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Optical Characteristics of a-plane ZnQ/ZnsMg;,0 MQWs grown by Pulsed
Laser Deposition

Student: Li Fu Zhuo Advisors: Prof. Hao-chung Kuo

Prof. Tien-chang Lu

Institute of Electro-Optical Engineering, National Chiao Tung University
Abstract

In this thesis, a-plane ZnO/ZnMgO multiple quantum wells were grown on
r-plane sapphire by pulsed laser deposition for investigation. We utilized several
methods including photoluminescence (PL), polarized absorption spectra, and micro
photoluminescence (u-PL) to investigatethe optical characteristics of our samples.

Energy dispersive spectrometer revealed the: magnesium concentration of barrier
layer is 20%. Transmission electronic microscopy was further carried out to determine
the growth direction of MQWs along [11-20] and the barrier and well thicknesses.

The low temperature PL experiments revealed that the larger quantum
confinement in thinner quantum well. Meanwhile, the power dependent PL
measurement indicated no apparent emission peak shift for all samples due to no
built-in electric field in a-plane MQWs. Moreover, the temperature dependent PL
reveals that excitons were confined well in MQWs. From the fitting result of
activation energy, the exciton binding energy was further enhanced by quantum well.
High degree polarization ratio (92%) was observed in ZnO/ZnysMgy,0 MQWs

(@20K). From the polarized absorption spectra experiment results, electronic band

il



structure was observed. Larger /\E (E2-E1) was the main reason which induced high
polarization ratio. Further, we demonstrated the random lasing behavior of a-plane
Zn0/ZnMgO MQWs. At high excitation intensity (~55.7MWcm™), many sharp peaks
emerge on the spectra. The FWHM of each individual peaks was about 0.37nm and
the mode spacing was about 0.65nm. From the equation we had calculated the exciton
binding energy is around 66meV which is closed to the activation energy. We
attributed this lasing behavior from the forming of electron-hole plasma and the
threshold was about 47.33MWcm™. For constant pump intensity of 113 MWem™,
larger excitaition area produces ([EHP lasing behavior easier. This is also a

characteristic behavior in random lasing system.
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Chapter 1 Introduction and Motivation
1.1 Introduction to opto-electronic material

Nowadays, blue and UV light emitted diodes with efficiency, brightness, and
longevity that are well in excess of those required for outdoor applications are highly
expectable. With full of vital development of LEDs, LEDs have a variety of
applications in the different field. Among the applications of them are indicator lights,
signs, traffic lights, background lighting source of liquid crystal display, and lighting
which requires emission in the visible part of the spectrum.....etc.. Nevertheless, the
current LEDs might have difficultiesin the hard growth, low light efficiency, and
large energy loss, which results“in LEDstmuthe application of lighting are not good
enough to replace the traditional fluorescent light. Potentially, further improvement in
LEDs would be definitely required for the future life.

In recent years, the desire for blue and UV diode lasers and light emitting diodes
has prompted enormous research efforts into II-VI and III-V wideband gap
semiconductors. Among the well-known semiconductor materials employed in
various technical applications, two unique positions are held by gallium nitride (GaN)
and zinc oxide (ZnO) in the wide direct band gap semiconductor. In the material
property, both GaN and ZnO have many similar aspects, such as material structure,

lattice constant, energy band gap,--- etc.. In the difference of which, the remarkable



property of ZnO better than GaN is exciton binding energy of 60 meV, which is only

30 meV for GaN. Owing to the larger exciton binding energy, more excitons exist in

the room temperature, resulting in higher luminescence than GaN. Furthermore, ZnO

can be grown at lower temperature on the cheaper substrate and lead to low cost of

growth. However, because of more intrinsic defects, the hard growth of p-type ZnO to

achieve the p-i-n junctions, and the degradation of material quality, the current

commercial blue and UV LEDs are primitively composed of GaN. However,

GaN-based LEDs still face some problems of the luminescence, such as more defects

in the material and low electron-hole recombination of c-direction growth. Therefore,

it is worth making the further researchesron-the material of ZnO and GaN on purpose

of possessing well-performed LEDs and LDs.

With the concern of growth technique, the material such ZnO is grown on c-plane

sapphire, ScCAIMgOj or Si substrate. The growth direction along c-axis could confront

a problem that along the carrier flowing direction, because of asymmetric electric

charge in the atom, built-in electric field exists in the ZnO material. The causes of the

built-in electric field exist two : one is different electric charges carried by group-II

and group-VI atoms and another is piezo-electric field resulted from the lattice

mismatch between the material and the substrate, which is so-called quantum

confined stark effect (QCSE) [1][2]. The field leads to band bending and forces the



carriers to the opposite side of the quantum well. The overlapping probability of the

wave function taking place between electrons and holes would decrease, as weaken

the lighting efficiency (Fig. 1.1.1).

In the limit of the direction of material growth and polarization resulted from the

HCP structure, the efficiency of the opto-electronic transformation is still not enough.

New outstanding materials or other directions of growth are definitely required to be

investigated in detail. In the aspect of the non-polar plane, besides enhancement of

opto-electronic transformation, the emission light from non-polar material is also in

possession of the polarization properties, which-has a great benefit in the application

of opto-electronic device.

1.2 Material characteristics of zinc oxide

In materials science, ZnO is often called a II-VI semiconductor because zinc and

oxygen belong to the 2nd and 6th groups of the periodic table, respectively. This

semiconductor has several favorable properties: good transparency, high electron

mobility, wide band-gap, strong room-temperature luminescence, etc. Those

properties are already used in emerging applications for transparent electrodes in

liquid crystal displays and in energy-saving or heat-protecting windows, electronic

applications of ZnO as thin-film transistor and light-emitting diode are forthcoming as

of 2010.



Zinc oxide crystallizes is hexagonal wurtzite (Figl.2.1). The hexagonal structure
has a point group 6'mm or Cgy, and the space group is P6smc or C6V4. The lattice
constants are a = 3.25 A and ¢ = 5.2 A; their ratio c/a ~ 1.60 is close to the ideal value
for hexagonal cell c/a = 1.633. As in most II-VI materials, the bonding in ZnO is
largely ionic, which explains its strong piezoelectricity. Due to this ionicity, zinc and
oxygen planes bear electric charge (positive and negative, respectively).

ZnO has a relatively large direct band gap of ~3.3 eV at room temperature;
therefore, pure ZnO is colorless and transparent. Advantages associated with a large
band gap include higher breakdown voltages, ability to sustain large electric fields,
lower electronic noise, and high=temperaturerand high-power operation. The bandgap
of ZnO can further be tuned from ~3—4 eV by its alloying with magnesium oxide or
cadmium oxide.

Most ZnO has n-type character, even in the absence of intentional doping. Native
defects such as oxygen vacancies or zinc interstitials are often assumed to be the
origin of this, but the subject remains controversial. An alternative explanation has
been proposed, based on theoretical calculations, that unintentional substitutional
hydrogen impurities are responsible. Controllable n-type doping is easily achieved by
substituting Zn with group-IIl elements Al, Ga, In or by substituting oxygen with

group-VII elements chlorine or iodine. Reliable p-type doping of ZnO remains



difficult. This problem originates from low solubility of p-type dopants and their

compensation by abundant n-type impurities, and it is pertinent not only to ZnO, but

also to similar compounds GaN and ZnSe. Measurement of p-type in "intrinsically"

n-type material is also not easy because in-homogeneity results in spurious signals.

Current absence of p-type ZnO does limit its electronic and optoelectronic

applications which usually require junctions of n-type and p-type material. Known

p-type dopants include group-I elements Li, Na, K; group-V elements N, P and As

well as copper and silver. However, many of these form deep acceptors and do not

produce significant p-type condugction at room temperature.

