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Structural and optical properties of ZnO epi-layer grown on
Si(111) using a y-Al,O; buffer layer
Student: Yueh-Hsun Li Adpvisors: Prof. Chia-Hung Hsu
Prof. Wen-Feng Hsich
Institute of Electro-Optical Engineering
National Chiao Tung University
Abstract

High-quality ZnO epitaxial films were grown by pulsed-laser deposition on Si(111)
substrates with a thin y-Al,Qs buffen layer. | The epitaxial y-Al,O; buffer layer consists
of two (111) oriented domains rotated 60° from each other against the surface normal.

Therefore, two“in-plane epitaxial relationships {1010}, || {224} || {224} s; and

1-AL,0;
{1010} ,,0 I {422} 45, | {224} & coexist. | The crystalline ~quality and optical
properties of ZnO epitlayers. were studied by x-ray diffraction, transmission electron
microscopy and photoluminescence imeasurements.. “A clear correlation between the
intensity ratio of ZnO deep-level emission (DLE) to near-band edge (NBE) emission
and the width of the ¢-scan across off-normal reflection was observed. The NBE
linewidth also exhibits a strong dependence on the width of the ZnO (0002) rocking

curve. These observations indicate the NBE and the DLE emissions are mainly

affected by the screw and the edge type threading dislocations, respectively.



2k
1Y

b

P E 3{‘1;:&:&% FRiESE SRR FARLEEE S

1:;4

R R, s LEBRERF R EARY FP0 3 0 AR LY BB ey R
FEAEF R MY R o, AP TR A B E
P87 A HEE il kIR E, RS OB B BB IR R GREE E R

A ELEHETALER N FER TR ETRETRY 0 UEFRT {0k G

‘¥
pi- LB E"f’j’:"—i—"ﬁ BOE e B 5k e e AT D f‘.juulp“«fljf,' BiEieD
# sk By R gz s SR (SC-96-2119-M-213-003 4~



Content
Chinese AbStract......ccoceviiiiiiiiinnniiiceiiiennnnieccceecnnnssecsl
English AbStract.....cccceeeviiiiiiiiiiiniiiiiiiiiinnnniiicceeennassldi
Acknowledgement.......ccceveviiiiiiiiiiinnnniiiieiiinnnnsneceeeaddil
[ 01) 111 1 1R
List of Figures....ccovvveiniiiiiiiiiiinniiiciiiiennnsrcccsscennasssanVil

LiSt 0f TableS..ueeeeeeeeeeesttieinneisuliunesecscescoscscascsssssassesslX

Chapter 1 Introduction............li e itie e csieeensireeeeeeeeeeeeeens -1-
1-1 A Drief review......ccoiiuiiiiiiiiiii it rean e eeaes -1-
1-2 Motivation...........cooeuenpalbesiloniuniinnnnennieniiinniieeeieenneennees -2-
1-3 Organization of the thesis.........c...coccoeiii il -4-
Chapter 2 Theoretical background..........&..o.innneeeennnnn.... -5-
2-1 The laser-MBE system and principle of laser-MBE
DePosition........coouiieiiniiiiiiiiiiiiiiiii e -5-
2-2 X-ray diffraction........cccevevvenviniiiiiiiiiiiiiieiienienienienrenenen. -8-
2-2-1 Theory of x-ray diffraction..........c.cccccevirriinrinisnccccinneennnena=8-
2-2-2 ROCKING CUIVe...iiiuiiiiiiiiiiiiiiiiiiiiiiiieiiintcineciinccinscnnecens -11-
2-2-3 Phi SCAN...cuiiiiiiiiiiiiiiiiiiiiiiiiiiitiiiiiiietiittiiecinscentcnnscnnees -11-

2-2-4 Analysis of threading dislocation density..........cccccviieiiiiinnnnnn. -12-

iv



2-3 Transmission electron MiCroSCOPY......ccccoveemeenieninninennrnnnnns -16-

2-3-1 Selected area electron diffraction (SAED).......cccccevvniinnnnnn.. -17-
2-3-2 Analysis of threading dislocation density........cccceviiiiniinnn. -18-

2-4 Photoluminescence characterization..............ccccceeeuvivnnnn. -22-
2-4-1 Fundamental Transitions........cccccvvviiiiiiiiiiiiiiiieiiiniennen. -23-
Chapter 3 Experimental details................cccccoeeveiniiiinnnnnnns, -26-
3-1 The growth of ZnO films......c.. i meeeniiiiiiiiiiiiiiiiiiiieniennee -26-
3-1-1 Description of Jaser-MBE system.....cceceieeiaececcierinccenncnnes -26-

3-1-2 The layout of Iaser-MBE System.....coceceeiiiiriinseneeineinennn. -27-

3-1-3 Target Preparation......cccoeeeissieieseeenceenscaneccenscoseccenscencns -28-
3-1-4Preparation of substrate...l...cccoeeeeneiiiiiiiiiiiiiiiiidiiiiiiinnnn -28-

3-1-5 Operating process of laser-MBE....cc..........iceiiiiieiinnnnnnee. -29-

3-2 Structuralicharacterization of the ZnO films..................... -31-
3-2-1 X-ray diffractione...cc.ceiieeieeisniineieiieiieiiiiiieriecieriecinennn -31-

3-2-2 Cross sectional TEM.......c.ccceiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiianenns -32-

3-3 Measurements of optical properties..........c..c. coeverrenrenenn -33-
3-3-1 Photoluminescence detection system.......ccccevevieieineinecnnrncens -33-
Chapter 4 Results and Discussion............cccccceeeeeereiivveeeennn. -35-
4-1 Results of X-ray measurements..........ccccceeeunveniinniininnnnnen -35-

4-1-1 Growth temperature dependent crystallinity of the ZnO films..-35



4-1-2 Analysis of threading dislocation density by XRD................. -41-
4-2 Structural characterization by TEM..........ccccccevniivnrinnnnnen. 46-
4-2-1 Cross sectional TEM.......c.ccceiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiieienne -46-
4-2-2 Analysis of threading dislocation density..........cccoeeviiiieinnnee. -48-
4-3 Optical characterization by PL...............c.ccooiiiiiiiiiniinnn, -51-
4-3-1 photoluminescence spectra of as-grown film.................. ..o -51-
4-4 Correlation betweenstructuraliand optical properties
Of ZnO filmS.c.c it -55-
Chapter S Conclusions and Perspective............ccieeeeeeennne... -59-
5-1 ConclusSions.....cciiuiiiiiiiiiiiiitedotesieneenenitedisscaneeenennenens -59-
5-2 Perspective.........coveeeeneadieniitniiinininenninnenenrieseadeneeennenns -59-
Referencegiifi’s, .... "S0L oS B . 4= T ... 00.............. -68-

vi



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

List of Figures

1-1 WUrtZite SErUCTUTC...ovuvieiiierineiieiieeineiiteiarieeeierieccnessscencssscsacnsnnns 2
2-1 Schematic of a laser-MBE growth system.........ccccoviviiiiiiiiniiienincnnnn 7
2-2 X-ray scattering from a cubic crystal........cccoiieiiiiiiiiiiiiiiiiiiiiiiinn. 10
2-3 The hexagonal unit cell.......ccceviieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieen 10
2-4 Illustration of phi SCaAN.....ccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieeiaees 11
2-5 Illustration of Burgers vector and types of dislocations..................... 16
2-6 The TEM image contrast of a wedge-shaped specimen..................... 21
2-7 Radiative transitions between a band and an impurity state............... 25
3-1 Layout of laser-MBE SyStem........cciooieiivenetinceantierianinnriecieciacnnn 27
3-2 The preparation process of a ¢ross-sectional TEM specimen.............. 33
3-3 Layout of PL SyStem. e ieeeeeenedessiaseuiiivennsseceesisnacsatoccseceaccnesnnnne 34
4-1 Radial scan along the surface normal of a sample...................ceeenee. 37
4-2 The profile of ¢—scans across ZnO {10-10},vy-Al,03(440) and

