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AbStract

Based on semiconductor light-emitting diedes, solid state lighting is a promising
approach'for the realization' of highly efficient white light sources. The Group-III
nitrides matetials provide a great potential of constructing-the multiple quantum wells
which can emitdight in blue and UV region and be used as important sources of white
lighting. However .the asymmetry of the Group-IIL mitrides materials crystalline
structure leads to an undesirable Quantum-Confined Stark Effect (QCSE) which is a
barrier of the recombination of electrons and holes. Besides, guiding the emission
light out of the devices is one another important issue for it determining the total

lighting efficiency by light extraction efficiency.

In this thesis, the epitaxial growth of nonpolar a-plane GaN on trench-patterned
m-plane sapphire and on trench-patterned a-plane GaN template with y-plane sapphire

by MOCVD was performed. The experimental knowledge was first constructed on the



growth mode of a-plane GaN on trench-patterned m-plane sapphire and then applied
to a modified technique, trench epitaxial lateral overgrowth (TELOG) on
trench-patterned a-plane GaN template with y-plane sapphire, and successfully gain
the planar a-plane GaN and the corresponding InGaN/GaN MQWs on it. The critical
growth methods, i.e. the low level of V/III ratio of ~100, growth mode, i.e. the
+c-direction-dominated growth fronts, crystalline quality, i.e. dislocation density
decreasing from 1x10'%m™ to 1x10%m™ at lateral wing region, optical properties
including photoluminescence (PL) and cathodoluminescence (CL) are observed in this

thesis.

A chemical etching t€chniquie based on the KOH solution was applied to the
TELOG a-plane GaN and InGaN/GaN MQWs. The etching conditions including the
temperaturesbetween 100°C and 140 C, the concentration of KOH between 5 wt. %
and 20 wt..% and the etching times: 10min, 20min, 40min, 80min and 160min. This
integration provides air-yoids with specific geometries, i.c. the isosceles triangle or
trapezoid ot the mixed one, in"the nonpolar g-plane GaN. Under investigations, it
provides great amprovement of the light extraction ability at a wide range of direction.
Based on the variedfangle' PL measurement, an approximately 3 times enhancement of
the PL intensity was achieved at the angle from'25 to 50 with respect to the normal
direction of the sample surface. Furthermore, by the combination of the etching
mechanisms and the techniques of substrate engineering, a possible chemical lift-off

process is expected to be established.

The thesis provides an integrated process includes the fabrications of nonpolar
a-plane GaN materials by TELOG and the etching procedures by KOH solution

without extra damages, which would be a powerful solution to enhance the total
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lighting efficiency from the factors of internal quantum efficiency and the light

extraction efficiency at a same time.
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Chapter 1

Introduction

1.1 Perspectives of Group-III Nitrides and Light-Emitting

Diodes (LED)

Starting with the pieneering work of Maruska'es.al. 'on GaN in the late 1960s and

[1.01,.1.02

early 1970s with hydride vapor-phase epitaxial growth land_continuing with

the subsequent major breakthrough by Amano et al. in the 1980s on two-step growth

and p-type GaN/ activation [1.03, 1.04]

, and then by Nakamurasef a/. in the'early to mid
1990s M99 hearly all work on GaN-based matcrials and devices has: been on
c-plane (0001)-oriented layers. Due to the inability to fabricate bulk GaN crystal at
the time of early GaN pioneering work,an area that still remains a major challenge for
nitride reseatch, GaN-based technology, has been«developed on foreign substrates.

The highest quality GaN has been grown in the (0001) orientation on either

(0001)-oriented sapphire or (0001)-oriented 4H-SiC or 6H-SiC.

At the mid-to-late 1990s, Nakamura was making major breakthrough in the
GaN-based materials and devices. At the same time, Resta (119} 3nd Vanderbilt and

Kingsmith ' 112!

were developing the quantum theory of polarization. In their
landmark Vanderbilt and Kingsmith showed that polarization in a sokid is a bulk
property and can be determined quantum mechanically with knowledge of the phase

of the valence electron wave function. Subsequently, Bernardini e al. '"'*! calculated

the spontaneous polarization and piezoelectric constants of GaN, AIN, and InN; this



work is the standard used currently for these important physical properties in

Group-III nitrides.

In 2000, Waltereit et al. in Kaus Ploog’s group at the Paul Drude Institute in
Berlin reported on the first planar nonpolar (10-10) m-plane film on (100)-oriented
y-LiAlO, substrate '], In their breakthrough article Waltereit et al. demonstrated the
absence of internal electric field in m-plane GaN quantum wells with AlGaN barriers.

This work motivated a worldwide research effort in nonpolar and semipolar nitrides.

In 2001~2002; researchers at the UCSB and elsewhere learned that Group-III
nitrides growth, on y-plane~(10-12) sapphire yields a-plane {11-20} film with only
film orientation; however,-previous growth efforts always yielded rough«films with
faceted three-dimensional morphologies > % _Craven ef-aiml'+'?! discovered by
MOCVDigrowth and Ng "% realized by molecular beam epitaxy planar asplane films
on p-plane=(10-12) sapphire. Until recently, the y-plane was the mest, common
orientation for sapphire ‘substrate, and thus Craven’s and Ng’s results provided a

pathway to large-arca low-cost nonpolar films.

In 2005, using defective. m=plane_GaN-based LEDs grown on m-plane SiC,
Gardner et al. demonstrated another interesting feature of nonpolar structure i.e.
polarized light emission !'"'"]. The potential for engineering In;..Ga,N quantum wells
in nonpolar orientations for polarized light emission and detection has been an active

area of research.

During 2005~2006, there was a transformation in nonpolar and semipolar GaN

research. Researcher at Furukawa Company and at Mitsubishi Chemical Corporation

1.18

developed several millimeters thick c-plane GaN boules by HVPE !"'*!. Subsequently,



low defect density nonpolar and semipolar GaN substrate can be prepared by wafering
these boules in a suitable orientation. The group at Rohm and at UCSB has produced
nonpolar and semipolar LEDs that rival the performance of state-of-art c-plane
devices. The Rohm and UCSB groups demonstrated the first nonpolar laser diodes

and the first AlGaN clad-free laser diodes '],

The promise of nonpolar light emitters has now been realized. In the coming year,
we will learn whether nonpolaf| structures will be the ultimate solution for realizing

nitride emitters at many differentwavelengths and for.a variety of electron devices.

1.2 Specific Properties of Group-IIL Nitride (GaN) and LED

Application

The Group-IIl nitrides are a remarkable materials system. With direct bandgap
from 0.7 eV (InN)_through 3.4 eV (GaN) to 6.0 eV (AIN), this materials system has
enable deep ultraviolet (X< 300nm or photon energy >4.1 eV based on high Al
content AlyGa; N quantum wells), ultraviolet (A < 400nm or photon energy > 3.1 eV),
blue (A = 455nm or photon energy = 2.7 eV based on InyGa; (N quantum wells), green
(A = 525nm or photon energy = 2.4eV) emitters based on InyGa; 4N quantum wells,
and longer wavelength light-emitting diodes. No other materials system offers the

range of direct bandgap.

Prior to the development of the nitrides as optoelectronic materials, there were no

efficient ultraviolet and blue LEDs. Devices based on Group-III nitrides perform well



despite the threading dislocation densities typically in excess of 10° cm™ in
comparison to conventional III-V materials such as GaAs, where the dislocation
densities are typically 10* cm™ or less. However, when the nitrides are remarkably
robust against oxidation, they are mechanically hard and show no evidence for
extended defect motion at standard operation temperatures. GaN-based LEDs feature
prominently in colored lighting application, such as green traffic light. When blue
LEDs are combined with a yellow-emitting phosphor, white light is produced; thus
GaN has become the material that enabled the field of solid-state lighting. Violet
GaN-based laser diodes operating at a wavelength of 405nm are already in broad use

in high definition eptical data storage.

Through the mid-to-late=1990s, there was a broadening realization of the
importancesof piezoelectricity and polarization-in Group-III nitrides ''*%#*!. Since
the wurtzite structure (hexagonal, space group P6;mc, point group..6mm) is
noncentrosymmetric i.e. absence/of inversion symmetry, it is polar, with spontaneous
polarization’ occurting parallel” to the =c-axis.. Polarization-related effects are a
dominant feature in common c-axis GaN-based heterostructures rand a major
differentiating feature of the wurtzite Group-III nitridés from other well-developed

semiconductors, such as silicon or galliumarsenide.

For light emitting diodes based on GaN barriers and InyGa;xN quantum wells,
the fixed charge at the heterostructure cause large electric field normal to the quantum
well plane that are in the opposite sense to the polarization-related electric fields in
Al xGayN/GaN system. The difference in spontaneous polarization between
InyGa; 4N and GaN is small, but the InyGa; N layer are coherently strained and large

internal electric field result in c-plane InyGa; N quantum wells, as shown in figure



1.01, which were produced by self-consistent solutions to the Schrodinger and
Poisson equations. In optoelectronic devices such as LEDs, the InyGa; N quantum
wells are placed in the depletion region of a p-n diode such that injected electrons and
holes are captured by the quantum well without recombination in the surrounding
materials. These internal polarization-related electric field causes spatial separation of
electron and hole wave functions. When the electron and hole wave functions are
spatially separated due to the internal polarization-related electric field in the quantum
well (quantum-confined «Statk effect '[QCSE]),  the likelihood of a radiative
recombination event, which-yiclds the desired photon, is. reduced, and thus there is
increased likelihood of the injected electrons or holes to nonradiatively recombine and
the energy is squandered as.heat. . Thus, the polarization-related electrie fields are seen

to reduce efficiency in nitride LEDs and laser diodes.

The_challenges associated with pelar heterostructure in the nitrides. could be
avoided entirely by growth in_nonpolar orientation (i.e.. with the c-axis of wurtzite
structure parallel to any heterojunction). Due t6 the“crystal symmetry, there would be
no polarizationddiscontinuity to at the heterointerface. The low index a@=plane {11-20}
and m-plane {10-10} narew. candidate orientations for . fabricating nonpolar

heterostructures.

The absence of the polarization field effect in nonpolar quantum wells was
confirmed by the distinctly short rediative lifetime of m-plane AlIGaN/GaN quantum
wells compared with the c-plane radiative lifetime because in the nonpolar quantum
wells, the electron an hole wave function have strong overlap, whereas in the c-plane
quantum wells, the wave functions are spatially separated !''*. At the same time, the

cathodoluminescence peak energy of m-plane quantum well was higher than that of



c-plane quantum well, which was explained purely by the quantum size effect. After
the finding, a similar absence of the QCSE has been reported for a-plane AlGaN/GaN

quantum wells in a-plane GaN !¢ 124,

1.3 Motivation and Organization of the Thesis

Light emitting.diodes (ILEDs), in particular thexGroup-1lI nitride LEDs, have
advanced from‘being dow-power indicators ;to-highspower, high-brightness lighting
sources. Tosharness the full-potential of it for next-generation solid-state lighting,

further increasing in the quantum efficiency is required.

The'lighting efficiency of LEDs is_determined by mainly| two most important
factors: the internal quantum efficieney and the light extraction/ efficiency. The
internal quantum efficiency is<defined as the ratio .of the number, of injected
electron-hole "pairs \to.that of gencrated electrons. The light extraction efficiency is
defined as the ratio of the number of generated photons.to the number extracted from

the devices.

As the aforementioned, quantum-confined Stark effect (QCSE) plays an
important role in the realm of the Group-III nitride LEDs, especially the InGaN/GaN
based LEDs. The nonpolar Group-III nitride materials have approved to overcome the
effects of internal electric fields which are caused by the asymmetry of the Group-III
nitride crystalline structure. In this thesis, the first part of the research is focusing on

the MOCVD growth techniques and the substrate engineering to try to realize a



nonpolar, high quality nonpolar a-plane GaN on the patterned m-plane sapphire. The
results are available in chapter 4. Properties including the substrate engineering
method, MOCVD growth modes, and crystalline quality inspection of a-plane GaN,
the defects distribution and optical properties of the a-plane GaN epitaxy are
investigated in detail. The experiments in this chapter give great learning of the senses

and are a critical guidance to the further experiments.

Still we pay attention te the monpolar a-plane GaN. In chapter 5, a complete
planar a-plane GaN. on patterned a-plane GaN tamplates on.y-plane sapphire by
techniques of trenched epitaxial lateral.overgrowth (FELOG)us achieved. And at the
same time InGaN/GaN multiple quantum wells (MQWSs) are grown on it. As the same
in chapter4, the substrate~engineering methods, the MOCVD growth modes, the
inspections=of crystalline qualities including SEM,;  XRD and TEM rimages are
available. Meanwhile, optical properties-including PL and CL of'the a-plane GaN and

the InGaN/GaN MQWs are measured.

So far, by the experiments and results in chapter 4 and 5,.the polarity issues of
Group-III nitride materials, have been overcome. However, the light extraction
efficiency is still a problem. Mostof the generated photons remain in the LED owing
to total internal reflection at its surface, arising because of the large refractive index
difference between the semiconductor and air. This causes the ultra-low light

extraction efficiency and leads to a low external quantum efficiency.

The fact strongly indicates that some air-voids in the Group-III nitride materials
especially the interfaces of different materials would make improvements to the light
extraction efficiency at a certain level. Thus we introduce some air-voids into the

TELOG a-plane GaN and expecte it would help in modifying the light-propagation
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direction and helps more photons to leave the devices and thus increasing the

light-extraction efficiency.

Although there are various competitive methods for improving light extraction
efficiency in LEDs, including the introduction of surface roughness, the use of a
patterned substrate and chip shaping, here in chapter 6 of the thesis we use

KOH-ethylene glycol solution to enlarge the initial voids in the a-plane GaN which

was formed during the MO 'ELOG techniques. The etching

mechanisms under di he etching rates have
been determine o~ air-voids on the
enhanceme 1 V1 ssfully. achieve the

redistributio f i SS 3 i i ¢ the emission

intensity

Brief.conc ill fulfill

the related ex \ ] esults in this

thesis.
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Chapter 2

Experimental Apparatus

2.1 Sapphire Substrate

The crystal lattice of crystalline sapphire.is formed by AI’" and O”” ions. If the
O” anions are depicted ‘@s balls, ‘the crystal lattice takes 'the form of their closest
hexagonal packing, in figure 2.01. The AI’" cations are located inta crystalline field
that has no symmetry center.(due.to.crystal lattice distortions). These cations lie in the
octahedral hollows betweeri the closely packed ‘O° ionsy, filling two thirds of these
hollows. The octahedron hollow is surrounded by.six balls. If the radius of each is
taken as awnit, then the hollow contains a ball with a relative radius of 0:41. Due to
the ratio of the ionic radii of O andAl’ (equal to 1.40.and 0.57 A, respectively), the
cations are located within the hollows of the anion packing. They slightly distort the

lattice, but do not fall outside the stability limits of the octahedron position.

Lattice parameters, or hexagonal lattice constants of crystalline sapphire are a =

b and c, and the interplanar distances are given by the equation 2.01
du =1/ [(4/36>)(W*+i+hk) + (1+1/A) P (2.01)

The values of the interplanar distances are presented in Table 2.01. The lattice
parameters increase with increasing temperature. At 295.65K a=4.759213A,
c=12.991586 A ! and the ratio ¢/a=2.729776 far exceeds that of a crystal with

ideal hexagonal packing (8/3)"°=1.633. Precise measurements of the temperature
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dependence of the lattice parameters within 4.5~374K temperature range in figure

2.02 were carried out using °’Fe Mssbauer radiation %%,

Cleavage in sapphire arises at the intersections of a pair of parallel nets formed
by anions. Nets with like charges reduce attractive forces. The larger the distance
between the nets, the more vividly the cleavage manifests itself. In a perfect crystal
the plane of chipping must pass between these nets. In the basal plane with
interchanging O—-Al-Al-O—-Al-Q layers there are no conditions for cleavage, whereas
in the plane (10-11) with interchanging O—O-Al-O=Al-0-0—0-AI-O-Al-O layers

the bonds between the layers O—O located.at a distance’of 1.06.A are weakened.

