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Abstract 
This work investigates the fabrication, characterization and application of GaN-based layers 

in light emitting structures. All the thin films and light emitting diodes (LEDs) discussed in this 
thesis were grown by metal organic vapor phase epitaxy (MOVPE). The objective of this thesis 
was to improve the material quality and light extraction of III-N optoelectronic structures. 
Scanning electron microscopy (SEM), transmission electron microscopy (TEM), x-ray 
diffraction (XRD), photoluminescence (PL) and electroluminescence (EL) were used to 
characterize the samples. 

 
GaN layers were grown on GaN templates having hexagon shaped openings. Embedded voids 

were created at the GaN-sapphire interface with a novel process described in this work. A 
control over the shape of the voids was demonstrated. It was observed that changing the 
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was observed near such voids. InGaN/GaN LEDs were grown on GaN layers with embedded 
voids of different shapes. Improved material quality and more efficient light extraction due to 
the introduced void geometry enhanced the light output of 60 degrees inclined sidewall 
embedded void LEDs. Light extraction enhancement was also studied by mask-less chemical 
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The compositional dependence of indium and aluminum on MOVPE growth conditions in 
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internal quantum efficiency (IQE) of InGaN/InAlGaN MQW structure was sensitive to the 
barrier layer composition. 
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1. Introduction

The field of optoelectronics has undergone an unprecedented advance-

ment during the last few decades. The impetus behind this progress has

been the realization that optoelectronic devices will have far reaching ben-

efits for human society in the 21st century. Silicon has long been and still is

the conventional and most widely used semiconductor material. However,

an inherent drawback of silicon as an optoelectronic material is its indi-

rect energy band gap. The direct band gap of most of the III-V semicon-

ductors gives them an obvious advantage over silicon and this has made

III-V materials absolutely critical for modern day optoelectronic devices.

Another advantage of these compound semiconductor materials is that

the energy band gap can be tuned in a wide range when particular ele-

ments from group III and V of periodic table are combined. The tunable

range of energy band gap covers the ultra-violet (UV), visible and infrared

(IR) region of the electromagnetic spectrum.

Compound III-V semiconductors have shown remarkable potential in nu-

merous applications ranging from ordinary transistor based electronics

to optoelectronics. Light emitting diodes (LEDs) and laser diodes (LDs)

based on III-V materials have matured into readily available commercial

devices. LED based light sources have already started replacing conven-

tional light bulbs and fluorescent lights. The superiority of LEDs over the

other available options comes from the fact that they are highly energy

efficient, have long lifetimes and affordable price. Furthermore, the possi-

bility of accurately tuning the wavelength in a broad range of electromag-

netic spectrum makes LEDs an attractive option for lighting applications.

The compound III-V semiconductors have traditionally been, divided into

two main groups, i.e., the conventional III-Vs and III-nitrides. The con-
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Introduction

ventional III-Vs that include phosphides, arsenides and antimonides are

treated separately from nitrides due to a large difference in their crystal

structure and growth conditions. Historically, the development of conven-

tional III-Vs has remained far ahead of nitrides. This can be ascertained

from the fact that first visible red LEDs based on arsenides were commer-

cially rolled out in 1960s [1]. The conventional III-Vs have shown their

dominance for devices operating in red and IR region of the electromag-

netic spectrum. Theoretically the band gap of III-nitrides (InN, GaN and

AlN) can be tuned all the way from the UV to IR region of the electro-

magnetic spectrum. However, the progress in the development of nitride

based optoelectronic devices has the disadvantage that the growth pro-

cess for good quality nitrides was invented as late as in the 1990s. Also

the lack of availability of native substrates and difficulties in p-type dop-

ing slowed down the development of first commercial nitride based LEDs.

It was in mid 1990s when this milestone was achieved. As of today, high

brightness blue LEDs are currently the primary and most widely used ap-

plication of GaN based materials. Phosphor coated blue LEDs are being

used to generate white light for indoor/outdoor lighting applications.

In addition to applications in general lighting, the LEDs are enabling

novel technologies like miniaturized displays for augmented reality ap-

plications [2]. The idea of augmented reality enabled wearable computers

certainly seems to be the next step that can revolutionize the way hu-

mans interact with their surroundings. The futuristic idea of accessing

information via data super-imposed on one’s field of vision is not science

fiction anymore. Efforts towards making finished products in the form of

head-mount or eyeglasses based wearable displays have turned out to be

successful [3]. A bionic contact lens could be the next big thing, since it

offers simpler and less cumbersome display option for augmented reality

based applications.

This thesis discusses some key issues associated with the light output

performance of GaN LEDs. Some new ideas to growth and efficiency en-

hancement of blue/near-UV light emitting structures are proposed. The

thesis also discusses the successful demonstration of using blue LEDs for

an augmented reality application. This thesis has been organized as fol-

lows: Chapter 2 gives an overview of fundamental properties of III-N ma-

terials. The important issues related to growth of GaN-based materials

are discussed in Chapter 3. Chapter 4 presents some important process-

ing and characterization techniques that were used during this research.

2
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A short history of III-N LED related research and important technological

developments along with the key challenges has been reviewed in Chap-

ter 5. The main results of publications I-VI have been summarized in

Chapter 6. The key details related to the proposed light extraction tech-

niques in blue LEDs and growth of near-UV quantum well structures are

presented in this chapter. Chapter 7 describes the use of GaN LEDs for

an augmented reality application. Chapter 8 summarizes the important

results of this thesis. The relevant publications of this work are attached

at the end of this thesis.
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2. Properties of III-nitride
semiconductors

This chapter gives a basic overview of the crystalline structure and other

important properties of group III-nitrides that are crucial in understand-

ing the unique nature of these materials. The topics discussed in this

chapter also provide an insight into some basic concepts which are of

great importance for understanding the working principles of semicon-

ductor quantum well (QW) based light emitting sources.

2.1 Crystal structure

The classification of solid materials is based on the internal atomic ar-

rangement. Materials having highly ordered and periodic atomic arrange-

ment are classified as crystalline whereas materials with random atomic

arrangement are grouped together as amorphous materials. The typical

characteristic properties of semiconductors are associated to their periodic

atomic arrangement which is also known as the lattice structure. III-N

semiconducting materials can crystallize into hexagonal wurtzite, cubic

zinc blende or rocksalt crystal structure [4]. Owing to its thermodynamic

stability under ambient conditions, the wurtzite structure has been stud-

ied extensively and is used in most of the optoelectronic applications. The

samples fabricated and analysed in this study were grown under condi-

tions favoring wurtzite type crystal structure. Thus, the remainder of the

thesis will focus exclusively on this type of crystal structure.

The wurtzite structure has a hexagonal non-primitive unit cell and thus

two lattice constants. As an example, a hexagonal unit cell for GaN

is shown in Fig. 2.1. It contains two interpenetrating hexagonal close

packed (hcp) sub-lattices, each consisting of 6 group III or nitrogen atoms

only. The lattice atoms are bonded to the nearest neighbor in tetrahedral

pattern and the unit cell is described by the lattice parameters a, c and a

5



Properties of III-nitride semiconductors

dimensionless parameter u.

Figure 2.1. (a) Hexagonal wurtzite crystal structure of GaN and (b) unit cell of wurtzite
GaN.

The lattice parameter a defines the edge length of the hexagonal basal

plane, and the lattice parameter c describes the spacing in between two

identical hexagonal lattice planes. The dimensionless parameter u char-

acterizes the bond length along the c-direction. For an ideal hexagonal

lattice, u=3/8 and deviation from this value provides information about

the distortion of the unit cell. The hexagonal bi-layers in wurtzite GaN

follow an .....ABABAB ..... sequence as marked in Fig. 2.1. Lattice param-

eters a, c and dimensionless parameter u for binary nitrides are given in

Table 2.1.

Table 2.1. Lattice parameters a , c and u for binary nitrides [5].

Lattice parameter AlN GaN InN

a (
o
A) 3.111 3.189 3.534

c (
o
A) 4.978 5.185 5.718

u 0.379 0.377 0.382

2.2 Band structure

The periodic arrangement of atoms in a crystal merges the energy levels of

various electrons present in different orbits. These closely spaced energy

6



Properties of III-nitride semiconductors

levels are called energy bands, which allow the movement of electrons in

the crystal. The merging of energy levels associated with the outer-shell

electrons leads to the formation of conduction band (CB) whereas merg-

ing of the energy levels associated with the inner-shell electrons forms va-

lence band (VB). The energy gap that separates the CB and VB is called

the energy band gap (Eg). The classification of materials into conductors,

insulators and semiconductors is associated to the size of energy band

gap which could be nonexistent, large or small (relative to 2-5 eV), respec-

tively. In semiconductors, this band gap could either be direct or indirect.

In the case of direct band gap semiconductors, the valence band maxi-

mum (VBM) and conduction band minimum (CBM) have the same value

of wave vector �k which is not the case in indirect band gap semiconductors.

The probability of an optical transition from CBM to VBM is much lower

with the assistance of a phonon which is required in indirect band gap

semiconductors. This makes the direct band gap semiconductors much

more suitable for light emitting devices [6]. III-N semiconductors belong

to this class of semiconductor which have direct band gap.

Fig. 2.2 shows the calculated band structure of hexagonal wurtzite GaN

near the fundamental gap �k= 0 in the k̃ -space. The band gap value (Eg) is

calculated at a temperature of 40 K. As can be seen, the CBM and VBM

have the same k̃ -value, and the VB is split in three different sub-bands (A,

B and C) by crystal field and spin orbit coupling. The III-nitride material

system is extremely versatile because the direct band gap values span

from 0.64 eV (IR region) of InN to 6.14 eV (deep-UV) for AlN [7].

���

���

���	
�����

�

�

�

�
�

�
�

�
�

�
�

� ��

Figure 2.2. Calculated band structure near the Γ point of hexagonal wurtzite GaN. The
top of the valence band is split into three different bands by the crystal field
(band C) and by the spin-orbit coupling (band B). Modified from [8].
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Properties of III-nitride semiconductors

Fig. 2.3 shows band gap energy versus the lattice constant a for III-nitride

materials. The possibility of alloying III-nitrides to form ternary ( AlGaN,

InGaN, InAlN) and quaternary (InxAlyGa1−x−yN) alloys makes them par-

ticularly attractive for many optoelectronic applications.
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Figure 2.3. Band gap energy versus lattice constant a in the III-nitride materials system.

The compositional dependence of the band gap for ternary alloys can be

calculated from [9, 10]

Eg(AxB1−xC )=xEg(AC ) + (1 − x )Eg(BC )− x (1 − x )CABC , (2.1)

where the first two terms on the right-hand side of the equation give a

linear interpolation of the band gap energy and the third term represents

the deviation from this linear value for the ternary alloy AxB1−xC. The

constant CABC is called the bowing parameter. Similarly, compositional

dependence of the band gap for quaternary alloys can be calculated from

a more complicated empirical expression given by [11, 12]

Eg(x , y)=xEg(InN )+yEg(AlN )+(1 − x − y)EgGaN−bAly(1 − y)−bInx (1 − x ),

(2.2)

where the fourth term represents the bowing contribution related to Al

and the last term represents the bowing contribution due to In. The pa-

rameters x and y represent the molar fractions of binaries InN and AlN,

respectively.
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2.3 Polarization in III-nitrides

As it has been already discussed in section 2.1, the atoms in hexagonal

wurtzite structure of nitrides are located in an alternating sequence of

monolayers comprising of group III species and N in the ±c direction.