ZnO has wide direct band gap{3.37 eV-or:375 nm at room temperature). Therefore,

it’s most common potential applications are in laser diodes and light emitting diodes

(LEDs). Some optoelectronic applications of ZnO overlap with that of GaN, which

has a similar bandgap (~3.4 eV at room temperature). Compared to GaN, ZnO has a

larger exciton binding energy (~60 meV, 2.4 times of the room-temperature thermal

energy), which results in bright room-temperature emission from ZnO. Recent studies

of ZnO epilayers have observed spontaneous emission from free-exciton (FE)

radiative recombination as well as stimulated emission from exciton-exciton

scattering (EES) and electron-hole-plasma (EHP) radiative recombination at

temperature up to ~550K.[3] Other properties of ZnO favorable for electronic



applications include its stability to high-energy radiation and to wet chemical etching.

The pointed tips of ZnO nanorods result in a strong enhancement of an electric field.

Therefore, they can be used as field emitters. Transparent thin-film transistors (TTFT)

can be produced with ZnO. As field-effect transistors, they even may not need a p—n

junction, thus avoiding the p-type doping problem of ZnO. Some of the field-effect

transistors even use ZnO nanorods as conducting channels.

1.3 Fabrication of nanostructure materials

Low dimension structure as the active layer was widely applied in these optical

devices to operate in low thresheld current,-reduce temperature sensitivity and

enhance the emitting efficiency ‘due torquantum- confine effect [4-5]. Because of the

different dimensional confinement of carrier and density of state, the nanostructure

can be classify into quantum well (QW), nanowire and quantum dot (QD) by their

density of state as shown in Fig. 1.3.1. The bulk material has three dimensional

density of state and the shape is parabolic function, the energy state of carrier is

continues above energy band-gap. Then two dimensional structures, such as quantum

well, is a step function due to one dimensional confinement of carrier. With

decreasing the degree of freedom of carriers, the density of state of zero-dimensional

structure, as quantum dot, manifest delta function density of state. As a result, the

electronic states are quantized and the energy levels become discrete. In Figure 1.3.2,



we could see the carriers are localized in the quantum dot structure of three
dimensional confinements. There are some unique characteristics in the quantum dot
structures. Discrete energy state is an attractive benefit applied to decrease the half of
full width in emitting spectrum and separate the different quantum state level. The
lasing behavior and quantum information analysis can be improved by their
development.
1.4 Motivation of a-plane ZnO / ZnMgO MQWs structure

Huang et al [10] had demonstrated ZnO Nanowires Laser at room temperature in
2001. The lasing threshold is about,40kWem . They had displayed the feasibility of
making ZnO nanolaser. Kawasaki et al-[Il]:made the first blue light-emitting diode
based on ZnO. Zno is potential materials for making short-wavelength LEDs and
diode lasers have been attracting increasing interest as the demands for display,
illumination and information storage grow. Chu et al [12] reported Sb-doped p-type
Zn0O/Ga-doped n-type ZnO with an MgZnO/ZnO/MgZnO quantum well embedded in
the junction was grown on Si by molecular beam epitaxy. The diodes emit lasing at
room temperature with a very low threshold injection current density of 10 A/cm®,
The lasing mechanism is exciton-related recombination and the feedback is provided
by close-loop scattering from closely packed nanocolumnar ZnO grains formed on Si.

However, until now (Zn, Mg) O-based heterostructures have been grown in the



[0001] direction only. Unfortunately, the wurtzite ZnO layers exhibit built-in electric
fields in this crystallographic orientation, which can be of the order of 1 MV cm™'
along the c-axis [13]. The large built-in electric field results in a significant separation
of electrons and holes in active layers [14], very long carrier lifetimes and hence very
poor light emission efficiencies [15]. The growth on non-polar surfaces such as the A
plane (11-20) has, therefore, been proposed to avoid any built-in electric fields, and
non-polar QWs have already been demonstrated in GaN-based non-polar
heterostructures [16]. Although ZnO is presently intensively studied, very few studies
have dealt with ZnO-based nonpolan QW héterostructures until now.

This article is divided into two mainrsections. Sectionl are some basic optical
characteristics like power-dependent PL, temperature-dependent PL, polarized
absorption spectra.... Section 2 is about the nonlinear optics in Zno/ZnMgO MQWs,

and the random lasing behavior in ZnO/ZnMgo MQWs is observed.
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Fig. 1.3.2 The carrier behavior in three dimensional confinement structure
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Chapter 2 Properties of nonpolar multiple quantum wells (MQWjs)
structure
2.1 Quantum confinement effect in semiconductor nanostructure

If we make very small crystals, the optical properties of solids will depend on their
size. The size dependence of the optical properties in very small crystals is a
consequence of the quantum confinement effect. What "Quantum confinement"
means is that when electrons and holes in a semiconductor are restricted in one or two
or even three dimensions. For exemple, a quantum dot is confined in all three
dimensions, a quantum wire is econfined in'twe dimensions, and a quantum well is
confined in one dimension. Thereforesrquantum confinement occurs when one or
more of the dimensions of a nanostructure are very small so that it approaches the size
of an exciton in bulk crystal, called the Bohr exciton radius. [14] In this thesis, we talk
about quantum well structure which is a structure where the height is approximately
the Bohr exciton radius while the length and breadth in the other two dimensions are
relatively free from constraint.

The distance between the electron and the hole is called the effective Bohr radius,
ag of the exciton. When the well width is much larger than ag in bulk, the exciton
binding energy will not show evident difference between the well and the bulk, for the

excitons feel nearly the same environment as in bulk. As the well width is decreased

11 -



to the order or less than the order of ag, the wave functions of electrons and holes
overlap get improved and are confined in the well. This also improves the exciton
binding energy.

The Hamiltonian describing the relative motion of the exciton could be written as
H=H. (x¢) +Hp (xn) +Henp (1)
where H. and Hj are the Hamiltonian describing the electron and hole motion
confined in the well. He., is the Hamiltonian includes the kinetic energy part of the
relative motion of the exciton in the Y-Z plane and the Coulomb potential attracting
the electron and the hole in the three dimensional form. The x-coordinate of the
electron and hole is denoted as X. and xgrwhile r-represent the relative position vector
between the electron and the hole. Therefore the eigenvalue solved is given by
En= B +E n-Een
where E%, and E", is the energy of nth quantum confined state, and E.j is the
binding energy of exciton defined as positive value. Therefore, the lowest exciton
resonance energy associated with the ground state in the quantum well could be
written as Eemission= Eg Exn +E"o-Een

The resonance energy was sensitive to well width and the monatomic well size
fluctuation in the narrower well. The well width dependence of the absorption spectra

is determined by competition between the quantum confinement energy level and the

-12-



exciton binding energy.

2.2 The basic concept of nonpolar nanostructure

It was from 1994, the use of InGaN/GaN double heterostructure (DH) in LEDs by

Nakamura is thought to reignite the III-V nitride system. People did a lot of work in

all aspects to improve the light emission efficiency including the material

selection ~ crystal growth » device manufacture process etc. One of the difficulties

hampering further advances in nitride emitters is the presence of large piezoelectric

fields in these materials.

InGaN/GaN multiple quantum wells laré a widely used material and structure to

serve as the active layer in nitride heterostructures for its advantage in easy tuning

wavelength through controlling the composition of indium. However conventional

InGaN/GaN quantum wells grown along the crystallographic c-axis exhibit an internal

spontaneous and piezoelectric field in the MV/cm range. The spontaneous field is

induced from different atoms arrange in one direction parallel with the growth axis

while the piezoelectric field is caused by biaxial compressive strain due to the lattice

mismatch between InGaN and GaN.

Under such field, electrons and holes are drawn to opposite interfaces of the QW

and the spatial separation of wave functions suppresses radiative recombination with

respect to nonradiative recombination, diminishing the emission efficiency drastically.
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The built in piezoelectric field also causes a red-shift emission. All the effects caused

by the build in electiric field are called as Quantum Confined Stark Effect (QCSE)

[17~18]. QCSE becomes severe when the quantum well width gets thicker and

indium content is increased. In order to overcome the problem, nonpolar structure was

thought as a method to eliminate the built in polarization field. Waltereit and

colleagues at the Paul Drude Institute in Berlin first demonstrated the absence of the

piezoelectric field in m-plane GaN/AlGaN QWs grown on LiAlO; substrates [19].

