between the ZnO layers and the
substrates, we performed azimuthal cone scans (¢ -scans) across the off-normal ZnO
(10 11} and sapphire {11 26} reflections, as illustrated in Fig. 4-3.  For both
as-deposited and annealed ZnO layers, the scans across the ZnO {10 11y reflections
show six fold symmetry, confirming the hexagonal symmetry. The angular positions of

these peaks are offset from that of the six sapphire {1126} reflections by 30° and yield

the in-plane relationship of {10 iO} a0 I {10 iO} a0, > the “aligned orientation”.
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Fig. 4-3 The ¢ -scan across the off-normal ZnO {10 11y reflection of

as-deposited and annealed ZnO layers,.together with the ¢ -scan across

sapphire {1126} shown at the bottom.

It is also noticed that the FWHM of the ZnO {10 11} peaks drastically decreases
from 6.75° for the as-deposited sample to 2.48° for the sample after 800°C thermal
treatment, again indicating the significant improvement in twist deformation upon

annealing. Carefully examining the ¢ -scan of the as-deposited sample, we found
another set of weak peaks with six-fold symmetry appearing at the same angular position

as sapphire {1126} . This observation reveals the existence of a small fraction of
Ccplane ZnO has {10 IO} 0 | {1150} 1,0, orientation, the “twisted orientation”.

Determined from the integrated intensity, the fraction of the minor twisted orientation

decreases with annealing temperature from ~4.2% for as-deposited film to less than
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0.03% after 800°C thermal annealing.

The twisted orientation, in which the lattice of ZnO is aligned with the oxygen
sub-lattice in sapphire, is most commonly observed for ZnO epi-films grown on
c-sapphire. [11, 24-26] Its lattice mismatch with sapphire, 18.3%, is smaller than the
31.8% of'the aligned orientation, in which the ZnO lattice is aligned with the Al sublattice
in sapphire. Intuitively, the twisted orientation is energetically favorable and indeed
most of the ZnO epi-layers grown on ¢-plane sapphire by PLD and MOCVD, VPE have
this orientation. [10, 25, 26] The aligned in-plane orientation has been reported on ZnO
epi-films grown by PLD and magnetron sputtering at low deposition temperatures (T <
600°C). [27-30] In those works, the fraction of the domains with the aligned orientation
increases with decreasing growth temperature and/or lower deposition rate.

The orientation of the epi-films.is a result of the competition between the interfacial
bonding, elastic energy and surface energy-" In view ofthe energy of interfacial bonding,
the much larger bond energy of AI<Q (511 kJ/mol).-bond than the Zn-O bond (271 kJ/mol)
favors the O-Al-O-Zn configuration, i.e., the O in ZnO bonds with the Al in sapphire
substrate, and leads to the alignment of Zn terminated ZnO lattice with Al sublattice. [27]
However, from the aspect of smaller lattice mismatch and higher thermodynamic stability
of O-terminated ZnO surface,[31] the configuration with twisted orientation is preferred. 1.
Ohkubo éf al., attributed the prevalence of the aligned orientation at low temperatures to
Al termination of sapphire surface and the dominance of local interface energy when the
growth process in kinetics limited. [24, 26] According to this argument, the low
operation temperature of ALD favors the formation of observed aligned orientation but
the interfacial bonding mechanism should be different because of the alternative

formation of Zn and O atomic layers during two separate half reactions.
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The topmost surface of a sapphire wafer after wet-cleaning is terminated by hydroxyl
groups due to its high stability. It is a known difficulty of creating an OH free sapphire
surface not mentioning the surface prepared by wet-cleaning and mild heating
pretreatment adopted in our process. [32] According to the ALD growth sequence, the
zinc precursor DEZn with the chemical structure of CHj3;-CH,-Zn-CH,-CHs is first
supplied onto the substrate surface. One ethyl of the DEZn reacts with the hydroxyl at
the sapphire surface and leaves the zinc atom bonded with the oxygen at the substrate
surface. Volatile organic by-product Ethane is pumped away and the residual functional
group ethyl prevents the continuous growth of deposited material due to the self-limiting
effect. Subsequently introduced H,O reacted with ethyl group and form -Zn-O-H
terminated surface. [25] After this.point, the rest of the film growth can be considered as
homoepitaxy. The initial bonding of DEZn to sapphire,--Al-O-Zn-CH,-CH3, anchors the

orientation of the ZnO layer, which follows‘the atemic arrangement of the Al sublattice in

sapphire and yields the observed aligned orientation,i.e. {10 iO} 2o | {10 iO} a0, -

4.2 TEM Analysis

It is well known that structural properties obtained by XRD are an ensemble average
over the macroscopic illuminated volume, typical of mm®. On the contrary, microscopy
probes microscopic features over a much more localized region. As a complementary,

we also performed TEM measurements on the ZnO epi-layers. [llustrated in Fig. 4-4 (a) is

a cross sectional TEM image taken along the [1120] zone axis, in which ZnO grains

Al203

with planes of 5.2 A interplanar spacing parallel to the interface can be well resolved.

46



C ; (b) : (mm(;)\,j(,} .

k3 L
0002),,.6 o

(1011),, (1014) 5,0,
- a ) '

(1012), o, b
(1010)7,0 (1010)7,0

_ W012)0,
Omize * %

Fig. 4-4 The cross sectional TEM image of (a)the as-deposited ZnO epi-layer
along the [1120] zone axis, (b) the SAED pattern, and (c) the image of 800°C

annealed sample taken undet the,same pole.

The selected area electron diffraction (SAED) pattern (Fig. 4-4(b)) confirmed the

(0001) <1 100 > 20!l (0001) <1 100 > orientation in agreement with XRD observation.

41203
However, numerous misoriented grains, as enclosed by the rectangles in Fig. 4-4(a) and
defects of various kinds distribute throughout the grown film. Figure 4-4(c) is the
micrograph of the 800°C annealed sample taken under the same pole, which exhibits
drastic structural improvement. Moreover, many contrast lines lying in the basal planes
with lateral extension of the order of 10 nm (some of them are marked by arrows) were
observed. These lines were verified to be basal plane stacking faults as described below

and represented the majority of structural defects found in annealed ALD grown ¢-ZnO
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epi-films.

To characterize the nature of the lateral lines, we performed diffraction contrast
analysis on the images of the 800°C annealed sample. The bright field images of the
same region taken along [1120] pole and with diffraction vector g set to (10 11) ,

(0002), and (10 10) are shown in Fig. 4-5 (a), (b) and (c), respectively.

-> 2 =(1010)

Fig. 4-5 The bright-filed images of the ZnO layer annealed at 800°C with
diffraction vector ¢ set to (a) (10 11y, (b) (0002), and (c) (10 10) . The insets

show the corresponding diffraction peaks used under two-beam condition.

Depending on the type of error in stacking sequence or equivalently the displacement
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vector A, which defines the relative displacement between the unfaulted lattices above and
below the fault, the basal plane stacking faults in wurtzite crystal structure are generally
divided into three types: two intrinsic ones named I; and I, and an extrinsic one named E.

