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Abstract
The nonpolar (1120) - and (]iOO) -oriented ZnO films have been epitaxially grown

by pulsed laser deposition (PLD) on the sapphire (0254) and (31_300) substrates.
The epitaxial relationship of nonpolar a--and m-plane ZnO on r- and m-sapphires are

(1120)[1100],,, || (0224)[2110] and ~ (1100)[1120],,, || (1 100)[0001]

sapphire sapphire !

respectively.

Crystal symmetry breaking of wurtzite Cgy to orthorhombic C,, due to in-plane
anisotropic strain was investigated for nonpolar (1150) ZnO epi-films grown on the
r-sapphire. X-ray diffraction (XRD) results reveal the epi-layer is subjected to a

compressive strain along the polar c-axis and tensile strain along both y-[1120]



surface normal and in-plane x-[1100] axis. The strain difference between y- and

x-axes is larger than 0.6% that introduces enough anisotropic strain to break the

crystal symmetry from wurtzite Cgy to orthorhombic C,y. The polarized Raman
spectra of E, modes reveal violation of the Cgy selection rules; oppositely, the Coy

configuration satisfies the selection rules for the Raman modes. The observed E;
and E, bands in polarized optical reflection and photoluminescence (PL) spectra,
which are different from the typical ZnO for wurtzite structure, confirm the

anisotropic strain causes the structure change to the ortharhombic one.
In the m-plane ZnO films grown on m-sapphire, small amount of (J_’_L03)ZnO
domains were found providing strain_relaxation of the m-ZnO matrix. And the

a-axes of both the (].’_LOS)Zno domains and the m-ZnO matrix are aligned with the

c-axis of the m-Al,O3 substrate. The c-axis of the (1i03)Zno domains rotates about

+59° against the common a-axis of the m-ZnO. From this result, we found the

epitaxial relationship: of (1700)[1120], ., || (]_’_LOB)[]_’_LOiJ ___ll(t100)[0001]

sapphire *
Through carefully correlating low-temperature polarized PL spectra with the XRD
peak intensity ratio of (1108),,,/(1100),., Of ~the samples grown at different

temperature and after thermal treatment, we found that the broad-band emission

around 3.17 eV may result from the interface defects trapped excitons at the

boundaries between the (1103)Zno domains and the m-ZnO matrix. The more

(Ji03)Zno domains in the m-ZnO layer cause the more surface boundary that makes

the stronger surface-bound-exciton emission.
To eliminate the extra domain, we used the low-temperature (LT) grown buffer

of m-ZnO to investigate the optical and crystalline properties. Examined by XRD,
\Y



we found when the thickness of LT-buffer layer is below 67 nm it contain no any extra
domains, however, there exist a lot of extra domains for the thickness above 156 nm.
The amount of extra domains increases with decreasing the buffer thickness. The
optimal thickness of LT-buffer is from 47 to 67 nm, in which no observable extra
(1103)-domains present in the two-step m-ZnO epilayers. The AFM measurement
also shows the lower surface roughness for the two-step growth m-ZnO than those
without buffers grown at the same temperature. . This characteristics benefit for
fabricating quantum-well (QW) structures. ~ The LT-PL spectra show the three
emission peaks around 3.364, 3.328 and 3.263 eV, which are attributed to the
emissions of donor-bound-excitons, basal plane stacking faults (BSFs) and free
electron bound to acceptor emissions, respectively. The BSFs emission due to high
BSFs density of ~2x10° cm™ by TEM measurement, this value is larger than the
m-ZnO without LT-buffer. The high BSFs density should provide the way to relax
the lattice strain. In addition, the LT-PL spectra indicate absence of the broad-band
emission at 3.17 eV result from the domain boundary trapping between the m-ZnO
and extra domains which is dominant in the m-ZnO without LT-buffer.

Finally, 5 pairs of nonpolar m-plane ZnO/MgxZn;.xO quantum well structures were
successfully grown on m-sapphire with LT m-ZnO LT-buffer.  The results
demonstrate these QW structures possess quantum confinement without experiencing

the quantum confined Stark effect due to their nonpolar nature.
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Chapter 1 Introduction
1.1Basic properties of ZnO-- overview oft-plane ZnO related
problems

1.1.1 Basic properties of ZnO

ZnO is a direct band gap semiconductor and has bensidered as one of the most
promising candidates for the materials used irauitdet (UV) photonic devices due
to its wide band gap of 3.37 eV at room temperafRi®. The advantage for its UV
photonic applications is the stability of the Znfed exiton having large binding
energy of 60 meV, which is much larger than thaZonfe and GaN1, 2. The
nature of high thermal conductivity, high luminoefficiency and mechanical and
chemical robustness has made ZnO and its alloyprtbising material system for
light-emitting devices (LED) operated in the UV spal region 8]. Owing to these
properties, the strong commercial desire for bloe dV diode lasers and LEDs has
prompted research efforts on II-VI wide band-gamisenductors4].

The fundamental optical properties of ZnO areratizrized by the spectra of
photoluminescence (PL), photoconductivity, reflestiand absorption. The optical
spectra reflect the intrinsic direct band gap, rjlp bound exciton states, and gap
states arising from point defects, etc. Figure 4h8ws a typical PL spectrum of
ZnO at RT. There exist a strong near-band-edgeE(NB UV range of the PL peak
at ~ 3.27 eV, which is attributed to free excitoansitions, as the exciton binding
energy is ~ 60 meV. In addition, visible emissayound 2.4 eV is also observed as
a result of defect states. The detailed crystalcaire and optical transitions of PL

spectra will be further discussed in Chapter 2.
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Fig. 1-1The typical ZnO PL spectrum at 300K. The ZnO fignc-plane orientation.

In crystallography, ZnO crystal is hexagonal wuezstructure as schematically

shown in Fig. 1-2 with lattice constants @= 3.2496 A andt = 5.2069 A. The
hexagonal ZnO has a point grou®,, and the space group iR, or Cs, . The
gray and yellow spheres denote Zn and O atomsecasply. There are three

main faces composed in hexagonal structurégce (0001),m-face (]iOO) and

a-face (11_20) as shown in Fig. 1-3. The arrangement-pfane is consisted of Zn

and O atoms layer by layer along thaxis that gives rise to a net spontaneous dipole

field along thec-axis, the preferentially grown orientation of ZnO.
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Fig. 1-2 The wurtzite structure of Zn
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Fig. 1-3Unit cell of wurtzite ZnO cryste



1.1.2 Overeview ot-plane (polar) ZnO and its problems

UV LEDs and laser diodes (LDs) are of interest foeir powerful use in
long-lifetime and energy saving solid-state lightirand high-density information
storage. Moreover, the lasing actions of ZnO netehave been demonstrated in
thin films, nanowires and nanostructutel[d. The lasing mechanism is attributed
to the exciton-exciton scattering and electron-lpdéesma process.
of these characteristics .and proper optical camatynatch optical emission of ZnO
makes ZnO a system of choice for thin film UV photoor electro-optic device
applications 11]. In 2005, Tsukazaket al [12] reported the first blue LED of
homostructurap-i-n junction based om-plane ZnO operated by feeding in a direct
current of 20 mA, however, the spectrum of th&nO LED shows strong green
(deep-level) emission and weak UV emission.

the c-ZnO LED with p-n homojunction andp-n heterojunction containing the

ZnO/Mg@Zn0O as shown in Fig. 1-4(a).

in Fig. 1-4(b) indicate that increasing NBE emiss@t 380 nm at RT with great

The elecrolusstence (EL) spectra shown

suppression of the deep-level emission by using/Mg2nO heterostructure.

(a) 4|
NiO/Au (30/80 nm)
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: ——d
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n-ZnO, 1.5 um
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Fig. 1-4 (a) Schematic diagram of ZnO LEDs with and with@mO/MgZnO. (b)

comparison of EL spectra of the p—n homojunctio®@ArED and the ZnO LED with

MgZnO layers. 13

-
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The driving force for ZnO UV photonic applications the stability of the free
exiton having large binding energy of 60 meV, whadsures more efficient excitonic
emission at RT or even at higher temperatures. ebar, the excitons in
ZnO-based quantum well (QW) exhibit strong stapitis compared to ZnO bulk or
lI-V QWs due to the enhancement of the bindinggn§l4-17 and the reduction of
the exciton—phonon couplindl§, 19 caused by quantum confinement. Due to
above effects, excitons are expected to play awitapt role in many-body processes
such as laser action of ZnO QWSs even at RT. UguahO layers grow
preferentially.with c-plane normal. In this oriatibn, ZnO consists of alternative
layers of Zn cations and O-anions along the gradutbction that gives rise to a net
piezoelectric and spontaneous dipole field alorgtaxis.  In addition, the effect of
internal electric fields inside QW layers might tag&en into account for ZnO QWs
having a relatively high barrier height. .~ CompZreg-based QWs with the c-plane
orientation as those having been extensively inyaistd in wurtzite GaN-based QW
structure, piezoelectric and spontaneous polaozagifects present as a consequence
of role, there are many advantages of ZnO-basecermalst e.g., the band gap
engineering of MgZnO can tunable from 3.37 to 5/ [&] which is a high barrier
gap to give higher exciton confinement and recoruioom rate.

Figure 1-5 shows comparison of the built-in elecfrelds of ZnO/MgZnO and
GaN-base QW as a function of Mg or In concentrafzgfh2d. In the same dopant
concentrations of the barriers, the ZnO-based Qhgs/sveaker built-in electric field
than that of GaN-based. The more dopant makesntbee piezoelectric field
induced by the strain at the QW interfaces dueatiick mismatch and the MgZnO
barrier layers is relatively large, since the dii@ts of spontaneous and piezoelectric
polarizations along the ZnO wells are coincidenthwiespect to each other, the

electric field induces inclination of the band pled is considered to become
5



significant. ~The phenomenon is called the quantomfinement Stark effect

(QCSE), the QCSE results from the large internedteic field to tilt band diagram to

reduce the exciton oscillator strength through s of the wave functions of the
electron and hole, in turn the exciton binding ggeand to make the optical emission
red-shift.

Recently, it is reported that the QCSE dominalesoptical emission ig-plane
ZnO/MgZnO QWs when their well widths exceed ~ 4 doe to the large internal
electric field, whereas, the quantum confinemef@ctfdominates for the well width
is smaller than 4 nm, as shown Fig. 1&3R9. In the regime of quantum
confinement, the energy of NBE emission blue shwith decreasing well width, and
it red shifts with increasing well width in.the QESegime. The internal electric
field is estimated to be ~ 300 kV/cm for 10% Mg ohap[24, 25. The higher
concentration of Mg make the higher quantum comfieet effect, unfortunately,
there'are a large built-in field of the order d¥1¥/cm when Mg concentration exceed
20% [25, 2. The QCSE also influenced on the lifetime of iexg, which is
inversely proportional to the recombination ratesti#ctron and hole2pb, 24. The
short lifetime of exciton is observed when the quanconfinement is dominant; the
the life time becomes longer due to reduction @f tacombination rate of electron
and hole if the QCSE is dominar80]. The phatoexcitation screening effect with
the more electrons and holes interaction to redlnedoand tilting of internal electric
field on the luminescence energy is evidenced byluminescence blue shift with an
increase in excitation intensit27-29. Thec-plane ZnO QWs has the QCSE due to
the internal field that leads to reduce the optgaih [31, 33 and presents a barrier

for achieving the larger efficiency of optoelectimdevices.
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1.2 Motivation

Until now many ZnO/MgZnO-based heterostructuresseh been grown with
c-plane (polar) orientation. Unfortunately, the teite ZnO layers exhibit built-in
electric field in this crystallographic orientatiowhich can be of the order of 1
MV/cm along thec-axis [25-26, 33. Hence, polarization discontinuities exist along
the c-plane growth direction and create fixed slobarges at surfaces and interfaces
in polar structure. The.total polarization of Zfiftn contributed from spontaneous
and piezoelectric polarization creates an intemiattric field that could bend the
potential band and spatially separate wave funstafrelectron and hole in quantum
wells. This phenomenon causes red shift in NBEssiomn, reducing the carrier
recombination, lengthening the carrier lifetimesdaconsequently decreasing the
internal quantum efficiency. Therefore, deviceshwAnO of nonpolar orientations,
such asa-plane (1120) and m-plane (1100), have been proposed to improve the
quantum efficiency. The growth on nonpolar surf&&/s has been proposed to
avoid the built-in electric . field, and the nonpol®Ws have already been
demonstrated in GaN-based nonpolar heterostrudigdes The life time of excitons
in the mplane MQWs was averagely much decreased to 0.4%vimsh is much
shorter than that in theplane MQWSs 84]. Kuokstiset al. [35] have demonstrated
no build-in electric field in the nonpolar struaun 2002, they used power dependent
PL to confirm no existence of internal electricldie Since thec-plane MQWs
possess internal electric field, the increased tedccarriers by pumping would
produce an opposite electric field in QW to scréem build-in field to reduce the
QCSE thus cause a blue-shift in PL emission, wisetlea screen effect don’t happen
in the nonpolar MQWSs. In addition, the nonpolausture of GaN film also shown

optical properties and polarization effect weretfirevealed by Domeat al. [36].



They foundm-plane GaN could emit polarized light emission tdifferent amount
of excitons recombined between different energgelevThose effects also exist in
nonpolar ZnO material.

Recently, there are many nonpo&aror m-plane ZnO layers have fabricated by
LaAlO3 [37, 38, LIAIO3 [39-4] and sapphire 42-47 substrates. Among those
substrates the sapphire substrate is the low-cabipeevalent substrate than others.
The growth direction of eithem or a-plane ZnO is perpendicular to that of
traditional c-plane ZnO, the hetero-epitaxial growth of nonpda© always suffers
biaxial stress comes from different crystal oriéiotes. Chauveawet al. have
reported the epitaxial relationship between sagpéind nonpolar ZnO and the lattice
mismatching model47].  The in-plane lattice parameters are indicatedath a-
and m-plane ZnO in Fig. 1-7. Although the literatures fnonpolar ZnO films
growth _and epitaxial structure plentifully has beeported that nonpolam- or
a-plane ZnO film can be grown om- or r-plane sapphire substrate, the optical
characteristics is more Important resulting frome tiZnO applications for
optoelectronialevices. However, the optical characteristfasampolar ZnO films
systems are rarely reported and the crystallinecstres correlated with optical

characteristic are very scarce.
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surface unit cells47]

1.3 Motives and contributions

Because the nonpolar ZnO epilayer has advantagiksding no build-in electric
field, high degree of polarization and it is exgelto be a good candidate for making
high-performance photonic devices, we shall study fabrication and optical
characterizations of the nonpokarandm-plane ZnO epilayers or andm-sapphire
substrates. However, the asymmetrical strain fitha lattice mismatch at the

interface of growth layer and substrate will be rdical issue, which makes the
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epitaxial growth difficult. We will investigate éhinfluence of strain and defect
effects on the optical characteristics of the ndap@nO epitaxial grown on the
sapphire based substrates. The optical charaatienzof nonpolar ZnO films will
be conducted to correlate their crystal structuith waptical properties. Although the
peculiar optical transitions od-ZnO has been reported, the correlation of crystal
structure still not be confirm clearly. In use ¥RD and polarization dependent
Raman spectroscopy, we thoroughly study the .inflaesf anisotropic strain state on
the crystal symmetry to cause the symmetry breaknwyexplain the peculiar optical
transitions resulting from how and what the symgetnanges from wurtzite. In
addition, the extra domains-have often been reganter+ZnO layers, but there is rare
reported the extra domains play the role in opttaracteristic. For the first time in
our knowledge, we correlate the content of extrana@ias inm-ZnO thin films with
the broad-band emission in LT-PL spectra. \We &fsbthe way to eliminate extra
domains to reduce the broad-band emission. Thar derrelation’ of crystalline

properties with optical emission will also showthis thesis.

1.4 Organization of the thesis

This thesis will be organized as follows. In_thexinchapter, | will introduce the
theoretical background of experimental methods #mebry. Chapter 3 is the
experimental procedures and measured systems. llyFinaChapters 4, 5 and 6, |
will discuss the nonpola- andm-plane ZnO on sapphire substrates. Chapter 7 give

the conclusion and the future works of my study.
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Chapter 2 Theoretical background of experimental m#éhods

In this chapter, theoretical background and equignsetup of laser-MBE growth
method, crystal structures, fundamental opticahditeons and lattice dynamics of
ZnO are reviewed. The crystal structures have laewiyzed by X-ray diffraction
and transmission electron microscopy, which are gvaw techniques to measure
crystalline structure, quality and defects. Thenat force microscope is used to
observe the morphology of samples. Optical tramsstin ZnO have been studied
by a variety .of experimental techniques such  asicalpt reflection and
photoluminescence (PL). Lattice dynamics corredpuanto the selection rules and
lattice vibrational properties are discussed. pheciples and equipments of these

characterization techniques are described.

2.1 System and principle of laser-MBE

2.1.1 Principle of laser-MBE

Laser-molecular beam epitaxy (laser-MBE), whiclaliso called the pulsed-laser
deposition (PLD), use high energy and short pulsi#hMaser beam to focus on the
target to generate plasma. Schematic diagransef-MBE system is shown in Fig.
2-1. High power laser pulses vaporize the targatemal through formation of
plasma plume with high kinetic energy by the abBorpof laser energy. The
ablated target material is deposited on a subst@téorm a thin film. The
laser-deposition processes involve the evaporatbnthe target material, the
formation of high-temperature plasma from absorbthg laser energy by the
evaporated material, and the expansion of the @assulting in deposition of thin

films that will be considered in below.
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Fig. 2-1 Schematic diagram of Laser-MBE system

Depending on the different kinds of interactionvetn the laser beam and the
target material, the laser deposition processesbeatypically classified into three
separate regimes: (1) evaporation of the surfagerdaof target material resulting
from the interaction between the target material e laser beam; (2) an isothermal
plasma formation and expansion resulting from axtgon between the evaporated
material and the incident laser; and (3) anisotr@aiabatic expansion of the plasma
leading to the characteristic of the laser depmsifi]. Each of the three regimes is
considered separately in detail in the following.

(1) Interaction between the target.and the laser beam

When a high power density excimer-laser pulse atéit at nanosecond impinges
on the target, heating and evaporation the targgemal occurs in the beginning of
the pulse. The amount of evaporated flux variesdily with the pulse energy.

(2) Interaction between the evaporated material and la& beam

As the evaporated material is further heated byritezaction of the laser beam, the

high-temperature plasma plume will be generatedchvimonsists of ions, atoms,

molecules, and electrons. The plasma temperatutetermined the power density,
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frequency and pulse duration of the used laser lmsamell as the thermal properties
of the materials. During the laser pulse durattbe,isothermally expanding plasma
constantly increases at its inner surface with exatpd particle from the target. The
velocities of acceleration and expansion in thggare depend on the initial velocities
of the plasma. Due to the large lateral dimensiohshe plasma, this expands
preferential to the irradiated surface normally.
(3) Anisotropic adiabatic expansion of the plasma andeposition process

After the termination of the laser pulse, the plasspands adiabatically with its
initial dimensions. The plasma cools rapidly dgrthe expansion process, with the
edge velocity reaching asymptotic value. The plgifrom the expanding plasma

strike the substrate and form a thin film with @weristic spatial thickness.

