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Sammanfattning 
Abstract 

Since Shuji Nakamura, Hiroshi Amano, and Isamu Akasaki won the 2014 Nobel prize in Physics owing to their 

contributions on the invention of efficient blue GaN light emitting diodes, GaN became an even more appealing 

material system in the research field of optoelectronics. On the other hand, quantum structures or low-dimensional 

structures with properties derived from quantum physics demonstrate superior and unique electrical and optical 

properties, providing a significant potential on novel optoelectronic applications based on the employment of quantum 

confinement. 

In 2012, our research team at Linköping University utilized pyramid templates, which is an established approach to 

form quantum structures, to successfully grow GaN pyramids with InGaN hybrid quantum structures, including 

quantum wells, quantum wires, and quantum dots. This growth enabled site-controlled pyramids based on selective 

area growth (SAG). After numerous studies on the photoluminescence properties, the mature and controlled growth 

technique was proposed to be adapted for fabrication of AlGaN pyramids on which GaN hybrid quantum structures 

can be hosted. 

This thesis is dedicated to the subsequent problems of the growth of AlGaN pyramids. It was found that there was 

an undesired deposition of a considerable thickness on top the desired AlGaN pyramid with GaN multiple quantum 

wells. In this thesis, two different directions are explored to find the key solution with a potential of further 

optimization. On one hand, the growth parameters such as precursors cut-off, carrier gas during cooling, temperature 

holding, cooling pressure, III/V ratio, and the possible effect of GaN surfaces are investigated. However, due to the 

actual inherent properties of the metal-organic chemical vapor deposition reactor used, no promising parameter tuning 

can been identified. On the other hand, from post-growth point of view, a KOH aqueous etching solution exhibits a 

positive result toward removing the undesired deposition. This etching process is suggested to be further optimized to 

achieve the final goal of eliminating the undesired deposition. 
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Since Shuji Nakamura, Hiroshi Amano, and Isamu Akasaki won the 2014 Nobel 

prize in Physics owing to their contributions on the invention of efficient blue GaN light 

emitting diodes, GaN became an even more appealing material system in the research 

field of optoelectronics. On the other hand, quantum structures or low-dimensional 

structures with properties derived from quantum physics demonstrate superior and 

unique electrical and optical properties, providing a significant potential on novel 

optoelectronic applications based on the employment of quantum confinement. 

In 2012, our research team at Linköping University utilized pyramid templates, 

which is an established approach to form quantum structures, to successfully grow GaN 

pyramids with InGaN hybrid quantum structures, including quantum wells, quantum 

wires, and quantum dots. This growth enabled site-controlled pyramids based on 

selective area growth (SAG). After numerous studies on the photoluminescence 

properties, the mature and controlled growth technique was proposed to be adapted for 

fabrication of AlGaN pyramids on which GaN hybrid quantum structures can be hosted. 

This thesis is dedicated to the subsequent problems of the growth of AlGaN pyramids. 

It was found that there was an undesired deposition of a considerable thickness on top 

the desired AlGaN pyramid with GaN multiple quantum wells. In this thesis, two 

different directions are explored to find the key solution with a potential of further 

optimization. On one hand, the growth parameters such as precursors cut-off, carrier 

gas during cooling, temperature holding, cooling pressure, III/V ratio, and the possible 

effect of GaN surfaces are investigated. However, due to the actual inherent properties 

of the metal-organic chemical vapor deposition reactor used, no promising parameter 

tuning can been identified. On the other hand, from post-growth point of view, a KOH 

aqueous etching solution exhibits a positive result toward removing the undesired 

deposition. This etching process is suggested to be further optimized to achieve the final 

goal of eliminating the undesired deposition. 
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controlled growth of AlGaN pyramids with GaN multiple quantum wells (MQWs). All 

works were completed during the period of my thesis research from January to June in 

2018. This work was conducted in the research team affiliated with the Division of 

Semiconductor Materials in the Department of Physics, Chemistry, and Biology (IFM) 

at Linköping University (LiU). My major contribution to the project of AlGaN pyramid 

is to find potential solutions to eliminate the undesired deposition on the pyramids 

which takes place during the cooling process of CVD growth. 

This thesis documentation consists of 6 chapters. First, an introduction of the 

research field and the research problem is given. Secondly, theoretical background is 

briefly explained, allowing readers to acquire basic knowledge with which one can have 

a better understanding of this work. In the third chapter, the employed equipment 

among this work is introduced separately. Fourthly, the experimental details are 

elaborated so that one can further learn the details of the CVD growth and the analytical 

methods. The most important chapter is chapter 5 in which the results and discussion 

are delivered. At last, a conclusion of this thesis is made in chapter 6. 
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Chapter 1 

▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔ 

Introduction 

 

 

 

  Ⅲ-Ⅴ semiconducting compounds are acknowledged as prevailing materials for 

optoelectronic applications and further extensions such as telecommunication. Among 

Ⅲ-Ⅴ semiconductors, many of them have direct bandgaps, allowing a greater efficiency 

of both generating electron-hole pairs by excitations and recombining electron-hole 

pairs with light emissions. In addition, bandgap energies of Ⅲ-Ⅴ semiconductors 

completely cover from infrared region through visible region to ultra-violet region 

which are closely related to human life and nowadays technology. Particularly, after the 

invention of efficient blue GaN light emitting diode (LED) which made Shuji 

Nakamura, Hiroshi Amano, and Isamu Akasaki the Nobel prize winners in Physics in 

2014,1 Ⅲ-nitrides has been being a very appealing research target. 

  Quantum structures are nano structures which confine particles such as electrons and 

holes in one, two, or three dimensions. Such phenomena, which are so-called quantum, 

confinements, lead to some unique optical properties. Various consequent advantages 

reveal a great potential of wide applications.2-4 Quantum structures not only play an 

important role of efficient light emission and photon detection, but quantum dots (QDs), 

as one kind of quantum structures, also offer significant potential to implement quantum 

information. 