Such an arrangement of atoms leads to a lack of central inversion sym-

metry. This means that the direction of the atomic bonds are different

along the [0001̄] and [0001] directions. Hence, there exists a polarity in the

films along the c-direction. Fig. 2.4 shows the two different polar orien-

tations of GaN. When the bonds along the c−direction are from Ga to N,

the film is termed as Ga-polar. In this case the direction of bonds from Ga

to N along the c-direction marks the [0001] direction. Similarly, when the

bonds along the c-direction are from N to Ga, the polarity is termed as

N-polar. In such a scenario the direction of bonds from N to Ga along the

c-direction marks the [0001̄].

� ��

��

��
��

�

� �

������ ������

��	
���� �	
���

Figure 2.4. Ball and stick configuration of atoms in the Ga- and N-polar arrangement in
wurtzite GaN.

It has been experimentally shown that the type of growth method influ-

ences the polarity of GaN grown on (0001) sapphire substrate. The films

grown with metalorganic vapor phase epitaxy (MOVPE) turn out to be Ga-

polar while the films grown by molecular beam epitaxy (MBE) are com-

monly N-polar [12, 13, 14]. All the samples studied in this thesis were

grown by MOVPE and were Ga-polar.

In the absence of any external electric field the total polarization is a

sum of spontaneous polarization (Psp) and piezoelectric polarization (Ppz ).

Spontaneous polarization in wurtzite nitrides originates due to the po-

lar nature of these materials. On the other hand, piezoelectric polariza-

tion stems out from the fact that hetero-epitaxial layers are inherently

strained. Ppz can be expressed as the sum two independent piezoelectric

9



Properties of III-nitride semiconductors

coefficients e31 and e33 [15]

δp = e33
c− c0
c0

+ 2e31
a− a0
a0

, (2.3)

where c0 and a0 are the equilibrium values of out-of-plane and in-plane

lattice parameters. Piezoelectric coefficients in III-N materials are found

to be ten times larger than in conventional III-V and II-VI semiconductor

compounds [15, 16]. The presence of spontaneous and piezoelectric polar-

ization causes an internal electric field in the material [17, 18]. The built

in electric field in III-N wurtzite materials is discussed in more detail

later.

2.4 Quantum wells

A QW is a structure consisting of a semiconductor having a smaller band

gap energy sandwiched between materials with larger band gap energies.

The carrier (electrons and/or holes) see a lower potential in the well layer

and become confined into this layer. The energy levels are discrete, per-

pendicular to the layer and continuous in the two dimensions along the

layer. The phenomenon of quantum confinement comes into action when

the thickness of the QW becomes comparable to the de Broglie wavelength

of the carriers. The spatial confinement of carrier charges and the cor-

responding modification of the density of states results in high radiative

efficiencies, low laser threshold currents and reduced surface recombina-

tion effects in QW structures as compared to bulk materials. QWs are

particularly advantageous, since they give the flexibility of engineering

the energy levels by combination of different band gap semiconductors. It

is because of this and high radiative efficiencies that QWs are considered

crucial for modern day LEDs and LDs.

As it has been discussed in the previous section, piezoelectric polarization

is induced as a result of strain in a layer. The nitride layers grown on

foreign substrates are under bi-axial strain and, thus, have high values

of built in electric field. Usually the value of this field is of the order of

106 V/cm [19]. The total built-in electric field is equal to the sum of spon-

taneous (Esp) and piezoelectric fields (Epz). Depending on the directions

of these fields, piezoelectric field can add up to strengthen or weaken the

spontaneous field in the layer. For the case of InGaN/GaN QWs, the In-

GaN layers are under compressive stress. Hence, the directions of Esp and

Epz are opposite to each other. The value of total built in field for typical
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In0.22Ga0.78N/GaN QWs can be as high as 3.1 MV/cm [20]. Nevertheless,

the presence of this large electric field in such a heterostructure leads

to significant band bending. The band bending results in the conduction

band minimum to be energetically close to the valence band maximum,

thus effectively reducing the band gap. This reduction redshifts the wave-

length and is known as quantum confined Stark effect (QCSE). The band

bending increases the spatial separation of electron and hole wavefunc-

tions by pushing them towards opposite sides of the QW. This separation

means that the overlap between the two wavefunctions is reduced com-

pared to flat-band situation that is the case in zero-field scenario (Fig.

2.5). A decrease in the overlap reduces the probability of effective radia-

tive recombination. This is particularly true for thick QWs, e.g., thicker

than 100
o
A. For this reason the QW thicknesses of 20− 30

o
A are typically

used to minimize such electron-hole separation effects [21]. InGaN/GaN

QWs are known to undergo a blue shift in their wavelength at high car-

rier densities. Coulomb screening of the QCSE and band filling of local-

ized states by excitons are two well documented reasons for the blueshift

behavior at high carrier densities [22, 23]. Hence, the decrease in the over-

lap of electron-hole wavefunction can be recovered. The doping of barriers

with Si has also been reported to increase the electron-hole wavefunction

overlap [24].

Figure 2.5. Schematic illustration of un-strained (E1) and strained (E2) InGaN/GaN QW,
where E2< E1 due to QCSE.

The effect of internal electric field can be reduced by growing the mate-

rial along the non-polar or semi-polar crystal directions. In practice this

is done by using non-polar or semi-polar substrates. In non-polar case

(a−plane), the piezoelectric field is perpendicular to the growth direction.

Such direction of internal electric field does not influence the position of
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electron-hole wavefunction in the active device layers [25]. All the sam-

ples in this work were grown on c-plane surface, and thus have internal

electric field along the growth direction.

12



3. Growth of nitride semiconductors

Growth of III-nitride materials is a very interesting yet a challenging

task. Starting from the issue of substrates and then moving onto the ex-

planation of epitaxial growth of different nitride layers, this chapter gives

a general overview for the some of the key topics that are associated with

this research work.

3.1 Substrates

The most desirable form of semiconductor epitaxy is when it is performed

on a native substrate. The biggest motivation to follow this route is the

desire to avoid interface effects and decrease the probability of defect for-

mation. Unfortunately, the III-nitride material system still lacks the wide

availability of cost effective native substrates compared to other III-V ma-

terials. This shortcoming is due to the presence of many technological

challenges that hinder the growth of nitride materials in bulk form [26].

Hence, growth of III-N materials is mostly based on heteroepitaxial tech-

niques. In heteroepitaxy, the lattice mismatch between the substrate and

the growing film is mainly responsible for the formation of stacking faults

and threading dislocations (TDs). Furthermore, a difference in the ther-

mal expansion coefficient of the two may lead to crack generation in the

grown film. The group III-nitrides have been grown on a wide variety of

substrates including Al2O3 (c-, a-, m- and r-planes), SiC, ZnO, Si, ZnO,

LiGaO2 and ScAlMgO4 [27].

SiC and Al2O3 (sapphire) are by far the most commonly used substrates

for GaN epitaxy. SiC has very good thermal conductivity and much smaller

lattice mismatch with GaN compared to sapphire. However, SiC has a

smaller in-plane thermal expansion coefficient with respect to GaN. This

leads to the generation of tensile stress in the GaN epi-layer as the films
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Growth of nitride semiconductors

are cooled down after growth. Furthermore, SiC substrates are compara-

tively expensive. One the other hand, sapphire substrates offer good ther-

mal stability at high temperature that is usually required for the growth

of GaN epi-layers. It is transparent in nature, has relatively low cost

and is available in large diameter sizes. The lattice mismatch between

wurtzite GaN and c-plane sapphire substrates is huge (49%) [27]. The

heteroepitaxial growth across the GaN and sapphire interface is dictated

by the Al–O bonding on the sapphire surface, which results in a 30° in-

plane rotation of the nitride lattice with respect to the sapphire substrate.

The commonly mentioned lattice mismatch of ~16% is a result of this ro-

tational alignment of the GaN hexagonal base [28, 29]. This lattice mis-

match is still quite high compared to many other substrates. Apart from

this, the in-plane thermal expansion coefficient of sapphire substrates is

higher than that of GaN. This results in compressively strained GaN films

on cooling down to room temperature [30].

3.2 Basics of MOVPE

A wide variety of growth techniques including liquid phase epitaxy (LPE),

hydride vapor-phase epitaxy (HVPE), chemical beam epitaxy (CBE), MBE

and MOVPE have been employed to grow III-nitrides. Owing to its flexi-

bility in growing a variety of high purity materials with accurate compo-

sition, thickness and doping along with large scale growth at reasonable

growth rates, MOVPE is by far the most popular method employed for

growth of nitrides. The popularity of the MOVPE technique has seen a

significant increase since the development and rapid commercialization

of blue, green and yellow LEDs and blue lasers [31, 32, 33].

MOVPE is a thin-film growth process involving the vapor transport of

precursor molecules towards a heated substrate. After reaching the hot

zone, the gaseous species are “cracked” which leads to a series of chemical

reactions between the cracked reactive components and the substrate sur-

face. In the most basic form we can consider four incoming vapor species,

namely, metalorganic containing group three element (R3III), ammonia

(NH3), hydrogen (H2) and inert gas such as nitrogen (N2). If we assume

that the group-III and −V precursors are mixed only above the substrate

then we can neglect the chance of pre-reactions. The irreversible pyrolysis

reaction occurring at the vapor-solid interface can be written as [34]
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R3III(g) +
3

2
H2(g)→ III(g) + 3RH(g), (3.1)

where (g) represents the respective constituents in the gas phase. The

chemical reaction occurring at the substrate surface for binary nitrides

can be expressed as

III(g) +NH3(g) � III −N(s) +
3

2
H2(g), (3.2)

where (g) and (s) represent the gas and solid phases, respectively. The re-

action described in Eqn. 3.2 can proceed in forward direction representing

the deposition process and in reverse direction for an etching process. The

amount of hydrogen on the right hand side of Eqn. 3.2 strongly governs

the reversibility of this equation at high temperatures.

Vapor phase epitaxy (VPE) is a complex process. Different surface pro-

cesses such as adsorption, desorption and surface migration contribute

towards the film growth. It is generally agreed that the growth rate

as a function of temperature can broadly be divided into three different

regimes [35]. Fig. 3.1 shows the growth rate as a function of temperature

and the associated growth regimes.

The low temperature growth regime in Fig. 3.1 is governed by the reac-

tion rates of the reactable species at the surface, hence referred to as a

kinetically limited domain. The effective temperature range of kinetically

limited regime is based on the pyrolysis efficiencies for a set of incoming

compounds. For example, in the case of Ga- and In-alkyl compounds ki-

netically limited regime occupies a very narrow temperature range since

the pyrolysis efficiencies of these alkyls rise very steeply with rising tem-

peratures [35]. Since NH3 is utilized as an active source of nitrogen in the

MOVPE process, its decomposition efficiency is also an important factor

to consider. Under equilibrium conditions, NH3 is expected to decompose

into N2 and H2 at temperatures higher than 300 oC, however the cracking

efficiency is too low. It is known that in the absence of catalyst the decom-

position rate of NH3 is slow. Furthermore, the decomposition also shows

some dependence to the growth conditions and equipment used [36, 37].