2.1.2 Description of laser-MBE system

Our laser-MBE system consists of a load-lock chanaimel a deposition chamber
as shown in Fig. 2-2 and a KrF excimer laser (Lafbdgsics LPX 210i) with 24 ns
pulse duration and repetition rate of 1-100 Hz fas @blation light source. The
samples are loaded from the load-lock chamber gir@gate valve to main chamber
using a magnetically transfer arm. The depositobvmber designed for PLD
contains a target manipulator, a substrate martipuknd entrance ports for laser
injection, vacuum and pumping system (gauges, Isaral turbo pump), gas inlet
system and cool-water system, etc. The scroll pantgthe turbo pump are used to
achieve high vacuum pressure (<®1@rr). The substrate was mounted on a
Mo-substrate holder. The substrate holder can rhasferred from load-lock
chamber into the deposition chamber by the trarafier and the substrate can be
picked up from the load-lock chamber by the marafmrl through rotating, pushing
and pulling.
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LMBE has the advantages of ultra-clean, similjavithout corrosive gas, and
achieving high-quality epitaxial films at a relaly low growth temperature (5Q0)
due to its high kinetic energy (10eV—100eV) of laablated specie®]. Besides,
the source of Zn and O can be obtained directiyftioe high quality ZnO (5N) target

in LMBE, i.e., no extra oxygen supply is necessary

Transfer arm

Load lock Chamber

— Deposition Chamber

Scroll + turbo

Fig. 2-2Layout of laser-MBE

2.2 Epitaxy

Epitaxy refers to the growth on a crystalline stdistof a crystalline substance that
mimics the orientation of the substrate. "Filmépaisited on a substrate of the same
compositions, the process is called homoepitaxyemtise, it is called heteroepitaxy.
Depending on the lattice mismatchs { ag)/as, whereas andas, respectively, denote
the lattice constants of film and substrate, théagp of heterosystems can be

modeled by lattice match and domain match mo@ls [
2.2.1 Lattice match model (LMM)

The well-established lattice-matching model isahlié for describing systems with
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small lattice misfit (less than 7%-8%). The epaials grown in use of one-to-one
match of lattice constants across the film and tsates interface. The film grows
arrive to a “critical thickness”, where it becosenergetically favorable for the film
to contain dislocations4| 5. In this condition, the dislocations are genedaat the
film surface and glide to the interface; therefdhe Burgers vectors and planes of the
dislocations are dictated by the slip vectors didkglanes of the crystal structure of
the film [6]. The smaller lattice misfit leads. to the smalkdastic energy and
coherent epitaxy is formed. Above this misfitwas surmised that the film will

grow textured or largely polycrystalline.
2.2.2 Domain match model (DMM)

The DMM concept represents a considerable depdrimethe conventional LME
for hetero-systems with lattice misfit less thai8%- When larger lattice misfit in
heteroepitaxy, the integer multiples of lattice n@a - domains, instead of lattice
constants, match across the film—substrate interfélee size of the domain equals the
integer multiples of planar spacing in the DMM.

The c-plane ZnO grown on c-plane sapphire is>amgle of DMM [7]. The
lateral lattice constants of ZnO and sapphire a?d3 and 4.758 A, respectively,
yielding a lattice mismatch of -31.7%. However, tglane of ZnO lies on the basal

plane of sapphire with a 30° in-plane rotationgduce the mismatching, which leads

to the alignment of thqll_Z(} of ZnO with {30?3(} of sapphire. The domain

consisted of an average 5.5 Zr((])l_ZO) planes of ZnO with 6 or (30??»0) planes

of sapphire at the interface, which equivalentatiide constant of ZnO (8.935 A)

matches nicely with the domain made of an avera@sﬁpphire(BO_SO) (8.928 A).

The DMM reduce the lattice mismatch from -31.7%01078%. Besides, the DMM
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effect of ZnO growth on Si by high-K material wdsaobservedq].

2.3 X-ray diffraction

X-ray diffraction (XRD) is a usefully technique tharacterize crystallographic
structure and crystalline quality of the deposifi#iths without destructing sample.
The technique is basically a measurement of tHeadtfon intensity of x-ray, which
interacts with sample as functions of incident apdttered angles, polarizations, and

wavelength or energy.
2.3.1 Theary of X-ray diffraction

X-ray diffraction is'used-to determine the geomeitryghape of a molecular. In
1913, W. L. Bragg developed the theory of XRD basadhe elastic scattering of
x-rays through structures that have long range.guRe arrangements of atoms make
up the.crystal; each atom owns different abilitiesscatter electromagnetic waves.
A monochromatic beam of X-ray that impinges on ystal will be scattered in all
directions, the spatial distribution of the scadteintensity bears the information
about the atomic arrangement of the probed material

For a crystalline material, the structural infatron can be determined by
analyzing the scattered X-rays by crystal atomartdergo constructive interference
can be obtained as in Fig. 2-3. "In the plane w@description, a beam containing
X-ray of wavelengthl impinges on a crystal at an anglevith neighboring atomic
planes with spacing ofl in the crystalline material. The path differenoésncident
and reflected X-rays must bel, wheren is an integer, interfere constructively
condition will be worked. There are two conditianghe XRD. One condition is that
their common scattering angle is equal to the anglercidencef of the original

beam, the other is that the geometry arrangemeatsntiee condition for the Bragg’s
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law:

nA =2dsing (2-1)
wheren is an integer,A is the wavelength of X-ray and is the angle betwee
incident Xyays and reflecting planes. In other words, thestrotive interferenc
occurs only when the path between the rays scdtteyehe consecutive crystalli

planes differs by exactly, 21, 31, and so on.

K K’
Ehki
K’
q
K
(0, 0)

Fig. 2-3X-ray scattering from a cubic crys

In the elastic scattering process, the wave veatbrthe incident and scatter
X-ray, denoted byk and k', respectively, both have the magnitude2/ A, and
the scattering vector is defined by the equatiorq=k'—k=2ksind. Each set

of periodical parallel planes with in-planar spacingl in real space can be index

by the Miller indices (hkl), which is associated with a lattice vectg,, in

reciprocal space with the magnitu/| g,,, | equal to 277/d,,,. When the conditio

of diffraction satisfies the Bragg’s law, it meaq=27/d. The ZnO crysta

structure is hexagonal with lattice parametea= 3243A and c= 5203 A

(a=L£=90°, andy =120°). The reciprocal lattice vectog,, of a hexagone
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lattice can be given as:

21T 4(h?>+hk+k?) 12
=g |2 TR 2-2
| 9 | d. \/3[ a2 J 2 (2-2)

In the hexagonal structure, the inter-planar sgadiis given as:

4> 3 @ 2-3)

1 _4(h*+hk+ k) P
a ¢

Combining the Bragg'’s law with (2-2):

=3 ) +—= . (2-4)

i_f[h2+hk+ kzj P 4sirf
a ¢ A?

Conventionally, -for-crystals with hexagonal andombohedral symmetry,
crystallographic planes are denoted using the faodices based on a four-axis
Miller-Bravias coordinate system, which consistglote basal plane axes,(ay, as)
at the angle120° among them and a fourth axis perpendicular to the basal plane.
The Miller-Bravias indices(hkil) -have to satisfy the condition:=—=(h+k). In
this thesis, 4-digit Miller-Bravias indices are dser materials with hexagonal and
rhombohedral symmetries including ZnO and sapgbidistinguish them from those
with cubic symmetry.

To determine the crystalline structural propertiasfour-circle diffractometer is
used which consists of four rotatable circleé®; 26, y and ¢. The 26 circle
is the detector axis to control the magnitude attecing vectog. The 8, y and
@ circles control the sample orientation. When theector coincides with the
specific reciprocal lattice vector g, the Bragg dition is satisfied. The@ angle is
equivalent to the azimuthal angle and tlye angle is related to the polar angle of the
sample. Different types of scans can be perfornoedgrobe the properties in

different aspects. The&-260 scan can observe the properties along the surface

normal. The direction and spread of lattice tgtiof the deposited film can be
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observed through the&? rocking curve @ scan), and then th@ scan could

determine the direction and spread of lattice enahimutt
2.3.2 Radial scans

Radial scans collect scatterec-ray intensity while the scattering vectq is
scanned along any of the radial directions in mecal space. Radial scan
performed by driving the two rotatable circled and 26, shown in Fig. -4, to
change theq vector with. scanning the reciprocal space alongsiingéace norme
direction. The most commonly performed radial siarthe one along samg
surface normal, which is often known 8-26 or w-26 scan as shown in Fi
2-4. From the positions of diffraction peaks we chtermine the correspondi
interplanar spacing along the directiorq from the paositions of diffraction peaks a
it can _probe the structural coherence length (gs#@e) and inhomogeneous str

alorg the same direction by the line width of the @itfiion peal

i I Scan
K Direction

60— 0+ A0 20— 20+ A20
— (1|
K
(0, 0)
Real Space Reciprocal Space

Fig. 2.4 X-ray diffractiond — 26 scan.

2.3.3 Rocking curve @ scan)

For a given incident -ray direction and detector position, the scattet-ray is
collected while the crystal is rotated by meansaainning thed angle as illustrate

in Fig. 25. The obtained intensity distributio 8+ A@) is called the “rocking curv
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or w scan”. The width of a rocking curve is a direceasurement of the width of
the diffraction peak in the transverse directidie NG bears the information of the
orientation distribution of grains in a film, mosay; the wider the distribution leads
to the largeAd. Rocking curve performed at reflections along sheface-normal is
sensitive to the distribution of tilt angle of tekample; on the other hand, the rocking
curved measured at surface Bragg peaks mainlyctete twist (azimuthal) angle

distribution of the sample.

Surface Normal Surface Normal
Direction Direction
Good quality crystal I I Bad quality crystal
EEEEEEE SREEEEN
(EEEEEEE ) AN
Illgllll AEEEEEEE
001 5001

Scan Direction Scan Direction

Fig. 2-5X-ray diffraction rocking curve

2.3.4 Azimuthal scan

Azimuthal 'scan means measuring the diffraction ngity as a function of
azimuthal angle¢* by rotation the'sample along an axis, which isallgyparallel to
surface normal or, in some cases, to a specifistaltggraphic axis, as illustrated in
Fig. 2-6.

Using azimuthal scan, we can study the symmetrycaystal quality of the grown

films and determine its relative orientation widspect to the substrate.
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Fig. 2-6 X-ray diffraction azimuthal scan

2.4 Microscopy

2.4.1 Transmission electron micraoscopy (TEM]9]

In the atomic scale level, TEM Is a powerful anghar resolution tool to analyze
the structure of a crystalline material and makes direct observation of crystal
defect possible. In practice, the diffraction patsemeasured by x-ray methods are
more quantitative and have better resolution tHaot®n diffraction patterns, but to
use electrons has an important advantage over:elagtrons can be easily focused
to a small spot size (short de Broglie wavelengthlectron) [LOJ.

An image is formed from the interaction of the @&le@as transmitted through the
sample; the image is magnified and focused ontomaige device, like a fluorescent
screen, on a layer of photographic film or CCD caane TEM usually consists of the
electron source, which is an electron gun conngdtira high voltage (typically about
100-300 kV) accelerating electronic filed and aseasbly of magnetic lenses, the
electron beam is focused to a spot of the orddr mim on the sample. According to
the scheme in Fig 2-7, where the ray path diagramshown in the cases when an
image or diffraction patterns (DP) are producedhe Tsection below is a brief

description of TEM technique.
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Fig. 2-7 Scheme of the lens assembly and the ray path dmfweming the image

(left) or the diffraction pattern (right)1[]

2.4.1-1 Selected area electron diffraction (SAED)

Due to_the wave-particle duality, electron beam barconsidered as wave and is
subjected to_diffraction from periodic arrangemeftatom layers. Selected area
electron diffraction (SAED) is a crystallographixperimental technique, which
selects an area of the sample and can be desasbrd first Fourier transformation
of atoms arranged periodically. ' The crystallinenpke is subjected to a parallel
beam of high-energy electrons. The periodic ataotss a diffraction grating to the
electrons. The image on the screen of the TEMus &an array of diffraction pattern,
and each diffraction spot corresponds to a satigfiffraction condition of the crystal
structure. SAED can be used to identify crystalcdire and to examine crystal
defects. The sample holder is an objective apgrinhich can be inserted into the

beam path to block electron beam except for thected diffraction spot shown in Fig.
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2-8. By tilting the sample relative to the eleatdlmeam, we can choose the optimal
geometry to satisfy the Bragg law for a specificipeocal lattice vectorg. The
electrons passing the objective aperture form itiege on the screen and tilting the
sample to satisfy specific diffraction vectay, which is called the dark field (DF)

images. In addition, the image formed by the uckead spots including the direct
beam and specific selected diffraction spots ikedahe bright filed (BF). Using the

BF mode, the TEM image can be formed by only thecsed spots with specific
diffraction vector g-

optic axis

objective aperture

)

diffraction pattern

dark field image

Fig. 2-8Selected area electron diffractidrttp://www.microscopy.ethz.ch/

2.4.1-2 Two beam analysis

The inverse fast Fourier transformation (IFFT) &M SAED is the technology by
electromagnetic lens. The image mode is often dignetilizing either the primary
beam for bright field or any one of diffracted beafor dark field imaging. To

obtain the best contrast image for threading da&loo and partial dislocation
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(stacking faults) analysis, the "two-beam" casehwaibly one "particular diffraction
reflex" excited; i.e., the Bragg condition is omhet for one diffraction vectog, is
preferred

Dislocations are visible or exhibit great castrin IFFT of TEM SAED image

along one diffraction vector ifg b# 0, where b and g are the Burgers vector and

the one diffraction vector which our observed. Used-beam analysis by controlling
the different diffraction vectors and observing tt@ntrast, we can determine the
dislocation types. The possible mechanisms of iglastaxation in wurtzite material
as a function of the initial strain_states, the haisms responsible for the plastic
relaxation in the structure have already been stdnd the different slip systems and

dislocations have been.described in c-plane wertmterostructured®,; 13.

2.4.2 Atomic force microscopy (AFM)

Atomic force microscope (AFM) or. scanning force rosrope (SFM) was
invented by Binnig, Quate and Gerber in 1986. &imio other scanning probe
microscopes, the AEM raster scans a sharp probetbeesurface of a sample and
measures the changes in force between the prolandghe sample shown Fig 2-9.
Demonstrated resolution is on the order of fractioha nanometer. AFM consists
of a cantilever with a sharp tip (closed to nan@ar®t which is used to scan the
sample surface. When the tip is brought into tleenity of the sample surface, the
force between the tip and the surface deflectedlteesrom the bending of the
cantilever by an optical lever technique: a lasearb is focused on the back of a
cantilever and reflected into a photodetector. A6, the measured forces include
mechanical contact force, van der Waals force tresiatic force, and magnetic force
depending on the scanning modes. Additional qtiestimay be measured

simultaneously through the use of specialized typésprobe. The sample is
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mounted on a piezoelectric device to move the sampdng the z direction for

scanning the sample.

Probe Laser

Tip is in hard contact
with the surface;
4 Quadrant repulsive regime

Tip is far from the
Photodetector

surface; no deflection

&

Cantilever

Force
[=]

, Tip is pulled toward the

Substrate - . .
surface - attractive regime

Probe Distance from Sample (z distance)

Fig. 2-9 Scheme of an atomic force microscope and the {disteance curve
characteristic  ~of . the . interaction between the = tipnd a sample

(http://www.nanoscience.com/education/afm.html

There are three typical types of AFM imaging, whéeh:
(1) Contact modethe most common method of operation of the AFM enuseful
for obtaining 3D topographical information on natnostures and surfaces. As the
name suggests, the tip and sample remain in closiea as the scanning proceeds.
However, the hard tip remaining in contact with g@mple exists that large lateral
forces may damage the surface of the sample.
(2) Tapping modeUnlike the operation of contact mode, where thdagim constant
contact with the surface, in tapping mode the tardgr is driven to oscillate up and
down at near its resonance frequency by a smalbplectric element mounted in the
AFM tip holder similar to non-contact mode. Thepdibnde of this oscillation is
greater than 10 nm, typically near 100 nm. Thishoe of "tapping” depresses the
damage of the tip compared to the amount done itacb mode. Because the
contact time is a small fraction of its oscillatipariod, the lateral forces are reduced

dramatically. Tapping mode is usually preferredntage samples to improved lateral
30



resolution that are weakly bound to the surfacesamples that are soft (polymers,
thin films).

(3) Noncontact modeThe cantilever is oscillated above the surfac¢ghefsample at

distance such that it is no longer in the repulsagime but in the attractive regime of
the inter-molecular force curve. The operation @h4tontact imaging is quite
difficult in ambient conditions because of the &rig thin layer of water on the tip
and the surface.

The choice different AFM mode is based on théaser characteristics of interest
and on the hardness/stickiness of the sample. aContode is most useful for hard
surfaces; a tip in contact with a surface, howelgsubject to contamination from
removable material on the surface. Excessive fenceontact mode can also
damage the surface or blunt the probe tip. - Tappioge is well suit for imaging
soft biological specimen and for samples with psarface adhesion (DNA and
carbon nanotubes). Non-contact mode is anothefuluseode for imaging soft

surfaces.

2.5 Fundamental optical characterizations

2.5.1 Photoluminescence (PL) characterization

Photoluminescence (PL) is a process in which atanbe absorbs photons and
then re-radiates photons. In quantum mechanids, ¢an be described as an
excitation to a higher energy state and then armeto a lower energy state
accompanied by the emission of a photon. The gradfrthe emitted photons is thus
related to the difference in energy levels betwibertwo energy states involved in the
transition between the excited state and the dquifn state. Available electronic

states and allowed transitions between statesedegndined by the rules of quantum

31



mechanics. PL spectrum can be used not only tsuneahe electronic transition
but also to identify the impurity types or defect€&xistence of impurities and defects
in the samples produces characteristic spectréire®  In addition, the line width
of each PL peak is an indication of sample quaditien though such analysis has not
yet become highly quantitativd4]. PL is a nondestructive method of probing the
electronic structure of materials and has becomeangortant technique for the
semiconductor industry owing to its powerful anchsgve ability to characterize
impurities and defects in semiconductors; whiclecifimaterial quality and device

performance.

2.5.1-1 General concepof PL [15, 16]

PL emission requires that the system be in a naliegum condition and
photo-excitation is adapted to produce the holetela pairs in semiconductors.
The electronic ground state of a perfect semicotmdumnsists of completely filled
valance band and completely empty conduction banidl. we 'start from the
above-defined ground state and excite one eledwothe conduction band, we
simultaneously create a hole in the valance bamalthis sense, an optical excitation
is considered as a two-particle transition. The esaamgument holds for the
recombination process. An electron-in the condachand can return radiatively or
nonradiatively back to the valance band only ifréhes a free space, i.e., a hole,
available there. Two quasi-particles annihilatethe recombination process. The
optical properties of a semiconductor can thus ésciibed in terms of the excited
states of an N-particle problem. The quanta o$eéhexcitations are called excitons,
which are further classified into Frenkel excitardaVannier exciton according to the
spatial distribution of their associated wavefuens. These so-called Frenkel

excitons cannot be described in the effective nmegsroximation. For Wannier
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excitons, their Bohr radii, defined as the meamtatlise between electron and hole, are
larger compared to the lattice constant. This t@rdis met in most 1I-VI, 1lI-V,
and column IV semiconductors. Thus, we will foousthe Wannier excitons in this
work.

Based on the effective mass approximation, theesystf an electron-hole pair can

2

be treated as a hydrogen-like problem with Coulopditential 77£_|r - | :
h™ le

Excitons in semiconductors form, to a good appratiom, a hydrogen-like series of

states below the gap. Using the ground state xcited state energies and assuming

that the exciton has a hydrogen-like set of enégggls, the exciton binding energy

can be calculated from

_E, K
n> 2M

E..(n K= E,, (2-5)
where n is the principal quantum numbeiz; is the exciton binding energy,
M =m +m, and K=k + Kk are translational mass and wave vector of the @xcit

respectively. Eg can also be expressed. in terms of the low-frequehelectric

constant & and the reduced exciton mags, as

e'y H m,m,
E =—lex =13 glex = 2-6
B 2h2$02 802 - ﬂex rne + n’_}] | ( )

In this section, a brief review on the characteri§atures from bulk ZnO in a
typical low temperature PL spectrum. Including thgh energy side of the bound
excitons, free exciton transitions appear with t#he B- and C-valence band
positioned above 3.37 eV, various bound excitoromdmnation at near band edge
(excitons bound to neutral donors or acceptorsvicdd by longitudinal optical (LO)

phonon replicas with an energy separation of 72 meAt lower energies from 3.34
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to 3.31 eV two-electron satellite (TES) recombioatiof the neutral donor bound
excitons are observed. Then, donor-acceptor-g2&Pj transition at ~3.22 eV
followed by phonon replicas again, green, yellomd antrinsic defect emissions are

also discussed.
2.5.1-2 Free excitons

The optical properties of a semiconductor are cotatewith both intrinsic and
extrinsic effects. The intrinsic excitonic tramsits in PL measurement are typically

in the 3.376-3.450 eV range. The wurtzite ZnO cotidn band is mainly
constructed from the-like state havingl; symmetry, whereas the valence band
(VB) is ap-like state, which-is split into three bands dudhe influence of crystal
field and spin-orbit interactionsly, 1§. The optical intrinsic absorption and
emission spectra are therefore dominated by tiansiinvolving these three valence
bands (VBs) and the conduction band (CB) that eethe free-exciton.transitions
from the CB to these three VB labeled by A- (hebwle), B- (due to the light hole),
and C-band (due to.the crystal-field split) usuallyfhe band diagram for the zinc

blende and the wurtzite 'ZnO structures is showhkign 2-10, the three VB, A-, B-

and C-, for wurtzitic ZnO are denoted,, I,, and [, respectively 18. In

previous reports, the three VB symmetry,[A; B-T,, and C{,, in ZnO are

observed intrinsic exciton transitions in low temgiare PL, magnetoluminescence

and reflectance measuremerit8-p3.
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Fig. 2-10Band structure -and.selection rules for ZB and Wicstires. Crystal field
and spin-orbit splitting are indicated schematicallTransitions rules, which are
allowed for various polarizations of electric fialdctor with respect to theaxis, are

indicated [L.8].

