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Abstract

We have successfully synthesized two types of ZnO nanostructures by a simple
vapor transport method. XRD and TEM measurements indicate that the ZnO
nanostructure is made of the single=crystal with wurtzite structure. For the nanosaws,
the PL spectra were measured -at room temperature- Under low excitation density,
the emission shows an intensive péak.at-about 3.22 eV with FWHM~150 meV.
This emission peak is attributed to the recombination of free excitons. As increasing
excitation density, several sharp peaks emerge at around 3.18 eV with FWHM less
than 4 meV. We measured emission spectra at different excitation areas while fixing
the excitation intensity and polarization dependence of the emission that confirmed
the random lasing action in ZnO nanosaws. On the other hand, ZnO/MgO core-shell
structures were conjectured by XRD, SEM, EDS and TEM measurements. The
optical properties of ZnO/MgO core-shell structures were analyzed by PL. After
annealing treatment, the position of the NBE emission peak shifts towards higher
photon energy from 3.27 eV~3.5 eV with increasing annealing temperature. A
blueshift in the near band emission after annealing treatment is attributed to the
diffusion of Mg into the ZnO nanowires to form ZnMgO alloy. Band gap

engineering and stimulated emission of ZnMgO nanowires with different Mg doping

II



are also demonstrated. The unique properties of stimulated emission in ZnMgO

nanowires could be potentially utilized for nano-device applications.

I



3z #HAcknowledgements)

FOEAR A it B B R RS E R R S B fE g
EAE AR Y 5 8- a0 f2> B 5 FF fgroup meetingfF S - B F R
MLLERZ O RANGT I 2RO E c ARk EY O LS DIRATE
g1 AR FERY rREREL SR EA PR R T RELOBAS LA L
H?iﬁ&*ﬂﬁﬁﬁ%o

ERRALEHR RO SN E N F BRI
o s o REF o s P NEF (AR IR A > Rk - v Ak T 600 Blawll) > g in e

T Y R N R T R SR ST

21N

WAF A A kPR E o RGE T Ry M R R TR E
L= HF Ao FE o A A P A AR BT A % e 4T TS
}a—"f_\ﬁég‘r?‘\,J\%\fa?ﬁ\f‘afé\éﬁé\fgv{gygﬁé;{i#\%}%ip?g\]!ﬁ;ﬁnf%-\-H;;‘,
B s BEGEF LR [REN R R e > AR AR E ey s Fes
2 ETF AR T U LR RERCE PR E ) Fle AL 2
£ 0w 31 B AaE g NI A P g S TR KET 3 AR

g e o ﬁ».g,ﬁ*»—‘i# FTHAT AOE g S 1NER » ) Fing N h- T in

EREABLE P % EBAFIDIR AT % 5T e X s —
P BB RERIARE(E R R R ) B AR AT
g LR B - BRI EEAT L BB anfl e o R
B IINp 7 (AR B ORJPR g -
RS Rk S SRR R S SRR SRR L X
fof i 3 RPBRB A ANRFELA] 4o BT B A LT E or F
Aol AR Wk BB AR o

2005/06/18 = % =

v



Content

Abstract (in ChiNeSe).......covveiiiie i e
Abstract (in English).........coooii
Acknowledgements.......c.ovv v v
(070] 0111 01 K J P \
LiSt Of FIQUIES.. ..o e Vil
Chapter 1 Introduction.............cooiiiin i, 1
1.1 Introduction to nanotechnologies for one-dimensional
NANOSTIUCTUIES . . ..ttt ettt 1
1.2 Properties of ZnO and ZnOszbased compounds........................ 3
1.3 Review of ZnO nanostructutes.in.photonic applications............ 4
1.4 MOtivation .......... i b i i i e 5
1.5 Organization of thesis... . ... i e 6
Chapter 2 Theoretical background.<;.............................. 7

2.1 Growth mechanism of one-dimensional ZnO nanostructures........7
2.2 Scanning electron microscopy and energy dispersive X-ray

SPECITOSCOPY e vtttee ettt et ettt et e e e e e e e 8
2.3 Transmission electron MiCroSCOPY ....vvvvreeenrieenreneeennnennnnnn. 10
2.4 X-ray diffraction.........cooiiii i 13
2.5 Raman sCattering........c.ovvuiieiiiiiii i eeie e eeaees 15
2.6 Photoluminescence Characterization.......................c.ooouve... 17
2.6.1 Fundamental TranSitions..........oouveirieiiiieiiieiieeieeniieeiieee e, 18
2.6.2 Influence of high-excited light intensity.....................cooeiiiinntl. 20
Chapter 3 Experimental details .........................onll 23
3.1 Sample preparation...........c.evvieiiiiiiiiiiiii e 23
3.1.1 Substrate preparation.........c..eeeeeiuiieireeeee e 23
3.1.2  Growth of ZnO and ZnMgO nanostructures.................cceceennnnn. 23
3.2 Scanning Electron Microscope system................ccceeuvennn... 24
3.3 Transmission electron microscope System...............eevveenenn. 25

\Y



3.4 X-ray diffraction...........cooiiiiiiii i 26

3.5 Raman SYSteM......uiiiii e e 27
3.6 Photoluminescence System...........c.vvviuiiviiiiieninieeineeennnnnn 27
Chapter 4 Results and discussion .............c.ccovvcviieannnn. 29
4.1 Structural and optical properties of ZnO saw-like
NANOSTIUCTUTES . . . oottt et e et e ean 29
4.1.1 Growth of ZnO nanosaws on Si substrate...............cceoeiieieinnnn.. 29

4.1.2 Structural properties and growth mechanism of ZnO nanosaws.........29
4.1.3 Optical properties of ZnO nanosaws

........................................ 33
4.1.4 Random lasing in ZnO nanosaws at room temperature................... 35
4.2 Room-temperature optical properties of the ZnO:MgO nanowires
after heat treatment..................ooiiiiii 44
4.2.1 Growth of the ZnO:MgO nanowires on a-plane sapphire................. 44
4.2.2 Structural properties and growth mechanism of ZnO:MgO
MANIOWITES . .+t teee ettt et et et e e e et e et e et et et et et e e 44

4.2.3 Effect of annealing treatment onsoptical property of ZnMgO nanowires

4.2.4 Stimulated emission in ZnMgO nanowires at room temperature.........54

Chapter5 Conclusion and perspectives

5.1 Conclusion..........ooo it st 08
I oS 1] 0111 5 AT 59

References

VI



List of Figures

Fig. 1-1 Diagram of top-down and DOttomM-UpP..........oviuiitiiitiiii e e s 1
Fig. 1-2.The development tendency of minimum ProCess. .........ouvuueniuieentereeentaniieeneaeeaieeanennes 2
Fig. 1-3 (a) Coaxially-gated nanowire transistors (b) Nano-logicgate (c) Nanophotonics. Nanowires (d)
optically driven nanolaser and (e) electrically driven nanolaser. (f) Nanograting (g)
Nanoscalephotonics INtEEIAtION. .. ... ..o.uiiretit ettt ettt et et e et e e ereeeieeeneaes 3
Fig.1-4 (a) ZnO nanowire, (b) ZnO nanoribbon, (c) ZnO nanocomb, (d) periodic ZnO nanowire array,
(f) ZnO inverse opal nanostructure, and (g) multiple quantum well (ZnO/ZnMgO) nanorod...5
Fig. 2-1 VLS mMethod. . ... e 8
Fig. 2-2 In situ TEM images recorded during the process of nanowire growth. (a) Au nanoclusters in
solid state at 500 C; (b) Alloying is initiated at 800 °C, at this stage Au exists mostly in solid
state; (¢) liquid Au/Ge alloy; (d) the nucleation of a Ge nanocrystal on the alloy surface; (e)

Ge nanocrystal elongates with further Ge condensation;.(f) eventually forms a wire; and (g)

Au-Ge binary phase diagram. . . b i e 8
Fig.2-3 (a) Closed circuit TV and (b) scanning €lectron microSCOPE. ..........ovvvererineniieeneeaeanannne. 10
Fig.2-4 Schematic diagram for Energy Dispersive X-rays SpectroSCOPY ....ovvvverrerinreneerenneniennns. 10

Fig. 2-5 Schematic showing electrons and electromagnetic waves emitted from a specimen as a result
of elastic and inelastic scattering of the incident electron waves. ...............ccoevviinnn.n. 11

Fig. 2-6 Schematic ray diagram for a three-lens imaging microscope operated (a) for imaging and (b)
for selected area diffraction. ............cooiiiiiii i 13

Fig. 2-7(a) Two sets of Bragg planes in an NaCl crystal and (b) X-ray scattering from a cubic

10321 P 14
Fig. 2-8 The hexagonal unit cell....... ... .o i e 15
Fig. 2-9 Radiative transition between a band and an impurity state. ...............ccoeviiiiiiiinnennnnn... 20
Fig. 2-10 The general scenario for many-particle effects in semiconductors. ....................oooeenine. 21

Vil



Fig. 2-11 Schematic representation of the inelastic exciton-exciton scattering processes................. 22

Fig. 3-1 Thermal vapor transSport SYSTEIM. . ... ..ueutt ittt ettt et et e e e et e aeeeaaans 24