In the intermediate temperature range the chemical reaction rates are

much higher. In such a scenario, the mass transport of gaseous species

to and away from the surface has the most influential role in the film

growth. Since the gas phase diffusion of alkyls is only a weak function of

temperature, the growth rate remains nearly unaffected by the temper-

ature variations [35]. This region typically has a range of few hundred

15



Growth of nitride semiconductors

degrees Celsius. In the third regime, the VPE process is thermodynam-

ically limited. As a result of increasing temperature the chances of gas

phase reactions are increased along with increased desorption rates and

depletion of reactants on the reactor walls. The gas inlet design and the

reactor geometry need a thorough evaluation to minimize the effects of

thermodynamically limited regime.
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Figure 3.1. Temperature dependence of growth rate in VPE process for kinetically, mass
transport and thermodynamically limited regimes.

3.3 Thomas Swan MOVPE system

A close-coupled showerhead (CCS) MOVPE system made by Thomas Swan

Scientific Equipment was used for the epitaxial growth of III-N layers in

this thesis. The gas flow diagram for the MOVPE system at Micronova is

shown in Fig. 3.2. In this system gaseous NH3 and disilane (Si2H6) were

used as nitrogen and silicon sources, respectively. The disilane was di-

luted in hydrogen in 100 parts per million (ppm) concentration. The liquid

metalorganic precursors are located inside small cylindrical shaped metal

containers known as bubblers. The bubblers are kept in temperature con-

trolled baths, since vapor pressures of precursors are extremely sensitive

to temperature. In this system trimethylgallium (TMGa), trimethylalu-

minium (TMAl), trimethylindium (TMIn) and bis(cyclopentadienyl) mag-

nesium (Cp2Mg) are used as gallium, aluminium, indium and magnesium

sources, respectively. H2 and N2 are used as carrier gases for transport-

ing the metal-organics to the reactor. Mass flow controllers are used to
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regulate the gas flows into the reactor. A fast and efficient switching of

precursors allows the growth of low dimensional structures such as QWs

with sharp interfaces. Separate carrier lines are used to transport the

group III and V species in order to avoid any pre-reactions.
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Figure 3.2. A simplified gas flow diagram of MOVPE system used in this work.

Fig. 3.3 shows a cross-sectional view of the MOVPE reactor used in this

work. The reactor design is based on showerhead type gas inputs which

ensures a uniform gas flow over the wafers. This showerhead is connected

to the precursor lines. The wafers are placed on a SiC coated graphite

susceptor, which is heated from underneath with a help of tungsten heater

coils. The horizontal and vertical gas flow ratios are controlled by rotating

the susceptor during epitaxial growth. The temperature of this reactor

system can be effectively controlled up to 1200 oC. All the temperature

values mentioned in this thesis are thermocouple readings measured just

below the susceptor. The reactor was calibrated to +/- 3 oC variation across

the wafer. The pressure inside the reactor has a controllable range of

50− 900 Torr. An in-situ monitoring system is also installed on top of the

reactor. The reflected intensity of normally incident laser light beam with

a wavelength of 635 nm is measured to monitor growth and the thickness

of the epitaxial layers. The in-situ reflectance is employed to gain critical

information during the nucleation and coalescence of epi-layers.
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Figure 3.3. Cutaway view of the Thomas Swan MOVPE reactor [38].

3.4 MOVPE growth of GaN on c-plane sapphire

Since the GaN bulk layers (i .e., GaN templates) are an integral part of all

the heterostructures fabricated in this thesis, it is considered necessary

to give an overview of the MOVPE growth process for these layers.

One of the earliest reports of single crystalline GaN date back to 1969,

when Maruska et al . reported GaN specimens of reasonable electrical and

optical quality [39]. Since then efforts were made to improve the quality

of GaN. It was in 1980′s when Amano et al . reportedly used a 50− 100 nm

thick AlN nucleation layer (NL) grown at low temperature (LT) followed

by high temperature growth of GaN layer [40]. This type of growth pro-

cess enhanced the surface morphology and the electrical and optical prop-

erties of GaN grown on sapphire. Later on Nakamura reported growth

of high quality GaN using a GaN nucleation layer with a similar two-step

approach [41]. Fig. 3.4 shows the process flow of the two-step method that

is commonly employed for growth of GaN layers on sapphire.

A flow of hydrogen carrier gas is present throughout the process. The

sapphire substrate is heated to temperatures in excess of 1050 oC for the

removal of impurities from the surface. Temperature is then decreased
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and NH3 is introduced into the reaction chamber at around 800 oC. This

initiates the nitridation of the sapphire surface and, thus, forms a thin

AlN layer on the substrate. The duration of NH3 flow is considered to be

an important factor for this step [42]. With NH3 flow still on, the temper-

ature is reduced to about 530 oC. At this point the TMGa flow is switched

on. Under these conditions the GaN NL is formed and growth is contin-

ued until a nominal layer thickness of 40− 100 nm is achieved. At this

point the LT GaN is comprised of both the cubic and the hexagonal crystal

structures [43, 44].

After growth of the LT nucleation layer, TMGa flow is switched off and

temperature is ramped up to approximately 1000 oC for the GaN growth.

The ramping of temperature starts the recrystallization of the NL. A

decomposition of disordered material along with its redistribution takes

place giving rise to formation of GaN islands of hexagonal structure on

the surface. At the start of high temperature growth the GaN islands

grow both laterally and vertically (3D growth mode). As the growth con-

tinues, the islands grow bigger and finally they start merging with each

other to form a smooth coalesced layer of GaN.
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Figure 3.4. Time line of precursor flows with respect to temperature profile for the two-
step growth of GaN.
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3.5 Growth of III-N alloys

The possibility of alloying GaN with Al, In or a combination of both makes

it a diverse material system. The ternary GaN alloys, i .e., InxGa1−xN

and AlyGa1−yN have been extensively studied in the last twenty years.

Growth of ternary nitride alloys can be accomplished by mixing the va-

pors of different alloy constituents in an appropriate vapor phase ratio to

achieve a desired composition. InxGa1−xN layers are at the heart of the

modern day LEDs and LDs operating in the sub-green to near UV wave-

lengths. On the other hand, AlxGa1−xN layers have found their usage not

only in UV and deep UV emitting structures but also as carrier blocking

layers [45, 46, 47].

The band gap of ternary InxGa1−xN varies from 3.4 to 0.64 eV as the In

content is varied from 0 to 100 % [7, 48]. Bedair et al . have modeled the

growth of InxGa1−xN on the basis of competitive processes that occur dur-

ing growth [49]. According to this model three reaction pathways can

occur. Indium can either be incorporated in the solid ternary alloy, can be

incorporated as metal droplets or desorbed from the growth surface. The

occurrence of any specific reaction pathway is dependent on the growth

conditions inside the reaction chamber. Out of various growth parameters

the desorption of In shows an exponential dependence on growth tem-

perature. This strong temperature dependence can be associated to the

weaker InN bond strength which is 1.93 eV as compared to 2.2 eV for GaN

and 2.88 eV for AlN [50, 51]. Hence, MOVPE growth of InxGa1−xN layers

is usually performed in a temperature range of 700− 800 oC [42]. Higher

concentration of In in the ternary films (> 20%) is particularly challeng-

ing due to the large lattice mismatch between InN and GaN, which is

approximately 10 %. The type of carrier gas also plays a key role in In

incorporation. It has been shown that the In content in the InxGa1−xN

layers decreases as partial pressure of H2 gas is increased during growth

[52, 53]. N2 was used as a carrier gas for the growth of InxGa1−xN layers

this work. The general trends of the In content of epitaxial InxGa1−xN

film growth in dependence of various MOVPE parameters is shown in ta-

ble 3.1.

MOVPE growth of AlyGa1−yN epitaxial layers on GaN has a different set

of challenges when compared to InxGa1−xN growth. The differences in

the lattice mismatch, ionic radii, chemical reactivity with nitrogen and

higher thermal stability requires a different set of growth conditions [52].
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There have been several reports on the growth of AlyGa1−yN layers at

various temperatures in the range of 800− 1150 oC [54]. Growth of high

quality crack and defect free AlyGa1−yN layers with high Al content is

still a challenging task. Another prominent issue which complicates the

growth of AlyGa1−yN is the occurrence of gas phase pre-reactions which

decrease the incorporation efficiency of Al atoms [55, 56].

Table 3.1. Trends for In content in InGaN layers in dependence of various MOVPE
growth parameters (↑: increasing , ↓ : decreasing , O: weak influence) [52]

MOVPE parameter In content

Substrate temperature ↑ ↓
Growth rate ↑ ↑

Input In/(In+Ga) ratio ↑ ↑
Hydrogen partial pressure ↑ ↓

NH3 partial pressure ↑ O

Total pressure ↑ O
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4. Experimental methods

This chapter presents an overview of various experimental methods that

were used for fabrication and characterization processes in this thesis.

4.1 GaN and sapphire etching

The group III nitrides are known for their high bond strength and chemi-

cal inertness which is reflected in their resistance to wet etching [57, 58].

For this reason a variety of process routes have been investigated by re-

searchers for the etching of these materials. In broader terms, the etching

methods commonly used for III-N materials fall into two categories, i .e.,

wet etching and dry/plasma etching. The quest for achieving better con-

trol over isotropy with high etch rates has lead to extensive development

of plasma etching techniques for nitrides. A significant number of in-

vestigations based on reactive ion etching (RIE) and inductively coupled

plasma (ICP)-RIE have been carried to etch III-N materials [57]. Use

of high density and low pressure plasma systems have shown excellent

results for the patterning of group-III nitrides. The high plasma flux en-

hances the bond breaking efficiency in the nitrides and desorption of the

etch products is effectively carried out in such systems [59]. ICP-RIE has

been used as the dry etching method in this work.

For ICP-RIE of GaN, Cl2- based gas chemistry has been used extensively

[58]. Hydrogen based ICP-RIE etching process has also been reported.

It is not commonly used, since the diffusion of hydrogen into GaN can po-

tentially deactivate the dopants in GaN [60]. The plasma etching involves

two general mechanisms: (a) chemical-based mechanism where reactive

species formed in the plasma interact with the substrate and (b) a phys-

ical mechanism where energetic ions formed in the plasma sputter the

sample surface. Etch processes dominated by chemical mechanisms tend
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to be isotropic. Alternatively, physically dominated etch mechanisms ini-

tiate sputter desorption of subsrate and/or etch products formed on the

surface by high energy ions. An ICP-RIE system produces a high density

discharge at low pressure which generates an efficient etching environ-

ment. Independent biasing of the sample with RF power provides control

over the energy at which ions bombard the sample [61].

The ICP-RIE equipment utilized in this thesis was Oxford Plasmalab 100.

A schematic diagram of the system is shown in Fig. 4.1. Both fluorine and

chlorine based etch chemistries are available in the ICP-RIE system lo-

cated at Micronova. The ICP source power can be adjusted to 2 kW while

a maximum 300 W of capacitively coupled plasma (CCP) source power is

available. The operating temperature can be varied from −150 to 400 oC.

The chamber pressure can be adjusted between 1 mT to 100 mT. Typi-

cal etch rates in the range of 400− 500 nm/min can be achieved for GaN

etching with Cl2/Ar chemistry. The ICP system is connected to a single

automated wafer transfer loadlock.
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Figure 4.1. Schematic diagram of an ICP-RIE system.

There has been an increased interest towards the etching of sapphire

since it has emerged as the most commonly used substrate for GaN LEDs.

