Chapter 1 | ntroduction

1.1 Properties of theZnO

ZnO with hexagonal wurtzite structure (lattice danss a = 3.2438 and c =
5.2036 A as shown in Fig. 1-1.1) has many attractivoperties such as direct wide
band gap (E= 3.3 eV) and large exciton binding energy (~60Vinat room
temperature, significantly larger than that of Zn@2 meV) and GaN (25 meV),
native tendency afi-type electric property, piezoelectricity, and sparency. These
properties make ZnO thin film a potential matefal many applications such as the
ultraviolet light emitters °, piezoelectric transducérstransparent electronic$
surface acoustic wave deviceand solar celis®. But the ZnO films are required to
have high crystal quality for most applications. \#® choose the c-plane sapphire as
the substrate. The c-plane sapphiréd(,O3; with a rhombohedral crystal structure
and lattice constants = 4.7588A and ¢ = 12.992As commonly adopted as the
substrate for ZnO growth because the reasonablis epsl good quality of ZnO
obtained. On c-sapphire, ZnO preferentially grawth its c-axis aligned with the

c-axis of sapphire.
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Fig. 1-1 Schematic representation of a wurtziti©Atructure

1.2 Introduction of the Thin Film Technology

In order to obtain good quality of ZnO thin film,d&cular beam epitaxy (MBE),
metal organic chemical vapor deposition (MOCVD) and pulsed laser deposition
(PLD)™" ** have been widely employed to grow ZnO epitaxiah tiims with high
structural quality. Recently, atomic layer deposit (ALD) has attracted much

attention for its application in ZnO growth

1.3 Motivation

ALD is is a self-limiting growth process with coalied surface reaction where
the growth rate is only dependent on the numbegrofvth cycle and the lattice
parameter of materials. ALD growth process has nmadwantages such as accurate
thickness control, large-area deposition, high amiity, high reproducibility, high

covering ratio, low growth temperature, and thelitgbiof producing sharp and
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tailored interface$. Therefore, ALD is particularly suitable for tii@brication of
high quality multi quantum well (MQW) structures.

However, it is rather strange that there are vewy ifeports on deposition of ZnO
thin films by ALD""". In this paper, ALD method is employed to fabrcanO
epi-films on c-plane sapphire.

1.4 Organization of thisThesis

Besides this chapter, the thesis includes otherdbapters. In chapter 2 we will
show the theoretical background of the experimeshsas atomic layer deposition
(ALD), atomic force microscope (AFM), scanning eéfea microscopy (SEM), X-ray
diffraction (XRD), Photoluminescence (PL), transsios electron microscopy (TEM).
In the chapter 3, we display the details of expentrand the measurement apparatus.
The structural characteristics and optical emisgooperties of the as-grown and
thermally annealed ZnO films were thoroughly stddiey both scattering and
microscopic methods, including XRD, TEM, AFM, SEML. And the effects on
thermal annealing to the structural propertiesimvestigated in the chapter 4. Then

we made a conclusion in the final chapter.
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Chapter2 Theoretical background

2.1 Atomic Layer Deposition (ALD)*

Atomic Layer Deposition (ALD originally named ALEAtomic Layer
Epitaxy) was as a new deposition technique usimgnital vapor deposition(CVD).
It is a thin film deposition technique that is béigm the sequential use of a gas phase
chemical process. Here we use@las an example (Fig2-1).  First, to deposit Al
layer, in step 1 and 2, Trimethyl Aluminum (TMA)aas with the adsorbed hydroxyl
groups on Si. Until the surface is saturated wiitmethyl-Aluminum complex in
step 3, the extra trimethyl-Aluminum will no longezact with the hydroxyl groups.
This causes the perfect uniformity of deposition iIAIALD. Before proceeding
further, the residue TMA has to be pumped out. stép 4 and 5, D reacts with the
dangling methyl groups to form aluminum-oxygen @J-bridges and hydroxyl
surface groups. Therefore, one cycle is finisidds cycle will be repeated over

and over again to grow the desired thickness offthm.



Fig. 2-1 The ALD example of the AD; reaction. (1)(2) TMA reacts with the
adsorbed hydroxyl groups; (3) Surface is saturafé@d5) HO reacts with the
dangling methyl groups; and (6) One cycle finisfRef. 1]

Using ALD, film thickness depends on the numberexdction cycles, which

makes the thickness control accurate and simpléis gives large area (large batch

and easy scale-up) capability, excellent unifornatyd reproducibility. Also, the

growth of different multilayer structures is stlaigorward. These advantages make

the ALD method attractive for microelectronics fonanufacturing of future

generation integrated circuits. Another advant@igaLD is the wide range of film

material with high density and low impurity level. Also, lower deposition

temperature can be used in order not to affectitbensubstrates such as organic

substrates.



2.2 Atomic Force Microscope (AFM)?

The atomic force microscope (AFM) or scanning fonaseroscope (SFM) was
invented in 1986 by Binnig, Quate and Gerber. Bimio other scanning probe
microscopes, the AFM raster scans a sharp probetbeesurface of a sample and
measures the changes in force between the probantipthe sample. (Fig.2-2)
illustrates the working concept for an atomic fonsieroscope. A cantilever with a
sharp tip is positioned above a surface. Dependinthis separation distance, long
range or short range forces will dominate the adBon. This force is measured by
the bending of the cantilever by an optical lewahnique: a laser beam is focused on
the back of a cantilever and reflected into a ptietector. Small forces between the
tip and sample will cause less deflection thanddogces. By raster-scanning the tip
across the surface and recording the change ie fasca function of position, a map

of surface topography and other properties carebemgted.
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Fig. 2-2 Scheme of an atomic force microscope dmel force-distance curve

characteristic of the interaction between the tig sample. [Ref. 3]

The AFM is useful for obtaining three-dimensionappagraphic information of

insulating and conducting structures with later@éolution down to 1.5 nm and

vertical resolution down to 0.05 nm. These sampiehide clusters of atoms and

molecules, individual macromolecules, and biolagispecies (cells, DNA, proteins).