Sapphire does not have-such-a vivid:cleavage as diamond and other erystals. For
a long period of time, sapphire was considered to_exhibit-mo- cleavage at all.
Theoretically, it has nine cleavage planes. Six planes are parallel to the facets
{11-20}and+{10-11}, and to the c-axis; three planes are parallel to the facets {10-11}
and inclined to the c-axis'at an angle of 33°, the normal vectors to them make an angle
of 57° with the C-axis. Crystals with a small quantity of dislocations and which do not
contain blocks may have, perfect cleavage in the plane<of. the morphological
rhombohedron {10-11}. However;when block-containing and stressed crystals grown
by the Verneuil method are chipped ‘along the prismatic planes, mirror chips with
steps of several atomic parameters are often observed as in figure 2.03. To achieve
more desirable chipping of these crystals, the direction of the c-axis is set at an angle
57° to the crystal growth axis at the location of the prism and rhombohedron planes,

as shown in figure 2.03 %%,

The energy required for destruction along the plane {10-11} is 6 J/m®, whereas

2.04

for the basal plane the corresponding value is more than 40 J/m* %, Shown by the

13



estimation of the surface energy of the planes, considered to be defined by the
quantity of free bonds per unit of surface, the minimum quantity of such bonds

corresponds to the plane (10-11) %1,

The shape of natural crystals usually has the following facets (denoted by the
most often used literal symbols): ¢(0001), a{11-20}, 7 {10-11}, n{22-43}, m{10-10},
s{02-21}, s{22-43}, R{01-12}, p{11-23}(figure 2.04) and others. The symbols of
crystallographic planes in theamorphological and the structural classification systems,
the stereographic projections of sapphire for some planes are given in Tables 2.02 and
2.03. Besides the main crystallographie.planes, tens of others exist which have their
own symbols. The/main forms With their spherical coordinates are presented in Table
2.04. The planes that are most-often encountercd in the practice of sapphire usage are
shown in/Fig. 2.05."The plane (1012) is inclined.to (0001) plane at an angle'of 57°36°,
while with.the plane (1120) it makes an angle of 32°24°. The angles between the

normals to the facets of sapphireare given in Table 2.05.

2.2 Metalorganic Chemical Vapor Deposition (MOCVD)

Metalorganic Chemical Vapor Deposition (MOCVD) is the most common
epitaxial technique used in both industry and research. It has the benefit of high
growth rate on large area wafers. One problem with MOCVD is that it requires
complicated and sometimes vary hazardous gases in order to produce the epitaxial
layer. Compound semiconductors are grown from the surface reaction of organic

compounds or metalorganics and hydrides containing the required species. In growing
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GaN hydride mixture containing ammonia and trimethyl-gallium (TMGa), highly
diluted by hydrogen or nitrogen, is led into the reactor separately. Figure 2.06 shows a
schematic drawing of the MOCVD subsystem. The vapor pressure of the MO source
is a function of temperature. By placing the MO bottle in a bath containing a mixture
of water and glycol, the vapor pressure can be controlled over a wide range of
temperature. The carrier gas is “bubbled” through the MO liquid and transport into the
line. The amount of vapor transported into the line depends on the flow rate of the
carrier gas ( @.), the pressure in the bottle (Pp) and the vaper pressure P,,, of the MO
( @mo). When growing epitaxial films in the reactor, it isiof great importance to know
how much source material is introduced. Since the volume and the temperature of the
source bottle is.constant, the perfect gas law canibe used to determine the flow rate of
MO ( @nmp)--During a time interval At, @yo: At o n moles of source materialis defined

from the bottle. According to the perfect gas law

om0 De

— = constant — = —

b Pvap Ps (202)

where P, is the partial pressure of the carrier gas in the bottle. Tn»the gas panel
configuration shown in figure:2.06, the pressure in the bottle .is controlled from the
following line. The partial pressure of the source gas can be expressed as P.= P —
P4 Inserting into equation 2.02 the flow rate of the MO (in cm’/min) can be

evaluated.

The precursor molecules NH3 and TMGa are fed in separately into the reactor
chamber. In the reactor reactions take place both on the wafer and before the

molecules reach the wafer. Formation of the epitaxial layer occurs by the reaction

Ga(CHs); +NH; — GaN + CH, (2.03)
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Figure 2.07 illustrate the growth process with impinging precursors and rest
products. Due to the low cracking efficiency of ammonia and adatom mobility the
growth of GaN is carried out at very high temperature around 1000'C ~1100°C to high
crystalline quality. Many of the difficulties involving the growth of GaN are due to the
high volatility of nitrogen. The pressure of nitrogen in the vapor must not be below a
certain value to produce the solid without other phases. If the pressure is too low, a Ga
liquid phase is formed resulting in droplet formation on the surface of crystal (GaN +

3/2H, — Ga + NHj). An' alternative ‘precursor' to/ NH3 for atomic nitrogen is

[2.06] 2.07]

dimethyl-hydrazine . Tt-has successively been used. for growth of GaN *7],
Dimethyl-hydrazineé has a relatively low decomposition temperature compared to

NH3. At 420°C it decompose up1o 50% =% while NH3 only. 15% at 950°C >,

One'thing to be mentioned is that MOCVD is adiffusion controlled process, as
the region Il in figure 2.08. This regime-appcars at moderate temperatures..Compared
with the chemical reaction regime the mass transport rate of the reactant gaseous
species is much lower than that of the chemical-reaction; i.e. hg << ks. The coating
growth is limited by the mass transport from the bulk gas to the substrate surface. In
this case a steep concentrationigradient within the boundarylayer is generated and the

reactant gaseous species are nearly consumed on the substrate surface.

In this regime, the temperature dependence of the growth rate becomes mild,
which is attributed to the gaseous species diffusivity. The growth rate of the coating
increases linearly with the partial pressure increasing of the reactant gaseous species
(Preact), Which is confirmed through experimental work as shown in figure 2.08. The
growth rate is inversely proportional to the total pressure in the system. The mass

transport rate can be considerably enhanced through a decrease in the total pressure.
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This is the main reason that most CVD processes are operated at reduced pressures.
An increase in the gas velocity in the bulk is useful to reduce the thickness of the

boundary layer and, hence, results in a more rapid growth rate of coatings.

For the growth of monolithic materials the high growth rate is much more
important than the thickness uniformity from an economical view. The MOCVD
processes are often performed in the mass transport regime. The higher processing
temperatures are used for thermal gradient CVI and forced CVI processes in which

fast growth rates are.needed to.-ensure the rapid densificationof the composites.

2.3 Inductively Coupled Plasma Reactive lon Etching

(ICP-RIE)

It has been demonstrated that conventional RIE is-perfectly capable of etching
sub-100 nm structures.»The only limitation is its relatively dlow etch rate, which is
normally less than 200/ammin:’ for Si. The etchingfate-ift RIE directly depends on
plasma density. For the conventional RIE system as shown in Figure 2.09, plasma
density increases with increase of RF power. However, increasing RF power will also
increase the self-biasing voltage on the cathode where the etching sample is situated.
The consequence is the increase of ion bombardment energy, hence deterioration of
etching selectivity. This becomes a particularly serious problem in sub-100 nm RIE,
because the masking layer is always thin to enable photon or e-beam patterning of

polymer resist at sub-100 nm feature dimension.
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Inductively coupled plasma (ICP) system has cleverly solved the problem. In an
ICP source, the plasma generation is separated from etching chamber, as shown in
Figure 2.10. Radio frequency power is coupled into plasma chamber by an induction
coil from outside. The sample stage is connected to a second RF power source as an
auxiliary RF source to enhance the production of plasma. Electromagnetic field
generated by inductive coupling coil can sustain electron cycling movement in plasma
for a long period, which has greatly increased ionization probability while keeping the
pressure low in the etching chamber. As the 'sample stage has an independent input of
RF power, the self-biasing voltage can be independentlycontrolled. Therefore, an ICP
system can produce’ very high plasma 'density’ (>5x10"cm™) compared to
conventional RIE/(10°~10"-cmi>), as wéll as maintain low ion bombardment energy.
The conflict. between highplasma density and high-etch selectivity encountered in
conventional RIE systems has been resolved. With such high plasma density and high

etching selectivity, high etching rate and deep RIE (DRIE) become possible.

ICP-RIE has been. widely used for etching” other materials, especially the
[II-nitride semiconductoers. The ICP with high plasma density offers much higher etch
rate and selectivity{than it iSupossible by conventional RIE. For example, GaN or
sapphire is known to be difficult to etch. With a conventional RIE, the etch rate is less
than 5nm min'. Using an ICP-RIE the etch rate is nearly 10 times enhanced.
Inductively coupled plasma systems are widely used to etch III-V semiconductor
materials which are of great importance in high frequency and optoelectronic

applications currently.
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2.4 Potassium Hydroxide (KOH)-Ethylene Glycol Solution

Potassium hydroxide is an inorganic compound with the formula KOH. Along
with sodium hydroxide (NaOH), this colorless solid is a prototypical "strong base". It
has many industrial and niche applications. Most applications exploit its reactivity
toward acids and its corrosive and etching nature to many materials including the GaN
semiconductors. Potassium hydroxide eangbe found in pure form by reacting sodium
hydroxide with impure potassium. Potassium -hydroxide is usually sold as translucent
pellets, which will.become tacky in air because KOH 1s hygroscopic. Consequently,
KOH typically contains..varying..amounts of water (as well as carbonates). Its
dissolution in water is strongly exothermic, meaning the process gives off significant
heat. Concentrated-aqueous solutions are sometimes called potassium lyes. Even at

high temperatures, solid KOH does not dehydrate readily =%,

Approximately 121g ofKOH will dissolve in 100 ml of water at room
temperature (compared with 100 g of NaOH 4n the same volume). Lower alcohols
such as methanol, ethanel, ethylene glycol and propanol are'also excellent solvents.

The solubility in ethanel is about40.g¢ KOH/100 ml:

In the experiments for the thesis, the solvent chosen for KOH is ethylene glycol.
Ethylene glycol, with molecular formula C;H¢O,, density 1.1132g/cm’, melting point
240K (-12.9°C) and most important of all, boiling point 470K (197.3°C), is perfectly
suitable to make the KOH- ethylene glycol solution to the concentration of >30% and
heat up to >140°C. At the same time, the high boiling temperature protects the
solution from evaporation seriously at high temperature and maintains the

concentration of KOH at a relatively stable level. The properties of viscosity of
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ethylene glycol is 1.61x107°N - s/m?, which do not hinder the solution from flowing

into the specifically designed structure in the experiment.

One more thing to note is that the ethylene glycol enhances the etching rate of
GaN, excepting the higher boiling point, by the higher solubility of Ga;Oj; in it. The
faster the product during GaN etching process is dissolved, the faster the etching rate
performed. The easily-prepared, low-temperature KOH-ethylene glycol solution
provides a relatively higher| etching rate to /GaN than that of extremely

high-temperature molten KOH.

2.5 Scanning Flectron-Microscopy (SEM)

It is worthwhile to understand the technique and type of instrument of SEM.
Very simply; the SEM scans a sample with a®beam of electrons that interact with the
sample. Some of those electrons and”other electrons generated during.this process
escape from the sample and reach a detector. The.number of electrons that reach the
detector at each point on the sample depends on the topology of the sample and the
atomic weight of the atoms.at the surface, and these.variations in signal strength lead

to image formation.

A SEM column consists of an electron gun, one or two condenser lenses, an
objective aperture, and an objective lens >, The electron gun produces a source of
electrons and accelerates the electrons to energy of 1~30 keV. This occurs in a
vacuum environment ranging from 10 to 10 Torr. The electron lenses in the
column are used to demagnify the image of the gun crossover and focus a final spot

on the specimen on the order of 1 nm~1 um with a beam current in the range of
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IpA~1pA. The condenser lens controls the amount of demagnification and the probe
forming or objective lens focuses the final probe on the specimen. A schematic of a

typical SEM is shown in Figure 2.11.

The lens and aperture system in the column provide control of the beam through
manipulation of the probe diameter, probe current, and convergence angle. These
three parameters can be controlled and used to achieve high depth-of-field,
high-resolution, or high beam current-for x-ray microanalysis. A small convergence
angle is needed for high depth-of-field imaging and can be obtained with a small
objective aperture.and a long working distance. High resolution imaging requires a
small probe size which can.be. obtained with ‘asstrong condenser lens; an objective
aperture, and a short working-distance. Finally, x-fay microanalysis .may require
higher beam currents which can be obtained by weakening the condenser lens and

removing the objective aperture.

The interactions between.the electron beam and the specimen‘inia SEM are the
source for a wide variety.of signals that can be collected and used te characterize the
sample as in figure 2.12. The electron beam-specimen  interactions are a result of
elastic and inelastic scattering processes that occur simultaneously within the sample.
The region in which the electrons interact with the specimen is called the interaction
volume. The interaction volume can extend from a few nanometers to a few microns
below the surface depending on the beam and sample parameters. Elastic scattering
events produce large angular changes in the trajectory of the beam electrons inside the
sample, but result in little or no change to the energy of the electron, thus giving rise
to the overall shape of the interaction volume. Elastic scattering primarily gives rise to

backscattered electrons (BSE). Inelastic scattering events result in the transfer of
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energy from the beam electrons to the tightly bound inner-shell electrons and loosely
bound outer-shell electrons of the atoms in the specimen with very little angular
change in the trajectory of the beam electron. During a single inelastic scattering
event the beam electron can transfer an amount of energy ranging from less than 1 eV
to the full energy carried by the beam electron. Inelastic scattering limits the range of
the electrons within the specimen by eventually reducing the electron energy to zero.
Inelastic scattering gives rise to phonons (lattice vibrations), plasmons (electron
oscillations), auger electrons, characteristic X-rays, /continuum Xx-rays, secondary
electrons (SE), and electron-hole pair (EHP) generation."EHP géneration in a material

with a bandgap 1s the basis for the EBIC and CL signals.

Therincident electrons interact with a certain volume of the sample called the
interaction volume. There are numerous analytical expressions that have been used to
model the size and shape of this interaction ' volume, which will not be covered here.
The interaetion volume depends on a number of factors, including the béam energy,
the atomic number of the specimen, and the angle“the incoming probe beam makes
with the sample surface. The number of backscattered and secondary electrons (BSE
and SE) produced will'depend.on these parametersrand others such as the topology of
the sample, and will result in the image contrast observed. Several detection systems

are depicted in figure 2.13 and 2.14.

2.6 Scanning Transmission Electron Microscopy (STEM)

High-resolution STEM capabilities are needed in order to overcome the SEM
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resolution limits created by the interaction volume in bulk samples. Originally, STEM
capabilities were achieved by using convergent-beam TEM in spot mode. In the
traditional TEM mode, two condenser lenses are adjusted to illuminate the specimen
with a nearly parallel beam of electrons. The transmitted electrons are then focused by
the objective lens to form a real image. Convergent-beam TEM in spot mode uses a
series of condenser lenses to demagnify the original gun crossover to a spot on the
specimen *'?!. Scan coils can then be used to move the spot across the specimen. A
TEM with scanning capabilifies is often referred to.as a'STEM in the literature ',

In a dedicated STEM, the optical design is more closely related to a SEM than a
TEM. A source of electrons is produced by an electron gun and accelerated to an
energy of approximately 200~400keV. In a cold Field Emission STEM (FESTEM),
the initialyerossover is on the“order of 5.0 nm. The«vacuum 1s capable-of reaching
1.0x10"® Paseal in the electron gun and approximately 3.0x10° Pascal in the specimen
chamber."The optics system focuses the electron beam to a final spot on the sample on
the order of0.5 nm with a béam current of approximately 1 nA /& While bulk
specimens can'be analyzed in.a SEM, a thin samiple on the order of hundreds of
nanometers is used for STEM analysis. The high energy<electron beam and thin
sample decrease the size of'the interaction volumé and improve the resolution. As
discussed in Section 2.5, several signals including SE, BSE, x-rays, photons, and
EHPs are produced from the interaction volume that is created within the thin
specimen and can be detected and used for imaging. In addition, the transmitted
electrons can be detected with a high-angle annular dark field (HAADF) detector or a
bright field (BF) detector. The HAADF detector is an annular detector placed
concentrically about the post-specimen optical axis. The HAADF detector detects
transmitted electrons that have been scattered through high angles. The acceptance

angle of the HAADF detector is typically between 50mrad~200mrad, but can often be
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controlled with a projector lens. HAADF images are often called “Z-contrast” images

because the cross section for Rutherford elastic scattering is proportional to Z* *!*

2] Therefore, high-Z regions of a specimen would scatter more electrons and have a

(212,2.13] 'The BF detector is an axial detector that

higher intensity than low-Z regions
is usually placed after the HAADF detector and detects transmitted electrons that have

undergone low angles of scatter.