Si{220} reflections.....ccoveeiiieiiiniiiiiiiiniiiiiiiiiiiiiiieteieiciieteiscceneees 37
4-3 Correlation between growth temperature and ZnO structural quality..40
4-4 Williamson-Hall plots of ZnO layers.......ccccovevieiieiiniiiiiieniiecienineen 44
4-5 Williamson-Hall plots for transverse SCans........ccoeevieeineiiecineinecnnnns 45
4-6 Selected area electron diffraction pattern and HR-TEM image............47
4-7 Two-beam bright field cross sectional micrograph..........ccccceveeinnnne. 50

vii



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4-8 Typically PL spectra measured at 15K for ZnO epi-layers................. 53
4-9 The extended spectra of NBE emission of ZnO film............c...c.oeeee. 54
4-10 Dependence of PL FX, peak intensity on sample temperature............54
4-11 Correlation between structural and optical properties..................... 57
4-12 Correlation between threading dislocation densities and optical

01 17 0 (e 58
5-1 PL spectra of ZnO film before and after.annealing ......................... 64
5-2 PL spectra of thickness dependent ZnO films before and after

annealing SRRStS. ... B R, B R R . . R e eaeeeeee 65

5-3 Structural properties of thickness dependent ZnO film.................... 66
5-4 X-ray reflectivity curves of samples before and after annealing.......... 67

viii



List of tables

Table 3-1 LPX210i (KrF) specifications




Chapter 1 Introduction

1-1 A brief review

Zinc oxide is a crystal of hexagonal wurtzite structure with the lattice constants of a =
3.24 A and ¢ = 5.20 A as shown in Fig. 1-1.  ZnO has been considered as one of the
most promising candidates for the materials used in short-wavelength photonic devices
because of its wide band gapsef 3.37 eV and large exciton binding energy of 60 meV at
room temperature [1}. . In contrast to technical limitations of GaN (band gap = 3.4eV),
exciton of ZnQ.is stable even-at elevated temperature. ' Recently, the strong
commercial desire for blue and ultraviolet diode lasers and light emitting diodes has
prompted enormous research. efforts'into II-VI wide band gap semiconductors [2]. In
1997, Y. F. Chen, et al. [3] demonstrated the'lasing from ZnO epilayers grown by MBE
with the threshold intensity of 240 KW/cm?®. In 1998, Kawasaki et al. [4], found laser
operation of ZnO thin film at room temperature grown using laser-molecular beam
epitaxy. The lasing mechanism is attributed to the exciton-exciton collision process.

In order to obtain good quality of ZnO thin film, several growth technologies have
been used such as molecular-beam exptaxy (MBE) [5], metal-organic chemical vapor
deposition (MOCVD) [6], and laser molecular-beam epitaxy (LMBE) [7]. Among

these methods, LMBE has the advantages of ultra-clean, simplicity, without corrosive



gas, and achieving high-quality epitaxial films at a relatively low growth temperature
(220 °C~500 °C) due to its high kinetic energy (10 eV~100 eV) of laser ablated species.
Besides, the source of Zn and O can be obtained directly from the target, i.e. no extra
oxygen supply is necessary. This process is important for some devices since the
oxygen atmosphere during the laser ablation leads to several problems, such as the

oxidation of the internal parts in the chamber.

Fig. 1-1 Wurtzite structure . 0 @:Zn

1-2 Motivation

Recently, much attention has been paid to heteroepitaxially grown ZnO on Si
substrates because of the unique possibility of integrating well-established Si electronics

with ZnO-based optoelectronic devices. Unfortunately, direct growth of epitaxial ZnO



films on Si is an extremely difficult task due to the formation of an amorphous SiO,
layer at the ZnO/Si interface [8, 9] that usually results in polycrystalline films with
preferred orientation [10].  Although significant efforts have been made to use
nonoxide materials, such as ZnS [8], Si3N4 [9], Zn/MgO [11] and Mg/MgO [12], as
buffer layers, the growth of high-quality ZnO epi-films on Si is still regarded as an
arduous challenge.

The other issue for the growth of high-quality Zn® epi-films is the existence of
high-density threading dislocations (TDs),oeriginating from theslarge difference in the
lattice mismatchy(=15.4%) and-the-thermal expansion coefficient (56%) between ZnO
(thermal expansion coefficient o ~ 5 X 107 K ! [13], lattice parameters a =3.24 A, ¢ =
5.20 A) and theunderneath Si substrate’(a.= 3.6 x 10-° K™' [14], a= 5.431 A). The
point defects captured by TDs:stress field act as traps and recombination sites forming
deep electronic states inside the band gap [15,.146]. They can lead to electron
scattering [17], significantly affect the optical performance and electron mobility [16,
18] and adversely demote the device efficiency. In this thesis, we report the growth of
high-quality epitaxial ZnO films using pulsed-laser deposition (PLD) on Si (111)
substrates with a ~15.3 nm thick y-Al,Os film as the buffer layer. The good crystal
structure of thin ZnO films was confirmed by x-ray diffraction (XRD) and transmission

electron microscopy (TEM).  Their optical characteristics were studied using



photoluminescence (PL) and correlated with the structural properties.

1-3 Organization of the thesis
The thesis consists of five chapters. In Chapter 2, we review the background
mechanism of Laser-MBE as well as the basic theory of the characterization tools

employed semiconductor such as X-ray diffraction, transmission electron microscopy

and photoluminescence specttos verdescribe the experiment details,
including the equipment se meter characterizatio d, substrate preparation.

In Chapter 4, we presen nalysis o f and establish the correlation between

le our investigation



Chapter 2 Theoretical background

2-1 The laser-MBE system and principle of laser-MBE
deposition

Figure 2-1 illustrates the schematic of a laser-MBE deposition system. Laser beam
is shined on the target material. The high heating power leads to the evaporation of the
target material, forming a high-temperature plasma plume that expands away from the
target surface. Thesablated target material is-deposited on a substrate and forms a thin
film. Depending.on the types-of-interaction; of the'laser. beam with target, the laser
deposition process can be classified into three parts:
i Interaction of laser beam with.the target

Upon being stru¢k by a high ‘pewer density nanosécond excimer-laser pulse, heating
and vaporizing the material will.occur at the beginning ofthe pulse. The amount of
evaporated flux varies linearly with the pulse energy.
ii. Interaction of the laser beam with the evaporated material

As the evaporated material is heated by the laser beam, it results in the formation of
high-temperature plasma plume consisting of ions, atoms, molecules, electrons, etc. The
temperature attained by the plasma depends on the power density, frequency, pulse

duration of the laser beam, and the optical and thermo physical properties of the



material. During the incidence of the laser pulse, the isothermal expanding plasma is

constantly increased at its inner surface with evaporated particle from the target. The

acceleration and expansion velocities in this regime are found to depend on the initial

velocities of the plasma. The plasma expands preferentially normal to the irradiated

surface due to the large lateral dimensions of the plasma.

iii. Adiabatic plasma expansion and deposition of thin films

After the termination of sma‘expands adiabatically with the



KrF excimer
laser 248 nm

vacuum chamber 3x108torr |
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- ST

Fig. 2-1 Schematic of a laser-MBE growth system
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2-2 X-ray diffraction

X-ray scattering techniques are a family of non-destructive analytical techniques
which reveal information about the crystallographic structure, chemical composition,
and physical properties of materials and thin films. These techniques are based on
observing the scattered intensity of an x-ray beam hitting a sample as a function of
incident and scattered angle, polarization, and wavelength or energy.
2-2-1 Theory of x-ray diffraction

X-ray diffraction. finds the geometry,or.shape-of a molecular. X-ray diffraction

techniques are based on the elastic scatteringyof x-rays from structures that have long
range order. A crystaliconsists of a regular.array of atoms, each of which can scatter
electromagnetic waves. A monochromatic beam of X-ray that falls on a crystal will be
scattered in all diréctions, in certain direction the scattered waves will constructively
interfere with one another.while.others will destructively interfere. The analysis was
developed in 1913 by W. L. Bragg. The condition which must be fulfilled for radiation
scattered by crystal atoms to undergo constructive interference can be obtained from a
diagram like that in Fig. 2-2. In the plane wave description, a beam containing X-rays
of wavelength 4 impinges on a crystal at an angle 6 with a family of Bragg planes,
whose space is d. The beam goes past atom A in the first plane and atom B in the next,

and each of them scatters part of the beam in random directions. Constructive



interference occurs only between those scattered rays whose paths differ by exactly 4,
24, 34, and so on. That is, the path difference must be n4, where # is an integer. The
only rays scattered by A and B for which this is true are those labeled I and II in Fig. 2-2.
The first condition on I and II is that their common scattering angle is equal to the angle
of incidence 0 of the original beam. The second condition is that
2dsin@ = ni, n=1,273,..., (2-1)

since ray Il must travel the«distance 2dsin@ farther than ray 1. The integer n is the
order of the scattered beam: Then considering.a hexagonal unit cell as shown in Fig.
2-3 which is characterized by lattice parametess @ and.c.  The interplanar spacing d for

the hexagonal structure’is given as:

i (2-2)

1 4[h2+hk+k2] 12
az 3

a2

Combining Bragg’s law with (2-2):

az 3

1 4 [h?2+hk+k?> 12 4sin%6
—— e — : (2-3)

a? c? Y

Rearranging (2-3) gives

2 2 2
[h +hk+k ] LY 2-4)

sin?0 = —{— )

The lattice parameter a or ¢ can be determined by simultaneously fitting the diffraction

angles of different reflections using Eq. 2-4.