Unlike the preparation of samples for STM imagirigere is minimal sample

preparation involved for AFM imaging. Similar to BToperation, the AFM can

operate in gas, ambient, and fluid environments Gardmeasure physical properties

including elasticity, adhesion, hardness, frictaord chemical functionality.

Modes of operation for the AFM

The three general types of AFM imaging areddntact mode, (2) tapping mode and

(3) noncontact mode.



1. Contact mode is the most common method of operation of the ARM & useful
for obtaining 3D topographical information on namostures and surfaces. As the
name suggests, the tip and sample remain in clos@ac as the scanning proceeds.
“Contact” represents the repulsive regime of thterimolecular force curve. Most
cantilevers have spring constants < 1 Nm, whidkss than effective spring constant
holding atoms together. One of the drawbacks eftijh remaining in contact with
the sample is that large lateral forces can betedeon the sample as the tip is
dragged over the specimen. These large forcesesait in deformed images and
damaged samples. Small lateral forces, howevarbeaised to provide information
on the friction (drag resistance) between the tid aample in a mode known as

lateral force microscopy (LFM).

Scheme of contact mode imaging [Ref. 3]

2. Tapping mode is another mode of operation for AFM. Unlike theeogiion of
contact mode, where the tip is in constant contattt the surface, in tapping mode
the tip makes intermittent contact with the surfacAs the tip is scanned over the
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surface, the cantilever is driven at its resonamtjdency (hundreds of kHz).

Because the contact time is a small fraction obdsillation period, the lateral forces

are reduced dramatically. Tapping mode is usyakyerred to image samples with

structures that are weakly bound to the surfacaomples that are soft (polymers, thin

films).

Scheme of contact mode imaging

3. Non-contact mode is a method where the cantilever is oscillatsalve the surface

of the sample at distance such that it is no lomgehe repulsive regime but in the

attractive regime of the inter-molecular force @irv The operation of non-contact

imaging is quite difficult in ambient conditionsdagise of the existing thin layer of

water on the tip and the surface. As the tip mught close to the surface, a small

capillary bridge between the tip and the sample aalise the tip to

“jlump-to-contact.”
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Scheme of non-contact mode imaging

The choice for which AFM mode to use is based ensilirface characteristics of
interest and on the hardness/stickiness of the Isamg@ontact mode is most useful
for hard surfaces; a tip in contact with a surfadamyever, is subject to contamination
from removable material on the surface. ExcesBivee in contact mode can also
damage the surface or blunt the probe tip. Tappiode is well-suited for imaging
soft biological specimen and for samples with psarface adhesion (DNA and
carbon nanotubes). Non-contact mode is anothefulusgode for imaging soft
surfaces.

2.3 Photoluminescence (PL)

Photoluminescence (PL) is very useful and powedptical methods in the
semiconductor industry, with its sensitive abilityfind the emission mechanism and
band structure of semiconductors. From photolusteece the defect or impurity
can also be found in the compound semiconductang;hnaffect materials quality
and device performance. A given impurity produaeset of characteristic spectral
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features. The fingerprint identifies the impuritype, and often several different
impurities can be seen in a single PL spectrum. addition, the full width of half

magnitude of each PL peak is an indication of safaptjuality, although such
analysis has not yet become highly quantitative.

Photoluminescence is the optical radiation emitbyda physical system (in
excess the thermal equilibrium blackbody radiatioggulting from excitation to a
nonequilibrium state by irradiation with light. e processes can be distinguished:
(i) creation of electron-hole pairs by absorptidntlee excited light, (ii) radiative
recombination of electron-hole pairs, and (iii) @se of the recombination radiation
from the sample. Since the excited light is absdrim creating electron-pair pairs,
the greatest excitation of the sample is near tindacse; the resulting carrier
distribution is both inhomogeneous and nonequiliiri In attempting to regain
homogeneity and equilibrium, the excess carrietsdiffuse away from the surface
while being depleted by both radiative and nontadkarecombination processes.
Most of the excitation of the crystal is therebsgtrieted to a region within a diffusion
length (or absorption length) of the illuminatedrfacse. Consequently, the vast
majority of photoluminescence experiments are gedrto examine the light emitted
from the irradiated side of the samples. This ftero called front surface
photoluminescence.
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2.3.1. Fundamental Transition

Since emission requires that the system be in &quolibrium condition, and
some means of excitation is acting on the semictioduo produce hole-electron
pairs. We consider the fundamental transitionsséhoccurring at or near the band
edges.

1. Free excitons

A free hole and a free electron as a pair of opposharges experience a
coulomb attraction. Hence the electron can orbdgualihe hole as a hydrogen-like
atom. If the material is sufficiently pure, the@rons and holes pair into excitons
which then recombine, emitting a narrow spectraielli In a direct-gap
semiconductor, where momentum is conserved in @lsimadiative transition, the
energy of the emitted photon is simply

hv = E; — Ey
where F and E are the band gap and the exciton binding energy.
2. Bound excitons

Similar to the way that free carriers can be botm{point-) defects, it is found
that excitons can also be bound to defects. Alfiide can combine with a neutral
donor to form a positively charged excitonic iorn this case, the electron bound to

the donor still travels in a wide orbit about thendr. The associated hole which
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moves in the electrostatic field of the “fixed” dip, determined by the instantaneous
position of the electron; for this reason, this pter is called a “bound exciton”.
An electron associated with a neutral acceptofsis a bound exciton. The binding
energy of an exciton to a neutral donor (acceptonsually much smaller than the
binding energy of an electron (hole) to the dormcéptor).
3. Donor-Acceptor Pairs