Group theory arguments and the direct product efgioup representations of the

band symmetriesI{, for the CB, I'y for the A-VB, upperl. for B-VB, and lower

I, for C-VB) result in the following intrinsic excitbground states symmetries:
[oxly - T+, ’ Moxl, - Fo+0 +0 .

The ', and 'y exciton ground states are both doubly degenesditereas”, and

I,are both singly degenerate. The free exciton itians of wurtzite structure

should follow the selection rulest, and ', are allowed transitions wittE Oc

and E ||f: polarizations, respectively, wherk is the electric field of incident light
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and ¢ denotes the crystallographic c-axis, but thg and ', are forbidden.

Figure 2-11 shows the selection rules of transstidor wurtzite ZnO follow the

specially polarized optical transitions at 4.2
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Fig. 2:11Reflection spectra from ZnO at 4.2K for (& 0 ¢ and E|| ¢c-[24]

The different excited conditionsﬁl]& or EHE:) reflect different optical

transitions (A-, B- or C-excitons) from ZnO, furtheore, the different transition
bands exist different excitonic absorption featuresThe different absorption
coefficients of A-, B- and C-excitons were reportecRef. 25, Figure 2-12 shows
the A- and B-excitons, which have stronger absorptioefficient than C-exciton that
implies in the same pumping condition the excitedaAd B-excitons could generate

more photon numbers than C-exciton.
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Fig. 2-13 Free excitonic fine structure region of the PLcépen at 10K for a ZnO

substrate.Z6]

For unpolarized light, ground and first excitedtesaof free A- and B-excitons
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along with a weak C-excitons feature are observad FX)™ =3.377 ,
FX5™=3.390 and FX.™ =3.433 eV, respectivelyZ6]. The position of the first

excited stateFX,?=3.421 eV and thereby the binding energy of the free A-

excitons (~ 60 meV) were also confirmed by reflati spectra. Additionally, the
reflection minima at 3.427 eV and 3.433 eV werauassl related to the second and

the first excited states of the free A- and B-ext#t, respectively. The PL spectrum

range above 3.373 eV at 10K in tedc polarization geometry for a high quality
ZnO crystal is shown in Fig. 5-13. The free A-¢émms are observed at

FX™*=3.3771 eV and FX 7" =3.3757eV for [, and [y band symmetry,
respectively, associated first excited state emissare observed aEX ;2 =3.422

eV and FX, 7 =3.4202 eV. Although exciton emissions should be forbiudék

= 0 in the adapted experimental polarization ceodjtthey are still observed. This
could be attributed to the finite momentum of tiegons. Geometrical effects such
as not having the sample orientation exactly petipeitar to the electric field may be
another reason for observing transition. Accordmthe energy difference between
the ground state and the excited state peak pasjtibe exciton binding energy and
band gap energy can be derived. The energy diiferef about 45 meV gives free
A-excitons binding energy of 60 meV and band gaergy of 3.4371 eV at 10 K.

Based on the reported energy separation of theAfread B-excitons (in the range of
7.5-13 meV) 19, 26 27], we assigned the weak emission centered at 3.8898

which is about 12.7 meV apart from the A-excitaisthe B-excitons transition. The

energy of crystal field between free A- and C-ext#t is around 45 me\19, 24, 2.
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2.5.1-3 Bound excitons and Two-electron satellit¢s6]

There are a few imperfections in the high qualitystals, such as ion vacancy,
interstitials and substitutional atoms (either veator intentionally introduced) exist
with a density less than ¥cm®.  Similar to the way that free carriers can bertabu
to (point-) defects, it is found that excitons @so be bound to defects as shown in
Fig. 2-14. A free hole can combine with a neuti@hor to form a positively charged
excitonic ion. In this case, the electron boundh® donor still travels in a wide
orbit around the donor. The associated hole maveke electrostatic field of the
“fixed” dipole, it is determined by the instantangoposition of the electron, it also
travels about this donor.  Therefore, this compiexcalled a “bound exciton”.
Bound excitons are extrinsic excitations related dimpants, native defects, or
complexes, which usually generate various eleatr@tates in the band-gap, and
therefore influence both optical absorption and ssion processes. The binding
energy of the excitons bound to defects are oftete gmall, typically a few ten meV.
Therefore, the bound excitons are observed at émperature resulting from small
binding energy. A basic.assumption in the desompbf the bound excitons states
for neutral or charged donors and acceptors bindkwtons is a dominant coupling

of the like particles in the bound exciton statek high quality ZnO bulk, the

shallow neutral donor- (acceptor-) bound excitol®¥ X or A°X) often dominate

because of the presence of donors or acceptortodag&insic and doped impurities
or shallow donor-(acceptor-)-like defects. Theorabination of bound excitons
gives rise to sharp lines with a photon energy atteristic of each defect. Many
sharp donor- and acceptor-bound exciton lines wbserved in the LT-PL spectra of

ZnO in a narrow energy range between 3.348 and13®87 as seen in Fig. 2-15.
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Fig. 2-14Free carriers bound to point defects.

The outstanding peaks at 3.3598°(, ), 3.3605 07 X, ), 3.3618 DJX ), 3.3650
(DJX,), and 3.3664 D X,) eV are defined to the A-excitons bound to neutral
donors. . Based on the energy separation betwexfi* (') and the D°X peaks,
the binding energies of th®°X associated with different donors, in the range of

10 to 20 meV, can be derived. On the high-eneidg sf the neutralD°X ,

transitions between 3.3664 and 3.3724 eV have agghuted to the excited states or
excited rotator states of the neutral-donor-bouxcltens. These excited states are

analogous to the rotational states of the H mo&culn the lower energy side of the

PL spectrum,A°X at 3.3564 @&’X,), 3.353(A) X, ), and 3.3481 eV A 'X,) are

also observed that ‘due to acceptor-bound excitoisserns. Relatively strong

emission line at 3.3724 eV is attributed to thensibon due to the B-free exciton

bound to the same main neutral donB¥X,). The energy separation between this

peak and the main peak at 3.3605 Y i around 12 meV, which is consistent with

the energy splitting of the A- and B-excitons.
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The 3.3660-3.3665 eV transition along with the 38@&V transition have also
been attributed to the ionized donor bound excttmmplexes, based on the splitting
in magnetic field 29]. An increase in the intensity of the 3.3605 d¥ émission
line with increased Al concentration in ZnO basedtiee Al-implantation indicates
that the § transition is attributed to the Al impurit®@]. The 3.3598 eV§) neutral
donor bound exciton line was observed to be prontine Ga-doped epitaxial ZnO
films reported Ga-donor bound exciton recombinatjigf]. The 3.3564 ¢) and
3.3530 eV (lg) emission lines were thought related to Na ananlpurities, since they

were typically observed in films doped with theteneents B1].

When ‘another free electron is boum@’X to the excited-state is called the

two-electron satellite (TES) transition in the dpaicregion of 3.32-3.34 eV. These
transitions involve optical recombination of an ikxe bound to a neutral donor,

leaving the donor in the excited state, therebdgilgnto a transition energy which is

less than theD°X energy by an amount equal to the energy differémteeen the

first excited and ground states of the donor: €hergy difference between the

ground-stateD°X and its TES state (excited states) determinesi¢mer binding

energy and catalog the different species presetttanmaterial. When the central
cell corrections are also neglected, the donortaxen energy from the ground state
to the first excited state equals to 3/4 of theaitdninding energytp.

The two-electron satellite (TES) transitions oggis shown in Fig. 2-16 for bulk

ZnO sample. The strong peak and its shoulder &23,33.3268 and 3.3364 eV are
the TES peaks(DyX,),., (DSX,),. and (DyX,),., associated with the stronger
neutral donor bound exciton, the excited state haf tlonor whose ground state

emission DYX, and the neutral donor whose ground st&tgX,. The energy
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separation between the ground state and the conds excited states, the regions

of donor binding energies are calculated as 38-8¥.m

In addition, the energy separation between @S correspond tdd°X follow

the empirical Haynes rule. Telkt al. [26] from the energy difference between the

free exciton and the ground-sta®’X determined the localization energies as 16.6

meV (for 3.3605 eV), 15.3 meV (for 3.3618 eV), atdl1l meV (for 3.3650 eV).

According to the Haynes rule, the binding or lazation energy of theD°X is

proportional to the binding energy of the correspog donor, k. = aEs. They
gave a Haynes’ proportionality constamt; 0.32, which is closed to.the other reports
[22, 32.

2.5.1-4 Donor-acceptor pair (DAP) and LO-phonon reficas

The spectral region of 2.95-3.32 eV containingdbaor-acceptor-pair (DAP) and
LO-phenon replicas of the corresponding transitimasn ZnO at 10K is shown in Fig.

2-17. LO-phonon' replicas noted with separation 74~73 'meV due to the
LO-phonon energy of ZnCBB]. The position at 3.306 eV labeled by 1LG&X,)
approximately matches the expected value for th®-phonon replica of the free

exciton peak (~72 meV apart from thieX, peak). The second and third order LO

phonon replicas ofFX, labeled by 2LO EX,) and 3LO (FX,), respectively, are

very weak in the PL spectrum, as marked by upwammvs. Resolving the second
and higher order LO replicas is even harder becthesenergy position (3.218-3.223
eV) falls in the spectral region where the donaregtor pair (DAP) transition and its
LO phonon replicas are expected to appear (willdescribed in the following

section). In fact, the radiative recombinationkeh 3.217 eV is attributed to the
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DAP; its first, second, and third LO-phonon repsicso show at 3.145, 3.073, and
3.001 eV, respectively. Two close peaks at 3.2898 3.2920 eV can be barely
resolved, those are about 72 meV below B&X lines at 3.3605 and 3.3650 eV and

assigned as the first LO-phonon replicas of theespondingD°X . The weak

interaction between optical phonons and donoredlabound excitons makes
LO-phonon replicas expected to be roughly two aadémagnitude less intense than
the D°X lines. The relatively broad peak is the first p@snon around 3.280 eV
replica associated with the most inten88X line (3.3564 eV). The first, second,
and third order LO-phonon replicas of the TES dse @learly observed in the PL
spectra, those positioned-at-3.252 3.182, and 2¥Vlare labeled as 1LO, 2L0O, and

3LO-TES, respectively.
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Fig. 2-17PL spectrum for ZnO substrate at 10K in the regitrere donor-acceptor

pair transition and LO-phonon replicas are expeteappear.q6]

2.5.1-5 Defect emission84]

In ZnO material, there are some native point defextygen vacancies &Y, zinc
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interstitials (Zr), zinc vacancies () and oxygen interstitials (P Oxygen
vacancies (¥), which have most often been cited as the causeiafentional doping,
are deep rather than shallow donors observed drgemescence and have high
formation energies in ZnO. Zinc interstitials (Zare shallow donors, but they also
have high formation energies in undoped ZnO. ZAmacancies (Y, are deep
acceptors and probably related to the frequentlgenked green luminescence.
Oxygen interstitials () have high formation energies; they can occurlastrecally
neutral split interstitials  inp-type materials. or as deep acceptors at octahedral
interstitial sites. inn-type ZnO. \4 and Zn have most often been mentioned as
sources oh-type conductivity-in ZnO.

The nature of the green-band luminescence appearargered between 2.4
and 2.5 eV, in undoped ZnO usually is attributedh® Vo as the defects. The
green-band with a characteristic fine structuremsest likely related to copper
impurities, whereas the structureless green bark mearly the same position and

width may be related to a native point defect saeNG or V7, [35-39.

2.5.2 Raman scattering measurement

Raman scattering is an inelastic scattering procedghen laser encountered the
material the interaction inelastically with vibi@i (phonon) modes and produces
outgoing photons which have an energy shift differdrom the incoming
corresponding to phonon energy are called Ramattesog photons. All the
Raman modes energies, intensities, line shape adth,was well as polarization

behavior can be used to characterize the lattiderapurities.
2.5.2-1 Crystal structures[39]

ZnO is a llI-VI compound semiconductor whose iomiciesides at the borderline
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between covalent and ionic semiconductor. Thetakgsructures shared by ZnO are
wurtzite, zinc blende, and rocksalt. At ambiennditions, the thermodynamically
stable phase is wurtzite. The wurtzite structuae & hexagonal unit cell with two
lattice parameters andc, in the ratio oft/a=1.633 and belongs to the space group of
C., or P6

A schematic representation of the wurtzitic Zs@ucture is

3mc *

revealed in Fig. 2-18. The structure is composed twb interpenetrating
hexagonal-close-packed  sub-lattices, each of whmfsists of one type of atom
displaced with respect to each other along theetal@ c-axis by the amount of3/8

in fractional coordinates (the parameter is defined as the bond length or the
nearest-neighbor distance parallel toc¢lexis). Each sublattice includes four atoms
per unit cell, in which everyone atom of one kigdo{up-11).is surrounded by four of
the other kind (group VI) or vice versa, coordingtiat the edges of a tetrahedron.
In a real ZnO crystal, the wurtzite structure desafrom the ideal arrangement, by
changing thec/a ratio or theu value. It should be pointed out that a strong
correlation exists between tloga ratio and theu parameter. When the/a ratio
decreases, the parameter increases in such a way that those fewahedral
distances remain nearly constant through a distortif tetrahedral angles due to

long-range polar interactions.
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[0001]

Fig. 2-18 Schematic representation of a wurtzitic ZnO striethaving lattice
constantsa and c; u parameter (0.375 in ideal) is the bond length, anand 3

(109.47° in ideal) are the bond anglef] [

The lattice parameters of any crystalline mateaa® commonly and most
accurately measured by high-resolution XRD. Seéwpraups reported the measured
and calculated lattice parametec& ratio, andu parameter for ZnO crystallized
wurtzite structures. The lattice constants &oand c mostly range from 3.2475-
3.2501 A and 5.2042-5.2075 A.  Thta ratio andu parameter vary in a slightly
wider range, from 1.593-1.6035 and from 0.383-0638Bespectively. The
deviation from that of the ideal wurtzite crystalgrobably due to lattice stability and
ionicity. It has been reported that free chargdhésdominant factor responsible for
expanding the lattice proportional to the deformafpotential of the conduction band
minimum and inversely proportional to the carriemsity and bulk modulus. The
point defects such as zinc interstitial, oxygenavees, and extended defects, such as

threading dislocations, also increase the lattwestant, albeit to a lesser extent in the
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heteroepitaxial layers.
2.5.2-2 Selection rules and phonon mod@40, 41]

The different wavelength phonon branches in a gieeystal correspond to
different symmetries of vibration of the atomsle wnit cell and are characterized by
irreducible representations of the space group hef ctrystal lattice. If the
wavelengths of the Raman phonons are assumed édfdagtively infinite, then the
crystal point group can be used in classifyingghenon symmetries. This infinite
wavelength assumption. is not valid for: Raman-actpl@®nons, which are also
infrared active, and this type of vibration will desscussed separately in the following
section.

The selection rules for Raman-active. phonons lsandetermined by standard
group-theoretical methods described in detail bynél¢42], who based his work on
the polarizability derivative theory of Born and adburn. The result of this
approach is that a phonon can participate in &dimder Raman transition if and only
if its irreducible representation is the same as ofthe irreducible representations
which occur in the reduction of the representatbrthe polarizability tensor. The
irreducible representations, by which the companhenthe polarizability tensors are
conveniently listed by Herzbegy al for the set of molecular point groups, include 32
crystal point groups.

The particular modes of Raman scattering depertiedirections of incidence
and observation relative to the principal axeshefdrystal. The angular variation of
the scattering gives information about the symmefy the lattice vibration
responsible. The anisotropy of the scatteringlzapredicted for a vibration of any
given symmetry by standard group-theoretical method

In wurtzite ZnO, the number of atoms per unit ¢ellour, and there are total 12

phonon modes, one longitudinal acoustic, two trarsy acoustic, three longitudinal
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optical (LO), and six transverse optical (TO) made$he hexagonal ZnO structure

with C;, symmetry, group theory predicts eight phonon moakeE-point of the

Brillouin zone, 2A, 2By, 25 and 2k. One set of Aand E modes are acoustic, the
other are optical modes. Theg And B modes and the twojEnodes are Raman
active while the Bmodes are silent. The;Aand E modes are polar, resulting in a

splitting of the LO and TO modes. The Raman ten$ar the wurtzite structure are

as follows:

a 00

A(2=/0 a 0
0O 0D
0 0 c 0 0O

E(x=|0 0 0|, E(y)=|0 0 c (2-7)

00 0 c O

d 0 O 0O d o

E§‘°W) =0 -d 0}, Eg"gh) =ld 0 O
0O 0 0 0.0 0

Here x, y or z in brackets after an irreducible representationceigs the active
direction of vibration and the direction of polaiion. Such vibrations occur only in
piezo-electric crystals (i.e., crystals with no tegnof inversion symmetry). In
crystals, which do have a center of inversion sytnynenly even-parity vibrations,
whose representations have a subs@iptan be Raman active and only odd-parity
(subscript u) vibrations can be IR active. This fact leads tte important
complementary nature of IR absorption and Ramaeckffneasurements. Directly

above each irreducible representation is a matixich gives the non-vanishing

components of the Raman tens®, , . The different elements of the matrices are

the nine components of the tensor obtained by @ligwoth a and a to take on the
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valuesx, yandz. Herex, y, andz are the crystal principal axes chosen to be idahtic

with the principal axesq, X, and x3 defined for all the crystal classes. The

componentu of the phonon polarization for the case of IR\atvibrations is the

guantity given in brackets after the irreducibl@resentation symbol. Table 2-1

summarizes a list of observed zone-center optioahpn modes for wurtzite ZnO

[43].

At theT point, the vibrational modes in ZnO.wurtzite stures can be seen that

the existence of the following optic phonon. modést2 Bi+ E;+2E,. A; and &

modes are both Raman and IR active, while twaniédes only Raman active, and

B, and BM9" modes are neither Raman or IR active. In additibe nonpolar

E, modes are have two frequencies " is.related to the vibration of oxygen atoms

and B is associated with the Zn sublattice.

The dispiaent vectors of the

phonon normal modes are illustrated in Fig. 2-1Bor the lattice vibrations with A

and B symmetry, the ‘atoms.move parallel and perpendictta the c-axis,

respectively.

Table 2-1Phonon modes frequencies for wurtzite ZAG] [

T

T |

present work repored ASSIgNMenLs
0, 1014 Es;
| 9% 208°, AE.,
3130 3 [
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4% 43T Eay
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Chapter 3 Experimental procedures and characterizabn
technique

3.1 Growth nonpolar ZnO epilayers

A lot of growth methods have been prepared for ¢inodnO epitaxial layers,
such as RF sputtering, atmospheric pressure hadigder phase epitaxy (AP-HVPE),
metal organic chemical vapor deposition (MOCVD),lecalar beam epitaxy (MBE)
and pulse laser deposition (PLD). Among growthhods, PLD is an advantage
growth ZnO. due to ultra-clean, simplicity, and need for corrosive gas.
High-quality epilayers of ZnO-can be obtained atdo growth temperature (600 °C)
relatively to MBE or MOCVD result from high kinetienergy (10-100 eV) plasma,
besides, the atom sources of Zn and O can be ebtéiom the ZnO target directly

without extra oxygen supply.
3.1.1 Cleaning process of substrate and target amgement

Two different planes of 2” high quality sapphiresplane andm-plane wafers,
were used for ZnO growth. - Before surface treatntémetsubstrates were cut into an
area of 10x10 mfmand then cleaned by using the following steps:

l.  Rinsedin D.|. water in 5 min.

Il. Rinsed in Acetone solutions by a supersonic osoillia 5 min.

lll. Repeated step I, then rinsed in IPA (Isotropic Al solutions by a
supersonic oscillator in 5 min.

IV. Repeated step I, then dried with the gas 6f N

V. Immerse in HSOs : HO, = 3:1 at 8GC for 10 min.

VI. Repeated step IV.

After the surface treatment, the substrates werented on the substrate holder and
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transferred into the deposition chamber.