/ \ .
1 6, A \0 Path dilference
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Fig. 2-2 X-ray scattering from a cubic,erystal

Fig. 2-3 The hexagonal unit cell

10



2-2-2 Rocking curve

Under a Bragg reflection condition, as shown in Fig. 2-2, crystal is rotated or

called rocked through the Bragg angle 6, while the diffracted beam is measured with a

fixed detector. The resultant curve of intensity vs. @ is called a rocking curve [19].

The width of a rocking curve is a direct measure of the range of orientation present in

the irradiated area of the crystal because each subgrain of a typical mosaic crystal

successively comes into reflecting position as the crystalis rotated [19].

2-2-3 Phi scan

Phi scan means to measure-the diffraction intensity ws. azimuthal angle ¢ with

rotating the crystal along the surface normal, as shown in Fig. 2-4. The intensity

distribution in-plane polar angle ¢ sean.can reveal the symmetry of the crystal.

crystal

Fig. 2-4 Illustration of phi scan
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2-2-4 Analysis of threading dislocation density

Figure 2-5 depicts different types of dislocations and the corresponding Burgers

vectors. Before characterizing the threading dislocations (TDs), the Burgers vectors

should be defined. The Burgers vector, denoted by b, is a vector that represents the

magnitude and direction of the lattice distortion of dislocation in a crystal lattice [20].

The magnitude and direction of vector is best understood when the dislocation-bearing

crystal structure is first visualized without the dislocation, that is, the perfect crystal

structure. In this perfect crystal structure,.a rectangle whose dengths and widths are

integer multiples.of "a" (the -unit-cell length) is drawn encompassing the site of the

original dislocation's ‘origin. Once this .encompassing rectangle is drawn, the

dislocation can'be introduced. | Said rectangle could.have one of its sides disjoined

from the perpendi€ular side, sevéring the ‘connection of, the length and width line

segments of the rectangle at one of the rectangle'ssCorners, and displacing each line

segment from each other. What was once a rectangle before the dislocation was

introduced is now an open geometric figure, whose opening defines the direction and

magnitude of the Burgers vector. Specifically, the breadth of the opening defines the

magnitude of the Burgers vector, and, when a set of fixed coordinates is introduced, an

angle between the termini of the dislocated rectangle's length line segment and width

line segment may be specified. The direction of the vector depends on the plane of

12
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dislocation, which is usually on the closest-packed plane of unit cell. The magnitude
is usually represented by equation:

|b|] = %m, for a cubic system, (2-5)
where a is the unit cell length of the crystal, |b| is the magnitude of Burgers vector and #,
k, and [ are the components of Burgers vector, b = <h k [>.

TDs in a film produce crystalline plane distortions and the associated lattice
deformation depends on the geometry of the TDs [21]. #For a (0001) oriented thin film
with wurtzite structure, the TDs are classified.into three different.types according to the
direction of the corresponding-Burgers vecton (b) relative.to the [0001] line direction.
They are edge dislocation with bg = 1/3-<112 0>, screw dislocation with b¢c = <0001>,
and mixed dislocation with by = 173-<11 §3>, which-is a combination of bg and bc.
For edge dislocation, the Burgers Viector and dislocation line are at right angles to one
another. For screw dislocationsg.they are parallel. .«Pure edge TDs twist surrounding
hexagonal lattice about [0001], leading to the formation of vertical grain boundaries
[22]. Under this circumstance, the (hkil) crystalline planes with nonzero in-plane
component, i.e. either 4 or k is not zero, are distorted. On the other hand, the pure
screw TDs result in the tilting of the lattice, generating a pure shear strain field [23], and
the crystalline planes with nonzero / are deformed. Therefore, to investigate the
influence of edge TDs, measuring the profiles of (h0h0) surface reflections is

13


http://en.wikipedia.org/wiki/Edge_dislocation
http://en.wikipedia.org/w/index.php?title=Dislocation_line&action=edit&redlink=1
http://en.wikipedia.org/wiki/Screw_dislocation

necessary, which are not sensitive to lattice distortion caused by pure screw TDs. On
the other hand, measuring the line widths of the (000/) normal reflections, which are not
affected by the pure edge TDs is a good method to characterize the screw TDs.

The broadening of radial scan line width would come from crystallite size, strain and
instrument effects. The experimentally measured FWHM, B.,p, is a convolution of the
instrumental broadening, By, and the broadening coming from the sample, of which
strain induced broadening, Bggain,-and finite crystal sizevinduced broadening , By, are
the major contributions.

As compared with the measured. line| width of ZnO, the imstrumentation induced
broadening is much smaller and thus can be safely neglected in our results. To obtain
meaningful quantitative results, IWilliamson-Hall plot.[24] is employed to analyze the
quantity of domain size -and ‘straih.  We make a A g, vs. g plot with ¢ = 4zsin6/A
denoting the scattering vector and A g, standing fot the lime width in ¢ along the radial
direction to separate the broadening due to finite structural coherence length from strain
induced broadening. The equation of the line in Williamson-Hall plot can be

expressed as:

21

Aqr = Aqsize + Aqstrain = 7 +qe, (2-6)
where L and ¢ represent the coherent length and inhomogeneous strain, respectively.
Thus, the inverse of ordinate intercept yields the coherence length (L), i.e., the effective

14



domain size, and the slope yields the root-mean-square (RMS) inhomogeneous strain (¢)
averaged over the effective domains [24]. The Ag, vs. g plot, where Ag, = 40 x g
denoting the line width in ¢ along the transverse direction, for #-scans across the (000/)
and in-plane (40/40) reflections, of which the slopes yield the spreads of tilt and twist
angles, respectively. The density of TDs can be evaluated from the corresponding

Burgers vectors and the tilt/twist angles. For screw TDs, the density Ny is calculated

2
aQ

4.35b;

according to Ng = [25], in which aq1s the tilt angle and ¢ denotes the length

of corresponding Burgers vector.—For edge TDs, the formula ‘employed to calculate the

density, Ng, depénds on the spatial arrangement of'the TDs [26]. ASsuming a random

2
ad)

4.35b;

distribution, we can apply N, = mm'which ae stands for the twist angle. In the

case of TDs accumulating at*a stall-anglé boundary, we should adopt the formula:

a

N = m , where Ldenotes.the correlation lengthalong the in-plane direction. In
: E

both formulae of N, bg is the length of associated Burgers vector bg = 1/3< 1120 >.

The real edge TDs density falls between that of random and piled up distribution.

15
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2-3 Transmission electron microscopy - -

The transmission electr.:)n .IInicr_oscope (TEM).h_as bé'co.me the premier tool for the
micro-structural characterization of materials. In practice, the diffraction patterns
measured by x-ray methods are more quantitative than electron diffraction patterns, but
electrons have an important advantage over x-ray- electrons can be focused easily [27].
The optics of electron microscopes can be used to make images of the electron intensity
emerging from the sample. Several different techniques of TEM often employed for

structural characterization are described below.
16



2-3-1 Selected area electron diffraction (SAED)

SAED is a crystallographic experimental technique that can be performed inside a

TEM. A thin crystalline specimen is subjected to a parallel beam of high-energy

electrons. The specimens are typically ~100 nm thick, and the electrons typically

possess energy of 100 - 400 keV. Thus, electrons can pass through the sample easily.