Donors and acceptors can form pairs and act asrsigy molecules imbedded in
the host crystal. The coulomb interaction betwaelonor and an acceptor results in
a lowering of their binding energies. In the deaoceptor pair case it is convenient
to consider only the separation between the domaitlze acceptor level:

pair = Bg — (Ep — Ea) + £

where y is the donor-acceptor pair separatiop,adad E are the respective ionization
energies of the donor and the acceptor as isolatedrities.
4. Deep transitions

By deep transition we shall mean either thesiteon of an electron from the
conduction band to an acceptor state or a transitmm a donor to the valence band
in Fig. 2-3 Such transition emit a photdiv = E; — E; for direct transitions and
hv = E;, —E, —E, ifthe transition is indirect and involves a pharaf energy &
Hence the deep transitions can be distinguishef )asonduction-band-to-acceptor
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transition which produces an emission peak lat=E; —E, , and (2)
donor-to-valence-band transition which produces anmtdssion peak at the higher

photon energyhv = E; — Ep.

= Vv

Fig. 2-3 Radiative transition between a band anohgurity state.

5. Transitionsto deep levels

Some impurities have large ionization energiesietioee, they form deep levels
in the energy gap.  Raditive transitions betwe@asehstates and the band edge emit
at hv = E; —E;.°
2.3.2 Influence of high excited light intensity

The photoluminescence conditions as showedréedoe excited by the low
excitation light intensity. At low excitation lighntensity (low density regime in
Fig.2-4) the photoluminescence optical propertiege aetermined by single
electron-hole pairs, either in the exciton stateésiro the continuum. Higher
excitation intensity (intermediate density reginmeHig.2-4) makes more excitons,

such condition would lead to tleciton inelastic scattering processes and form the
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biexciton. The scattering processes may lead to a col-broadening of th
exciton resonances and to the appearance of newndsoence banc to and

excitationinduced increase of absorption, to bleaching aptical amplification, i.e.

to gain or negative absorption depending on thetaian conditions.

the sample even harder, we leave the intermediadeaarive at the high ensity
regime in Fig.2-4where the excitons lose their identity as indidquasiparticle

and where a new collective phase is formed whickniswn as theelectron-hole

plasma (EHP).°

exciton O]
g D°XBEC
- Q
>
0F @
85 O
EE | - )
E g N — © scattering
.2
B @
R aVaVaWas
oo &
5 80 @
5.5 ®®O biexciton
w
d o
£ 5
E5

©
A~ O O]
TIRE | N2
~~ro~o= |EHP D5
AN - o0
e | © 0

@ @

low density

’ regime

intermediate
> density
regime

high
> density
regime

[— sample

Fig. 2-4 The general scenario for meparticle effects in semicaluctor: [Ref. 7].
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1. Scattering Processes

In the inelastic scattering processes, an excg@tattered into a higher excited
state, while another is scattered on the photangikrt of the polariton dispersion and
leaves the sample with high probability as a luetesce photon, when this
photon-like particle hits the surface of the sampleThis process is shown
schematically in Fig.2-5 and the photons emit ishsa process have energies E

given by Ref.9

where n=2,3,4,...,.E7=60 meV is the binding energy of the free excitorZnO,

and KT is the thermal energy. The resulting ermrsdbands are usually called

P-bands with an index given by n.

energy
-

continuum

Eexciton

Wave vector

Fig. 2-5 Schematic representation of the inelastmton-exciton scattering processes.

[Ref. 8]
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2. Electron-Hole Plasma

In this high density regime, the density ofctlen-hole pairs pis at least in
parts of the excited volume so high that their agerdistance is comparable to or
smaller than their Bohr radius, i.e., we reachréital density” n; in an EHP, given
to a first approximation by

agn, =1

We can no longer say that a certain electron is\dda a certain hole; instead,
we have the new collective EHP phase. The tramsitb an EHP is connected with
very strong changes of the electronic excitationsl #he optical properties of

semiconductors.

2.4 Scanning Electron Microscope (SEM)

The principle of the SEM, used for examining ada@pecimen in the emissive
mode, is closely comparable to that of a closeclidiTV system shown in Fig.2-6

In the TV camera, light from the object forms arage on a special screen, and
the signal from the screen depends on the imagesity at the point being scanned.
The signal is used to modulate the brightnessaattlaode ray tube (CRT) display, and
the original image is faithfully reproduced if F2g6(a) the camera and display raster

are geometrically similar and exactly in time, afid.2-6(b) the time for signal
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collection and processing is short compared wightiime for the scan move from one

picture point to the next.

In the SEM the object itself is scanned with thece#bn beam and the electrons

emitted from the surface are collected and amglif@ form the video signal. The

emission varies from point to point on the specinsemface and so an image is

obtained. Many different specimen properties cagetions in electron emission

and so, although information might be obtained alatithese properties, the images

need interpreting with care. The resolving powértlee instrument cannot be

smaller than the diameter of the electron probersog across the specimen surface,

and a small probe is obtained by the demagnifinatib the image of an electron

source by means of electron lenses. The lensgw@be forming rather than image

forming, and the magnification of the SEM imagedetermined by the ratio of the

sizes of raster scanned on the specimen surfaceratie display screen.

For example, if the image on the CRT screen is I8@uoross, magnifications of

100X and 10000X are obtained by scanning areas@sgecimen surface 1mm and

10um across, respectively. One consequence is thhtrhagnifications are easy to

obtain with the SEM, while very low magnificatioase difficult. This is because

large angle deflections are required which implydaevibore scan coils and other

problem parts, and it is more difficult to maintascan linearity, spot focus and
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efficient electron collection at thextremes of the scan.

Camera

Video Scan
amplifier generator
I v
Gun
'

Display CRT

Fig. 2-6 (a) Closed circuit TV

Display CRT

Scan generator

Video amplifier <_{_-- Gun

Specimen

Fig. 5.1(b). Scanning electron microscope.