2.7 Transmission Electron Microscopy (TEM)

The transmission eleetron=microscopy. (TEM) is, used to  characterize the
microstructure of imaterials. with.very high spatial reésolution. Information about the
morphology, crystal structure and defects; crystal phases and compesition, and
magnetic microstructure can be obtained by a combination of electro-optical imaging
(2.5A point resolution), electron. diffraction;~and-smalls probe /capabilities. The
trade-off for.this diverse range.of structural information-and high reselution is the

challenge of producing, very thin samples for electron transmission.

The TEM uses a high' energy clectron beam transmitted through a very thin
sample to image and analyze the microstructure of materials with atomic scale
resolution. The electrons are focused with electromagnetic lenses and the image is
observed on a fluorescent screen, or recorded on film or digital camera. The electrons
are accelerated at several hundred kV, giving wavelengths much smaller than that of
light: 200kV electrons have a wavelength of 0.025A. Unfortunately, whereas the
resolution of the optical microscope is limited by the wavelength of light, that of the
electron microscope is limited by aberrations inherent in electromagnetic lenses, to
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about 1~2 A.

Because even for very thin samples one is looking through many atoms, one does
not usually see individual atoms. Rather the high resolution imaging mode of the
microscope images the crystal lattice of a material as an interference pattern between
the transmitted and diffracted beams. This allows one to observe planar and line
defects, grain boundaries, interfaces, efc. with atomic scale resolution. The
bright-field/dark-field imaging' modes of the microscope, which operate at
intermediate magnification, combined with electron diffraction, are also invaluable for
giving information about the morphology;.crystal phases, and defects in a material.
Finally the ;microscope is equipped with a special imaging lens allowing for the

observation of micro-magnetie-domain structurcsin a field-free environment.

The!TEM is also capable of forming a focused electron probe, as small as 20A,
which can-be positioned on very fine features in the sample for micro-diffraction
information or analysis of x-raysfor compositional information. The latter is the same
signal as thatused for. SEM composition analysis, where the resolution is on the order
of one micron due to beam spreading in the bulk sample: The spatial resolution for
this compositional analysis in TEM. is much higher; on the order of the probe size,
because the sample is so thin. Conversely the signal is much smaller and therefore less
quantitative. The high brightness field-emission gun improves the sensitivity and
resolution of x-ray compositional analysis over that available with more traditional

thermionic sources.

Sample preparation for TEM generally requires more time and experience than
for most other characterization techniques. A TEM specimen must be approximately

1000A or less in thickness in the area of interest. The entire specimen must fit into a
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3mm diameter cup and be less than about 100 pm in thickness. A thin, disc shaped
sample with a hole in the middle, the edges of the hole being thin enough for TEM
viewing, is typical. The initial disk is usually formed by cutting and grinding from
bulk or thin film/substrate material, and the final thinning done by ion milling. Other
specimen preparation possibilities include direct deposition onto a TEM-thin substrate
(Si3N4, carbon); direct dispersion of powders on such a substrate; grinding and
polishing using special devices (t-tool, tripod); chemical etching and electro-polishing;
lithographic patterning of walls and pillars for eross-section,viewing; and focused ion

beam (FIB) sectioning. for site specific samples.

Artifacts are common il TEM samples, due both to the thinning process and to
changing the form of the eriginal-material. For example surface oxide films may be
introduced-during ion milling and the strain state ofa thin film may change if the
substrate_1s. removed. Most artifacts.can €ither be minimized by .appropriate
preparation techniques or be systematically identified and separated from real

information

2.8 Photoluminescence Spectroscopy (PL) and

Cathodoluminescence Spectroscopy (CL)

When a solid is supplied with a certain type of energy it may emit photons, or
undergo a process called luminescence. The luminescence process can be categorized
according to the excitation source. Photoluminescence (PL) is due to photon

excitation, chemiluminescence is due to energy supplied by a chemical reaction,
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thermoluminescence is due to energy supplied by heating, electroluminescence is due
to excitation by application of an electric field, and cathodoluminescence (CL) is due
to excitation by an electron source. The mechanisms leading to the emission of light
in a solid are similar for the different types of excitation sources described above and

can provide complimentary information '+ 1%,

Photoluminescence (PL) depends on the nature of the optical excitation. The
excitation energy selects.the initial photoexcited state and governs the penetration
depth of the incident light. The emission signal “depends on the density of
photoexcited electrons, and the intensity of the incident beam can be adjusted to
control this‘parameter. When.the type or'quality.of material under investigation varies
spatially, sthe' PL. signal will“change with ‘excitation position. In ‘addition, pulsed
optical excitation provides a powerful means_ for studying transient phenomena. Short
laser pulses produce virtually instantaneous’ excited populations, after which the PL

signal canbe monitored to determine recombination rates.

PL is simple, versatile, and nondestructive. The instrumentation that is required
for ordinary PL work is medest: an optical source and-a spectrophotometer. A typical
PL set-up is shown in Figure' 2.15" Because the measurement does not rely on
electrical excitation or detection, sample preparation is minimal. This feature makes
PL particularly attractive for material systems having poor conductivity or
undeveloped contact technology. Measuring the continuous wave PL intensity and
spectrum is quick and straightforward. Instrumentation for time-resolved detection,
such as single photon counting, can be expensive and complex. Even so, PL is one of

the only techniques available for studying fast transient behavior in materials.
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The advantages of PL analysis derive from the simplicity of optical
measurements and the power to probe fundamental electronic properties. The chief
drawback of PL analysis also follows from the reliance on optical techniques: the
sample under investigation must emit light. Indirect-bandgap semiconductors, where
the conduction band minimum is separated from the valence band maximum in
momentum space, have inherently low PL efficiency. Nonradiative recombination
tends to dominate the relaxation of excited populations in these materials. This
problem can be augmented by poor surface quality, where,rapid nonradiative events
may occur. Nevertheless, once a PL signal is detected, it.can be used to characterize

both radiative andmnonradiative mechanisms.

The"choice of excitation-is-critical in PL_measurement. The excitation energy
and intensity will have profound effects on the PL signal. Although the éxcitation
conditions.must be considered carefully, the strength of the 'PL technique relies
heavily on the flexibility that these<adjustable parameters provide. Because the
absorption of most materials depends on energy, the penctration depth of the incident
light will depend on. the excitation wavelength. Hence, different excitation energies
probe different regions of.the.sample. The excitationsenergy also selects the initial
excited state in the experiment. Because lasers are monochromatic, intense, and
readily focused, they are the instruments of choice for photoluminescence excitation.
A relatively inexpensive He-Cd or diode laser will often satisfy the basic requirement
of light exceeding the bandgap energy. In more demanding experiments, the laser is

chosen carefully to probe a particular depth or to excite a particular species.

Cathodoluminescence (CL) is a SEM-based technique that can be used for the

characterization of semiconductor materials and devices. SEM-based and CL can
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provide information on the concentration and distribution of luminescent centers,
distribution and density of electrically active defects, and electrical properties
including minority carrier diffusion lengths and lifetimes. CL is the emission of light
as the result of electron or “cathode-ray” bombardment. The CL phenomenon was
first reported in the middle of the 19th century during experiments on electrical
discharges in evacuated glass tubes. Luminescence was observed when cathode rays

2142131 The observation of luminescence due to cathode ray

struck the glass tubes !
bombardment eventually led the JJ. Thomson:to.the discovery of electron in 1897.
Now, CL is widely“used in-cathode-ray tubebased instruments/such as oscilloscopes,

televisions, and electron microscope fluorescent screens %'+ >3,

The:€L signal is generated by detecting photons, in the ultraviolet'to infrared
range, that are emitted as a result of electronic transitions between the conduction
band and wvalence band, between levels<due to impurities and defects in the
fundamental gap, or between<impurity and defect levels and the valencesband. The
transition energies and probabilities can be affected by external perturbations, such as
stress and electric fields:, CL analysis performed in an electron microscope can be

divided into spectroscopy and.microscopy.

In CL microscopy, luminescence images or maps of areas of interest are
obtained by a scanning or parallel beam. In panchromatic CL imaging the combined
intensity of all CL wavelengths within the response of the detector are used to create
the image. In monochromatic CL imaging, the light is coupled into a monochromator

and CL images can be created from a selected wavelength bandpass 1'% "%,

In direct band gap semiconductor materials, the minimum of the conduction
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band and the maximum of the valence band occur at the same momentum value in an
energy versus momentum plot. Momentum is conserved in direct band gap transitions
and the transitions appear vertical on energy versus momentum plots. In these
materials, the most likely radiative transitions are between the filled states of the
conduction band minimum and the empty states of the valence band maximum. If the
material is an indirect band-gap material, the maximum of the valence band and
minimum of the conduction band do not occur at the same momentum value, and
therefore phonon participation is required to ‘conserve momentum. The recombination
of electrons and holes.results’in the simultaneous emission of a‘photon and a phonon.
Since the probability of this process is lower than direct transitions; intrinsic emission
is relatively weak/.compared.to.extrinsic lumineSeence in an indirect band gap material.
A simplified’ set of radiative“transitions that lead to luminescence -emission in
semiconductors containing impurities is shown inFigure 2.16 and a description of

each process follows.

Process ' produces intrinsic luminescence due to. direct recombination between
an electron in the.€onduction band and a hole in the valence band and results in the
emission of a photon.with energyrelose to that.ef the band gap. The recombination
may occur from states close ‘to 'the corresponding band edges, but the thermal
distribution of carriers typically leads to a Gaussian shaped spectrum with the peak

corresponding to the transition with the maximum electron and hole concentrations

[2.14,2.15]

Process 2 is excition decay that is typically observable at lower temperatures.
An excition is a bound electron-hole pair and excitionic states exist just below the

conduction band. In most III-V compounds, recombination emission of the excitonic
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state produces photons of energies approximately equal to the band gap of the
semiconductor; therefore this process can also be considered an intrinsic process. The
intrinsic luminescence band is often referred to as the near-band-gap band because
excitons and shallow recombination centers may contribute to the emission at room

temperature ' 1],

Process 3, 4, and 5 correspond to transitions that start or finish on localized
states of impurities within.the band.gap, such asidonors or acceptors. These transitions
produce extrinsic luminescence. Transitions between deep donor and deep acceptor
levels can lead to.emission with photon energies significantly below the band gap.
Shallow donor or acceptor.levels can be very: close to the conduetion band and
valence bands. For example; silicon is a shallow donor in gallium nitride located

d P Transitions that occur

approximately 20 meV below the conduction ban:
between a shallow donor and aceeptor states or between donor and acceptor states and
the conduetion band or valence bands may be difficult to distinguish from intrinsic
luminescence.«In. these ' cases,. CL measuremients can _be performed. at cryogenic
temperatures using liquid. nitrogen or liquid helium as a cryogen. CL spectra can be
sharpened into lines and series ofilines corresponding to transitions between well
defined energy levels due to a reduction in the thermal excitation of carriers. There is
also an increase in the CL intensity as the temperature is lowered because radiative
recombination becomes more favored as compared to the competing non-radiative
recombination. An additional advantage of performing CL at cryogenic temperatures

is the reduction of electron bombardment damage *'* 1.
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2.9 X-ray Diffraction (XRD)

X-rays are electromagnetic radiation with typical photon energies in the range
of 100 eV~100 keV. For diffraction applications, only short wavelength x-rays in the
range of a few A to 0.1 A (1 keV~120 keV) are used. Because the wavelength of
x-rays is comparable to the size of atoms, they are ideally suited for probing the
structural arrangement of atoms and molecules in a wide range of materials. The
energetic x-rays can penétrate deep into-the materials‘and provide information about

the bulk structure:

X-raysrare produced-generally by either x-ray tubes or synchrotrontadiation. In
an X-ray, tube, which [is-the-primary™ X-ray source used 'in laboratery X-ray
instruments, X-rays are generated when a focused cléctron beam accelerated across a
high voltage field bombards a stationary or.rotating solid target."As electrons collide
with atoms.in the target and slow down, a continuous spectrum of X-rays-are emitted,
which are termed Bremsstrahlung radiation. The high energy electrons also eject inner
shell electrons in atoms through the ionization process. When aftee electron fills the
shell, a x-ray photon/with.energy. characteristic.of the target material is emitted.
Common targets used in x-ray tubes include Cu and Mo, which emits 8 keV and 14

keV X-rays with corresponding wavelengths of 1.54 A and 0.8 A, respectively.

X-rays primarily interact with electrons in atoms. When x-ray photons collide
with electrons, some photons from the incident beam will be deflected away from the
direction where they originally travel, much like billiard balls bouncing off one
another. If the wavelength of these scattered x-rays did not change, the process is

called elastic scattering (Thompson Scattering) in that only momentum has been
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transferred in the scattering process. These are the x-rays that measured in diffraction
experiments, as the scattered x-rays carry information about the electron distribution
in materials. On the other hand, in the inelastic scattering process (Compton
Scattering), x-rays transfer some of their energy to the electrons and the scattered

x-rays will have different wavelength than the incident x-rays.

Diffracted waves from different atoms can interfere with each other and the
resultant intensity distribution i§ strongly modulated by: this interaction. If the atoms
are arranged in a periodic fashion, as in crystals, the:diffracted waves will consist of
sharp interference maxima with the same.symmetry.as in the distribution of atoms.
Measuring the diffraction “patterni therefore allows us to deduce the distribution of

atoms in a ' material.

The peaks in X-ray diffraction pattern.are directly related! to the atomic
distances..Consider an incident X-ray beam interacting with the atoms arranged in a
periodic mannet. For a given set of lattice planes with an mter-plane distance of d, the
condition for a diffraction (peak) to occur can be simply written‘as 2d - sinf = nA
which is known as the Bragg's law. The Bragg's Law is.one0f most important laws

used for interpreting x-ray diffraction data.

It is important to point out that although we have used atoms as scattering
points in this example, Bragg's Law applies to scattering centers consisting of any
periodic distribution of electron density. In other words, the law holds true if the
atoms are replaced by molecules or collections of molecules, such as colloids,

polymers, proteins and virus particles.