Recently, there have been several approaches to realize nonpolar GaN, m-plane films

[24] and m-plane heterostructures [19+20] on y-LiAlO,(100) as well as a-plane films

[25] and a-plane heterostructures [21~23]ron r-plane sapphire.The planar relations in

hexagonal crystal structure was shown in figure 2.2.1. ZnO and GaN have similar

structure, lattice constant, and large band gap. The wurtzite ZnO also have large build

in potential if we grown along the [0001] direction.

A schematic energy band diagram between nonpolar quantum well and polar

c-plane quantum well under QCSE is shown in figure 2.2.2 (a) (b). As can been seen,

the well potential in the nonpolar nanostructure is not influenced by the built in

polarization field and possess a higher wavefunction overlap and emission energy

than polar nanostructure. Thus nonpolar is now a chance to improve the light emitting

efficiency greatly and make a grand breakthrough..
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2.3 In-plane light polarization effect in nonpolar nanostructure

In addition to the advantage of no internal electric fields in growth direction,

nonpolar orientation of the wurtzite crystal structures are also good for

polarization-sensitive devices. In contrast to ZnO films grown along the polar c-plane

direction, do not exhibit any in-plane polarization anisotropy, m- and a-plane ZnO

films, where the c-axis lies in the film plane, exhibit significant polarization

anisotropy in its light emission.

When ZnO films are grown on c-plane substrates with similar hexagonal symmetry,

there is no linear polarization emission happened under isotropic in-plane strain.

However, a ZnO film with an m-plane-or-a=plane orientation experience anisotropic

in-plane strain resulted from the inherent lower symmetry of m and a plane. An

in-plane polarization anisotropy has been observed in the PL spectra of

GaN/(Al,Ga)N MQWs. [26, 27]

The coordinate system used for the investigation of the polarization properties is

x//a [11-20] ~ y//m [1-100] ~ and z//c [0001], the three planes are perpendicular to each

other. Take the m-plane GaN films for example, m-plane strain lifts the symmetry in

the x-y plane of the wurtzite crystal and separates the original |X+iY>-like HH and

LH states of unstrained WZ-GaN to |X>-like and |Y>-like states. A compressive strain

along x induces a dilatation along y so that the energy of the | X>-like state is raised
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while the |Y>-like state is lowered. Valence bands are reconstituted to |X>-like,
|Z>-like, and |Y>-like states in order of decreasing electron energy. Therefore, the
valence band structure is altered that the lowest transition energy is totally linearly
polarized in the x-direction (E I C), while the second lowest transition energy is
totally linearly polarized in the z-direction (E | C). The third lowest transition energy
which is linearly polarized in the y-direction will not show any PL intensity difference
when we put the polarizer in x-z plane to get the polarization information.

The optical polarization anisotropy in ZnO films with a nonpolar orientation can be
used for polarization-sensitive photodetectors {28] and static as well as dynamic

polarization filtering [29].
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Chapter 3 Theoretical background and experiment apparatus
3.1 Growth mechanism of ZnO/ZnMgO MQWs using pulsed laser deposition (PLD)
The principle of pulsed laser deposition, in contrast to the simplicity of the system
set-up, is a very complex physical phenomenon. It does not only involve the physical
process of the laser-material interaction of the impact of high-power pulsed radiation
on solid target, but also the formation plasma plume with high energetic species and
even the transfer of the ablated material through the plasma plume onto the heated
substrate surface. Thus the thin film formation process in PLD generally can be
divided into the following four stages.
1. Laser radiation interaction with the target
2. Dynamic of the ablation materials
3. Deposition of the ablation materials with the substrate
4. Nucleation and growth of a thin film on the substrate surface
In the first stage, the laser beam is focused onto the surface of the target. At
sufficiently high flux densities and short pulse duration, all elements in the target are
rapidly heated up to their evaporation temperature. Materials are dissociated from the
target surface and ablated out with stoichiometry as in the target. The instantaneous
ablation rate is highly dependent on the fluences of the laser shining on the target. The

ablation mechanisms involve many complex physical phenomena such as collisional,
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thermal, and electronic excitation, exfoliation and hydrodynamics.

During the second stage the emitted materials tend to move towards the substrate

according to the laws of gas-dynamic and show the forward peaking phenomenon. R.

K. Singh reported that the spatial thickness varied as a function of cos q. The spot size

of the laser and the plasma temperature has significant effects on the deposited film

uniformity. The target-to-substrate distance is another parameter that governs the

angular spread of the ablated materials. Hanabusa also found that a mask placed close

to the substrate could reduce the spreading.

The third stage is important.to determine the quality of thin film. The ejected

high-energy species impinge onto. the substrate surface and may induce various type

of damage to the substrate. The mechanism of the interaction is illustrated in the

following figure. These energetic species sputter some of the surface atoms and a

collision region is formed between the incident flow and the sputtered atoms. Film

grows after a thermalized region is formed. The region serves as a source for

condensation of particles. When the condensation rate is higher than the rate of

particles supplied by the sputtering, thermal equilibrium condition can be reached

quickly and film grows on the substrate surface at the expenses of the direct flow of

the ablation particles and the thermal equilibrium obtained.

Nucleation-and-growth of crystalline films depends on many factors such as the
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density, energy, ionization degree, and the type of the condensing material, as well as

the temperature and the physical-chemical properties of the substrate. The two main

thermodynamic parameters for the growth mechanism are the substrate temperature T

and the supersaturation Dy,,. They can be related by the following equation

Dim = kT In(R/Rc)

where k is the Boltzmann constant, R is the actual deposition rate, and R, is the

equilibrium value at the temperature T.

The nucleation process depends on the interfacial energies between the three phases

present - substrate, the condensing material and the vapor. The minimum-energy

shape of a nucleus is like a cap. Forrther large nuclei, a characteristic of small

supersaturation, they create isolate patches (islands) of the film on the substrate which

subsequently grow and coalesce together. As the supersaturation increases, the critical

nucleus shrinks until its height reaches on atomic diameter and its shape is that of a

two-dimensional layer. For large supersaturation, the layer-by-layer nucleation will

happen for incompletely wetted foreign substrates.

The crystalline film growth depends on the surface mobility of the adatom

(vapour atoms). Normally, the adatom will diffuse through several atomic distances

before sticking to a stable position within the newly formed film. The surface

temperature of the substrate determines the adatom's surface diffusion ability. High
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temperature favours rapid and defect free crystal growth, whereas low temperature or

large supersaturation crystal growth may be overwhelmed by energetic particle

impingement, resulting in disordered or even amorphous structures.

In the PLD process, due to the short laser pulsed duration (~10 ns) and hence the

small temporal spread (<=10 ms) of the ablated materials, the deposition rate can be

enormous (~10 mm/s). Consequently a layer-by-layer nucleation is favoured and

ultra-thin and smooth film can be produced. In addition the rapid deposition of the

energetic ablation species helps to raise the substrate surface temperature. In this

respect PLD tends to demand .a lower substrate temperature for crystalline film

growth. (Fig3.1.1)

3.2 Transmission Electron Microscope, Energy Dispersive X-ray Spectroscopy (EDS)

and Selected Area Electron Diffraction (SAED)

1. Transmission Electron Microscope

Transmission electron microscope is the pre-eminent method for determining

dislocation’ and other crystallographic defects character and for performing chemical

and crystallographic analysis of micrometer and smaller precipitates and other

microstructures. With the similar structure and more powerful function compared with

SEM, TEM offers the in-depth perspective of specimen characterizations.