Fig. 2-6(b) Scanning electron microscc [Ref. 10].

2.5 Transmission Electron Microscope (TEM)

Transmission electron microscope (TEM) is a micopsctechnique whereby

beam of electron is transtted through an ultra thin specimen as it passesi¢in. An

image is formed from the interaction of the elestrotransmitted through tt

specimen, the image is magnified and focused ontanege device, such as

fluorescent screen, on a layer of pheaphic film, or to be detected by a sensor ¢

-21-



as a CCD camera.

TEM are capable of imaging at significantly higheesolution than light

microscopes, owing to the small de Broglie wavellergj electrons. This enables the

instrument to be able to examine fine detail — ew&small column of atoms, which is

tens of thousand times smaller than the smallesblvable object in a light

microscope. TEM forms a major analysis method irarzge of scientific fields, in

both physical and biological sciences.

A modern electron microscope usually consistsaof electron source and an

assembly of magnetic lenses according to the scherrigy 2-7, where the ray path

diagrams are shown in the cases when an imageddifraction pattern (DP) are

produced. The image or the DP is then displayed dluorescent screen or on a

monitor.
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Fig. 2-7 Scheme of the lens assembly and the rdy giagram forming the image
(left) or the diffraction pattern (rightjRef. 11]

2.6 X-ray Diffraction

X-ray diffraction is a well established techmeqgfor structure determination of
three-dimensional crystals. The diffracted intgngrom crystal is collected by
proper arrangement of diffractometer to match theud. condition in sample
reciprocal lattice. The four-circle diffractometatilized consist of four rotatable
circles, which ar®, 20, y andg circle; the D circle is the detector axis controlling the
magnitude of scattering vector q. The x, and 8 circles control the sample
orientation. When the g vector coincides with thecific reciprocal lattice vector g,

-23-



the Laue condition is satisfied. Conceptually, theangle is equivalent to the
azimuthal angle and thg angle is related to the polar angle of crystal.
1. Radial Scans

Radial scans collect scattered X-ray intensityle the scattering vector q is
scanned along the any radial directions in reciptospace. The most
commonlyperformed radial scan is the one along $&arsprface normal, which is
often known as th€é-20 or »-20 scan as shown iRig. 2-8. From the positions of
diffraction peaks we can determine the correspanditerplanar spacing along the
direction of g and the linewidth of the diffractiqmeak can yield the structural
coherence length (grain size) and inhomogeneoasnsiong the same direction.
Similar to the radial scans along surface-normatdlial scans along in-plane and
off-normal direction for reciprocal lattice of ciented ZnO are shown in (a) (0002)
(b) (2010) and (c) (1012) planes of Fig. 2-9, resipely.  They can provide the

interplanar spacing, structural coherent lengthngla@orresponding direction.

0-20 scan

—

Fig. 2-8 The diagram shows the radial scan alomjasel normal of XRD and

corresponding variation of q vector in reciprogadce.
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Fig. 2-9 The diagram show the reciprocal

lattice deoriented ZnO and the radial

scans along surface-normal, in-plane and off- nérdieection, respectively.

2. Rocking Curve (m-scan)

For a given incident x-ray direction

and detectarsipon, scattered x-ray

collected while the crystal is rotated or calledked through the Bragg anglés.

The resulting intensity vs the sample angular pwsh or equivalentlyn=6—-0g yields

the rocking curve. The width of a rocking

curveaislirect measure of the range of

orientation distribution, mosaicity, present in thradiated area of the sample because

each subgrain of a typical mosaic crystal succesisomes into reflecting position

as the crystal is rocked, as shown in Fig. 2-10(&ocking curve performed at

reflections along surface-normal is sensitive itig(fpolar) angle distribution of the
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sample; on the other hand the rocking curved medsairsurface Bragg peaks mainly
reflect the twist (azimuthal) angle distributiontbe sample, because the variation of
scattering vectorAq is perpendicular to the radial direction of cepending

reflections, as shown in Fig. 2-10(b).

(a) Bad Quality Sample

Qe

Substrate

Good Quality Sample

EEREEES

Substrate

)
i
L~
9

S 4

Fig. 2-10 The diagrams show the orientation distidn of subgrains of a typical
mosaic crystal (a) and the rocking curve of XRD aodresponding variation of q
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vector (b).

3. Azimuthal Scan

Azimuthal scan means measuring the diffraction nsity as a function of
azimuthal anglep by rotating the sample along an axis which is Uguyzarallel to
surface normal or, in some cases, to a specifistaifggraphic axis. Figure 2-11
illustrates schematically the reciprocal lattice afc-oriented ZnO film. Using
azimuthal scan, we can study the symmetry andairgsiality of the grown film and

determine its relative orientation with substratepitaxy.
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Fig. 2-11 The diagram show azimuthal scan acrassffinormal ZnO(1014) peak.
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Chapter3 Experimental Process Detail

3.1 Samples prepar ation
3.1.1 Surfacetreatment of the substrate

C-plane sapphire was cleaned by sequential D.enatetone/D.l. water rinse

for 5min/5min/5min and then blew dry withylgas.