A commercial hot-pressed stoichiometric ZnO takgigh purity of 5N (99.999%)
is used as the ZnO source and the target sizé is3'mm. Before deposition, the
laser beam was sent onto the ZnO target to remm&dntamination on the target

surface.
3.1.2 Operation arrangement of laser-MBE deposition

After the surface cleaning, the substrate was naslioh the substrate holder and
put into the load-lock chamber with a base presqglow 2x10 torr. Using
transfer arm the substrate holder was then tranesférom the load-lock chamber into
the deposition chamber, which has base pressuteldf torr. We used a focusing
lens (f=40 cm) to converge the KrF excimer lgaer 248 nm) beam through a laser
window onto the target, which makes 45 degree ¢ontbrmal of the target shown in
Fig. 3-1. The repetition rate and pulse duratibexcimer laser are at 6-10 Hz and
25 ns, was focused to produce an energy densityen® on ZnO (5N) target which
located in front of the substrate holder at a distaof 4.5 cm.  In order to grow
uniform layer, the laser beam was scanned overtdlget surface by a moving
reflection mirror, which is carried by a step motoAt the same time, both the target
holder and the sample holder rolled during depmsitdo growth uniform film. The
substrate is heated with a halogen light bulb thhoa programmable temperature
controller, the controller region of the substregmperature were varied from room
temperature (RT) to 700 °C. The nonpolar ZnO filmere deposited without
flowing oxygen, under which a background chamberspure of 3x1d torr was
maintained. Table 3-1 lists the growth conditidos ZnO epilayers on different

substrates.
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Fig. 3-1 Layout of the PLD growth system
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Table 3-1List the parameters of growth for ZnO epilayers

Substrates Growth Growth Rate Typical
Temperature thickness
r-plane AbO;  300-5007 0.47A /s ~ 500 nm
m-plane 400-600C 0.57A/s ~ 500 nm
AI 203
m-plane LT: ~200°C 0.53A /s ~ 400 nm
Al 03 0.56 A /s

HT: 600°C
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3.2 Structural and lattice dynamics characterizatio of the ZnO films

3.2.1 X-ray diffraction (XRD)

The crystal structure of the nonpolar ZnO films wasasured by XRD, which
were performed with a four-circle diffractometerithgstrated in the schematic (Fig.
3-2) at the beamlines BL17B, BLO7A and BL13A of iatl Synchrotron Radiation
Research Center, (NSRRC) Taiwan, with the incidemtelength 1.1272, 1.0335 and
1.027 A, respectively.. A Nal scintillation detects mounted on thef2circle away
from the sample. Two pairs of slits located betwdlee sample and a detector
yielding a typical resolution of 4 xT0A™ . The other three degrees of freedogm,
¥, and 0 circles control-the-sample orientation of a foucle diffractometer. The
combination ofy and0 which.are mutual perpendicular determines thexgllangle
between the surface normal and incident x-ray

+v = 0 when ¢-axis along z

w= 0 when x-circle normal to x

26 = 0 when counter at beam position
¢ arbitrary

crystal

counter ! } 2
+H \Illll I|III

e

<:’L\“>> o

-
—

Fig. 3-2 Schematic of a four-circle diffractomter

3.2.2 Transmission electron microscopy (TEM)
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Complementary to XRD measurements, transmissiactrete microscopy (TEM)
micrographs were also taken for structural defeetysis. The TEM samples with
the thickness of about 80+10 nm were prepared al-lokem focused ion beam
(DB-FIB) with gallium ion source. Cross sectiof@M images and SAED patterns
were taken using a JEM-2100F/JEOL TEM at 200 kewwshin Fig. 3-3. The

resolution of point and line are below 1.9 and Tdspectively.

Fig. 3-3Appearance of JEM-2100F TEM system

3.2.3 Raman spectroscopy

The Raman spectrometer consists mainly of threepooents: a laser system
serves as a powerful excitation source, a compabatrolled spectrometer for
wavelength analysis of the inelastically scattdigit. The micro-Raman system
was performed in the backscattering geometry witboafocal Olympus (BX-40)
optical microscope. The scattered light was dsgerby the HORIBA IHR-550
(Jobin—=Yvon, France) monochromator system and teates liquid nitrogen cooled
charge coupled device (CCD) at 140 K. Raman spsabpy was carried out using

Ar+ laser (Coherent INNOVA 90) as the excitatioghli source at a wavelength of
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488 nm with power of 40 mW. The best spectral ltggm of Raman measurements
is 0.4 cm™.

The polarized mirco-Raman spectra with excitatiaveength of He—Ne laser
(632.8nm) were recorded by a LabRam HR800 (JobiorY¥rance) spectrometer

with an automatizeXZ table of acquisition.

3.3 Surface morphology measurement-- Atomic force rroscopy

The surface morphology and the roughness of nongm® films were measured
by an atomic force microscope (AFEM). The atomiccé microscope is one of
two-dozen types of scanning probe microscope (SPMiich measures a local
property, such as morphology, electrification, metggm and optical emission, by
probe or "tip" very close to the sample. The srdatance of the probe and sample
makes possibility to measure the local signal. aéquire an image, the probe scans
over the sample while measuring the small signedllp. The resulting resembles
an image on a television screen in that both cordismany rows or lines of
information placed one above the other. It iskenlhe traditional microscopes that
the scanned-probe systems do not use the lensés size of the probe rather than
diffraction effects generally limits their resoloti. - AFM can measure the sample
morphology by recording cantilever deflection eraorthe feedback output height.
To calculate by software, two signals often prodineeactual topography, but it gives

a well-adjusted feedback loop and the error sigma} be too small to consider.

3.4 Measurements of optical properties

3.4.1 Photoluminescence system (PL)

For photoluminescence (PL) measurement, we usede-&Hlaser (Kimmon
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IK5552R+) with wavelength of 325 n as the pumping source The schematic ¢
the PL system is shown in Fi-4. The excitation laser beam was directed norn
and focused onto the sample surface with powergbemried with an optice
attenuator. The spot size on the sample is ab@um. Optical emissions we
collectedand coupled into a 0.32 m fo-length monochromator (TRIAX 320) with
1200 lines/mm gratingthe spectrometers equipped with a CCD (CC-3000) and
photomultiplier tube (PM-HVPS) operating voltage of 950 V. Befomeasuring
the PL spectra, we calibrate tmonochromator byhe standard fluorescent lamps
The PL measurement is recorded at the resolutio®.df nm with 0.1 sec ¢
integration time. According to the measurementddwn, the laser filter marke
red region in Fig. 3+ would be changed to bandpass filter 425 nm) or adde
polarizer with pass band ranging from -400 hm. The temperatu-dependent PL
measurements were carried out using a closed cyglegenic system. A close

cycle refrigerator wa used to set the temperature anywhere betweenati@l I800 K

Mirror 2 4 Mirror 1
| — — 325 nm He-Cd Laser

Jobin-Yvon

Sample Focallens 1 I Focal lens 2 Triax 320' r
1 -—. ’ e
\ . y e
Stage Mieror 3 360nm Long
Pass Filter

Fig. 3-4Layout of PL systel

3.4.2 Optical reflection (OR) system
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Optical reflection (OR) measurements are routinegd to determine the optic
transition bands. OR spectra were made usibroadband light (Xenorlamp) and
the reflection light was collected by a fiber bumdind coupled into monochroma
(TRIAX 320) with a 1200 lines/mm grating and detected by\é-sensitive PMT.
When the polarized OR measurement, the UV polapaéin front of the aperture
vary different polarizations of incident light seer Figure -5 is a schemati

diagram showing thebgorption syster

Fig. 3-50ptical reflection syste
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Chapter 4 Anisotropic biaxial strains induced crysal
symmetry breaking in nonpolara-ZnO on r-sapphire

4.1 Introduction
From the r-sapphire substrate and tleeplane ZnO surfaces, in-plane lattice

constants of-ZnO andr-sapphire are 5.629 A alongnQ1100], 5.2069 A along

Zndoo01], 4.756 A along ALQOJ1120] and 5.1272 A alongAlLQO,[1101],

respectively. Thea-ZnO in-plane parameters are larger than those-s&pphire,
inducing an initial compressive strain of ZnO irthbdirections. A strong anisotropy
is observed ira-ZnO grown-onr-sapphire that resulting from lattice:mismatch fis o

1.55% along the Zn@-axis-and the other is large as 18.3% along thpgmeticular

direction. Zn(j1100] [1]. However, considering the domain matching model

(DMM) betweenm planes of ZnO andi+1 planes in sapphireim+1)d, , = md,,

is relaxed the initial strain. - The domain matchivith five ZnO@100)-planes onto

SiX AI203(11T20) planes achieve strain-relaxation alo@mO1100] to reduce initials

strain to -1.37%. - Using lattice matching (LM) addmain match (DM) modes,

there still are anisotropic strains, which are %5&nd -1.37% alongZnJ0001] and
ZnQ1100], respectively. Moreover, the biaxial anisotrogittain on nonpolar

a-ZnO should be influenced on optical properties.

In previous investigations, the polarization depe of the near-band-edge
optical reflection (OR), photoluminescence (PL)J amotoreflectance (PR) spectra in
nonpolar ZnO show that the orientation and theatropic strain of ZnO play special

roles in determining the polarization selectivitydgroperties of excitonic transitions.
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[2,3 The transitions of free excitons A and B arewakd for light polarizatiorE
perpendicular to the axis and the free-exciton C band is allowedHgrarallel to the

c axis for Cgy wurtzite ZnO. Koidaet al. [3] reported that the anisotropic strains
change the crystal symmetand the A, B, and C exciton transitions can no éorge
used. Therefore, nomenclatuiee, E,, and E; for the ground states of the three
excitons have been used by Gheslal. [4] to describe the exciton transitions in the
nonpolar GaN. The theoretical calculation revedle biaxial strain on
nonpolar-oriented plane in GaN systems breaks tysat symmetry to change the
optical transitions4, 5. In this chapter, we grew ZnQO films @rplane sapphires
using laser-MBE. XRD was used to determine thengbaf crystal structure. And
polarized micro-Raman, optical reflectance (OR) ghdtoluminescence (PL) spectra
were measured to observe the frequency shifts lmtrlon modes and the optical
properties to further confirm the structure of thenpolar ZnO film. We expect
finding the relationship of the crystal structutgange with the optical properties of

the nonpolar ZnO epifilms.

4.2 Crystallographic orientation ofa-ZnO on r-sapphire

Figure 4-1 illustrates a X-ray diffraction (XRD)dial scan along the surface

normal using four-circle diffractometer at the béam BL13A of NSRRC having

incident wavelength of 1.0305 A. In addition tcet(02_24) reflection from the

R-sapphire substrate, there is only a single Z@@O) reflection and its harmonic
observed that confirma-plane orientation of the ZnO layer. We also pemied
azimuthal-scans across the Zn@l0l10} and sapphire {22} off-normal
reflections, as shown in Fig. 1(b), to examineithplane orientation relation.  The
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two peaks with 18Dapart are the(l010) and (0110) reflections of ZnO and two
peaks of sapphire(2022) and (2202 , respectively. The coincidence of the
angular positions of Zn@010) and sapphir€022) vyields the in-plane epitaxial
relationship of ZnQ0001]|| ALQ,[0111. The small values of full width at half
maximum (FWHM) of #-rocking scans at the Zn@1_20) normal reflection,

0.20°-0.27° depending on azimuth, andgafcan across Zn{b010} non-specular
reflections of 0.5° manifest high structural peti@e of the as-grown film.

However, Zhanget al [6] has reported that there is a tilted 0.3° betwémo(ll_ZO)

and AI203(02_24) substrate-and rotated about 7° around the norfmtieosample

surface. The large misalignment should interfeeedptical measurements because
the a-ZnO epilayer is sensitive to the excitation paation with respect to the
in-plane crystalline direction. We also check tileng angle betweem-plane ZnO

and r-Al;0s.  Figure 4-2 shows the misalignment@#ZnO onr-Al,0Os when the
radical scans of surface normal alo@pd1120] and AI203[0]:12], respectively.

The huge difference of intensity indicates the iigsanent of surface normal
between AIO; and ZnO." From the data of XRD radical scans amthwathal-scans,
we can illustrate the complete reciprocal spacaonO onr-Al,O3 in Fig. 4-3. The

red and purple circles represent the reciprocéicé&apoints ofr-Al,O3; anda-ZnO,

respectively. ThezZnO(1100) plane aligns with theAI203(2ﬁ0) plane perfectly.
However, there is misalignment of chnO(ll_ZO) (surface normal) with the

ZnO(OOOZ) (in-plane). The reason of the titling angle isttier discussion in the

following section.
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Fig. 4-1 (a)XRD radial scan along surface normal, in which ohig ZnO (1120)
and sapphire(0224) reflections were observed and (b) shows azimutadicans

across the ZnQ{1010} and sapphire{2022} off-normal reflections.
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Fig. 4-2 The radical scans of surface normal alongM;@g[Ol:LZ] and (b)ZznQ(1120],

respectively.
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Fig. 4-3 Schematic illustrates the reciprocal spaces-@ghO/ r-Al,03, the red and
purple circles represent the reciprocal lattice npoof r-sapphire anda-ZnO,

respectively.

The XRD surface-normal scans show the misalignni@tiveenr-Al,O; and
a-ZnO. In addition to the titing angle we wantkonow the titling with respect to
the substrate. Shown in Fig. 4-4(a) with color Bgia are the® dependence of
the mis-orientated tilting angles of the sapphiptical plane (black) and the surface

normal of ZnO film (red) as well as the FWHM of thecking curve (blue) of the
Zn0O (11_20) plane growth at 400. The sapphire optical plane is not completely

centered but with an offset of 0.95° that is attrélal to the substrate miscut and the
ZnO normal surface had a slight tilting angle &5E.to the samed® angle as in Ref.
6. The small misalignment of the ZnO film was fentltonfirmed by the polarized

optical measurements that will be discussed later &Ve observed the maximal
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miscut of r-Al,O3 and the misalignment oZnO(ll_ZO) is about 0.0303° and is
0.3135° at®=45°. The upshot toward® =45° implies the misalignment of ZnO
is attributed to the miscut of-Al,Os;. Furthermore, FWHM 0f(11_20) Zn0O

unequally distributed over th@ angle shows anisotropic feature in crystal stmgctu

The w-rocking curve onnO(ll_ZO) shown in Fig. 4-4(b) has the FWHM of 0.2029°

and 0.2673 at® =0° and 90°. :The small values @ofrocking FWHMs indicate the

high quality of a-ZnO on r-Al;05;.  The rocking curve onnO(ll_ZO) shows

asymmetric distribution with differentb. angle implies the strain is anisotropy.
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Fig. 4-4 (a) With different ® the miscut of r-Al203 optical plane (black) and

misalignment onnO(ll_ZO) (red) as well as the FWHM of the rocking curveud)!

of the ZnO(ll_ZO) plane growth at 400, respectively. The black arrow directs the

maximum miscut and misalignment ab =45°. (b) The rocking curves of
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ZnO(ll_ZO) shows the anisotropic distribution.

4.3 Anisotropic strain versus the growth temperature

In order to observe the change of structural @rtbgs with the growth temperature,
we calculate the lattice constantsaeZnO thin films grown at different temperatures
from the XRD measurements in Fig. 4-5(a). The ddsk and red lines are lattice
constants andc for the ZnO wafer, which are 3.2438 A and 5.2086determined
from XRD measurement. The corresponding straing-ahO films calculated

from the lattice constants of the fila{ and that of the undeformed bulk Z= can

f_ A0
be determined by, = (& ar%) . It is tensile strained along tlaeaxis or along
Zng1100] ( £.=034%>0 ) and is compressive along - the c-axis

(e, =-0.374%<0). Furthermore, the dependence of in-plane swaeZnO on

cc

the growth temperature is shown in Fig. 4-5(b). e Thhomogeneous. strains by

Williamson-Hall plot are &, >0.194% and ¢

llc

>0.163%, the values of in-plane

strains alongc-axis and vertical tac-axis are “different. The homogeneous and
inhomogeneous strains are relaxed toward bulk sala¢h increasing the growth
temperature. " In addition, we also observe the ingckcurve become more
asymmetric with increasing growth temperature. Tdecreasing strain and
increasing rocking curve anisotropic with enhanggdwth temperature should
result from the strain relaxation. The strong am@pic biaxial strain leads to the
lattice deformation from hexagonal to rectangulae and the crystal structure
changes from hexagonal to orthorhombic that caasasge of transition bandg,[

7]. Therefore, the nonpolaZnO film has anisotropic strain that could chatige

structure from hexagonal toward orthorhombic.

71



3.260

(@)% +-a-axis
3-253-' c(=5.20364 | g_c-axis
gumg] —SSE—SRe M se e T =5L5.20
<3 254 <
L5.19,
i 252 k=
(g (3]
-:n 3.250- ® ‘;
= , 15,185
O (o]
© 3.248 4 (1]
[y} 3 Q
3.246 -
] ay=3.24382 ~5.17
3.2444. _ :’-_’T,?)—-._ —————
3.242 ? S — 5.16
300 350 400 - 450 500
Tgrowth (€
3.2x10° ; . . . 6.0x10°
-Y¢- Strain along (1-100) I
—_ -0~ Strain along (0002) —
(o] 3 N
S 3.0x10 - 5.0x10° S
) g
o 2.8x10° 4 4
c
o - 4.0x10° 9
C_B (4]
c 2.6x10° £
' il
ﬁ -3.0x10° %
2.4x10° - o
3 3 5 L 2.0x10° &
= 2.2x10° e e . 5
= Yo @)
i \—\_*
2.0x10° . ; . . . ; . . . 1.0x10°
300 350 400 450 500

Growth temperature (degree)
Fig. 4-5(a) The lattice constant @ZnO and (b) in-plane strains alowepxis and
normalc-axis with different growth temperature. The dask bf red and blue are the
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4.4 The influence of anisotropic strains on optidgroperties in
a-ZnO

4.4.1 Polarized Raman measurement

Deriving from peak positions, we determined therglanar spacind associated
with three mutually orthogonal plane€1120), (1100), and (0002), of the ZnO
epi-layer grown at 400 ‘are 1.6374, 2.8185, and 2.88 respectively. The
/d

deviation of the ratiod = 1.721 from the expected value for a hexagonal

@100 " ™ @i20)

lattice, \/?’) signifies the breaking of hexagonal symmetry #r@transformation of

the lattice into an orthorhombic one by the maffr,

h h 1/2 -1/2 0
ki =Kk 1/2 1/2 0

: (4)
l orth. I hex O 0 1

Defining thep- [1100] , a- [L120], andc-[0001] axes of the wurtzite ZnO lattice as the

three orthogonal axes y andz of the orthorhombic lattice. . The strains along th
three orthorhombic axes are 0.33%, 0.96%, and 90, #@spectively. It manifests
the ZnO layer is under a tensile strain along tteevth direction, i.e.y-axis; laterally
the lattice is tensile-strained along the nonpotaxis and compressively stressed
along the polar-axis, which are in agreement with the results rigpbby Saraét al.
[7]. The anisotropic strains make the crystallinecstme distorted from hexagonal
symmetry transform to orthorhombic; the schematagihm of the distorted ZnO unit
cell in x-y plane show in Fig. 4-6, where the dashed and diolet are labeled as
wurtzite ZnO and distorted ZnO with the same volumespectively. The angles

betweeny-axis and the other axis are 30.63° and 32.41%-inand y-z planes,
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respectively, which should be 30° and 31.969° fexdgonal structure. The
anisotropic strains distorted the wurtzite ZnO well cause the distorted unit cell of
ZnO, showing the two-fold symmetry. The distortaait cell satisfies the point

groupC,y symmetry and conflicts with th&s, symmetry, so the crystal symmetry of

nonpolara-ZnO with anisotropic strains should change fromGk, to C,y.

2P
- S

\
T — )

\
\
N
I

Fig. 4-6 The unit cells of wurtzite ZnO and distorted Znf@ éabeled as dash and

solid lines, where y- and x-axes are the orthorhorakes.

Raman scattering is governed by the polarizatiggeddent selection rules imposed
by the crystal symmetry and is sensitive to stsdate. Using the polarized Raman
spectroscopy, we examine the effect of biaxial lamp_strain in nonpolaa-ZnO
epi-layer to its excitonic transitions. The pataxd Raman spectra taken under the
four distinct backscattering geometries, I, I, , &idare shown in Fig. 4.