Any TEM is a complex assembly of magnetic lenses, several apertures, a sample
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holder and an image recording/viewing system. The objective lens forms a diffraction

pattern in the back focal plane with electrons scattered by the sample and gombines

them to generate an image in the image plane (l. intermediate image). Thus,

diffraction pattern and image are simultaneously present in the TEM. It depends on

the intermediate lens which of them appears in the plane of the second intermediate

image and magnified by the projective lens on the viewing screen. Switching from

real space (image) to reciprocal space (diffraction pattern) is easily achieved by

changing the strength of the intermediate lens. In imaging mode, and objective

aperture can be inserted in the back focal plane to select one or more beams that

contribute to the final image (BE, DE;;HRTEM). In selected area electron diffraction

(SAED), an aperture in the plane of the first intermediate image defines the region of

which the diffraction is obtained.

In the bright field (BF) mode of the TEM, an objective aperture is placed in the

back focal plane of the objective lens which allows only the direct beam to pass. In

this case, mass-thickness and diffraction contrast contribute to image formation: thick

areas, areas in which heavy atoms are enriched, and crystalline areas appear with dark

contrast. In spite of the useful information obtainable from BF images, it should be

mentioned that the interpretation of contrast is often impeded since these phenomena

occur simultaneously.
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In dark field (DF) images, one or more diffracted beams are allowed to pass the

objective aperture. The direct beam is blocked by the aperture. In contrast to the direct

beam, the diffracted beam has interacted strongly with the specimen, and often very

useful information is present in DF images, e.g., about planar defects, stacking faults

or particle size.

To obtain lattice images, a larger objective aperture has to be selected that allows

many beams including the direct beam to pass. The image is formed by the

interference of the diffracted beams with:the direct beam (phase contrast). If the point

resolution of the microscope is sufficiently‘high and a suitable sample oriented along

a zone axis, then high-resolution TEM (HRTEM) images are obtained. In many cases,

the atomic structure of the specimen can directly be investigated by HRTEM.

The incident parallel electron wave interacts elastically while passing through the

specimen, and the resulting modulations of its phase and amplitude are present in the

electron wave leaving the specimen. The wave here, the object exit wave o(r), thus

contains the information about the object structure. The objective lens performs

1. The Fourier Transform (Fourier analysis) that creates the diffraction pattern of the

object in the back focal plane and 2. the inverse Fourier Transform (Fourier synthesis)
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that makes the interference of the diffracted beams back to a real space image in the

image plane (lattice image).

2. Energy Dispersive X-ray Spectroscopy & Selected area Electron diffraction

EDS and SAED are two auxiliary function affiliated to SEM/TEM and TEM

respectively. Both of them are used to characterize samples based on the constituents

and structures. Energy dispersive X-ray spectroscopy (EDS or EDX) is an analytical

tool predominantly used for chemical characterization. Being a type of spectroscopy,

it relies on the investigation of a sample through interactions between light and matter,

analyzing X-rays in its particular case. Its'characterization capabilities are due in large

part to the fundamental principle that each element of the periodic table has a unique

electronic structure and, thus, a unique response to electromagnetic waves. The excess

energy of the electron that migrates to an inner shell (in order to fill the newly-created

hole) can do more than emit an X-ray. Often, instead of X-ray emission, the excess

energy is transferred to a third electron from a further outer shell, prompting its

ejection. This ejected species is called an Auger electron, and the method for its

analysis is known as Auger Electron Spectroscopy (AES). X-ray Photoelectron

Spectroscopy (XPS) is another close relative of EDS, utilizing ejected electrons in a

manner similar to that of AES. Information on the quantity and kinetic energy of
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ejected electrons is used to determine the binding energy of these now-liberated

electrons, which is element-specific and hence allows chemical characterization of a

sample. EDS is often contrasted with its microscale spectroscopic counterpart, WDS

(Wavelength-Dispersive X-ray Spectroscopy). WDS differs from EDS in that it uses

the diffraction patterns created by light-matter interaction as its raw data.

Selected area Electron diffraction, abbreviated as SAED, is a crystallographic

experimental technique that can be performed inside a transmission electron

microscope (TEM).

In a TEM, a thin crystalline specimen is subjected to a parallel beam of

high-energy electrons. As TEM specimens are typically ~100nm thick, and the

electrons typically have an energy of 100-400 kiloelectron volts, the electrons pass

through the sample easily. In this case, electrons are treated as wave-like, rather than

particle-like (see wave-particle duality). Because the wavelength of high-energy

electrons is a fraction of a nanometer, and the spacings 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.
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As a result, the image on the screen of the TEM will be a series of spots -- the

selected area diffraction pattern, SADP, each spot corresponding to a satisfied

diffraction condition of the 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. If the sample is tilted, the same crystal

will stay under illumination, but different diffraction conditions will be activated, and

different diffraction spots will appear or disappear.

SAD is referred to as "selected" because the user can easily choose which part of

the specimen to obtain the diffraction pattern from. Located below the sample holder

on the TEM column is a selected area aperture, which can be inserted into the beam

path. This is a thin strip of metal that will block the beam. It contains several different

sized holes, and can be moved by the user. The effect is to block all of the electron

beam except for the small fraction passing through one of the holes; by moving the

aperture hole to the section of the sample the user wishes to examine, this particular

area is selected by the aperture, and only this section will contribute to the SADP on

the screen. This is important, for example, in polycrystalline specimens. If more than

one crystal contributes to the SADP, it can be difficult or impossible to analyze. As

such, it is useful to select a single crystal for analysis at a time. It may also be useful
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to select two crystals at a time, in order to examine the crystallographic orientation

between them.

As a diffraction technique, SAED can be used to identify crystal structures and

examine crystal defects. It is similar to x-ray diffraction, but unique in that areas as

small as several hundred nanometers in size can be examined, whereas x-ray

diffraction typically samples areas several centimeters in size.

3.3 Photoluminescence

Photoluminescence, a powerful and breakless analysis technology, can reveal the

band structure and the carrier transportation behaviors in a material. Moreover, the

doping type, band gap, composition, etc. of the bulk material or the size, path of

carrier transportation, lifetime, etc. of the nano-material will be shown in the

photoluminescence spectrum.

Photoluminescence is a process in which a chemical compound absorbs photons

(electromagnetic radiation), transitioning to a higher electronic energy state, and then

radiatives photons back out, returning to a lower energy state. The period between

absorption and emission is extremely short, on the order of 10 nanoseconds. Light is

directed on a sample, where it is absorbed and imparts excess energy into the material

in a process called photo-excitation. The luminescence arising from photo-excitation
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is called photoluminescence (PL). The intensity and spectral content of the
photoluminescence is a direct measurement of various important material properties.
Fig 3.3.1 shows the schematic setup of PL system with He-Cd laser operating at

30mW at the wavelength of 325nm.

Typically, the process of the luminescence consists of three steps, which is (1)
excitation, (2) thermal equilibrium and (3) recombination. Through thermal
equilibrium, electron-hole pairs (e-h pairs) generated by incident light recombine and
create photon. In the energy band gap, impurities and defects form a variety of energy
levels, whose corresponding- energy -produces radiation through radiative
recombination and absorption through non-radiative recombination.

3.4 Absorption

If the energy is delivered by incident photons the process is called optical
absorption. A number of different phenomena may be associated with the incidence of
light on a semiconductor. Fig 3.4.1 shows a schematic of the optical absorption
spectrum vs. energy of the photons. For our discussion here, phenomena related to (2)
excitons, (3) fundamental absorption processes and (4) impurities are of interest.

For the absorption process the density of states N (E) is of importance, where E is
the energy. Due to the uncertainty relation, the volume necessary per state in the
momentum space is h’, where h is Planck’s constant. The areas with constant energies
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are assumed to be spheres. Hence, considering the spin of the electron, the volume in

the momentum space between E+dE is 2x4np’dp We write N(E) in the momentum

space  as N(E)dE = i—f p’dp  From p= +2m*E , it follows

*\3/2
dp:\lzm*ﬁdE and we find N(E)=&\/EdE with the dimension cm™

JE 2770
eV,
Let us consider now absorption transitions between two direct valleys where all the
momentum-conserving transitions are allowed (see fig 3.4.2), i.e., the transition
probability Pir is independent of the photon energy. Every initial state at E; is

associated with a final state E¢ such that E=hv-|E;|.