  One of the established methods to fabricate semiconductor quantum structures is via 

pyramid templates.5-15 Basically, the concept is using a structure consisting of a thin 

layer that is sandwiched between the pyramid template at the bottom and a capping 

layer on the top. In order to achieve quantum confinement, the sandwiched layer must 

be thin and have a lower bandgap than the surrounding barriers. By employing such 

configuration, one can obtain quantum wells (QWs) on the faces, quantum wires 

(QWRs) at the ridges, and a quantum dot (QD) at the apex of the pyramid. Furthermore, 

multiple quantum wells (MQWs) grown on the pyramid have been fundamentally 

studied11-15 and also applied to LEDs16, 17. Similar to pyramid structure, inverted 
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pyramid structure, which is also used to implement QD, is essentially a pyramidal notch 

where likewise the apex, ridges, and faces can respectively host a QD, QWRs, and 

QWs.18-20 

  Among the researches on semiconductor pyramids, GaN pyramids have been studied 

for more than two decades originally for field emission21-24 and recently for quantum 

structures7-14. In 2012, A. Lundskog et al., from our team in Linköping University, 

published a successful growth of InGaN QD on GaN pyramid by hot-wall metalorganic 

chemical vapor deposition (MOCVD).25 GaN pyramids turned out to offer non- or 

semi- polar facets on which QDs and QWs can be grown with ignorable quantum 

confined Stark effect (QCSE).26, 27 QCSE is originated from the built-in electric fields 

induced by the spontaneous and piezoelectric polarization in the crystal. Especially for 

QW, the induced electric field in the QW results in band bending, which reduces the 

bandgap of the QW, and increases the spatial separation of electrons and holes, which 

suppresses the radiative efficiency.28 After the published results from our research team 

by C.W. Hsu, M.O. Eriksson, et al. regarding inspiring optical properties of InGaN QDs 

on GaN pyramids,29-32 the growth mechanism of InGaN QDs on GaN pyramids are 

convincingly mature. 

  InGaN QDs have been investigated to have emission of 380 nm to 420 nm in 

wavelength which is at the border between blue and ultra-violet.33 To obtain emission 

of shorter wavelength, different semiconductor materials must be employed. Therefore, 

based on the success we achieved on the controlled growth of InGaN QDs on GaN 

pyramids, AlGaN pyramids have started to be grown with a similar approach. 

Theoretically, GaN QWs and QDs can then be grown on the AlGaN pyramids with a 

AlGaN capping layer. However, the initial trial results revealed two main problems. 

First, there were two layers of materials unintentionally grown on the pyramid in 

addition to GaN MQWs as undesired deposition (figure 1). According to the EDX 

mapping, the inner layer is Al-rich, while the outer layer is Ga-rich. The undesired 

deposition also connects to the unexpected parasitic deposition on the mask. We 

speculated that the undesired deposition was formed from the residual materials in the 

CVD reactor, which is generally known as the improper or incomplete termination of 

CVD growth. The other problem is the lack of Al in the desired AlGaN pyramid which 

one can clearly see in the EDX mapping of Al. 
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Figure 1. TEM imaging and EDX mapping on a cross section of AlGaN pyramid with GaN MQWs. This 

result was acquired by Justinas Palisaitis, who is now a postdoc from the research group of Electron 

Microscopy of Materials in the Thin Film Physics Division affiliated with the Department of Physics, 

Chemistry and Biology (IFM) in Linköping University 

 

  This thesis aims to study and solve the first problem which is basically to eliminate 

the undesired deposition. The research approaches are mainly divided into growth 

process and post-growth etching point of view. From two different directions, this work 

tried to find an appropriate cut-in point and figure out an efficient solution. 
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Chapter 2 

▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔ 

Theoretical background 

 

 

 

In this chapter, some fundamental concepts of theoretical background are described 

to provide the knowledge allowing a better understanding of this thesis. There are four 

sections included. First, as material systems of GaN and AlGaN were employed in the 

thesis, group III-nitrides are introduced. Since the thesis is focused on the selective area 

growth (SAG), general crystal growth and selective area growth are separated into two 

sections and discussed in sequence. The last section is regarding to the quantum 

structures grown on pyramid in which some basic concepts of quantum structures are 

depicted in advance. 

 

2.1. Group Ⅲ nitrides 

 

The materials which are used to form the desired pyramid structure and multi-

quantum well (MQW) layers are AlGaN and GaN respectively. They both belong to 

group III nitrides. This section is aimed to introduce the fundamentals of group III 

nitrides including crystal structure and electrical property. The crystal structures of 

group Ⅲ nitrides are shared by zincblende (ZB), wurtzite (W), and rocksalt. Under 

normal ambient condition, considering thermodynamics, wurtzite is the stable structure 

for AlN, InN, and GaN. Although, through calculation, there are only small energy 

differences (ΔEW−ZB) between wurtzite structure and zincblende (−18.41 meV/atom for 

AlN, −9.88 meV/atom for GaN, and −11.44 meV/atom for InN), wurtzite structure is 

accordingly energetically preferable.34 The nitride compounds (GaN and AlN) and 

nitride alloy (AlGaN) studied within this thesis work are with wurtzite structure, so 

only wurtzite is discussed later in this section. Regarding the nitride alloy, there is one 

part discussing such system in the end of this section. Among this thesis work, only 

AlGaN is chosen to be the new research target of pyramid material. Thus, only AlGaN 
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is going to be exemplified in the following section. 

 

2.1.1. Wurtzite crystal structure 

Wurtzite has hexagonal close-packed (hcp) lattice with tetrahedral interstitial sites 

half-filled which is shown as figure 2a. For group Ⅲ nitrides, the lattice is formed by 

nitrogen atoms and the tetrahedral interstitial sites are filled by group Ⅲ atoms. The 

wurtzite crystal structure can also be explained by two interpenetrating hcp sublattices. 

Each sublattice consists of only one type of atom (either group III or nitrogen). One of 

the sublattices is displaced with respect to the other along the three-fold rotation 

symmetry axis, which is labeled c-axis or [0001] direction, by an amount uc = 3/8 c. As 

shown in figure 2a, c is the height of hcp cell and a is the edge width of hcp cell. The 

unit cell of wurtzite is marked in figure 2a and zoomed n as figure 2b. There are totally 

four atoms including 2 nitrogen atoms and two group III atoms per unit cell. It can be 

found that each group III atom is bounded with four surrounding nitrogen atoms, and 

vice versa. The core atom of one kind and four surrounding atoms of the other kind 

form a tetrahedron which is shown in figure 2a. 

Ideally, c/a ratio of hcp unit cell is √8/3 = 1.633. In reality, c/a ratio varies among 

different group III nitrides and is found correlating to parameter u.36, 37 In order to 

remain four tetrahedron edge length equal, when c/a ratio increases, parameter u 

decreases. However, due to long-range polar interaction, the tetrahedron is not perfectly 

symmetric which means not all edge length are equal and no angle between neighboring 

bonds is exactly 109.5°.38 Two tetrahedron edge lengths, a0 and b0, which are labeled in 

figure 1a are not identical. b0 is slightly shorter than a0. As a result, the tetrahedral 

angles are distorted. The angle to the three-fold rotation symmetry axis is slightly 

smaller than the other.39 Besides, c/a ratio also correlates to difference of 

electronegativity. Larger difference of electronegativity not only results in a larger 

contribution of ionic bond to the bonding compared to covalent bond, but c/a ratio also 

deviate more from the ideal value.36 Table 1 summarizes the structural parameters of 

GaN, AlN, and InN. The parameters were obtained by polynomial interpolation of the 

total-energy values calculated with two variables, a and c. The parameter u was 

optimized with considering Hellmann-Feynman forces.40 
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Figure 2. (a) Schematic of wurtzite crystal structure (b) Hexagonal close-packed unit cell of wurtzite35 

 