The micro-Raman peaks at 378.3, 417.0, 429.4, 53Bd 644.1 ci originate from
the sapphire substrate. The optical phonon modis ®; point symmetry

includeA; + 2B, + E; + 2E,, in whichB; modes are silent and the others are Raman

active. Examining the two Raman peaks at ~100.86 aa43.0 crt, which

correspond tdE, modes of wurtzite ZnO8], we observed red shift foE!*” mode
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but blue shift for E{"” mode with respect to the bulk values (101 and @®&7).
In addition, we observed various strain stateshef $amples with different growth

temperatures that the position &"™ mode is close to the bulk value when it is

grown at high temperature. The reason is thatntbee strain is relaxed at high

growth temperature that is consistent with the XiR€asurement.

Since the E{* mode has. a very small pressure coefficient andnds
conspicuously affected by the strain, tF&"” ‘mode is adapted for accurate strain
determination 9]. - The E{"” mode is sensitive to the strain within the wugzit

basal plane, in which a-compressive stress leads tmcrease ofE{"®” vibration

frequency 10, 11.  Therefore, our Raman results imply a compressivain within
the basal plane and a tensile strain alongctaeis, provided that the wurtzite crystal
structure is assumed. However, this.is inconsistéih our XRD observations, i.e.,
biaxial tensile strain within the-y plane and compressive strain along thexis.
This contradiction can be resolved by changingdtystal structure from hexagonal
to orthorhombic symmetry because anisotropic blssti@ins within the basal plane

can further lift the symmetry in this nonpolar ptaof the wurtzite structuré[ 5.
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Fig. 4-7 Polarized Raman spectra taken in 4 distinct batlesozag configurations.
A spectrum of bare sapphire substrate is alsoquotbr comparison. The dash
lines at 101 and 436 ¢hmark respectively the positions &&.°” ard E{"*"” modes

of bulk ZnO. A schematic of the scattering geometralso shown in the ins

The E, modes of a crystal with wurtzite structure have -vanishing Rama

scattering matrix elements (E{*”=(a,,, -a,,) and E{""=(a,, a,,), wherex

XX ! Xy
andy are polarization directioralong the hexagonal crystallograplp- [1100] and
a-[1120] directions 12-14]. If the a-plane ZnO eplayer still maintained th¢Cg,

symmetry, we would expect observing tE{®” mode only in (X9 and (yy)

polarization configuratics and the E™” mode only in (xy) and (yX

polarizationconfiguratiors. Contrarily, for a crystal with th€,, symmetn, there
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are 24 (TA,+5B,+7B,, +5B,)) Raman active modes with the corresponding
Raman matrix element$\, =(a,, ,q,,,a,,), B, =(a,,a, ), By =(a, a, ),

and B,, =(a,,, a,, )[12, 1. Under the current experimental geometry witbela

yz!
traveling along the-axis, theB;q andBsy modes were not accessible. The peaks at
100.7 and 443.6 cthappear in botHl andIll configurations are ofB,, symmetry.
Two nearby peaks at 100.5 and 442.7'cwere observed in thd configuration

suggesting they are théy, modes. Although the peak positions of tig and
B,, modes are very close, we distinguished those mbydke polarized selection
rules and their intensities-because tBg, modes are expected to be significantly
weaker than theA;, modes 15. So, in the I configuration, these two Raman
peaks are attributed to théy; mode; inll- and]ll configurations, they are attributed

to the'B,, modes. 'Based on théy, Raman tensor, the 100.5 and 442.7'cm

peaks should also appear in #Veconfiguration but we didn't observe them. This

phenomenon was also reported by lleal. [15] on an orthorhombic structure. The
a-GaN epilayers has also reported the'Raman tew$o,, symmetry breaking to
C,, symmetry when the strained anisotropy arriv'as;x—ew‘~6x 10° [16].
Besides, the broad peak at ~340 cappears inI andIV configurations that also
attributed to the A, mode from the Raman tensor. The observed potanza
dependence of the Raman spectra of dénO epi-layer is consistent with the

breaking of C3, symmetry and the polarization selection rules rofoathorhombic

structure with C,, symmetry.
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4.4.2 Optical emission properties of a-ZnO

Due to the wurtzite symmetry breaking, we would extpdifferent optical properties
of biaxially straineda-ZnO films from that of ZnO bulk. To further examei the
influence of symmetry change on the optical prapsrof ZnO films, we performed
optical reflectance (OR) measurement at 13 K asemted in Fig. 4-8(a). Two
transitions at 3.402 and 3.440 eV were observepemtiwely inE [0 ¢ andE || c
configurations and their ‘energies are larger timase¢ of theA, B, andC excitons of
bulk ZnO R, 4.« We assigned the former E and the latter td, transitions 2, 4.
There are a lot of reports shown that the straitestin ZnO layers also influence on

the exciton transition energy, the trend of freeex transition energy with strain

&,, variation state in polar ZnO is linear increasj@@g-2d. On the other hand, the

free exciton transition energies decrease witheasing the biaxial tensile strain.

The biaxial strain is tensileg(,, €, > 0) and strain ot-axis is compressive &(, <0

) in oura-ZnO epilayers, the trend of optical transition rgryeis opposite to the rule
of free exciton transitions that should be redtshiith biaxial tensile strain.
However, the crystal symmetry changed frogy @ Gy satisfying the trend of the
change of exciton transition energies Eg and E, bands, which are the special
transition bands based on theyGymmetry. The contradicted trend of the free

exciton transition energies in our result confirthe anisotropic strains make the
crystal symmetry breaking of wurtzite G5, ) to the orthorhombic C,, ).

Furthermore, thd; and E; emissions were also observed in PL spectra. Shiown
Fig. 4-8(b) are the polarized PL spectra taken withpolarization angl® at0°, 30°,
60°, and 90° with respect to the crystallmaxis. The increasing intensity ratio of

the main PL peaks at 3.386 and 3.358 eV as incrgdsiis also complied with the
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polarization selection rules fdf; and E;, transitions 2]. The particular PL peaks
energies show different from PL transition peakshiexagonal ZnO. The change of

optical transitions results from the anisotropraisis that make the crystal symmetry

breaking of C3, (Hex.)to C,, (Orth.).

Reflection intensity (a.u.)

3.3 3.4 3.5 3.6
Energy (eV)

(b)

E||| 1100 |

PL Intensity (a.u.)

£

E 1o

3% 3% 340
Energy (€V)

Fig. 4-8 (a) polarized optical reflection and (b) polarizetd spectra of th&-ZnO

epi-layer taken in various polarization configuras at 13K.
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Moreover, the biaxial anisotropic strain in thenfd could be dependent on the
thickness of the ZnO and on the specific depositionditions. In the case of ZnO
grown on r-sapphire, the thickness for full struettelaxation is typically in the order
of a few microns due to the large mismatches iticatconstants and thermal
expansion coefficient. In addition to our Zm@apphire system (15 nm < thickness
< 1.2 um), similar symmetry change has been regpamesystems grown by MOCVD
(300 nm < thickness < 2 pm)and by PLD (thicknesk im) R, 7, 2]. Besides,
same observation was also reported on wurtzite G@Mn onr-sapphire. As the
layer thickness does not exceed a few microns,aldnwch the film may recover the
bulk wurtzite structure, the observed symmetry geais a common phenomena and

not sensitive to the growth method and the detdideposition conditions.

4.5 Summary

The nonpolara-ZnO films on r-sapphire have significant residual anisotropic
strains .induced by lattice and thermal expansiosnmaiches.. The XRD results
reveala-ZnO epilayers on R-sapphire with a small tiltinggke and show in-plane
anisotropic biaxial strain. As determined by XRima&Raman spectra, the lattice of

ZnO epi-layers grown at high temperatures is makxed. The in-plane

anisotropic strain causes crystal symmetry breakiragn wurtzite (Cg, ) to

orthorhombic C,,). This is a common phenomenon fafZnO and a-GaN

epi-layers grown om-sapphire with thickness not exceeding a few misy@above
which the film may recover the bulk wurtzite stwe. — This structure

high)

transformation accounts for the observed blueathifE] Raman mode of the

ZnO epi-layer subjected to a tensile strain in Hasal plane. The violation of
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selection rules observed in polarized Raman spéstedtributed to the change of
crystal symmetry from hexagonal wurtzite structtoeorthorhombic one and is also
confirmed by PL and OR measurements. The PL andr@Rsurements observed
for the E; and E; transitions, whose energies are larger than thaheo bulk ZnO.

The polarization dependence of polarized Raman,a@RPL spectra all agree with

the polarization selection rules associated Wty symmetry.
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Chapter 5 Influence of extra domain on crystallineand
optical properties in nonpolarm-ZnO epifiims on
m-sapphires

5.1 Introduction

In order to reduce the quantum-confined Stark eff6@CSE), due to the
piezoelectric and spontaneous polarizations albeggrowth direction consisting of
Zn and O layer-by-layer to improve the quantumcefficy of optoelectronic devices,
growth of non-polar ZnO, such asplane (1120) and mplane (1100), has been
proposed.  For the-ZnO films grown onr-sapphire substrate, we showed in the
previous chapter that tleeZnQO layers are subjected to significant anisotrapsidual
strain_induced by the mismatches of lattice andntlaé expansionl, 4. The
in-plane anisotropic strain leads to the changergstal symmetry from wurtzite
toward orthorhombic. This_symmetry transformatiaccounts for the observed
distinct optical transition in polarized opticalfleetion and photoluminescence (PL)
spectra?, 3. These effects are the drawbacks if one is plapto design quantum
wells for ultraviolet (UV) light emitting devices ED) and laser diodes (LD).

As tom-ZnO, ‘previous works showed that it's difficultgmow high-quality ZnO

epi-films on m-sapphire with purem-plane orientation. Domains witl{0002),

(]i02) and (]i03) orientations often coexist with the maj¢t 100) oriented ones

[4-8]. However, rare report on the epitaxial relatlupsof the extra domain with the
m-ZnO matrix and no report, to the best our knowedmprrelating the existence of
extra domain with the optical property wEZnO films. Therefore, in this chapter,
we first determine the epitaxial relationship oé thxtra domain and th&zZnO by

XRD and evaluate the extra domain content frompisek intensity ratio of the extra

84



domain to thanrZnO.  Determination of crystal axes of both th&nO and extra
domain is essential for investigating polarizedvidth respect to the crystal structure.

We observed a broad-band emission at ~ 3.17 e\¢hwhay result from the interface
defects trapped excitons at the boundaries betweer(1103),, domains and the
m-ZnO matrix, is strongly correlated with the exti@main content.

5.2 Thecrystal properties of m-ZnO on m-plane sapphire

Figure 5-1 illustrates the typical scattered. intigndistribution of a XRD radial

scan along the surface normal at different growempgerature. Pronounced
diffraction peaks of ZnO(1100), (2200) and sapphirg3300) reflections confirm

the m-plane orientation of the ZnO film. . The red cuieFig. 5-1(a) is the radial
scan of then-plane sapphire wafer. In addition, a broad sheuthd evident peak

at ~ 4.253 (&) in Figs. 5-1(a) and (b) respectively, close te #mgular position of
ZnO (1103) reflection, indicates the possible existence ofraxdomains with
(1103) .normal. From XRD radial scan data, Fig. 5-1(adveh the weaker and

broad shoulder of thg1103), , when growth at 50Q0; as grown at 40Q, Fig.
5-1(b) shows outstanding and shaper peak with eespd-ig. 5-1(a). It implies the

dependence of amount of ext@103),., domains on the growth temperature. On

the other hand, the azimuthal scan acrossrz®O off-normal {1010} reflections,

depicted in the inset of Fig. 5-2, show two setpexks rotating 90° from each other.

The intense pair with their angular positions calitgg with those of sapphire {0006}

reflections are the(1010) and (0110) reflections of themZnO layer which are
180 degree apart, manifesting tH@100)[1120},, || (1100)[0003] .. epitaxial
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relationship. These two weak peaks are attributedthe (1100) reflections

originating from two extra(1 103)-oriented domains, whosfl 103] axes are titled
away from the surface normal by ~1° toward theaxis of themZnO layer,
respectively. This ~1° tilting may easily lead tiee missing of the(]fLOB)Zno

domains if judging from the commonly performett26 scan alone. Comparing
with the different growth temperature samples fréing. 5-1 and Fig. 5-2, the

intensity ratios of the surface normal and thermffmal peaks for the mam-zZnO

and extra (J_:LOS)Zno domains differ by about triple; the-ZnQ film grown at 40@
has larger percentage of extth103)-oriented domains than grown at 500 The

differences of those 'strains-betwe€00), o and (1120),., for all of themznO

films are smaller thar6x10°. Notice that the anisotropic strain achieves Vaisie

should break the crystal symmetry from wurtziteisture to an orthornombic on@| [
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Fig. 5-1 XRD radial scans along the surface normaimeZnO/m-sapphire grown at

two temperatures. (a) 500 and (b) 400The red curve is the radial scan of

m-sapphire wafer.
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Fig. 5-2 Azimuthal scans acrossrZnO {1010} off-normal reflections for growth
temperatures at (a) 500 and (b) 400 . The angasitipns of sapphire{0006}

reflections are marked by dashed lines as refesence
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Fig. 5-3 Schematic of the diffraction pattern plotted aldhg [11_20]Znozone axis.
The Bragg reflections associated with theZnO matrix and (1103),, domains are
depicted by red solid-circles and blue hollow-@g;l respectively. Twq(1103),
domains sharéhe same[1120]_,., axis with them-ZnQ matrix but are rotated by

+59° around the[1120], , axis, respectively.

After further analysis, we found thé1120) planes of then-ZnO matrix and the

(1103)-oriented domains are parallel to each other. (Elative orientations of the

ZnO domains with respect to the sapphire substaegeillustrated in Fig. 5-3. A
schematic of the diffraction pattern is on sapphHieplane. The red circles are the
Bragg reflections of the mam-ZnO layer; the blue dash rectangles and openresircl

depict the two extra domains and the correspondiffgaction peaks. The cross
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section along[1120],,, of the main domain and extra domains are labeded Z2nO
domain by red circles and extrd 103) domains by blue open-circles, respectively.
The extra domains aligned along tf120], ., axis of main domain and revolved

about 60° arounc{lléO]Zno axis to both sides separately. Finally, the npitagial
relationship ofm-ZnO, extra domains andt+Al,O; each other is rewritten by:

ZnO(1100)|| ZnQ, ; (1103)1 Al Q (3306 andznO0002]|| ZnQ, ,[1101]| A} Q[1120.

Judging from. the content o(]fLOB)ZnO domains and structural perfection of the

mZnO matrix, we found- the structural quality of tdeO layers depends on the
growth_temperature; the sample grown at 500°C éshibe best structure properties

among the studied samples. The lattice constahtsotih the a- and c-axes of

mZnO-and (1103), , domains derived from the XRD data are much leas 496 of
the bulk values, showing small strains; t(iﬁO3)Zno domains show the free strain

within 0.12%.  The existence ofl103), ., .domains that behaves as a strain free
provides space for strain relaxation of th&ZnO matrix.

By comparing the XRD peak intensity of the nearcsjer (ﬂ03)1no reflection of

the (]_:LOB)Zno domains and the specul#tl00), , reflection of themZnO matrix,
with taking into account the structure factor irg.Fb-4, we estimated the intensity

ratio of (]fLOS)ZnO/ (1100),, with various growth temperatures to be less than

3.8x10%. The intensity ratio of thexZnO and (]_:LOS)Zno peaks is much lower than

that in the powder diffraction pattern (JCPDS ca@sd0576). Moreover, its content

depends on the growth temperature, whose shape afitensity ratio is dropped into
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the center from both sides that is similar to Kemal.[4]. We can see the sample
grown at 500 °C shows the highest ratio with tmsﬂe(]iOS)Zno, which implies the
highest purity.

4.0x10™

e —@— Intensity ratio of (1-103)/(1-100) ‘

3.5x10™ |

3.0x10° \

2.5x10™ |

2.0x10™ |

XRD intensity ratio of (1-103)/(1-100)
@

1.5x10" PR PN
400 450 500 550 600

Growth temperature (°C)

Fig. 5-4 Plots of the peak-intensity ratio ofl103), ./ (1100),, with different

growth temperature.

5.3 The defect states im-ZnO

We also took cross-sectional TEM images under uargeometries. Bright-field

(BF) micrographs of the sample grown at 600°C medralong the ZnJ0002]
zone axis is shown in Fig. 5-5 (a). It has rekiivhigh (]_:LOS)Zno domains content

and shows almost single domain or uniform imagemd layer. A selected area

electron diffraction (SAED) pattern of the squaredion near then-ZnO/sapphire

interface along ZnO[11_20] zone axis as Fig. 5-5(b) reconfirms the epitaxial
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relationship determined by XRD. In contrast to ligher content of the (]_:LO3)Zno

-domain, the TEM image of th&ZnO grown at 200°C by MBE in Fig. 7 of Ref.

shows the size of(]iOB)Zno domain is ~50 nm having the XRD intensity ratio of
(1103),,/ (1100),,0f about 350, read from Fig. 3 of Ref. It corresponds to the
(1103),,,/ (1100),, intensity ratio of ~ 2.8xI& No obvious feature associated

with the (]:103)Zno domains is observed in our samples by both the TEM
micrographs and the SAED patterns in Fig. 5-5 thanifests the relatively small size

and low content of thg1103), , domains. And the(1103),.,/ (1100),, intensity

ratio may be used as an-indicator of:the reIalﬂZ‘é)S)Zno -domain content.
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Fig. 5-5 A cross-sectional TEM bright field micrograph éayd a SAED pattern (b), ,

taken at then-ZnO/sapphire interface along tH{8002}, , and [11_20]Zno zone axis.

The lattices oim-ZnO andm-sapphire are marked, respectively, by solid arsheld

lines.
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Fig. 5-6 The HRTEM micrographs taken along the (2120}, , ‘and (b) [0002], .,

zone axis atm-ZnO/sapphire interface. The observed stackingtsaul (a) were
determined to be an intrinsic typgdtacking fault. The inset in (b) shows a Fourier

filtered image of the interface where the misfildcations are marked by

It is- well known that non-polar ZnO epi-films suffiecom large density of stacking
faults (SF) b, 10-14. There are four types of basal-plane SFs, wihiahe been

previously reported in wurtzite ZnO including thdresic SFs 15, 1§. According
to the extinction rules, the stacking faults aret ofi contrast whenge R is

equivalent to an integer. The appearance of thieasal-plane SFs often
accompanies various types of partial dislocatiomduding Frankel partial, Shockley

partial (b) and Frankel-Shockley partial;YIdislocations having Burgers vector of

-1 1 T .
b—E[OOOﬂ , b-g[noo] and b—E[ZZOBJ , respectively. Among them, the

extrinsic SFs are present along with the Frankeligiadislocations 14, 17. In

c-plane anda-plane ZnO epilayers were reported the principas &Fe the Frankel

partial with 5:%[0001] and Frankel-Shockley partial witrf):%[Z_ZOE}J,
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respectively. 13, 14 High resolution TEM images of thenrZnO/sapphire

interface were taken along two orthogonal zone-axeamine the structure defects

of the samples. In Fig. 5-6(a), taken with t[‘ia_ZO]Zno zone axis and diffraction

vector ﬁz[]iOO]Zno, many basal stacking faults (BSFs), marked byvesranitiated

from the ZnO/sapphire interface were identifiedrorf the contrast analysis, the
observed variation of dependent contrast indictitasthe BSFs in therplane ZnO
film belong to intrinsic typeiland/or . We cannot further distinguish between
these two types owing to insufficient informatiorHHowever, Ref. 5 found the BSFs
belong to intrinsic Frankel-Shockley partial diglbons (type-l) with a Burgers

vector 52%[2_203] from - HRTEM. This type of SFs has the lower endrgyn the

theoretical calculation and experiment resul8,[ 19. The density of BSFs is
estimated to be~ 5x1Gcm*, similar to what reported in other workkl[ 1. The

micrograph recorded alon¢0002), = zone axis withg :[11_20]Z o+ Shown in Fig.

O

5-6(b), reveals the highly perfect atomic arrangein@ the ZnO layer. The inset
shows the Fourier filtered image of the interfaegion. The nearly periodically

arranged misfit dislocations, noted by extra h#diaps inserted in the ZnO film,

illustrate the domain matching epitaxial (DME) gtbvwwith four (11_20)Z 5 planes

matching three(0006)Sapphire planes along the{llZOLno direction and the DME

growth has significantly reduced the lattice misthato induce strain along this
direction.