3.1.2 Thegrowth of ZnO thin film

The cleaned sapphire substrate was then put iatdltd reactor (SYSKEY Ltd.,
Taiwan Fig 3-1), heated to 200°C, and held at termperature for 30 min. prior
deposition. Diethylzinc (DEZn with chemical formwazn(GHs),) and HO, kept in
reservoirs at 25°C, were used as zinc and oxygewupsors, respectively. The
growth cycle consists of precursor exposures anduxge following the sequence of
DEZn/No/H,0O/N, with corresponding duration of 5s/15s/5s/15s.(Fi®)3 The
substrate temperature was maintained at 200°C uhderacuum of 1~2 torr during
the deposition. The reaction repeated 200 timealfdhe studied samples. Ideally,

two cycles of reaction yield a unit cell of ZnO ad¢pthe c-axis; 200 cycles would lead
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to 100 unit cells along the growth direction eqlewato a thickness of about 52 1

Fig. 3-1ALD system made by SYSKEY Ltd Taiw

Precursor Pulse process(step 1):

+ l
s Dip process (steps 2and 3):

N, Gas Purge (purge):

T P

Fig. 3-2 The diagram of ALD procedure se

Vacuum process{pump):

§

3.1.3 Thermal annealing of ZnO thin film

Thermal annealing was performed at temperaturegingaifrom 300°C, 700°C
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800°C for 1.5 hr in pure oxygen gas at 1 atm.
3.2 X-ray diffraction

The X-ray measurements were conducted using aciotle diffractometer at
beamline BL13A of National Synchrotron RadiationsBarch Center (NSRRC) with
incident wavelength 1.02473 A.  Two pairs of slitsated between the sample and a
Nal scintillation detector were employed and yielde typical resolution of better

than 510% nm™*.

3.3 Transmission Electron Microscope system

Cross sectional TEM specimens with the thicknessbmdut 90+£10 nm were
prepared by focused ion beam (FIB). TEM imagesewken with a Philips

TECNAI-20 field emission gun type TEM.
3.4AFM system

Surface morphology and roughness of the ZnO laysewneasured by tapping
mode AFM (Veeco Dimension 5000 Scanning Probe Mioope, D5000) at National
Nano Device Laboratories.

3.5 SEM system
The morphology of ZnO nanowires were observedheyField Emission Gun

Scanning Electron Microscopy (FEG-SEM )[Hitachi @88] at National Nano

Device Laboratories. The accelerated voltage is30/ and the magnification is

20-300k times.
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3.6 Photoluminescence detection system

A UV He-Cd laser (Kimmon IK5552R-F) operating at weéength 325nm is
utilized as the pumping source for Photoluminesee(ieL). Fig.3-3 shows the
block diagram of PL detection system, it includes teflective mirror, focusing and
collecting lenses, and the single-grating monoclatons (TRIAX 320) with a
photo-multiplier tube (PMT-HVPS) which is equippedth a photon counter.
The TRAIX 320 monochromator has three selectalagirgys of 600, 1200 and 1800
grooves/mm.  The normal applied voltage of PMBG® KV.  We used standard
fluorescent lamps to calibrate our spectral resparfsspectrometer and detection
system. The signals of PL spectra are exposeut @&blsec at each step of 0.1nm.
The 0.1nm-resolution can be resolved with this nobnemator while the entrance
and exit slits are both opened about 50 m p .

We use the HP-8453 UV-VIS spectrometer for thendmaission spectra
measurement. The scan range of the wavelengtions 350nm to 600nm and

increment is 0.1nm. The incident light was perpeuldr to the sample.
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He-Cd laser (325 nm)

—N\

Triax 320

. M4 (Focus lens) !

M1

M 3 (Focus lens)

Sample holder

Fig. 3-3 PL detection system
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Chapter 4 Results and  discussion

4.1 Surface of the ZnO thin films

We use SEM measurement (Fig. 4-1) to observe theepgsited ZnO thin
film fabricated by ALD. It is obviously that there thin film grown on the sapphire
with sharp interface. By using the softwdraage Tool with the scale the machine
given we measure the thickness of the thin film,sitabout 48.295nm. The
measurement data have difference with the thealetialue. (lattice constants
c=5.2036 A, (c*100)layers=52.036nm) The thicknésslittle less than the
prediction could be attributed to the low initiatogth rate. This is the results
of the inhibited growth mode at the initial growtk. is mentioned in this
ALD review articlé

Through the AFM measurement (Fig. 4-2) we know ri@phology of thin
film is smooth. The surface root mean square (rmsighness of the un-anneal
sample is 1.6nm. It shows the ALD has the grearaitter of high uniformity.
After annealing at 80Q the surface rms of the annealed sample becomeaserto
about 5.7nm. The reason why the uniformity becawarse is the inner
reconstruction of the thin film.
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48.295nm

Fig. 4-1The ZnO thin film Cros-Section image of SEM

0 0
0 2.5 5.0 0 2.5 5.0
pum um

Fig. 42 The AFM images of the -grwon ZnO thin film (a) before ar
(b) after annealing.

4.2 Results of XRD
4.2.1 6-260 scan
The radial scang¢26 scan) along surface normal of ardeposited ZnO laye

grown on a csapphire and the annealed sample at 300°C, 700843@0°C is show
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in Fig. 4-3

(0002,, Without annealing
(10:_L1)Zn0
’:? 300°C annealed
CU. |
N—r |
b A ! . ! N
D 700°C annealed
c
(€D) ‘
<+ 1
c
— 800°C annealed

231 238 2.'4[5 . 252 250 266
q, (ATl

Fig. 4-3 The radial sca®{6 scan) of the samples

The peak centered g, momentum transfer along surface normal is abot@®
A and the as-deposited sample without annealinlsjian interplanar spacing
~2.608 A. This value is 0.24% larger than thepacing of bulk ZnO (0002) planes,
doooz We thus assign this peak to ZnO (0002) reflectdnhigherq, side, a broad
peak centered at ~2.53"Ais close to (1011),, reflection.Besides the reflections
from sapphire substrate, no other peak generated ZINO was observed, indicating
the as-deposited ZnO layer is mainly c-plane oeentvith a small fraction of

(011),,, -oriented domain coexisting. After thermal anneglithe (1011),,
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reflection disappears; the peak of ZnO (0002) sh@nm up and intensity

enhancement of the ZnO (0002) reflection, a signtha increase of structural

coherence along the growth direction. Moreoveg, tittice parameter along c-axis

systematically decreases with increasing annedbngperature as revealed by the

shift of the (0002) reflection to the highgrvalue and approaches the bulk value to

within 0.02% after 800°C annealing.