The displacement vectors associated with the I, I, and E type of basal plane stacking

faults are l<2503>, l<1T()0>, and i—<0001 ), respectively. [33-35] According to the
6 3

extinction rules for stacking faults in TEM image, a stacking fault will be out of contrast
if the dot product of its displacement vector A with the diffraction vector ¢ used for
imaging equals to 2nn, where n =0, =1, £2, ... [34, 35] Consequently, all three types of
stacking faults are visible in image with ¢= (10 11) and out of contrast as g = (0002). In
the case of g = (10 10) , only intrinsic, stacking faults of types I; and I, are in contrast.
Examining the images taken under differeént difftaction vectors, we found about all the
lateral lines visible in Fig. 4-5 (a) with g= (10-°11) become out of contrast in Fig. 4-5 (b)
with g = (0002), confirming that basal plafie stacking faults are indeed the major structural
defects in the 800°C annealed sample. Furthermore, the absence of obvious difference
in the spatial distribution of the lines found in images taken under ¢ = (10 11) and
(10 10) , shown respectively in Figs. 4-5(b) and (c), reveals that the stacking faults belong
to intrinsic type. Unfortunately, we cannot further verify which type of those stacking
faults, Iy or I, These lines are due to limited accessible diffraction vector under
experimental geometry.

Unlike the ZnO epi-layers grown by PLD [12] and p-MBE [26] on ¢-sapphire where
edge-type threading dislocations are the dominant structural defects in the film bulk, basal
plane stacking faults are the majority of structural defects found in ALD grown ¢-ZnO

epi-films. This also explains the small line width in G-rocking curve of ZnO (0002)
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reflection, which is not sensitive to the basal plane stacking faults. The diversity in
characteristic structural features is related to the fundamental difference in the growth
mechanism of those methods. In the case of PLD deposition, a plume of materials
liberated from the target, consisting of a variety of energetic species, such as atoms, ions
and small clusters of the ZnO are deposited on the surface and the growth of ZnO film on
¢-sapphire proceeded via island nucleation followed by lateral extension. [36] Such a
growth mode results in a film of a columnar structure surrounded by grain boundaries
with high density of threading dislocations. [12] In contrast, the intrinsic layer-by-layer
growth nature of the ALD method unfavors the initial island nucleation and suppresses the
formation of threading dislocations. Apparently, 800°C annealing results in the grain
growth and stimulates the precipitation of point defeets such as vacancies or interstitials
and/or the dissociation of dislocations together with the slip of partial dislocations, which
are known as the most likely mechanismsfor the generation of basal plane stacking faults.

[34]

4.3 AFM Measurements

In additional to crystalline structure, we also studied the effect on the surface morphology
by thermal treatment. Voids were found in some areas near the film/air interface in the
cross section TEM micrographs of the annealed sample (not shown). This explains the
increase of surface roughness and the decrease of mass density near the film surface
region in the annealed samples as revealed by x-ray reflectivity measurements. Figures
4-6(a) and (b) show, respectively, the surface morphology before and after 800°C

annealing measured by AFM; Figs. 4-6(c) and (d) are the corresponding section profiles
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of the scans along surface. Grain growth and the development of voids between the grains
are induced by thermal treatment and lead to the increase of root-mean-square roughness
from 1.64 to 5.75 nm. Similar variation of the morphology and increase of grain size
resulted from the post annealing have also been reported by other groups and are
attributed to the recrystallization of the ZnO grains. [16-18]

5.0

Section Analysis

Fig. 4-6 The AFM images of the (a) as-deposited and (b) annealed ZnO layers
with the scan image profiles of the as-deposited and annealed samples shown

in (c) and (d), respectively.

4.4 Photoluminescence

To examine the optical properties of the ZnO layers, we performed low temperature
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(10 K) PL measurements. The PL spectra are illustrated in Fig. 4-7(a). For comparison a
spectrum taken from a 200 nm thick PLD-grown ¢-plane ZnO film with the BSF density

about 4 x 10° cm™ is plotted in Fig. 4-7(b).

(a)

Intensity (a.u.)

"

3.0 34 32 33 34
Energy (eV)

Fig. 4-7 Low temperature PLsspectra e at 10K of the ZnO films grown by (a)
ALD and (b) PLD methods. The PLD grown ZnO with 200 nm thickness
was deposited on ¢-plane sapphire at growth temperature of 600°C. The ALD
grown ZnO was deposited at 200°C and annealed at 800°C in oxygen for 1.5

hr.

The most intense peak of the PLD-grown sample is the near band edge (NBE)
emission originating from DX and free-exciton (FX). The other pronounced peaks
centered at ~3.330 eV is attributed to the two-electron satellite (TES) and/or the electrons
bound by the stacking faults. [37] The two peaks centered at ~3.23 eV were assigned to

DAP and free-electron to acceptor (eA”) emissions, respectively. In contrast, the
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spectrum of the ALD grown ZnO shows distinct features. Three peaks, (1) NBE emission
at ~3.37 eV, (2) BSF emission at ~3.321 eV, and (3) “LO” emission at 3.28-3.29 eV, were
observed. Because the much larger density of BSFs is the dominant difference in
structural properties between the ALD- and PLD-grown ZnO films, the observed spectral
difference in Fig. 4-7 may be attributed to the high density of BSFs. To verify this

argument, we conducted the following studies.

4.4.1 Temperature Dependent Photoluminescence

Figure 4-8(a) displays the PL spectra of ALD-grown ZnO taken at temperatuares
between 10 and 280 K. The NBE emission has a rather large line width (FWHM ~ 22
meV) as compared with those ofsthe PLD-grown ZnO films (FWHM ~ 10 meV and
typical 9 ~ 15 meV). [12,13] The broad spectra.could be caused by defects which reduce
the exciton lifetime and thus broaden 'the"FWHM of the exciton transition. [38] Such
broadening increases the difficulty to. distinguish'BD”X from FX emission in the NBE
emission. Peak energies of NBE (inculding both D°X and FX), BSF, and LO emissions
are plotted as a function of temperature in Fig. 4-8(b). These peak energies decrease
monotonically with increasing temperature that can be fitted by the Varshni’s formula,
E(T) = E(0)-aT*/(T+®p), where E(0) is the energy at T = 0 K, a is a fitting parameter and
Op denotes the Debye temperature, which is set to 920 K according to Refs. 23 and 24.
The best fit of the NBE emission energy for temperatures above 100 K, depicted by the
dashed curve in Fig. 4-8(a), yields E(0) = 3.374 ¢V and a = 1.4 meV/K, which agree well
with the FX emission of wurtizte ZnO. [39-41] The deviation of the experimental data
from the fitting curve for temperatures below 100 K is attributed to the contribution of

DX, which dominates over FX at low temperatures. The weak LO band emission at
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3.28~3.29 eV, whose peak position varies complying with the Varshni’s formula, is the
typical longitudinal optical phonon replicas of the DX emission with the phonon energy
about 72 meV. The energy of the BSF emission exhibits a different behavior as a function
of temperature; it progressively blue shifts from 3.321 to 3.331 eV as the temperature
increases from 10 to 88 K and then red shifts with further temperature increase. Fitting the
peak energy of the BSF emission above 88 K by the Varshni’s formula yields E(0) = 3.34
eV, which gives a blue shift of ~19 meV with respect to the measured 3.321 eV at 10 K.
This phenomenon indicates that the BSF emission could be associated with an exciton
transition with energy of 3.34 eV and coupled with a local trap with 19 meV trapping

energy.
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Fig. 4-8 Temperature dependent PL spectra of (a) the ZnO film taken between
10 and 280 K and (b) the energy versus temperature plot of the BSF and NBE

emissions. The dash lines depict the fitting results to the Varshni’s law.
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4.4.2 Power Dependent Photoluminescence

The emission at ~3.321 eV has also been assigned to the DAP transition in ZnO with
intentionally doped acceptors, such as N, P, As, and Sb. [42-45] To clarify the nature of
the BSF emission in our ZnO epitaxial films, we performed power dependent PL

measurements at 10 K; the spectra are plotted in Fig. 4-9.
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Fig. 4-9 The power dependent PL spectra recorded at 10 K of the ZnO film
grown by ALD and annealed at 800°C. The emission intensity versus the
excitation power together with the power law fitting results (dash lines) of the

BSF and NBE emissions are shown in the inset.