5.4 Optical properties associated with domain intdaces inm-ZnO
In order to investigate the influence of tl(élOB)Zno domains to the optical

properties of then-ZnO epi-films, the low temperature PL (LT-PL) spractaken at
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13 K, shown in Fig. 5-7, of the samples grown dfedent temperatures were
measured. The deep level emission centered ardihdV, commonly known as
the defect emissions attributed to the zinc initgasbr oxygen vacancie0-23, is
negligible. Two dominant features are observedha spectra: a sharp near-band
edge (NBE) emission centered around 3.36 eV anceakvbroadband one around
3.17 eV noted as SX. The characteristic emissiddn® BSFs is at 3.31 eV, whose
shape similar to a Gaussian has full width at hekimum (FWHM) around 7 meV
at low temperature23] that can be thus ruled out as the origin of theb&nd. The

intensity of the broad SX emission exhibits strosgmple dependence and is

positively correlated ~with (1103),, domain content. This correlation is
demonstrated by the -variation of the XRD intensify the (]_TLO\?»)Zno reflection

associated with the(J__103)Zno domains normalized to that of th(é_100)Zno reflection

associated with thexZnO (stars) and the intensity of the SX emissiomralized to

the NBE emission (filled circles), shown in theeh®f Fig. 5-7.. The two curves
show similar trend as a function of sample groveitmperature. Moreover, thermal
annealing of the 450°C sample at 850°C in 1 atmgeryambient for two hours
significantly suppresses the SX band in the PLtspet depicted by the black curve

in Fig. 5-7. It is accompanied with a more thafw@ecrease of the XRD intensity
of the reflections associated with tk(éaiOS)Zno domains relative to that witim-ZnO.
These observations obviously reveal that the orafithe SX band is related to the
(1103),, domains and thermal treatment effectively dimiaishthe (1103),
domain content.

Because both therplane and (]fLOB)ZnO oriented ZnO have the same crystalline

structure with small strain, they are not expedtedive rise to distinct PL features.
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The SX band is thus unlikely to originate from tl(ﬂiOS)Zno domain itself. In light

of the previous study of ZnO nanowires, Repataal. [24] attributed the broad band
in the PL spectra to the surface-bound exciton (@Xission which shifted to the low

energies accompanied by increasing emission inteasithe wire diameter decreased.

The surface-bound states and defects localizedhenirtterface betweerﬁ]_:LOS)Zno

and (J_:LOO)Zno regions may be responsible for the SX emissidhlat eV in this case.

4.0x10" —— — 03 annealing
-@-XRD (1-103)/(1-100) peak intensity ratio |7 45 OO c
~1.0re - -%- PL broad band/ NBE intensity ratio ] .
= © . * 030 500°C
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=
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& x i L4 Jote=.
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Fig. 5-7 PL spectra of the samples grown at different teatpees measured the
spectra show a strong NBE and a broad-band emissitrout the deep level

transitions. A spectrum of the sample anneale®@t® in Q is depicted by the black

curve, where the SX band is suppressed. The shests the XRD intensity ratio of
the (1103),, reflection associated with th@103), , domains to the(1100),,

reflection of themZnO (®) and the PL intensity ratio of SX/NBEx{ as a function

of sample growth temperature.
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Fig. 5-8 (@) The polarized spectra of the sample grown58°@ taken in various
polarization configurations at 13 K and (b) the gu@ability versus the excited
polarization direction, where®=0° and®=0° mean the electric field vertical and

parallel them-ZnO c-axis. (c) The polarized PL peak (integrated) rafidsy/Inse With

different (1103),,, content at 13K.

We also compared the XRBD26 scans of the annealing and the as-grown samples
and found the FWHMs om-ZnO peaks decrease obviously after annealingis It
attributed to grain-size increase and strain ré¢laka Note that the strains of the

as-grown samples have already been much less #an However, the FWHM of
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(]_:LOS)Zno domains showing strain free according to the asvgrradius scan has

slightly increased after annealing. With decregdime (]_:LOS)Zno domain content

and grain size inmZnO epilayers by different growth conditions artermal
treatment, the diminished SX emission at 3.17 eVispzuously results from
reducing the surface-bound states attributed tantieeface defects in Fig. 5-7.

To further examine the nature of the emissions,p@dormed polarized LT-PL
measurements.  Figure 5-8(a) illustrates the pmddri LT-PL spectra of the
450°C-grown sample, Fig. 5-8(b) is the polarizépillependent on the polarized

excitation and Fig. 5-8(c) shows the LT-PL peakoraff Isylnse dependent on the
(]_:LOS)Zno domains content-with different polarized. measumsie The exciton

peaks located at 3.379, 3.388 and 3.443 eV argectsely, attributed to free A-, B-
and C-excitons (FX, FXgand FX) in Fig. 5-8(a). The other NBE emission around
3.36 eV is originated from the neutral donor-bowxtitons; the emission band at
3.33 eV is ascribed to the two-election satelli&$) and phonon transition. The
neutral donor should be attributed to the eleméntad and Ca from the chemical
analysis of the ZnO target. It is known that the.Fand F)g are excited when the
excitation polarization is perpendicular to hraxis (Elic) of ZnO, whereas the kX

is active when the polarization is parallel to thaxis (E||c). We can calculated the

L =1 , ,
degree of polarizationP ="t 1% , where | . and |, are the intensity
ml

c+|||c

of excitation polarization vertical and parallelttee c-axis of m-ZnO in Fig. 5-8(b).
The degrees of polarization are 0.974 and 0.382hvelxeited polarization is vertical
and parallel to the-axis, which is sensitive to the excited polariaati According to

the crystalline orientation determined by XRD, thdield is perpendicular to the

c-axes of both the(]_:LOS)Zno and (1100),., regions in the Elc geometry and thus the

98



FXa/FXg emission is pronounced but th¥c is not visible. In the E||c geometry, the

E-field is parallel to the-axis ofmZnO but has a component of gjj(wherey ~59°

is the angle made between tleeaxes of them-ZnO and (]_:LOS)Zno domains,

projected onto thg1100] axis of the (]_:LOS)Zno domains. Therefore, in additional
to the F>¢ emission mainly coming from the-ZnO, there exist a tiny bump at 3.379

eV corresponding to the R)Xg emission from the(]_:LOB)Zno domains, whose

weak intensity again reveals the small content hef (ﬂOB)ZnO domains. The

relative intensities of the FX emissions confirme timuch larger absorption

cross-sections of the R#Xg than the FX.
To confirm the SX emission is correlated with thtent of (1103),, domains,
we compared the peak (integrated) ratig{llsg) of SX to NBE emissions under

different polarization excitations with the XRD eémsity ratio of (]fLOS)ZnO/ (1100),,

in Fig.'5-8(c). We found the increase §¥lige as increasing(]iOS)Zno/ (1100),,
is shown for the E||c excitation, but is insensitior the EL c excitation. Because
both them-ZnO matrix and (]_:LOS)Zno domains being excited through both fF2nd

FXg transitions contribute strong NBE and SX emissidas to the large absorption

cross-sections for these two domains for thecEexcitation, the value og¥Inge IS
insensitive to variation of the(]iOB)Zno/ (1100),, or the content of(]_:LOS)Zno
domains. For the E||c excitation, imeZnO matrix excited the FXtransitions was
shown less NBE emission, th(é]_?LOS)Zno domains still existed partial higher
absorption cross-sections of the #iXXg. The higher ratio of si/Inse With the

higher (]fLOB)ZnO domain content and on the E||c condition shownatger ratio of
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Isx{Inse result from the mainly SX emission attributed be tsurface boundary in
interface betweer(]iOB)Zno domains andn-ZnO matrix. In this scenario, the PL
peak ratio of dy/Inse reflects the probability of observing surface pigyg emission

and is consequently proportional to the boundaqadretween(ﬂOS)Zno domains

andm-ZnO matrix which is positively correlated with tr(éfLOS)Zno domain content.
The much highersi{/Inge in the E||c geometry should be related to thedrigimding

efficiency of excitons to the interfacial stategyorated from the(]_:LOB)Zno domains

due to the larger surface-to-volume ratio and senaize of the(J_:LO3)Zno domains.

5.5 Summary

Small amount of(1103), , domains were found in the-plane ZnQ films grown

on m-sapphire by pulsed laser deposition which prowti@in relaxation of the

m-ZnO matrix behaving as a low strain layer. TheDXRsults reveal the presence
of small ‘amount of(1103), . -oriented domains almost strain-free in theznO
matrix with slightly strained and each other epahrelaxation ship between the extra
(]_:LOS)Zno , mplane ZnO and sapphire: “And theaxes of both the(1103),
domains and the+ZnO matrix are aligned with theaxis of the sapphire substrate.

The c-axis of the (]_:LOS)Zno domains rotates by abouH9° against the common

a-axis of themZnO. The TEM results not only confirm thé100) plane
dominates the ZnO film but also the strain-relaxatis achieved by the domain
matching and extra(]_:L03)Zno domain along[1120] and [0002], respectively.

We can clearly find many SFs from the interfaceneZnO and m-Al,O3 along
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[1120] zone axis, which determined to be an intrinsicetyZnO basal-plane
stacking fault. In the other directiofD002] zone axis, there are a lot of misfit
dislocations, which are fou(11_20)ZnO planes matching to thre¢d006), , planes to

relax crystal strain that confirms the results ®8X The peak positions of the free

A-, B- and C-exciton emissions in the PL spectm&a @dose to that of bulk ZnO as a
result of the (ﬂ03)1no -oriented domains providing the strain relaxatioeachanism.

Through carefully correlating low-temperature paed PL spectra with the XRD
peak intensity ratio  of (1103),,/ (1100),, of the. samples  grown at different

temperatures and after thermal treatment, we faiatl the broad-band emission

around 3.17 eV may result from the interface defeithpped excitons at the
boundaries between th(é_:LOB)Zno domains and thexZnO matrix. 'The broad-band
emission is attributed to the emission from th&ama-bound excitons (SX), which

are captured on the boundaries betweenrtpéane and(]_:LOS)Zno -oriented domains.

The more (ﬂ03)1no domains in then-ZnO layer cause the more surface boundaries

that makes the stronger SX emission. The largeiaserto-volume ratio for the

more extra domains makes the SX-emission increase.
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Chapter 6 Eliminating extra domains inm-plane ZnO by

two-step growth onm-sapphire

6.1 Introduction

In the Chapter 5, we have observed the extra damiairthe direct growth
m-ZnO epifilms onm-sapphires; the extra(]iOS)Zno-oriented domains are attributed

to the strain relaxation mechanism along t¢kexis of m-ZnO. The extra domains
solve the strain problem at the interface of th€®4Zayer and sapphire. However,
the broad-band emission at 3.17 eV due to the cedf@und exciton (SX) emission,
which is caused by the exciton being trapped to dbenain boundaries. The
trapping of carriers on the domain boundaries inpatar ZnO-based material is not
in favor of photonic applications. Moriyamat al. [1] had reported the

metal-organic vapor phase epitaxy (MOVPE) grawwZnO/m-Al O3 layers exhibit
extra-(lfLOS)Zno domains only for growth temperature below 800 Unfortunately

the highest growth temperature of our PLD systembisut 65, so we must find
some way to grouwn-ZnO/m-Al ;O3 with reducing lattice mismatching and the amount
of extra domains.

Two-step growth by metal-organic chemical vapgeposition (MOCVD) has
been developed to improve the crystalline qualit¢éaN-based films on sapphire |
3]. The high interfacial energy difference betwegilayer and sapphire leads to an
island growth that is commonly used for GaN, InNAGX nucleation layers grown at
low-temperature (LT). Thermal annealing of nudl@atlayer (NL) before the
high-temperature growth could enhance the lateralth and suppress threading
dislocations to improve the crystalline quality-7]. Several groups have

demonstrated that the high-temperature growth diier LT-NL, known as the
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two-step growth method, is also a key for achievingh-quality epilayers with
reduction of the threading dislocation density &ttice mismatchingd,8-10. The
growth mechanism of MOCVD is unequal to PLD comglietbut Nakahareet al.
[11, 19 have reported that using LT buffer layers growr2@0-400C by MBE can
improve the surface morphology and crystal quality thermal treatment at
temperature higher than 700 Ko, et al.[13, 14 studied as-grown and annealed
ZnO with LT-ZnO buffer on.GaN templates grown by K@D on sapphire. The
LT-ZnO buffer layers were grown at 250 to 300and the surface morphology was
dramatically improved by thermal treatment abov®®0 In this chapter, we will
use two-step growth method for eliminating extrandms to reduce surface boundary
trapped excitons. We will first grow single-phaseZznO at LT with temperature
range from 150 to 350, and raise the growth temperature to improve ahygpiality
for growing mainm-ZnO epilayer at 600 .

The crystalline properties of LT-ZnO buffer wile studied first, then discussion
of the.mainm-ZnO grown on high temperature (HT) at &DQwith different
thicknesses of LT-buffers will be presented. Wspatompare optical properties of
two-step growmm-ZnO layers with Chapter 5, in which the sampleseagrown on
m-sapphires at 600 without the LT-buffers. Finally, we demonstrateceessful
growth of 5 pairs of non-polar multiple quantum W@NQW) structures with well
widths of 4, 8, and 16 nm on top of the two-stepndh buffer layers. These MQW
structures reveal quantum confinement effect witheace of the quantum confined

Stark effect.

6.2 Structural properties ofm-ZnO by two-step growth
6.2.1 Low temperature (LT) growthm-ZnO buffer layers

105



We grew the ZnO buffer layers ansapphires at low temperature (LT) ranging
from 150 to 35 then thermally treated at various temperatures@ls®@0C. We
found theoptimal LT growth temperature is in the range 00-E®0C to obtain the
best crystal quality of the post HT-gromthtZnO layers. Figure 6-1 is the XRD
radial scan with different thicknesses of LT-ZnOffets in the same growth
conditions. The thicknesses of LT-buffers are atd.7, 15.4, 58.3 and 156 nm,
respectively, determined _by  X-ray reflection measugnt. Their XRD

surface-normal scans are respectively shown in. eigga)-(d). In addition to the

XRD data, LT-buffers with thicknesses below 58.3 exhibit ZnO (1100), (2200),

(3300) and sapphire(3300). plane reflections.  The apparent interferencegén

were observed from the. thinner samples which resaih the X-ray interference
between two surfaces of LT-ZnO. The spacing of thasest fringes is inversely
proportional to the film thickness. - The thickee thT-buffer, the more fringes are,

but no fringes were observed with the thicknes&TeZnO buffers over 58.3 nm in

Figs. 6-1(c) and (d).. 'We could not detect the$>(fr_103)1no-reflection from Figs.

6-1(a)-(c), but observe outstandir(@_lOB)Zno-reflection as the thickness of LT-ZnO

reaches 156 nm in Fig. 6-1(d). We also found vexithicknesses of LT-ZnO buffers,
which show the existence of extra domains wherittivkness of ZnO exceeds 67 nm.
It is different from the results in Chapter 5, whextra domains were observed with
m-ZnO film thickness reaching 40 nm as the growthgderature was set in the range
of 400 to 60C.

The off-normal azimuthal scans of these three tleskes of LT-ZnO buffers
shown in Figs. 6-2(a)-(c) all reveaZnO(1010) and ZnO(0110) two reflection

peaks, which are 180 degree apart. The sapphD86fOreflections, marked by
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yellow dashed line as reference and coincided tiéhsapphire {0006} reflections,
are the (1010) and (Oi'LO) reflections of then-ZnO. The LT-ZnO buffers grown
on msapphire are still epitaxial, their the epitaxialkelationship read
(1100)[1120},,, || (1100)[000},,. that is the same as the HT growth results in
Chapter 5 In addition to the azimuthal scan shown in Fig.(6y2whose thickness is
~ 156 nm, two strong peaks in.the radial scan #ribuated to two extra(l:LO3)Zno

domains with 180.degree apart. The LT gramwZnO buffers show puren-plane

oriented without extra domains when the film thieka is below 67 nm, detectable
extra (1103),, domains appear for the thickness over 156 nm beit epitaxial

relationships are similar to the HT growth-ZnO/m-sapphire in Chapter 5. The
thickest LT-ZnO buffer of ~ 156 nm showed even isfj@r extra domains than the HT

m-ZnO/m-sapphire samples. The intensity ratio of theaxiwmains to the+ZnO
for the normal and lateral orientations are cloged.2x 10° ((]_:LO3)ZnO/ (1100), )
and 2.8x10° ((1100), ./ (1010),,) in thickest LT-ZnO buffer (= 156 nm), which

are larger than the HTZnO/Mm-sapphire, which are'less thaB.8x10* and

9.8x 107, respectively. - The thicker the LT-buffer creates more extra domains, so

the optimal thickness of LT-buffer should be belewnm.
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Fig. 6-1The XRD radial scans of four thicknesses of LT-An@¥ers grown at 175 .

The thicknesses are around (a) 4.7 nm, (b) 15.4(am58.3 nm, and (d) 156 nm,

respectively. The extra domains are only obsefoethe 156nm sample.
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Fig. 6-2 Azimuthal scans of LT-ZnO with various thickness@g.15.4 nm, (b) 58.3

nm, and (c) 156 nm. The yellow dashed lines indighe sapphire{OOO@ as

references.

In order to further confirm the above-mentioneditss we measured in-plane scan
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on ZnO(OOOZ) with various depths that due to the epitaxial treteship between
m-ZnO and extra domains showin@ 100)[0002] , || (1103)[110]], Figure 6-3(a)
shows the reciprocal-space L-scan with varioushd, gcan is alongZnO(0002).

The value of L closed to 2.005 and 2.08 are atteithuo the (0002) plane of LT

m-ZnO and the(ﬂd]) plane of extra domain, respectively. DecreadberH value

indicates the shallower X-ray probed depth or riearsurface of LT-ZnO; on the
other hand, the larger H value presents the dgmp®ed depth or even close to the

interface of LT-ZnO andm-sapphire substrate. = We found the intensity of
ZnO(OOOZ) IS stronger-than-that oZnC)(Jid]) from extra domain for the deeper

probing depths closed to the interface of LT-Zn@ ansapphire substrate with H =
0.0135 and 0.0075; and the intensity of the extmaln peak comes close to the
in-plane peak om-ZnO for the shallowest one with H = 0.0005. lbw#s that the
extra domains generation at a particular thickneigs H = 0.0015. The result is
consistent with Figs. 6-1 and 6-2, which show egtvenains become promising when
thickness of LTA+ZnO is over 67 nm.

We determined from XRD peak positions associateth whree mutually

orthogonal planes,(1120), (1100, and (0002), of the LT-ZnO epilayer and defined

the m- [1100, a-[1120], andc-[0001] axes of the wurtzite ZnO lattice as the ¢hre

orthogonal axex, y and z of the orthorhombic lattice, respectively. Theulés
manifest that the LT-ZnO buffer is under a tensti@in along the growth direction,
i.e., x-axis; laterally the lattice is small strained aothe nonpolary-axis and
compressively stressed along the pataaxis The small strain along thgaxis

results from domain matching the lattice paramefea (3.2495 A) of ZnO toc
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(12.991 A) of sapphire by almost factor ¥5[ 14 that leads to the lattice mismatch
less than 0.08%.  Figure 6-3(b) is the strain gloutually orthogonal directions;
andz-axes; their strains are larger than 0.53% an®9%0.8espectively. The lateral
strain is compressive exceeding -1.04% for thersd¢bin sample of ~ 15.4 nm. It
first increases with increasing thickness, but cedurom -1.61% for 67 nm LT-buffer
to -1.2% of 156 nm one resulting from the existent@xtra domains to relax the
strain alongz-axis  On the other hand, along tkexis it is tensile strained as shown
in Fig. 6-3, which shows opposite tendency of xkexis with respect to the-axis.

It shows the strain increases with increasing tiesls of LT-buffer from 15 to 67 nm
and strain relaxation occurs-when the buffer thegsnis thicker for 156 nm one,
which exhibits extra domains. The result is caesis with the conclusion of
Chapter 5, in which the extra domains provide stralaxation along the-axis of

m-ZnO.
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Fig. 6-3 (a) The reciprocal space L-scan @nO(0002 with various probed
depths label as the H values. The value of L ato2i®05 and 2.08 are due to

ZnO(0002) of mznO and ZnO(]id]) of extra domain. (b) The strain along the

[1100 x-axis and the[0002] z-axis, respectively.