Etching sapphire is challenging due to the mechanically and chemically

strong nature of sapphire. Good results have been reported by using ei-

ther ICP-RIE or a wet etching process [62, 63]. In this thesis, a wet

etching procedure was adopted for maskless etching the backside sur-

face of the sapphire wafer. The standard commercial grade sulphuric acid
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(H2SO4) or a mixture of H2SO4 and phosphoric acid (H3PO4) in the tem-

perature range of 230 - 240 oC were used in our experiments 1 [ Publica-

tion IV]. A 1000 mL quartz chamber was used for acidic mixture and 2

inch wafer carrier was used to handle the wafers. The quartz chamber

and wafer carrier were made of vacuum pressed quartz. For safety rea-

sons, an additional cylindrical quartz casing was used to house the acid

filled quartz chamber. A ceramic hotplate was used to heat up the quartz

chamber. The ceramic hotplate temperature was accurately controllable

to +/- 2 oC . A quartz tube shielded thermocouple was used for an accurate

temperature measurement inside the quartz chamber. The high tempera-

tures used for the experiments created hot acid vapor during the process.

A water cooled lid was used for the acid vapor condensation and the whole

assembly was connected to a gas exhaust inside a fume hood. This setup

ensured the safety of people working around the apparatus. Temperature,

time, solubility of the etch products and acidity of the solution play a key

role in determining the final etch rate of sapphire.

4.2 Electron microscopy

An electron microscope uses a controlled beam of electrons to produce an

image or diffraction pattern. The electrons can be accelerated, focused

and detected. The electrons have much shorter wavelength compared to

photons in the visible spectrum. Thus, they can be used to illuminate a

specimen and achieve higher resolution than with the optical microscope

[64]. Depending on the total beam energy, nature and thickness of the

specimen, a whole range of signals can be generated as a result of strong

interaction between electron beam and the specimen. Fig. 4.2 shows an

overview of various types of secondary signals that are generated as a

result of this kind of interaction.

The generation of such a variety of signals gives the opportunity to detect

them to provide qualitative or quantitative information about the speci-

men. The secondary and backscattered electrons are usually utilized in

a scanning electron microscope (SEM). The elastically scattered electrons

are utilized for transmission electron microscopy (TEM). In this thesis

SEM and TEM techniques have been used to analyse the epitaxial lay-

1H2SO4 was 98 % pure with remaining balance of water. H3PO4 was 85 % pure with remaining

balance of water. Hot acids are extremely hazardous in nature. Appropriate working environment,

suitable equipment and protective gear should be used when working with acids.
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ers. Hence, the rest of this section focuses on providing an overview of

necessary information required for a general understanding of these two

microscopy techniques.
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Figure 4.2. Different types of secondary signals generated as a result of interaction be-
tween the electron beam and the specimen.

SEM is perhaps one of the most popular tools among the scientists work-

ing in the field of micro- and nanotechnology. The reason behind its pop-

ularity can be associated to the fact that it offers high resolution, large

depth of field and ease of sample preparation. A SEM is a mapping in-

strument in which a high energy electron beam is raster scanned over

the specimen. A schematic illustration of the SEM imaging system is

shown in Fig. 4.3. The electron source used in the SEM can be a tung-

sten filament or a Schottky emitter. An electron beam is accelerated in

vacuum by a voltage typically in the range of 1-30 kV and focused on

a narrow area having a spot size of few nanometers. Secondary electrons

and backscattered electrons are commonly used for imaging samples. Sec-

ondary electrons are more useful for showing morphology and topography

of the specimen. They are collected by attracting them towards an elec-

trically biased detector. The exact beam spot position and the amplified

signal from the detector are used together to generate the final image.

Backscattered electrons are most valuable for illustration of contrast vari-
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Figure 4.3. A simplified schematic block diagram of a SEM system.

ation in specimen regions with different atomic numbers. The proportion

of backscattered electrons depends on the average atomic number of the

sample and a difference in average atomic number is essential to distin-

guish different phases [65].

The sizes of the features studied in this thesis were in the range of few

hundreds of nanometers to few micrometers. Hence, SEM was an ideal

tool to analyse the layer structure of the samples. Top view and cross-

sectional SEM images were taken for the evaluation of growth behavior

and formation of voids in the patterned GaN templates [Publication I,

II and III]. Similarly, tilted view SEM images were taken to analyse the

roughening on sapphire substrates [Publication IV]. In this thesis Zeiss

Supra 40 SEM was used for the structural characterization of the sam-

ples.

TEM is a very versatile tool and is conceptually analogous to the trans-

mission optical microscope, in the arrangement of the specimen, the “light

source” and the image plane. The difference lies in the fact that in TEM

electrons are used instead of photons, and electrostatic and magnetic lenses
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replace glass lenses. The detection is done with the aid of a fluorescent

screen. Transmission electron diffraction pattern is formed from the elec-

trons that pass through a very thin specimen. The diffracted electrons

can be focused with the help of lenses to form an image. A TEM tool

can be used to perform a wide range of experiments that involve con-

ventional imaging (bright field (BF) and dark field (DF) TEM), phase-

contrast imaging (high resolution TEM), selected area electron diffraction

(SAED), convergent-beam electron diffraction (CBED), Z-contrast imag-

ing, energy-dispersive x-ray spectroscopy (EDS) and electron energy-loss

spectroscopy (EELS). In this thesis the specimens were prepared by me-

chanical thinning and ion milling process. The samples were analysed

with conventional and phase-contrast imaging techniques. Multiple BF

and DF TEM images were taken to study the behavior of TD propagation

in GaN templates with embedded voids. TEM micrographs taken near the

sidewall of the voids located at the GaN-sapphire interface were used to

investigate bending phenomenon of TDs [Publication II]. All the sample

preparation, TEM imaging and majority of TEM related analysis reported

in this thesis was performed at Ioffe Physico-Technical Institute, Russia.

4.3 X-ray diffractrometry

X-ray diffraction is a powerful non-destructive technique that is widely

used to acquire information on the quality, structure, orientation and

composition of crystalline materials. The interference pattern of elasti-

cally scattered x-rays can be understood on the basis of Laue condition.

Alternatively, a much simpler explanation is given by Bragg’s law accord-

ing to which the constructive interference would only occur if the path

difference between incident and diffracted beam is an integer multiple of

wavelength.

A Philips X’pert high resolution X-ray diffractometer (HRXRD) was uti-

lized in this work. The basic measurement setup is illustrated in Fig.4.4.

A four crystal Ge monochromator is used to select the Cu-Kα1 line from

the emission tube. The sample is mounted on a stage having multiple

degrees of freedom. This mobility of the sample stage helps to select

diffraction from a specific crystal orientation. Valuable information can

be gained by fixing the detector at the center of the expected Bragg reflec-

tion and following the diffracted intensity as the sample is independently

rotated (or “rocked”). Such an arrangement for diffraction measurements
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Figure 4.4. Simplified schematic illustration of the XRD setup.

is known as rocking curve mode.

XRD rocking curves have been extensively used to study the mosaic tilt

and twist in imperfect GaN layers [66]. The tilt describes the out of

growth plane rotation of mosaic blocks and is associated with the pres-

ence of screw-type TDs. �-scans of 00l reflections can be used to estimate

the lattice tilt arising from screw- and mixed-type dislocations. Twist is

associated with the in-plane rotation of the mosaic structures and it is

caused by the presence of edge- and mixed-type TDs. �-scans taken in

off-axis rotations can be utilized to estimate the presence of twist [67, 68].

For the estimation of twist in our samples, the full width at half maximum

(FWHM) of �-scans were measured from 302, 201 and 121 reflections [Pub-

lication I and II]. These reflections occur at higher angles and �-FWHM

is dominated by an in-plane twist. Estimation of mosaic imperfections in

GaN using these reflections have been reported previously as well [67].

For the MQW structures the ω − 2θ HRXRD scans were taken. A typical

ω − 2θ consists of several distinct peaks. The highest intensity peak origi-

nates from the substrate or a thick underlying layer. Satellite peaks (zero-

and higher-order) appear on either side of the substrate peak and can be

a representative of the diffraction pattern of MQW stack. Apart from this

several interference fringes due to different optical paths of X-rays are

also present. The zero-order satellite peak can be used for a very rough

estimation of composition of one repeat in MQW (barrier and well). The

peak separation can be used for estimating period thickness. For a more

accurate determination of layer thickness and composition the experimen-

tal and theoretical diffraction patterns must be simulated together by us-

ing complex algorithms [69]. Commercial simulation softwares use dy-

namical theory for analysing the diffraction data. While this approach
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can be true for simple semiconductor heterostructures, the analysis of

complex layered structure requires a combination of other measurement

techniques together with XRD [70].

In this thesis, secondary ion mass spectroscopy (SIMS) was employed as

an additional method to analyse the quaternary III-nitride structures.

SIMS relies on the impact of energetic ions or neutral particles on the

sample surface. This induces the release of ionized particles and they are

characterized in a mass spectrometer. Since the material is removed from

the sample during the SIMS measurements, it provides the possibility of

achieving the depth profile of the surface [71]. For this work the SIMS

data from quaternary III-nitride samples was used to aid in achieving a

better fit between the XRD simulations and experiments.

4.4 Luminescence spectroscopy

The process of carrier recombination in semiconductors usually results in

photon generation. The transition of an electron from a higher energy

state to a lower energy state results in the loss of energy and emission

of a photon. This phenomenon is known as spontaneous emission. Lu-

minescence in response to external excitation is one of the most inter-

esting properties of direct band-gap semiconductors. This light emission

can be triggered either by optical excitation or by electrical injection of

carriers. The radiative recombination of carriers as a result of absorp-

tion of photons is termed as photoluminescence (PL). The information on

the band gap of the semiconductor structures can be obtained by employ-

ing PL spectroscopy. PL spectroscopy is particularly attractive technique

since it is fast, non-destructive and the measurement requires no sample

preparation. The photons generated as a result of optical excitation are

collected and analysed by a spectrometer.

In this thesis, the QWs were characterized by performing PL measure-

ments at room temperature (RT) and at 10 K. The room temperature

measurements in Publication V and VI were carried out by using exci-

tation from a He-Cd laser with an emission wavelength of 325 nm. The

maximum output power of this laser is 25 mW. An Ocean Optics USB2000

spectrometer was used as a detector. The low temperature (LT) PL mea-

surements were used to further investigate the optical quality of InGaN/

InAlGaN QW samples. An estimation of the internal quantum efficiency
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(IQE) of the MQW structures was made by evaluating the integrated PL

signal ratio at 300 K and 10 K [72, 73]. This method is based on the

assumption that non-radiative recombination processes are not active at

very low temperatures.

The light emission induced by electrical injection of charge carriers is

known as electroluminescence (EL). To investigate the EL properties of

GaN LEDs, several different types of metal contact schemes were used

in this thesis. For quick EL measurements a 0.5 mm2 soldered metallic

In droplets were used to make contacts on p- and n- layers on the LED

wafers. For more detailed and accurate EL analysis the LED wafers were

processed into square mesas having a dimension of 440x440 μm2. ICP-RIE

was used to etch through the p-GaN and QW layers to expose the n-GaN

surface for evaporation of the n-metal contact. A more detailed descrip-

tion for the different metal contact schemes is given in chapter 6 and 7. To

analyse the performance of LED devices the output power and EL spectra

were obtained from several individual chips.
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5. III-N light emitting diodes (LEDs)

The first three sections of this chapter discuss the history, development

and epitaxial structure of III-N LEDs. Section 5.4 discusses the chal-

lenges associated with the realization of highly efficient blue LEDs.