X-ray crystallography is a standard technique for solving crystal structures. Its
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basic theory was developed soon after X-rays were first discovered more than a
century ago. However, over the years it has gone through continual development in
data collection instrumentation and data reduction methods. In recent years, the
advent of synchrotron radiation sources, area detector based data collection
instruments, and high speed computers has dramatically enhanced the efficiency of
crystallographic structural determination. Today X-ray crystallography is widely used

in materials and biological research. Structures of very large biological machinery

have been solved using this method
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Table 2.01. Interplanar distances in sapphire. (Cu-radiation)

d i, (hki) (hkil) 8 26
3.479 75 012 0112 11°32 23°4'
2.552 90 104 10T4 15°50° 31°40°
2.379 40 1110 1130 17°1’ 34°2'
2.165 <l 006 0006 18°45° 37°31"
2.085 100 113 1133 19°30° 39°
1.964 2 202 2023 20°15.5 40°31°
1.74 45 024 0234 23°35° 47°10°
1.601 80 116 1136 25°46" 51°32
1.546 4 211 2131 26°46" 53°32
1.514 6 122 1232 27°22.5 54°45°
1.51 8 018 D118 27°27° 54°54"
1.404 30 124 1234 29°43° 59°26°
1.374 50 030 0330 30°26" 60°52°
1.337 2 124 1235 31°22° 62°44°
1.276 4 208 2078 33°8 66°8"
1.239 16 1.0.10 1.0.T.10 34°11° 68°22'
1.2343 8 119 1139 34°20° 68°40°
1.1898 8 220 2240 35°49° 71°38"
1.16 <l 306 3036 36°52° 73°44"
1.147 3 223 2243 37°17.5 74°35°
1.1382 2 311 3141 37°42° 75°24°
1.1255 6 312 3142 38°12° 76°24°
1.1246 4 128 1238 38°14.5 76°29°
1.0988 8 0.2.10 0.22.10 39°18.5 78°37
1.0831 4 0.0.12 0.0.0.12 39°59.5" 79°59
1.0781 8 134 1334 40°13 80°26"
1.0426 14 226 2236 41°53" 83°46°
L0175 2 402 4042 43°10° 86°20°
0.9976 12 1.2.10 1.2.3.10 44°15° 88°30°
0.9857 <l 1.1.12 2.24.12 44°55.5 89°51°
0.9819 4 44 4044 45°9 90°18’
0.9431 <l 321 1251 47°34° 95°%'
0.9413 <l 1.2.11 1.23.11 47742 95°24"
0.9345 4 318 3148 48°9 96°18"
0.9178 4 229 2249 45020 98°40"
0.9076 14 324 1254 50°5° 100°10°
0.9052 4 0.1.11 0.1.T.11 50°16° 100°32°
0.8991 8 410 4150 50744 101°28'
0.8884 <l 235 2355 51°35 103°10°
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Table 2.02. Symbols of crystallographic planes in morphological and structural units

Hexagonal symbols of planes in unit Rhombohedral symbols

Morphological Structural of planes in structural unit
{0001} {0001} (111}
{1120} {1120} {101}
{1010} {1010} (211}
{1011} {1012} jo11})
{0221} {lont} {100)
(0112} [1014) [211})
{2243} {1123) [210)
{1123) {1126) {321}
{2025} {1015} {122}
[4041] {2021} (111}
{2131} {1232) [211)

able 2.03.

A

‘Symll:ilufplme Interface distance (A)  Order reflections  Angle (6) '
4

{1071} 3479 1 12°48
\ 2 2617
[01T2) 2,552 1 17735
2 3709

{1120} 2379 | 18°54"
2 40P

[0001) 2,165 3 20°51°
[ 45726

{0221} 1,964 1 26°06"
2 547427

{1123} 1.601 1 287467
[2131) 1.514 1 307367
[1014) 1510 1 307417
[10T0) 1374 3 34m07
[2025) 1.0988 1 44731
{2293} 1.0426 1 47°40°
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Table 2.04. Crystallographic planes of sapphire lattice and their spherical coordinates

Usual forms
9 P P [P

€ 0001 = e 00’ k 77. 746 | 307007 72733
a 1120 30°00° | 90700 v 4483 30°00° | 74°38"
m 1010 60°00° | 90700 X 55103  |30°00°| 77°36"
¥ 0271 oo | 72024 u 11.11. 223 | 30°00°| 78741
i 10T3 60PO0° | 27741 z 2391 30°00°| 79737
d 1012 60°00° | 38"12 A 771343 30°00° | 81°05
r 101 60°00° | 57738 v 58163 30°00° | 82°11°
n 2243 30°00° | 61713 E 3361 30°00°| 83702
' 17149 30°00° | 64747 v 4451 30°00° | 84°46
W 1121 30°00° | 69753 ® 14.14. 2 8.3 | 30°00°| 85°31°
er{(10T1R(T101) = 93°58" | e (10T1)(0001) = 57736 ra (10T 13:(1120) = 43°02°
nn (2243):(4373) = 51758 ac (2243):(0001) = 61713 rn (10T11:(2243) = 26°00°
T (2281 (4221) = 58755 | 7o (223 1):(0001) = 79°37 rz (10T1):(2241) = 35°32°

Rare forms

€ 5270 |p 5051 P 0331 j10.10. 203 14133 3231
F7180 |g 7071 o 2235 EI1L11.223 E3132 TI11.8.193
1015 |ROIT2 w1123 w74 119 2131 r248.1
x3032 |no112 M 1122 p28T109 o205 259

a 5052 | A 0552 B 44385 D284.3227 |LI123]

b 7072 | BO7T2 Y10.10.205 |H164.20.15 [E520.259
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—[1210]

Figure 2.01. (a)Schematic -of-the-arrangement ‘of Al*" (black circles) @and octahedral
hollows (small light circles) between two-layers-of O* (large light circles) in the basal

plane.
(b) Schematic of the packing of O” ions (light circles) and AP"in the direction of the
axis c.
a 4762F b 4.75640
4.761r 4.75636
E 476 | T
o a750] o 475632
= 3
S 4758} I 4.75628
.87y 4.75624
4756 1 1 l 1 1 1 1
0 50 100150 200 250 300 T,K
c 13.000 d 129824
£ | £
o 12.992 < 12,9822
L] - o
> 12.988 | =
T I < 12.9821
12.984 |-
L 12.982
12.980

Figure 2.02. Sapphire lattice parameters in the 4.5~374K temperature range (a, ¢) and
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more detailed measurements at temperatures below 100K (b, d).
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Figure 2.03. Location of the symr
crystals grown by the' Verneuil-method: (a pralong! the' plane (11-20); (b) chip

0 chip along the prism (hi-kC ) The location of the
d (10- i axis and«to the c-axis for
. o

e.plane of chipping in the

along the plane
planes (11-20

optimization O

Figure 2.04. Crystallographic diagram of sapphire.
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Figure 2.05. (a) Location of the erystallographiciplanes of sapphire often met in

practice. (b) Comparison of the symbols of facets with common trace.
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Figure 2.06. Description of subsystems in a MOCVD apparatus.
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Figure 2.07. Illustration of the pre Ors IMpINging:oi
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Figure 2.08. Temperature dependence of the deposition rate: (a) exothermic reaction
and (b) endothermic reaction
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Figure 2.10. Schematic of inductive coupling plasma source.
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generation in the sample.
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Figure 2.15. Typical experimental set-up for PL.measurements.
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Figure 2.16. Schematic of the luminescence transitions between the conduction band
(Ec), valence band (Ey), excition (Eg), donor (Ep), and acceptor (EA) levels in a

luminescent material.
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Chapter 3

Experimental Procedures

3.1 Epitaxial Relationship of Gallium Nitride on Sapphire

Heterosubstrate

Lacking of native substrate”for GaN epitaxy. layer, it is grown on foreign
substrates, usually withchuge lattice mismatch. Therefore, the tendency of internal
strain minimization'leads to-a-substrate-dependent atomic arrangement different from

that of the/heterosubstrate.

Sapphire, an ubiquitous substrate, on which can grow semiconductors including
GaN. It remains the most frequently tised substrate for group Ill-nitride epitaxial
growth owing to low cost, the availability of 3-inches diameter ctystalsy transparent

nature, thermal stability and a mature technology for nitride growth.

Delving into the “orientation 'relationship between the GaN epilayer and

underlying sapphire substrate, notations of Miller (4jk/) indices is warranted.

The orientation order of the GaN films grown on the main sapphire planes
{basal, c-plane (0001), a-plane (11-20), and y-plane (1-102)} by both MBE and
MOCVD has been studied in great detail ®°'>%*!, The epitaxial relationship between
GaN and sapphire is insensitive to the method of growth. A few examples of the

film/substrate epitaxial relationships are [3.04], (0001)Gan || (0001 )sapphire With [2-1-1
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0]Gan || [1-100]sapphire and [1-100]Gan || [1-210]sapphire; (2-1-10)Gan || (01-12)sapphire With

[0001]Gan || [0-111]sapphire @and [0-110]Gan || [2-1-10]sapphire-

In the case of a-plane GaN on y-plane sapphire, the epitaxial relationships are
(11-20) a-plane GaN on (1-102) y-plane sapphire with [11-20]gan || [1-102]sapphire,
[0001]Gan || [-1101]sapphires and [-1100]gan || [11-20]sapphire OWINng to hexagonal
symmetry. Table 3.01 shows the summary representation of epitaxial relationships of

GaN grown on various planes of sapphire heterosubstrate.

The calculated dattice mismatch between the basal GaN and the basal sapphire

plane is larger than 30%. However, the actual mismatch is only

\/gawGaN — Ogapphire

0.16
asapphirc | (301)

because the small cell of Al atoms on'the basal sapphire plane is oriented 30° away
from the larger sapphire unit.cell. This smaller lattice mismatch can be calculated by
adopting the model explained in figure 3.01. It is on this plane that the best gallium
nitride has been grown with relatively small in- and out-of-plane misorientations. In

general, gallium nitride on this plane.show almostperfect wurtzite phase.

GaN grown on the (11-20) a-plane sapphire turns out to be (0001) oriented and
anisotropically compressed. The in-plane relationship of GaN and sapphire is depicted
in figure 3.02 where the [11-20]cax is aligned with the [0001 ]sapphire- In this orientation,
the bulk positions of both the substrate and the GaN cations lie along the sapphire

[0001] direction. The mismatch between the substrate and the film is

Csapphire — 40,GaN —0.02

Csapphire , (3 0 2)
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and for the [1-100]gan parallel to the [1-100]sapphire bY
c ; 1.5
sapphire — awGaN — 0.005
Csapphire . (3.03)

The aforementioned discussion is academic in that GaN grown on a-plane
sapphire still has [0001] direction normal to the surface. However, growth on y-plane

with MOCVD leads to a-plane GaN, as in the figure3.03.

O U
i r than on the c- p
y-plane sapphire / . ON SiIT

arrangement in the case of the 02 f S 1- %@" \1- igure 3.04.

The latti parallel to the

GaN films have_ b apphire purportedly to

achieve a lattice aN grown on the

2-1-10). The

[-1101]s equal to

-

- (3.04)
In the case when [1-100]g, i 1'to the [01-2 OJsapphire direction,
the lattice mismatch is
aN — (asapphjre/\/g) —0.16
(i3 _ (3.05)

The mismatch along the [0001]gan parallel to the [-1101]sapphire 15 1%, Which is
much smaller than the 16% mismatch along [1-100]gan parallel to the [11-20]sapphire-

Growth on the y-plane exhibits ridge-like features that allow relaxation of the
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mismatch. It is assumed that the topmost O layer is desorbed and the Al layer of
sapphire is then exposed. One thing must be stated is that the representation in figure
3.04 is very simple intended only to give a first-order glimpse as to how the a-plane
GaN might be organized on the y-plane sapphire with no consideration to energy
minimization. More detail information about y-plane sapphire can be seen in figure

3.05.

3.2 Nonpolar a-Plane GaN on m-Plane Sapphire

On considering’ the aforementioned epitaxial relationship between GaN and
sapphire substrate, the best~GaN can be grown with relatively small in- and
out-of-plane- misorientations..from the c-plane.sapphire. Therefore the epitaxial
direction_and initial plane we chose are along c-direction from c-plane.sapphire
respectively. From the basic crystalline structure of wurtzite, as in figure 3.06, it is
clear that ¢=plane, a-plane and m-plane-are perpendiculantoreach other: To achieve the
demand of growing nonpolar a-plane GaN.onm-plane sapphire substrate, appropriate

substrate engineering is necessary to effectively expose the ¢=plane of sapphire.

The applied substrate engineering here in this experiment was artificial surface
patterning. The trench-patterned nonpolar m-plane sapphire substrate was fabricated
by e-gun evaporated nickel mask and Cl,-based inductively coupled plasma reactive
ion etching (ICP-RIE). Via accurate lithography aligning, symmetric crystallographic
c-plane facets of sapphire with terrace/trench width 4um/2um and 3um etching depth
were illustrated in Figure 3.07. To effectively expose the c-plane sapphire sidewalls,

terrace/trench stripes orientation were chosen parallel to [11-20]sapphire-
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The growth of GaN on the trench-patterned m-plane sapphire was performed by
Metal Organic Chemical Vapor Deposition (MOCVD) system. After heating up and
reaching the appropriate temperature, a 30 nm GaN buffer layer was grown at 550 C,
followed by main GaN growth at 1050°C with a pressure of 100 mtorr. The different
growth rate and growth mode of nonpolar a-plane GaN on trench-patterned m-plane
sapphire was achieved via tuning the V/III ratio of GaN growth duration from 72 to
350, 1800 and up to 9000. In order to know the dependency of growth rate of specific
plane of GaN on different.V/III ratio, all the growth periodiare fixed to the same time.
Additionally, an optimized substrate with lower terrace/trench. width ratio (i.e.
2um/4um) is used.to<attempt to suppress the growth of GaN from the (10-10)sapphire
terraces under»the V/III ratio.of 72. The condition of growth temperature versus
growth time was summarized in figure 3.08 where_the critical timing of V/III ratio

tuning was depicted also.

3.3 Nonpolar a-plane GaN on y-plane Sapphire

It has been demonstrated that wavy, stripe-like ‘growth feature of nonpolar
a-plane GaN growing epitaxially on y-plane sapphire leads to a large amount of

[3:06. 3971 These defects form nonradiative

threading dislocations and stacking faults
centers and bring difficulty and great challenge to the growth of high quality a-plane
GaN inevitably. The acquirement of crystalline quality of a-plane GaN for further

optoelectronics devices application is urgent and necessary.

Recently, the technique of epitaxially lateral overgrowth (ELOG) provided a
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power solution to grow a-plane GaN on y-plane sapphire ***). ELOG improves the
crystalline quality by reducing the density of threading dislocations and alleviates the
strain-related surface roughening and faceting. Despite the ability of improving
morphology and crystalline quality, the coalescence thickness of ELOG is often more
than 20um, which is too thick to effectively control the growth uniformity. Therefore,
in this experiment, a modified technique by using epitaxially lateral overgrowth on
trench-patterned a-plane GaN buffer layer (TELOG, where “T” represents
trench-patterned) is performed. Via applyingthis technique to growth procedure,
a-plane GaN with relativelylow dislocation density is‘expected. It would show the
potential of simple‘fabrication process, low cost, and, most important of all, thinner

coalescence thickness in comparison with'the previous ELOG.

Figure:3.09 shows the flow chart of TELOG a-plane GaN growth. Initially, the
a-plane GaN template with 1.5um thickness' was grown by MOCVD.on y-plane
sapphire substrate using conventional-two-step growth technique. Then a 3pm-seed/
3um-trenchiwas applied;parallel to the direction-to realize vertical ¢-plane sidewalls
followed by etching, of S10, using inductively coupled plasma reactive ion etching
through the windows to the GaN epitaxial template film. These well-organized GaN
stripes were etched down to the y-planesapphire substrate by reactive ion etching.
The SiO; etching-mask was removed by hydrofluoric acid solution to avoid the
complexity of growth mode. The deposition procedure of TELOG a-plane GaN film
was performed by using a two-step growth technique. At initial, the sapphire substrate
was heated to 700°C and then a nitridation process was revealed under gradually
increasing temperature. A short period of ramping growth followed until the substrate
was heated to the suitable growth temperature, i.e. 970'C. TELOG a-plane GaN was

grown mainly at 970 C for a specific long period to achieve the fully coalescence of
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the surface. From nitridation step to the main TELOG step, the growth condition of
V/III of MOCVD was fixed at the level of 50~100. Under this specific condition, the
growth direction can be selective to +c-direction of sapphire and the growth rate is
enhanced. To apply a pre-strain superlattice prior to the multiple quantum wells, the
temperature was slightly down to 855 C. After the supperlatice growth, the quantum
wells and quantum barriers were grown periodically at the temperature of 760'C and
855 C respectively. The growth temperature of wells and barriers can be changed to
achieve different lighting eptical wave length from UV togreen light. And one thing
to note is that the samples we took to perform the further experiments were in blue
lighting region. Fremsupperlattice growth step to the MQWs growth step, the growth
condition of V/III of MOCVD.was fixéd at the level of 5000~10000: The specific
conditionywas chosen to be similar to the general growth condition of c-plane GaN on
c-plane sapphire substrate. It would be helpful in controlling the growth rate, growth
mode and achieving the smooth «morphology of each layer. | After all, the

aforementioned growth conditions are summarized in figure 3.10.

3.4 KOH Etching Procedures

The KOH etching processes are performed under standard environments with
normal pressure and uniform agitation of the KOH-ethylene glycol solution. These
were the controlled independent variables, i.e. remained fixed through the whole
experimental duration of experiments. To know the complete etching behavior of
TELOG a-plane GaN with related MQWs in KOH-ethylene glycol solution, variables

including etching time, concentration of KOH-ethylene glycol solution and etching
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temperature were considered.