The intensities of the NBE and BSF emissions as a function of excitation power P
are depicted in the inset. The peak energy of the BSF emission remains un-shifted even

though its intensity rises with increasing excitation power. For both the NBE and BSF
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emissions, their curves of emission intensity versus excitation power nicely follow a
power law: / oc P* with the exponents a = 1.31 and 1.37, respectively. For a free exciton
or bound-exciton emissions, the value of the exponent « should fall in the range of | =«
= 2, but for the DAP transitions, « should be less than 1. [46-48] The obtained
exponent 1.37 of the BSF emission excludes the mechanism of DAP transition. Together
with the absence of peak energy shift with excitaiton power, the results reasonably infer

the BSF emission is associated with excitonic transition.

From the point of atomic stacking sequence, a I; and I, type BSF in wurtzite
structure can be considered as a thin layer of zinc blend structure with a thickness of;,
respectively, 1.5¢ (0.78 nm) and 2¢ (1.04,nm),. where c is the lattice parameter along the
c-axis, sandwiched by the wurtziteibarrierssAecording'to the ab /nitio calculation, [49] the
BSF forms a quantum-well-like-region with negative band offsets in the conduction band
minimum (CBM) and the valance band maximum (VBM) with respect to those of the
wurtzite barriers. This means that the BSF structuire would act as a potential well in the
conduction band and a potential barrier in the valence band. Therefore, the obtained E(0)
of 3.34 eV by fitting the BSF emission could result from the recombination of the
confined indirect excitons in BSF (BSF-EX) which were composed of the electrons
captured in the potential wells of the BSF and the holes confined at the interface of BSF
and wurtzite structure via attractive Coulomb interaction. [50] The 19 meV red shift of the
BSF emission from 3.34 eV at temperature about 10 K could be ascribed to the
localization effect applied onto the BSF-EX. The localization effect could be attributed to
the extrinsic donors (which would bind the BSF-EX) formed by the point defects in or in
the vicinity of the quantum well structures. Moreover, the multiple BSFs could be

considered as a coupled quantum-wells structure in which the coupling effect of the
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electron wave function may be responsible for the localization effect. To consider the
reasonableness, the probability density of the electron wave function in single QW (BSF)
is estimated about 10% at a penetration length of ~3 nm by using a single QW structure
with the dimension and potential heights derived from the ab /nitio calculation. [49] As
illustrated in Figs. 4-4 and 4-5, the BSF are distributed in the entire ZnO film with a
separation of 2~10 nm along the growth direction (¢-axis). They could form coupled
quantum-wells structure and lead to the localization effect. Similar phenomenon of the
localization of excitons have been reported in the BSF in GaN epi-layers [51-54] and also
observed in the alloy materials such as InGaN, [55] AlGaN, [56] GalnNAs/GaAs single

quantum-well, [57] and InGaN/GaN multiple quantum-wells. [58]

4.5 Conclusion

The structural characteristics. of the " ALD grown ZnO epitaixal films on C-plane
sapphire together with the influence of thermal-annealing were thoroughly studied. The
ZnO films are C-plane oriented. The @-spacing along the growth direction of the
as-deposited ZnO layer is 0.24% larger than the bulk value and progressively decreases

and approaches the bulk value with increasing annealing temperature. The in-plane

epitaxial relationship of {10 iO} a0 I {10 iO} a0, is confirmed from the ¢-scan data of ZnO

{10 11} and sapphire {11 26} reflections. This orientation is the same as that of ZnO

grown on C-plane sapphire at low temperatures by PLD method. [27] After annealing at
high temperatures, the crystalline quality exhibits drastic improvement. The diffraction
contrast analysis of the cross-section TEM images reveals that intrinsic basal plane

stacking faults are the dominant structural defects of the annealed ZnO layers, different
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from the PLD grown ZnO layers where threading dislocations are the predominant defects.
The diversity in the dominant type of structural defects was attributed to the fundamental
difference in the growth mechanisms of the two methods.

High density (~1.0 x 10°cm™) of BSF is identified to be the dominant structure
defect in the annealed ZnO epitaxial films grown by ALD on ¢-plane sapphire as verified
by TEM and XRD measurements. Each BSF in ZnO is composed of a thin layer of zinc
blend structure sandwiched by the wurtzite barriers and forms a type-II quantum-well.
The dominant emission centered at ~3.321 eV in PL spectra is ascribed to the transition
associated with the BSF bounded indirect excitons (~3.34 eV) which could be trapped by
the local defects and/or the potential induced bundled BSF quantum wells at low

temperatures.
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Chapter 5 m-plane ZnO grown on /m-plane
Sapphire by ALD

C-plane sapphire is widely employed as the substrate to grow ZnO epitaxial films
with good quality and reasonable cost. Nonetheless, strong spontaneous polarization and
piezoelectric polarization at the interfaces of ZnO based heterostructures induce a large
internal electric field along the c-axis that results in the quantum-confined Stark effect
leading to a spectral red-shift and a dramatic decrease in the luminous efficiency. In
order to avoid this problem, many efforts has been put to enhance the luminous efficiency
by taking advantage of the non-polar, #/7-plane ,orientated ZnO layers through several
growth methods such as molecular beam epitaxy. (MBE), [3-6] metal organic chemical
vapor deposition (MOCVD),= [7,8] and -pulsed laser deposition (PLD) [9,10].
Unfortunately, to fabricate m-plane ZnOQ €pi-films with high structural perfection and
smooth surface morphology is still wvery difficult. One common problem is the
coexistence of minor domains with (10 13), [3,6,7] (0002 ), [6] or (1122) [6]
orientations. In particular, the (10 13) oriented domains are often observed and difficult
to eliminate. Moreover, surface morphologies of the deposited /m-plane ZnO films on
foreign substrates often exhibit stripe features elongated along a direction either parallel
or normal to the ZnO ¢-axis depending on the growth conditions. [7,8,11] These features
strongly hamper the application of ZnO-based heterostructures. Different from other
growth methods, the growth mechanism of atomic layer deposition (ALD) relies on the
sequential self-terminated chemical reactions and leads to layer-by-layer growth with the

advantages of accurate thickness control, high uniformity, high reproducibility, high
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covering ratio, and low growth temperature. The epitaxial /m-plane ZnO films with the
absence of minor domains could be grown on /m-plane sapphire, [12] however, the crystal
quality of epitaxial films needs to be further improved and the correlation between
structural and optical properties should be explored in depth.