ST Y 1Y ] <3 s D PP 25
e T T L 000 7 1< o U 26

Fig. 3-4 XRID SYS oM. 1.t ttittitint ettt et et et ettt et ettt et e e et et 26
Fig. 3-5 RAMan SYSTEIML. .. ...ttt et 27
S T B 3 o D1 ) o F PP 28
Fig. 3-7 High power pumping PL SYStem..........o.iiiiiii e 28
Fig. 4-1 The SEM image and The EDX of the ZnO nanosaws. .............c.cocoeiiiiiiiiiiiiniaanan 30
Fig. 4-2 The XRD pattern of ZnO Nan0OSAWS. ........oueuuintiutneen ettt eae e aeeeenes 31

Fig. 4-3 TEM image, SAED, and HRTEM image of the teeth of the ZnO nanosaws together with

schematic model of the nanosaw; s .o . ... oo 32
Fig. 4-4 The Raman spectra of ZnO NANOSAWS «. . e eedhiteeus bttt eteeeeeteneeeeeneteeeeeeneaennes 34
Fig. 4-5 The PL spectra of ZnO nanoSaws . s cecmsmmmmmsms. « o dettuenetenenineeeteneneneaenteneeneaaenenn 34

Fig. 4-6 The emission intensity of ZnO nanosaw. versus the pumping intensity under excitation area is a
circular shape of 3:92x10™ c¢m?and threshold behavior ...............ocovvoiueeeeeeeeeen. 36
Figure 4-7 Dependence of excitation area on emission spectra of the ZnO nanosaws at I, = 1.1
MW/cm?, and threshold excitation area versus excitation density. ............................... 41
Figure 4-8 Emission spectra of observation angles at 6=75° and 6=45° with 0 being defined from the
SAMPIE SUMTACE. . ...ttt e 42
Figure 4-9 Emission spectra of ZnO nanosaws which corresponding to the polarization angles of 40°
and 130° and The degree of polarization calculated for two polarization angle................ 43
Figure 4-9 The inset of the degree of polarization as a function of polarization angle for lasing peak at

3.17 eV (squares) and smooth spontaneous emission (triangles). ...............ceeeeeinin... 43

Figure 4-10 The SEM images and the EDX patterns of the pure well-aligned ZnO nanowires ; the

as-grown ZnMgO NANOWILES. ......viueiniitiitiniiiiieeeeaieeaaenens 2 45

VI



Figure 4-11 The XRD pattern of pure well-aligned ZnO nanowires and as grown ZnMgO

DANOWITES. ..t ettt ettt et et ettt et et ettt e ettt et ettt e et et e e e e eae e e eae 46
Figure 4-12 TEM image of ZnO/MgO core-shell nanowires; EDS analysis showing the nanowire is

composed of Zn, Mg and O........ ..o 47

Figure 4-12 HRTEM image of the edge of the nanowire; SAED of single-crystalline MgO with a cubic

rock salt structure; and schematic model of the core-shell nanowires. ........................ 47
Figure 4-13 SEM image and EDS spectra at different annealing temperatures 800 °C, 900 °C and 1000

°C of as grown ZnMgO NANOWITES. ... .uiveinireneteeneteteet et et et et eeieea e e eaeaeaeenses 49
Figure 4-14 The XRD pattern of as grown ZnMgO nanowires and annealing treatment at various

ANNEAIING tEMPETATUIES. . ...t eetent ettt et ettt et ettt et e et et et e e et e et e e e e e e aeneans 50
Figure 4-15 Room temperature full PL spectra of pure ZnO nanowires and the as grown ZnO/MgO

core/shell nanowires annealed at different temperatures................cooovviiiiiiiiiinninnnn.. 51
Figure 4-16 Room temperature UV region PL spectra of pure ZnO nanowires and the as grown

Zn0O/MgO core/shell nanowires annealed at different temperatures..................cc......... 52
Figure 4-17 The dependence of the photon energy of PL emission and FWHM at different annealing

LS 101 01S) 1105 (< 52
Figure 4-18 The dependence of the photon energyias'a function of Mg content at different annealing

[0S 1010]S) ;108 (< S . N 53
Figure 4-19 RT PL spectra under various excitation denSities. ... . ....ouvueeeeniniiiieiieiieieeeeene, 56
Figure 4-20 The emission intensity ;of spontaneous emission(ls,) and stimulated emission(ls) as a

function of excitation intensity (lee) @t To0m teémperature for pure ZnO nanowires and the as

grown ZnO/MgO core/shell nanowires annealed at different temperatures.................... 57

IX



Chapter 1 Introduction

1.1 Introduction to nanotechnologies for one-dimensional

nanostructures

Nanostructures - structures that have at least one dimension between 1 and 100
nm - have received much interest due to their peculiar and fascinating properties and
applications superior to their bulk counterparts.'” The ability to fabricate such a
nanostructure is essential to much of modern science and technology. There are two
major aspects: “top-down” and “bottom-up” techniques as shown in Fig.1-1 to

fabricate one-dimensional structures of nanometer-length scale.

nanestructure

AP

/ N\

5959599 J U

Bottom-up Top-down

Fig. 1-1 Diagram of top-down and bottom-up.

The techniques of the top-down aspect have been developed for a long time and
used in semiconductor industry such as ultraprecision machining, micro lithography,
etc. When structure scale approaches nano-size, the manufacture of nanostructure

has a lot of difficulties that have to be overcome in the top-down method, so that the



bottom-up method has attracted more and more research attention on making up the
nanostructure in the recent years, as shown in Fig. 1-2.

Up to present, one-dimension semiconductor nanostructures such as nanowires,
nanotubes, nanobelts, nanocombs, nanocantilevers and nanosplrings“'9 have been

fabricated by the bottom-up methods such as chemical vapor deposition (CVD), laser

ablation, vapor phase evaporation, and solution and template based methods.'*"*
Dimensional Scale
lmm
100um —
: Top-down Approach
10pum — Precision & ) i
Ultaprecision
. Lithography
Ipm —| Jachining
Energy Beams
100nm — | T e e ]
10nm —| Biochemistry
Nanophase
- . Materials
lnm — Chemistry
Bottom-up Approach
0.1nm | | | | | |
1940 1950 1960 1970 1980 1990 2000 2010

Year

Fig. 1-2.The development tendency of minimum process

Different types of one dimensional semiconductor nanostructures have been
developed and applied to various nanoscale devices, such as nanotransistor,
nano-logic gate, nanophotonics , nano-laser source, nano-grating and nanoscale

photonics integration (Fig. 1-3 (a)~(g) )
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Fig. 1-3 (f) Nanograting *° (g) Nanoscale photonics integration®'

1.2 Properties of ZnO and ZnO-based compounds

ZnO has attracted considerable scientific and technological attention due to its
wide direct bandgap of 3.37 eV that is suitable for blue and ultraviolet (UV)

optoelectronic applications. In this regard, exciton binding energy of ZnO is 60 meV,



which is significantly larger than that of ZnSe (22 meV) and GaN (25 meV).
Therefore, exciton stability of ZnO provides opportunities for making highly efficient
optoelectronic devices at room temperature. Moreover, based on high-quality ZnO
ternary compounds formed with effectively doped impurities, the ZnO-based
compounds can be systematically bandgap engineered from 3 eV (Zng93Cdg70) to 4
eV (Znge7Mgo330) at room temperaturezz, and the p-type conductivity has been

formed with nitrogen, phosphorous, or arsenic doped Zn0.>*

1.3 Review of ZnO nanostructures in photonic applications

ZnO-based one-dimensional nanoscale materials, as important functional oxide
nanostructures, have received increasing attention over the past few years due to their
potential applications in nanoscale photonic'devicés. Under different morphologies
of ZnO nanostructures, nanowires, nanoribbons, and nanocombs [as shown in Fig.
1-4(a)~(c)] have been fabricatéd for wvarious-potential applications. For photonic
applications, short-wavelength light emitting devices (LED)*, room-temperature

1827 and solar cells™ are a few example. Up to present, these

ultraviolet nanolasers
different morphologies of ZnO have been grown on sapphire and silicon substrate by
simple vapor transport deposition, laser-MBE and MOCVD process. The formation

2930
d“". The more

mechanism of ZnO on the nano-length scale had also investigate
complicated ZnO-based nanostructures were fabricated. For example, the inverse ZnO

structure, the periodic ZnO nanowire array and the ZnO/ZnMgO nanorod

heterostructures were made for studying the photonic properties, as shown in Fig.

1-4(d)~(9).



(a) (b) (©)

l

1.4 Motivation

The ZnO material has a very high UV emission efficiency at room temperature
(free exciton binding energy is 60 meV). The UV lasing was observed in ZnO
nanowires and lasing action was confirmed with the endfaces of the nanowire serve as
the Fabry-Perot optical cavity. Therefore, we plan to employ a thermal vapor
deposition process to grow ZnO nanostructures without catalyst in order to investigate
the relationship between their morphology and the optical properties. Most of the
reported researches on synthesis of randomly oriented ZnO saw-like nanostructures
on Si substrate were emphasized on their growth mechanisms™*. In view of the
morphology of ZnO nanosaws, instead we will emphasize on investigation of optical
properties of ZnO nanosaws. Moreover, heterostructure is one of the key structures

for creating various electronic and optical devices using compound semiconductors.
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The ZnyMg; O system has optical characteristics of wide bandgap that has the wider
optical bandgap with increasing Mg concentration. Therefore, we plan to
synthesize the Zn,Mg;.«O nanowires (Zn*=0.6A, Mg>*=0.57A) on sapphire substrate
that modulate the optical bandgap with keeping the form of nanowire. Pulsed optical
pumping will also be used to investigate stimulated emission in both of the ZnO

nanosaws and the Zn,Mg;x O nanowires.