Therefore, for parabolic bands, we get

21,2
hv —E, =h2k ( L +LJ Eq(3.4.1)
m, m

e

where, the m, and my, is the effective mass for electrons and holes, respectively. The

reduced effective mass is

mgm,

== Eq(3.4.2)
m, +m,

r

Finally, the density of states for a direct transition is given by

om 3/2 1
N(E)=(2ﬂ—f2)h3(hv—Eg) Eq(3.4.3)
n:'[: N.(E)f(E)dE (f(E):%Ef) Eq(3.4.4)
C l+e

At temperatures of interest, the Fermi function reduces to f (E) ~exp (Eg-E/kT) and
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we find

B 3/2
n= 2( g‘ﬁg j exp[ (Eq —E,)/KT ] Eq(3.4.5)

T 3/2
and p= [r;:[hz ] exp [( E, - EC)/kT] Eq(3.4.6)

where E; and E, mark the energy of the conduction and valence band, respectively.

Although we know the density of states and the carrier contribution, we are not able

yet to plot the absorption spectrum of a semiconductor, i.e..., the absorption

coefficient as a function of the energy since equation 3.4.3 creates a “severe problem”.

At hv=Eg, N (E) =0. Theoretically, it is the 'correct answer but in reality this is always

wrong. The density of states is not nil‘attherband gap of the material. The main reason

is the band tails, i.e., a perturbation of the conduction and valence bands by the

formation of tails of states extending the bands into the energy gap. An ionized donor

exerts an attractive force on the conduction electrons and a repulsive force on the

valence holes (acceptors act conversely). Since impurities are distributed randomly in

the host crystal, the local interaction will be more or less strong depending on the

local crowding of impurities (see fig 3.4.3).

It should be noted that the local energy gap - the separation between the top of the

valence band and the bottom of the conduction band is everywhere maintained

constant. But the density-of-states distribution, which integrates the number of states
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at each energy inside the whole volume shows that there are conduction band states at
relatively low potentials and valence band states in high-potential regions.
The transition between the band tails causes an exponentially increasing absorption
coefficient a (d (Ina) /d (E) =1/kT) and is known as Urbach’s rule. The exponential
absorption edge of GaAs was found to correlate quite well with transitions involving
band tails, which can be controlled by doping. Figure 3.4.4 shows the typical
absorption edge of a direct semiconductor.
For the plot of a (E), we write down according to equation 3.4.3
a(E), = A(E-E))" Eq (3.4.6)
and Urbach’s rule
a(E) =K, exp {%(E ~E, )} Eq(3.4.7)
where A and K are fitting parameter and ¢ is a phenomenological parameter scaling
the steepness of the absorption edge. The absorption coefficient can be plotted over
energy applying the continuity equations

a(E), =a(E), Eq (3.4.8)

da(E)| _ dOt(E)”
dE  dE

and

Eq (3.4.9)

We find for cross-over energy between a (E) 1 and a (E) p,

_kT

E
ch 20

+E Eq (3.4.10)

9

Therefore, the absorption edge is described by,
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a(tv)=Ahv—E,)">  if v>E, Eq(3.4.11)

and  a(hv)= AL exp {%(hv ~-E, )} if hv<E, Eq (3.4.12)
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Fig 3.3.1 The schematic diagram of photoluminescence setup

+LLLEE
Mt
.-q'ﬂ";-" 1"’%{ Fa

log @

Fig 3.4.1 Different types of optical absorption phenomena; (1) transitions of
high-lying bands, (2) excitons, (3) fundamental absorption (4) impurity absorption, (5)

free-carrier absorption and (6) Reststrahlen absorption
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Fig 3.4.2 The momentum-conserving transitions are allowed
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Fig 3.4.3 The left diagram shows the perturbation of the band edges by Coulomb

interaction with inhomogeneously distributed impurities. This leads to the formation

of tails of states shown on the right side. The dashed lines show the distribution of

states in the unperturbed case.
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Chapter 4 Basic optical characteristics of a-plane ZnO/ZnMgO
MQWs
In this chaper, we discuss the basic optical characteristics of a-plane

Zno/ZnMgO MQWs. In section 1, we describe the method how we prepare the
samples and the growth conditions. In section 2, we discuss the PL spectra of the
samples and finite square well model is used to estimate the emission energy of our
samples. In section 3, power dependent PL reveals nonpolar ZnO/ZnMgO MQWs is
free from QCSE. In section 4, temperature dependent PL shows localization effect is
unobvious and the activation energy; fitting result shows exciton binding energy
enhance by quantum confinement. In sectrom 5; The absorption spectrum was carried
out to reveal different recombination paths since the asymmetry strain along c-axis
and m-axis which caused valence band splitting. Furthermore, the 92% high
polarization of degree of ZnO/ZnMgO MQWs emission was also obtained at 20 K.
4.1 Samples preparation and growth

A KrF excimer laser with A =248nm was used for PLD deposition of ZnO and
ZnMgO films. The base pressure in the growth chamber was 1x10™® Torr. After
degreasing in boiled acetone and isopryl alcohol, a 2 inch r-plane sapphire substrate
was loaded into the PLD chamber and heated in high vacuum at 850°C for 30 min.

Then, the oxygen flow was introduced to the chamber in which the oxygen partial
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pressure was then kept at 1.4x107 Torr for the rest duration of deposition. The targets
in the chamber were 2 in pure ZnO and Zn, sMg O sintered ceramics. For ZnO film
(buffer layer), it was deposited in high vacuum for 5 min at 490°C, and then deposited
in oxygen atmosphere at 800°C for 140 min. For five-period ZnO/ZnysMg;,0 film
structures, the deposition condition for the first ZnO buffer layer was kept the same as
described above, followed by the growth of QWs at 650°C with the thickness of each
layer varied by changing the deposition time. ZnggMgy,O (barrier layer) was
deposited for 3 min, and ZnO (well layer) was deposited in vacuum for 1.5 min.
Finally, ZnosMgo,O (capping layer) was depesited for Smin. For ten pairs ZnO/
ZnpsMgp,0 MQWs growth, ZnO film(buffer layer) was deposited in high vacuum
for 2 min at 750°C, and then deposited in oxygen atmosphere at 750°C for 40 min,
and ZnysMg,,0 (buffer layer) was deposited at 750°C for 31 min. ZnO (well layer)
was deposited at 750°C for 40 sec, and ZnysMg,,O (barrier layer) was deposited at
750°C for 70 sec. Micro-structural characterization was carried out using
cross-sectional transmission electron microscopy (TEM) in the Fig. 4.1.1 (a) (b) 4.1.2
(a) (b). The X-ray energy-dispersive spectroscopy confirmed that the Mg composition
of the quantum well is around 20%. For the five pairs ZnO/Zny sMg,0 MQWs, ZnO
buffer layer is around 300nm thick, the Zn0ygMg O barrier width is around 8.3 nm

thick, and the ZnO well width is around 5.6 nm thick. As for the ten pairs ZnO
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/ZnysMgo,0 MQWs growth, ZnO buffer layer is around 300nm thick, ZnysMgj,O
buffer layer is around 100nm, the Zn0ysMg(,0 barrier width is around 2.3 nm thick,
and the ZnO well width is around 1.8 nm thick. The selected area diffraction (SAD)
pattern shown in Fig. 4.1.3 (a) (b) is obtained from the interface between the ZnO
layer and sapphire substrate where electron beam is from c-axis (m-axis) in Fig
4.1.3(a) (Fig. 4.1.3 (b)). The crystal plane of (1-100) ZnO parallels to (11-20) sapphire
and (000-1) ZnO parallels to (1-10-1) sapphire.
4-2 Photoluminescence spectra of a-plane ZnO/ ZnMgO MQWs

Low temperature PL measurements;were performed using the cw 325 nm He-Cd
laser operating at an excitation level of 225 mW: Fig. 4.2.1 shows the PL spectra of
a-plane ZnO /ZnysMgp>0 MQWs at 20K. The peak energy of film a-plane ZnO film
is at 3.375eV which is slightly larger than c-plane ZnO film (~3.36eV) .The peak
energy of five pairs ZnO/ZnygMgp,0 MQWs is about 3.407eV which is blue shift
about 32meV. The paek energy of ten pairs ZnO/ZnysMgo,O MQWs is about
3.538eV which is blue shift about 163meV. The PL spectra also display the emission
from the buffer layer which is around 3.37eV (D°X) and 3.318e¢V (e-Ag) in all
samples. [30].