From the full width at half maximum (FWHM) of then® (0002) reflection,

the grain size is estimated by using the Scheregigation. We plotted the grain

size as a function of annealing temperature in &i4. Through the Fig. 4-4, the

increasing grain size indicates the quality of il becomes better by increasing

the annealing temperature from 300to 800C. The grain size of the

300C -annealed sample did not get improvement is prgbaind to not high enough

annealing temperature. The low annealing tempegratowld probably eliminate the

residual hydroxyl or methyl of the ZnO film but doeot have the annealing effect

on ZnO film.
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Fig. 4-4 the grain size of these samples as a iamatf annealing
temperature.

4.2.2 The 0-scan (rocking curve)

The ZnO (0002p-rocking curves of the as-deposited and annealegles are
illustrated in Fig. 4-5(a), All the curves are carspd of a shape peak with typical
FWHM of less than 0.02° and a broad peak whose FW&itMo orders of magnitude
larger than the central sharp peak. The broad caepmas attributed to the diffuse
scattering from the structural defects, such askstg faults and dislocations, and
misoriented grains. Such a pronounced diffuse compohas hardly been observed
in ZnO epi-layers grown by PLD or MOCVD and indestthe intrinsic difference

between the structural characteristics of the Zagerns grown by ALD and other
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methods. In Fig. 4{b), afte annealing the FWHMbf the sharp compone (Ps)
showed mild improvement from 0.017° to (5°. In contrast, th& WHM of broad
component (B) exhibits a monwnic reduction from 2.53° for the -deposited film
to 0.91° for the 800°C annealed sample, evidentliegsignificant improvement «

structural perfection by the thermal treatmer

(a)

J X40 without annealing

/__JLX40 @ 300°C annealed

X7
@ 700°C annealed
//l@ 800°C annealed

Intensity (a.u.)

21 14 07 00 0.7 14 2.1
A0 [deg.]
3.0
g -4 2.5 3
S, =
()
o 8
[ = 2.0 m
=< =
w (o]
o’ J15 =
xI
(o]
= =
L
< 41.0
; -
L
1.4 .

0 . 2(.)0 . 4(.)0 . 6(.)0 . 8(.)0
Annealing temp. [ °C]
Fig. 4-5 (a)f-rocking curves of the -deposited and annealed sam (b)

the FWHMof broad compone (P;) and sharp compone(®s)
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4.2.3 The azimuthal cone scans (®-scans)

In order to determine the epitaxial relationshipwzen the ZnO layers and the
substrates, we performed azimuthal cone scamscans) across the off-normal
{10]_1}Zno and {1156}N203 reflections, as illustrated in Fig. 4-6(a). Forthbo
as-deposited and annealed ZnO layer, the scanssatd:r@{l(]_l} o reflections show
six-fold symmetry confirming the hexagonal symmetryhe angular positions of
these peaks are offset from that of the $b1§6} a,0, Teflections by 30° and presents
the in-plane relationship 0(1(]70}Zno ||{1dD} a,0,» the “aligned orientation”. It is also
noticed that the FWHM of the{l(]_l} o Peaks drastically decreases from 6.75° for
the as-deposited sample to 2.48° for the sampée 860°C thermal treatment, again
indicating the significant improvement in twist dehation upon annealing. Carefully
examining thed-scan of as-deposited sample, we found anotheofseeak peaks
with six-fold symmetry appearing at the same angptzsition as {1156} a0, THiS
observation reveals the existence of a small fvactof c-plane ZnO ha
{1a0},,, [|{11D} , , orientation, the “twisted orientation”. In Fig.64b), estimated
from the integrated intensity (twisted orientatidn,; aligned orientation:,), the
fraction of the minor twisted orientation /b)) decreases monotonically with
annealing temperature from ~4.2% in as-deposited fo ~0.03% after 800°C
thermal annealing.
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Fig. 46 (a) the azimuthal cone scar®-scans) of samples (b) t

fraction of the minor twisted orientatior/I,)

The twisted orientation, in which the lattice of@ns aligned with the oxyge
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sublattice in sapphire, is most commonly observed ZnO epi-films grown on
c-sapphiré. Its lattice mismatch with sapphire18.3% is smatn the 31.8% of the
aligned orientation, in which the ZnO lattice isgakd with the Al sublattice in
sapphire. Intuitively, the twisted orientation rseegetically favorable and indeed most
of the ZnO epi-layers grown on c-plane sapphirePh and MOCVD, VPE have
this orientatio.” The aligned in-plane orientation has been redoda ZnO
epi-films grown by PLD and magnetron sputterindgoat deposition temperatures (T
< 600°C)®™ The fraction of the domains with the aligned ofégion increases with
decreasing growth temperature and/or lower dejpositte.

The orientation of the epi-films is a result of tkempetition between the
interfacial bonding, elastic energy and surfacerggnen view of the energetics of
interfacial bonding, the much larger bond energ®lO (511 kJ/mol) bond than the
Zn-O bond (271 kJ/mol) favors the O-Al=0-Zn configtion, i.e., bonding of the O
in ZnO with the Al in sapphire substrate, and letidthe alignment of Zn terminated
ZnO lattice with Al sublattice. But from the aspedtsmaller lattice mismatch and
higher thermodynamic stability of O-terminated Zs@facé? the configuration with
twisted orientation is preferred. I. Ohkuleb al. attributed the prevalence of the
aligned orientation at low temperatures to Al teration of sapphire surface and the
dominance of local interface energy when the gropribcess in kinetics limitéd”.
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According to this argument, the low operation terapge of ALD favors the
formation of observed aligned orientation but tiéeifacial bonding mechanism
should be different because of the alternative &iom of Zn and O atomic layers
during two separate half reactions.