1.5 Organization of thesis

Beside this chapter, the thesis includes other four chapters. In chapter 2 we will
exhibit the theoretical background of the experiments such as the thermal vapor
process, scanning electron microscopy,(SEM), energy dispersive X-ray (EDX),
transmission electron microscope (TEM);x=ray diffraction (XRD) spectrum, Raman
scattering and photoluminescence (PL) spectrum systems, respectively. In chapter 3,
we display the experimental “details. including ‘the measurement apparatus and
processes. By means of the SEM,“TEM}*XRD, Raman, and PL spectrum, the
morphology, crystalline quality, and optical emission properties of ZnO nanosaws and
ZnMgO nanowires will be investigated and discussed in the chapter 4. Then we

made a conclusion in the final chapter.



Chapter 2 Theoretical background

2.1 Growth mechanism of one-dimensional ZnO

nanostructures

Most popular approach for forming 1-D nanostructures is the vapor-liquid-solid
(VLS) methods™. The VLS method was originally developed by Wagner and his
co-workers to produce micrometer-sized whisker in 1960s*°.  Recently, this
technique is re-examined by Lieber’>. In the VLS method, the catalyst plays a key
role on the growth of the nanowires or nanorods. The catalyst would form an alloy
nanocluster with the reactant under the, proper conditions. The growth of the
nanowires results from the alloy fianoclusters-are supersaturated in the reactant. The
formation procedure of 1-D nanostructure in the VLS method is shown in Fig. 2-1,
which demonstrates the formation of semiconductor nanowire using metal catalyst.
The reactant metal vapor which could be"generated by the thermal evaporation is
condensed to the catalyst metal to form a liquid alloy nanocluster as the temperature is
low. Nanowires grown after the liquid metal alloys become supersaturated and
continue as long as the metal nanoclusters remain in a liquid state. Growth of
nanowires will be terminated as the temperature reduces to the point that the metal
nanoclusters solidify. Therefore, a strong evidence of the VLS mechanism is to
observe catalytic metal at the ends of the nanowires as that observed on the formation
of Ge nanowires in the report by P. Yang et al.,’” as shown in Fig. 2-2. Based on the
VLS growth mechanism, ZnO nanowires had been successfully grown on silicon

substrates also by P. Yang et al. *°
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Fig. 2-1 VLS method
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Fig. 2-2 In situ TEM images recorded during the process of nanowire growth. (a) Au nanoclusters in
solid state at 500 C; (b) Alloying is initiated at 800:°C; at this stage Au exists mostly in solid state; (c)
liquid Au/Ge alloy; (d) the nucleation of a Ge nanocrystal on the alloy surface; (¢) Ge nanocrystal
elongates with further Ge condensation; (f) eventually forms a wire; and (g) Au-Ge binary phase

diagram.

2.2 Scanning Electron Microscope (SEM) and Energy

Dispersive X-rays Spectroscopy (EDS)

The principle of SEM used for examining a solid specimen in the emissive mode
is closely comparable to that of a closed circuit TV system shown in Fig. 2-3. In the
TV camera, light emitted from an object forms an image on a special screen, and the
signal from the screen depends on the intensity of image at the point being scanned.

The signal is used to modulate the brightness of a cathode ray tube (CRT) display, and



the original image is faithfully reproduced if (a) the camera and display raster are
geometrically similar and exactly in time and (b) the time for signal collection and
processing is short compared with the time for the scan moving from one picture point
to the next.

In the SEM the object itself is scanned with the electron beam and the electrons
emitted from the surface are collected and amplified to form the video signal. The
emission varies from point to point on the specimen surface, and so an image is
obtained. Many different specimen properties cause variations in electron emission,
thus, although information might be obtained about all these properties, the images
need interpreting with care. The resolving power of the instrument can not be
smaller than the diameter of the electron probe scanning across the specimen surface,
and a small probe is obtained by'the demagnification of the image of an electron
source by means of electron lenses... The lenses are probe forming rather than image
forming, and the magnification-of the"'SEM-image 1s determined by the ratio of the
sizes of raster scanned on the specimen surface and on the display screen.

For example, if the image on the CRT screen is 100 mm across, magnifications
of 100X and 10000X are obtained by scanning areas on the specimen surface 1mm
and 10um across, respectively. One consequence is that high magnifications are
easy to obtain with the SEM, while very low magnifications are difficult. This is
because large angle deflections are required which imply wide bore scan coils and
other problem parts, and it is more difficult to maintain scan linearity, spot focus and

efficient electron collection at the extremes of the scan.
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Fig. 5.1(b). Scanning electron MiCroscope.

Display CRT

Fig.2-3 (a) Closed circuit TV and (b) scanning electron microscope

Energy Dispersive X-rays Spectroscopy (EDS) is a standard procedure for
identifying and quantifying elemental composition of sample areas as small as a few
square micrometers. The characteristic X-rays are produced when a material is
bombarded with electrons in an electron beam instrument, such as a scanning electron
microscope (SEM). Detection of these x-rays.can be accomplished by an energy
dispersive spectrometer, which is a solid state device that discriminates among X-ray
energies, as shown in Fig. 2-4.

e hv
(sray)

Fig.2-4 Schematic diagram for Energy Dispersive X-rays Spectroscopy

2.3 Transmission electron microscopy (TEM)

TEM is an analytical imaging technique whereby a beam of electrons are focused
onto a specimen causing an enlarged version to appear on a fluorescent screen or layer
of photographic film. Like all matter, electrons have both wave and particle

properties, and their wave-like properties mean that a beam of electrons can in some
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circumstances be made to behave like a beam of radiation. The wavelength is
dependent on their energy, and so can be tuned by adjustment of accelerating fields,
and can be much smaller than that of light, yet they can still interact with the sample
due to their electrical charges. FElectrons are generated by a process known as
thermionic discharge in the same manner as that at the cathode in a cathode ray tube;
they are then accelerated by an electric field and focused by electrical and magnetic
fields on to the sample. Details of a sample can be enhanced in light microscopy by
the use of stains; similarly with electron microscopy, compounds of heavy metals
such as lead or uranium can be used to selectively deposit heavy atoms in the sample
and enhance structural detail, the dense electron clouds of the heavy atoms interacting
strongly with the electron beam. The electrons can be detected using a photographic

film, or fluorescent screen among other technologies. **

Fig. 2-5 illustrates the prinecipal results of electron scattering by a sample and, as
a result, the principal sources of information that-can be obtained. The operating
modes are as follows: TEM, SEM, scanning transmission electron microscopy
(STEM), and microanalysis (by X-ray and/or energy loss analysis or Auger analysis

of surfaces).

[ncodent
beom

Auger electrons (AES)

Beckscottered elecirons )
SEM
Secondary elacirons

|
Cothodoluminescence llow energy )
Kerays (MPA)
Absorbed electrons —s— Spacimen

20 Transmitted elecirons (TEM and STEM)

Brogg diffrocted electrans

1]
TEM and STEMI 'Enwgyluss elecirons (ELS)

Fig. 2-5 Schematic showing electrons and electromagnetic waves emitted from a specimen as a result

of elastic and inelastic scattering of the incident electron waves.
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In the TEM mode, which is the most often encountered, the microscope is
operated as in Fig. 2-6 (a) to form images in bright field, dark field, or lattice image
phase contrast mode and in Fig. 2-6 (b) to form diffraction patterns by using selected
area apertures and focusing the intermediate lens on the diffraction pattern formed in
the back focal plane of the objective lens. Simple ray diagrams to illustrate these
two modes are shown in Fig. 2-6. In the following sections the specially important
methods of dark field imaging, selected area diffraction, and lattice imaging are
discussed.

As the collimated beam of electrons passes through the crystalline specimen, it is
scattered according to Bragg’s law. The beams that are scattered at small angles to
the transmitted beam are focused by the objective lens to form a diffraction pattern at
its back focal plane (Fig. 2-6). When the intermediate and projector lens system is
properly focused, a magnified image of the back focal plane of the objective lens will
be projected on the viewing screen. i An-intermediate aperture may be inserted at the
first intermediate image plane to limit the field from which the diffracted information
is obtained. The intermediate selected area diffraction (SAD) aperture makes it
possible to obtain diffraction patterns from small portions of the specimen. This
technique is very useful, since a direct correlation can be readily made between the
morphological and crystallographic information of very small areas. It is also
necessary for establishing the diffracting and contrast conditions in the image. The
technique is of particular importance when more than one phase is present in the

: 39
specimen.
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Fig. 2-6 Schematic ray diagram for a three-lens imaging mictoscope operated (a) for imaging and (b)

for selected area diffraction.