Table 1. Calculated structural parameter of GaN, AlN, and InN 

 a (Å) c (Å) c/a u (c) 

GaN 3.189 5.185 1.626 0.376 

AlN 3.111 4.980 1.601 0.380 

InN 3.538 5.703 1.612 0.377 

 

In the field of crystal structure, symmetry is studied to be an important issue which 

influences material properties in many different perspectives (e.g. mechanical 

property41, electrical conductance42, photoluminescence property43, magnetic 

property44, etc.). Wurtzite lacks inversion symmetry which leads to crystallographic 

polarity. The close-packed basal plane (0001) of wurtzite crystal differs from (0001̅) 

plane. Generally, for group III nitrides, (0001) plane is indicated to be group III (Al, Ga, 

or In)-terminated plane or group III (Al, Ga, or In) polar face with group III (Al, Ga, or 

In) polarity. On the other hand, (0001̅) plane represents N-terminated plane or N polar 

face referred to N polarity. Polarity as an inherent crystal feature significantly correlates 

to several material properties (e.g. material growth, etching, piezoelectricity). 

Regarding growth, for wurtzite nitrides, the primary polar plane (0001) and 

corresponding direction [0001] is the most commonly used surface and direction for 

growth.45 

 

2.1.2. Electrical property of group III nitrides 

A superior feature of group III nitrides coming from electrical property is large direct 

bandgap. This brings plenty of advantages for applications of electronic and 

optoelectronic devices. Large bandgap enables device of group III nitrides to sustain 
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large electric fields and operate at high-temperature and high-power conditions. Plus, 

higher breakdown voltages and lower noise generation are also beneficial effects 

associated with large bandgap.45 As a result of direct bandgap, radiative recombination 

which generates photon doesn’t require involvement of phonon emission or absorption 

to fulfill conservation of momentum and energy. Compared to indirect bandgap, life 

time of radiative recombination is shorter and therefore higher portion of radiative 

recombination is obtained. As the most important consequent advantage, high radiative 

quantum efficiency makes group III nitrides the most commonly used semiconductor 

for light emitting application such as light emitting diodes (LEDs) and light amplified 

by stimulated radiation (laser).46 

The following table 2 summarizes parameters of electrical property for group III 

nitrides in wurtzite structure. 

 

Table 2. Parameters of electrical property for group III nitrides in wurtzite structure47 

 InN GaN AlN 

Band gap (eV) (300K) 0.7 3.39 6.2 

Effective electron mass (m0) 0.48 0.2 0.06 

Electron concentration (cm-3) >1019 ~1017 <1016 

 

2.1.3. Nitride Alloy: AlGaN 

Among InN, GaN, and AlN of wurtzite structure, any two of the nitrides can form a 

continuous ternary alloy system. Many physical properties of these nitride alloys have 

dependence on composition. Not only structural, dielectric, and thermal properties are 

included, but also optical and electrical properties which can extend more to 

photoluminescence (PL) property. The most attractive and valuable property studied 

and exploited is the band gap. Based on its dependence on composition, one can tune 

the band gap of the material simply by alloy composition. Via this technique of band 

gap engineering, the direct band gap of ternary systems of group III nitrides can cover 

the range from 0.7 eV for InN to 6.2 eV for AlN. From figure 3, it is clearly shown that 

this range starts from infrared region, passes through visible region, and gets into 

ultraviolet regions to a considerable extent. In addition to the direct band gap, with 

enormous advantage of flexibly tuned band gap, group III nitrides are well 

acknowledged as important materials for optoelectronics. 
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Figure 3. Band gap energies of common group III nitrides (InN, GaN, and AlN)37 

 

In general, band gap of ternary alloy obeys following empirical expression of 

modified Vagard’s law: 

 𝐸𝑔(𝐴1−𝑥𝐵𝑥) = (1 − x)𝐸𝑔(𝐴) + 𝑥𝐸𝑔(𝐵) − 𝑥(1 − 𝑥)𝐶 (1) 

A and B are two different group III nitrides. x is B composition and 1-x is then A 

composition. −𝑥(1 − 𝑥)𝐶 is a term associated to the deviation from the ideal Vagard’s 

law where C is bowing parameter. Nonzero bowing parameters of group III nitride 

ternary alloys for different valleys in band structure are listed in table 3. For AlGaN, 

the measured band gap against composition is plotted below as figure 3 by Yun et al..49 

In figure 4, b is the notation for bowing parameter. The solid circles are experimental 

data points and the solid line is the least squares fitting giving b=1. The dashed line on 

the other hand indicates the case of zero bowing. Based on the relation and the known 

bowing parameter, one can determine Al composition by measuring bandgap. Therefore, 

in the field of optoelectronics, one can simply exploit optical methods to estimate the 

Al composition of an AlGaN material. 

 

Table 3. Nonzero bowing parameters of group III nitride ternary alloys48 

 GaInN AlGaN AlInN 

𝐸𝑔
Γ (eV) 1.4 0.7 2.5 

𝐸𝑔
Χ (eV) 0.69 0.61 0.61 

𝐸𝑔
L (eV) 1.84 0.80 0.80 

𝑃𝑠𝑝 (C/m2) -0.037 -0.021 -0.070 
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Figure 4. Experimental data of energy band gap of AlGaN (0≤x≤1) plotted as a function of Al 

composition (solid circle), and the least squares fit (solid line) giving a bowing parameter of b=1.0 eV. 

The dashed line shows the case of zero bowing.49 

 

AlN and GaN have a lattice mismatch of 3.9 % which is reasonably good, so that 

there is not much stain and stress induced in the lattice in the growth of AlGaN on GaN. 

They have also large difference of band gap energy (Eg, AlN = 3.39 eV; Eg,GaN = 6.2 eV). 

As a result, for use of devices, generally, only a small amount of Al composition is 

required to obtain sufficient carrier and optical field confinement. 

By Hall measurement, carrier concentration and mobility can be measured. When 

such electrical properties related to conductivity are concerned, unintentionally doped 

nitrides usually show n-type conductivity. Unintentionally doped bulk AlGaN was 

measured to have carrier concentration of 5×1018 cm-3 and electron mobility of 35 

cm2/Vs at room temperature.50 Tanaka et al. further studied the temperature dependence 

on hole concentration and hole mobility of Mg-doped AlGaN after Nakamura et al. 

successfully obtained p-type GaN films by thermal annealing of Mg-doped films grown 

by MOVPE.51,52 It was concluded that hole mobility increases with decreasing 

temperature, reaching a value of about 13 cm2/Vs below 200K for a doping density of 

1.48×1019 cm-3. Such low mobility is ascribed to high carrier concentration and inter-

grain scattering present in the samples. 

The resistivity of AlGaN has also been investigated against Al composition. Li et al. 

observed a sharp increase trend of resistivity with increasing Al composition.53 This can 

be explained by enlarging impurity binding energies or carrier/exciton localization 

energies with increasing Al composition. Simultaneously, this can also explain the 

increase of the photoluminescence (PL) activation energy and PL decay lifetime. 