What responsible for the determination of the duration of etching is not specific
but epitaxial-crystalline-quality-dependent. Here in this experiment, the etching time
performed from 10 minutes to 80 minutes. An extreme long etching duration was

tested to ensure the optimized window of etching.

The concentration of KOH-ethylenerglycol.solution is undoubtedly one of the
most important factorss For the nature-of chemical etching, the influence of solution
concentration on<tching rate of general materials is self-evident./Crystalline gallium
nitride, however, shows more-unique-etching characteristics in chemical solutions. To
effectively,clarify those characteristics, different concentration with 5 wt.%, 10 wt.%
and 20 wt.%, of KOH was prepared in ethylene glycols The high-boiling point and
thermal Stability of ethylene glycol ensured solvent against evaporation and the

concentration of KOH-ethylene glycol solution, therefore, was maintained:

Temperature, which hastens etching reactions. if raised, since higher temperature
increases the energy.of.the etchants molecules, creates more collisions between
etchants and materials per unit time. In_generalyshigher temperature leads to faster
reaction. The temperature effect is usually discussed in terms of activation energy, i.e.
the chemical potential barrier. Here in this experiment, the etching temperature was
controlled in the range of 100 C ~120°C. The heat source was supplied by commercial
hot plate. To ensure the uniformity of temperature inside the solution, a gentle

agitation was performed by magnetic stirring.

Briefly, the three factors, i.e. time, concentration and temperature will show its

own dependency to the etching results. These specifically-arranged conditions can
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help in clarifying the etching windows of nonpolar gallium nitride in KOH-ethylene
glycol solution. The integration of the variables is organized on the basis of the
coordinate systems constructed by time, concentration and temperature. The

integrated variables and experimental direction are schematically shown in figure

3.11.

3.5 Measurement and Characterization

The crystalline quality of grown samples, a-plane 'GaN' on patterned m-plane
sapphire and TELOG a-plane GaN on y-plane sapphire were characterized by X-ray
diffraction " (XRD). Additionally, scanning ‘electron \ microscopy (SEM) and
transmission-electron.microscopy-(TEM) are used-toobserve the surface'morphology,

growth mode, and defect distribution of the epitaxial film.

The 'scanning electron microscopy also provided the ability of observing the
cross-sectional _image of these epitaxial samples...Specially, the etching effects of
TELOG a-plane GaN in, KOH-ethylene glycol solution underdifferent conditions are
clear and unequivocal /in scanning electron microseopy.-This offered the important
information of clarifying the /etching characteristics ‘including etching direction,

etching rate, and most of all, etching mechanism.

The capable of imaging at a significantly higher resolution of Transmission
electron microscopy can help in determining the defects distribution and arrangement.
In accompany with the electron diffraction patterns, the types of defects in a-plane

GaN on m-plane sapphire and a-plane GaN on y-plane sapphire are clarified.
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Optical properties of these a-plane GaN samples were investigated by uncontact
and nondestructive photoluminescence spectroscopy and cathodoluminescence
spectroscopy. The luminescence results can be categorized to show the lighting
behavior and the crystalline quality respectively. Photoluminescence spectroscopy, in
addition, provided the information of light extraction ability of KOH-ethylene glycol
solution etched TELOG a-plane GaN MQWs. Cathodoluminescence spectroscopy

mapping of the cross-sectional image of a-plane GaN on m-plane sapphire and

top-plane of a-plane d the relative threading

dislocation densi gion, including the

original templa
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Table 3.01. Crystallographic relationship between GaN films and sapphire substrates.

GaN plane || sapphire GaN direction ||
Miller indices  surface plane (hjkl)  sapphire direction (hjk])
Crystal plane (hjkl)  (hk])

(0001) (001) (0001)always [1210][|[T1100],[1210]|/[1100]
(1120) (110) (0001)or(1010) [1120](/[1000],[1120][/[0003]
(1010) (100) (1013)or(1212) [1210]][[0001],[1010]|[[1210]
(1012) (102) (1120)or(1210) [0001]|/[1101],[0001][|[L1011],
[1100]|[[1120], 0r[1120]([[1102]

t 3 |0

58



GaN[1 2 10]

Sapphire[1 10 0]

GaN[1010] _
Sapphire[1 12 0]

® Al
O N
—— GaNcell

- — — Sapphire cell

Figure 3.01. Projection of bulk basal plane sapphire and GaN cation positions for the
observed epitaxial' growth orientation. The circles mark Al atom positions and the
dashed lines.show the sapphire-basal plane unit cells. The open circles mark the
N-atom positions and solid lines'show the GaN basal plane unit cell.
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Figure 3.02. Projection of bulk a-plane sapphire and basal plane GaN cation positions
for the observed epitaxial growth orientation. The solid circles mark the Al atom
positions and the dashed lines show the sapphire a-plan unit cells. The open circles

mark the N-atom positions and the solid lines show the GaN basal plane unit cell.
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Figure 3.04. Projection of bulk y-plane sapphire and a-plane GaN anion and cation

positions for the observed epitaxial growth orientation.
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Figure 3.05. (a) Sapphire y-plane stacking sequence showing O atoms in larger clear
circles and Al atoms in smaller, filled circles. (b) The atomic arrangement on three
layers (the uppermost one is O, immediately below is Al and third layer down is
another O layer) on the y-plane of sapphire.
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Figure 3.07. Trench-patterned m-plane sapphire substrate for a-plane GaN

overgrowth.
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Figure 3.08. The CVD growth procedure for a-pla plane sapphire.
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Figure 3.09. Schematics of TELOG a-plane GaN technique.
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Chapter 4
Result I — Nonpolar a-Plane GaN on Patterned
m-Plane Sapphire

4.1 The Epitaxial Mode and Morphology under Different

Level of V/III Ratio

Te artificially-etched exposed symmetric'é=plane vertical sidewalls and m-plane
terraces of sapphire (as in figure-3.07) during MOCVD growth resultedsin two kinds
of GaN crystallites; each of-the-crystallite’has unique growth orientation and terminal
planes and outlines. First, on-axis XRD scans figure 4.01 indicated that pure a-plane
GaN wasrcarried out under the V/III ratio of 9000, 1800, and 350. Figure 4.02 ~4.04
showed that.the selective area.epitaxy of c-plane GaN was grown laterally.only from
the artificially-etched c-plane sapphire sidewalls. On the'contrary, deposition of GaN
was completely absent on the m-plane terraces. It’s confirmed™ ! experimentally that
the crystallographic orientation relationships of GalN epitaxial stripes grown from c
plane sidewalls of trench-patterned m-plane sapphire are (11-20)can || (10-10)sapphire,

[0001]Gan || [0001 Jsapphire, and [10-10]gan || [11-20]sapphire-

The SEM images in figure 4.05~4.07 show clearly the representative
cross-sectional morphology of GaN stripes selectively grown on trench-patterned
m-plane sapphire. The shapes of GaN stripes were a strong function of the V/III ratio.
Figure 4.05 shows the sample carried out with a V/III ratio of 9000 for 30 min. GaN

grew from the c-plane trench sidewalls only with faster growth rate along +c-direction
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than that in a-direction, and therefore the upward planes are inclined by 58.5  with
respect to the trench sidewalls. Additionally, the upwardly inclined plane was
tentatively attributed to (11-22) planes, since the growth front was constructed by the

competition between +c-planes and a-planes of GaN.

Figure 4.06 revealed that when the V/III ratio was decreased to 1800, the
growth mode is similar to that with a V/III ratio 9000 for 30 min. The reduction of
V/III ratio led to a more conSpicuous increase of growth rate in both +c and a
direction of GaN which leads tothe coalescent tip and.level-raising respectively. As a

matter of fact, the upwardly inclined (11-22) planes are maintained.

Nexty.a different growth-mede wasipresented under ‘a still lower V/HI ratio, i.e.
350, with the same growth time. As in figure 4.07; the growth-along the +c direction
advanced overwhelmingly faster than that‘in a.direction and was stymied by itself
while theseplanes coalescence in +¢ direction. This formed the upwardly flat a-plane.
Something must be mentioned that the growth along the -c direction was almost
stationary, no matter how much the V/III ratio vary, from 9000 to/350. Furthermore,

the growth on the (10-10) sapphire terraces has been completely forbidden.

The schematic depictions of the shape of GaN stripes under different growth
V/III ratio 9000, 1800 and 350 were in figure 4.08 ~ 4.10. As in these figures, the
blue-color region are grown GaN. It depicts out that the lower III-V ratio leads to
higher growth rate of +c-direction and suppresses the revelation of a-planes. In figure

4.10, the slow growth rate of GaN —c-direction is also depicted.

Figure 4.11 showed the dramatically-altered growth mode and -crystal

orientations by decreasing the value of V/III ratio to 72. The GaN grown laterally
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(from c-plane sidewalls) and vertically (from m-plane terraces) were obtained
simultaneously which revealed in figure 4.12. The GaN stripes grown from c-plane
sapphire sidewalls performed similar behavior with that at V/III ratio of 350, but it
played another role as the mask for the epitaxial lateral overgrowth (ELO) of GaN on
the m-plane sapphire terraces. These well-defined in-situ-forming GaN-masks in
[11-20]sapphire direction suppressing the growth of (10-11) GaN on m-plane sapphire
terraces and leading to pure growth of (11-22) GaN, and the in-plane epitaxial
relationships of (11-22) .GaN on. m=planer terraces are (11-22)can || (10-10)sapphire,
[10-10]Gax || [1-210Tappnires and [1-21-1]Gan || [0001 gapphire o L AIs worth noting that
the gradual growth of lateral-GaN limited the epitaxial lateral overgrowth of (11-22)
GaN. As a result, the (11-22)..GaN shows ‘no noticeable wing-region over the
lateral-GalN.but it contains=32“~inclined +c-planes with respect to the upwardly flat

(11-22) plane.

4.2 Defects Distribution and. Clarification

Figure 4.138hows the STEM image of GaN under a V/Il ratio-of 72 on a lower
terrace/trench width ratio (2pm/4pm)substratesThe growth mode is equivalent to that
of higher terrace/trench width ratio (i.e. 4pm/2pm); meanwhile, the stacking faults
were localized in the GaN grown from the m-plane terraces. The orientation of
stacking faults in the GaN on the m-plane terraces, completely parallel to the inclined
(0001) GaN planes, are in close correlation with its growth rate along the +c-direction,

which advances overwhelmingly faster than that in a-direction.

In figure 4.14, the bright field cross-sectional TEM image shows the

distribution of stacking faults and threading dislocations in (11-22) GaN on m-plane
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terraces and epitaxial lateral overgrowth (11-22) GaN, respectively. By correlating the
growth mechanism in section 4.1 for the V/III ratio of 72 with the transmission
electron microscopy observations, the reasons of defects formation are attributed to

atomic-rearrangement-related deposition and strain.

The stacking faults in (11-22) GaN on m-plane sapphire terraces are caused by
the growth front which advances too fast to completely fill each atomic layer parallel
to (0001) plane of GaN, and.thus leads to a series of stacking faults parallel to each
other in (0001) plane. Figure 4.15 and figure 4.16 show the dark field cross-sectional
TEM images with different g vectors. The.visibility of specifie type of stacking faults
is different ,under: these two Kifids of g vector. However, it needs more careful

experiments and observations-to-determine the type of stacking faults exactly.

The epitaxial lateral overgrowth (11-22).GaN region in/ figure 4.14 showed
some threading dislocations' started from the local region near the corner-edge of
m-plane terraces and penetrated.directly through the (11-22) GaN bulk layer to the
surface. The distribution of these threading dislocations did not spread far into the
(11-22) GaN bulk layer.in:[0001] direction. In this observation; we concluded here
that the strain field introduced by the interaction the-epitaxial lateral overgrowth (ELO)
of GaN stripes from c-plane sapphiresidewalls and the epitaxial growth of GaN on
the m-plane sapphire terraces. Fortunately, the slow growth rate of epitaxial lateral
overgrowth of GaN along —c-direction prevented the distribution of threading
dislocations extending into the lateral overgrowth region. Here the slow growth rate
can be regarded as smaller interaction forces between ELO-GaN and GaN stripes

from c-plane sapphire and led to the confined strain field.

Figure 4.17 depicted out the cross-sectional cathodoluminescence image of the
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epitaxial lateral overgrowth (ELO) of GaN stripes from c-plane sapphire sidewalls.
By correlating the mechanism of cathodoluminescence spectroscopy and the
crystalline quality, the bright, clear light region represents the high crystalline quality
of epitaxial lateral overgrowth region of GaN. Obviously, the infinitesimal region
which contained threading dislocations and stacking faults do almost no effect on the

crystalline quality of lateral overgrowth region of GaN.

Apparently, the narrower terraces did ‘effectively restrain the volume of
semipolar (11-22) GaN growingfrom m-plane sapphire terraces;however, the growth
of (11-22) GaN. cannot be eliminated.by.decreasingwidth of m-plane terraces. To
summarize, the growth mode of GaN on trench-patterned m-plane sapphire is strongly
depends on the V/III ratio during-MOCVD growth rather than the terrace/trench width

ratio of the patterned substrate.

4.3 Summary

In this chapter the growth mechanism and epitaxial mode of a-plane GaN on
trench-patterned mi-plane sapphire by MOCVD _under-different V/III ratio was
demonstrated. For V/III ratio from 350 up to 9000, the epitaxial lateral growth of GaN
from the +c-plane sidewalls and forming high crystalline quality a-plane GaN is
dominated. Under low level V/III ratio of 72, the growth of lateral-GaN accompanied
the aroused (11-22) GaN on m-plane sapphire terraces. This unexpected appearance of
semipoalr (11-22) GaN can be suppressed by optimizing the V/III ratio. On the other
hand, lower terrace/trench width ratio doesn’t interdict it. By optimizing the level of
V/III ratio during MOCVD growth and appropriate terrace/trench width ratio of

patterned m-plane sapphire substrate, we expect that a high crystalline quality
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nonpolar a-plane GaN epilayer on m-plane sapphire is achievable.

4.4 References

[4.01] X. Ni, et al. Appl. Phys. Lett.90, (2007) 182109.
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Figure 4.02. The SEM images of a-plane GaN grown by MOCVD on trench-patterned

m-plane sapphire under the V/III ratio of 9000.

72



Figure 4.03.
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Figure 4.04. The SEM images of a-plane GaN grown by MOCVD on trench-patterned
m-plane sapphire under the V/III ratio of 350.
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Figure 4.06. The SEM images of a-plane GaN grown by MOCVD on trench-patterned
m-plane sapphire under the V/III ratio of 1800. The corresponding crystal planes and
orientations are depicted.
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Figure 4.08. Schematics of the epitaxial mode of a-plane GaN on m-plane sapphire
under the V/III ratio of 9000 by MOCVD.
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Figure 4.10. Schematics of the epitaxial mode of a-plane GaN on m-plane sapphire
under the V/III ratio of 350 by MOCVD.
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Figure 4.12. The SEM images of a-plane GaN grown by MOCVD on trench-patterned
m-plane sapphire under the V/III ratio of 72. The corresponding crystal planes and

orientations are depicted.
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Figure 4.14. The cross-sectional TEM image of GaN grown by MOCVD under the
V/II ratio of 72 with terrace/trench width 2um/4pum. The corresponding crystal

planes, orientations and defects distribution are depicted.
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Figure 4.15::The cross-sectional TEM image of GaN grown by MOCVD under the
V/III ratio of 72 withsterrace/trench-width 2pm/4um. The corresponding g vector is
along [0001] direction.

\

_B=<-2110 >

Figure 4.16. The cross-sectional TEM image of GaN grown by MOCVD under the
V/II ratio of 72 with terrace/trench width 2um/4pum. The corresponding g vector is
along [-2110] direction.
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Figure 4.17.The CL images_ of a-plane GaN grown by MOCVD on trench-patterned
m-plane sapphire under-the V/Ill ratio of 1800.
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Chapter 5
Result II -Trenched epitaxial lateral overgrowth
(TELOG) a-Plane GaN LED on y-Plane
Sapphire

5.1 The Epitaxial Mode and Meorphology

The preparation process flow of 'the patterned a-plane GaN template on y-plane
sapphire for high crystalline-quality TELOG a-plane GaN is shown in‘Figure 3.09.
While the_stripe-patterned-a-plane template GaN was ready for further.regrowth,
growth with MOCVD under different level of V/I1l-ratio was mtroduced in order to

achieve the smooth coalescence surface:.