2.4 X-ray diffraction

A crystal consists of a regular array of atoms, each of which can scatter
electromagnetic waves. A monochromatic beam of X-rays that falls upon a crystal
will be scattered in all directions inside it. However, owing to the regular
arrangement of the atoms, in certain directions the scattered waves will constructively
interfere with one another while in others they will destructively interfere. The
atoms in a crystal may be thought of as defining families of parallel planes, as in Fig.
2-7(a), with each family having a characteristic separation between its component
planes. This analysis was suggested in 1913 by W. L. Bragg. The conditions that
must be fulfilled for radiation scattered by crystal atoms to undergo constructive

interference may be obtained from a diagram as in Fig. 2-7(b). A beam containing
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X-ray of wavelength A is incident upon a crystal at an angle 6 with a family of Bragg
planes whose spacing 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 takes place only between those scattered rays that are
parallel and whose paths differ by exactly A, 2A, 3A, and so on. That is, the path
difference must be nA, where n is an integer. The only rays scattered by A and B for

which this is true are those labeled I and II in Fig. 2-7(b).

A~
S \
" J
T
' A ";kq//

1l f, A L] Path difference

o ] 1 ‘}\ 0O+ O ] =2dsing

: ‘ald® J:J
o 0 X0 o
B
d sin @
o o o o o

Fig. 2-7(b) X-ray scattering from a cubic crystal

The first condition on I and II is that their common scattering angle must be
equal to the angle of incidence 0 of the original beam. The second condition is that
2dsin@ =nA, n=123,.. (2-1)
since ray II must travel the distance 2dsiné farther than ray I. The integer n is the

0

order of the scattered beam.”” Then considering a hexagonal unit cell in Fig. 2-8
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which is characterized by lattice parameters a and c. The equation of plane spacing

for the hexagonal structure is *'

23 @ e 2

1 4(/12 +hk+k2J 12

Combining Bragg’s law (A=2d sin @ ) with (2-2) yields:

2 2 2 s 2
L:i h™ +hk+k l_:4sm 6?. (2-3)
d> 3 a’ c’ 2
Rearranging (2-3) gives
A AR +hk+k) P
sin’ @ =" {—| ——— |+—}, 2-4
4{3( a’ J cz} 2-4)

Thus the lattice parameters can be estimated from eq. 2-4.

(a)

Fig. 2-8 The hexagonal unit cell

2.5 Raman scattering

When light passes through a medium, it is reflected, transmitted, absorbed,
elastic scattered, or inelastic scattered. Raman scattering is an inelastic scattering
process. When the light encounters the medium, it interacts inelastically with
phonons and produces an outgoing photon whose frequency is relatively shifted by an

amount of energy corresponding to phonon energy from that of the incoming light.
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The scattered outgoing photons are called the Raman-scattered photons. If the light

of frequency v, is scattered by some media, the spectrum of the scattered light
contains a strong line of frequency v, and much weaker lines of
frequencies v, —Av,, v, —=AV,,......... ,Vo+Av,,v,+Av,, etc. Those lines on the
low frequency side of the excitation line (i.e.v,—Av,, I =1, 2,...... ) are always
matched by lines on the high frequency side (i.e.v, +Av,, I=1,2,...... ), but the latter
are much weaker when the scattering medium is at room temperature. Raman
scattering is inherently a weak process, but laser provides enough intensity that the
spectra can be routinely measured. In analogy with terms used in the discussion of
fluorescence spectra, lines on the low frequency side of the excitation line are known
as the Stokes lines and those on the high frequency side as the anti-Stokes lines.

The incident photon loses itsienergy by producing a phonon (Stokes shifted), or
gain energy and momentum by-absorbing a phonon (anti-stokes shifted), according to

the energy and momentum conservation rules:

hv, =hv,£hQ

9

qs =qliK

where v, and v, are the incoming and scattered photon frequencies, g, and g,
are the incoming and scattered photon wavevectors, and QQ and K are the phonon
frequency and wavevector, respectively.

All of the Raman mode frequencies, intensities, line-shapes, and line-widths, as
well as polarizations can be used to characterize the lattices and impurities. The
intensity gives information on crystallinity. The line-width increases when a
material is damaged or disordered, because damage or disorder occurs in a material
will increase phonon damping rate or relax the rules for momentum conservation in
Raman process. All these capabilities can be used as a judgment for layered

microstructures as well as bulk materials, subject only to the limitation that the
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penetration depth of the excitation radiation range from a few hundred nanometers to
few micrometers.
The E,; mode of the wurtzite ZnO crystal would shift to a higher frequency under
the biaxial compressive stress within the c-axis oriented ZnO by the equation:
Aw(cm™) = 4.40(GPa), (2-5)
where Aw is the frequency shift, and o is the stress in the biaxial direction of

lattice.

2.6 Photoluminescence Characterization

Photoluminescence (PL) is a very useful and powerful optical tool in the
semiconductor industry, with its sensitivity.to find the emission mechanism and band
structure of semiconductors. From. PLspecttum the defect or impurity can also be
found in the compound semiconductors, which affect material quality and device
performance. A given impurity produces-a-set ‘of characteristic spectral features.
The fingerprint identifies the impurity type, and often several different impurities can
be seen in a single PL spectrum. In addition, the full width of half magnitude of
each PL peak is an indication of sample’s quality, although such analysis has not yet
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 nonequilibrium state
by illuminating with light. Three processes can be distinguished: (i) creation of
electron-hole pairs by absorption of the excited light, (ii) radiative recombination of
electron-hole pairs, and (iii) escape of the recombination radiation from the sample.
Since the excited light is absorbed in creating electron-pair pairs, the greatest

excitation of the sample is near the surface; the resulting carrier distribution is both
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inhomogeneous and nonequilibrium. 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 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.

2.6.1. Fundamental Transitions

Since emission requires that the system be in a nonequilibrium condition, and
some means of excitation is acting on the semiconductor to produce hole-electron
pairs. We consider the fundamental transitions, ‘those occurring at or near the band
edges.
1. Free excitons

A free hole and a free electron.as a.pair of opposite charges experience a
coulomb attraction. Hence the electron can orbit about the hole as a hydrogen-like
atom. If the material is sufficiently pure, the electrons and holes 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, — E, where E, and E, are the band gap

and the exciton binding energy

2. Bound excitons
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
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the donor still travels in a wide orbit about the donor. The associated hole moves in
the electrostatic field of the “fixed” dipole, determined by the instantaneous position
of the electron, then 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 an exciton to a neutral donor (acceptor) is
usually much smaller than the binding energy of an electron (hole) 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-acceptor pair case it is convenient

to consider only the separation between the donor and the acceptor level:

2

Epair :Eg - (ED +EA) i = H (2'6)
Er

where r is the donor-acceptor pair separation, Ep and E, 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
conduction band to an acceptor state or a transition from a donor to the valence band
in Fig. 2-9. Such transition emits a photon hv=E, — E; for direct transition and
hv=E, — E; -E, if the transition is indirect and involves a phonon of energy E,.
Hence the deep transitions can be distinguished as (1) conduction-band-to-acceptor
transition which produces an emission peak at hv = E, — Ea, and (2)

donor-to-valence-band transition which produces emission peak at the higher photon
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energy hv=E, — Ep.

g \Y

Fig. 2-9 Radiative transition 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. Raditive transitions between these states and the band edges emit

at hv=E, — Ei,43

2.6.2 Influence of high excited light-intensity*

The PL conditions as mentioned" above are excited by low excitation light
intensity. At low excitation light intensity (low density regime in Fig. 2-10), the PL
properties are determined by single electron-hole pairs, either in the exciton states or
in the continuum. Higher excitation intensity (intermediate density regime in Fig.
2-10) makes more excitons; such condition would lead to the exciton inelastic
scattering processes and form the biexciton. The scattering processes may lead to a
collision-broadening of the exciton resonances and to the appearance of new
luminescence bands, to an excitation-induced increase of absorption, to bleaching or
to optical amplification, i.e., to gain or negative absorption depending on the
excitation conditions. If we pump the sample even harder, we leave the intermediate

and arrive at the high density regime in Fig. 2-6, where the excitons lose their identity
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as individual quasiparticles and where a new collective phase is formed which is

known as the electron-hole plasma (EHP).
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Fig. 2-10 The general scenario for many-particle effects in semiconductors™

1. Scattering Processes

In the inelastic scattering processes, an exciton is scattered into a higher excited
state, while another is scattered on the photon-like part of the polariton dispersion and
leaves the sample with high probability as a luminescence photon, when this
photon-like particle hits the surface of the sample. This process is shown
schematically in Fig. 2-11 and the photons emit in such a process have energies E,

given by Ref. 28

E =E, — E,fx[l —Lz] —EkT , (2-7)
n 2

where n = 2, 3, 4,..., E;"=60meV is the binding energy of the free exciton of ZnO,
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and kT is the thermal energy. The resulting emission bands are usually called

P-bands with an index given by n.

energy

A

continuum

exciton

Wave vector

Fig.2-11 Schematic representation‘of the inelastic exciton-exciton scattering processes.**

2. Electron-Hole Plasma
In this high density regime, the density-0f*electron-hole pairs n, is at least in

parts of the excited volume so high that their average distance is comparable to or
smaller than their Bohr radius, i.e., we reach a “critical density” n; in an EHP, given
to a first approximation by agn; ~1. We can no longer say that a certain electron is

bound to a certain hole; instead, we have the new collective EHP phase. The
transition to an EHP is connected with very strong changes of the electronic

excitations and the optical properties of semiconductors.
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Chapter 3 Experiment Details

3.1 Sample Preparation

3.1.1 Substrate preparation

Silicon (100) wafer and a-plane sapphire were used as the substrate for the
growth of ZnO-based nanostructures. Before the surface treatment, the substrates
were cut into an area of 105 mm® for the nanostructures growth. Then these
substrates were cleaned by using the following steps:

(1) Rinsed in D. I. water by a supersonic oscillator in 20 min.