5.1 Overview

III-nitride compound semiconductors have already shown their impor-

tance in a number of applications including blue/UV LEDs and laser diodes

(LDs), high power transistors and photodetectors [74, 75]. The perfor-

mance of GaN-based blue LEDs improved drastically during the mid 90s

after the successful demonstration by Nakamura [32]. Since then the

GaN based LEDs and LDs have penetrated the consumer market. Ef-

ficient InGaN/GaN blue LEDs are used to excite a thin layer of yellow

phosphors to extract white light out. Another approach is to use GaN-

based UV LEDs to excite phosphors for creating white light. However,

due to certain technological barriers the UV LED performance is not up

to point where an efficient excitation of phosphors can take place. For this

reason blue LEDs remain to be the primary choice for general illumina-

tion applications. The blue LEDs in the wavelength range of around 450

nm are being successfully employed for general lighting applications with

the use of appropriate phosphor coating. The efficacy of GaN light sources

demonstrated in recent years has already crossed 245 lm/W for white light

[1]. Although GaN based LEDs are readily available commercially, there

are still many challenges that need to be addressed. The non-availability

of substrates, light extraction, green/yellow gap and efficiency droop are

some of the key issues that are still considered to be the major challenges

in the realization of highly efficient light emitting devices.
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5.2 History of GaN-based LEDs

The first report of GaN growth dates back to 1969 when Maruska et al .,

reportedly grew single crystal GaN on sapphire substrate by HVPE [39].

In 1971 Pankove et al ., reported on the fabrication of first blue LED hav-

ing metal-insulator-semiconductor (MIS) structure [76]. Although this

demonstration of blue light source is important historically, from the per-

formance point of view the device was highly inefficient. Akasaki and his

team worked on the MBE growth of GaN layers but it did not lead to

any significant breakthrough [77]. The research and development nearly

stalled for more than a decade after Pankove’s discovery. This slow progress

was associated with the difficulties in growing crack free smooth GaN lay-

ers and the inability of to achieve acceptable p-type conduction due the

high levels of residual donor densities (> 1019 cm3).

In 1986 Amano and co workers reported the MOVPE growth of high qual-

ity single crystal GaN layers on sapphire by employing a low temperature

AlN buffer layer. The buffer layer technique helped in the reduction of

interfacial free energy caused by a large thermal and lattice mismatch

between GaN and sapphire substrate. Later in 1991 Nakamura reported

the growth of GaN layer by using a LT-GaN buffer layer. He reported car-

rier concentration and hall mobility of 4 x 1016 / cm3 and 600 cm2 / Vs, re-

spectively, at room temperature [41]. Nowadays the use of LT-buffer layer

has become standard practice when growing GaN layers on sapphire.

The problem of poor crystalline quality was partially resolved after the

adoption of the LT-buffer technique. This development brought the re-

searchers one step closer towards realizing efficient III-N LEDs and LDs.

The second major issue of p-type doping was solved again by Nakamura

and co workers in 1992. They achieved high dopant concentration in p-

type GaN layers with thermal annealing of the layers [78, 79]. Their re-

ported values were even better than those of Akasaki et al ., who had pre-

viously used electron beam irradiation to increase the p-type conductivity

in GaN layers. It is now a well established fact that thermal annealing

helps in the activation of Mg acceptors that are passivated by hydrogen

during MOVPE growth.

The GaN based light emitting devices have come a long way since Naka-

mura’s groundbreaking work in the early 90’s. Thanks to many technolog-

ical advancements, the overall efficiency of GaN blue LEDs has improved

considerably over last few years [80, 81]. Phosphor coated blue LEDs are
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currently being used to generate white light. Technology for white LEDs

based on phosphor conversion has matured into a multi-billion dollar in-

dustry and is considered as a strong contender for next generation light-

ing applications. InGaN/GaN LEDs operating close to the well known

green/yellow gap i .e., 530 - 590 nm of wavelength still suffer from poor ef-

ficiencies. The reason for this is the high percentage of indium required in

the QWs to achieve longer wavelengths. Increasing the indium fraction in

InGaN QWs to more than 20 % leads to a higher number of defects. Fur-

thermore, the incorporation of In is limited due to compositional pulling

effect that is caused by the large lattice mismatch between GaN and In-

GaN [82].

5.3 Epitaxial structure of blue and near UV LEDs

Due to the non-availability of cheap inexpensive GaN substrates, the epi-

taxial structure starts usually with the growth of a GaN buffer layer on

a sapphire substrate. Even when grown with the two step method, GaN

buffer layers usually possess high density of defects which originate from

the large lattice mismatch between the substrate and the epitaxial layer.

Several ideas have been proposed and successfully employed to reduce the

defect density, details of which will be discussed in the next chapter. To

continue this discussion on the epitaxial structure it is very reasonable

to say that the atomically flat surface of a GaN buffer layer serves as a

starting point for the growth of actual device layers in an LED.

The buffer layer is followed by a n-doped GaN layer. MOVPE grown non-

doped GaN is typically n-type. This intrinsic n-type behavior is attributed

to the presence of residual impurities like Si and O [83]. In order to in-

tentionally n-dope GaN, silicon is the element of choice which has been

widely used. The controllable range of n-type doping has been shown to

be between 5× 1016 − 5× 1019cm−3 [84].

The MQW stack is placed between the n- and p-type layers. MQW stack

typically consists of InGaN wells and GaN barriers. Light generation

takes place inside the QWs. The emission wavelength depends on the per-

centage of indium and the thickness of QWs [85]. Growth of InGaN QWs

and GaN barriers is particularly challenging since there is a very nar-

row growth window available to operate during their epitaxial growth.

The situation becomes even more challenging when quaternary layer is
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involved in the MQW stack [ Publication V and VI]. This topic will be

further discussed in the next chapter. The growth of MQW stack is usu-

ally followed by a thin Mg-doped AlGaN layer [86, 87]. This large band

gap layer is often referred to as the electron blocking layer (EBL). The

purpose of the p-doped AlGaN layer is to suppress the electron overflow

to the p-side and to ensure that the recombination of electrons and holes

takes place in the active region. The EBL layer is followed by the growth

of a p-GaN layer which is the final epitaxial layer in a GaN based LED.

The epitaxial structure is then in-situ annealed at temperatures in excess

of 600 oC in N2 ambient for passivation of hydrogen in p-GaN layer.

Some compositional changes in the device layers can help in fabricating

near UV LEDs (370-400 nm). In order to shift the emission peak of the

QWs below 400 nm, a lower indium content and thinner wells are crit-

ical requirement. Along with this, AlGaN or InAlGaN barriers are also

required in order to ensure sufficient carrier confinement [88]. A care-

ful optimization of composition for the barrier layers can help in growing

lattice matched QW and barrier layers.

5.4 Challenges for GaN based LEDs

Although the improvement in the performance of III-N LEDs has shown a

positive trend, there are still many challenges that need to be addressed.

The issues such as the lack of native substrates, polarization fields, ef-

ficiency droop and light extraction are some of the extensively studied

topics on GaN in recent years. The use of foreign substrates is directly

associated with the mismatch in thermal expansion coefficient and lattice

constants, thus, resulting in high concentration of defects [89]. Although

a high density of dislocations does not influence the device operation too

much at low current density, the situation gets worse for high currents

[90]. Polarization fields have a strong impact on device performance when

the crystals are grown in [0001] direction.

Efficiency droop in III-N LEDs means a reduction of efficiency with in-

creasing injection currents. The origin of efficiency droop is still not fully

understood. Several mechanisms including recombination at dislocations,

carrier leakage and Auger recombination have been suggested to explain

the droop in GaN LEDs [91, 92]. Some of the key approaches that look

promising in reducing the efficiency droop are charge polarization match-
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ing of layers with the nitride material, using thicker QWs and altering

the device structure to reduce carrier overflow [93, 94, 95].

The next big issue for the modern day LEDs is the enhancement of EQE.

EQE is a product of IQE and light extraction efficiency (LEE). Rapid de-

velopment of various growth techniques and epitaxial structures has al-

ready boosted the IQE of GaN-based LEDs to more than 80 % [96]. On the

other hand, the LEE from a conventional LED structure is still quite low.

If we assume that light emitted from sidewalls and backside is not uti-

lized, one expects that approximately only 4% of the internal light can be

extracted from a surface [97]. The reason for this low value is large differ-

ence in the refractive indexes of GaN (n≈ 2.5) and air (n≈ 1). An absorbent

substrate, non-transparent ohmic contacts to the device and total internal

reflection (TIR) are the main causes for reduced LEE in conventional III-

N LEDs. Several proposed techniques like flip-chip [98], transparent con-

ducting layers and their patterning [99], surface roughening [100], using

of photonic crystals [101], patterned sapphire substrates [102], sidewall

etching of GaN chips [103], creation of voids at GaN-sapphire interface

[104] etc. have been successfully employed to overcome the shortcomings

related to poor light extraction. This thesis also proposes different meth-

ods of improving light extraction. A novel method for enhancing light ex-

traction along with improved crystalline quality has been proposed [Pub-

lication I , II and III]. The details associated to this method are discussed

in the next chapter.
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6. Light extraction techniques and
quaternary nitride structures

This chapter reviews the details associated with MOVPE growth and char-

acterization of III-N layers that were fabricated for this research work.

The chapter starts with a background discussion of various techniques

that have been used over the years to improve the performance of GaN

based devices. The next two sections include a discussion on two different

approaches that were used to improve the total light output from the LED

structures grown on sapphire substrates. The last section highlights the

issues involved in growth of quaternary InAlGaN layers.

6.1 Shape controlled voids in pendeo epitaxial GaN

In recent years, there has been an increased interest towards selective

area growth of GaN through highly defined patterns on GaN templates

[105, 106]. Void generation has been reported in many different kinds

of lateral overgrowth techniques, be it the lateral overgrowth of nano-

columns [107, 108], pendeo epitaxy (PE) or epitaxial lateral overgrowth

(ELOG) [109]. On the one hand it has been argued that the formation

of voids plays a key role in stress relaxation, crack suppression and re-

duction of TD density [110], while on the other hand voids can help in

effectively diffracting light into the escape-cone and, thus, increasing the

escape probability in light emitting structures [111]. Furthermore, the

presence of voids can also assist in the lift-off process for the removal of

substrates [112, 113].

The TD density in GaN grown on sapphire is several orders of magni-

tude higher compared to other compound semiconductor materials. For-

mations of TDs at the coalescence boundaries or at the defect sites near

GaN/sapphire interface are the two most widely accepted mechanisms be-

hind high TD densities. Despite a large number of TDs present in GaN,
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the GaN based LED devices show much lower sensitivity to TDs com-

pared to LEDs fabricated from other III-V or II-VI compounds. On the

other hand GaN based lasers and high frequency transistors are far more

sensitive to the TD density in GaN layers compared to GaN LED operat-

ing in blue wavelength regime. Over the years, several in-situ and ex-situ

methods have been proposed to reduce the TD density in GaN layers. In-

situ methods may include nitridation of sapphire, AlN or GaN nucleation

layer, insertion of SiN interlayer or a combination of these techniques etc.

Ex-situ methods may include ELOG (1-step ELOG or 2 step ELOG, mask-

less ELOG), facet controlled lateral overgrowth (FACELO), PE etc [114].

The TD reduction in many of these methods is achieved by changing or

blocking the propagation trajectory of TDs. In some methods a combina-

tion of both of these mechanisms are utilized.