Underthe suggestion from the experiments and results in Chapter 4; we got the
possible optimal'growth conditions of a-plane GaN grown on y<plane sapphire, i.e. the
lower V/III ratio which. leads the faster advancing.rate<of the growth front in
c-direction. To observe the growth mechanismrin detail, the MOCVD regrowth was
stopped before the complete coalescence of the a-plane GaN films. The SEM images
of cross-sectional TELOG a-plane GaN by MOCVD under different level of V/III
ratio and at different growth time were shown in figure 5.01~ 5.03. In Figure 5.01 and
5.02, the MOCVD regrowth conditions were controlled at V/III ratio of 500, 980°C,
30 minutes and 120 minutes respectively. Under such conditions, the advancing rate
of the growth front in g-direction is comparable to that of +c-direction while the

advancing rate of the growth front in —c-direction is scarcely comparable to them. The
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characterization of advancing rate of each direction can be done by dividing the length
extending out of the seed-region by growth time, i.e. 30 minutes in figure 5.01. The
divergence of these growth rates seems quite indifferent to the final morphology,

however, as to the longer growth time, the unexpected outcome shows.

Figure 5.02 depicts out the unexpected deep-extending coalescence boundary
and accompanies the stripe-like voids at the end of the coalescence boundary on the
terminal surface. These defects do actually affect the further epitaxial growth of
n-GaN, superlattices; MQWs, and p-GaN and lead tosunrecoverable results. Thus the
growth conditien ‘was<tuned to a lewer.level of V/II to.achieve a completely

coalescence.GaN with smooth terminal surfaces.

The regrowth result is shown in figure 5.03,where the epitaxial lateral growth
GaN was completely coalescence and performed a perfect thickness without
deep-extended 'boundaries and stripe-like voids. The. formation of 'the.stick-like
shaped voids.is due to the fast advancing rate of +e-direction of GaN and the quickly
shrinking of the space between that growth front and the original seed-wall. The small
crevice prevents the sources,.of MOCVD from diffusing into the void the thus leaves it
at the bottom of the thick/GaN epitaxial layer. The.dimension of the residual voids are
approximately 3um in height and 300~400nm in width. These stick-like shaped voids
showed no tremendous to the optical properties enhancement for its small dimension
in width and far away from the position of the MWQs. However, the size of these
voids is large enough to allow the chemical solution to penetrate deeply into it and
perform some specific etching effects and enhancement to the optical properties of the

MQWs. The related results are provided in chapter 6 here of this thesis.

Additionally, the morphology of the terminal surface of the TELOG a-plane GaN
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revealed some information about the growth mode, crystalline quality and most of all,
the defects distribution. As can be seen in figure 5.04, terminal surface of the seed
region are much rougher than that of the wing region. The differences of roughness
lead the contrast of the surface image which does a great help in distinguishing the

pattern direction after the completely coalescence regrowth.

By correlating the transmission electron microscopy observations with the
terminal surface morphology,-the distribution of dislocations explains the relationship.
In figure 5.05, the dislocations. are initiated from theiseed region, the original a-plane
GaN template on y-plane sapphire, and.extended upward toward the terminal surface.
This would be the main catse of the formation of surface morphology in.figure 5.04.
The wing regions, in contrast;-are almost free of dislocations and perform a perfect
crystallinerquality. The nature of epitaxial lateral growth of these regionsleads to the

smooth terminal surface and extremely low dislocation density.

The specific optical properties of the TELOG a-plane GaN and InGaN/GaN
MQWs are" seriously © affected by the in-situ formed surface’ morphology
characteristics. The correspensive data and discussions are available in this chapter at

section 5.3.

As for the coalescence behavior that cause the void in TELOG a-plane GaN, the
defect here be named as “coalescence boundary” in figure 5.06 telling the complete
story. The epitaxial lateral growth rates of GaN along +c and —c direction are fast and
slow respectively, and lead to the wider wing region and a narrower one. The planes
of each growth front met together and heal over the terminal surface. The slight
difference of GaN rotation angle from c-plane sapphire sidewall cause the mismatch

of lattice structure and forming the so called “coalescence boundary”. The
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coalescence boundary extends from the pinnacle of the voids and penetrates the GaN
layer with the ends at the terminal surface. The existence of the coalescence boundary
acts as the indication of the +c¢/—c polarity of the growth front and becomes an
important index while the TELOG a-plane GaN was etched in KOH-ethylene glycol
chemical solution. Moreover, the coalescence boundary, a relatively weak region,
would play a special role in the whole KOH-ethylene glycol chemical solution etching
process. The etching-selectivity performed a radical change under the existence of the
boundary at specific temperature and*KOH-=concentrations, The related discussion is

available in chapter'6, section 6.3.

5.2 Crystalline Quality of TELOG «a-Plane GaN and

InGaN/GaN MQWs

The thorough understanding of the specific properties of monpolar GaN is of
great importance toward the full development of the tersitory. In this chapter, the
crystalline quality of“TELOG:a-plane,GaN.and InGaN/GaN MQWs are discussed
further via the way of investigation of XRD. A flashback here is that the threading
dislocations exist in only the seed region rather than in the wing region. The
correlated XRD data can reveal more information about the improvement of the

crystalline quality quantatively.

Generally speaking, the threading dislocation density and basal stacking fault

density in nonpolar a-plane GaN grown on y-plane sapphire substrate are 3x10'’cm™

[5.01].

and 3x10°cm™ respectively Threading dislocations play the role as nonradiative
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recombination centers in GaN material and restrict the internal quantum efficiency.
Thus the improvement of the device performance is attributed to the essential
reducing of the threading dislocation density. Here in figure 5.07 and 5.08, the crystal
quality was characterized by the full-width at half maximum (FWHM) of X-ray w-26
curves. In the measurement of along c-axis, the X-ray w-26 curves show that the
FWHM of as-grown a-plane GaN on p-sapphire is 713 arcsec and decreases to the
level of 464 arcsec for the TELOG a-plane GaN on patterned a-plane template. For
the case that along m-axis, the FWHM wvalue is decreasing dramatically from 1665
arcsec, the as-grown a-plane GaN on y-sapphire, to a low level of 341 arcsec, the
TELOG a-plane GaN on patterned a-plane template: It has been demonstrated that the
FWHM of X=ray  w-26 curves.is.close related to the defects density;@€specially the
density ofidislocations. As shown'in 5.07 and 5.08, the crystal quality of @=plane GaN
grown on patterned a-plane template via TELOG technique is obviously better than
that grown on y-plane sapphire directly. The crystalline quality of a@-plane GaN
epitaxial layer has been greatly improved by TELOG growth /method and the
threading dislocation density can be reduced effectively. from/1x10'°cm™ at seed
region to 1x10°cmhatiwing region. These XRD results.and explanations can be
verified by figure 5.05, the TEMuimage of clearsdislocation distribution of the seed

and the wing region.

As for the characterization of crystalline quality a-plane InGaN/GaN MQWs on
TELOG a-plane GaN epitaxial layer, the high resolution XRD (HRXRD) pattern
along c-axis [0001] direction and m-axis [1-100] direction are introduced. In figure
5.09, along c-axis, and figure 5.10, along m-axis, a strongest peak located around 0
arcsec and satellite diffraction peaks are observed in each HRXRD pattern. The

strongest peak in each HRXRD pattern is due to the GaN while the satellite peaks
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arise from the periodicity of the InGaN/GaN MQWs. The well-defined satellite peaks
implies a coherent periodicity of the InGaN/GaN heterostructure and suggest the
presence of abrupt interfaces of quantum-wells and barriers. In principle, the
separation between the main peak (GaN) and the first-order satellite peak
characterizes the average MQWs mismatch caused by tetragonal compressive
deformation and leads to a determination of the indium molar fractions in the wells.
The discussion of this part related to the indium contents and the atomic construction
of the MQWs will not go_further for the focus of this section is the crystalline quality

of TELOG a-pane GaN and the periodicity of InGaN/GaN.MQWs.

5.3 Optical Properties of TELOG a«-Plane GaN and

InGaN/GaN MQWs

To makean investigation.of the optical propertiessof TELOG a-plane GaN and
the InGaN/GaN.MQWs, at different wavelength, a cathodoluminescence (CL)
microscopy is used. The CL images maps.the top'surface of the TELOG a-plane GaN
at specific emission wavelength, the GaN and blue MQWs. Figure 5.11 shows the CL
mapping image of the TELOG a-plane sample around the emission wavelength of
GaN (3.35eV) together with the SEM image of that sample at a bird eyes’ view. The
corresponding seed and wing regions are depicted in the figure. As can be seen that
the wing region are full of the bright spots which caused by the CL emission at the
wavelength of GaN. However, under the same stimulation conditions, the seed regions

are almost free of CL emission phenomena. The main cause of the inhomogeneity of
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CL emission phenomena has been discussed in section 5.2 and figure 5.05, where
indicated that the seed region are full of quantities of threading dislocations and a
dislocation-free wing region. These threading dislocations act as the nonradiative

[592] \which dominates the luminescence

center and form the near-band-edge emission
phenomena at seed region. One thing worth noting is that the extremely strong
emission intensity located locally at the boundary of seed and wing was observed, as
the distribution of brighter spots lined up into white lines. This can be attributed to the
transition region of the surface morphology between the bumpy seed region and the
smooth wing region. It caused extra light extraction loeally and formed the bright
stripes. Additionally, the boundary of crystalline quality transition ffom seed region to
wing region in the epitaxial bulk made some contributions to thé phenomena

expectedly;showever the actual proportion of contribution of each transition regions

needs more careful confirmation.

As for the cathodoluminescence<emission of the TELOG a-plane InGaN/GaN
MQWs, the excitation range was controlled “around the emission wavelength of
InGaN/GaN MQWs. (2.80eV). Figure 5.12 shows the CL mapping image together
with the SEM 1image of that sample at a bird-eyes’ view. Considering the
above-mentioned dislocation-distribution=related cffects, the guess of the totally
suppressing of the blue (440nm) emission of the InGaN/GaN MQWs at seen region
should be reasonable. This ratiocination based on the TEM images from figure
5.13~5.15. Figure 5.13 shows the terminal surface region of the a-plane sample
including the InGaN/GaN MQWs. The structure of the MQWs at seed region is
extremely bumpy and rough due to the dislocation-filled seed region, while the
MQWs above the dislocation-free wing region are perfectly smooth. The magnified

TEM images in figure 5.14 and 5.15 show the bumpy MQWs and smooth MQWs
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respectively. On the contrary, the CL mapping image of InGaN/GaN MQWs is
comparatively brighter at the seed region and darker at the wing region. This is mainly
caused by the bumpy terminal surface of the seed region which is in the vicinity of
MQWs and providing the light-extraction enhancement. In other words, the bumpy
surface acts as a compensation for the low emitting efficiency of imperfect MQWs.
The MQWs above wing region can emit affirmatively under the excitation of
electrons for its smooth and sharp MQWs boundaries, however the emitted light
intensity extracted out of .the surfacerare weaker than that.of bumpy surface region.
That is the cause_of the opposite phenomena to general common ratiocination. In
comparison, the trelative lower contrast ratio between the seed and wing region of
InGaN/GaN MQWs emission.in figure 5:12 spélls out the nature of weak emission of
imperfectuMQWs, meanwhile the relative higher contrast ratio between the seed and
wing region of a-plane GaN represents thc. nature of strong  emission of
dislocation-free wing region, even _the sutface morphology had been taken into

consideration.

To make a‘conelusion to the above-mentioned phenomena, figure 5.16 is suitable.
In the spectrum of CL intensity. versus the wavelength;y'the @mission intensity around
the wavelength of InGaN/GaN MQWs (2:80eV) is dominated by the seed region and
that around the wavelength of GaN (3.35¢V) is dominated by the wing region. The CL
spectrum of the sample with electron excitation to the whole region including both the

seed and wing shows exact matching peak positions to the individual ones.

5.4 Summary

To sum up, high crystalline quality and fully coalesced nonpolar a-plane GaN
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films at the thickness less than 10pum by using trenched epitaxial lateral overgrowth
(TELOG) technique in MOCVD with a 3um seed/3pum trench stripe pattern have been
achieved. The +c-face of GaN could be much easily grown indicating that a narrower
stripped GaN seeds and deeper trench etched into the surface of sapphire can derive a
better quality a-plane TELOG GaN film for the most of the area, i.e. the larger wing
region that cover over the surface. The length of growth period and the V/III ratio
during MOCVD growth procedures are the pivotal points to achieve the fully
coalesced terminal surfaces without.the penetration.of yoids,and imperfect boundaries

to it.

The full wadths at half maximum (FWHMs) of x-ray rocking curves along c-axis
[0001] direetion and m-axis=[10=10] dircction were reduced from 713 to 464 arcsec
and from 1665 to 341 arcsec, respectively demonstrating the great improvement of the
crystalline_quality and the mitigation of the  anisotropic in-plane strains between

different crystal axes by TELOG:

According to the results.of the cross-sectional transmission electron microscopy,
the threading dislocation density in the epitaxial lateral.grown wing region can be
reduced largely from 1% 10" cm™to.1x10%m™. It also depicted out the distribution of
the dislocations clearly in the seed region rather than in the wing region and also
showed the morphology of terminal surfaces above the seed and wing region. The
growth structure of InGaN/GaN MQWs was observed at the same time, which is
bumpy above the seed region and smooth above wing region. Meanwhile, the CL
mapping showed the emission optical properties of nonpolar a-plane GaN and the
InGaN/GaN MQWs on that. The seed and the wing region dominated the emission at

wavelength around InGaN/GaN MQWs and GaN, respectively considering the
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emission nature of the material quality and the effects of surface textures.

The above-mentioned TELOG MOCVD technique for the growth of high
crystalline quality a-plane GaN and InGaN/GaN MQWs provides a way toward the
realm of nonpolar optoelectronics and be expected to overcome the efficiency green

gap spectral range from 540~560 nm.
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Figure 5.02. The SEM images of a-plane GaN grown by MOCVD using TELOG
technique under the V/III ratio of 500 and 980 C. The corresponding crystal planes

and orientations are depicted. Growth time is 120 min.
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Figure 5.04. The SEM images of planar a-plane GaN grown by MOCVD using
TELOG technique under the V/III ratio of 72 and 980°C. The corresponding seed
region and the lateral wing region are depicted.
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Figure 5.05:The TEM images-of a-plane GaN grown by MOCVD using TELOG
technique Ainder' the V/IIL tatio of 72 and 980 C. The correspondingsséed region,
lateral wing region.and-the distribution of dislocations arc depicted.

Coalescence
Boundary /

Figure 5.06. The TEM images of a-plane GaN grown by MOCVD using TELOG
technique under the V/III ratio of 72 and 980°C. The corresponding coalescence

boundary between +c-plane and —c-plane is depicted.
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Figure 5.07: XRD w-26 spectrum along [0001] direction of a-plane GaN témplate and
TELOG a-plane GaN on y-plane sapphire.
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Figure 5.08. XRD w-26 spectrum along [1-100] direction of a-plane GaN template
and TELOG a-plane GaN on y-plane sapphire.
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Figure 5.09:XRD w-26_specttum along [0001] direction. of "TEEOG a-plane
InGaN/GaN'MQWs-on-y-plane sapphire.
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Figure 5.10. XRD w-26 spectrum along [1-100] direction of TELOG a-plane
InGaN/GaN MQWs on y-plane sapphire.
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Figure 5.11. The CL mapping image at emission energy of GaN of the TELOG
a-plane GaN and the corresponding SEM image. The corresponding seed and wing

regions are depicted.
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Figure 5.12. The CL mapping image at emission energy of InGaN/GaN MQWs of the
TELOG a-plane GaN and the corresponding SEM image. The corresponding seed and

wing regions are depicted.
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Figure 5.13:»The TEM images_of InGaN/GaN MQWs grown by MOCVD using
TELOG technique-under the V/II ratio of 72-and“980 C. The corresponding seed

region, lateral wing region and the distribution of dislocations are depicted.