In this chapter, ALD method was employed to grow /m-plane oriented ZnO epitaxial
films with single crystallographic orientation and smooth surface morphology. By taking
advantage of thermal annealing treatment we further improved the crystallinity and

morphology of these m-plane ZnO layers.

5.1 XRD measurements

5.1.1 26/6 scan and w-rocking curve

To examine the structure “characteristics of the ZnO layers, we performed XRD
measurements on the as-deposited and the 800°C annealed samples. Besides the intense
sapphire (30 30) Bragg reflection; sonly. the+ZnO (10 1_0) , (20 50) , and (30 50)
reflections are observed in the radial scans along surface normal of both samples, as
illustrated in Fig. 5-1(a). The absence of other diffraction peaks manifests the ZnO films
are of single crystallographic (10 10) orientation, ie., M-plane orientation. Upon

annealing, the peak widths of all the ZnO reflections significantly decrease. For example,
the full width at half maximum (FWHM) of the ZnO (10 10),, reflection decreases

from 9.38 x 10™ to 5.36 x 10° A™, manifesting the increase of the structural coherent

length and the improvement of crystalline quality of the ZnO layers.
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Fig. 5-1 XRD radial scans along the surface normal (6-26 scan) of (a) an
as-deposited ZnO film and a 800°C annealed sample, and (b) the @ rocking

curves across the (10 10) .0 specular reflection with impinging X-rays

aligned with (top panel) ZnO ¢-axis and (bottom panel) [1120] o @-axis,

respectively. The abscissa q, denotes momentum transfer along the surface

normal.
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Figure 5-1(b) displays the rocking curves of the (10 10) .o Specular reflection of

the samples with the directions of incident X-rays along two orthorgonal directions, either
aligned or perpendicular to the ZnO ¢-axis. The dotted and solid curves were, respectively,
taken before and after thermal treatment. Along both directions, the peak widths show

drastic reduction after thermal annealing revealing the decrease of the tilt angle of the

ZnO layer. Moreover, the FWHM measured with X-ray along the [0001 ],, C-axis is
always much larger than that along the [1 210 o da-axis that are 2.489° 1S, 1.219° before

annealing and 0.679° vs. 0.464° after thermal annealing. This observation reveals the
higher structural perfection of the obtained m-plane ZnO film along the g-axis as

compared with that along the C-axiss @ As a compartison, , the XRD peak FWHM along
the [o001 1,, and [1510]2"0 directions of ‘the: samples grown by RF-sputtering are

0.445° and 0.392° [23] and of those grown-by MBE are 1.0° and 0.5°, respectively. [6]

5.1.2 Azimuthal cone scans

To examine the epitaxial relationship between the ZnO layer and the sapphire

substrate, we performed azimuthal cone scans (¢-scan) across the off-normal {10 12} 0

and {03 30} a0, Teflections, as illustrated in Fig. 5-2.  All the ¢-scans show a 2-fold
symmetry and the angular positions of {10 1+2) o Teflections coincide with that of the
03 30) w0, and G 300) w0, » which yield the in-plane relationship of

[0001 1,, [[1210], 0, With an uncertainty of the polarity of the ZnO layer.
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Fig. 5-2 The azimuthal reflection:Scan across the {10 12} . and {3030} a1,0,
planes. The in-plane relationship ofthe ZnO film and the sapphire substrate
has determined as {00023, || {1120}, , and {0002 }, , | {1120},,. The

thermal annealing treatment improved the edge and screw dislocations of the

as-deposited ZnO film as the FWHM decreasing from 1.39° to 0.68°.

Under this configuration, the lattice mismatches between ZnO and the underneath

sapphire are 0.06% and 9.4% along ZnO &- and ¢-axes. Similar reduction in the FWHM
of the {10 12} s peaks from 1.39° to 0.68° upon annealing was also noticed that

manifests the decrease of twist angle. Such a decrease in both tilt and twist angles is
often attributed to the reduction of both the edge and screw dislocation densities. [13]
From the angular positions of diffraction peaks, we deduced the inter-planar spacings

along three orthogonal axes, i.e., the surface normal /m-axis and the two lateral directions,
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d-axis and c-axis. The as-deposited ZnO film has spacings 5.630, 3.253, and 5.214 A
along the m-, a- and ¢-axes, respectively. After thermal annealing, the variation of the

inter-planar spacings are all within 0.2% or less, indicating the deposited layer is nearly
strain free. The FWHM of {10 12},, peaks is about 0.9652° for the RF-sputtering

grown m-ZnQO. [23]

5.1.3 X-ray Reflectivity

The data of X-ray reflectivity (XRR) measurements of the as-deposited ZnO layer
and the samples annealed at 400, 600, and 800 °C are shown in Fig. 5-3. The critical
angles do not reveal obvious change after thermal annealing represents the weak influence
of the thermal annealing on the electron density, the material density. From the
periodicity values (AQ) of the interference fringes the thickness of the ZnO layers were

estimated about 133 nm, which-are close toTthe thickness of 200 unit cells along the
[1120] s direction as 112.5 nm. Besides; by fitting the refletivity curve, we estimated

the Ryys values of the film surface are 1.342, 1.602, 0.967, and 0.703 nm for the samples
of as-deposited, annealing at 400, 600, and 800 °C, respectively. The flatness of the ZnO
layer was improved by annealing action, except for annealing at 400 °C. Besides, the
estimated density values are ~5.69 g/cm’ of as-deposited film and ~5.85 g/em’ for
samples annealed at temperature of 600 and 800 °C.  Such observation implies that there
could be organic residuals produced in the depositing procedure, and these organic
residuals could be eliminated by annealing at 400 °C accompanied by the surface
morphology degradation. Annealing at temperatures higher than 600 °C could lead to
recrystallization and thus increase the film density, decrease the surface roughness, and
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improve the crystalline quality. On the other hand, the estimated R,ms values of the
interface between the ZnO film and sapphire substrate are ~0.215 nm, which does not

show obvious variation as annealing temperature increases.

Anneal @ 200°C

Anneal @ 400°C

Anneal @ 600°C

Normalized Intensity(a.u.)

Anneal @ 800°C

0.5 1.0 1.5 20 25
20(Deg.)

Fig. 5-3 X-ray reflectivity of the as-deposited ZnO film and that after annealed

at 400, 600, and 800 °C.

52 TEM
5.2.1 Cross Section Images with Zone Axis [1210],,

Figure 5-4(a) shows the cross sectional TEM images taken along the [1210] 0

zone axis of the 800°C annealed sample. The corresponding selected area electron
diffraction (SAED) patterns are shown in Fig. 5-4(b). The coexistence of the rectangular
and hexagonal lattices associated, respectively, with ZnO and sapphire confirms that the
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epitaxial relationship is (10 10) <0001 >, (10 10)<1210>, , in agreement with

the XRD data. Several contrast lines propagating along the growth direction (marked by
triangles) were observed in the TEM image. They are likely due to basal plane stacking
faults (BSFs). To further characterize the nature of the contrast lines we performed
diffraction contrast analysis on the annealed sample. The contrast lines are clearly
visible in the bright field image recorded with diffraction vectors g equal to (10 10) in Fig.
5-4(c), but are out of contrast for g equal to (0002 ) in Fig. 5-4(d), where the insets show
the corresponding diffraction peaks which were adopted to form the images. According to

the extinction rules, the stacking faults are out of contrast when g-R is equal to an integer.
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Fig. 5-4 The cross sectional TEM ‘image (xa) and the selected area electron

diffraction (SAED) pattern (b) taken along the [1210] 0 Zone axis, and the

bright field images recorded with diffraction vector g equal to (10 10),, (c)

and (0002 ),, (d), respectively. The contrast lines in the images marked by

the triangles are identified to be the intrinsic type basal plane stacking faults.