This section elaborates a part of this research work where the focus was to

intentionally create voids inside epitaxial GaN layers at the GaN-sapphire

interface. Epitaxial growth of GaN LEDs on GaN templates having hexag-

onal openings can provide two-fold benefit, i .e., improved material qual-

ity by TD bending and enhanced light extraction. The proposed method is

different from conventional ELOG or PE where stripe patterns are used.

Such kind of lateral growth on patterned stripes is much more suitable

for laser diodes where the device can be fabricated in the low TD den-

sity stripe area. The details to follow elaborate the fabrication of GaN

templates with hexagonal openings, MOVPE growth of GaN on such tem-

plates, void generation and their shape control, structural analysis of GaN

layers with voids and the influence of voids on LED device performance.

The lateral growth on GaN templates with periodically arranged open-

ings can result into comparatively more homogeneous distribution of TD

density.

C-plane epi-ready sapphire substrates were used as a starting point to

grow GaN layers in a MOVPE reactor system. The conventional two

step process as mentioned in Chapter 3 was used to grow 3.2 μm thick

GaN layers. The growth was stopped and the samples were taken out of

the MOVPE reactor. Hexagonal photoresist patterns having diameters of

2, 3 and 4.5 μm were fabricated by using a standard photolithographic

process. The hexagonal patterns were not aligned to any specific crys-

tal orientation. An e-beam metallization tool was used to evaporate Ni

onto these structures. This was followed by a lift-off process in an ultra-

sonic bath. The next step was to etch the GaN layer through the hexag-
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onal openings with Ni as a mask layer. The samples were etched in an

ICP-RIE chamber. Cl2/Ar based plasma process was used for the etch-

ing of GaN from the un-masked areas. The samples were etched down to

GaN-sapphire interface. The purpose of this step was to remove the 0001

GaN surface from the hexagonal openings. Fig. 6.1 shows tilted view and

cross-sectional SEM images of GaN templates after the ICP-RIE process.

Hexagonal openings with a diameter of 2 and 3 μm are shown in Fig. 6.1a

and 6.1b, respectively.

Aqua regia solution was used to remove the Ni metal after the dry etch

process. The samples were then cleaned with acetone, 2-propanol, pi-

ranha etchant, buffered HF mixture and finally rinsed with DI water

before drying. The sample preparation and cleaning procedure as men-

tioned above were used as a standard for all of the samples that under-

went MOVPE regrowth process.

Figure 6.1. Tilted view SEM images of 3.2 μm deep ICP-RIE etched GaN templates with
different diameter of hexagonal openings: (a) 2 μm and (b) 3 μm [Publication
I ].

To investigate the GaN regrowth behavior, the samples with the open-

ing diameter of 4.5 μm were selected for initial experiments. The GaN

regrowth process was carried out at 1030 oC with different NH3 partial

pressures inside the MOVPE reactor for 4000 sec. Fig. 6.2a shows the side

view cross-sectional SEM image of the sample grown with a V/III ratio of

720. We observe the formation of V-shaped hexagonal pits that rise to the

top of the surface from inside the hexagonal openings. The SEM images

suggest that the V/III ratio of 720 leads to a slow lateral and high vertical

growth rate of GaN. This eventually results in an incomplete coalescence

of the grown layer as observed in the top view SEM image in Fig. 6.2b.

The cross-sectional SEM image in Fig. 6.2c shows the sample grown with

a V/III ratio of 1440. The sample grown with such a high V/III ratio shows

complete coalescence of the hexagonal openings. Increasing the V/III ra-
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tio has been shown to enhance the lateral growth rate of GaN. This is due

to the fact that high V/III ratio increases the surface active nitrogen con-

centration, which eventually increases the incorporation probability of Ga

atoms [115].

Figure 6.2. SEM images of GaN layers grown on patterned GaN templates at 1030 oC

for 4000 sec: (a) and (b) V/III ratio of 720 (cross-sectional and top view); (c)
V/III ratio of 1440 (cross-sectional view) [Publication I ].

Fig. 6.3a, 6.4a and 6.5a show the side view cross-sectional SEM images

of three simultaneously regrown GaN templates with an initial thickness

of 3.2 μm. Hexagonal openings with different diameters (2, 3 and 4.5 μm)

were etched into these GaN templates. The black colored dashed lines

depict the location of ICP-RIE etched GaN openings prior to the regrowth

step. The samples were grown at a temperature of 1030 oC with a V/III

ratio of 1440.

The sample with the opening diameter of 2 μm (Fig. 6.3a) shows sidewalls

with an inclination angle of 85o after the complete coalescence is achieved.

The bottom and top-most portions of the void sidewalls in Fig. 6.3a have

higher inclination as compared to the central portion of the sidewall. The

inclination angle value of 85o in Fig. 6.3a is estimated from the large

central portion of the void side walls. Fig. 6.3b shows a cross-sectional

bright field TEM image of the same sample with a close-up view of the

edge of the void’s sidewall. It can be observed from Fig. 6.3b, that most of

the TDs propagate upwards away from the interface. The free surface of

the void does not influence the trajectory of TDs.

The voids formed as a result of GaN regrowth on GaN template with an
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Figure 6.3. (a) Cross-sectional SEM image of a void in a regrown GaN layer with a side
wall inclination angle of 85o and (b) close-up bright field TEM image of void
sidewall near GaN-sapphire interface [Publication I and II].

opening diameter of 4.5 μm is shown in Fig. 6.4. An inclination angle

of around 60o can be seen from the void sidewall. Fig. 6.4b shows a

cross-sectional bright field TEM image of the same sample with a close-up

view of the edge of the void’s sidewall. A large number of threading dis-

locations originate from the GaN-sapphire interface and they propagate

away from this interface. An important observation from Fig. 6.4b is that

many of these TDs undergo a perpendicular re-orientation in their prop-

agation trajectory. The perpendicularly bent threading dislocations have

been marked as PBTD in Fig. 6.4b. After the perpendicular re-orientation

in their propagation trajectory, these TDs terminate at the inclined side-

wall of the void.
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Figure 6.4. (a) Cross-sectional SEM image of a void in a regrown GaN layer with a side
wall inclination angle of 60o and (b) close-up bright field TEM image of void
sidewall near GaN-sapphire interface [Publication I and II].

The voids in the sample in Fig. 6.5a which had an opening diameter of 3

μm before the regrowth show an inclination angle of 70o. The bottom and

top-most portions of the void sidewalls in Fig. 6.5a have higher inclina-

tion compared to the central portion of the sidewall. The inclination angle

value mentioned for Fig. 6.5a is estimated from the large central portion
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of the void sidewalls. Fig. 6.5b shows the cross-sectional dark field TEM

image of dislocations bending near the void. One of the dislocations prop-

agates towards void sidewall through a single step perpendicular bending.

This threading dislocation shows a sharp bending angle of 90o. Another

threading dislocation marked in Fig. 6.5b undergoes a change in the dis-

location line trajectory through multi-step bending. An angle of 47
o is

observed from the large central portion of the TD that bends in two steps.

It has been proposed that the TDs that bend in several steps pass through

the local energy minimum before bending towards the energetically most

stable direction [116].

Our results have shown that the sidewall angle of the voids after the re-

growth process is most likely not a function of the orientation of the etched

face of the individual hexagonal side wall. Since the sidewalls of initially

etched hexagons (as shown in Fig. 6.1) did not necessarily correspond to

any particular crystal plane of the GaN lattice, we believe that the forma-

tion of nearly vertical or inclined walled voids is a strong function of the

geometrical dimensions of hexagonal openings.
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Figure 6.5. (a) Cross-sectional SEM image of a void in a regrown GaN layer with a side-
wall angle of 70o and (b) close-up dark field TEM image of void sidewall near
GaN-sapphire interface [Publication I and II].

To illustrate the regrowth process, the schematics in Fig. 6.6 show the

proposed model for GaN regrowth. Fig. 6.6a describes the regrowth steps

in the case of a sample which has etched structures with a small open-

ing diameter. There is a large difference in the supply of the reactive

species at the top of the sidewalls compared to the bottom of the hexago-

nal opening. The domination of diffusion limited regrowth process favors

the growth of the top-most area both vertically and sideways. Such diffu-

sion limited process has been previously modeled by H.J. Oh et al ., [117].

As the structure continues to grow both vertically and horizontally the

opening starts getting smaller from the top. It becomes more and more
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difficult for the atoms to diffuse down to the bottom of the etched opening

and deposit on the sidewalls. This eventually results in a minimal growth

on the sidewalls of the opening.

Figure 6.6. Proposed model of regrowth mechanism with etched structures of: a) small
opening diameter; b) large opening diameter [Publication I].

Fig. 6.6b shows the case with a large opening diameter of the etched

structures. The larger opening size leads to a higher concentration of

source materials at the bottom of the opening. A local gradient of III and

V species is created along the sidewalls inside the hexagonal opening with

a large diameter. This gradient of reactive species is formed due to the de-

pletion of gas phase of the molecules that are incorporated into the grow-

ing layer. This depletion is compensated by diffusion of growth species

from the gas phase. As the growth continues, the opening gets narrower.

This narrowing limits the diffusion of growth species to the bottom of the

opening. The proposed growth model is supported by the experimental ob-

servations according to which the opening diameter of the etched hexago-

nal patterns in GaN plays a key role in the final evolution of the shape of

the voids that remain embedded at the GaN-sapphire interface.

It is well known that as a result of lateral epitaxy new dislocations can

be generated at the meeting point of two growth fronts [118]. We have

observed a similar sort of behavior in our samples as seen in Fig. 6.7

which shows a bright field TEM image of the apex point of a void. The

crystallographic misorientation of the meeting fronts at the apex point

results in the formation of TDs.

The results presented so far show that the epitaxial growth process on

the patterned GaN templates changes with varying size of hexagonal
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openings [Publication I]. The kind of growth mode also has an effect

on the TD line trajectory. TD bending is well documented phenomenon

for different lateral epitaxial techniques such as FACELO, ELOG or PE

[113, 119, 120, 121]. Despite some minute differences between these pro-

cesses, dislocation reduction is achieved by common mechanisms, i .e., pri-

marily by mask blocking and/or dislocation bending. However, the exact

reason behind TD bending is still not fully understood. Reduction in elas-

tic energy of the TD or the role of image forces on TD are the two most

commonly mentioned explanations for TD bending [122, 114].

Figure 6.7. Bright field TEM image of the coalescence point on top of the void [Publica-
tion II].

Based on our experimental TEM observations of TD propagation in such

structures, we have established a model that explains the movement of

TDs. Fig. 6.8 shows two schematics for the two cases of TD propagation

that are based on two different opening sizes resulting in the formation

of voids having different shapes. After comparing the dislocation bending

phenomenon as observed in samples having different opening sizes, we

propose that the geometry of the area where the regrowth takes place not

only governs the regrowth process but also influences the trajectory of dis-

location lines near the free surfaces. In the case of model A, the amount

of void free surfaces available to interact with the strain field of disloca-

tions is large. Such a scenario accounts for significant lateral growth and

a stronger interaction of dislocations with the large openings and, thus,

results in bending of TDs that are located at different distances from the

free surface. In the case of Model B the decreased opening size limits

lateral growth of material and the screening of strain fields by the free

surfaces is not so strong and, thus, no noticeable amount of dislocations

bend towards the free surface.
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Figure 6.8. Schematic illustration of threading dislocation trajectory near void’s side-
walls with: Large opening size resulting in Model-A and small opening size
resulting in Model-B. The grey area shows the original etched openings prior
to regrowth [modified from Publication II].