While the lattice constant of AlGaN was studied, Z. Dridi et al. investigated through 

first principles calculations and observed a nearly perfect match with the Vegard’s law, 
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which implies the lattice constant of AlGaN is almost linearly dependent on the Al 

composition.54 

2.2. Crystal growth 

 

The core of this thesis work is dealing with the problems related to material growth. 

It is, therefore, important to understand the mechanism and some fundamentals of 

crystal growth to a certain extent. Solid material is grown from vapor phase which is 

so-called vapor deposition. In essence, there are physical vapor deposition (PVD) and 

chemical vapor deposition (CVD). The primary difference between PVD and CVD is 

the fashion of supplying vapor phase of desired material for deposition. Taking 

compound material for example, PVD utilizes sputtering or evaporation to obtain vapor 

phase of desired compound directly. CVD, on the other hand, relies on chemical 

reactions of gaseous precursors to form vapor phase of desired compound. With the 

supply of gaseous compound, both thermodynamics and atomic kinetics are considered 

for subsequent deposition on the sample surface. 

 Both AlGaN and GaN for pyramid and MQW structure respectively were grown by 

CVD in this thesis. The working principle of CVD, in particular metalorganic vapor 

deposition (MOCVD), is going to be elucidated in the equipment part later in the report. 

Whereas in this part, firstly the general material growth of vapor deposition is 

summarized in order to give a basic picture about how solid phase material is deposited 

on the sample surface from vapor phase. With a general understanding of material 

growth, the nucleation mechanism is discussed since it is the first and crucial step of 

whole growth process after the atoms are adsorbed onto a sample surface. At last, there 

is one section discussing growth modes which explains how material builds up to bulk 

after nucleation. 

 

2.2.1. General material growth of vapor deposition 

 With continuous supply of material in vapor phase, to start the material growth, arrival 

and accommodation of atoms on sample surface (condensation) take place at the early 

stage. Atoms are adsorbed on the surface due to attractive surface potential originated 

from the energy loss of bonding formation. This energy difference is a fraction of 

cohesive energy which is the energy required to remove an atom from a kink position 

to infinity. After adsorption, there is still a probability of desorption which defines the 

sticking coefficient. The residence time (τs), which indicates the duration between 

adsorption and desorption, can be expressed by the following equation 
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 𝜏𝑠 =
1

𝜈𝑎𝑑
exp (

𝐸𝑎𝑑

𝑘𝐵𝑇
) (2) 

where νad is the adsorption attempt frequency, Ead is the adsorption energy indicating 

the energy required to remove one adsorbed atom, kB is Boltzmann constant, and T is 

the temperature of surface. 

Once atoms stay on the surface, they start diffusing randomly on the surface. When 

meeting other adatoms while diffusing, they form clusters and the nucleation begins, as 

further discussed in next section. With the perspective of microstructural evolution, 

from the nucleation stage, there are a few following growth stages which are shown 

schematically in figure 5.55 After the nucleation stage, islands which are essentially 

stable clusters are formed. Islands grow in the following stage while continuous 

adsorption and surface diffusion of adatoms. Once boundaries of growing islands meet 

and connect, islands start to merge in the stage of island coalescence. The driving force 

of coalescence is minimization of overall surface and interface energy. Through surface 

atom diffusion and grain boundary migration, the island with lower energy per atom 

consumes the other and finally becomes one single-crystalline island. Thus, 

coalescence is the first phenomenon with connection to selection of preferred 

orientation. With island coalescence, grains keep coarsening until grain size reaches the 

equilibrium state of thermodynamics which immobilizes grain boundaries. Without 

mobile grain boundaries, polycrystalline islands start to be formed. Eventually, all 

islands link and form a continuous film which leads to the last growth stage of 

continuous film growth. 

 

 

Figure 5. Schematics of material growth stages55 
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2.2.2. Nucleation 

Nucleation is essentially a process of forming stable clusters on the substrate. The 

stable clusters are also known as islands or nuclei. The core concept of classical 

thermodynamics nucleation theory is critical nucleus.56 Based on thermodynamics and 

calculation of Gibbs free energy, there is a critical size that nucleus should reach to get 

stabilized and continue growing and coarsening. By considering the simplest case of 

homogeneous nucleation, the Gibbs free energy change (ΔG) of forming a spherical 

nucleus can be expressed as 

 ΔG =
4

3
𝜋𝑟3ΔG𝑉 + 4𝜋𝑟2γ , (3) 

where r is the radius of nuclei, ΔGV is the energy gain due to phase transition (i.e. from 

vapor to solid) per unit volume, and γ is the interface energy between vapor and solid 

per unit area. Equation 3 can be illustrated as figure 6.  

 

 

Figure 6. Illustration of ΔG as a function of r 56 

 

As figure 6 shows, there is a local maximum when increasing r from 0. Thus, by 

solving 

 
𝑑ΔG

𝑑𝑟
= 0 , (4) 

we can obtain critical radius (r*) and critical energy change (ΔG*) which are 

respectively shown as  

 r∗ =
−2𝛾

ΔG𝑉
 and ΔG∗ =

16𝜋𝛾3

3(ΔG𝑉)2 . (5) 
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Furthermore, nucleation rate (N) is manipulated by ΔG* and roughly described as 

 N~exp (−
ΔG∗

𝑘𝐵𝑇
) , (6) 

where kB is Boltzmann constant and T is temperature. 

Moreover, for researches of material growth, growth parameters always play as 

important and indispensable roles. Among the parameters, the effects of temperature (T) 

and deposition rate (R) on nucleation are discussed here. First, with increasing 

temperature, supersaturation of vapor decreases and therefore the energy change of 

phase transition per unit volume (ΔGV) reduces. It has been shown above that critical 

radius (r*) is inversely proportional to ΔGV while critical energy change (ΔG*) is 

inversely proportional to 𝛥𝐺𝑉
2 . Hence, r* and ΔG* both increase while elevating 

temperature which implies larger and fewer islands survive at higher temperature. The 

effect of temperature on nucleation can then be described by 

 (
𝜕𝑟∗

𝜕𝑇
)𝑅 > 0 ; (

𝜕∆𝐺∗

𝜕𝑇
)𝑅 > 0 . (7) 

Secondly, regarding deposition rate (R), it increases with rise of supersaturation.57 As a 

result, the energy change of phase transition per unit volume (ΔGV) also increases when 

enlarging R. By relation between critical radius (r*) and ΔGV and between critical 

energy change (ΔG*) and ΔGV, one can conclude the effect of deposition rate on 

nucleation by 

 (
𝜕𝑟∗

𝜕𝑅
)𝑇 < 0 ;  (

𝜕∆𝐺∗

𝜕𝑅
)𝑇 < 0 . (8) 

Using higher deposition rate (R), critical radius (r*) of nuclei is smaller which gives rise 

to the appearance of smaller and more islands at nucleation stage. After growing into 

bulk, smaller island size while nucleation eventually evolves to smaller grain size in 

grown bulk material. 