The displacement vectors R associated with three types of BSFs, I, I, and E are
+(2203), +(1100),and (0001 ), respectively. The observed variation of g dependent

contrast indicates the BSFs in the /m-plane ZnO film belong to the intrinsic type I; and/or
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I,. However, we don’t have sufficient information to further distinguish between these

two.

5.2.2 Cross Section Images with Zone Axis [0001 ],
The cross-sectional TEM image taken along the [0001 ],, zone axis, perpendicular
to that of Fig. 5-4, is illustrated in Fig. 5-5(a), where no contrast lines were identified. The

associated SAED pattern in Fig. 5-5(b) exhibits the hexagonal ZnO and the sapphire
diffraction patterns. The bright field images with g equal to (10 10) o and (1210) 0

are illustrated in Fig. 5-5(c) and 5.5(d), respectively.
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Fig. 5-5 The cross sectional TEM image (a) and the selected area electron

diffraction (SAED) pattern (b) taken along the zone axis of [0001 ],, , and the

bright field images taken with diffraction vector g equal to (10 10) 20 () and

(1210) 20 (d), respectively.

Again, no contrast lines were observed in these images. The absence of the contrast
lines in this zone axis supports that the contrast lines observed in Fig. 5-4 are originated
from the BSFs, which lie on the planes perpendicular to this zone axis, and rules out the

possibilities of threading dislocations. From these TEM images, we found BSF is the
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dominant structural defect and its density is estimated to be about ~ 1 x 10° cm™, which is
very close to the value of the high quality m-plane ZnO film grown on the lattice-matched

LaAlO; substrate at high growth temperature by PLD. [10]

5.2.3 Fourier Filtered Images Analysis
To observe the lattice matching across the interface, we took high-resolution TEM

images near the ZnO/sapphire interface. Shown in Fig. 5-6(a) is the TEM cross

sectional image recorded with the [1210] zone axis. The corresponding Fourier

Zn0
filtered image using (1210) a0 and (0002 ), reflections is shown in the inset, where
widely separated misfit dislocations;as represented by additional (1210), .o, half planes

(marked by the triangle) inserted into the sapphire lattice, scatter along the interface as a

result of the 9.4 % lattice mismatch across'the interface.
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[1010) 2,0

Fig. 5-6 The high resolution images of the interface with the zone axis of (a)

[1210] .0 and (b) [ooo1 1, , and the inset in (a) is the corresponding Fourier

¥

filtered image using the (1210), s and- (0002 ),, spots; and the Fourier
|. J 2 .i 18 .\.__. L ..
i E= I.I g i ]
filtered image in (b) is -formed by using the (:0006 ) a0, and (1210),,

|

ol
= - 1 BSE

reflections. R Mg il

In contrast, Fig. 5-6(b) is the image taken along the [0002 ],, zone axis, where

regularly arranged atomic rows are well resolved. Its Fourier filtered image formed by

using (0006 ), , and (1210),, spots, displayed in the inset, reveals four

(1210) »o Planes match three (0006 ) a1,0, planes along [TZTO] direction and each

n0

extra (1210) .o Dlane corresponds to a misfit dislocation (marked by the triangles).
The nearly evenly spaced misfit dislocations reveal the domain matching epitaxial (DME)

[14] at the interface along [1210] with effective mismatch about 0.06%, which

n0

agrees with the reported observation in the sample grown by other method. [5]
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5.3 AFM

The surface morphology of the samples before and after annealing measured by
atomic force microscopy (AFM) are illustrated in Figs. 5-7(a) and (b), respectively.

1.0

50.0
um nm

0.0 0.0

0.0 1.00.0 1.0
. y”rf I - hp % /jlm
Fig. 5-7 AFM images of The as- deposmeé (a) and, annealed (b) m-ZnO films

el

with surface roughness (ers) of! ~1 m nm,- respectlvely

K A&

The surface morphologies of the non-polar ZnO films grown by MOCVD and MBE
methods usually exhibit stripe features elongated along a direction either parallel or
normal to the ZnO c¢-axis depending on the growth conditions and terminated with
specific crystal facets in some cases. [6-8,11,15,16] In contrast, the granular features
observed in Fig. 5-7 manifest the absence of preferable lateral growth directions of the
ZnO layer grown by ALD. [7,8,11] Such a difference could be attributed to the growth
nature and the self-limiting growth mechanism of ALD, for which the adatoms would

rather attach to surface lattice site than congregate to clusters and result in smoothly and

fully covered layers. But the morphology and the growth rate reveal that the growth
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mechanism may not be ideal layer-by-layer growth according to which a monolayer of the
ALD-growth material is assumed to form per cycle. In the ALD process, the surface
morphology and growth rate depend on the chemical reaction condition on the surface
that could be influenced by factors such as steric hindrance and growth temperature. [22]
Such chemical reaction condition on the surface is very complex and requires further
research. Moreover, both surfaces show very small surface roughness. Upon annealing,
the increase of surface feature size accompanied by the decrease of the root-mean-square
(rms) roughness from 1.62 to 1.38 nm is observed. In light of the annealing induced
roughness degradation observed in ¢-plane ZnO grown on ¢-plane sapphire under similar
growth conditions [16] and the (000+1) polar surfaces having the highest surface energies,

the improvement of surface roughness upon annealing in this work is ascribed to the low

surface energy of the (10 10) Lo terminated surface. [15]

5.4 Photoluminescence

5.4.1 Low-Temperature Photoluminescence

To investigate optical properties of the m-plane ZnO and the influence of the
annealing effect, we performed time-integrated PL (TI-PL) measurements at 5 K as shown
in Fig. 5-8(a). The spectrum of the as-deposited ZnO film shows a broad emission band
at energy below 3.35 eV. Upon annealing at 400°C, the emissions below ~3.3 eV are
strongly depressed and the broad emission band shrinks to a peak centered at ~3.33 eV
(marked as “B band”) with a line width about 12 meV; in the mean while a peak centered
at ~3.37 eV with a line width about 6 meV (marked as “NBE”) emerges. The absence of
the NBE emission and the presence of the broad emission below 3.3 eV before annealing
is likely due to residual organic functional groups which was trapped inside the film and
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can be eliminated by annealing. The origin of the NBE band emission is mainly donor
bound exciton (D”X) recombination at low temperature. [17] The B band at 3.325 eV has
been observed in ZnO films and identified to be associated with the basal plane stacking
faults (BSFs). [18-20] From the results of structure analyses, we found the m-plane ZnO
films have large density (~10°cm ') of BSFs, much higher than what found in most of the
c-plane ZnO films. Therefore, it is not surprising that the B emission band is the
dominant feature in the low-temperature PL spectra of m-plane ZnO films. The small
bump located at ~72 meV lower than the B band, as marked by an arrow, is ascribed to
the longitudinal optical phonon (LO) replica of the B band. With thermal treatment at
elevated temperatures, the intensity ratios of NBE to B band emissions increases from
0.16 to 0.19 and then to 0.76 for annealing temperature of 400, 600, and SOOOC,
respectively. The increasing intensity ratio implies that the thermal treatment with higher

temperatures further eliminates the residualimpurities and dislocations.