The topmost surface of a sapphire wafer after Westning is terminated by
hydroxyl groups and due to its high stability iti&nown difficulty of creating an OH
free sapphire surface not mentioned by the mildihgaretreatment adopted in our
proces$’. According to the ALD growth sequence, the zinecprsor DEZn with the
chemical structure of CHCH,-Zn-CH,-CHs is first supplied onto the substrate
surface. One ethyl of the DEZn reacts with the bygr at the sapphire surface and
make the zinc atom bonded with the oxygen of thed=@AH to form
the —Al=0-Zn-CH—CH; at the substrate surface. Volatile organic by-pobdEthane
is pumped away and the residual functional group/leprevents the continuous
growth of deposited material due to the self lingtieffect. Subsequently introduced
H,O reacted with ethyl group and form -Zn=0-H termémbsurfac® After this point,
the rest of the film growth can be considered amdwpitaxy. The initial bonding of
DEZn to the Al atom in sapphire, —Al=0-Zn-GHCHs, anchors the orientation of the
ZnO layer, which follows the orientation of the #lblattice in sapphire and yields the
observed aligned orientatiofLA0} ,,, || {LAO} s, -
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4.3 Resultsof TEM

It is well known that structural properties yieldeg x-ray scattering are an
ensemble average over the macroscopic illuminatdaime, typical of mm On the
contrary, microscopy probes microscopic featuresr amuch more localized region.
As a complementary, we also performed TEM measumgsman the ZnO epi-layers.
lllustrated in Fig. 4-7(a) is a cross sectional TEMage along the[l120],,,, zone
axis, in which ZnO grains with planes of 5.2 A mplenar spacing parallel to the
interface can be well resolved. The selected desdren diffraction (SAED) pattern
(Fig. 4-7(b)) confirmed the(0001)< 1100>, , || (0008 1109,,,, orientation in
agreement with XRD observation. However, numeroefeals of various kinds
distribute throughout the grown film. Figure 4-)/{€ the image of 800°C annealed
sample taken under the same pole; the local emeege of the area near the
ZnO/Al,O3 interface is shown in the inset. Drastic strudturaprovement was
observed. Unlike the case of ZnO epi-layers grownPhD** and p-MBE where
edge-type threading dislocations are the dominanttsiral defects in the film bulk,
the contrast lines in the basal (0001) plane vétarhl extension of the order of 10 nm
(some of them are marked by arrows) are the mgjofitefects found in ALD grown

ZnO epi-films.
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Fig.4-7 (a) Asdeposited samplcross sectional

TEM image along the [1120],,,; (b)The

selected ®ea electron diffractic (SAED)
pattern of800°C anneale (c)image of 800°C
annealed sample taken under the same

To characterize the nature of the lateral lines pedormeddiffraction contras
analysis on the imagex the 800°C annealed sam. The bright field images of tf
same region taken alo [1120] pole and with diffraction vectog set to (0002)
(1011) , and (1010) are shown in Fis. 4-8a), (b) and (c), respective. Depending
on the type of error in stacking sequence or edemily the displacement vectR,
which defines the relative displacement between the urd@dulattices above ar
below the fault, the basal plane stacking faultswartzite crysta structure are
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generally divided into three types: two intrinsitzes named;land b and an extrinsic
one named E. The displacement vectors associatedhva |, I, and E type of basal
plane stacking faults are(lg<2§03> , %<1100> , and %(OOOi} , respectively>?*’
According to the extinction rules for stacking fisuin TEM image, a stacking fault
will be out of contrast if the dot product of itssplacement vectoR with the
diffraction vectorg used for imaging equals tam2, where n = 0#1, +2, ... .*® %’
Consequently, all three types of stacking faules\asible in image witlg = (1011)
and out of contrast ag= (0002). Inthe case gf= (1010), only intrinsic stacking
faults of typesi and } are in contrast. Examining the images taken uddésrent
diffraction vectors, we found about all the latdnaés visible in Fig. 4-8 (b) witly =
(1011) become out of contrast in Fig.4-8 (a) watlr (0002), confirming that basal
plane stacking faults are indeed the major strattdefects in the 800°C annealed
sample. Furthermore, the absence of obvious difteren the spatial distribution of
the lines found in images taken under (1011) and (1010), shown respectively
in Figs. 4-8(b) and (c), reveals that the stackiaglts belong to intrinsic type.
Unfortunately, we cannot further verify which typéthose stacking faults; br I,.
These lines are due to limited accessible diffeactvector under experimental
geometry.

Unlike the ZnO epi-layers grown by Ptband p-MBE on c-sapphire where
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edge-type threading dislocations are the dominauttsiral defects in the film bulk,
basal plane stacking faults are the majority aicttrral defects found in ALD grown
c-ZnO epi-films. This also explains the small Iwelth in &rocking curve of ZnO
(0002) reflection, which is not sensitive to thesdélaplane stacking faults. The
diversity in characteristic structural featuresakated to the fundamental difference in
the growth mechanism of those methods. In the oa$d.D deposition, a plume of
materials liberated from the target, consisting @fariety of energetic species, such as
atoms, ions and small clusters of the ZnO are deguben the surface and the growth
of ZnO film on c-sapphire proceeded via island eatibn followed by lateral
extension® Such a growth mode results in a film of a columstancture surrounded
by grain boundaries with high density of threaditiglocationd®. In contrast, the
intrinsic layer-by-layer growth nature of the ALDethod unfavors the initial island
nucleation and suppresses the formation of thrgadisiocations. Apparently, 800°C
annealing results in the grain growth and stimaldbe precipitation of point defects
such as vacancies or interstitials and/or the diason of dislocations together with
the slip of partial dislocations, which are knoventiae most likely mechanisms for the

generation of basal plane stacking fatfits.
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Fig. 4-8 The bright field images of the me
region taken alongfL120] pole (a) diffraction
vectorg setto (0002}b) diffraction vectorg
set to (1011) (c)diffraction vectorg set to

(1010)

> g=(1010)