Room temperature PL was also performed in the Fig 4.2.2 (a) (b). Finite-squqre

well model was used to calculate the peak energy of the five & ten pairs
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Zn0/ZnysMgo,0 MQWs that takes into account the exciton binding energy. The
exciton energy in the QW is calculated by Eq(4.2.1).

Eo" =E;" +AE, + AE, —E2" Eq(4.2.1)
E;”o is the band gap energy of ZnO, /\E; and /\Ej are the confinement energies of
electrons and holes, respectively, E" is the exciton binding energy in QWs. EZ™
is 3.37eV[31] and the exciton binding energy is about 60meV. Because the PL spectra
of five pairs ZnO/Zny sMgy,0 MQWs includes the emission of QWs and buffer ZnO,
the peak energy was fitted by lorentzian waveform. The effective mass of electron is
0.28my and the effective of hole is 0:58my, (myis electron mass) The band-offset ratio
is 60:40. The energy of Zn,Mg( )0 is calculated by Eq(4.2.2). [32][33]

InMg(1.O=3.37+2.51X(eV). it Eq(4.2.2)
For five pairs ZnO/ZnMgO MQWs, the calculation result was 3.35eV. For ten pairs
Zn0/ZnMgO MQWs, the calculation result was 3.506eV. The slight different may
casue from the enhancement of exciton binding energy, the single quantum well
approach.....etc.
4.3 Nonpolar characteristics of a-plane ZnO/ ZnMgO MQWs

In c-plane polar structure, the built-in field with the MQWs would lead to band

tilting. If the photo-genarated carriers were injected into the MQWs, the built-in

electric field could be screened and result in a blue-shift of PL energy peak
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[34]. As we mentioned above, the useful approach for reducing the built-in electric
field is to grown MQWs along the nonpolar direction. In this section, we performed
the power dependent photoluminescence to realize the built-in field influence on our
samples.

The power dependent photoluminescence was demonstrated by using He-Cd laser
operated at 325 nm. The excitation power increased from 0.05 to 35 mW. Fig.4.3.1 (a)
(b) showed the PL spectra as a function of excitation power for our samples at low
temperature. Morhain C et al had calculated the built-in electric field in polar
Zn0O/ZnMgO MQWs and his experiment result showed when power density vary
from 0.1 mW/cm® to 100W/cm™-the PLspectra was under large blue—shift(~80meV).
Fig 4.3.2(a) (b) showed power-dependent PL results, which exhibited the un-shifted
peaks in a-plane ZnO/ZnysMg;,0 MQWs as increasing pumping power density. It is
well known for a-plane hexagonal MQW with the non-polar characteristic and the
flat-band structure demonstrates that the structure possesses free electric field. We
also analyzed different power dependences I~P“ for a-plane ZnO/ZnysMgy,O MQWs
where I is the integrated PL intensity, P is the excitation power density, and a is the
power index. a value is around 1. We exclude out the influence non-recombination
which also imply no built-in electric field in this structure in terms of our fitting

result.

_4] -



4.4 The localization effect of a-plane ZnO/ZnMgO MQWs

In order to further understand whether the localization effect plays an important

role in nonpolar ZnO MQWs or not, the PL spectra were measured under different

temperature in the range of 20K to 300K using the CW 325 nm He—Cd laser.

Fig. 4.4.1 (a) (b) shows the evolution of PL spectra as a function of temperature for

the a-plane ZnO/ZnMgO MQWs. The decrease of PL intensity with increasing

temperature is observed. Thermal quenching PL intensity with increasing temperature

is a general phenomenon in semiconductor nanostructure which is caused by carriers

thermalization from the radiative:recombination.centers or/and localized states to the

nonradiative recombination centers ot/and-delocalized states. This thermal quenching

behavior will be discussed later.

The emission from the buffer layer is strong at low temperature (~20K), but as the

temperature got raised the emission from quantum well will dominate the PL spectra.

This is evidence that excitons are confined in quantum well, because the thermal

quenching in quantum well is smaller than in buffer layer. In order to check the

situation of alloy and interface fluctuations in our samples, we further analyze the

peak shift of ZnO/ZnMgO MQWs emission over the investigation temperature range.

The result is shown in Fig. 4.4.2 (a) (b). In our samples, the emission energy

decreases monotonically with increasing temperature. We didn’t observe the exciton
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localization effect [35] [36] which may induce red-blue-red shift(S-curve) of peak

energy with increasing temperature. It seems no deep localization states in the

Zn0O/ZnMgO MQWs system. In InGaN/GaN MQWs system, S-curve is a very

common phenomenon. Inhomogeneity due to interface fluctuation, InN/GaN

segregation, and the band tail states originating from the high density of defects are

responsible for the so-called S-shaped temperature dependent behavior in the

InGaN/GaN MQWs. Whereas there is no this relevant problems with well material of

Zn0O so that ZnO/ZnMgO MQWs is more stable and the localization center is more

uniform in comparison to InGaN/GaN-MQWs.

Figure 4.4.3 show the Arrhenius plot-ofithe normalized integrated PL intensity for

the a-plane Zno/ZnMgO MQWs emission from MQWSs over the temperature range

under investigation. The intensity reduction is remarkable, the degree of PL intensity

reduction from 20K to 300K is more severe when the well width gets thicker which

indicates a higher PL efficiency in the thinner well width samples [35]. We use the

equation below to get a good fit to our experimental data of the activation energy in

thermally activated processes [37].

I[(T)=1y/ [1+a*exp (-E/KgT) +b*exp (-Ev/KgT)] Eq. (4.4.1)

Where I (T) is the temperature dependent integrated PL intensity, I is the integrated

PL intensity at 20K, Kz is the Boltzmann’s constant, a and b are the rate constants,
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and E, and E, are activation energy for two different non-radiative channels. This

suggests that there are two non-radiative paths exist at the same time which one of

them dominates in the low temperature region and the other dominate in the high

temperature region.[38]

Since the activation energy we get from our samples is much less than the

bandgap energy difference between the well and the barrier. It is impossible to

account the thermal quenching of ZnO MQWs emission for carriers thermalized

from the ZnO wells to the ZnMgO barriers. Therefore, the more reasonable

explanation for the quenching:of luminescence is that increasing temperature

increases the probability of excitons to-bertrapped by nonradiative recombination

centers within the well at the same time when carriers are activated out of the

loacalization minima of potential fluctuation which may be caused by

compositional ~ interface fluctuation. Or the excitons partly dissolve into free carrier

which may be trapped by nonradiative recombination centers. The smaller activation

energy was attributed to the shallow localization states forming in the interface

fluctuation of well and barrier layer. The larger activation energy was attributed to the

enhancement of the exciton binding energy [39]. Giuliano Coli et al had calculated

the enhancement of the exciton binding energy due to quantum confine effect [40]. As

temperature rose, excitons partly dissolved into free carriers which may decrease the
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efficiency of excitons recombination. Furthermore, the free carriers may be trapped
by non-radiative centers which also decrease the emission intensity. In our fitting
result, the enhancement of binding energy is larger in thin ZnO/ZnMgO MQWs.
4.5 In-plane polarization effect of a-plane ZnO/ ZnMgO MQWs emission