Electrons can be treated as wave-like, rather than particle-like. Because the wavelength

of high-energy electrons is adftaction of a nanometer, and the spacing between atoms in

a solid is only slightly larger, the atoms-act.as.a diffraction grating to the electrons,

which are diffracted. That is,-some. fraction of them will be scattered to particular

angles, determined by the crystal structure of the.sample, while others continue to pass

through the sample without deflection.. As a result;.the image on'the screen of the

TEM will be a seri€s of spots = the'iselected area diffraction pattern, SADP, each spot

corresponding to a satisfied diffraction condition ofsthe sample's crystal structure. If

the sample is moved under the beam, bringing different sections of it under illumination,

the arrangement of the spots in the diffraction pattern will change. It is useful to select

a single crystal for analysis at a time. It may also be useful to select two crystals at a

time, in order to examine the crystallographic orientation between them. As a

diffraction technique, SADP can be used to identify crystal structures and examine

crystal defects. It is similar to x-ray diffraction, but what is unique in that is area as
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small as several hundred nanometers in size can be examined, whereas x-ray diffraction
typically sample area several centimeters in size.
2-3-2 Analysis of threading dislocation density

The dislocation density D can be obtained by the following equation:

D=— (2-7)
where n is obtain by counting the number n of dislocations and measuring the foil
length / and foil thicknesss## in a cross sectional TEM image. The number of
dislocations and foilslength- could be numbered.andsmeasured easily from the picture;
however, the foil, thickness| has-to- be derived |from'thickness fringe in TEM image.
From the Howie-Whelan equations, the intensity of Bragg diffracted beam can be

written as [28]:

B o iy M)_ 2
L, SlggF = EH(Eenad) — 1 g, (28)

where ¢ is the z axial distance of.intensity at the bottém ofithe specimen, /,is the dark

field image intensity, ¢, is the amplitude of the diffracted beam for reflection G, s¢yis

the effective excitation error

1

R (2-9)

Seff = |s2 +
with s being a measure of how far deviating from the exact Bragg condition, and the
excitation ¢, being the characteristic length distance for the diffraction vector g and

also named as extinction distance. The extinction distance can be described as:
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__ mVccosbp

9= =05, (2-10)

where /4 is the wavelength of electrons, F, is the structure factor for the diffraction

vector g, V. is the volume of a unit cell and 63 is Bragg angle. If we neglect the

relativistic effects:

“mov? = eE,v = % 2-11)
p=myv = J2myE, (2-12)
(2-13)

If take relativistic effe
e?E?,  (2-14)
02c?. (2-15)

Combining (2-12

(2-16)

Combining (2-14) into
p2c? = 2myc?eE +e p? = 2myeE +§; (2-17)

And combining (2-17) into (2-13) gives:

Z ’ - 2E2 . eE ler ’ ( _18)
e i }
Zmer+c_2 1IZmOeEJsz =) \/1T2 o2

where £ is the Plank’s constant equal to 6.626 x 10°* Nms, p is the momentum of

electron, charge e equals to -1.602 x 10" C, rest mass my = 9.109 x 10”' kg, speed of

light in vacuum ¢ = 2.998 x 10° m/sec.
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For acceleration voltage 200 kV, the relativistic wavelength is 0.0251 A. For
hexagonal ZnO operated at 200 keV, g = (0002), a = 3.2438 A and ¢ = 5.2036 A, Eq.
(2-4) gives 05=0.27689°, where 0p is Bragg angle. The structure factor F, of ZnO with

diffraction vector g = (0002) is Fygp,=11.564 A and the volume of a unit cell V.=

2

NS — 476199 A’ Substituting these parameters into Eq. (2-10) gives ¢, =
nV.cosOp . . . .

—r, = 515.4 A. Considering Eq. (2-8) for only one diffraction beam g, the

two-beam approximation is applied: The two-beam condition means that we tilt the
crystal so that there are only two strong.beams exist:. One is the direct beam and the
other is the diffraction beam with.s-= 0. wThe'rost of the diffracted beams are very weak
(s >> 0 or <<0) and the contribution to- @, isvignored. Then, Eq. (2-9) becomes
Seff = é. Simplify Eq. (2-8), we have'l; = |@4]° = sinz(;—;) =11, fort=0ort
= nég, I; = 0 andofor = %Eg, Iy ='1." The oscillatory intensity variations with ¢ are
illustrated in Fig. 2-6.

For hexagonal ZnO with two-beam condition g = (0002), ¢ = %foooz: 257.7 A for the
first dark fringe. With given foil thickness, the dislocation density can be evaluated

from the Eq. (2-7).
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Fig. 2-6 The TEM image contrast of a wedge-sihaped specimen. At the Bragg

condition (s = 0), the intensities of the direct and diffracted beams oscillate in a
complementary way (A). For a wedge specimen, shown in (B), the separation of
the fringes in the image, shown in (C) is determined by the angle of the wedge and

the extinction distance, §,.
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2-4 Photoluminescence characterization

PL is a very useful and powerful optical characterization tool in the semiconductor

industry, with its sensitive ability to reveal the emission mechanism and band structure

of semiconductors. From PL spectra the defects or impurities can also be identified in

the compound semiconductors, which affect material quality and device performance.

A given impurity produces a set of characteristic spectral features. The fingerprint can

be used to identify the impurity type. Often several different impurities can be found

in a single PL spectrum. In addition, the.line width-of each PL.peak is an indication of

sample’s quality,;although such-analysis has not yct become highly quantitative.

PL is the optical radiation emitted by a physical system (in excess the thermal

equilibrium blackbody radiation) resulting from excitation to a non-equilibrium state by

irradiation with light." = Three - processes™ can™ bé distinguishéd: (i) creation of

electron-hole pairs by abserption.of the incoming light, (i1} radiative recombination of

electron-hole pairs, and (iii) escape of the recombination radiation from the sample.

Since the incoming light is absorbed to create electron-pair pairs, the greatest excitation

of the sample occurs near the surface; the resulting carrier distribution is both

inhomogeneous and non-equilibrium. In attempting to regain homogeneity and

equilibrium, the excess carriers will diffuse away from the surface while being depleted

by both radiative and nonradiative recombination processes. Most of the excitation of

22



the crystal is thereby restricted to a region within a diffusion length (or absorption
length) of the illuminated surface. Consequently, the vast majority of PL experiments
are arranged to examine the light emitted from the irradiated side of the samples. This
is often called front surface PL.
2-4-1 Fundamental Transitions

Since emission requires the system being in a non-equilibrium condition, some means
of exciting energy is acting en the semiconductor to produce hole-electron pairs. We
summarize the fundamental transitionss.those.occurring at or mear the band edges as
below.
1. Free excitons

A free hole and a. free electron as a.pair of opposite charges experience a coulomb
attraction. Hencefthe electron’ cah orbit'about the"hole as a hydrogen-like atom. If
the material is sufficiently puresthe electrons and heles pair into excitons which then
recombine, emitting a narrow spectral line. In a direct-gap semiconductor, where
momentum is conserved in a simple radiative transition, the energy of the emitted
photon is simply

hv=E -FE

g X

where Eg and Ex are the band gap and the exciton binding energy.
2. Bound excitons
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Similar to the way that free carriers can be bound to (point-) defects, it is found that
excitons can also be bound to defects. A free hole can combine with a neutral donor to
form a positively charged excitonic ion. In this case, the electron bound to the donor
still travels in a wide orbit about the donor. The associated hole, which moves in the
electrostatic field of the “fixed” dipole, determined by the instantaneous position of the
electron, also travels about this donor; for this reason, this complex is called a “bound
exciton”. An electron associated with a neutral acceptor is also a bound exciton. The
binding energy of anrexciton to a neutral-donor (acceptor).is uswally much smaller than
the binding energy. of an electron-thole) to the'donor (acceptor).