112



We have shown that the LT growmplane ZnO buffer can effectively eliminating
the extra domains in the two-step growth method,twerefore would proceed to
grow m-plane ZnO epilayers and multiple quantum wellactires on the optimal LT
buffers. However, before doing so, we have tohertexamine how good the
surface morphology of the LT-ZnO buffers are withpost thermal treatment. We
used the atomic force microscopy (AFM) with tappmgde to measure the surface
morphology and compare._morphology with differenystalline LT-ZnO. The
surface morphologies of LT-ZnO buffer were showrrays. 6-4(a)-(e) with ~ 1.7, 4.7,
15.4, 58.3 and. 156 nm thicknesses by AFM where @aelge is 5x5um?>. The
calculated root mean square (RMS) roughness aé2,003239, 0.203, 0.171 and 6.04
nm, respectively when the thickness of LT-ZnO ieréased from 1.7 to 156 nm.
The upper and lower images of Fig. 6-4(f) showfthetuation of surface roughness
of LT-buffers having thickness below and above @Y. nlt reveals that the smaller

fluctuation of surface roughness for the thin fithickness < 67 nm due to no extra
domains than the thick buffer of 156 nm one, whasiibits strong(ﬂOé -domain

XRD. Usually the epitaxial growth develops fronetBD growth to the 3D-island
growth [17, 1§ or called the Stransky-Krastanov (SK) growth motbhetially, the
adsorbates of deposition films grow in layer-bydafashion on the crystal substrate;
when beyond a critical thickness, which dependstoain and the chemical potential
between layer and substrate, the growth continuesigh the nucleation and island.
The wetting layer initially grows layer-by-layer dhe mismatched substrate with
building up strain; as the wetting layer thickethg associated strain energy increases
rapidly. Once the thickness exceeds the critibalkhess, in order to relieve the
strain the epitaxial layer relaxes by changing ®Dagrowth mode that leads to the

formation of defect free islands. Although we a@ so sure what thickness is
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critical from AFM measurement, we find the LT-buffeithout extra domains for
those thicknesses below 67 nm, which may be closzDt growth with small RMS
surface roughness. The slight decrease in RMShreags may be attributed to the
lower step morphology generated with increasingkiiess from 1.7 to 58.3 nm.
The roughness of each step is very similar, but rtfege steps in thinner film
introduce the larger RMS roughness. The thickdyudff ~ 156 nm presents a 3D
growth, which possesses dominant extra domains with larger RMS surface
roughness. The different growth rates in 3D growihde for various orientations
make the surface rough for the thick (> 156 nmjfthat is consistent with XRD

results.
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Fig. 6-4 AFM images of LT-ZnO with various thicknesses. 1aj nm, (b) 4.7 nm, (c)
15.4 nm, (d) 58.3 nm, and (e) 156 nm, respective{f) The cross-section profiles of
AFM, the upper panel is for the thickness belown@7 and the lower panel is from

the AFM image of (e).
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6.2.2 The m-ZnO epi-films on LT-buffer

We investigated here the epitaxial growthmiZnO on LT-buffer at 60Q or
called the high temperature (HW)-ZnO films. The LT-ZnO buffer is the optimal
thickness one with thickness < 67 nm. In ordeptevent from confusion of the
detection signals from the buffer, we grew H#ZnO over 300 nm. Figure 6-5 is
the XRD radial and azimuthal scans of two-stepri#ZnO films (red curves) on the

LT-buffers of 4.7 and 58.3 nm (black curves), respely, in Figs. 6-5(a) and (b) for

the surface normal: We observed there are Z/IO), (2200), (3300) plane

reflections .and sapphiré3300) plane reflection; and a weaker shoulder close to

q=4.254 Al either from the-extra domains of HFZnO films or from the diffraction

interference of LT-buffer.that needs further com@tion. The azimuthal scan is a
powerful method to distinguish the diffraction irfe@ence with extra domains due to
the shallower probing depth as compared with tdeat@nes. * Figure 6-5(c) and (d)

are the phi-scan of two-step HFZnO with 4.7 and 58.3 nm buffer respectively, the

yellow ‘dashed lines areAl,0,{000§ _as a reference.  The outstanding

ZnO(1010) and ZnO(0110) reflections separated 180 degree apart show the
epitaxial relationship' as those in Chapter 5. Hwve two weak peaks of
ZnO(]fLOO) reflections from extra domains were observabléhen HT m-ZnO film

grown on thin LT-buffers of <47 nm.

As described in the previous section, the strainClirbuffer increases with
increasing thickness until reaching the criticatkhess of ~ 47 nm. The more strain
in the LT-buffer distributes the more strain in H#ZnO film. Therefore, the
samples with the thicker LT-buffers possess thegelarstrain either tensile or

compressive. With thick enough LT-buffer from 4@ 67 nm the strain has
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significantly reduced but with not observable exdmanains, the HT growtim-ZnO
films on these LT-buffers have the better crystaldy. There is few extra domains
observed for HT growtim-ZnO on thinner LT-buffers having thickness frond o 47

nm; we estimate the content of extra domainsianO by XRD intensity ratios of
(JfLOB)extra/ (1100)., and (]_:LOO)exna/ (1010),,, corresponding to the surface- and

off-normal ratios, to be3.6x10° and 1.7x10°, respectively. These values are

smaller than that af+ZnQ directly grown om-sapphire at 600 without LT-buffers
which are around3x10* and 9.8x10". In addition, by increasing the LT-buffer

thickness the XRD intensity ratios ¢fl103) / (1100) , and (]_:LOO)extra/ (1010),

xtra
decrease further whosevalues are one -order of itndgnless than that without
LT-buffers at the same growth conditions. Sumn@afiom the XRD_ results, we
find that although the two-step growth-ZnO on LT-buffers of < 47 nm have
effectively reduced the strain and extra . domaingess one order than-without the
LT-buffers, the optimal thicknesses for LT-buffessould be from 47 to 67 nm in

which extra domains Im-ZnO can be eliminated.

117



4

w0 e w0 —Fze
(1i00) (3300) 700 (3300)
- ~f (oo
;l, Zn0 ;_ Z”_O Zn0
g (3300) g ] (2209 (3300)

5 6 7

2 3 4 5 7
q (1/A) q (1/A)
LT~4.7nm
(c) m—ZnQO m—2ZnO
1(1010) (0110)
El
8
>
=
7
o
[<}]
E 0
- Zno Z? B
- (1100)
1100
90° 19 gg° 90°
>
N 1 1 N 1 N 1 1 N 1 L 1 L
:_(d) ——LT~58.3 nm
m—2Zn0O m—ZnO
3 (1010) (0110)
5 [
S
!
L
cf
[<}]
= F
St
180°
E 1 i 1 i 1 1 1 7 )
50 100 150 200 250 300 350

Phi-scan (degree)
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Fig. 6-6The strains along thed110qQ x-axis and the[0002] zaxis, respectively.

To confirm that the thicker LT-buffer could saist the more lattice mismatch to

release the strains in the k¥ZnO, we calculated the strains of two-step tHEZnO
along x-, y- andz-axes from XRD measurements. Tyaxis strain along[1120]

direction is less thar6x10*, which is too small to be considered due to almost

domain matching with sapphiceaxis (12.991A). The strain of others axesand
z-axes are still tensile and compressive alod00d and [0002] shown in Figs.
6-6. The HTm-ZnO epilayers show smaller strains than LT-buffeFhe tendency
of strains for the HTmZnO opposites to the LT-buffer that the strainsHif ZnO

layers gradually decrease with increasing thickrafskT-buffer; while increase in

strains for the LT-buffer. The strains for the H¥ZnO films on the LT-buffers

having thickness below 67 nm are less tha@x10° and —3.2x10° alongx- and

z-axes, respectively. The HT-ZnO still experiences residual lattice mismatch fo

thinner LT-buffers (< 47 nm), which have no extranthins, whereas, the optimal
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thicknesses of the LT-buffers in the range of 47R@&7 provide strain relaxation for
growing high qualitym-plane ZnO although they possess limited extra dasna
The result is consistent with the extra domairordécrease with increasing LT-buffer

thickness. On the other hand, in the thickest Uffds with 156 nm thick, the HT
m-ZnO shows a lot of extra domainéf(OC%)mra/ (1100), , ~ 5% 10°) that is similar to

the direct growttm-ZnO film on m-Al,Oz without the LT-buffer. We conclude that

using the LT-buffer should be efficient to redube strain and to eliminate the extra

domains.
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Fig. 6-7 The AFM images of two-step+-ZnO epilayers with various thicknesses of
LT-buffers, (a) 4.7 nm, (b) 58.3 nm, and (c) 156.nnfe) The cross-section profiles of
AFM images of (a)-(d). (f) The 3-D image of tm-ZnO/m-sapphire without

LT-buffer.
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From the AFM images of LT-ZnO buffers in Fig. 6we found smooth surface of
HT m-ZnO films grown on the LT-buffers with thicknessasging from 1.7 to 67 nm;
whereas the sample on the thickest LT-buffer of A®6shows rough surface that may
be contributed from the extra domains. Figureq&);7(b) and (c) are the AFM
images of the two-steprZnO samples grown on 4.7, 58.3 and 156 nm LT-bsiffe
Their surface profiles are shown in Figs. 6.7(dpioh reveal the RMS surface
roughness are 3.42, 3.75, and 19.75 nm, respectiv€lonsistent with the previous
discussion that the surface roughness is smalitifer samples with thickness of
LT-buffers less than 67 nm, but it increases draraly for the thickest buffer sample,
whose roughness is comparable to the direct greamiple without buffer (17.5 nm)
shown _in Fig. 6.7(e).  The large surface roughn&ssuld be attributed to the
existence of extra domains.

6.2.3  Defect states in the two-step growm-ZnO films

We also took cross-sectional TEM.images of tvepsgrowthm-ZnO with ~ 4.7

nm LT-buffer under various geometries. A sele@esh electron diffraction (SAED)

pattern of the squared region near mr&nO/sapphire interface taken along the ZnO
[11_20] zone axis Is shown in Fig. 6-8(a) to reconfirm t@taxial relationship
determined by XRD. - High-resolution. TEM images loé in-ZnO/sapphire interface
were also taken along two 'orthogonal zone-ax@&20], and [0002],,, to
examine the structure defects of the samples. BShoWwig. 6-8(b) is the micrograph
recorded along th¢0002],, zone axis with§:[1l_20]2no. It reveals the highly

perfect atomic arrangement of the ZnO layer. Tiseti shows the Fourier filtered
image of the interface region. The nearly perialiycarranged misfit dislocations,

noted by extra half-planes inserted in the ZnO fillstrate the domain matching
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epitaxial (DME) growth with four (11_20)Zno planes matching with three

(0006), planes along the[1120], direction. The DME growth has

apphire
significantly reduced the lattice mismatch indusé@in along this direction. There
are a few illegibility m-ZnO layers within 2 nm to the interface that skioble
attributed to lack of kinetic energy for atom re@sagement at LT growth. The
thermal annealing at high temperature after the-dtep growth should make
improvement to the samples.

Notably, the TEM image reveals several contragslithat propagate along the
growth direction (marked by arrows). These lines bkely due to basal plane
stacking faults (BSFs).~We-further characterize mlature of the contrast lines by
performing diffraction contrast analysis on the ealad sample. The contrast lines

are clearly visible in the dark field image recatdevith diffraction vector
62[]_’100]Zno along the[0002],, zone axis, shown as Fig. 6-8(c). Many BSFs

initiated" from the ZnO/sapphire interface were ided. We found the BSFs

belong to.intrinsic Frankel-Shockley partial diglbons (type-l) with a Burgers

vector B:%[Z_ZOC%] The results of TEM are similar to tme-ZnO/m-sapphire in

Chapter 5.
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Fig. 6-8 (a) The selected area electron diffraction (SAED) of TEMa] [11_20]Zno
zone-axis, (b) high resolution TEM TEM images o€ th-ZnO/sapphire interface

along [0002],,, zone-axis, and (c) The TEM dark field image alo[lcj,_ZO]Zno
zone-axis With§:[ﬂ00]ZnO. The inset in (b) is inverse Fourier transformage

from interface with g =[1120},. ..

These TEM images reveal that BSF is the dominanictstral defect in the
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two-step growthmZnO. Its density is estimated to be abd®%1CF cm™, which is
about four times more than-ZnO without LT-buffer of ~5x10 cm*. The BSFs
density of two step growtm-ZnO is quite close to the high qualitg-plane ZnO
films grown on LaAlQ and sapphire substrate at high and low growth ézatpres
by PLD and atomic layer depositiohd, 2Q. The higher BSFs density should be
one way to relax lattice mismatch that should im taffect on optical properties of

growth samples.

6.3 Optical properties oftwo-step growthm-ZnO

6.3.1 PL spectra

According to the structure properties of two-stepnghm-ZnO samples, there are
lower_extra domains and higher BSFs density that without LT-buffers. The
ultimate goal of two-step growth is to eliminatetraxdomains to reduce domain
boundary trapping excitons emitted around 3.17 e¥e compare the normalized PL
spectra of two-step growth. samples with those tiggowth mZnO_ samples in
Chapter 5 in Fig. 6-9 excited by 325 nm HeCd lasell3K. The red and black
dashed lines are+ZnO with 4.7 nm LT-buffer and without buffer, respively. It
reveals that absence of broad-band 3.17 eV emis@sulting from the domain
boundary trapping between timeZnO and extra domains for LT-buffered-ZnO
films. There are three peaks from PL spectrumwaf-$tep growth at about 3.364,
3.321 and 3.264 eV. Teke et @&1] had identified the optical transitions of ZnO
bulk that the spectral ranges of 3.3598-3.36642-3.34 and 3.218-3.223 eV are
attributed to the donor-bound excitons, two-elettreatellite (TES), and
donor-acceptor-pair (DAP) transitions, respectivelffhese transition energies of

donor-bound excitons and TES are dependent ondbedoenergy of the localized
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energy of donors. No emission peaks in the visialege observed suggest no

deep-level emission from oxygen vacancies and iniecstitials R2].

The peak energy of DAP followss,,, OE,- E,— E,, where E,, E, and

E, are band-gap energy, binding energies of acceptdrdonor, respectively. If

the thermal energy can provide large enough enfengglectrons to escape from the

donor trapping potential, the higher transitionlezhlthe free-electron bound to

acceptor (e,A) with transition energl, ,» L'E,=E, may occurs. In addition,

many groups have reported strong BSF emissiong +RIL spectra of nonpolar GaN
layers p3-26. In addition,-Yang and Schirret al. [20, 27] reported the stacking
fault related 3.32 and 3.31 eV luminescencentinand a-plane ZnO. Our samples
with high BSFs density o2x10 cm® should provide strong enough BSFs emission.
We can distinguish these three intense lines fioenRL spectra of two-step growth
m-ZnO at about 3.364, 3.321 and 3.264 eV relatedD¢X, X and Y bands,
respectively, in which the X and Y bands could ltbez TES or BSFs and (e,A)
emissions.. In order to clearly identify the X avidoands, we measured the peak
position of Y band (blue circles) and intensityioatf X band over X (black stars)
with various pumping powers in Fig. 6-10(a). Theb#nd is blue-shifted with
increasing pumping power; that indicates the tyiplmehavior of (e, A) emission.
Though at lower pumping power the donor can botnedfitee electrons, with higher
pumping power to increase the thermal energy dueetding frees the electrons so
that the Y band is blue shifted. The shift enezggresponds to the binding energy
of 14.5 meV, which is close to the energy of défere between Fxg and DX (~
15.2 meV). The values of black stars (intensitiosaof X-band/RX) in Fig. 6-10(a)
are often over 1 with various pumping powers, an#lig. 6-10(b) the binding energy

ratios of QX/TES show scattered data. It implies the X bamougd not contribute
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from the TES, which is the excited state XD According to the Haynes rule, the

binding or localization energy of th®°X is proportional to the binding energy of

the corresponding donor;E= aEg, where E_., E;, anda are the localized energy

of DgX, donor binding energy of TES, and Haynes’ propodlity constant close to
0.33 or 0.3421]. The TES transition should follow the above rulé¢e plotted all

localization energy with binding energies of theresponding donor of two-step
samples in Fig. 6-10(b), and the red line is Haypesportionality constant close to
1/3, all of X band with different thicknesses of-buiffers do not follow the Haynes

rule, therefore we exclude the possible of TESsitam.
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Fig. 6-9 The PL spectra of two-step growth m-ZnO and diggotvth shown red and
black lines at 13K. The peaks at about 3.321 aR€43eV are labeled with the X and

Y bands.
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All the PL spectra of two-step growth m-ZnO sa@spshow only three dominant
DoX, X band, and (e,A) peaks as in Fig. 6-9, eversdme of them have their
LT-buffers contain extra domains. The absenc&®{3X emission is also similar to
the annealed direct growth samples in Chapter Syhith thermal annealing has
dramatically reduced the content of extra domains0°. Our two-step growth
m-ZnO layers have the content of extra domainsvbe®6x 10°, therefore, we did
not observe SX emission, but there is a weak T&Ssition in PL spectra of two-step
m-ZnO layers with 'no. extra. domains.  Figures 6-Lléad (b) exhibit the
temperature dependent PL spectra in log-scale ofstep m-ZnO with 58.3nm thick
LT-buffer and the corresponding temperature depeingeak positions of all the
emission peaks. We found three major peaks a#338809 and 3.263 eV and two
shoulders at 3.378 and 3.328 eV are attributedg¥q X band, (e, A), A- and B-free
excitons (FX ), and TES emission, respectively. The dashed lp@sitioned in
Fig. 6-10(a) labeled by LO-(e, A) phonon replic@2-meV apart from the (e, A) peak,

are the LO-phonon replica of the (e, A) peak. THHé&\g data were fit by the

Bose-Einstein  expression: E(T) = E(O)—Z6: a/lexp(E/ kT)-1] , where E(0)

i=1
represents the emission energy of free exciton At B= 0 K, E are the optical
phonon energy witha, being the strength of the corresponding excitooroim
interaction 8. The six optical phonon energies correspondhéoRaman modes in
bulk, which are 101, 380, 410, 437.5, 576 and 587[29. However, the ALO)
and E(LO) modes (~ 576 and 587 &inhave energy separation around 1 meV; it is

too close to distinguish, therefore we combine thera single LO-phonon mode at ~

72.1 meV with the coupling strengta,. After the fitting (black curve), we

obtained the coupling coefficienta, and a; to be 0.0214 and 0.5018 and the other
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coupling coefficients are less thatf0™ which can be neglected. Furthermore, we

found except for the X band, which shows tempeeatigpendent “S” shape peak

positions, those temperature dependent emissiokspen be well fit by the same
coupling coefficients a, = 0.0214 and a, = 0.5018. The respective energy
differences to the Fxg are about 11.8, 34.5 and 113 eV, respectively, 10X and

TES, and (e, A), which are attributed to the latadi energy of donor, donor binding
energy of TES, and the localized energy of acceptr addition the peak labeled as

TES has the Haynes' proportionality constant 0.3@jlar to the inset of Fig. 4 in

Ref. 21.
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Fig. 6-11 The temperature dependent PL spectra (a) ande@®spposition of FXg,
DoX, TES, X-band and (e, A) of two-step m-ZnO with8&3® nm buffer which
possesses no extra domains. The dashed lines ang(@he phonon replica of (e, A).
The temperature dependent peaks position gfd: XX, TES, X-band and (e, A) are
labeled with black, red, blue, pink and green minéspectively in (b). The solid

curves are the fittings to the Bose-Einstein eqguati
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The X band shows the S-shape red shift witheesip the fitting Bose-Einstein

equation for temperature lower than 60K, which egponds to the localized energy

closed to 13 meV in Fig. 6-11(b). The fitting céing strengths area, = 0.01424

and a_=0.1917, which are smaller than the other emisgiaks indicating the lower

phonon coupling for the X band transition. The 4step growthm-ZnO layers not
only possess the lower extra domains but also igjieeh BSFs density as compared
with the direct growthm-ZnO. - The lower extra domains and higher BSFstlage
main reasons for causing X band emission but witkiwe1 SX emission. It has been
reported that the emissions at ~ 3.31 eV may caore the BSFs in nonpolar ZnO,
[20, 27, 30 and Stampfl,et al. [31] . reported the BSFs belonging to the type-I
stacking faults is a zinc-blende regions, which ttap the electrons. = Suet al.[32]
reported BSFs do not introduce localized statehi@ band gap, but they form
guantum-well-like structures since they can be neégrh as thin zinc-blende layers
embedded in the wurtzite matrix. The transitiorergy of BSFs was reported
sensitive to the potential fluctuations with ‘lozalion ‘energy closed to 18 meV that
leads to the S-shape temperature dependent tcameitiergy. - The behaviors of X
band emission are quite satisfied with the BSFsssiom, BSFs structures are
considered to be thin zinc-blende layers embeddédde wurtzite matrix which is the
guantum-like structure. We have recently showeat the S-shaped due to the
fluctuations of the distances of the coupled BSHsyand their localized energy
depend on the average BSFs densi@] [ The smaller phonon coupling coefficients
may be attributed to the quantum-like structure thduces the LO-phonon coupling
as a result of quantum confinement effe88,[34 We therefore conclude that the
PL spectra of two-step growtm-ZnO are dominated by §¥, BSFs and (e, A)

emissions, then-ZnO on optimal thickness of LT-buffer show weak S Emission
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around 3.312 eV with eliminated SX emission dudotwer extra domains content
than those of direct growm-ZnO layers without LT-buffers.
6.3.2 Raman spectra

The anisotropic strains imZnO on m-sapphire substrates are smaller than
a-ZnO whose crystal symmetry is broken on th&apphire substrates identified by
XRD measurements. The Raman tensors for the weirEnO, which depend on
specific crystal orientation such ag(lAO) and A(TO) modes have the same form of
lattice vibration but propagation parallel and @egicular toc-axis of ZnO, should
follow particular selection rules, which are usdafubnalyze then-ZnO with different
grown orientations. - We used typical micro-Ramarasneement by using a 100X
objective lens to focus 532 nm excitation lasemb@a the sample surface normally.
Figure 6-12 shows the polarization dependent Raspattra of the direct growth
m-ZnO samples at various temperatures as indicatedhich® is the angle between
the electric field of incident excitation light artde c-axis of ZnO. The Raman
peaks.marked with blue circles at 378, 416, 429, %4 and 642 cthresult from
m-sapphire wafer. The characteristic peaks of ZrOnaarked by black dashed and
red solid lines located around 443 and 580'craspectively. - The reported phonon
energies of F'9" Ay(LO) and E(LO) from bulk ZnO are 437.5, 576 and 587 tm

[29.
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From the Raman tensor€}” = (d,,, d,), B(9=(G, ), E(¥)=(g, d,)
and A(2=(3,, a, b), where the suffix of modes and index in the matie
phonon propagation and polarization directiongpeesvely. Here x, y and z are the

polarization directions along the ZnO crystallogriapm- [110(, y-[L120] and

z-[0002] directions. Based on the Raman seledtites for the E"9" modes, one
should not observe the®" modes when the excited polarization is along taais.
Sanderet al. [35 reported the high NA microscope objective sholddd to a
component of the polarization perpendicular to temple’s surface so that
perpendicular to the-axis-ofm-ZnO films. However, this effect is not sensitive

our case. This result is different from that iig.F-6 of Chapter 4, in which ZnO
crystal symmetry breaks to becomeyGhowing weak E'9in y(z¥y as the

excited polarization parallel to the c-axis.