 

2.2.3. Growth modes 

 Back to the middle of 20th century, there were three main thoughts of speculation for 

morphology evolution in heteroepitaxy growth based on different theories. Firstly, in 

1926, Volmer and Weber exploited classical nucleation theory to build up a hypothesis 

that crystalline films grow from 3D nuclei where nucleation density and growth rate 

are determined by interfacial and surface free energies.58 Volmer-Weber (VW) growth 

model is illustrated as figure 7b. In 1938, another model was supposed by Stranski and 
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Krastanov.59 Based on atomistic calculations, they assumed that a few pseudomorphic 

2D layers grow at initial growth stage followed by formation of 3D crystals on top after 

critical thickness is achieved. The 3D crystals grow with natural lattice constant and 

without the effect of induced stress due to lattice mismatch. Stranski-Krastanov (SK) 

growth model is illustrated as figure 7c. Thirdly, in 1949, Frank and van der Merwe 

derived a concept of critical misfit by elasticity theory.60 Below this critical misfit, 

layer-by-layer growth appears. Frank-van der Merwe (FM) growth model is illustrated 

as figure 7a. 

 

Figure 7. Schematics of morphology evolution for three different growth model. (a) Frank-can der 

Merwe (FM) which is so-called layer-by-layer growth. (b) Volmer-Weber (VW) which is also named 

island growth. (c) Stranski-Krastanov (SK) 

 

In 1958, Bauer unified these three models of heteroepitaxy growth into three growth 

modes and supposed an approach to prediction of growth mode by considering 

thermodynamics.61 In the prediction, there are three physical factors involved. They are 

different macroscopic surface tensions which are the free energy per unit area at the 

interface of grown material and vacuum (𝛾0), grown material and substrate (𝛾𝑖), and 

substrate and vacuum (𝛾𝑠 ). According to thermodynamics, surface energy naturally 

tends to be minimized. If 𝛾𝑠 is larger than sum of 𝛾0 and 𝛾𝑖, in order to minimizing 

total surface energy, growth tends to minimize the substrate-vacuum interface. Thus, 

it’s predicted to be layer-by-layer growth which is the model supposed by Frank and 

van der Merwe, so it is also named Frank-van der Merwe (FM) growth. Oppositely, if 

𝛾𝑠  is smaller than sum of 𝛾0  and 𝛾𝑖 , in order to minimizing total surface energy, 

growth tends to minimize the grown material-vacuum interface. In other words, the 

surface of substrate is preferred to be exposed to vacuum. Hence, instead of having 

continuous monolayer, islands are formed. They coarsen, impinge, coalesce, and 
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eventually grow into bulk. This agrees with island growth supposed by Volmer and 

Weber, so it’s predicted that VW growth conducts under this condition. Till this point, 

there are two growth modes discussed. The criteria of these two growth modes are noted 

below. 

𝛾0(𝑛) + 𝛾𝑖(𝑛) ≤ 𝛾𝑠(𝑛) ⇒ Frank-van der Merwe (FM) / Layer-by-layer growth 

𝛾0(𝑛) + 𝛾𝑖(𝑛) > 𝛾𝑠(𝑛) ⇒ Volmer-Weber (VW) / Island growth 

Considering thickness dependence, n indicates the deposition thickness equals n 

monolayers. 

In heteroepitaxy growth, lattice mismatch of grown material and substrate is a 

significant issue. Taking thickness dependence into account, with increasing thickness, 

the lattice mismatch leads to a monotonic increase of volume strain energy. For example, 

the initial condition is 𝛾0(𝑛) + 𝛾𝑖(𝑛) ≤ 𝛾𝑠(𝑛) which satisfies FW growth and material 

is grown layer by layer. As a result of rising thickness, the volume strain energy stored 

in the 2D pseudomorphic layer increases which gradually pushes the system into an 

unstable situation. Eventually, above a critical thickness (nc), the overall growth 

condition switches to 𝛾0(𝑛) + 𝛾𝑖(𝑛) > 𝛾𝑠(𝑛)  which refers to VW growth. Thus, the 

whole process goes from 2D layer-by-layer growth to 3D island growth which is 

analogous to Stranski-Krastanov (SK) growth. According to the case discussed above, 

the criteria of SK growth can be summarized below. 

{
 𝛾0(𝑛) + 𝛾𝑖(𝑛) ≤ 𝛾𝑠(𝑛), 𝑤ℎ𝑒𝑛 𝑛 ≤ 𝑛𝑐

 𝛾0(𝑛) + 𝛾𝑖(𝑛) > 𝛾𝑠(𝑛), 𝑤ℎ𝑒𝑛 𝑛 > 𝑛𝑐
⇒ Stranski-Krastanov (SK) growth 

At last, the morphonogy and criteria of three different growth modes unified by Bauer 

based on the concept of thermodynamics are summarized as figure 8. 

 

 

Figure 8. Summary of growth modes unified by Bauer (𝛾0, 𝛾𝑖, and 𝛾𝑠 are respectively the free energy 

per unit area at the interface of grown material and vacuum, grown material and substrate , and substrate 

and vacuum. n indicates deposition thickness) 
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2.3. Selective Area Growth (SAG) 

 

 In this thesis research, the goal is to control the growth of AlGaN pyramid with 

multiple quantum wells (MQWs). The AlGaN pyramidal templates are grown by the 

technique of selective area growth (SAG). This section is written to provide the basic 

theoretical understanding of SAG and the practical method employed to obtain AlGaN 

pyramid through SAG. 

 

2.3.1. Fundamentals of SAG 

Unlike general growth through which material is deposited randomly and grow into 

bulk all over the substrate, selective area growth (SAG) or selective area epitaxy (SAE) 

is the technique by which material can be deposited selectively at the desired region on 

the substrate. Through decades of theoretical and experimental researches, SAG is 

commonly achieved by patterned mask. For III-V semiconductors, dielectric masks 

such as SiN and SiO2 are exploited. Mask patterning is maturely implemented by 

lithography (e.g. electron beam, UV) and selective etching. Due to the bandgap and 

optical properties, SAG of III-V semiconductors has been being studied for photonics 

applications such as waveguides since the beginning.63-65 To date, there are plenty of 

published researches devoting to fabricating quantum structures by SAG of III-V 

semiconductors and further to their photon emitting performances.66-69 

Regarding the mechanism of SAG, there are experimental and modeling studies upon 

different material systems. 69-71 The main concept is growth rate enhancement (GRE). 

Since adatoms have poor wettability with the mask, growth barely takes place on the 

mask. Inside the mask opening, the material of pre-grown layer underneath the mask is 

exposed. During regrowth of the same material after completion of mask, adatoms 

prefer to incorporate with the identical crystal inside the mask openings. As a result, 

there exists a lateral gradient of adatom concentration over the substrate, which causes 

GRE at the mask openings. 