(2) Rinsed in ACE (Acetone) solution by a supersonic oscillator in 20 min.

(3) Rinsed in D.I water by a supetsonic oscillator in 20 min.

(4) Dried with N, gas.

(5) Baked at 200°C on hot plate.
After the surface treatment, the substrates were placed in an alumina boat filled with

the growth metal and ready to grow ZnO-based nanostructures.

3.1.2 Growth of ZnO and ZnMgO nanostructures

The substrate was placed on the alumina boat filled with pure Zn powder
(99.9999 %) or mixture of Zn and Mg (99.6 %) powders. The vertical distance
between the metal source and the sample was about 3~5 mm. Then the alumina
boat which carried the substrate was inserted into a quartz tube. This quartz tube
was placed inside a furnace, with the center of the alumina boat positioned at the
center of the furnace and the substrates placed downstream of growth metal powder
(Fig. 3-1). The quartz tube was evacuated to a pressure below 2107 torr using

mechanical pump. After the high-purity argon gas was infused into the system with
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a flow rate of 200 sccm and pressure controlled at 50 sccm.  The temperature of the
furnace was increased to 570°C~700°C at a rate of 20-30°C min™ and then kept at
fixed temperature for 30~60 min under an O, flow at about 2 sccm. After the
furnace was cooled to the room temperature, dark gray-white material was obtained

on the surface of the substrates.

Thermal Vapor Deposition

Furnace

= ~—
Ar:0, gas flow / / \

Growth matal powder
mixture in alumina boat

Pump

growth substrate

Fig. 3-1 Thermal vapor trahsport system

3.2 Scanning Electron Microscope (SEM) system

The morphology of ZnO-based nanostructures were observed by the Field
Emission Gun Scanning Electron Microscopy (FEG-SEM) [JEOL JSM-6500F]. The
accelerated voltage is 0.5-30kV and the magnification is 20-300k times, as shown in

Fig. 3-2.
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Fig. 3-2 SEM system

3.3 Transmission o:

The detailed structure of r h ar res can be found by TEM. The
TEM images were taken by JEOL J-OOOFX transmission electron microscope
(TEM) operated at 200 keV. The prepared nanowires were firstly suspended in
alcohol by supersonic jolt and then the suspension was moved to the copper grid for

observation, as shown in Fig. 3-3.
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Fig. 3-3 TEM system

ELE N\
After growing the nanostrus 'L@S;" '_ :

= ¥ 3

nanowires were analyzed by ush%]ﬁ‘ﬁ' ‘

0°X- -ray diffractometer (XRD) with
Y ‘?;
“TIrTn

Cu Ka radiation ( 1 =1.5405 A). The maximum voltage of the system is 40 kV with

structures of the as- grown ZnO

a maximum current 40 mA. The scanning step is 0.020 and scanning rate is 40 /min,

as shown in Fig. 3-4.

Fig. 3-4 XRD system
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3.5 Raman system

The optical characterization was analyzed with Raman measurement. A SmW
Ar-ion laser with an incident wavelength of 488 nm was used as the excitation source
for the Raman spectroscopy. The scattered light was collected using backscattering
geometry and detected by the SPEX 1877 triplemate equipped with liquid nitrogen
cooled CCD. Measurements were carried out at room temperature, as shown in Fig.

3-5.

Arlaser (488 nim)
N

M2 (Focus lens)
#

Raman spectroscopy
M3 (Focus lens) \

M4 (Focus lens)
Sample holder

Fig. 3-5 Raman system

3.6 Photoluminescence (PL) system

For cw PL measurement, we used a He—Cd laser (325 nm) [Kimmon IK5552R-F]
as the excitation source; for pulsed pumping, we used the third harmonic of Nd:YVO4
laser (355 nm) [JDS uniphase CDRH Power Chip Nanolaser] with pulse width of
~500 ps and repetition rate of 1KHz. The emission light was dispersed by a
TRIAX-320 spectrometer and detected by a UV-sensitive photomultiplier tube. As

shown in Fig. 3-6 and Fig. 3-7.
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He-Cd laser (325 nm)

lMl

Triax 320 M3 (Focus lens)

; M4 (Focus lens) Sample holder

M2

Fig. 3-6 PL system

Collecting fiber

Triax 320

Fig. 3-7 High power pumping PL system
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Chapter 4 Results and Discussion

4.1 Structural and optical properties of saw-like ZnO

nanostructures

4.1.1 Growth of ZnO nanosaws on Si substrate

Synthesis of ZnO nanostructure was achieved in a simple vapor transport
process®. First, a very thin layer of Au was deposited on a (100)-silicon substrate.
A mixture of pure zinc powder (99.9999%) and MgsN, powder (99.6%) with a weight
ratio of 10:1 was placed in a ceramic boat as the starting materials. The boat was
positioned in the center of the quartz furnace tube and the substrate was placed 5 cm
downstream from the mixed powder. — After the high-purity argon gas was infused
into the system with a flow rate-of 200 scem; the furnace temperature was increased to
700°C and kept at this temperature “for 60-min under an O, flow at about 2 sccm.
After the reaction is complete, the system was cooled to the ambient temperature and

a gray-white colored product was found deposited on the substrate.

4.1.2 Structural properties and growth mechanism of ZnO nanosaws
As shown in Figure 4-1(a), the typical SEM micrograph clearly reveals that a
large quantity of one dimension nanostructure was formed on the Si substrate. A
high magnification SEM image is shown in Fig. 4-1(b)-(c). The saw-shape
nanostructure, with one side flat and the other side with teeth, is the most dominant
morphology. Typical length of nanosaws exceeds several tens of um with sharp
teeth in a saw having length of about 1-5 um and diameter ranging about 100 nm.

Figure 4-1(d) shows EDX spectrum, revealing the nanosaws contain Zn and O
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elements, with no other detectable elements.

Counts (a.u.)

Energy (keV)

Figure 4-1 (a) The SEM image of the ZnO nanosaws, (b)-(c) magnified SEM image of the

ZnO nanosaws, and (d) The EDX of the ZnO nanosaws.

Figure 4-2 shows the XRD pattern of the sample. All diffraction peaks and their
relative intensities coincide with the JCPDS card no. 36-1451. Therefore, the
products are the hexagonal ZnO phase with random orientation and distribution.
The lattice constants calculated according to the following equations to be a=3.246 A

and =52 A,:
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A4, ) I?
a=—- —(h” +hk+k”)+ > (4-1)
2sinf \ 3 (c/a)
c= ’1 4 —(h* + hk +k*)+1* (4-2)
2sin @\ 3(c/a)

where A, k, [ are Miller exponents, and 4 =1.54056A and 6 are X-ray wavelength and

Bragg angle, respectively.
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Figure 4-2 The XRD pattern of the ZnO nanosaws

Figure 4-3(a) shows the TEM image of the sharp teeth of the nanosaws. The
width of the teeth is nearly 50 nm. The double image of the nanowires is due to
overlapping the one on top of another. The selected-area electron diffraction (SAED)
pattern is displayed in Fig. 4-3(b). The appearance of diffraction spot (0002)
confirms that teeth of a nanosaw growth along the c-axis direction (along [0001]).
The discrete diffraction spots indicate that the ZnO nanosaws is single crystalline

revealing that the nanosaw is hexagonal wurtzite single-crystalline ZnO. This result
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is known that the growth direction of several ZnO nanostructures have been identified

78304647 Figure 4-3(c) shows an HRTEM image taken from the

in the literature
side of teeth of a nanosaw, which indicates the perfect lattice structure of the nanosaw
and the d-spacing between any two neighboring lattice fringes is 0.52 nm and 0.28 nm
which match that of [0001] direction and [0110] direction of the wurtzite ZnO,
respectively. Schematic models on the geometrical shape and the corresponding
crystallographic facets are given in Fig. 4-3(d).

The growth mechanism of the nanosaws is likely the self-catalyst process, which
originates from Zn or ZnOy clusters®™. The possible growth procedure for typical
ZnO nanosaw is as follow. The Zn powder turns into Zn vapor during the
evaporation duration and forms Zn or ZnOy liquid droplets as the nucleation site of
the ZnO nanostructures. Then the" sn(.).lidWZ;l..O‘. barticle separates from the droplets,
and ZnO nanoribbon formed ﬁrst As thé fr:'edétioﬁﬁrocess proceeded with Zn vapor
turned into Zn or ZnOy liquid droplets,aﬁekdeposneé on the new nucleation sites on
the ZnO nanoribbon. Finally, 1t "iévl;‘rlown to us ‘that [0001] is the fastest growth

direction in the only grew along one side of ZnO nanostructures, including the

7-8,47-48

comb-structure

(a) D] (d)
, o

and it corresponds to the formation of ZnO nanosaws.