4.4 Photoluminescence spectra

We carried out low temjature (LT) PL at 1B to characterize the optic
properties of the ZnO films The PL spectra of ZnO films are shown in Fi-9.
From the Fig 49(a) it shows th weak and broad emission pdakated at the 3.22 e
with two small shoulders at the 3.31nd 3.36 eV. The Fig 9¢{b), (c) and (d) show
that after annealing the emission peak at 3.36>dku@es with a narrow width, th
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peak is attributed to the recombination of excitbosind to neutral donor {X).%
And the peak at about 3.31eV which is a strong siomisis usually observed in many
PL spectra of ZnO material, and attributed to #mmbination of the donor acceptor
pair (DAP)?* And the followed emission peaks at about 3.25 &P eV are
attributed to the phonon replica of the DAP. Ig.H-9(d), the sample annealed at
80C°C reveals the BX emission with relative low intensity ratio comivay to the
DAP emission intensity. In Fig 4-9(d) the peakipos of the IX slightly shift to
high energy to 3.369 eV which could be attribut@dhie increasing of the free exciton
emission at 3.377 eV, and this also indicates #@eabsing of the oxygen vacancy.
Such phenomenon implies that the annealing temperatf 806C could eliminate
more oxygen vacancy than P@Dannealing temperature.

From TEM and XRD measurements, it indicates thatlhsal plane stacking
faults are the majority of structural defects foumd\LD grown c-ZnO epi-films after
annealing at 80, and in the Fig 4-9(d) we observed that the DAfssion is the
dominate emission. Such observation indicates ttteDAP emission comes from
the basal plane stacking fault, and is also comfitniy M. Schirra et al*®> which
announces that the localized acceptor states gatisen 3.31 eV luminescence are
located in basal plane stacking faults and the ibgqhcenergy of the 3.31 eV
luminescence was obtained to be 131meV.
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Fig. 4-9 The Low temperature PL spectra at 10 k of ZnOdilnfa)the as-deposited

sample(b) the sample annealed at 30(b) the sample annealed at 70(b) the

sample annealed at 700

We performed the PL spectra at varied temperaiam fLOK to 310K in Fig.
4-10(a), and observed that the energy of the p&83a eV shifts as the temperature
increasing, which was inferred that this peak csissdf two emission mechanisms:
DAP and free-to-bound transition (&' In low temperature the DAP would
dominate this peak, and as the temperature raibi@gpeak blue shifted could be
attributed to the increasing of the ratio of the’ eission. Therefore we fit the
binding energy (Fig. 4-10(b)) of the 3.31 eV peadk @K PL by using the Arrhenius
expression:

I(T) =1y /[1 + asexp (—Ep1/KT) + azexp (—Ep,/KT)].
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The parameter of Arrhenius expressignisirelative to the power of lasex, is
the process rate parametep; Bs the binding energy of the 8Aand E; is the
contribution of the DAP emission. After fittingehdata the binding energy of the
eA’ is about 130.59 meV, and thg;Eelative to DAP is 7.592 meV.

Through the temperature dependent PL analygsconsider that the strong
emission at 3.31 eV could consists to the DAP ah @mission with the binding
energy of 130.59 and 7.592 meV. The TEM imagesvshibe mainly defect of the
annealed sample is basal plane stacking, suchtrigeliCates the DAP and &éA
emission come from these basal plane stacking.fadtich phenomenon has also
been reported by the pap@. Schirra et al.?’ Therefore this can explain the
domination of the DAP emission at the low tempe&fL in the annealed ZnO thin

film deposited by ALD method.
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4.5 Hall measurement

Room-temperature Hall measurement was also pertbtmstudy the electrical
properties of the ZnO thin films. We use the Vam gdauw method to measure the
Hall effects and use the indium (In) ball as ohmtaot. The carrier concentration
and the mobility for the as-deposited sample a®9%.10° cm™3 and 18.27
cn’V'sec¢!, respectively. For the ZnO sample prepared bynihe annealing at
80C°C, the mobility increased up to 30 tvii'se¢' and the concentration down to
1.2x 10*cm™3 . In other words, the structure of ZnO become owups and defects

decrease after thermal annealing.
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Chapter 5 Conclusion and perspectives

5.1 Conclusion

ZnO epi-film fabricated by ALD has good surface fannity. The structural
characteristics of the ZnO epitaixal films on cr@asapphire together with the
influence of thermal annealing were thoroughly edd Thed-spacing along the
growth direction of the as-deposited ZnO layer .84% larger than the bulk value
and progressively decreases and approaches thevddukk with increasing annealing
temperature. The in-plane epitaxial relationship «{iICiD}ZnO ||{1C1_0}N203 is
confirmed from thegscan data of Zno{ldl} and sapphire{l1%6} reflections.
This orientation is the same as that of ZnO grown ceplane sapphire at low
temperatures by PLD method. After annealing at heghperatures, the crystalline
quality exhibits drastic improvement. TEM imageseas that intrinsic basal plane
stacking faults are the dominant structural defefthe annealed ZnO thin film. In
the low temperature PL at 10K of the sample anceale 800C , the 3.31-eV
luminescence caused by stacking faults dominatptgcal emission also confirmed
that the stacking faults are the dominant struttlegects.

5.2 Per spectives
In our research, We have successfully grown ZnGfikpiwith good surface

uniformity on c-sapphire substrate by using ALD.eThatomic layer deposition
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(ALD) method brings several practical advantagesch as accurate
thickness-control, large areand the ability of producing sharp and
tailored interface. The growth of MgZnO ternariegs encounters the problem of
phase separation (crystal defect). We can use Aldthod to solve this problem.
Because the advantages of ALD, the band gap cannse by just changing the
thickness of layers in quasi-ternary alloy growiin.the future, if we find the great
condition for growth MgO epi-film on ZnO by usingL® deposition, we can

fabricate the super-lattice with artificially chasadple band gap.
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