In more detail, the two main mechanisms behind GRE are vapor-phase diffusion and 

adatom surface diffusion which is also denoted as migration from masked region 

(MMR) or surface migrating reactants (SMR).69,70 Regarding vapor-phase diffusion, it 

is divided into lateral vapor diffusion (LVD) and vertical vapor diffusion (VVD). All 

three mechanisms are illustrated in figure 9, in order to give a picture for initial 

understanding before further discussion. 
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Figure 9. Diagram of illustrating vertical vapor-phase diffusion (VVD), lateral vapor-phase diffusion 

(LVD), and migration from masked region (MMR)70 

 

VVD controls how fast adatoms can be adsorbed along the path vertical to the 

substrate, so it has no location dependence and only contributes to normal growth rate. 

There is no contribution from VVD to GRE. On the other hand, LVD is the one related 

to GRE. LVD is caused by lateral concentration gradient of precursors in vapor phase 

(e.g. group III precursors for SAG of III-V semiconductors).69,70 At last, for MMR, the 

effective migration length (LMMR) is concerned. When the mask opening is in the similar 

scale of LMMR, the amount of adatoms reaching mask openings by MMR is significantly 

influenced by mask width (Wm) or inter-pitch distance (PD). To see the effect of Wm on 

MMR, LVD and also the consequent GRE, figure 10 is the simulation result with 

constant width of mask opening (Wo) and varying Wm.70 The normalized growth rate 

correlates to GRE and monotonically increases with increasing Wm. The GRE caused 

by MMR effect increases along Wm positively in the beginning and gradually saturates 

because of the limited LMMR. The LVD-effected GRE, on the other hand, increases 

slowly at first and gradually turns into faster linearly increase at some point. By 

considering both MMR and LVD, one can observe an inflection point on the solid curve. 

To interpret this inflection point, a concept of threshold mask width (Wth) is introduced 

and shown as the intercept of the arrow and Wm axis. At this threshold mask width (Wth), 

LVD begins to take place and the dominating effect on GRE starts to switch from MMR 

to LVD. The reason why MMR appears as the first dominating effect is that MMR is 

too fast to leave any adsorbed precursors on the mask which can be seen as an 

equivalent phenomenon of consuming precursors equally on the mask and in the mask 

opening. Thus, the lateral concentration gradient of precursors which is the driving 

force of LVD, does not exist. MMR keeps being the major mechanism causing GRE 

until Wm reaches LMMR. Accordingly, the introduced Wth equals twice of LMMR due to the 
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source materials that arrive on the mask migrate to both sides. 

 

 

Figure 10. Plot of normalized growth rate, which correlates to growth rate enhancement (GRE), as a 

function of mask width (Wm). This is the simulation result with constant mask opening (Wo). The 

threshold mask width (Wth) is shown as the intercept of the arrow and Wm axis.70 

 

2.3.2. SAG of AlGaN pyramid 

The desired material of pyramid for this thesis research is AlGaN which is an alloy 

of III-V semiconductors. Thus, SiN was chosen to be the dielectric material for mask. 

SiN mask was first grown on a AlGaN bulk layer. Then, the patterning of mask is 

conducted by ultra-violet (UV) lithography and reactive ion etching (RIE) to obtain 

openings as growth zones. The patterned substrate is placed in the CVD reactor for the 

regrowth process. Via selective area growth (SAG), AlGaN was grown in the openings 

and gradually forms a pyramid with hexagonal base. This shape is determined by 

thermodynamics. These exposing crystal planes are the combination which minimizes 

free energy and keeps the system in an energetically stable situation. A schematic of 

AlGaN pyramid grown by SAG is shown in figure 11. 

 

 
Figure 11. Schematic of AlGaN pyramid grown by selective area growth (SAG). (a) Cross-sectional 

view (b) Top view 
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2.4. Quantum structures grown on pyramid 

 

Since this thesis focuses on pyramids which are grown with the purpose to host 

quantum structures on top for light emission, this section is going to introduce quantum 

structures from the perspective of dimensionality first which is followed by a part 

discussing which and how quantum structures are grown on pyramid. 

 

2.4.1. Quantum structures and dimensionality 

Quantum structures are utilized to implement quantum confinement. The concept of 

quantum confinement is originated from quantum mechanics which is discriminated 

from classical physics along the development of physics through time. The simplest 

case of quantum confinement is illustrated in figure 12. Such case is a Type I 

heterostructure configuration and was employed among this thesis work. Assuming two 

semiconductor materials among which material A has smaller bandgap energy than 

material B, a sandwich structure is built by putting material A in between material B. 

The difference of bandgap energies between material A and B creates a potential well. 

When the thickness of the sandwiched layer (L) is downsized to the same order as the 

de Broglie wavelength of electron (λe), due to the natural tendency of lowering energy, 

electrons get stuck in the potential well where the sandwiched layer is located and 

barely get out. In the potential well, above the conduction band, energy quantization 

takes place and discrete energy levels appear. The property of density of state (DOS) is 

also altered. Analogously, as the opposite carriers, holes have the similar phenomenon. 

This phenomenon which confines carriers in a certain region and gives rise to energy 

quantization is named quantum confinement. 

 

 

Figure 12. Illustration of quantum confinement along one dimension using Type I heterostucture72 

 

Quantum confinement can be applied in different amount of dimensions at once. 

Different quantum structures are exploited to confine carriers in different numbers of 
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dimensions. To begin with, a quantum well (QW) is the structure that confines carriers 

in one dimension (figure 13b). The most common QW structure is thin film. Since the 

carriers are free in two dimensions, QW is also categorized as a 2D structure. Secondly, 

the structure, which is capable to confine carriers in two dimensions and keep only one 

dimension free, is the quantum wire (QWR) (figure 13c). The QWR is a 1D structure 

and basically can be formed as a cylinder structure with very high aspect ratio, with the 

diameter much smaller than the height. The last kind of quantum structure is quantum 

dot (QD) which is nowadays very promising and gains lots of attentions among novel 

research. The QD is a 0D structure where the carriers are confined in all 3 dimensions 

without spatial freedom. An illustration of the QD and the corresponding distribution 

of density of state (DOE) is shown in figure 13d. 

 

 

Figure 13. Illustration of different quantum structures and their featured distributions of density of 

state (DOE) with compared to bulk: (a) Bulk (b) Quantum well (c) Quantum wire (d) Quantum dot.2 

 

Due to energy quantization and carrier confinement, quantum structures are 

developed as an appealing and prospective research field. Not only fabrication and 

underlying physics, but also its applications on existing technology with robust 
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performance are studied extensively. To date, the main advantage of quantum structure, 

which allows inestimable possibilities, is the impressing improvement of device 

performance in electronics, optoelectronics, and photonics. 