(0001

oriof |

Figure4-3 (a)TEM image of the ZnO nanosaws. (b)SAED of the ZnO branches.(c)HRTEM

image of the branches of the ZnO nanosaws.(d) Schematic model of the nanosaw
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4.1.3 Optical properties of ZnO nanosaws
The typical Raman spectrum of the ZnO nanosaws is shown in Fig. 4-4.
The Raman peaks at 378 and 436 cm™ originate from vibration modes of A1(TO)
(transverse optical, TO) and E2(high), respectively. The higher frequency of the
Raman spectrum was observed that the longitudinal optical (LO) phonon modes are
two polar symmetric modes with A1(LO) and E1(LO). The peaks of A1(LO) and
E1(LO) were fitted to the spectrum in the insert of Fig. 4-4, which are at 574 and 583
cm’, respectively. The result is consistent with the values of ZnO powder (or bulk
crystal)®.  The E2(high) mode corresponds to band characteristic of wurtzite phase.
The appearance of the E1(LO) peak has been attributed to the formation of oxygen
vacancy and interstitial zinc atom.
The PL spectra of ZnO nanesaws measured.at room temperature are shown in
Fig. 4-5. Under cw laser excitation, the speetrum shows a strong UV emission peak
having photon energy about 3.22 eV. with FWHM~"150 meV (Wavelength=385 nm,
FWHM-~ 18 nm) and weak green band having a broad feature in the range of 1.9
eV~2.8 eV (wavelength=440 nm~650nm). This sharp UV emission peak is

attributed to the near band edge emission™".

As comparison with ZnO bulk crystal
(photon energy of free exciton is 3.28 eV), slight shift of the emission peak toward the
lower energy in ZnO nanosaws results from a mixture of free exciton and other
impurity-related transitions® or the effect of the thermal energy caused by laser
heating. The emission of broad peak is the deep-level emission, which is attributed
to the oxygen vacancy. The strong UV emission and weak green emission in PL

spectra indicate that the ZnO nanosaws have a good crystal quality with few oxygen

vacancies.
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Fig. 4-4 The'Raman spectra of the ZnO nanosaws
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Fig. 4-5 The PL spectra of the ZnO nanosaws.
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4.1.4 Random lasing in ZnO nanosaws at room temperature

In Fig. 4-6(a) shows excitation intensity dependence of emission spectra
under pulse laser excitation. Under low excitation intensity, the spectrum is
composed of a single broad peak of amplified spontaneous emission at 3.2 eV with
FWHM~115 meV. As increasing the excitation intensity, the emission peak
becomes narrower due to the preferential amplification at wavelength close to the
maximum of the gain spectrum. When the excitation intensity exceeded a threshold,
[1=0.96 MW/cm® in Fig. 4-6(b), several narrow peaks emerged in the emission
spectra at around 3.18 eV. The linewidth of these peaks was less than 4 meV.
When the pumping intensity increased further, more sharp peaks appeared. The
spectrally emission intensity as a function of the excitation intensity is shown in Fig.
4-6(b). Above a certain pump threshold, the intensity of the multiple sharp peaks
increases much more rapidly with,the pump intensity. These results indicate a clear
evidence of lasing action. Note that the pesition of PL emission peak redshifts with

increasing pumping intensity, which is-caused-by the bandgap renormalization.”’
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Fig. 4-6 (a) The emission intensity of ZnO nanosaw versus the pumping intensity. (b) The

threshold behavior of the emission intensity with increasing excitation density..
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In general, the lasing action in ZnO nanostructures has two kind of lasing
mechanism. The first type of lasing with the Fabry-Perot (FP) optical cavity arises
from the structure of individual nanostructures, such as nanowire and

. 18,27,52
nanoribbon “""°.

These single-crystal nanostructure of ZnO is a gain medium by
itself, which is provided by a natural optical cavity formed between the two-end facets
and natural optical waveguide so that the lasing action occur in nanostructures can be
observed clearly. Another lasing mechanism is called “random lasing”, that the
emission light is strongly scattered in gain media, and a close-loop path can be formed
through multiple scattering. These loop could serve as ring cavity for light’'=>*7.
Following the two possible lasing behavior in morphology of ZnO nanosaws (see Fig.
4-1) and optical pumping PL spectra (Fig. 4-6(a)), and canvassing the details further.
The ZnO nanosaws show feature of resonant modes. The longitudinal mode spacing
of the lasing modes can be determined by the equation, A A =2 */(2nL), where L is
the cavity length of the laser, n-is the fefractive index of ZnO (n=2.45), and A is the
resonant wavelength ~390 nm (photon. energy = 3.18 eV). For a mode spacing
between the closest longitudinal modes is about 0.65 nm, the cavity length is expected
to be ~50 £ m. In spite of the ZnO nanosaw with length of about 50 1z m might exist,
the lasing action from FP mode is less likely to occur in ZnO nanosaws. The natural
PF cavity formed in ZnO nanostructure needs both good crystalline and small internal

52,55
loss™".

The morphology of ZnO nanosaw is so rough that strong light scattering
occurs at the interfaces of nanosaw. Therefore; it is much more probable that the
emitted light is scattered and feedback as a resonant cavity among the ZnO nanosaws.

As a result of light scattering by the randomly distributed ZnO nanosaws, we
can attribute the lasing behavior as random lasing action among the ZnO nanosaws.

Light is amplified while following a closed random path provided that it satisfies

resonance condition due to coherent multiple scattering. Because of the short
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scattering mean free path, the emitted light is strongly scattered in ZnO nanosaws.
The closed-loop paths can be formed through multiple scattering. These loops act as
ring cavities, namely, the ring cavities are “self-formed” by reduplicating scattering.
To verify our laser cavities are “self-formed” by strong light scattering, we
measured emission spectra at different excitation areas when the excitation intensity is
fixed at 1.07 MW/cm®.  As shown in F ig. 4-7(a), before the excitation area reaches a
threshold value, the scattered light has not yet gathered sufficient in a certain close
loop and thus no sharp peak emerges. When the excitation area has exceeded the
threshold area (Ag~1.5 x 10™ cm?), a closed path can be formed through multiple
scattering in larger excitation area and the lasing action starts. The schematic
diagram of the formation of the closed-loop path through multiple scattering in
disorder ZnO nanosaws is shown in the inset of Fig. 4-7(a). Sharp peaks with
linewidth of less than 0.6 nm (5-meV) were observed-provided that laser cavity can be
formed for suitable excitation area. Ihe.dependence of threshold excitation area (Aw)
on the excitation density is shown in Fig. 4-7(b).* As the excitation density increases,
the threshold of excitation area clearly decreases. It indicates that the scattered
photon acquires more gain under stronger pump density before it experiences
successive scattering, and thus less optical path or smaller excitation area is required
for laser action to take place. Therefore, random cavity can be formed more
effectively under higher pump density. Figure 4-8 shows the emission spectra at
different observation angle 0, which is defined from the sample surface. The black
curves (a) and (b) correspond to 6=75" and 6=45" and short dash lines express the
auxiliary lines of emission peaks in Fig. 4-8(a). It was quite obvious that different
emission spectra can be observed at different angles. This is due to formation of
different laser cavities by multiple scattering and thus different gain lengths for

different cavity modes. It leads to different resonant photon energy in different
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output direction so that different lasing spectra were observed at different angles.
This behavior is similar to the previous studies on lasing action in ZnO particles and
nanorod’®*,

Furthermore, we measured the polarization dependence of the emission when the
excitation intensity is tuned about 2.4 Iy,. The emission spectra of maximum of
polarized emission intensity (Im.x) and minimum of polarized emission intensity (Inin)
for the peak at 3.17 eV are shown in Fig. 4-9(a) that correspond to the polarized
angles at 40° and 130°, respectively. It reveals that the lasing peaks do not always
have large degree of polarization, (Imax-Imin)/(ImaxtImin) as the solid curve of Fig.
4.9(b). And the dashed curve expresses the degree of polarization for polarizer angle
rotated 40°, which corresponds to emission spectra of polarized angles at 80° and 170°.
Clearly, the lasing peaks have not only different degrees of polarization but also
preferable polarization at different.directions. The inset of Fig. 4-9(b) shows the
emission intensity (Liasing as square dots)-of sharp lasing peak at photon energy of 3.17
eV and the smooth spontaneous+emission(lpon as triangles) as a function of
polarization angle which can be well fet with square of the cosine function.
However, the lasing emission is partially polarized and has the larger degree of
polarization (~0.2) than that of spontaneous emission equal to 0.03. Hence, we
conjecture polarization of random lasing may be related to the morphology of
nanostructure.  According to the report by Cao et al> and Yu et al,” the
polarization of lasing emission is concerned with the orientations of ZnO film and of
ZnO nanorod. Furthermore, the spontaneous emission of ZnO nanowire had been
found prefer to polarize perpendicular to c-axis’* and the degree of polarization of
lasing quickly increases with increasing excitation density.”” It is reasonable that
lasing emission of ZnO nanosaw possesses partial polarization. Because the teeth of