' (a) R NBE

_anneal @ 800°C LO

gt

_-anneal @ 400°C

| as-deposited

Normalized Intensity (a.u.)

| i | i | i | i |
3.20 3.25 3.30 3.35 3.40

Energy (eV)
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Fig. 5-8 The time integrated photoluminescence at 5 K of the as-deposited
sample and sample annealed at 400 and 800°C with the inset of the annealing

temperature dependent intensity ratio of NBE band to BSF band.

5.4.2 Time-Resolved Photoluminescence
By analyzing the TR-PL spectra of the 800'C annealed sample recorded at 5 K
illustrated in Fig. 5-9, we found that the B band and NBE band decay curves exhibited

multi-exponential decay, which implied the complex transition mechanism.

anneal @ 800°C

¢ ~500ps

Normalized Intensity(a.u.)

04 0.6 0.8 1.0
Time (ns)

Fig. 5-9 The time resolved photoluminescence at 5 K of the NBE and B band
in the sample annealed at 800°C with the dash lines as the fitted bi-exponential

decay curves.
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Nevertheless, we could fit the decay curves nicely by using the bi-exponential decay
model to estimate the decay times. According to the fitting results, we estimated the B
band decay times were ~500 ps and ~40 ps with the ~500 ps one dominating. For the
NBE band, the decay time were ~58 ps and ~175 ps and the ~58 ps one is dominating.
Under such a situation, we take the decay times of the dominating decay curves as the
major decay times. The decay time of NBE band is less than the reported lifetime of D"X
transition (~100 ps) [21] that could be ascribed to the large density of BSFs which would
frustrate the D’X transition. By analyzing the TR-PL spectra of the samples annealed at
different temperatures (not shown here), we found that the decay time of NBE band
increases monotonically from 39, 53 to 58 ps with elevated annealing temperature raised
from 400, 600 to 800°C, respectivély. The samples-annealed at the higher temperature
show the longer NBE decay time. The variations:of the NBE to B band intensity ratio and
the decay time as functions of annealing-temperature indicate that the crystalline and
optical properties of the as-deposited ZnO film would be strongly and negatively
influenced by the residual chemical function group. Thermal treatment effectively
eliminates the residual chemical function group by low temperature annealing at 400°C
and repairs the defect and dislocations by high annealing temperature, that usually
observed in crystalline bulk. However, thermal annealing is not effective in eliminating

the BSFs in the ZnO films.

5.5 Conclusion

The ZnO thin films grown on /m-plane sapphire by ALD are confirmed to be single

crystallographic m-plane orientated. The epitaxial relationship between the m-plane
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Zn0O film and the m-plane sapphire substrate follows

(10 10) <0001 >, [(1010)<1210> and reveals the DME with the nearly perfect

Al 0,
domain matching across the ZnO/sapphire interface along the [1210],, direction. The

smooth surface with isotropic granular features manifests the layer-by-layer growth nature
of ALD growth. From the PL spectra and the TEM images of the annealed samples,
large density (~10° cm™) of intrinsic type BSF are identified as the major defect and could
be the origin of the B band emission centered at about 3.325 eV in the PL spectra. From
the time resolved photoluminescence, the near-bandedge emission band is identified to be
the D’X transition and its decay time increases with the higher annealing temperatures.
It is demonstrated that ALD method+is suitable forsfabricating high quality /m-plane ZnO
epi-layers on m-plane sapphires” with high surface flatness. Thermal annealing further

improves the crystalline and optical qualities.
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Chapter 6 Recombination Dynamics of
Localized Exciton in Basal Stacking Faults

The photoluminescence properties of ZnO are influenced by the structural defects
such as impurities, dislocations and basal stacking faults (BSFs). In the non-polar
wurtzite ZnO layer, BSFs are usually the dominating defect. Through ab /initio
calculation, BSF having zinc-blend lattice structure is predicted to result in the band
profile of type-II quantum-wells (QWs) embedded in wurtzite ZnO. [1] Through the
researches, such QWs are considered to bind electrons and to form the emitting band
called the BSF-bound excitons, and such emitting band is observed to have higher
power-law-value than the one resulted from. free-exciton (FX) or donor-bound-exciton
(D’X). [2-6] However, the detail of emitting mechanism resulted from the BSFs is still
unclear and need more research. “In this'chapter, we mvestigate the transition mechanism
of the BSFs in the ALD-grown m-plane ZnO layer with post annealing at 600 °C for 1.5 hr
by performing time-resolved photoluminescence (TR-PL) and the time-integrated PL
(TI-PL) measurements under different temperature and excitation power. For the PL
measurements the third harmonic (Aexe = 266 nm) from a Ti:sapphire femtosecond pulsed
laser (pulse length 150 fs) was employed. The PL transient spectra were detected by a UV

sensitive Hamamatsu streak camera system with a temporal resolution better than 20 ps.
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6.1  Temperature Dependent and Power Dependent

Photoluminescence

In Chapter 5, we have confirmed that the annealed /m-plane ZnO layers have BSFs as
dominate defect with density of ~10° cm™. The TI-PL spectra of the sample are
measured at temperature 5 K with excitation power from 10 to 1020 pW, which are shown
in Fig. 6-1(a). The strong emission at ~3.32 eV marked by “BSF” means the emission
resulted from the BSFs, and the emission at ~3.37 eV marked by “NBE” is attributed to
the near-band-edge emission bands consisting of D’X and FX. We depict BSF and NBE

emission intensities (I) with different excitation power (P) in Fig. 6-1(b).

(b) .
- 7
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< 3 . . s J
2 =t BSF emission g . o f
s fa~1.14 . )
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3 % L - _ 0
s | 2 gy i
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3 I a,~0.86
3.25 3.30 3.35 3.40 4 —s L
Energy (eV) 10 100 1000
Power (pW)

Fig. 6-1 The power dependent TI-PL spectra recorded at 5 K of (a) the ZnO
film grown by ALD and annealed at 600°C and (b) the intensity versus the
excitation power of the BSF and NBE emissions. The dash lines represent the

results of the power-law fitting work.

The NBE and BSF emissions nicely follow the power law: / oc P* with o= 0.86 and
1.14, respectively. For free exciton or bound-exciton emissions, the exponent « should
fall in the range of 1 = o= 2, whereas for the DAP transitions, « should be less than 1. [7]
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The value a of the NBE emission slightly less than the normal range is possible due to the
influence of the BSFs of high density; the localization ststes of BSFs are considered to
interfere with the NBE states. By considering the QWs structure formed by the BSFs,
such interference could be attributed to the competition of excited carriers trapping by the
BSFs over the NBE states that result in the & value of the BSF emission than for the NBE
emission.