 

2.4.2. Quantum structures on SAG-grown pyramidal 

template 

In order to obtain quantum structures on a pyramidal template, one following thin 

layer of a semiconductor with smaller bandgap is grown after completing pyramid 

growth via SAG. At last, one capping layer of the same material used for pyramid is 

grown as the out-most layer. For example, in this thesis research, the pyramid itself and 

out-most capping layer are AlGaN while the sandwiched layer is GaN (figure 14). The 

sandwiched GaN layer has a smaller bandgap as compared to AlGaN. Thus, when the 

thickness of GaN is sufficiently small, quantum confinement occurs and carriers 

becomes confined in the GaN layer. However, concerning the geometry of the pyramid, 

carriers are confined in a different number of dimensions at different location on the 

pyramid. Hence, there are different quantum structures co-existing on the same pyramid, 

depending on the location. As shown in figure 15, the faces of the pyramid are where 

quantum wells (QWs) are formed. Quantum wires (QWRs) are located at the edges of 

pyramid. Most importantly, it is worth noticing that there is a quantum dot (QD) formed 

at the apex. Additionally, inverted pyramidal structure, which is essentially notch with 

pyramid shape, is also commonly used to acquire quantum dots. Compared to the 

method of Stranski–Krastanov (SK) growth which is another earlier technique studied 

extensively, both pyramid and inverted pyramid techniques have the merit that the 

quantum dots can be grown at the selective areas which is undoubtedly the key for 

spatially precise fabrication. 

 

 

Figure 14. Cross-sectional schematic of AlGaN pyramid with a sandwiched GaN layer73 
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Figure 15. Perspective of pyramid with hexagonal base which obtains quantum structures 
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Chapter 3 
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Equipment 

 

 

 

3.1. Metal-Organic Chemical Vapor Deposition 

(MOCVD) 
 

The technique of vapor deposition is basically to grow crystal from vapor phase. It 

can be principally divided into Physical Vapor Deposition (PVD) and Chemical Vapor 

Deposition (CVD). Metal-Organic Chemical Vapor Deposition (MOCVD), as one kind 

of CVD, is generally acknowledged to be the most commonly used technique for 

semiconductor material growth. The main reason is the use of precursors. Precursors 

are gaseous chemical compounds which contain the atoms of the material one is desired 

to grow. In comparison to solid sources used in PVD and molecular beam epitaxy 

(MBE), precursors are stable, chemically-pure, easy to handle, have high equilibrium 

vapor pressure and can be introduced into system qualitatively. Especially for 

semiconductor materials, purity has significant impact on electrical, optical, 

optoelectrical properties and associated performances. MOCVD is named this way 

because metal-organic (MO) chemicals in vapor phase are used as precursors. In this 

thesis, the target materials were GaN and AlGaN. The correspondingly used MO 

precursors were trimethylgallium (TMGa, Ga(CH3)3) and trimethylaluminum (TMAl, 

Al2(CH3)6). In addition, ammonia (NH3) was used as precursor of N. When the mixture 

of precursors approaches to substrate with proper surface conditions at a relevant 

temperature, chemical reactions and consequent deposition take place. 

The reactor used in this work was a horizontal hot-wall MOCVD system, in which 

the substrate is inductively heated by radiofrequency (RF) coil wrapped around a quartz 

tube (figure 16). According to the previous study,74 such heating configuration shows a 

great temperature uniformity during growth. Additionally, in the system, there is a gas-

foil-rotation installation implanted into the susceptor. Such installation enables the 

substrate to rotate during growth for better deposition uniformity. 
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Figure 16. Schematic of horizontal hot-wall MOCVD system75 

 

3.2. Scanning Electron Microscope (SEM) 

 

Scanning electron microscope (SEM) is established as the common technique which 

has been being used massively on the study of surface morphological features. It has 

much higher magnification and much better resolution than optical microscope (OM). 

Even though the SEM has a maximal resolution of around few nm, it still cannot 

compete with transmission electron microscope (TEM), which is the most robust 

microscope to date. Nonetheless, SEM has its own advantage of simple operation, 

capability of acquiring three-dimensional information, and relatively low cost. Such 

advantages make it commonly used both in the fields of industry and research. 

Regarding the history of SEM,76 Manfred von Ardenne and Max Knoll described its 

principle of image generation already in the 1930s. The first SEM was developed in 

1942 by Zworykin, who showed that secondary electrons provided topographic contrast 

by biasing the collector positively relative to the specimen. In 1963, Pease and Nixon 

epitomized all improvements which had been developed in one single instrument. Such 

instrument equipped with three magnetic lenses and an Everhart–Thornley detector 

(ETD). This was the prototype for the first commercial SEM, Stereoscan Mark 1, 

developed by the Cambridge Scientific Instrument Company in 1965. 

The basic principle in SEM is to scan over the surface of sample by a focused high-

energy electron beam of typically 1-30 keV and simultaneously detect the electrons 

originated from the interactions between the electron beam and the sample from every 

point on the surface which corresponds to every pixel of the image. To produce an 

image, the detector signal is synchronized to the position of primary electron beam. 

Moreover, the contrast is an indispensable key element for imaging. To obtain contrast, 

there are several kinds of interaction between the electron beam and the sample which 

can be utilized. All electron interactions with matter are illustrated on figure 17. When 

highly energetic electrons hit a solid matter, the interaction or excitation volume, in 
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which electrons interact with the matter, is pear shaped. Different interactions take place 

at different depth. The penetration depth strongly depends on the energy of primary 

electron beam. Among various signal types from electron interactions, the most 

common contrast mode is secondary electron (SE) detection for topology investigations. 

Secondary electrons are generated from primary radiations induced by primary electron 

beam. Such primary radiations can be in the form of ions, electrons, or photons with 

sufficiently high energy for ionizing certain electrons, which are so-called secondary 

electrons. Since the kinetic energy of secondary electron is within 50 eV, it can only be 

released for successful detection from the region very close to the sample surface (< 5 

nm). Consequently, secondary electron detection is particularly suitable for topology 

investigations. 

 

 

Figure 17. Illustration of the interactions of highly energetic electrons with matter77 

 

Figure 18 shows the construction of SEM. From the electron gun at the top, electrons 

are emitted by either thermal or field emission and accelerated through a high voltage 

bias. The electron beam then passes through a number of electromagnetic lenses to 

demagnify and focus the beam which allows higher resolution. Subsequently, an 

objective aperture limits an allowed diameter of electron beam. The smaller the aperture 

is, the more reduced the current is. Afterwards, a stigmator is used to correct the electron 
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beam from elliptical to perfectly round, which is basically reducing astigmatism. Lastly, 

an objective lens is used to further focus the electron beam onto the sample. 

In this thesis research, LEO 1550 GEMINI Field Emission Scanning Electron 

Microscope is employed (figure 4). An electron source for Schottky field emission is 

made of tungsten (W) and Zirconia (ZrO2). In addition, the system has two types of 

secondary electrons detectors. InLens is installed inside the column for high resolution 

while SE2 is installed out of the column axis for better topography visualization. 