a nanosaw has a great quantity grown along the c-axis and as aforementioned the
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strong light scattering at teeth interface, the scattered light should have preferable
polarization, in turn, light, which is amplified while it follows a closed-loop random
path, will be partially polarized. However, individual laser cavity has individual
polarization so that we observed different degrees of polarization for different lasing
peaks shown in Fig. 4-9(b) is mainly due to cavities formed by different closed-loop

random paths.
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4.2 Room-temperature optical properties of the ZnO:MgO

nanowires after heat treatment

4.2.1 Growth of ZnO:MgO nanowires on a-plane sapphire substrate

Similar to synthesis of pure ZnO nanowires or nanosaws which uses pure ZnO
powder (99.9999%), ZnO:MgO nanostructures can also be grown in a simple vapor
transport process. In this process zinc powder (99.9999%) and Mg powder (99.6%)

with Mg:Zn weight ratios of 1:19 were placed in a ceramic boat as the starting

materials. A sapphire[1 150] wafer was used as substrate. The boat was positioned

in the center of the quartz furnace tube and, the substrate was placed 10 mm
downstream from the mixed powder. — Prior to. heating the furnace, the quartz tube
was purged with high-purity argon gas for 3 min twice. The system was heated to
570 °C with an Argon flow rate 6f 500 sccm and kept at this temperature for 60 min.
After the reaction is complete, the system was cooled to the ambient temperature and

a gray-white colored product was found deposited on the substrate.

4.2.2 Structural properties and growth mechanism of ZnO:MgO
nanowires

Figure 4-10(a)-(b) shows the SEM images for pure well-aligned ZnO nanowire
as well as ZnO:MgO nanowires. The diameter of ZnO nanowires is about 75 nm
~100 nm and the length is several micrometers. The ZnO:MgO nanostructures have
diameter of about 200-500 nm and length of over 5 um. Figure 4-10(c)-(d) show the
results of the EDX measurement. In ZnO nanowires, the EDX pattern shows that

mainly composed of Zn and O, whereas in ZnO:MgO nanowires, the EDX pattern
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shows mainly composed of Mg and O with a small amount of Zn.
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Figure 4-10 The SEM images (a.'f; th.g pure wellF?al’i"gned qrﬁ) nanowires and (b) the as-grown
ZnMgO nanowires. The EDX patterﬁs.,(c) thle ,p“ut:e-weﬁl.—ahgng!i ZnO nanowires and (d) the as-grown

ZnMgO nanowires.

Shown in Fig. 4-11(a) is a typical XRD pattern of the well-aligned ZnO
nanowires. The XRD pattern reveals a single peak at 2 6 =34.42 that is due to the
ZnO (0002) crystal plane indicating the nanowires are nearly perfect aligned along
z-axis. Fig. 4-11(b) shows a XRD pattern of the ZnO:MgO nanowires. All
relatively sharp diffraction peaks can be indexed perfectly to a high crystallinity of
hexagonal structure of ZnO and cubic structure of MgO.

The TEM image of as-grown nanowires illustrated in Fig. 4-12(a) shows
the individual nanowire displays difference in brightness between the core and sheath
regions. The core structure has a diameter of about 90 nm and the sheath region has
diameter of 600 nm. EDX pattern as shown in Fig. 4-12(b) indicates that the

nanowire is composed of Mg and O with a small amount of Zn.  The HRTEM
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image taken from the edge of nanowire, in Fig. 4-12(c), shows a perfect lattice plane
with the inter-planar spacing of 2.1 nm. The selection-area electron diffraction
(SAED) pattern of this region as shown in Fig. 4-12(d) shows the outer layer of the
nanowires is single-crystalline MgO with a cubic rock salt structure. According to
the results of XRD, EDX, HRTEM and SAED, we propose that the formation of the

nanowires should be ZnO/MgO core-shell heterostructure as drawn in Fig. 4-12(e).
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Figure 4-11 The XRD pattern of (a) pure well-aligned ZnO nanowires and (b) as grown ZnMgO

nanowires.
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Figure 4-12 (a)TEM image of ZnO/MgO core-shell nanowires; (b) EDS analysis showing the
nanowire is composed of Zn, Mg and O; (¢) HRTEM image of the edge of the nanowire; (d) SAED of
single-crystalline MgO with a cubic rock salt structure; and (d) Schematic model of the core-shell

nanowires.

The growth of the ZnO/MgO core-shell nanowires discussed above was
accomplished by simple thermal evaporation of Zn and Mg powders. The growth is
proposed to proceed as follows. Because the melting point of Zn (~419 °C) is lower
than that of Mg (650 °C), the Zn powder would evaporate to produce Zn vapor before

Mg powder does with further increasing the processing temperature. In the present
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case, as no evidence for catalyst particles was observed on any tips of the synthesized
nanowires, therefore the vapor—solid (VS) mechanism would be a reasonable
explanation for the growth of the ZnO nanowires. The follow-up vaporation of Mg
would condensed, and rapidly oxidized to MgO on the ZnO nanowires. This may
lead to the formation of ZnO/MgO core-shell nanowires. Although the formation
mechanism is important for the fabrication of high quality ZnO-based heterostructures,

the detailed growth mechanisms of the nanostructures are not fully understood.

4.2.3 Effect of annealing treatment on optical property of ZnMgO
nanowires

In order to implement the modulation of the optical bandgap, keeping the
morphology of nanowire is essential for this purpose if the ternary ZnMgO nanowires
could be formed by driving the mnter-diffusion-between the ZnO/MgO in the core/shell
structure during the annealing process.—Figure 4-13(a)-(d) show the as-grown
ZnO/MgO core/shell nanowires annealed at different temperatures range from 800°C
to 1000°C. Their shapes did not change very much after annealing treatment.
Figure 13(e)-(h) show the EDX spectra of the ZnO/MgO core/shell nanowires
annealed at different temperatures. The XRD patterns of the nanowires are shown in
Fig. 4-14. All relatively sharp diffraction peaks can be perfectly indexed to a high
crystallinity of the hexagonal structure of ZnO and cubic structure of MgO.
Moreover, all of the diffraction peaks become sharper with increasing annealing
temperature due to the improved crystal quality. However, the lattice constants of a
and ¢ were calculated according to the following Egs. (4-1) and (4-2), respectively.
Here, the resulting values a=3.253 A and ¢=5.189 A of ZnMgO nanowire after
annealed at 1000°C are smaller then the as-grown ZnMgO nanowire(a=3.248 A and

c=5.202 A) due to Mg atoms entering the ZnO lattice. Consequently, the cell
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volume (3+/3/24%c) are 142.579 (A%) and 142.66 (A®) for the as-grown and annealing

samples, respectively. The cell volume hardly changed because the size of Zn*"

radius is nearly equal to Mg”" radius.
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Figure 4-13 SEM image of (a) as grown and annealing treatment with annealing temperature at
(b)800 °C, (¢)900 °C and (d)1000 °C ZnMgO nanowires. The EDS spectra of (e), () ,(g), and (h)

correspond to (a) as grown and annealing treatment with annealing temperature at (b)800 °C, (¢)900 °C

and (d)1000 °C ZnMgO nanowires
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Figure 4-14 The XRD pattern of (a) as grown and annealing treatment with annealing

temperature at (b)800 °C, (¢)900 °C and (d)1000°C'ZaMgO nanowires.

Figure 4-15 shows thé room~temperature full PL spectra of pure ZnO
nanowires and the as grown ZnO/MgO core/shell nanowires annealed at different
temperatures range from 800°C 10 1000°C.-=As a reference, the spectrum of the pure
Zn0O nanowire without Mg dopant is alse'shown in the bottom of Fig. 4-15(a). In the
PL spectra of the pure ZnO nanowires, an near band edge (NBE) emission peak at
3.27 eV with a Full Width at Half Maximum (FWHM) of 110 meV is attributed to the

. .. 4
free exciton emission have been reported elsewhere™".

In the as-grown nanowires,
only emission lines from pure ZnO can be seen. However, after an annealing
treatment under ambient atmosphere pressure for 120 min at 800°C to1000°C, new
peak appeared on the higher energy side, as shown in Fig. 4-15(c)-(e). Figure 4-16
shows the UV -PL spectra of pure ZnO nanowires measured at room temperature and
the as-grown ZnO/MgO core/shell nanowires annealed at different temperatures range

from 800°C to 1000°C. As the annealing temperature is increased, the position of the

NBE emission peak tends to shift toward the higher photon energy from 3.27 eV~3.5
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eV, as shown in Fig. 4-16(b)-(e). Furthermore, the FWHM of the emission gradually
broadens as shown in Fig. 4-17. Another peak appears at 3.23 eV on the low-energy
side of the exciton band as shown in Fig. 4-16(c)-(d). While the annealing
temperature increases up to 1100 °C, the position of the emission peak reaches to 3.5
eV and the low-energy peak disappears.