3. Donor-Acceptor Pairs

Donors and acceptors can form pairs.and act as stationary molecules imbedded in the
host crystal. The’{coulomb ‘interaction between a ‘donor and an acceptor results in a
lowering of their binding energies.  In the donor-aceeptor, pair case it is convenient to
consider only the separation between the donor and the acceptor level:

2
Epair =Eg— (Ep — Ey) +Z—r ;
where 7 is the separation of donor-acceptor pair, ED and EA are the respective ionization
energies of the donor and the acceptor as isolated impurities.
4. Deep transitions
By deep transition we shall mean either the transition of an electron from the
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conduction band to an acceptor state or a transition from a donor to the valence band in

Fig. 2-7. Such a transition emit a photon hv = E — E _(E; stands for Ep or E4) for
g i

direct transitions and Av = E — E - E if the transition is indirect and involves a phonon
g i p

of energy E . Hence the deep transitions can be distinguished as (1)
P
conduction-band-to-acceptor transition which produces an emission peak at hy = E —
g

EA, and (2) donor-to-valence-band transition which produces an emission peak at the

higher photon energy hv = E — ED.
£

D =—

A V

Fig. 2-7 Radiative transitions between a band and an impurity state

5. Transitions to deep levels

Some impurities have large ionization energies; therefore, they form deep levels in
the energy gap. Radiative transitions between these states and the band edge emit at
hv = Eg— Ei. Some defects not only (or a few) levels close to one band, but have
several of levels partly around the middle of the gap. They give rise to the green,
orange and red emission bands of wide-gap semiconductor such as ZnO and ZnS.
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Chapter 3 Experimental details

3-1The growth of ZnO films
3-1-1 Description of Laser-MBE system

The laser-molecular beam epitaxy (laser-MBE) growth system is also known as
pulsed-laser deposition (PLD) and has been used to grow high quality films for more
than a decade. The laser-MBE consists of two chambers, one is load lock chamber and
the other is deposition chamber. The oad lock chamber is a small spherical chamber
with a Viton sealed quick access-door-for substrate loading. The substrate is mounted
on a substrate holder. ""The substrate holder.can.be moved from the load lock into the
deposition chamber by using a magnetically coupled transfer arm. By using the
push-pull type pick=up manipulatof:equipped in the 16ad lock module, substrates can be
transferred from load lock towthe deposition chamber. « The deposition chamber,
designed for pulsed laser deposition, 1s equipped with a target manipulator, a substrate
holding and heating system, a pumping system, vacuum monitoring devices, necessary

parts for laser inlet and a watching window.
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3-1-2 The layout of laser-MBE system

The laser-MBE growth system consists of two chambers, the load lock chamber and
the growth chamber, as shown in Fig. 3-1. There is a gate valve between two
chambers. A combination of scroll pump and turbo pump is used to achieve high
vacuum pressure (< 107® torr).

Transfer arm

Load lock Chamber

"~ Deposition Chamber

» Scroll + turbo

Fig. 3-1 Layout of laser-MBE system

The ZnO thin films were prepared by the Laser-MBE deposition utilizing a KrF

pulsed excimer laser (Lamda Physics LPX 210i1). The detailed data sheet of KrF laser

is shown below.
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Table 3-1 LPX210i (KrF) Specifications

Pulse |Max. Rep.| Average | Pulse Beam Beam
Wavelength
Energy Rate Power | Duration| Dimension Divergence
25 ns 5-12x23
248 nm 700 mJ 100HZ | 65W 1x 3 mrad
FWHM mm’

3-1-3 Target preparation

The target was_prepared by-commereial hot-pressed stoichiometric ZnO target with

purity of 99.999% and. the target size is 1™ X 0.118”. Before the deposition, the laser

beam was shoneon the ZnO target to remove the contamination on thejtarget surface.

3-1-4 Preparation.of substrate

The composite y-Al>O3/Si substrate was prepared ;by advanced nano epitaxy

laboratory, NTHU, led by Prof. M. Hong and Prof. J. Kwo. The detailed preparation

procedure of the substrate can be found in [29] and is also briefly described below.

Si wafers 2 inch in diameter with (111) as the normal to the wafer plane were put into

a multi-chamber MBE/ultrahigh vacuum (UHV) system [30], after being cleaned with a

Radio Corporation of America (RCA) method and an HF dip. Si wafers were heated

to temperatures above ~550 °C, and then transferred under an UHV (to eliminate any

possibility of Si oxidation), to an oxide growth chamber for the Al,O3 deposition. A
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high-purity sapphire (purchased from Maintech, Huntingdon, PA, with a purity of
99.99%) was employed as the Al,O3 source in this work. During the oxide deposition,
the vacuum in the chamber was maintained in the low 10 torr (even during the
evaporation of sapphire) and substrate temperatures were maintained at about 700—750
°C. After the deposition of Al,Os, the substrates (y-Al,O3/Si) were cut into pieces of

an area of 1 x 1 cm? for subsequent epitaxial growth of ZnO. Before transferring these

substrates into laser-MBE loz ate was put in acetone solution

and cleaned in a supersor i 0 mi t e the particles on the

substrate surface ft = Yole ¢ sstrates: were mounted on the

(1) Load the mounted su i : nber and turn on the scroll
pump.
(2) After the pressure of the chamber i d down to lower than 3 x 10~ torr, then

turn the turbo pump on.

(3) The pressure of the chamber should reach 10” torr in three hours. Only at this
condition, we open the gate valve between the load lock and deposition chamber.
We use the magnetically coupled transfer arm to transfer the substrate holder from
the load lock chamber into the deposition chamber.
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(4) After substrate transferred, close the gate valve.

(5) Adjust the distance between the substrate and ZnO target to reach the appropriate
position.

(6) Make sure the water cooling system works properly.

(7) Turn on the thermal controller and power supply. Set the desired thermal program.

(8) Ensure the target substrate temperature is reached. Wait for a few minutes to let
the chamber pressure decliné to 3 x 10,

(9) Turn on step motor to start the misrer scanner-» Turn on.target manipulator and
sample manipulator rotation-to-ensuresthe uniformed deposition.

(10) Turn on the laser and start the deposition:

(11) After thin film growth is completed, open the gate valve and use the magnetically
coupled transfef arm to retricvé the sample from the main' chamber to the load lock
chamber.

(12) Stop the turbo and scroll pump. When the blades of the turbo pump stop, we can
vent the load lock chamber by inserting N, gas.

After surface treatment, the substrate was loaded in the chamber with the base
pressure of 1 x 10” torr. We used a focused lens (f = 40 cm) to converge the laser
beam through a viewpoint onto the target, which makes 45 degrees to the normal of the
target. Inside the growth chamber, a ZnO ceramic target (99.999 % purity) was
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located in front of the substrate holder at a distance of 5 cm and was ablated by a KrF
excimer pulsed-laser with the wavelength, pulse duration, repetition rate, and laser
fluence of 248 nm, 25 ns, 10 Hz, and 6 Jem?, respectively. At the same time, the laser
beam was scanned back and forth by moving a reflection mirror, which was driven by a
stepping motor to prevent laser from hitting at the same spot on the target that leads to
penetrate the target or non-uniform film growth. The substrate was heated with a
halogen light bulb through the program temperature controller. The temperatures
of the substrate holder were varied from;200°C.to 500°C. . Theideposition of the ZnO
thin films was carried out without -oxygenyflowing,, under  this.circumstances, the
pressure was maintained at 1 x 10° torr during deposition. The typical growth rate
and sample thickness were 0.42 A /s:and~300 nm, respectively.
3-2 Structural characterization of the ZnQ films
3-2-1 X-ray diffraction

The crystal structure of ZnO films was inspected by XRD measurements which were
performed with a four-circle diffractometer at the beamlines BL17A and BL13A of
National Synchrotron Radiation Research Center, Taiwan, with incident wavelength
1.3344 and 1.023 A, respectively. Two pairs of slits, located between the sample and a
Nal scintillation detector, were employed and yielded a typical resolution of 4 x 10~
A
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3-2-2 Cross sectional TEM

Cross sectional TEM images and SAED patterns were taken using a

field-emission-gun type TEM (Philips TECNAI-20) operated at 200 keV. For the

preparation of cross-sectional TEM specimens, several steps of lapping and polishing

are required. Figures 3.2(1) — (4) shows the specimen preparation processes. The

first step of the preparation was a mechanical treatment of the materials, like sawing or

punching to give the sample a.square form with approximately 3 x 3 mm. Second, we

glued the sample to asilicon substrate to.form.a formation of sandwich, as show in Fig.

3-2(2). Third, we polished the-sandwich-like specimen by a polishing machine. We

observed the specimen by an optical microscopy (OM) to see if there occurred a

Newton’s ring in the specimen after polishing. If there existed Newton’s ring and

showed no crackstin the-OM%image of the"specimen, the, thicknéss of specimen was

proper for the cross sectional TEM measurement. - Finally,:the specimen was mounted

on a copper ring, as shown in Fig. 3-2(4), and can be loaded into the TEM measurement

holder.
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Fig. 3-2 A schematic showing the preparation of a eross-sectional TEM

specimen

3-3 Measurements of optical properties
3-3-1 Photoluminescence detection system

A He-Cd laser (Kimmon IK5552R-F) operating at 325 nm UV line is commonly
utilized as a pumping source for PL. Figure 3-2 depicts the PL system setup including
reflection mirrors, focusing and collecting lens, sample holder and cooling system.
We utilized two single-grating monochromators (Triax 320) equipped with a
photo-multiplier tube (PMT) which is matched with a photon counter for detection.