Read from Figs. 6-12(a)-(c), we have the phonoquieacies of E'%"are 443.05,
440.6 and 442.4 cm respectively, which are blue shift relative te thulk value of
437.5 cmt.  The E"9" shift to the high-energy side due to compressikairsalong
the z-axis, tensile strain alongaxis, and almost strain free alogepxis in these
samples determined from XRD.  The growth tempeeaatr500C shows the closest
to the bulk value due to the lowest compressivarstalongz-axis. In addition, the
peaks marked by red solid line at 580 cbulk) are attributed to the 4LO) and
E1(LO) modes. Many reports have observed the quatemat ~ 580 ci, which is
intermediate to the frequencies of thg(lAD) and the EHLO) modes of bulk value,
are mixed symmetry modes due to phonons propagaétwgeen tha- and thec-axes
[36, 37. One should not observe the(BO) mode in puremZnO under any

excitation polarizations as the measured directisnvertical to the phonon
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propagation direction; on the other hand, th¢8) mode should often be observable
in any excitation polarizations when measured timaccrossc-axis. The extra
domains which rotates against the common y-axis#B9° from that of then-ZnO
provide the other crystalline orientation, the skwpn Figs. 6-12(a)-(c) have the
extra domains content arouri0™, the mixing LO-phonon (ALO) + E(LO)) mode

is enhanced with the extra domains content. Figui(a) shows strong mixing
LO-phonon mode in ang values. Nevertheless it is not observable in &ig2(b),
which has the lowest content of extra domains-df.8x 10" ‘as presented in Chapter
S.

Figure 6-12(d) shows the extra domains contents thed normalized peak
intensity of the mixing LO-phonon versus the growgmperature. = The normalized
peak intensities of the mixing LO-phonon are cated by summing over all of the
spectra with variou® then being divided by the intensity of thg"# peak, which is
the characteristic mode of ZnO. regardless withrtteasured directions. It shows
that the-normalized intensity of mixing LO-phonowadte is highly correlated with the
extra domains content in the direct growmth-ZnO/m-Al,O3 samples without
LT-buffers. " The Raman spectra become distinguish&lom different measured
orientations as the content of extra domainsHénO is larger thanl.8x10*. So
we conclude that the peaks at ~ 441.5 and 580atmibuted to the frequency shifted
of E,"9" mode and ALO)+ E;(LO) phonon mode result from the strain effect el
existence of extra domains, respectively; and tam&h spectra are sensitive to extra
domains content abov#.8x 10",

As mentioned previously, the two-step growthZnO epilayers have extra
domains contents belovd.6x 10°, which is less tharil.8x10* and is too low to
observe the difference in different configuratiasfSRaman measurement. Figure

6-13(a) is the Raman spectra of the two-step graw#nO layers with LT-buffer ~
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4.7 nm having extra domains content ©f3.4x 10°, which is the largest one in these

series of two-step growth samples. Similar to FEgL2(a)-(c), the peaks marked
with blue circles are the sapphire peaks, but theeeno peaks at ~ 580 ¢nin Fig.
6-13(a) due to the relatively low extra domainsteaty and the phonon frequency of
the B"" mode is at ~ 439.5 ¢t which is smaller than 440.6 &nin Fig. 6-12(b),
that due to tensile strain as in Fig. 6.6. Fig6f&3(b) shows the £9" modes
position dependent on the strain alongxis (surface normal) which behavior is
opposite taz-axis C-axis) in Fig. 6-6. The blue dashed line is th®©zyulk value of
437.5 cnit.  The Fig. 6-13 show the thicker LT-buffer couktluce strain effective,
which B"9" frequencies are ~ 439.5, 438.9 and 438.3.cnThe thicker LT-buffer
with lower strain effect cause theE" frequencies toward bulk value and the too low

extra domains contents m-ZnO (< 3.6x10°) made the Raman spectra to observe

LO-phonon mode.
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Fig. 6-13The polarization dependent'Raman spectra of tep-gtowthm-ZnO with

buffer thickness ~ 4.7 nm (a) and th&€ mode frequency and strainfxis versus
the thickness of LT-buffers (b). The extra domainstent (1103), , / (1100), ) is

around ~3.4x10°. The peaks marked by blue circles are the sapphides.

6.4 Non-polar quantum well structures omm-sapphire

In order to realize whether the nonpolar mutigjluantum wells (MQWS)
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structures could be made absence of the quantufmeorent stork effect (QCSE),
we fabricate 5 pairs ofm-plane ZnO/MgZnO MQWs with three well widths on a
m-ZnO buffer grown by two-step method including th& and HT layers with
thicknesses of about 5 and 500 nm. The thicknEbarmiers is fixed to 55 nm and
the well widths are 4, 8, and 16 nm, respectivelyhe LT-PL spectrum of the QWs
with well width of 4 nm shows the barrier (MgZnQhission at 3.599 eV and well,
emissions at 3.427 and 3.395 eV in Fig. 6-14(a3peetively. The Mg content
calculated according to Koike's equatid8] from the PL spectra is close to 8.6%.
The dashed line iIs the near-band edge emissionulkfZznO at ~ 3.365 eV, on the
low-energy. side of the dashed line is attributethbuffer emission. The peaks at
3.428 and 3.395 eV are attributed to the confinegten and BSF bound exciton
emissions in the QWS, respectively. The energarstions of spectral peaks on the
low-energy shoulder marked with solid lines in Fégl4(a) are closed to 72 meV,
corresponding to the LO phonon energy in ZnO. Fitbe phonon position, we
determine the phonon replica from the BSF bound@x@missions (3.395 eV) in the
QWs.

Figure 6-14(b) show the PL spectra at 13K with aasi well widths. The
emissions of both the confined and the BSF bourtitans in QWs blue shift with
decreasing well width resulting from the quantunmfeceement effect. The results
differ from those of the polar ZnO QW structuredjiohh were red shift below the
bulk ZnO value due to the QCSE for the well wid#ing wider than 3 nm3pP-43.
The NBE emission of our sample with well width & dm is closed to the bulk one,
but as the samples with well widths decrease b&amm, their NBE emissions show
blue shift relative to the bulk ZnO. Without thearnal electric field building in the
nonpolar QWs, the blue shift of band edge withHertdecreasing well width to 4 nm

is more promising. These results confirm thatnbapolar QWs structures should
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resolve the QCSE to enhance optical emission effay.

(@) ——Wellwidth~4nm

Intensity (a.u.)
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bulk ZnQ ~3.365eV
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Fig. 6-14 The PL spectra-ofm-plane MQWs with well widths of 4, 8 and 16 nm
measured at 13K. (a) The PL spectrum of nonpol@W4é of 4 nm well width

shows the near-band edge (NBE) emissions fromdrarrrespectively; and (b) The
PL spectra of various well widths indicated. Tlasluked line is the NBE emission of

bulk ZnO.

6.5 Summary
We use  LT-buffer layers, which show no ext@l03),, domains for

successfully growingn-ZnO . epitaxial films without extra domains on-sapphire.
The major crystal structure and defect propertieg® two-stepn-ZnO epilayers are

similar to the thermal annealedtZnO layers in Chapter 5. After having analyzed
the XRD measurement, we found absence of e>(15|£)3)1no domains for the

thickness of LT-buffer layers thinner than 67 nmt presence of a few extra domains
for the thickness going above 156 nm. Furtherimgishe growth temperature to
fabricatem-ZnO layers on the LT-buffers, we found the optirtiitkness of LT-buffer

ranging from 47 to 67 nm. For the samples growth wie thinner LT-buffers (< 47
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nm), we could find weake1103),,, domains in the HF+ZnO, whose content is

about one order less than those direct gromtBnO samples without LT-buffers.
The extra domains contents decrease with increasidguffer thickness and the
largest extra domains content 1s3.6x10° in mZnO with the 1.7 nm LT-buffer.
Determined from XRD and Raman spectra, we founttteatwo-step growtim-ZnO
samples show the lower strain than those withotbuffers. The Raman spectra of
the mixing LO-phonon mode ¢LO) + Ei(LO)) appeared at ~ 580 chrbecome

polarization independent when the extra domain ednineasured by the intensity
ratio of (1103),,, /(1100) , is below ~1.8x10% We also correlated the peak

positions of the £'" mode with the strain determined from the XRD resul From
TEM measurement, we-found a lot of BSFs density2%10 cm?) in- two-step
growth samples that helps to release the straing, the DX, BSFs and (e, A)
emissions dominate the NBE emission without degptland surface bound excitons
(~ 3.17 eV) emission from PL spectra. The more 88énsity reduces the strain
effect and generates the more BSFs emission inpetti. The two-step growth
m-ZnO possess the smoother surface attributed ttoter or without other oriented
growth inm-ZnO that will benefit for fabricating+ZnO multilayer structures such as
multiple quantum wells structures.

Finally, them-plane nonpolar QWs show the quantum confineméatiewith well
widths below 8 nm, which confirm the nonpolar stawe without internal field. The
NBE emission from QWs is blue-shifted with respecthe bulk when the well width
is narrower than 8 nm that shows theglane MQWs not only possess the quantum

confinement effect but also prevent from the quantonfined Stark effect.
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Chapter 7 Conclusions and Prospective
7.1 Conclusions

We have investigated for two nonpolar ZnO epifiln{]sl_ZO)- and (l:LO(j-pIane

ZnO epifilms onr- and m plane sapphire substrates by the laser-moleddam
epitaxy. We observed the in-plane anisotropidrstraensile strain perpendicular to

the c-axis and compressive stain_ parallel to thexis, cause crystal symmetry
breaking from wurtzite (C,) to orthorhombic (C,,) for the nonpolar(ll_ZO)

ZnO epilayers om-sapphire. The as-grovaaZnO epilayer has a small tilting angle
~ 0.3135.0f ZnO c-axis-with-respect to the optical plane of substtant is closely

related_to ther-sapphire miscut, indicating high crystal qualityThe observed
blue-shift Eéhigh) Raman mode contradicts with the anisotropic stiayn XRD

reveals violation ofC,, selection rule. Determining from the polarizedniza

spectra of E, modes; theC,y configuration satisfies most of the selection sufler

the Raman modes hut violation of t@g, selection rule implies that the anisotropic
strain on the nonpolafllio) ZnO epilayer may have changed crystal structune fr

Cev to Cpyv. The .observeds, and E; bands .in polarized optical reflection and

photoluminescence spectra confirm that the anipa@rstrains cause the structure
change toward the orthorhombstructure for the nonpola@ﬁo) ZnO epilayer

grown onr-sapphire.

In the mplane ZnO films grown ormm-sapphire, we found small amount of
(1103),, domains provide strain relaxation of theZnO matrix behaving as a low
strain layer. Through carefully correlating lowrigerature polarized PL spectra

with the X-ray diffraction peak intensity ratio qf103), ./ (1100),of the samples
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grown at different temperatures and after thermehtmment, we found that the

broad-band emission around 3.17 eV may result fleeninterface defects trapped
excitons at the boundaries between (#03), , domains and then-ZnO matrix.
The peak positions of the free A-, B- and C-exciémnissions in the PL spectra are

close to that of bulk ZnO as a result of t(03), ,-oriented domains providing the

strain relaxation mechanism. . The-mg@03), , domains in themZnO layer

cause the more surface boundary that makes thagstrcsurface-bound-exciton
emission. And the-axes of both the(1103), , domains and the+ZnO matrix are

aligned with thec-axis of the sapphireafAl,O3) substrate. The-axis of the

(1103),,, domains rotates abo#69° against the commanaxis of them-ZnO.

We have successfully used a two-step growth methadZnO onm-sapphire with
LT-buffer to eliminate extra domains to reduce scef boundary trapping excitons.
The as-grown LT-buffer exist large strain to redtice mainm-ZnO by the second
step growth at high temperature. The two-step grawZnO showing the lower
strain from the XRD and Raman spectra is due toliiuffer sharing a lot of
stresses from lattice mismatch. The thickness Tebuffers has an ideal window
from 47 to 67 nm for growing high temperatumeZnO; below this range there exist
extra domains but whose contest3.6x10°) is one-order less than those made by
direct growthmZnO without buffers. From AFM results, the tweystgrown
m-ZnO layers had smooth surface than without LT-duéfttributes the extra domains
existence to add other growth orientated and makgh surface. @~ The TEM and
PL measurements indicate that more BSFs densiB<1F cm® with smooth
surfaces inm-ZnO, which is larger than that of without buffefs 5x1F cmi?),

causes the stronger BSFs emission in LT-PL specifaere are three dominant
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emission peaks of X, BSFs and (e, A) in LT-PL spectra of two-stapZnO.
Finally, we confirm successful fabrication of notgom-plane multiple quantum
wells structures can be achieved by the two-stegwilr method. Them-plane
MQWs show the blue-shift NBE emission spectra feflwidth narrower than 8 nm,
exhibiting quantum confinement effect and freehsf guantum confined Stark effect
(QCSE) due to nonpolar nature, which has no intdreld.

We have confirmed the change of optical propentesionpolar ZnO epilayers
result from the change of crystal structure. . Thange in optical transitions by the
anisotropic strains ia-ZnO was identified by the symmetry breaking gf @ G,y by
polarized ‘Raman, PL and optical reflection spectrpg prior to the similar results
reported ina-GaN by using polarized Raman spectroscopy receimtly2012.
Furthermore, the first report to our knowledge mststudy that the domain
boundaries between the extra domains and mafmO can trap the excitons to form
the so-called surface-bound-excitons, proven belyicorrelating the characteristic
of surface-bound-exciton emission with the extrandm content. By using the
two-step growth method, we demonstrated succegtilithinating extra domains to
reduce the surface-bound-exciton emission. Thighate provides a way of
fabricating single-phase nonpolarZnO structure with. smooth surface and low strain
state that merits for MQWs structure. The optmalperties of nonpolar MQWSs are
consistent with other nonpolar MQWSs which exhiblityoquantum confinement effect

with absence of the quantum confined Stark effect.

7.2 Prospective
In principle, MgZn;xO (MZO) could be engineered to achieve any bandigaipe
range of 3.37 to 7.7 eV. However, the solubilityMgO in ZnO is limited in 0 < x

< 0.33 that restricts the band gap to the rangé.3f eV < < 3.99 eV [I]. The
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nonpolar ZnO QW based on ZnO/MZO structures hawn lveported without QCSE
in literatures by MBE %, 3 and laser-MBE 4, §. Photonic devices with nonpolar
ZnO, such as-plane (1120) and+plane (1100), have been proposed to improve the
guantum efficiency suffered by the quantum-confieatrStark effect (QCSE). The
nonpolar QWs structures not only reduce the QCSEctebut also increase the
polarized emission rate.We will grow the more nonpolaa-plane (1120) and
m-plane (1100) ZnO QWs onr andm-plane sapphires with various well widths and
Mg contents. In addition, the surface roughness/dsen the wells and barriers is
also important to the QWs emission. The sharpeiriterface has the more efficient
emission that also benefits for. combining with dpdical cavities. Many interesting
physical properties in nonpolar QWs still. needini@stigae that are about excitons
binding energy, exciton and phonon coupling intéoac phonon coupling with
barriers, localized state, lifetime study, carrieigmamic and design barrier band
engineered, etc.

If high density of excitons is excited in semidaotor materials such that average
separation of excitons becomes shorter than tHigraiglie wavelength of the exciton,
then the excitons as quasi-Bosons would all corelémshe lowest energy state. It
is called the exciton Bose-Einstein condensatesC&8H6]. The excitons BEC
could generate the coherent emission as a laservdte high internal and extraction
efficiencies having extreme low energy consumptioit. is named the exciton
polariton laser that has been recently realize@die single quantum well within a
microcavity at 19K under optical excitation 50 tsnieelow the lasing threshol@][

A lot of polariton BEC effects have been obserwethe semiconductor microcavity
(MC) systems which often combine QWs and MCs toaechk electron and photon
coupling generating polariton, including a bimodedmentum-space distribution with

a narrow peak at zero momentum, long-range offahafy order §,7], spatial
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condensation in a macroscopic trapg], spontaneous symmetry breakiry, [flow
without dispersion 0], and a dramatic increase of coherence as meagsared
first-order and second-order correlation measurésndhl-13. Recently, L.
Sapienzaet al. [14] have realized an electroluminescent device opgyan the
light-matter strong-coupling regime based on a GAl%As quantum cascade
structure embedded in a planar MC. They experialigntiemonstrated that the
electrons can be selectively rinjected into polaritstates up to RT. Intrinsic
decoherence mechanisms in the MC polariton contiersave been studied limited
by the combination of number fluctuations and iattons. 15,1 RT
low-threshold transition to-a coherent polaritoatsthas been observed as polariton
lasing in bulk wide bandgap GaN _MC in the stronggiong regime. 17] The
observation of polariton lasing over such a braawe of temperatures reveals a clear
transition from a kinetic to a thermodynamic regimeh increasing temperature.
Similar to GaN, ZnO is an environmental-friendlydeidirect bandgap semiconductor.
Therefore, dominant exciton emission can be cotlgtabserved in ZnO even at RT.
Due to its fast carrier cooling rate (< 200 f&g|[and high Mott density (3.7 x 10
cm?®, exciton Bohr radius ~2.34 nm) and large Rabittplj of 120 meV 19 that
have been theoretically show that as a consequaittee broadening of the upper
branch by the continuum, Rabi oscillations shoutd be observed in ZnO MCs
which nevertheless remain good candidates for potabased effects (polariton BEC)

involving the lower polariton branch2()
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