The TI-PL spectra measured at the temperature ranging from 10 to 200 K were
shown in Fig. 6-2(a) at fixed excitation power 100 uW. The NBE emission is consisted of
emissions from the donor bound exciton (D°X, marked by hollow red circles) and free
exciton (FX, solid red circles), and the peak energy marked by solid black circles

indicates the BSF emission band.
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Fig. 6-2 The temperature dependent TI-PL spectra of (a) the ZnO film taken
between 10 and 200 K, (b) the energy versus temperature plot of the BSF and
NBE emissions. The dash lines depict the fitting results to the Varshni’s law.

By fitting the temperature dependent peak energies of the BSF and NBE emission
bands to the Varshni’s formula in Figure 6-2(b), we determined the transition energy of
FX (red dash line) at 0 K is about 3.375 eV. The FX tends to be bounded by donor to be
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bounded by donor to form D°X below 100 K that is consistent with the previous
obsverations. [8-10] On the other hand, we obtained the zero-temperature transition
energy from the BSFs to be about 3.329 eV by fitting the Varshni’s formula to the BSF
emission band for T > 100 K (black dash line in Fig. 6-2(b)). However, the observed peak
energy of the BSF emission band at 10 K is about 3.315 eV, revealing localized behavior
with localization energy of about 14 meV. Furthermore, the BSF emission red-shifts from
3.315 toward 3.313 eV as the temperature increases from 10 to 30 K. It blue-shifts toward
3.319 eV as further increasing temperature to 100 K, then red-shifts again following the
Varshni’s formula toward the higher temperature. Such “S-shape” behavior is usually
observed in the heterostructure multiple QWs and the compound semiconductors

attributed to the bounded excitons in the materials due to the potential fluctuation. [2,4,11]

6.2 Time-Resolved Photolumingescence

In order to investigate the localization.effeet of'the BSFs, we compared the dynamics
of radiative recombination of the BSFs and NBE through the TR-PL experiments. The
TR-PL spectra monitored at temperature of 10 K excited at average power of 100 uW are
shown in Fig. 6-3. The spectra are captured for every 6 ps interval and integrated for time

interval of 6 ps after a pulse excitation.
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Fig. 6-3 The TR-PL spectra at temperature 10 K with excitation power of 100
uW, and each curve isintegrated with 'time’.interval of 6 ps after pulsed

excitation.

We integrate the intensity m the energy range of 3.280 to 3.345 eV for the BSF
emission and 3.345 to 3.397 eV for the NBE emission and plot them as a function of time
in Fig. 6-4. By fitting with a single exponential decay, we determine the decay time to
be ~60 and ~700 ps for the BSF and NBE emission, respectively. Furthermore, the energy
peak of the BSF emission shifts from 3.322 eV toward 3.315 eV in 270 ps after pulse
excitation while that of the NBE emission retains at about 3.362 eV. Such observation
implies the migration behavior of the BSF-bound excitons through relaxation to lower
energy states via phonon scattering and/or tunneling effect. [12] Similar phenomenon are

also reported in ZnCdO alloys [13] and InGaN QWs. [14]
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Fig. 6-4 The decay curves of the intensity integrated from the BSF and NBE
emissions in energy ranges of 3.280 ~ 3:345 eV and 3.345 ~ 3.397 eV,
respectively.  The decay curve-at: the bottom is the response of the

Instrument.

6.3 Spectral Dependent Decay Times

Fig. 6-5 presents the PL decay times as the different monitored emission energies
with the corresponding TI-PL spectra (solid curves). We found in Fig. 6-5 (a) that the
decay time of the BSF emission measured at 5 K and 100 uW excitation monotonically
decreases with increasing monitored emission photon energy over an energy range 60
meV in 3.28~3.34 eV; but almost a constant decay time is over the energy range of the
NBE emission. Because the migration only occurs in the BSFs but not in W-ZnO matrix,
we can rule out the localization effect caused by the alloy fluctuation [13] as shown in Fig.

6-6 in the ternary alloy like Mg«Zn;<O. [17] Besides, for the nature, the thickness of the
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BSF formed zincblende ZnO layer is fixed at about 1.5 ¢-axis lattice constant of the

wurtzite ZnO preventing the width or depth fluctuation of the QWs. [15]
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Fig. 6-5 The spectra dependent decay times are the plots with the same
excitation power 100uW at different temperature (a) 5 and (b) 90 K, and with
different excitation power (c) 10 and (d) 1020 uW at the same temperature 5
K.

The shorter decay time on the high-energy side of BSF emission suggests
contribution from nonradiative relaxation or trapping through some decay channels to the
localized states should have occurred in BSF regions. We therefore fit the observed
lifetime (£) to the following expression to take the nonradiative decay into account,

[12]

T(E): i >
l+expl( £-E,,)/ E,]
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where s the radiative lifetime, £, represents the characteristic energy of relaxation,

which is set equal to the trapping energy of 14 meV obtained from the temperature

dependent TI-PL, and £,, is the definite energy, which plays a role analogous to a
mobility edge. Best fit to Fig. 6-5(a) we obtained as , = ~684 ps and £, = ~3.331

eV. The localized excitons are considered to nonradiatively transfer from the
high-energy localized states to the low-energy trapped states through the exciton-phonon
interaction and/or the tunneling among QWs. [12] However, as raising temperature to 90
K, we observed decreasing influence of the nonradiative localized states transfer in BSFs
with almost constant decay times of the monitored photon energy. Such a the result
implies that the localized BSF-bounds¢xeitons become untrapped by thermal excitation.
We also performed the TR-PL under 10pW and 1020uW excitation powers at 5K and

plotted the decay times versus the photon energy in Figs= 6-5(c) and (d). The best fitting

results yield =, =~643 ps (~ 380 ps) and £, = ~3.334 eV (~3.347 V) with fixed £,

= 14 meV for excitation power of 10 uW (1020 uW). The shorter decay time 7, or the
faster decay rate for increasing excitation power implies the nonlinear exciton-exciton
scattering of high-density may have occurred. The high-density carriers should lead to
the screening effect to eliminate the band tilting and to cause blue shift of the energy peak
in the BSF emission in Fig. 6-5 (c), (a) and (d) as increasing the excitation power. The
band profile of the QWs structure grown along the polar axis should have been tilted by
the internal electric field that increases the spatial separation between the wave functions
of electron and hole along the growth direction. Such spatial separation decreases the
overlap of the wave functions of electron and hole thus increases the decay time of the

excitons. Besides, the band-tilting effect also decreases the band gap to red shift the
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emission peak energy. The high-density carriers at high excitation power result in
screening the internal electric field to reduce the band-tilting effect in turn to increase the
band gap that leads the blue shift of the recombination energy of excitons in the QWs.