The normal operating voltage of PMT is 0.8 kV. Moreover, we used fluorescent lamps
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to calibrate spectral response of the spectrometer and detector. Each PL signal was
collected for about 0.1 second at a step of 0.1 nm, and the data were transmitted through
a GPIB card and recorded by a computer. The monochromator was a 32 cm long with
three available resolutions of lines 600, 1200 and 1800 grooves/mm, respectively.
When the entrance and exit slits were both opened at about 50 um, the resolution was

about 0.1 nm in this system. Low temperature PL. measurements were carried out by

Iq 1 i .. -

collecting the sample using a-elosed cycle cryogenic.system.

Mirror
— mmm _ﬂ 325 nm He-Cd Laser

Sample
Holder Focal lens Focal lens
Mirror @ 325 nm
Sample Long Pass
Filter

Fig. 3-3 Layout of PL system
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Chapter 4 Results and Discussion

4-1 Results of X-ray measurements

4-1-1 Growth temperature dependent crystallinity of the ZnO films

ZnO films were deposited at a substrate temperature ranging from 200 to 500°C.
Two batches of samples were grown on two composite substrates, which were prepared
nominally under the same deposition conditions.

Figure 4-1 illustrates the radial scan-aleng suifacesnormal of:the ZnO film grown at
300°C, where the. abscissa g,=-4nsinf/A denotes the. momentum. transfer along the
surface normal_and A is the incident x-ray wavelength. = According to JCPDS (Joint
Committee on Powder Diffraction Standards), the three pronounced peaks are assigned
as the (0002) reflection of wurzite ZnO, (222)peak of cubic y-Al,O3 and (111) peak of
cubic Si, elucidating the scube=on-cube growth of+¥-AlO; on Si and a crystalline
orientation relationship of (0002),,, [|111), 5o || (111)s; along surface normal. The
pronounced thickness fringes observed near the y-Al,03(222) reflection indicates the
sharpness of the y-Al,Os interfaces; the fringe period yields a layer thickness of ~15.3
nm. From the FWHM of the y-Al,03(222) reflection, we derived the vertical
coherence length of the buffer layer, using the Scherrer’s equation, to be ~15 nm, which
is close to the layer thickness. This implies that the structural coherence of the buffer
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layer is maintained over almost the entire layer thickness.

Azimuthal cone scans (¢@-scans) across the off-normal ZnO {IOTO}, v-Al,03{440},
and Si1{220} reflections, as shown in Fig. 4-2, were measured to examine their in-plane
epitaxial relationship. Six ZnO diffracted peaks evenly spaced 60° apart confirmed
that ZnO film with a six-fold rotational symmetry against surface normal was grown
epitaxially on the y-Al,O3/Si(111) composite substrate. Furthermore, two sets of peaks
with 3-fold symmetry were. observed in the y-Al,O;{440} ¢-scan, revealing the
cube-on-cube growth. of y-Al,O; on Si.and. the coexistence of two in-plane rotated
variants. The dominant one-has.-the same ‘angular position as that of the Si{220},
A-type (111) orientated domain, and the minor one has its in-plane orientation rotated
60° from that of Si substrate, B-type-domain [32].... These results suggest that the
in-plane epitaxial “relationship " of this “hetero-epitaxial system follows {lOiO}ZnO I
{22Z}Y_A1203 or {4ﬁ}y_AlZO3 {224} 5. In this-igeometry, the two-dimensional
hexagonal unit cell of the y-Al,O3;(1171) ‘plane is aligned with the ZnO basal plane
having its lattice constant equal to v2-a(y-ALO3) = 11.186 A, about 3.45 times larger

than that of ZnO.
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Fig. 4-1 Radial scan along the surface normal of a 300 nm thick ZnO layer grown on

v-Al,O3/Si(111) composite substrate
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Fig. 4-2 The profile of g-scans across ZnO{lO_IO}, v-Al,O3(440) and Si{220} reflections
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Within the employed growth temperatures, all the samples exhibit the same
structural characteristics with a small variation of less than 0.2% in ZnO lattice
parameters. The lattice parameters of ZnO bulk are a = 3.2438 A and ¢ = 5.2036 A,
derived from the XRD data of a ZnO wafer. As compared with the lattice parameters
of the grown ZnO films, we found that all the ZnO films experience a tensile strain
(~0.28%) in the lateral direction and correspondingly a compressive strain (~0.19%)
along the surface normal. fTo characterize the structural quality of the film under
different growth temperature, the 6-rocking curve of ZnO(0002) reflection was
performed. The small values-of - FWHM, varying between 0.32°.and 0.61° with the
minimum obtained at 300°C, manifest good.¢rystalline quality of ZnO epi-layer even
for such a thin film with thickness-of.=0.3 pum. This value is @s good as that of the
ZnO epi-film grown on non-oxide'bufferlayer, such"as ZnS [33],"Al [34] and 3C-SiC
[35]. The FWHMs of g-scans. across the off-normal ZnO (1010) reflection fall
between 1.4° and 3.8°. It is worth noting that for the ZnO epi-layers grown on
v-AlLO3/Si(111) under different growth temperatures, those have smaller FWHM of
(0002) O-rocking curve always have larger width in ¢-scans across the off-normal
(1010) reflection, as shown in F ig. 4-3(a) and (b). This is different from ZnO grown
on other substrates, such as c-plane sapphire, where both FWHMSs always exhibit the
same trend of increase/decrease with growth conditions [36]. Furthermore, we grew
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ZnO film on two batches of buffer layers and found the structural quality of ZnO is
sensitive to the structural perfection of y-Al,O; buffer layer. The FWHM of 6-rocking
curve of y-Al,05(222) of the first and the second batches are 0.023° and 0.024°,
respectively, while the FWHM of ¢-scan across the off-normal y-Al,03(440) reflection
are 3.97° and 4.27° for the first and the second batches, respectively. The quality of

buffer layer of the first batch is better than that of the second batch. The ZnO films

grown on the first batch a han that of the second batch,
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4-1-2 Analysis of threading dislocation density by XRD

The major defect structure in the ZnO film is TDs. In our case, the majority of TDs
have their lines lying along the [0001] growth direction that is the same as the ZnO film
grown on commonly used c-sapphire [34]. For a (0001)-oriented thin film with
wurtzite structure, the TDs are classified into three different types according to the
direction of the corresponding Burgers vector (b) relative to the [0001] line direction.
They are edge, screw and mixed TDs characterized withibg = 1/3-<1120>, bc= <0001>
and by = 1/3-<1123>, respectively, whete by is the mix of bg and be.  In order to
address the defect structures of wurtzitesZnO;by XRD, rocking curves of the (4040)
and (000/) reflections were measured. Note that the broadening of (4040) and (000/)
rocking curves ‘are associated with'the lattice misalignment along' the in-plane and
growth directions, fespectively.” In other words,pure edge TDs twist the surrounding
ZnO lattice about [00017}, leading.to the formation of'vertical grain boundaries [37, 38,
39] and the (h0/40) crystalline planes are distorted. On the other hand, pure screw
TDs tilt the ZnO lattice and generate a pure shear strain field [40], causing the (000/)
planes being deformed. Thus, we measured the (h040) and (000/) reflections to
investigate the influence of edge and screw TDs, respectively. The FWHMs of the
@-rocking curves of (h0h0)/ (000]) Bragg peaks reflect the lattice twist/tilt and the line
width of their radial scans are related to the lateral/vertical inhomogeneous strain field
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and domain size.