The dramatically blueshifted emission is attributed to the formation of ternary
ZnMgO nanowires via Mg incorporation. Figure 4-13(e)-(h) show the EDX spectra
of the ZnO/MgO core/shell nanowires annealed at different temperatures. Zn
content increases with increasing temperature. This indicates that the annealing
treatment leads to inter-diffusion of Mg into ZnO core and Zn to MgO shell. The
diffused Mg concentration increases while increasing annealing temperature.
According to the relation between:NBE emission‘and Mg content of the ZnMgO thin
films, the Mg content in ZnMgO nanowires can be roughly estimated as shown in Fig.
4-18 by

E(Zn; . Mg,O)=E(ZnO)+1.64 X(eV). (4-3)

The origin of the emission peak at 3.22eV should be attributed to the NBE

emission from the residual inner core of ZnO nanostructures.
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Figure 4-15 Room temperature full PL spectra of (a) pure ZnO nanowires and (b) the as grown
ZnO/MgO core/shell nanowires annealed at different temperatures in the range from (¢)800°C, (d)900
°C and (e)1000°C.
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Figure 4-16 Room temperature UV region PL spectra of (a) pure ZnO nanowires and (b) the as grown

Zn0O/MgO core/shell nanowires annealed at different temperatures in the range from (¢)800°C, (d)900
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Figure 4-18 The dependence of the photon energy as a function of Mg content at different

annealing temperature.

Besides the NBE emissionsthe defect emissions-were also observed at ~2.4 eV in
Fig. 4-15. The origin of defect emission results from the transition of defect levels
such as single ionized oxygen vacaney, O interstitial. The relative intensity of the
defect emission band to the NBE band also changes with the change of Mg content in
the Mg-doped ZnO nanostructures. From the PL spectra, it can be seen that the pure
ZnO has a much stronger NBE band than the defect emission band, while both
Mg-doped ZnO nanowires have a weaker NBE band than the defect emission band.
With an increase of Mg content in the Mg-doped ZnO nanowires, the ratio of the
defect emission band to the NBE band increases by a factor of about 0.037 to 0.867,
indicating the defects density in ZnO nanowires with low Mg dopant higher than in
the ZnO with high Mg dopant. The relative intensity of the defect emission band to
the NBE band follows the order of Mg-doped ZnO nanowires > ZnO nanowires.
The difference in the PL spectra among these products can be explained as follows.

Since Mg™* has the smaller ion radius than Zn™, the incorporation of Mg into
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ZnO crystal lattice may introduce little lattice distortion in the ZnO nanostructures.
After all, due to the increase of Mg content in the Mg-doped ZnO nanostructures, the
intensity of surface oxygen vacancies may also increase due to the insufficiency of
oxygen in the reaction system, which also results in the increase of defect emission.
The NBE emission peak weakens accompanied with the defect emission is enhanced.
The band gap broadens for the reason mentioned before, which leads to the
blueshifted of the PL spectra and changes the intensity of NBE emission. This will
give rise to some new defects, such as oxygen vacancies, which should result in the

changes of the PL intensity of defect emission.

4.2.4 Stimulated emission in ZnMgO nanowires at room temperature

Figure 4-19(a) shows the depéndence of emission spectra on excitation intensity
under pulse laser excitation. <Under the' low excitation intensity, the spectrum is
composed of a single broad peak of spontaneous emission with photon energy at 3.27
eV FWHM~110 meV. The intensity. of theé broad peak linearly increases with
increasing the excitation intensity. As increasing the excitation intensity, the
spectrum with a narrower peak emerges. The intensity of emission peak
superlinearly increases as increasing the excitation intensity. The emission intensity
as a function of the excitation intensity is shown in Fig. 4-19(b) and Fig.4-19(c) .
When the excitation intensity exceeds a threshold I=360 kW/cmz, the narrower
emission peak appears from the low energy at 3.219 eV and FWHM is 37 meV, then
slightly redshift to 3.185 eV with FWHM of 21 meV as we progressively increased
the excitation intensity. This indicates that the excitonic stimulated emission was
observed from ZnO nanowires. Stimulated emission is attributed to stimulated

1.63-64 - . . .
51,63-6 , In which an exciton is scattered

recombination of exciton-exciton scattering
into a photonlike polariton state giving rise to luminescence, while the other exciton is
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scattered into an excited state with a larger quantum number or a totally dissociated

state. The photon emitted in such a process has energy P, given by

! 1
Pn = Eex _Elf)b(l__z) _%kT’ nB = 2’3’4’.“700 (4_4)

B

where P, is the photon energy, E

ex

is the free exciton emission energy, E,” =60 meV

is the binding energy of exciton, n, is the quantum number of envelope function,
and k7=26 meV is the thermal energy. Equation (4-4) gives 15 meV for maximum
peak shift between P (n, =) and P, (n,=2). The value calculated from our
experimental data equals to 33 meV as shown in Fig 4-19(c) is greater than the
theoretical value of 15 meV. That might be due to elevating the sample temperature
by the pumping laser. Only one peak can be observed that exciton-exciton scattering
in Fig. 4-19(a), without seeing the emeérgence of a second stimulated emission peak in
emission spectra at the higher |excitation ‘density.  According to previous

396566 the second stimulated emission is ‘attributed to recombination of

reports
electron-hole plasma (EHP). The emission energy of EHP is lower than the
emission energy of the P group over 30 meV. That is to say that no radiative
recombination of electron-hole plasma (EHP) process emerged and that

recombination of exciton-exciton scattering is the only observed stimulated emission

from ZnO nanowires.
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Figure 4-19(a) RT PL spectra under varigus excitation.densities show the in elastic exciton-exciton
scattering induced stimulated emissionr(b) the spectra'of integrated emission intensity (open square) as
a function of excitation density gives @ threshold of 360 kW/cm®*and (c) the shift of the emission peak

(solid square) vs FWHM of the emissien peak(solid circle) with various emission intensity

Continuously, Fig. 4-20(a) shows the intensity of spontaneous emission (/) and
stimulated emission (/) as a function of the excitation intensity (/) at room
The spontaneous emission is seen to increase approximately linearly

temperature.

with increasing /.., while /; increases in a strongly superlinear fashion with

I, exhibits a power-law relation dependence of /... (Iyoc 17 ) with

exc

increasing ..

p~2.11. After annealing treatment at different temperatures, the emission spectra of

the samples and the as-grown nanowires are shown in Fig. 4-20(b)-(d). We observed
blue-shifting of /;; peak which is similar to the result of cw-PL. Furthermore, when
the doping of Mg is increased, the slope of /; decreases from 2.08 to 1.45. This
indicates that the material quality is degraded after heat treatment, in which the

process of Mg diffusion introduces additional scattering centers, the impurities and

56



the defects. Hence many non-radiative centers formed or other loss mechanisms
formed after annealing. Due to reducing the probability of exciton-exciton scattering,

the efficiency of the stimulated emission decreases.
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Fig. 4-20 the emission intensity of spontaneous emission(/y,) and stimulated emission(/,) as a function
of excitation intensity (/) at room temperature. (a) pure ZnO nanowires and (b) the as grown
ZnO/MgO core/shell nanowires annealed at different temperatures in the range from (c)800°C,

(d)900°C, and the spectra of integrated emission intensity (e), (f) ,(g), and (h), respectively.
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Chapter 5 Conclusion and perspectives

5.1 Conclusion

In summary, ZnO nanostructures had been successfully grown by a vapor
transport process. The results of XRD, TEM, and Raman measurements indicate
that the ZnO nanostructure is the single-crystal structure with the wurtzite phase.
The HRTEM image shows perfect single crystalline ZnO nanosaws and confirms that
teeth of the nanosaw growth along the c-axis direction. The growth mechanism of
the nanosaws is suggested to be the self-catalyst process for the growth of oxide
nanostructures without the existence of external metallic catalysts. The ZnO
nanosaws exhibit strong UV emission and.weak green emission, indicating very good
crystal quality of the sample. Under optical pumping, several sharp peaks emerge at
about 3.18 eV with full width at half maximum less than 4 meV. We have observed
that random laser action without mirrors-which s attributed to self-forming laser
cavities via coherent multiple scattering in ZnO nanosaws.

Furthermore, we reported on the simple fabricated method for the heterostructure
of ZnMgO nanowires as the core-shell structure. The position of the NBE emission
peak tends to shift toward the higher photon energy from 3.27 eV~3.5 eV with
increasing annealing temperature. A blueshift in the near band edge emission at
room temperature after annealing treatment is attributed to the diffusion of Mg into
the ZnO inner core to form ZnMgO compound. Band gap engineering and
stimulated emissions of ZnMgO nanowires with different Mg doping are also
domesticated. The unique properties of stimulated emission in ZnMgO nanowires

could potentially be utilized for nanophotonic device applications.
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5.2 Perspectives

In the current research on ZnO-based nanostructure, our major goal is to grow
ZnO-based nanostructures and analyzing their optical properties. In the future, we
would try to make hetero-nanostructures, such as multiple quantum wells in a
nanowire or multiple core/shell structured nanowires, that is an important issue for the
development of the ZnO-based nanoscale devices. Besides, we propose the near
field scanning optical microscope (NSOM) or cathodoluminescence (CL) should be
set up to study the spatial resolved photon emission and laser action from nanowires.
Finally, considering application for nanoscale devices, the large-scale fabrication of

oriented and well-aligned ZnO-based nanostructure is necessary.
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