4.5.1 In-plane polarization effect of a-plane ZnO/ ZnMgO MQWs emission

It was mentioned in section 2.3 that due to the inherent lower symmetry of
non-polar heterostructure, a-plane ZnO/ZnMgO MQWs is likely to experience
anisotropic in-plane strain. A PL measurement was carried out at low temperature
using the CW 325nm He-Cd laser, and afvisible polarizer was set in front of the
spectrometer to examine the polarization-property of our samples. In the case, of the
a-plane ZnO/ZnMgO MQWs, an angle of 90" is defined to be perpendicular to the ¢
[0001] axis (E_LC) while the 0" is along m [1-100] axis (E || C). Fig 4.5.1 (a) (b)
display the polarization—dependent PL spectra of our samples for polarization angles
between 0° and 90° in steps of 15°. The value of polarization degree p is defined as

p= (L. 1)/ @ +1L)) Eq. (4.5.1)

, Where 1. and I| are PL intensities for E_L C and E"C Fig 4.5.2 (a) (b) showed the
pretty symmetric of the normalized PL intensity versus the in-plane polarization angle.
The polarization degree p of our samples are 92% ~ 84.8% for five pairs MQWs and

ten pairs MQWs, respectively. This high polarization ration phenomenon was
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observed in a-plane ZnO thin film on r-plane sapphire, too [41]. However, we wanted
to analyze the energy level of our samples. Polarized absorption spectra was used to
measure the electronic band structure(EBS) modification of ZnO/ZnMgO MQWs
grown along (11-20) orientation due to biaxial, anisotropic in-plane strain.

4.5.2 Polarized absorption spectra of a-plane ZnO/ZnMgO MQWs

Low temperature polarized absorption spectra measurements were performed using
the Xe lamp as white light source. We use two different polarized lights (along c-axis
and along m-axis) to pass through the five pairs MQWs which has higher polarization
ratio. Chopper and look-in amplifier,was used to:amplify our signals.

(1) =Ipe™ — o (hw) I=In [I/1{) T+ e(hv)~A(hv-Ey)"> — o (hv) I~ A (hv-E,)"

[a (hv) 7~ A*(hv-Eg)I* ~ {In[Iy/ I (1) ]}* Eq4.5.2

Iy was background white light source. I (I) was the signal which transmits from the
sample. Fig 4.5.3 showed the measurement result and fig 4.5.4 showed a simple
electronic band structure. We can clearly recognize two different absorption spectra
which are attributed two different energy levels. We identified four distinct band-edge
transitions at 3.385eV, 3.429¢V, 3.474eV, 3.5219¢V. They were identified as E1 and
E2 excitons in ZnO buffer layer [41], E1 and E2 excitons in ZnO/ZnMgO MQWs.
The E1 exciton (lowest energy) was mainly polarized to E | C, and weakly polarized

to E || C. The E2 exciton (next higher energy) was exclusively polarized to E || C.

- 46 -



However, the peak at 3.474eV, 3.5219eV were not observed in the PL spectra.

Because the emission of ZnO at low temperature was dominated by donor bound

excitons, it was difficult to observe the E1 or E2 emission. The energy difference

between E1 and E2 was the main reason which induced high polarization ratio. We

assumed /A\E = E2-El. For buffer ZnO layer, /\E was about 44meV which was larger

than ref [41] For ZnO MQWs, A\E was about 45meV. The /A\E was larger then

25meV, but p decreased to 0.68 at room temperature. There are other factors which

may influence the degree of polarization. We couldn't give a clear explanation for

such result now, a full understanding of the.degree of polarization of these nonpolar

samples will probably emerge only after-considerable further study.

4.6 Conclusion

In conclusion, a-plane ZnO/ZnMgO MQW:s of different well width grown by PLD

on r-plane sapphire were investigated. However, the quantum confinement decreases

as the quantum well width increased. Temperature dependent PL clearly show

excitons confined in quantum well. From the fitting result of activation energy, the

exciton binding energy was further enhanced by quantum well. No built-in electric

field was observed in the power dependent PL measurement for all samples. High

degree polarization ratio (92%) was observed in ZnO/ZnysMg;,0O MQWs (@20K).

From the polarized absorption spectra experiment results, the electronic band

_47 -



structure was observed. Large /\E (E2-E1) was the main reason which induced high

polarization ratio.
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Fig. 4.1.1 TEM measurement results of the five pairs ZnO/ZnMgO MQWs (a) bright

field (b) dark field

Fig. 4.1.2 TEM measurement results of the ten pairs ZnO/ZnMgO MQWs (a) bright

field (b) dark field
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Fig.4.2.1 The PL measurement results of all samples at 20K.
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Fig 4.3.1 (b)Power-dependent PL spectra for ten pairs ZnO/ZnMgO MQWs.
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Chapter 5 Random lasing behavior of a-plane ZnO/ZnMgQO
MQWs
5.1 Introduction

If we increase the densities of excitons and/or free carriers in a semiconductor, e.g.
by excitation with short and intense laser pulses or by carrier injection in a
forward-biased p (i) n-junction some phenomena will appear in the spectra.

In Fig. 5.2 [42] we displayed a simple graph and the processes that occur with
increasing excitation intensity. In the low-density limit there are free excitons, at low
temperature also bound-exciton complexesand at higher temperatures also some free
carriers resulting from either the-thermalrionization of excitons or from donors, since
undoped ZnO is usually n-type.

At middle densities we enter the region of nonlinear optics with another emission
processes. The middle density region is ideally considered that excitons are still good
quasiparticles. If two excitons meet during their lifetime on their diffusive path
through the sample, different emission can occur. They can scatter elastically under
conservation of momentum and kinetic energy resulting in a density-dependent
increase of their homogeneous line width. They can scatter inelastically. In this
situation one exciton is scattered into a higher state with ng = 2, 3, . . . or into the

continuum state, while the other is scattered down on the photon-like part of the
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dispersion relation again under energy and momentum conservation, leaving the
sample as a luminescence photon. The emission bands are broadened due to this
thermal distribution of excitons in their bands in addition to homogeneous broadening
and are known as P, or P- bands. See Fig. 5.3 for a schematic drawing of the
inelastic exciton—exciton scattering (X—X) process and its observation. Other
semiconductors also have the X—X process [43] for ZnO see, e.g. [44, 45]. Energy and

momentum conservation relation is as below eqution.

2
hawp, =E,(ng =1,k =0)—E; (1—%J—h—knki2 Eg5.1
Ng; M

Where Ex on the rhs gives the exciton ground state M = m. + my, is the translational
exciton mass and the kj; and kj, are the wavevectors of the two excitons in the initial
state. The thermal average of the last term on the rhs of Eq. 5.1 can be approximated
by 308 kgT with 0 <o < 1.

At the highest densities the excitons can not exist as individual quasiparticles and a
new collective phase of still Coulomb-correlated electrons and holes is formed, the
so-called electron—hole plasma (EHP). See Fig. 5.2. The transition from an insulating
gas of neutral excitons to the metallic state of an EHP is also known as a Mott
transition occurring at the Mott density ny. In direct gap materials the transition is
generally smooth and not abrupt [46]. The calculation in Fig. 5.4[42] shows as a

function of the electron—hole pair density np the renormalization of the gap, the
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chemical potential of the e~h pair system and the exciton energy at —1R,. The energies
are given in units of the excitonic Rydberg or binding energy R*, =E;. The
calculation result is for CdS. The results are similar for ZnO, but ny; is rather at n, = 3
to 5 x 10" cm™ instead of 8 x 10'® ¢cm™ [46] See below for the deduction of the
numbers for ZnO. The many-particle effects will induce the bandgap renormalization
(BGR) phenomenon. The width of the forbidden gap monotonously decreases with
increasing electron—hole pair density np, due to exchange and correlation effects. The
binding energy of the exciton E) (np) also decreases with increasing np, because the
Coulomb attraction of electron and hel¢ is.inereasingly screened by the additional
electron—hole pairs and vanishes at nymAsTa consequence the absolute energy of the
exciton Ex= E,(np) - E) (np) is almost constant but its damping increases with np. In

3

ZnO the ny is around 3 to 5 x 10" cm™, and is only weakly dependent on

temperature. The increasing redshift of the emission with increasing excitation
reflects the decrease of E;J with increasing np and the narrowing of the emission
band indicates the onset of stimulated emission.