To obtain a quantitative results, we employed the Williamson-Hall (WH) plot (A g vs.
q, where g = 47sin(26/2)/A denoting the scattering vector and A g is the line width in ¢
along the radial direction) to separate the reflection peak broadening due to finite
structural coherent length from strain-induced broadening. According to Eq. 2-6, the
inverse of the ordinate intercept yields the coherence length which corresponds to the
effective domain size and theislope yields the root-mean-square (rms) inhomogeneous
strain. Figures 4-4,(a) and (b) are the.typical WH_plots of radial scans along the ZnO
(h0R0) and (0004), respectively.—For ZnO film grown at.300°C, the coherence length
along surface normal is ~293.6 nm, indicating its structure maintains coherent almost
over the entire ‘film thickness. | ‘The in-plane domain. size is 117 nm. The average
lateral strain is ~3.83%107 abéut three times'that along the surface' normal (~1.3x107),
indicating that the dominant cause of ZnO lattice diStortion comes mainly from edge
dislocation. Figures 4.5 (a) and (b) are plots of Ag, vs. g (wWhere Aq, = g 46 denotes the
spread of @ in the transverse direction) for @-rocking scans across the (4040) and
(000/), the slopes yield the spread of twist and tilt angles, respectively. The twist angle
(ap) and tilt angle (ao) of ZnO fall within the ranges of 1.38°~3.8° and 0.28°~0.53°,
respectively. Note that for samples grown under different temperatures, the ZnO films
exhibit the opposite trend of variation for tilt and twist angles, which are similar to the
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trend of #-rocking curve linewidths of ZnO(0002) and (1010) reflections because
ABwoo2) and A@(1011) bear the same physical meaning as the tilt and twist angles. The
TD density can be estimated from the corresponding Burgers vectors and tilt or twist

angles. The density of screw type dislocations, Ns, is obtained using the equation:

2
(24

N = ﬁ, where aq is the tilt angle and b is the magnitude of the corresponding
: C

Burgers vector be, which is [0001] with b¢ = 0.519 nm in our case [41]. The edge

type TD density, Ng, can be calculated by adapting N, = , where @y, bgand L

2.1b,|L
are twist angle, the:length of corresponding Burgers vector«(bx = 0.325 nm) and
correlation length. along the -in-plane direction, respectively: [39]. This formula is
based on the model of dislocation piling up!in.small angle boundaries and forming
subgrains with an average size L along'the in-plane direction. ' |As for our ZnO films
grown at different temperaturesy ‘it is noticed that the density of edge TDs
(1.39~9.97x10'"" cm™) i$ about 10 times higher than-that of:screw TDs (2.14~5.75x10°

cm?). Thus, the dominant type of dislocation of ZnO grown on y-ALOs/Si(111) is

edge TDs. It is the same as the case of ZnO grown on c-sapphire [36].
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4-2 Structural characterization by TEM

4-2-1 cross sectional TEM

Illustrated in Fig. 4-6 (a) is a selected area electron diffraction (SAED) pattern along
[115]Si direction. The diffraction peaks from Si substrate, y-Al,Os3 buffer and ZnO
epi-layer can be well identified and confirmed. The crystalline orientation relationship
is (0002),,, |l (222)%0] | A1) at surface normal direction and
{IIEO}ZHO I {44_10}7_A1203 I {250}5i at in-plane direction that are consistent with the
results from XRD observation. Figuse.4:6(b).is the high magnification TEM image
taken at the interfacial region—with gl 15]Si projection. It reveals unequivocal
interfaces of ZnO/y-Al;03 and y-Al,Os/Si; no-intermediate layer was observed in either
interface. These results demonstrate that the growth.of high-quality epi-ZnO film on
Si by using a y-Al;Os buffer layer is achievable and the buffen'serves as a good template

for subsequent ZnO growth.
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Fig. 4-6 Selected area electron diffraction pattern along [112]si projection (a) and
cross-sectional HR-TEM micrograph taken near the interfacial region with [101]s:

projection (b). The inset is the corresponding SAED along [101]s; direction.
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4-2-2 Analysis of threading dislocation density

The types of dislocations in ZnO films were further characterized by cross-sectional
TEM under a two-beam contrast condition. The diffraction contrast of dislocations in
TEM images arises from the bending of lattice planes caused by the dislocation induced
strain field. For pure screw dislocations, planes with their normals perpendicalar to the
Burgers vector b¢ are undistorted. Therefore, all electron beams that are diffracted by
planes containing bc show no. image contrast. With g being the operating diffraction
vector, and b¢ the Burgers.-vector of the.dislocationy the invisibility criterion for pure
screw TDs is g «:bec = 0. For-pure edge dislocations, only lattice planes perpendicular
to the dislocation line: direction will be undistorted and edge dislocations will be
invisible in images that are formed-using electron beams diffracted from these planes.
A pure edge dislocation gives'rise ‘to two displacement components of lattice. One is
parallel to the Burgers vector bg, and the other perpendicular to the slip plane, those
normal can be expressed by bg x u with u denoting the unit vector along the positive
direction of the dislocation line. Therefore, to ensure complete invisibility for an edge
dislocation, in addition to g * bg = 0, the condition g ¢ (bg * u) = 0 has to be satisfied,
too [27]. Based on these invisibility criteria, we can distinguish the types of the TDs
by analyzing images taken with different operating diffraction vector g. Figures
4-7(a)-(c) show the images of the ZnO film grown at 300°C taken with the diffraction
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vector g equal to ZnO(0002), (1120), and (1122), respectively. According to the
invisibility criteria, g * b = 0, screw type dislocations with b¢ = <0001> are invisible
with g =(1120) but visible under g = (0002) and (1122). In contrast, edge type
dislocations with bg= 1/3-<1120 > and (bg x u) // <1100> should be invisible under g
= (0002) but visible under g = (1120) and (1122). As to the TDs of mixed type
character with by = 1/3-<1123 >, they are visible under all three g vectors. In all
three micrographs, TDs are seen as dark lines stemmingfrom the ZnO/y-Al,O; interface
with their dislocation lines primarily-along. the [0001] direction. The dislocation
density, D, was determined by-formula, D = n#h, where n is the number of dislocations,
[ is foil length and 4 is foil thickness. The foil thickness was determined by measuring
the number of extinetion distance fringes in two-beam. images (g =1(0002)) and using
the extinction distafice as a reference to derive spécimen thickness! We calculated the
densities of edge, screw and mixed TDs to be approximate 1:04x10'" (~ 27%), 3.46x10°
(~ 10%), and 2.42x10"° cm™ (~ 63%), respectively. Thus, about 90% of total TDs
contain the edge component consistent with the result calculated from XRD data that

edge is the dominant type TDs.
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Fig. 4-7 Two-beam bright field cross sectional micrograph of a ZnO thin film taken

with (a) g = (0002), (b) g = (1120) and (c) g = (1122).
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4-3 Optical characterization by PL

4-3-1 Photoluminescence spectra of as-grown films

We carried out low temperature (LT) PL at 15K to characterize the optical properties
of the ZnO films. The PL spectra of ZnO films are shown in Fig. 4-8. Regardless
of the growth temperatures, the main features on PL spectra are common for all samples.
The spectra can be divided into two parts: sharp near band-edge emission (NBE) and
broad deep level emission (DLE), which are centered at ~3.365 and ~2.196 ¢V,
respectively. The dominant peak at NBE, region issattributed to the recombination of
excitons bound to neutral donor-(D°X):[42]sand ‘the broad DLE results from point
defects such as O vacancies and Zn interstitials [43]. The assignments of NBE peaks
are also shown in Fig. 4-9, which is-the:PL spectrum of the ZnO grown at 300°C. The
peak at 3.375 eV was designated asithe free A=exciton (FX,) line; the binding energy of
the corresponding A-exciton was.obtained to be 58.875 meV by fitting the temperature
dependent PL data using the Arrhenius expression, as shown in Fig. 4-10. The
dominant peak at ~3.364 eV in the NBE region was assigned to the recombination of
excitons bound to neutral donor (D°X) [44] and its FWHM is 9.4 meV. The D°X
emission accompanied with single phonon (D°X-1LO) and dual phonon (D°X-2LO)
replica appear at 3.288 and 3.215 eV. The peak at ~3.23 eV is attributed to the
donor—acceptor pair (DAP) transition. Another strong line at 3.328 eV originates from
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the transition involving radiative recombination of an exciton bound to a neutral donor
(D°X) and leaving the donor in the excited state. This process is also known as the
two-electron satellite (TES). We made such an assignment based on the ratio of donor
binding energy to exciton binding energy ~0.35, as reported by Teke et al [42].
Similarly to the E2-high mode in the Raman spectra of ZnO thin films [43], the position

of the D°X is sensitive to the strain state of the films. The observed red shift of D°X

energy relative to that of ZnQ marked by the dashed lines, is

consistent with the bia
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Fig. 4-8 Typically PL spectra measured at 15K for ZnO epi-layers deposited on
7-Al,03/Si (111) at (a) 200°C, (b) 300°C and (c) 400°C, respectively. The spectra can
be divided into two major parts: NBE and DLE. The FWHMs of NBE are marked

near the peaks.
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grown at 300°C.
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4-4 Correlation between structural and optical properties of