Bumpy MQWs

Figure 5.14. The TEM images of InGaN/GaN MQWs grown by MOCVD using
TELOG technique under the V/III ratio of 72 and 980°C on the seed region.
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Figure:5:15. The TEM images of InGaN/GaN MQWs grown by MOCVD using
TELOG technigque-under the V/III ratio-of 72-and 980°C on the wing region.
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Figure 5.16. The CL mapping image at emission energy of both InGaN/GaN MQWs

and GaN of the TELOG a-plane GaN. The peak position which corresponds to seed

and wing regions are depicted.
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Chapter 6
Result III — Etching of TELOG a-Plane GaN in
KOH-Ethylene Glycol Solution

6.1 Review of Etching Mechanism of GaN in KOH-Ethylene

Glycol Solution

Generally‘speaking, the wet chemical etching of semiconductormaterials involve
oxidation oftits semiconductor-surface and subsequent dissolution ofthe resulting
oxides. The physical reaction-process of oxidation requires holes that can be supplied
either chemically or by an electrochemical circuit. Here in this discussing section of

the reseatch, the focusing point is chemical etching in aqueous etchants.

Chemigal etching has a totally different etching mechanism in comparison with
the electrochemical etching process. In that reaction process, no fiee electrical carriers
or electrolyte are involved, thus, the whole etching process.is not affected by external
potential. The basic etching/behavior-can.be-described in structure-level as that the
etchant break the atomic bonds at the semiconductor surface and form oxides that are
subsequently dissolved in the etchant. In common research and engineering
application region, conventional chemical etching of GaN in aqueous solution has
been widely used for defect characterization, polarity identification and patterning. By
distinguishing the etching behavior we observed in this experiment, chemical etching
of GaN can generally be divided into two categories, namely “polarity-selective

chemical etching” and “defect-selective chemical etching”. The details of these
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etching behaviors and the transformation between them will be discussed in section
6.2~6.4. Here in this section, a summarized etching mechanism of specific GaN

crystalline planes is provided.

The vast majority of GaN semiconductors have been deposited on foreign
substrates due to the lack of bulk group-III nitride single crystals. Thus, most wet
etching studies have been made on such thin heteroepitaxial films, especially the
c-plane GaN. However, the difference in the etching characteristics of Ga-polar and
N-polar GaN has beén revealed 1% These “experimental. results have shown
consistently that the N<polar GaN etches.more readily than the Ga-polar GaN. The
mechanism of the polarity-selective chemical etching was interpreted ' '*! that the
difference etching behaviors-of-Ga-polar and N-polar crystalline materials are due to
the different:state of surface bonding. This conclusiondeads to the polarity=dependent
etching characteristics, neither purely the surface-morphology-dependent nor purely

growth-method-dependent.

The mechanism of N-polar GaN etching behavior is schematically shown in
figure 6.01. In figure6.01(a), a nitrogen terminated layer.with'one negatively charged
dangling bond on each nitrogen atom was shown. Some hydroxide ions (OH ) were
also depicted to representing the wet chemical environment of KOH-based solution.
In figure 6.01(b), hydroxide ions are initially adsorbed on the GaN surface and

subsequently react with Ga atom, as the reaction, in figure 6.01(c):
2GaN + 3H,0~ 2 Gap 03 + 2NH3. 6.01)

In figure 6.01(c), it indicated clearly that KOH acts as not only catalyst but also a

solvent for the Ga,0s;. After the Ga,O3 was dissolved, the N-polar surface of GaN
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shown again and via repeating the procedures in figure 6.01(a) to figure 6.01(d), the

N-polar GaN can be effectively etched.

One thing worth noticing is that the etching mechanism did not matter which
atom form the surface termination layer. The issue which needs consideration is

polarity only in this research.

The etching behavior of Ga-pelaryGaN surface can be explained using the same
set of figures in figure.6.01. Viewing the' GaN from the +¢-direction in figure 6.01(a),
the Ga-terminated surfaceé layer was initially reacted withithe hydroxide ions. The
etching mechanism of the first-Ga-layer is similar to that of N-polar etehing. After the
first Ga layer was removeds-the-inertnesssof Ga-polar GaN showed 'and prevented the
surface from further etching. This behavior was ascribed to the repulsion between
hydroxide'ions and three occupied (negatively-charged) dangling bonds of nitrogen,

which prevent the hydroxide ions from attacking the Ga atoms.

The etching mechanism in.GaN (1-100) plane can be explained by.the actions of
hydroxide ions on‘the sutface, similar to the aforementioned mechanism of —c-polar
GaN. The summarized etching mechanism was depictedin figure 6.02 1", In figure
6.02(a) and 6.02(b), the OH" ions are bound to the positively charged Ga dangling
bonds. Then in figure 6.02(b) and 6.02(c), the OH ions attack the Ga bond
connected to N atom in the layer below (Ga back bond) and be adsorbed. And finally
the OH can react with the GaN, accompanied by the formation of Ga,O3; and NHj as
shown in figure 6.02(d). These products are resolved by KOH-solution and H,O. Via
repeating the procedures in figure 6.02(a) to figure 6.02(d), the m-plane GaN can be

etched.
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While considering the etching behavior of GaN (11-20) plane, some differences
from the aforementioned case of GaN (1-100) plane appeared. As depicted in figure
6.031%13 step (1) showed that OH ions attack Ga back bonds. These back bonds in
this case are more stable than those in the (1-100) m-plane because the connected
number of bonds to N atoms is three. In step (2), OH ions react with positively
charged dangling bonds of top Ga surface. Unfortunately, while OH ions try to stay
close to the positively charged dangling bonds, it will be repelled by the two
negatively charged dangling bonds of N atoms. What worst is that the Ga atom is
connected to two Natoms. These structures make the Gaback bonds much more inert,
and the repelling force between hydroxide 1ons and N dangling bonds are larger than
those of (1<100) m-planes..Therefore, a smalletmumber of hydroxide dons react with

the Ga back.bonds and leads that the etching of a-plane GaN cannot precede easily.

In brief, the etching mechanisms of specific GaN planes in KOH-based solution
are summarized. Under normal-etching temperature and concentration, the etching
rate arranged in a series is —c-plane > m-plane > a-plane™+c-plane. On the basis, the
results of our experiments can be explained appropriately in@ punetilious frame, in

section 6.2 ~ section 6.4.

6.2 Concentration, Temperature and Time Dependency of

KOH Etching Tendency

Here in this section, the effects of three variables of KOH-ethylene glycol

chemical solution etching including KOH-concentration, etching temperature and
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etching time are summarized into the nine patch diagrams in figure 6.04 ~ figure 6.07.
These nine patch diagrams was constructed by etching temperature 100°C, 120°C and
140°C, KOH-concentration 5 wt. %, 10 wt. % and 20 wt. %, etching time 10 minutes,
20 minutes, 40 minutes and 80 minutes. In figure 6.04, the experimental conditions
were fixed at etching time 10 minutes with different etching temperature and

KOH-concentration.

Clearly it showed that in.such a short etching tifie, only at 140°C and 20 wt. % of
KOH led to “effective™ etching:result. The definitionsof “effective” etching results is
the forming of.perfect voids in triangular shape with, specific planes. The related
etching behavior (etching direction, etching-stop-planes, dominative cause included)

and etching rate will be diseussed-in section 6.3 in detail.

While the etching time was longer, 1.e. 20 minutes, figure 6.05 showed that the
conditions-which led to effective etching results were. located in the region where
etching temperature higher than 120°C and KOH=concentration higher than 10 wt. %.
Moreover, at 40 minutes etching time, the region led to effective etching results were
deeply extended’ into hetehing temperature equal to of higher than 120°C and
KOH-concentration higher than S.wt. %. Tt 1s depieted in figure 6.06. At the longest
etching time, 80 minutes, almost all the ‘etching conditions led to effective etching
results except the condition of 100°C and 5 wt. % of KOH. The left-bottom side of

figure 6.07 showed clearly the powerlessness of etching under such condition.

All the etching tendencies of different temperature, concentration and time were
summarized in figure 6.08. The vertical axis represents different etching temperature
from 100°C to 140 C while the horizontal one represents the KOH-concentration from

5 wt. % to 20 wt. %. The third variable, etching time, is depicted as the inclined lines
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which classify the etching results in figure 6.04 to 6.07 into two categories,
effectively-etched and ineffectively-etched. The meaning of “effectively-etched” and
“ineffectively-etched” are similar to the aforementioned definitions. Look at the
illustration in figure 6.08 first. It describes the classification method of inclined line of
etching time. In a specific period of etching time, T, the conditions at right-upper side
of the line can perform effectively-etched triangular-shaped voids, as in the figure
depicted. However, the conditions at left-bottom side of the line show only partial or

slight etching results which do not accompany with the triangular-shaped voids.

The figure, 6.08 has the ability.of predicting the experiment<conditions. For
instance, under a selected ¢tchifig condition of temperature and concentration, the
etching time required to acquire-effectively-ctched triangular-shaped voids can be
determined: It needs only a simple technique of intersecting the condition'point with

the inclined.interpolating time line.

If the selected and fixed <etching condition was etching time, the sets of
temperature and_concentration can be determined by extending straight lines toward

the two axes and finding out the intersections.

Direction of refinement of figure 6.08 is a'complicated process of experiment.
The exact curvatures of the time lines need further investigation. Here we
optimistically predict that the concave/convex shape of the time lines is strongly

depending on solvent, a-plane GaN template quality, defects distribution, and so on.

Figure 6.09 ~ figure 6.15 show the time-tendency of etching results under
different KOH concentration and temperature. In figure 6.09, the low etching

temperature and low KOH concentration lead to powerlessness of etching ability no
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matter how long the etching time is. Figure sets of 6.10 ~ 6.12 show the
time-tendency of etching results under different KOH concentration at fixed 120°C. It
points out that the higher the KOH concentration, the quicker the effectively-etched
triangular-shaped voids appear. The same tendency exist also in figure set of 6.13 ~
6.15. It shows the time-tendency of etching results under different KOH concentration
at fixed 140'C. The time required to effectively form the etched triangular-shaped

voids are much shorter, 10 minutes, especially for the condition of 20 wt. %, 140°C.

An extremely long etching time, 160 minutes, was performed in the condition of
20 wt. %, 120.C. The result in the.right-end of figure 6:12  depicts a series of
trapeziums yoids rather than the triangular-shaped voids aforementioned.. The similar
etching result can be seen m-the-right-end of figure 6.15 with etching time 80 minutes
in solutionvof 20 wt. %, 140 C. The further spreading of the etching resultsis exactly
comparable with the triangular-shaped one with no conflicts. The explanations are

available 1n section 6.3 indetail.

6.3 Identification/of' Chemical Etching Behaviors and Rate
Characterization of TELOG a-Plane GaN in KOH-Ethylene

Glycol Solution

In order to identify the etching behavior of TELOG a-plane GaN and MQWs in
KOH-Ethylene Glycol Solution, a specific etching condition which performs the

etching result of every etching step is chosen. Figure 6.16 show the different degree of
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chemical etching in time series under 10% KOH-Ethylene Glycol solution at 120°C.
The schematic description of the etching degrees and the time-dependency of it are
shown in figure 6.17 with time gradually increasing from time 0 to time 4. Under
rough and initial observation, the etching results are perfectly matching to that of
aforementioned tendencies. However, the well-defined geometric shape of these
etched-voids reveals the etching behavior that dominates during the periods. As can be
seen, all the etched voids, no matter what degree of etching it performs, are confined
in an isosceles triangle .with\ the. base “angles ~38 /andsvertex angle ~ 64. Via
calculation and analysis about the crystalline structure of TELOG a-plane GaN, it is

confirmative that the legs of the isosceles triangle aré {11-22} planes.

What more interesting=is-that the isosceles triangle voids all aligned with their
vertex angle toward the [0001] direction of GaN, i.e. the plane suffered from
KOH-Ethylene Glycol chemical etching is —¢-plane. The base ‘plane, +¢-planes are
almost unaffected by the étching processes. The difference of etching behavior of +c
and —c-planes of GaN here are exactly fitting in with the aforementioned mechanism
in section 6.1. However, the etched-voids are isosceles triangle rather than rectangular
voids with edges +e=plane;-c-plane, a-plane and —c-plane sapphire'surface (the totally
etched of the dislocation-filled/seed region). A concept of “polarity-selectivity” is

appropriate for explaining the result.

In the realm of polarity-selective chemical etching, the —c-plane is etched with
extremely fast rate and the +c-plane remains still. And, interestingly, the shrinkage
of —c-plane does not consist of smooth and perfect vertical crystalline planes, but a lot
of corrosional small facets of {11-22} planes. As in figure 6.16, at etching time 10

min, the —c-plane are constructed by plenty of {11-22} facets. At etching time
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increasing to 20 min, the shrinkage of the —c-plane continues and the number of
{11-22} facets decreases gradually with the size enlarges progressively. As for the 40
min etching time, the {11-22} facets are numbered and the —c-plane shrinkages to
almost the vertex angle. Eventually the 80 min etching time gives the complete
isosceles triangle constructed by two {11-22} planes as the legs and +c-plane as the

base plane.

To note, the above-mentioned etched regions are all located in the seed region
with dislocations. The homogeneous seed region under chemical etching does not
form a rectangular void but an isosceles.triangle. It.is .the polarity-selective etching
mechanism that dominates the €tching in these periods and obviously distribution of

dislocations'does no effect upon-the final etching geometry,d.e. the isosceles triangle.

The''study more about the dominating factors of the etching mechanism, an
increasing.of KOH-Ethylene Glycol Solution concentration and the etching time are
performed. Figure 6.18 shows the etching result under 20% KOH-Ethylene Glycol
solution at 120 C with etching time 160 min. Unlike the aforementioned isosceles
triangle void, a trapezoid void forms. The dramatically change of the geometry of the
etched-voids reveals a new dominating mechanism during the etching process.
Observing the trapezoid void in detail, the trapezoid was constructed by an isosceles
triangle with the further etched {11-22} planes upwardly and downward. The lower
leg ((11-22) plane) of isosceles triangle is further etched in direction normal to (11-22)
plane and stop at the sapphire surface and the boundary of seed and wing region. The
completely etching of the seen region was achieved at the bottom part of the seed
region. As for the upper part of the seed, the upper leg ((11-22) plane) of isosceles

triangle is also further etched in direction normal to (11-22) plane; however, it shows
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no sign of etching-stopping. The (11-22) plane is maintained and advances upwardly
in the [11-20] direction rather than in direction normal to (11-22) plane. Combining

the etching results of upper and lower {11-22} planes, geometry of trapezoid forms.

Enlarging upon the results, an etching mechanism “defect-selectivity” is
introduced. The advancing of the {11-22} planes stop at the seed/wing boundaries
without further invading into the wing region. All the etching behavior was confined
exactly in the seed region. éven under extreme etching conditions, i.e. high
temperature and high concentration. The difference between the crystalline qualities,
i.e. the amount.of dislocations explains.the defect-selectivity of etching well. Under
extreme etching conditions, the €tching behavior of polarity-selectivity stops for the
etching —c-planes advancing-ne-more into the high quality: wing region. The etching
continuesiinithe [11-20] direction with inclined upper (11-22) plane and be completely
confined in the dislocation-filled seed region. The determinative'factor transfers from

polarity to-quality dramatically.

The transition point beétween polarity-selectivity and. defect-selectivity is
sometimes not sharp at all. It can be seen in figure 6.19 that polarity-selective
chemical etching and defect-selective chemical etehing occur at the same moment.
The region of polarity-selective etching shows specific crystalline planes while the
defect-selective etching does not. The combination of these two etching mechanism
leads to variety of the geometry of the voids if the crystalline quality of the seed
region is not good enough to be effectively recognized from the etching of {11-22}
planes and the isosceles triangle. Besides, the defect-selective etching along the
defective coalescence boundary and the direct growth region on seed could lead to

serious damage to the MQWs on the n-GaN and destruct the light emission properties.
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The way to avoid this phenomenon is maintaining the etching condition at moderate

temperature and concentration and the etching time should not be too long.