Table 6.1 shows the results of experimentally measured values from XRD

measurements. The FWHM values of �-scans for the two samples having

different void shapes at different diffraction reflections were measured. A

reduction in the FWHM values of the hkl scans in the sample with the

initial opening diameter of 4.5 μm is observed. These results point to-

wards the reduction of screw- and mixed-type threading dislocations in

the sample [Publication II and III]. Comparing the �-FWHM of 201 and

121 rocking curves, we observe a significant drop in values for larger open-

ing diameter samples. Backed by our TEM investigations, we conclude

that there is reduction in edge- and mixed-type dislocations in the sample

grown on GaN template having an opening diameter of 4.5 μm.

Table 6.1. FWHM values of � rocking curves obtained from different hkl reflections [Pub-
lication II].

reference sample opening diameter opening diameter

2 μm 4.5 μm

FWHM002 (arcsec) 280 260 180

FWHM201(arcsec) 630 590 250

FWHM121(arcsec) 610 610 240

To test the effect of voids in general and the void geometry in particular,

InGaN/GaN based LED structures with an emission wavelength of 405

nm were grown on GaN layers with embedded voids. Fig. 6.9 shows a
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3D artistic view of a fully processed LED structure with voids embedded

at the GaN-sapphire interface. Ti/Al/Ti/Au metal scheme was used as n-

and p-metal contacts. A transparent conducting oxide (TCO) layer was

used on entire p-GaN area for efficient current spreading. The inset (a) in

Fig. 6.9 shows the top view optical image of such an LED chip. The image

was taken near the n-metal contact and focused in such a way that the

embedded voids were visible. The inset (b) in the same figure shows the

cross-sectional SEM image of voids having a sidewall inclination angle of

70o.

Figure 6.9. 3D artistic view of a fully processed LED chip with embedded voids at the
GaN-sapphire interface. Inset (a) showing the optical micrograph of an LED
chip with embedded voids in focus. Inset (b) showing the cross-sectional SEM
image of the void at the GaN-sapphire interface having an inclined sidewall
angle of 70o [ Publication III].

Individual LED chips were bonded onto TO-headers. An integrating

sphere was used for the EL measurements. The Fig. 6.10 shows the light

output characteristics of ∼85o and ∼60o inclined sidewall void structures

along with the reference LED without voids. At 20 mA current injection,

the reference LED gives 9.4 mW light output. It can be seen from the Fig.

6.10 that introducing the ∼85o and ∼60o inclined sidewall voids at the

GaN-sapphire interface enhances the light output to 10.2 and 11.4 mW at

20 mA, respectively.

It is evident from the results that the void geometry can be controlled

through appropriate selection of initial pattern shape and dimensions.
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Fine tuning of the voids can make it an efficient light scattering object

and, thus, enhance the light extraction efficiency of LEDs. At the moment

the authors are convinced that the enhanced light extraction is playing

a dominant role in increasing the light output of embedded void LED

structures. Further investigations are necessary to quantify the role of

template structure quality and its impact on IQE of such LED structures.
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Figure 6.10. Light output characteristics of LEDs grown on templates with ∼ 85o and ∼
60o void sidewall angles together with a reference LED.[ Publication III].

6.2 Maskless sapphire roughening

The experimental investigation on the wet etching of sapphire substrates

was carried out in two parts. In the first part, the effect of etching mixture

on sapphire was tested. In the second part, the back side of the sapphire

substrate surface was wet etched after the epitaxial growth of an LED

structure and its effect on the LED device performance was evaluated.

To start our investigation, we covered the front side of 430 μm thick (0001)

sapphire samples with a 300 nm thick SiO2 by using plasma enhanced

chemical vapor deposition (PECVD). Then the SiO2 etching mask was pat-

terned on the sapphire surface. To determine the role of the etching mix-

ture on the etching rate and the surface quality, the samples were etched

at around 300 oC for 10 min in an acid mixture of H2SO4:H3PO4 with the
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ratio of 3:1. Fig. 6.11a shows a tilted view SEM image of a mesa structure

on the sapphire surface etched with the H2SO4:H3PO4 ratio of 3:1. This

type of wet etching solution offered a very smooth and uniformly etched

surface.

The SEM images in Fig. 6.11b and 6.11c show that four sided pyramid

structures are created on the sapphire surface when pure H2SO4 is used.

A remarkable role of the redeposition can be seen from Fig. 6.11b where

the redeposited material appears also on top of the SiO2 etching mask [

Publication IV]. .

�� ��

��

Figure 6.11. SEM images from the c-plane epi-ready sapphire surface after wet etching.
It can be clearly seen from image (a) that etching mixture of H2SO4 and
H3PO4 offers a smooth etched surface. Images (b) and (c) show that in the
case of pure H2SO4 etchant there is material redeposition and a strong crys-
tal dependence of the etching. Image (b) shows also the redeposited material
on the SiO2 mask. The scale bars correspond to 10 μm in (a) and (b) and to
2 μm in (c) [ Publication IV].

The formation of four sided pyramidal shaped structure has already been

reported by other groups as well [123]. According to literature the etching

of sapphire in pure H2SO4 leads to the formation of massive cubic etching

product phase [124, 125]. The etching product phase can act as an etch

mask during subsequent sapphire etching process. It has been confirmed

by previous studies that the four sided pyramidal structures belong to

the sapphire phase [125]. No etching reaction product is formed with the
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addition of H3PO4 to H2SO4. It implies that H3PO4 has the etching capa-

bility for the reaction products formed in this process. This is in line with

our experiments where we observed a smooth surface when H2SO4:H3PO4

with the ratio of 3:1 was used as an etching mixture (Fig. 6.11a).

A set of non-patterned sapphire substrates were treated in pure H2SO4 at

300 oC for 5, 15 and 60 min. Fig. 6.12 shows the tilted view SEM images of

the reference and the etched samples. The scattering objects were formed

on the back side of sapphire and can be seen in Fig. 6.12b, c and d. It is

evident from the SEM images that the size of the scattering objects can

be tuned and modified by varying the etching time.

�� ��

�� ��

Figure 6.12. SEM images of the non polished sapphire backsides afterH2SO4 roughening
of (a) 0 min, (b) 5 min, (c) 15 min and (d) 60 min. It can be seen that the size
of the scattering cubic sapphire objects can be controlled with the etching
time. The scale bars correspond to 1 μm [ Publication IV].

Two LED wafers from the same MOVPE run were selected to test the

effect of back side roughening on the light output. Fig. 6.13 shows the

EL results from a conventional non-roughened and a back side roughened

LED wafer. The measured LED wafers were mounted directly on top of

the integrating sphere for collecting the light extracted from the sapphire

side of the LED structure. The backside roughened wafer gives 20-25 %

higher light output compared to reference LED. The results present an

evidence that hot H2SO4 treatment of sapphire backside creates the light

scattering structures and, thus, enhances the LEE from the LED wafers [

Publication IV]. This wet etching method can also be adopted for flip chip
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LEDs where light is extracted from the back surface [126].

Figure 6.13. EL output power as a function of injection current. The plot clearly shows
the increased EL output of the LED on the roughened sapphire [ Publication
IV].

6.3 Quaternary nitrides for near UV emission

Efficient light sources operating at UV wavelengths are required for a

number of applications, including lighting, sterilization, water purifica-

tion, bio-medical and bio-chemical processes and for high density optical

data storage [127]. AlGaN material system is considered to be promising

in UV-emitters since the energy band gap can be adjusted between 6.2

(AlN) and 3.4 eV (GaN). However, due to the large dislocation densities

in AlGaN layers it is still difficult to fabricate a high efficiency UV light

source [128]. A combination of InGaN wells and GaN barriers can also

be used for near-UV emission but the weak carrier confinement signifi-

cantly reduces the carrier localization [129]. High efficiency UV-emitters

can be realized by using quaternary InAlGaN layers. The InAlGaN alloy

system provides the flexibility of independent tuning of the band gap and

the lattice constant. Furthermore, using quaternary alloy as a barrier

layer allows the lattice strain of active InGaN layer to be varied between

compressive, tensile and zero [130, 131].

Several samples were prepared in order to investigate the growth con-

ditions and properties of quaternary InAlGaN layers. The quaternary

layers were grown on a GaN buffer layer at the temperature of 850 oC

in nitrogen atmosphere with the reactor pressure of 300 Torr. Constant
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flows of 25 μmol/min and 51 μmol/min for TMGa and TMAl, respectively,

were used during growth. The V/III ratio was kept constant at 1100. The

TMIn flow was varied in the range of 0-46 μmol/min. Fig. 6.14 shows the

HRXRD (002) ω − 2θ scans from a series of roughly 100 nm thick InAlGaN

layers with different TMIn flows.

Figure 6.14. HRXRD (ω − 2θ) curves of the (0002) reflection from InAlGaN films grown
with various TMIn flows [ Publication V].

The results show that as the TMIn flow is increased, the InAlGaN diffrac-

tion peak shifts from AlGaN peak towards the GaN peak. The InAlGaN

layer is almost lattice matched to GaN with TMIn flow of 46 μmol/min.

The full width at half maxima (FWHM) of the InAlGaN peak varies from

130 to 160 arcsec and is determined by the layer thickness. To evalu-

ate the In and Al composition of the films, first Al content was measured

by HRXRD from the sample grown with TMIn flow of 0 μmol/min. 6.15

shows the In and Al content as a function of TMIn flow. It can be seen

that TMIn flow has an effect on both the In and Al content of the films.

The In content of the films increases and the Al content decreases with

increasing TMIn flow. The Al content of the film grown with 46 μmol/min

was reduced by 40 % compared to the reference sample grown with 0 sccm

of TMIn. The decrease in the Al content can partly result from the reduc-
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Figure 6.15. The In and Al contents of InAlGaN films as a function of TMIn flow [Publi-
cation V].

tion of the growth rate of the film. We observed that the growth rate of

InAlGaN film decreased from 0.11 to 0.08 nm/s when the TMIn flow is in-

creased [ Publication V]. In the MOVPE growth of AlGaN films reducing

growth rate has been reported to decrease the Al content [132].

A series of InGaN/InAlGaN MQW structures emitting near 380 nm were

fabricated to study the effect of barrier composition on the optical prop-

erties of QWs. The growth process flow is shown in Fig. 6.16. The MQW

structure was grown on a 2 μm thick GaN buffer layer. After growth of the

buffer layer the carrier gas was switched from H2 to N2. The 2 nm thick

InGaN wells were grown at the temperature of 794 oC with a the growth

time of 30 sec. After the growth of the InGaN layer, a 2 nm InAlGaN cap-

ping layer was grown at the same temperature. The capping layers were

used to protect the active layer from the high temperature required for

the growth of barriers with high crystalline quality. The temperature was

then increased to 850 oC for 180 sec for the growth 20 nm thick InAlGaN

barrier layer. The whole sequence was repeated five times.

During growth of the barrier layers the TMGa flow of 25 μmol/min and the

TMAl flow of 51 μmol/min were used. The TMIn flow was varied from 2.5

to 46.2 μmol/min during barrier growth. The precursor flows and the cor-

responding In and Al contents of the barriers are shown in table 6.2. The

In and Al compositions in the barriers were estimated from a combination
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of HRXRD (experimental and simulation data) and SIMS measurements.

Figure 6.16. Temperature versus time profile during the growth process [ Publication
VI].