ZnO films

The ZnO films with narrower FWHM of NBE and lower ratio of DLE to NBE
intensity (Ip.p/Ingg) are considered to have better optical properties. For the ZnO films
grown at different temperatures and on different batches of y-Al,Os3/Si substrates, we
found that the optical performance of films grown at 300°C always exhibits the best
characteristics in NBE region'but the worst in DLE region among the samples grown on
the same substrate. #In other words, EWHM.of NBE and (Ippp/ngg) ratio exhibited an
opposite trend of.variation vs.-growth condition. ¥rom the previous XRD results, we
also observed the opposite trend of Aoz and A@@ony for our specimen. The
(IpLe/Inge) ratio”versus Agaomny ,«thes FWHM of the azimuthal scan across ZnO
off-normal (IOTO) reflection; ‘and the FWHM of NBE verstis A6ooo2), the FWHM of
the rocking curve of the (0002)-specular reflection,ate illustrated in Figs. 4-11(a) and
(b), respectively. Here, A6oo02/A¢ 1o11) bears the same physical meaning as the
tilt/twist angle. Besides, tilt angle is coupled with screw type TDs while twist angle is
coupled with edge type TDs. It suggests that we can individually observe the
influence of different types of TDs on the optical property of ZnO film grown on
v-Al,O3/Si(111). Figure 4-12(a) shows the correlation between (Ippg/Ingg) ratio and
edge dislocation density. It elucidates that the ZnO with larger (IppLp/Inse) ratio
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possesses the higher edge dislocation density. Figure 4-12(b) displays the FWHM of
NBE as a function of screw dislocation density. Similarly, it exhibits a positive
correlation between them. In contrast, both (Iprg/Ingg) ratio vs. screw dislocation
density and NBE line width vs. edge dislocation density plots do not show any clear
correlation, as shown in Figs. 4-11(c) and (d). Thus, it is evident that the NBE is

dominantly affected by screw type TDs and DLE is mainly influenced by edge type TDs.

It is speculated that the edge:] egation of point defects due to stress
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Chapter 5 Conclusions and Perspective

5-1 Conclusions

High-quality ZnO epitaxial films have been successfully grown by pulse laser
deposition on Si(111) substrates with a thin oxide y-Al,Os buffer layer. There are two
(111)-oriented y-Al,O3; domains rotated 60 degrees from each other relative to the
surface normal. The in-plane epitaxial relationship between the wurtzite ZnO, cubic

y-Al,O; and cubic Si follows {1010}, . || {224} | 4224}s and {1010}, ||

7-ALO;
{422} .0, 1{224}si coexist.—XRD- and| TEM measurements reveal that the main
defect structuresiin ZnQ . films are edge TDs. According to the XRD; TEM and LT-PL
results, we established the correlation between influence of differentitypes of TDs and
optical properties.of the ZnO' epi-films. = Our results demonstrated that the ratio
(IpLe/Ingg) 1s mainly affected by edge TDs and the FWHM of NBE is dominantly

influenced by screw TDs. The reduction of the dislocation density is one of the most

important factors to improve the ZnO-based optical device.

5-2 Perspective

In our research, we have derived the relationship between the photoluminescence and
structural properties of ZnO films. It is always speculated that the DLE is coupled
with the point defects such as O vacancies and Zn interstitials and aging in air can
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improve the optical properties of ZnO layer has been reported [46]. We therefore

performed post growth thermal annealing in an oxygen ambient (800 °C in 1 atm O, for

100 min.) and the optical performance of all the samples exhibited evident improvement.

Take a 270 nm thick sample grown at 300°C as an example, its PL spectra measured

before and after thermal annealing are displayed in Fig. 5-1(a) and (b), respectively;

significant reduction of the DLE signals and narrower FWHM of NBE were observed

after the annealing. We also,annealed a similarly prepared sample in N, atmosphere;

the PL spectrum wassmuch worse than the.one beforesannealing especially a huge broad

peak appeared inithe DLE region.-.. These observations supported the argument that the

oxygen vacancies played the most important role.in the native defects in ZnO thin films

deposited by PLD [46].

It is known that ZnO epi-layets ‘with lafger thickness usually have better structural

characteristics and optical properties. We thus grew a series of samples with various

thickness to examine if thermal annealing has the same effect on them. Figures

5-2(a), (b) and (c) are PL spectra of samples before annealing with different thickness

~37, 165 and 300 nm, respectively. The corresponding PL spectra of these samples

after annealing are (a’), (b’) and (¢’). We can clearly observe the reduced DLE and

better NBE performance after annealing. Figures 5-3(a) and (b) depict the tilt and

twist angles, respectively, as a function of ZnO film thickness before and after thermal
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annealing. We can clearly tell for films of thickness less than ~200 nm their structural

properties improve after annealing and the thinner the ZnO layer the better is the

structural improvement. On the other hand, for the ZnO film of thickness ~300 nm,

the structural property even became worse after annealing but the undesirable DLE was

reduced in the PL measurement indicating the improvement in the optical performance.

The inconsistency in structural and optical variation may be attributed to the different

probing depth of XRD and PL as well as the non-unifermity of the annealing effect to

the thick films. Figure 5-4(a) is the x-ray reflectivity curve of.a ~300 nm thick ZnO

film prior thermal.annealing. —-Only a periodi¢ feature yielding'a thickness of ~10 nm,

which is consistent with the thickness of the y-Al,O3; buffer layer, can be identified.

After annealing, additional oscillations with a smaller periodicity appeared in the

reflectivity curve, fas illustratéd i Fig. 5-4(b), and“all the oscillations became more

pronounced indicating smootherinterfaces. The presence of the finer fringes revealed

the appearance of an extra layer of thickness ~98 nm near the surface after annealing.

This observation suggests that under the employed annealing treatment, the ZnO film

was split into two parts and the oxygen atoms can penetrate into the ZnO film as far as

~98 nm in depth to form the upper layer. Thus, the upper layer was annealed under an

oxygen rich circumstance and most defect structure was eliminated. The defect

structure in the lower layer was not improved or even got worse due to the oxygen
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deficient annealing environment. Typically, the PL measurement can only probe a

region about 100 nm thick but X-ray can easily penetrate into the sample over several

hundreds of nanometers. Therefore, for the thinnest film (~37 nm thick), the whole

ZnO layer was nicely annealed in an oxygen rich environment and both XRD and PL

were sampling this layer with improved structural and optical properties. In contrast,

for the thickest film (~300 nm thick), PL signals were predominantly coming from the

~100 nm thick upper layer but XRD data were an average over the upper layer and the

twice thick bottomslayer which had.werse. characteristics 1m. structure and optical

performance. As to the sample-withpmedium thickness (~165.nm thick), the PL

spectrum is similar to that of the other two samples but only mild improvement in

structure was observed as a_result.of .an ensemble average between the more perfect

upper layer and thelworse bottom layer.  That'adapted thermal treatment only improves

film structure over a “fimite thickness provides . a reasonable explanation to the

inconsistency trend found in structural and optical properties as a function of film

thickness.

According to this phenomenon, we supposed that we could calculate the diffusion

velocity of oxygen in ZnO film by implementing time dependent annealing process.

Besides, by implementing the (short)-time dependent annealing of ZnO film with defect

rich, we could get the rough information about how depth the PL measurement can
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detect and reflect a measurable signal of DLE.

In the future, we could also work on the ZnO based LED as we can successfully grow

P-type ZnO film on silicon based system.
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Fig. 5-1 PL spectra measured at 15K of ZnO film grown at 300°C before
annealing (a) and after annealing (b). The DLE is obviously reduced and

the FWHM of NBE becomes narrower.
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Fig. 5-4 X-ray reflectivity curves of samples (a) before and (b) after annealing. We
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fringes yields a thickness of ~98nm. In both (a) and (b), there always exist fringes,

enclosed by rectangle, which corresponds to a layer of thickness ~ 10 nm. This is

originated from buffer layer.
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