Figure 5.1 shows the optical pumping scheme for our ZnO/ZnMgO MQWs. The
optical pumping of the samples was performed using a frequency-tripled Nd: YVO4
355-nm pulsed laser with a pulse width of 0.5 ns at a repetition rate of 1 kHz. The

pumping laser beam with a spot size about 50um x130um was incident obliquely 60°
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to the sample surface. The light emission from the sample was collected using an
imaging optic into a spectrometer/cooling charged coupled device ( Jobin-Yvon Triax
320 Spectrometer ) with a spectral resolution of 0.1nm.

5.2 Optical pumping of a-plane ZnO/ ZnMgO MQWs

At high excitation intensity (~55.7MWem™), many sharp peaks emerge on the
spectra (Fig5.5). The FWHM of each individual peaks was about 0.37nm and the
mode spacing was about 0.65nm. In order to figure out this phenomenon, from low to
high pumping density was used to observe the PL spectra.

Fig 5.6 clearly displayed various spectra under different pumping intensity. At
3.9MWem? pumping density, the "PErspectrum was as similar as the previous
measurement result. We named this emission mechanism as spontaneous emission and
the peak energy was around 3.313eV. At higher (~31.3MWcm™) pumping density,
another peak emerges at the lower shoulder of the spontaneous emission which has
peak energy around 3.22eV. This behavior was mentioned above as ZnO P-band
emission which was induced by exciton-exciton scattering. As the excitation density
further increasing, the EHP band emission appeared at around 3.139eV. The peak
energy of EHP band is lower than P band emission. This is due to the excitons density
exceeded the Mott density, the excitons can not exist as individual quasiparticles.

Then, electron—hole plasma was formed under this condition. From ref [47], we get
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the relation between spontaneous emission and P band emission.

We can use Eq5.2 to obtain the exciton binding energy which is about 66meV. This

result is close to the previous fitting result. There are many individual peaks in the

EHP band emission. We presumed the random lasing behavior of a-plane

Zn0O/ZnMgO MQWs was observed. Random laser represented a laser amplifier due to

random scattering mechanism, as opposed to the reflective feedback by the mirrors, so

we also called the random laser as a mirrorless laser. In the late 1990s, random lasers

with coherent feedback were realized with, disordered semiconductor and organic

materials [48]. The interference. of 'wavestproduces the amplitude feedback. In the

active medium of a random laser, light is scattered by some disorder and a random

trip is achieved before leaving the active medium. A photon may generate the

stimulated emission of a second photon as it travels through a gain medium. There are

characteristics length scales. We use it to describe the action of photon in the medium.

The gain length is the distance a photon travels before generating a second photon.

The average length is that a photon travels in the gain medium. With the number of

scattering centers increase, the average path length of photons increases. When it is

equal to the gain length, each photon will induce another photon before leaving the

medium. This situation has been called lasing without coherent feedback. When
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scattering gets stronger, after multiple scattering light may return to the scattering

center from which it was scattered before. A closed-loop path for light is formed.

When the gain along the loop reaches the loss, lasing oscillation occurs in this closed

loop which forms a cavity. Their phase relationship determines the lasing frequencies.

The feedback is provided by the disorder-induced scattering. In ZnO system, this

behavior was extensively observed. For example, Z. K. Tang et al [49] had discovered

ultraviolet laser emission from self-assembled Zno microcrystallite thin films at

room-temperature. H. GaO et al [48] had observed ultraviolet lasing formed by

scattering in semiconductor polycrystalling films. S. F. Yu et al [50] also discovered

the random laser action in ZnO nanotrod-arrays in ZnO epilayers.

Fig 5.7 shows the optical pumping result. At low excitation density, single-broad

emission spectra with a FWHM of around 20nm were observed. When excitation

intensity increased; many individual peaks appeared on the spectra. The FWHM of

each individual peaks was about 0.37nm. The mode spacing roughly equated to

0.65nm. A further increase in pump intensity increases the number of lasing modes as

the increase in optical gain excites more cavity modes with higher losses. The central

position of lasing peak energy was gradual red-shift, when excitation intensity

increased. This is so called bandgap renormalization (BGR) phenomenon. This

phenomenon is a characteristic of EHP lasing behavior. We further fitted the lasing
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threshold. The lasing threshold was about 47.33MWcm™. Fig 5.9 shows the evolution
of the emission spectra when the excitation area was varied at a fixed pump intensity.
When the excitation area was increased, more lasing peaks emerged in the emission
spectra. This is because in a large excitation area, more closed-loop paths for light can
be formed. As a result, random laser action could occur in more cavities formed by
recurrent scattering. On the other hand, when the excitation area was reduced to
below a critical size, laser oscillation stopped. This is because if the closed-loop paths
are too short, the amplification along the loop was not high enough achieve lasing. A
major advantage of random lasers over regular lasers is that their production is cheap
and the required technology relatively simple. The high-precision methods needed to
create ultraprecise microcavities, used in for, example, diode lasers, are not required
here. In addition, the materials can be produced on a large scale and have high
emission efficiency. The main challenge for the development of future applications is
that of electrical excitation of a random-laser material, which is crucial for display and
lighting technology. Electrical conductance is going to be an important issue here,
owing to the disordered and often porous character of the materials under study.
5.3 Conclusion

In this chapter, we demonstrated the random lasing behavior of a-plane

Zn0/ZnMgO MQWs. At high excitation intensity (~55.7MWcm™), many sharp peaks
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emerge on the spectra (Fig5.5). The FWHM of each individual peaks was about
0.37nm and the mode spacing was about 0.65nm. From Eq 5.2 we had calculated the
exciton binding energy is around 66meV which is closed to the activation energy. We
attributed this lasing behavior from the forming of electron-hole plasma and the
random lasing was achieved under the high excitation density. The threshold was
about 47.33MWcm™. For constant pump intensity of 113 MWcm™, larger excitation
area produces EHP lasing behavior easier. This is also a characteristic behavior in

random lasing system.
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Fig 5.2 A simple graph and the processes that occur with increasing excitation

intensity.
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Fig5.5 The PL spectra at high excitation intensity.
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Fig5.6 Various spectra under different pumping intensity.
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Fig5.9 The evolution of the emission spectra when the excitation area was varied at a

fixed pump intensity.
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Chapter 6 Conclusion and future work

6.1 Conclusion

In this thesis, a-plane ZnO/ZnMgO multiple quantum wells were grown on r-plane
sapphire by pulsed laser deposition for investigation. From power-dependent PL
measurement result, we observed the absence of a quantum-confined Stark effect,
which is benefit to improvement of luminescence efficiency. Moreover, temperature
dependent PL clearly show excitons confined in quantum well. From the fitting result
of activation energy, the exciton binding energy was further enhanced by quantum
well. High degree polarization ratio (92%) was observed in ZnO/ZnysMgp,0O MQWs
(@20K). From the polarized absorption=spectra experiment results, electronic band
structure was observed. Larger /\E (E2-E1) was the main reason which induced high
polarization ratio.

Further, we demonstrated the random lasing behavior of a-plane ZnO/ZnMgO
MQWs. At high excitation intensity (~55.7MWem™), many sharp peaks emerge on
the spectra. The FWHM of each individual peaks was about 0.37nm and the mode
spacing was about 0.65nm. From Eq 5.2 we had calculated the exciton binding energy
is around 66meV which is closed to the activation energy. We attributed this lasing
behavior from the forming of electron-hole plasma and the threshold was about

47.33MWem™. For constant pump intensity of 113 MWem™, larger excitaition area
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produces EHP lasing behavior easier. This is also a characteristic behavior in random

lasing system.

6.2 Future work

In short, we have successfully grown the nonpolar ZnO/ZnMgO MQWs by

PLD and measured the optical characteristics. More effort to improve epitaxial crystal

quality and further design the structure of nonpolar ZnO/ZnMgO MQWs are needed

more study.
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