Fig. 6.17 shows the HRXRD ω − 2θ scans for (002) reflection of five dif-

ferent samples with varying TMIn flows during the barrier growth. The

sharper peak in the center with the highest intensity is from the GaN

buffer layer. The broader peak on the right of the GaN peak comes from

the InGaN/InAlGaN superlattice. The combined results from HRXRD

scans and SIMS measurements show that the introduction of In into the

barriers reduces the Al content in the barriers. The shifting of superlat-

tice peak towards the GaN peak shows that there is a slight reduction in

the tensile strain in the MQW stack with the increase of TMIn flow.

Table 6.2. In and Al composition in the barrier and corresponding precursor flows [ Pub-
lication VI].

TMIn flow* TMAl flow* In (%) Al (%) Growth rate**

2.5 51 0.6 16 0.11

5.1 51 0.7 16 0.11

10.3 51 1.1 15.5 0.10

20.5 51 1.3 14.5 0.09

46.2 51 1.6 13.0 0.08
*μmol/min, ** nm/sec
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Figure 6.17. HRXRD ω − 2θ scans for (0002) reflection of InGaN/InAlGaN MQWs with
varying indium content in InAlGaN barriers [ Publication VI].

Fig. 6.18 shows the IQEs of the samples calculated from the normalized

Arrhenius plots by performing temperature dependent PL measurements.

The emission spectra were measured by varying the temperature from 10

to 300 K. The total luminescence intensity ratios from 15 to 300 K ( I300I15
)

were used to estimate the IQE as the total integrated intensities at 10 K

and 15 K were equal. It was assumed that non-radiative recombination

was negligible at very low temperatures.

Figure 6.18. Internal quantum efficiencies (IQEs) with different barrier compositions [
Publication VI].

The results from our experiments indicate that the IQE increases with

increasing In content until �1.3 % and decreases rapidly at higher values.

We believe that the increase of IQE is due to the reduction of tensile strain

in the MQW stack. However, when the In content of the barriers exceeds

1.3 % the material quality deteriorates. Our previous results have shown
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that InAlGaN barriers grown with 46 μmol/min of TMIn flow have highly

non uniform distribution of Al. The inset shows the room temperature

PL spectrum of the sample with the highest IQE. The interference fringes

in the PL spectrum appear from the multiple reflections suffered by the

light generated in III-nitride layers grown on sapphire substrates [133].

The PL peak has a FWHM of 18 nm. The FWHM for the samples with the

different TMIn flows were within the range of 18±2 nm.
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7. GaN LEDs and micro-display for a
contact lens

GaN based LEDs can be used in novel technologies like miniaturized dis-

plays for applications in smart contact lenses [ Publication VII]. Contact

lenses with biosensors capable of measuring eye movement, glucose con-

centration in the tear fluid, corneal temperature and blood oxygen levels

have already been demonstrated [134]. A futuristic contact lens could be

a fully functional computing device that may interact and share informa-

tion with some external platforms (e.g., mobile phones, tablets). The in-

dividual building blocks of such contact lenses may include a LED based

pixel array, biosensors, focusing optics, an antenna and electric circuitry

for power harvesting, radio communications and pixel control (Fig. 7.1).

��

�� ��

Figure 7.1. Conceptual rendition of a multi-pixel contact lens display. (a) A contact lens
display comprising a multi-pixel LED chip (1), power-harvesting/control cir-
cuitry (2), antenna (3), and interconnects (4). These subsystems are encap-
sulated in a transparent polymer (5), creating a system to project virtual
images (6) perceivable by the eye of the wearer. (b) LED chip with 100 pixels.
LED active layers can be grown atop a transparent substrate. Emitted light
travels through the substrate and is re-imaged using planar Fresnel lenses.
(c) Magnified view with one pixel activated, showing Fresnel lenses opposite
to each LED pixel [ Publication VII].
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To implement the above mentioned concept LED display chips with single

micro-pixel and 8 micro-pixels (circular and square shaped) were fabri-

cated. This single-pixel contact lens display comprised of a LED, an an-

tenna, an integrated circuit (IC) for power harvesting and LED control,

and a polymer substrate with electrical interconnects. An external trans-

mitting antenna was used to emit RF radiation that was collected by the

on-lens antenna. The function of the integrated circuit was to rectify and

store the energy, and regulate the duty cycle for the power to the LED

at a frequency sufficiently high to give the appearance of continual light

emission.

GaN based micro-LED was employed for the single pixel display module of

the lens. A two-step technique was used to grow a GaN buffer layer on the

sapphire substrate. This was followed by growth of a 2 �m thick n-doped

GaN layer at 1030 oC. A MQW stack consisting of five pairs of 3 nm thick

InGaN (QWs) and 20 nm thick GaN barriers was grown on the n-doped

GaN layer. InGaN growth was performed at 760 oC to ensure sufficient

indium incorporation in the wells, whereas the GaN barriers were grown

at higher temperatures to achieve acceptable surface morphology. A 50

nm GaN capping layer was grown on the QW stack before the temperature

was increased to 970 oC to grow 250 nm of p-GaN. The capping layer

prevents desorption of indium from the QWs during higher temperature

steps. Finally the LED structure was annealed inside the MOVPE reactor

for p-GaN activation. The schematics of the LED stack is shown in Fig.

7.2 .

Figure 7.2. Schematic depicting the micro-LED growth stack (left) and post-growth fab-
rication process (right) [ Publication VII].

The process of forming electrical contacts required three lithography steps.

Evaporation and lift-off procedure was utilized to cover the surface with

required metals. Ni was used as an etch mask to define pixel size (di-

ameter � 260 �m) and shape. Chlorine-based plasma was used to etch
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800 nm through the p-GaN and MQW stack to expose the n-GaN layer.

A combination of Ni/Au/Ag/Au (5/5/70/200 nm) for p-type and Ni/Al/Au

(20/860/200 nm) for n-type metal contacts were evaporated onto the GaN

surfaces by using separate lithography steps. Finally, the wafers were

thinned to 250 �m by using lapping and grinding processes and diced into

750 x 750 �m2 chips prior to assembly on the contact lens platform. The

schematics of LED chips is shown in Fig. 7.2.

Micro-pixel LEDs were tested using an electrical probe station and a light

collection system comprising an optical fiber, integrating sphere and pho-

tospectrometer. Fig. 7.3 shows the LED pixel in off and on states, mea-

sured current–voltage characteristics, measured spectral output and mea-

sured electrical-to-optical power conversion efficiency.
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Figure 7.3. Optical micrographs as well as electrical and optical characteristics of the
LED chip. (a) A top view of the �-pixel LED chip assembled onto a polymer
template, taken looking through the sapphire substrate. The scale bar is 375
�m. Upon application of a bias voltage (right), the micro-LED pixel emits
light. (b) Measured current versus bias voltage. (c) Measured light emission
spectrum. (d) Measured efficiency versus bias current for a 260 �m circular
pixel. Peak emission is at 475 nm (blue) while operating at 3.0 V [ Publication
VII].

Self assembly process was used to place and connect the silicon microchip

and micro-pixel LED onto the contact lens. Fig. 7.4a shows a complete

functional lens with working components. A more detailed description of

self assembly process for micro-components on plastic substrates is given

by Stauth et al ., [135]. The contact lens system was tested in two steps.
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First, the LED activation was tested using loop and horn antennas in free

space. The micro-LED was visible when illuminated using horn antenna

from a distance of 1 m. The second phase involved testing on rabbits. The

testing of contact lens with active components including a single micro-

pixel LED is shown in Fig. 7.4b. All in vivo studies were performed ac-

cording to the guidelines of the National Institutes of Health for use of

laboratory animals, and with the approval of the Institute of Animal Care

and Use Committee of the University of Washington (Protocol UW4139-

01).

��
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Figure 7.4. Testing the contact lens display on a live rabbit. (a) Photograph of a com-
pleted contact lens system. (b) The contact lens display is placed on the eye
of a rabbit and powered by a dipole antenna, showing bright emission from
the on-lens pixel. (c) Subsequent tests using fluorescein showed no corneal
epithelial damage [ Publication VII].

Tests on a rabbit’s eye showed activation of the LED from � 10 cm with

the horn antenna. The effect of wearing the contact lens display on the

rabbit cornea was also evaluated. Additionally, topical fluorescein was

applied to the corneal surface using a dropper and the eye was visually

examined for potential corneal abrasion, thermal burn or corneal edema
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as a result of in vivo testing. Such damage would result in corneal surface

roughness, causing the fluorescein to accumulate. Fig. 7.4c demonstrates

a healthy corneal epithelial layer after testing, showing no fluorescein

streaks or cloudiness.

Our prototype device proves that an active lens system can be realized

with the current technology. GaN based LEDs can certainly play an im-

portant role in this kind of futuristic micro-display system. Adding more

pixels and colors to the display module could be the next target that might

be demonstrated in the near future.
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8. Summary

Fabrication and properties of GaN layers, III-N blue and near-UV light

emitting structures and a novel application of GaN-based LEDs was in-

vestigated. The scope of this work was to improve the material quality

of III-N layers, enhance light extraction efficiency and study new applica-

tions for nitride LEDs.

First, a novel method for improving the light extraction efficiency of LEDs

was presented. This consists of patterning GaN on sapphire templates

with hexagonal openings. The growth conditions for epitaxy were opti-

mized to achieve coalescence of GaN surface along with the formation of

embedded voids at the GaN-sapphire interface. It was found that the em-

bedded voids change their shape if the diameter of the opening is varied

while keeping every other parameter constant. The embedded void shape

control from inclined (60o) to nearly vertical (85o) sidewalls was demon-

strated. The GaN epi-layers with inclined void shape also showed an

improved material quality. Threading dislocation bending was observed

to increase as the inclination angle of the void sidewall decreased. The

InGaN/GaN LED structures were grown to study the influence of GaN

layers having embedded voids of different geometries. The LEDs with 60o

sidewall voids showed almost 21 % improvement in the light output at 20

mA compared to the reference LEDs. This improvement in device perfor-

mance was attributed to the improved material quality and more efficient

light extraction from voids with the inclined sidewalls. Another method of

light extraction by maskless roughening of the backside of sapphire sub-

strate was also investigated. The chemical roughening of sapphire in hot

acid seemed to significantly enhance the light extraction.

To improve the carrier confinement in near UV-emitters, the growth con-

ditions and properties of quaternary InAlGaN layers were investigated.
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Summary

The layer quality for the InAlGaN layer was found to degrade for an in-

dium content of more than 1.6 %. The optimized MQW stack with InAl-

GaN barrier showed an IQE of 45 % at 382 nm.

The operation of a contact lens display powered by a remote radio fre-

quency transmitter was demonstrated in free space and on a live rabbit.

GaN based micrometer-scale light sources can be integrated into a con-

tact lens and operated on rabbit eyes. Although the display had only a

single controllable pixel, the first proof-of-concept GaN LED micro dis-

play was demonstrated. The individual pixels can have any planar shape.

GaN LED chips with 8 micro-pixels were also fabricated to carry out more

elaborate tests.

Future research work could include the testing of green, blue and UV LED

structures on GaN layers with optimized voids located at GaN-sapphire

interface. It would also be interesting to perform a comprehensive study

on the exact quantification of IQEs and EQEs for such LEDs with em-

bedded voids. Another idea could be to fabricate LED structures on sub-

micron openings on GaN templates. GaN template thickness could also be

varied and its effect on the void formation is another interesting area to

explore. As far as micro-LED displays are concerned, the possibilities are

endless. The next logical step for micro-LEDs displays would be the fab-

rication of multiple pixel display to create an alphanumeric display and

their integration with Fresnel lenses.
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