On the other hand, the multi-QWs are considered to form the mini-band while the
width of the barriers is small enough to result in the wave function overlapping, and the

excitons bound in the QWs are considered to migrate among the mini-bands. [19]

Fig. 6-6 The potential fluctuation-due-to-the fluctuation of alloy density. [17]

From the TEM results, the BSFs distributed in the crystal with the minimum spatial
interval about 3 nm are extremely difficult to form the periodical QWs structures for the
mini-band, but probably lead to the overlap of electron wave function among the QWs. [2]
Such overlap of the wave functions could result from the coupled QWs structures and the
localization effect could result from the quantum coupling the BSF-bound excitons among
the randomly distributed separation of QWs. [18] As show in Fig. 6-7(a) we take the
numerical calculation of the symmetrical double QWs of zinc blend ZnO/wurtzite ZnO as
an example, which has the potential barrier width of 3 nm and well width of 0.8 nm. The
potential profile is sketched by black line, in which the wave functions of the electrons

overlap to lead the interaction due to the Pauli exclusion principle and to split the energy
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levels into a lower (E;) and a higher (E;) energy levels. As the result of the interaction,
the wave function profiles of lower and higher energy levels are also sketched out by Psi;
and Psi;.  As the potential barrier of the double QWs structure decreases, the energy gap
between E; and E, increase as shown in Fig. 6-7(b), which shows the energy levels E; and
E, varying as the central barrier widths ranging from 1 to 15 nm. Such a result reveals the
reasonability of that the localization effect results from the quantum coupling effect of the

BSF-bound electrons among with the random potential barrier thickness.
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Fig. 6-7 The wave functions of the lowest two energy levels of the symmetric
QWs with a central barrier width of 3 nm (a), and the confinement energies of
the lowest two states as function of the central barrier width (b).

From the TEM images, the average distance among the BSFs is roughly estimated as
~5 nm and leads to the energy level splitting for ~12 meV as shown in Fig. 6-7(b), which
is very close to the trapping energy of ~14 meV obtained from the temperature dependent
PL spectra. It reveals that these localization states could be resulted from the QW
coupling effect.

The localization effect of such BSF-bound excitons was observed in the materials of
wurtzite structure with acceptor doping treatment; it results from the trapping of excitons
to the acceptor located in the vicinity of BSF. [16] Obviously, the acceptor trapping can be
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excluded in this undoped ZnO film. However, similar to the donor in the vicinity of the
I;-type BSF for the GaN material to cause the band profile tilting as shown in Fig. 6-8
[15], the band profile tilting caused by the donor could occur in our samples. Based on
the results of the theoretical calculation [15], the binding energy is about 46 meV for the
donor located at far away from the BSF planes; it increase as reducing the distance
between the donor and the BSF. The binding energy is calculated to be 73 and 58 meV
for the distance of 2.5 and 7.5 nm, respectively. The donors distributed randomly in
Zn0O film could form local carrier traps with distributed binding energies to capture
excitons similar to the situation of donor bound excitons, D°X. However, determined by
the Hall measurement, our annealed /m-plane ZnO film is n-type with carrier density of
~5x10"cm™ from which the average distance among the donors is roughly estimated as
~27 nm. Such carrier density=0f the donors.could not have enough contribution on

forming localization states to be‘observed:
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Fig. 6-8 Band profiles (black curve), electron envelope functions (red curve)
and energy (dotted red line) for electron confined on a D°-BSF complex with

distance d of 2.5 nm between donor and BSF plane. [15]
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6.4 Conclusion

In conclusion, we have used the TR-PL technique to explore the dynamic
recombination of the BSF emissions. The results reveal the migration behavior of the
BSF-bound excitons toward the localization states with lower energy. Such localization
states are attributed to the quantum coupling effect among the various separations of BSFs.
The migration of the BSF-bound excitons among the localization states could be
attributed to the exciton-phonon interaction and/or the tunneling effect. Furthermore,
through the TR-PL spectra with high excitation power, the screening effect is observed in

the type-II QWs formed by the BSFs.
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Chapter 7 Conclusions and Prospective

7.1 Conclusions

The ALD method shows the success on growing the epitaxial ZnO layers on sapphire

substrates. Using C-plane sapphire as substrate the ZnO films are grown with ¢-plane
orientation and in-plane epitaxial relationship of {10 iO} a0 | {10 iO} a0, » un-twisted

orientation. On /M-plane sapphire the ALD grown ZnO layers are confirmed to be single

crystallographic m-plane orientation with epitaxial relationship of

(10 10) < 0001 >, || (10 10) < 1210 3%/ Sucha result is attributed to the nearly perfect

domain matching across the ZnO/sapphire mterface.along the [1210],, direction. The

thermal annealing treatment exhibits drasti¢ improvement on the crystalline quality, and
further confirms intrinsic BSFs as the dominant structural defects in these annealed ZnO
layers. The density of BSF is identified to be ~1.0 x 10°cm™. Comparing to the PLD
grown ZnO layers with the threading dislocations as predominant defects, such diversity
in the dominant type of structural defects is attributed to the fundamental difference in the
growth mechanisms of the two methods. Through the TEM analysis the mis-orientation
grains are found in the as-grown C-plane ZnO layers and eliminated after the thermal
annealing treatment, which leads to the voids at the surface. Such kinds of grains are not
found in the as-grown m-plane ZnO layers, whose surface roughness decreases after
thermal annealing treatment. The difference between the as-grown ¢- and m-plane ZnO
layers is considered to result from the domain matching epitaxy.

Each BSF in ZnO has the zinc blend structure sandwiched by the wurtzite barriers
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and leads to the energy band alignment of type-II quantum-well that results in in-direct
excitons consisting of electron in the QW and hole at the vicinity of barrier. From the
low-temperature PL spectra of the ZnO layers, the dominant emission centered at ~3.321
eV is ascribed to the transition associated with the BSF-bounded excitons (~3.34 eV)
which also further be trapped by the localization states resulted from the local defects
and/or the wave function of electrons coupling between bundled BSF quantum wells at
low temperature. The transferring of the BSFs-bound excitons among these localization
states are observed, which is attributed to the exciton-phonon interaction and/or the
tunneling effect, and the thermal energy is able to frustrate the localization effect.
Through the TR-PL spectra with high excitation power, the screening effect is observed in
the type-II QWs formed by the BSEs.

In these researches, the ALD method shows the features of low temperature growth,
high uniformity of large area, thickness controlling in atom scale, high surface flatness,
and epitaxial layer growth. These as-grown ZnO.‘layers reveal the residual organic
functional groups, which are attributed to the un-completely chemical reaction and able to
be eliminated by the thermal annealing treatment with temperature above 400 °C. Such
residual organic functional groups could be the restriction of following fabrication of

structures.
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7.2 Prospective

So far, the research of the ZnO material has accumulated much research, and based
on ZnO material modulating the electronic and optical properties of the material has been
also attracting more and more research attention. However, the reports about using ALD
to modulate the properties of ZnO material are still rare. The deposition with sequential
self-terminating chemical reactions is reasonably considered to be able to deposit the
layers of different materials layer-by-layer along growing direction, which is different
from the traditional high vacuum deposition technique. Based on these features of ALD,
the multi-layer structure consisting of different materials with specific design on thickness
and periodicity is expected. Hence, sthet ALD technique is going to be used for
depositing the superlattice structure consists of the,ZnO: material and other oxide material.
By taking the advantage of the thermal annealing technique the alloy material based on
ZnO with high concentration which is difficulfly obtained through the traditional ways are
expected to be fabricated by the ALD.

The observation of the BSFs reveals some attracting emitting properties, which
probably belong to the ZB ZnO. The properties of the ZB ZnO could be observed
indirectly by taking advantage of the BSFs, but the efficient way for fabricating ZB ZnO
layer is still lack. The ALD is expected to fabricate the ZB ZnO layers by using specific

substrate such as the ZnS.

102