The quantitative etching rate of the {11-22} planes must be measured in order to
apply to further similar etching experiments. As for the requirement, the image of
original void here in figure 6.20 is needed. The important information it contains is

the width of the initial voids, 300~400nm.

The calculation method of the etehing rate.of an inclined. crystalline plane must
be carefully treated. For'nonvertical planes, the etching rate of the plane is not
measuring thésenlargement-of-the-spatial distance directly. For instance, the etching
rate of {10-1-2} /planes is-the-etehing rate of vertical {10-10} planes multiplied by
cos46 , because the'inclined {10-1-2} planes infersect the {10=10}splanes at an angle

of 46 .

In ourcase, the determination of etching rate of {11-22} planes is depicted in
Figure 6.21. The vertical dot-line in upper-left figure of Figure 6.21 marks the original
width of the void.-and be.replicated to the other figures to_indicate the start point of
etching. As the aforementioned topies,.the {11-22}splanes intersect the {0001} planes
at an angle of 58 and thus the etching rate is caleulated by dividing the etching
distance normal to {11-22} planes by etching time. The etching distance normal to
{11-22} planes is defined as Lgoo1)xcos5 8" where Looo) 1s the etching distance normal

to the {0001} planes under certain etching time.

The etching rates of {11-22} planes under different conditions are summarized in
Figure 6.22. It is clear that both the increasing of temperature and KOH-concentration

leading to higher etching rate. The fastest etching rate that achievable in the
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experimental series is approximately 26.0+1.90 nm/min under the condition of 140°C,
20 wt. % KOH. The lower temperature about 120'C, 20 wt. % KOH leads to slower

etching rate about 20.5+1.70 nm/min.

Look at the etching rate performances at low KOH concentration, 5 wt. %.
Temperature 140°C gives the rate of 11.6+1.08 nm/min, while 120°C gives the rate of
6.34+1.33 nm/min and 100°C gives the rate of 2.35+1.67 nm/min. The etching rate
decreases dramatically under.such low KOH concentration and the worth noting point
is that the deviation.of the ratesincreases as the etching temperature decreases. This
tendency is opposite to that of observed. at high KOH concentration, 20 wt. %.
Therefore, we can guess confidently that the moderate KOH' concentration with

moderate temperature gives-the-most controllable etching conditions.

Theleondition of 140°C with KOH concentration 10 wt. % gives an @fching rate
about 17,0+1.00 nm/min, and 120°C with KOH concentration 10 wt. %, gives an
etching rate about 13.6+0.90 nm/min. Although the etching efficiency is.not as high as
that of higher concentration, 20 wt. %, it provides most: controllable etching
conditions with smallest.rate deviation. This is a compromise between the etching rate

and the etching controllability.

Knowing the nature of the etching rates helps to determine the etching time in
order to achieve a specific geometry of the voids in TELOG a-plane GaN and MQWs.
These well-shaped voids would expect to enhance the light extraction ability of the
nonpolar a-plane GaN and MQWs for the air-voids acting as the reflector and guiding
the emission light from MQWs to go upwardly and out of the sample from the front
surfaces. The quantitative measurements of the optical properties of the TELOG

a-plane MQWs are available in section 6.4.
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6.4 Optical Properties of TELOG a-Plane InGaN/GaN

MQWs after KOH-Ethylene Glycol Solution Etching

The continuous-wave He-Cd laser excited photoluminescence spectrum
measured at room temperature of TELOG a-plane InGaN/GaN MQWs is shown in
Figure 6.23. The detection position is exactly normal to the TELOG a-plane GaN
sample within the distance ofyapproximately 10cm: The photoluminescence peak
emission wavelength of the TELOG a-planc InGalN/GaN MQWs is 435nm whether
the sample is KOH=etched or not. The intensity of these peaks; however, shows an
interesting tendency. The -KO@H=etched sample gives higher peak than that of the
original one;rand this phenomenon could be explained briefly by the effects of
air-void assisted light-extraction-efficiency enhancement. Confusing point.is that the
percentage of enhancement does not proportional to the etching time length. In
general and the results above-mentioned, the longer etching time leads to larger
air-void size, whether, ‘the dominating mechamism=.it is. Unfortunately, the
photoluminescence . peak intensity of the sample after .80-min=ctching drops
dramatically to the level of 20-min-etching one with only slight larger. The results are

conflicts to the previous prediction.

By investigation in to the geometry of the void after 80 min etching, the
simulation model of TracePro was constructed as in Figure 6.24, where the
corresponding materials area depicted. The vertex angle of the isosceles triangle is
designed toward the right-hand side in order to meet the SEM images in the
aforementioned sections. Figure 6.25 shows the distribution of the light trajectories

initiating from the InGaN/GaN MQWs and be extracted out of the sample by the
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isosceles triangles. There exists evidently a higher density of light trajectories in the
quadrant corresponding to the upper {11-22} planes. This simulation results tell that
the most effective light extraction efficiency enhancement is located at the position

with a rotation of 30" toward the vertex angle, and respect to the normal of the sample.

On the basis of the above-mentioned simulation result, the experiment of
angle-resolved photoluminescence is performed to acquire the exact angle of the peak
position and the maximum enhancement of ‘the light extraction efficiency by these
isosceles triangles. .The. experiment was performed. by varying the angle of the
detector and the record of the photoluminescence spectra was, stored:, Then the peak
intensity of the photoluminescence spectra at each angle was extracted out to
construct the'Figure 6.26. At-detection angle 0, the tendenéy of the infensity toward
etching time:1s similar to that of Figure 6.23. Surprisingly, the maximum enhancement
of the light extraction efficiency occursfat the angle 30°, which is consistent in the
previous ‘simulation. As/in ‘the  figure, the original TELOG a-plane InGaN/GaN
MQWs shows no obvious enhancement for its“symmetric-and relatively small voids.
A maximum enhancement around 2.5 times occurs at the angle/30” for 40-min-etching
and 20-min-etching samplesinCombining the effects®ofthe lateral width of the
isosceles triangles and the number of {11=22} facets on {000-1} plane, these two
etching conditions gave the similar light extraction efficiency enhancement. The
gradual decay of the spectra for the detection angle >30 is mainly caused by the total
internal reflection at the p-GaN and air boundary. The detection angle is larger than
the particular critical angle with respect to the normal to the surface. The critical angle

is defined as the angle of incidence above which the total internal reflection occurs.

As for the case of 80-min-etching TELOG a-plane InGaN/GaN MQWs, the
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emission intensity increases gradually and reaches a saturated value at the detection
angle >40" without obvious decaying. The 80-min-etching sample provides an
enhancement of the light extraction efficiency to the level of 3.5 times with wide

emission angle in comparison with that of the 40- and 20-min-etching samples.

The wide light emission angle and the saturated intensity without decaying of
80-min-etching sample come from the variety of the geometry of the air-voids it has.
As in Figure 6.16, 6.18 and 6.19, the long etching time.would lead to many kinds of
the air-void shape including the“isosceles triangles;:trapezoids.and the mixed form
which combines the <polarity-selective..and defect-selective etching. The light
extraction comes from the combination of the variety of air-void shape making a large
emission angle./ The phenomenon of this enhancement of light extraction shows a
great potential for lighting application with varying emission angle. Via €ombining
the polarity-selective and defect-selective etching appropriately, the optimum air-void
shape can be achieved to acquire the largest emission range with/ several times

enhancement.

Considering the detection angle opposite to the direction of the vertex angle of
the isosceles triangle, 1./ 0 ~ 45, these are enhancements approximately ~20% at
every detecting angle. The amount of enhancement is not as much as those at the
direction toward the vertex angle of the isosceles triangle and can be explained by the
smooth and vertical +c-plane without any etching facets. It does not much effort on
enhancing the emission into a specific angle with several times but the average
improvement of the light extraction efficiency is observable, even to the extremely

large detecting angle, -45.
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6.5 Summary

The etching properties, including mechanisms, geometries, rates and the related
effects of TELOG a-plane GaN and InGaN/GaN MQWs in KOH-ethylene glycol

solution are available in this chapter.

Initially, the KOH-ethylene glycol etching mechanism of *c-planes, m-plane and

a-plane of GaN are reyiewe endencies of temperatures,

concentrations and o polarity-selective
etching and de e two etching
mechanis d/ iques, almost

geometry of the'ai

Xistence of
the air-v emission

distributio Tefe - c s, 1sosceles

triangle or trapg

The integration O ) : 3 ght extraction techniques of

air-voids are successfully achieved ossible way toward suppressing the

internal electrical field that hinder the recombination of electrons and holes, and

enhancing the light extraction ability the help more photons to leave the devices.
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Negatively charged H- -
B [1T00] gangling bond ‘) .OH
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(a)
Chemical adsorption of OH"
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Figure 6.01. Schematic diagrams of the GaN viewed along the [-1-120] for N-polar

GaN to explain the mechanism of the polarity-selective chemical etching.
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Figure 6.02. Scheme of etching mechanism of GaN (1-100) m-plane in top and side

ViEWS.
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Side View
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Top View

@ Ga O OO Positively charged dangling bond
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Figure 6.03. Scheme of etching.mechanism of GaN (11-20) a-plan¢ in top and side

views.
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... Etching Time10 min. . Etching Time 10 min.

'E:chino Time 10 min.
KOH 5% In el:hylene glvcol KOH 10% m ethylene glycol KCIH Zﬂ% In ethylene glycol

Figure 6. 04 SEM 1mages of the a1r—v01ds 1n TELOG a-plane GaN under different

etching condltlons at etching-time-10 min.

_ Et(ﬁng Time20 mm_. Etching Time ZQ r_nin-_ E_tc_h_png Time20 mir_t.

Etching Time 20 min.

KOH 5% in ethylene glycol KOH 10% in ethylene glycol KOH 20% in ethylene glycol

Figure 6.05. SEM images of the air-voids in TELOG a-plane GaN under different

etching conditions at etching time 20 min.
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ing Time 40' min.

Etchmg "flme 40.min.

KOH 5% in eth\rlene glvcul I(OH 1095: in ethylene glvcnl Kbu'zox in ethylene glycol

Figure 6.06. SEM, 1mages of the air-voids in TELOG a-plane GaN under different

etching condltlons at etchmg time 40 min.

140C_

‘f’ T =

Etchmg Time 80 min. |

; Etching Time 80°'min.

KOH 5% in ethylene glycol KOH 10% in ethylene glycol KOH 20% in ethylene glycol

Figure 6.07. SEM images of the air-voids in TELOG a-plane GaN under different

etching conditions at etching time 80 min.
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Figure 6.08., The summary of the etching results under different etching-conditions.
The threshold-times needed to get the isosceles triangle are shown.

T N

KOH 5 wt.% in ethyleng

Figure 6.09. Time-dependent, SEM, images of the.air-voids in TELOG a-plane GaN
under KOH 5 wt. % and 100/C.

KOH 5 wt.% in ethylene glycol, 120°C

Figure 6.10. Time-dependent SEM images of the air-voids in TELOG a-plane GaN
under KOH 5 wt. % and 120°C.
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Omin 10min 20min 40min 80min

KOH 10 wt.% in ethylgne glycol, 120°C

Figure 6.11. Time-dependent SEM images of the air-voids in TELOG a-plane GaN
under KOH 10 wt. % and 120°C.

KOH 20 wt.% in ethyldne glyeol, 120C -

Figure 6.12; Tlme dependent SEM i 1mages of the a1r—v01ds in TELOG a-plane GaN
under KOH 20 wt. % and 120-C:

Omin 10min ' 20min 40min

KOH'S wt.5%in ethyle - glycol, 140°C

Figure 6.13. Time- dependent SEM images of the alr-v01ds in TELOG a-plane GaN
under KOH 5 wt. % and 140°C.

KOH 10 wt.% in ethylefhe glycol, 140°C

Figure 6.14. Time-dependent SEM images of the air-voids in TELOG a-plane GaN
under KOH 10 wt. % and 140°C.
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KOH 20 wt.% in ethylehe glycol, 140°C

Figure 6.15. Time-dependent SEM images of the air-voids in TELOG a-plane GaN
under KOH 20 wt. % and 140°C.
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_ ; -

Figure 6.16. Time-dependent SEM images of the air-voids in TELOG a-plane GaN
under KOH 10 wt. % and 120°C. The corresponding etching geometries and the

related crystalline directions are depicted.
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Figure 6.17. Sch_emé;t_i(_: ilhag'éé .of the air-voids in TEL'OG':a:pla'r'.le' GaN under KOH

solutions. The cérrespbhding etching geometties and the re_late‘d'tirhe_ ;ife;_ depicted.

KOH 20% in ethylene glycol , 120°C, 160min

15.0kV 13.0mm x5.00k SE(V)

Figure 6.18. SEM images of the air-voids in TELOG a-plane GaN under KOH 20 wt.
% and 120°C. The etching time is 160 min.
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Figure 6.20. SEM images of the original air-voids in TELOG a-plane GaN.
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Figure 621-\0The‘
underKOH etching.
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Figure 6.22. The etching rate of the air-voids in TELOG a-plane GaN under different
KOH etching conditions.
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Figure 6.24. The TracePro model to simulate the effects of the air-voids on the light

trajectories.
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Figure 6.25. The TracePro simulation result of the effects of thé air-voids on the light

trajectories.
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Chapter 7

Conclusion and Prospects

7.1 The Acquirement of Nonpolar a-Plane GaN on m-Plane

and y-Plane Sapphire Substrate

Nonpolar GaN, ‘@-plane GaN have been aequired on the y-plane sapphire
substrate via the TELOG techniques on the basis of thesknowledge from a-plane GaN

epitaxy on patterned m-plane-sapphire.

A-plane. GaNwepitaxy wonpatterned = m=plane sapphire . shows the growth
mechanismeand the direction of condition tuning.-What’s more, the distribution of the
defects also. inspired the modification of substrate design and growth technique
improvement. All these lead to the achievement of completely planar a-plane GaN on
TELOG y-plane sapphire substrate. The InGaN/GaN MQWs are also grown on the

a-plane GaN with good.emission qualities.

In brief, the nonpolar high' quality a-plane GaN is available for further
high-power solid state lighting application. The further efforts needed is the
observation in detail the formation mechanism, the elimination and the effect of

defects such as stacking faults, dislocations on the optoelectronics properties.

Another related topic is to fix the decrease in efficiency with increased current. It
is often called “efficiency-droop effect”. The nonpolar GaN shows great potential to

overcome the giant gap of the droop effect, and under expectation, more nonpolar
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GaN commercial products will come to the solid state lighting markets.

7.2 The Outcome of KOH-Ethylene Glycol-Solution-Etched

TELOG Nonpolar a-Plane GaN and MQWs

The KOH-ethylene ¢ summarized in chapter 6.
It provides an integrat e polar GaN and
InGaN/GaN u% S ods, nonpoar and
air-void eng Ktraction 1in
nonpolar al c-plane

lighting de

The “clai i i 3 GaN-related materials in
KOH-ethylene 2 ¢ ide device fabrication
of compound ism gives the
most powerful tec otential of application

in variety of realms.

7.3 Future works and Prospects

The completely planar a-plane GaN on patterner m-plane sapphire needs more

efforts to achievement. One possible way is covering one of the vertical side-walls of
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the etched trenches. The one-side-wall passivation leads to the growth of the a-plane
GaN from the c-plane side-wall on only one direction. It effectively prevents the
epitaxial GaN from hindering each other. On the other hand, the
low-growth-rate —c-plane can be met by the high-growth-rate +c-plane and perform

the coalescence a-plane GaN plane on patterned m-plane sapphire.

The KOH-ethylene glycol-solution etching results open a door to the solution of

sapphire substrate lift-off. Tl - ods are laser lift-off which
introduces a plenty .of damage emical-solution based
lift-method is appr r it introd o.the devices. By
combining the / chanism ] ; ¢ the thesis and the

specific -cthylene

glycol-so filled GaN

interface leac

Another_applicati 13 an remove the

low crystalli eral'epitaxial part. The

part would act as the -/ ary seed for further
AWe ¢ q-w/ aN epitaxy layer with

extremely high crystalline quality overthe whole plane is achievable.

leaved high quality

overgrowth once aga
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