 

 
Figure 18. Schematic of Scanning Electron Microscope (SEM) 

 

 

Figure 19. LEO 1550 GEMINI SEM at Linköping University 
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3.3. Focused Ion Beam (FIB) 

 

Focused ion beam (FIB) has the setup similar to SEM, but trivially FIB uses focus 

ion beam instead of electron beam. The ions are generated by a liquid metal ion source 

(LMIS). Nowadays, Ga+ ions are the most widespread source. In Ga LMIS, a Ga 

reservoir is connected to a tungsten (W) needle. Upon heating the reservoir, Ga flows 

to the tip of the needle, where a huge electric filed is applied. As a result, two opposing 

forces at the tip, surface tension and electric force, form the liquid gallium into a cusp-

shaped tip called Taylor cone. Such tip has extremely small radius of ~2 nm. Eventually, 

the strong electric field at the tip ionizes Ga and extracts Ga+ ions. A field emission of 

Ga+ ions is then achieved. 

In a FIB instrument, when a focused beam of heavy ions bombards the sample 

surface, there are various functions can be achieved depending on the beam current. 

Imaging can be achieved by operation under low beam current, whereas sputtering or 

milling can be achieved under high beam current. Additionally, FIB can also be used to 

deposit material via ion beam induced deposition. 

Regarding the imaging mechanism, when the ions bombard the sample surface, 

besides secondary electrons, secondary ions are created and also some neutral atoms 

are sputtered away. As the focused ion beam scans over the sample surface, the signal 

from the secondary ions or electrons is collected to generate an image. However, the 

drawback of FIB imaging is the inevitable sputtering on sample surface which makes 

FIB a destructive analytical method. 

In this work, FIB is mainly used for milling. A high-current ion beam can remove a 

great amount of material via sputtering. To date, precise milling can be implemented 

down to nano scale. Commonly, FIB is combined with a SEM. Such combined 

instrument easily enables precise sputtering. This research also used such FIB-SEM 

combined instrument. Cross sections of pyramid structure were obtained through FIB 

milling while the imaging was conducted by SEM. 

 

3.4. Micro-photoluminescence (μPL) 

 

Photoluminescence (PL) spectroscopy is an established method for characterizing 

electrical and optical properties of semiconductors. In addition to bulk, quantum 

structures of semiconductors are nowadays massively studied through PL. The 

acknowledged merits of PL are that it is simple, non-destructive and no sample 

preparation is required. The main purpose of PL is to acquire the light emission 
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spectrum of the sample when it is illuminated by a light source with appropriate energy. 

Normally, the light source is a laser. When incident photons are absorbed by the sample, 

electron-hole pairs (EHPs) are created. After the natural life time of EHPs, the electrons 

recombine with the holes and emit photons whose energies reflect the energy states of 

the photons. By detecting and collecting the emission into a spectrum via a 

monochromator, information about bandgap, excitonic states, impurity contents, 

confinement energy, etc. can then be deduced. 

Besides conventional PL, micro-PL (μPL) has been widely used to study the 

luminescent properties of low-dimensional semiconductors, such as nanowires, 

quantum wells (QWs), and quantum dots (QDs). The setup of μPL is shown in figure 

20. The major difference between conventional PL and μPL is the excitation area on the 

sample. In μPL, a microscope objective replaces the normal focal lens in conventional 

PL, allowing the laser beam to be further focused and have smaller spot size on the 

sample (~2 μm). Consequently, the smaller excitation area leads to a significant 

improvement of spatial resolution. Besides, in order to focus the laser spot on a desired 

location for investigating a small target area, a sample monitoring system is required. 

Such sample monitoring system consists of a light bulb, a video camera, and a monitor. 

By guiding the light in line with the laser through the microscope objective, the 

reflected light from the sample is then recorded by the camera to form the magnified 

image of the sample surface near the focused laser spot. Simultaneously, the image 

recorded by the camera is displayed by the monitor to track the real-time location of 

the laser spot on the sample surface. By combining the replacement of focal lens by 

microscope objective and the sample monitoring system, selective area excitation can 

be achieved for PL measurement on individual quantum structure (e.g. QD). 

 

 
Figure 20. Schematic of micro-photoluminescence (μPL) setup78 
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Chapter 4 
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Experimental details 

 

 

 

In this chapter, experimental approaches are elaborated and more details are provided 

to give better understanding of how experiments were conducted practically. At first, a 

section regarding growth design was written to deliver the information how GaN 

multiple quantum wells (MQWs) on AlGaN pyramid was implemented by MOCVD. 

Next, the methodology behind pyramid size measurement is introduced. It includes 

practical issues of measuring and sampling. Lastly, the technique of focused ion beam 

(FIB) milling used for obtaining pyramid cross section is described with following issue 

on milling direction. 

 

4.1. Growth design of GaN multiple quantum wells 

(MQWs) on AlGaN pyramid 

 

Entirely from AlGaN template to AlGaN pyramid and to GaN QWs, the growth was 

performed by a horizontal hot-wall MOCVD reactor. The whole growth began with a 

(0001) Al0.2Ga0.8N epilayer of around 1.5 μm grown on a 4H-SiC substrate at 1030℃. 

It was used as template on which AlGaN pyramids were subsequently grown. More 

specifically, there is an AlN seed layer of 50 nm in between AlGaN epilayer and 4H-

SiC substrate. In addition, the template contains also a SiNx mask layer of 30 nm on top 

of the AlGaN epilayer. Circular openings of various diameters on the mask were created 

by UV lithography and reactive ion etching (RIE). The pattern is shown as figure 21. 

There are 20 columns labeled by alphabets (A-T) and 18 rows numbered from 1 to 18. 

According to different rows, there are different corresponding opening diameters which 

range from 100 nm to 1000 nm. The boundaries of blocks were composed of strip 

openings. In each block, there is an 8x8 array of circular openings. The pitch distance 

(PD) was 5 μm for all sizes of pyramid. After the completion of patterning done by 
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Houssaine Machhadani, who was one of our research group member in the Division of 

Semiconductor Materials, the growth of template is finished. The structure illustration 

of template is shown in figure 22. 

 

 

Figure 21. Pattern design on SiN mask 

 

 

Figure 22. Structure illustration of template 

 

After the completion of template growth, a regrowth was conducted to form AlGaN 

pyramids by the mechanism of selective area growth (SAG) and create GaN MQWs on 

top of the AlGaN pyramids. Regarding the mass flow of precursors, among the whole 

regrowth process, ammonia (NH3) flow of 2000 sccm, trimethylgallium (TMGa) flow 

of 20 sccm, and trimethylaluminum (TMAl) flow of 45 sccm were used. The 

temperature profile of the standard regrowth process for reference sample is illustrated 

in figure 23. First, temperature was ramped up by radiofrequency (RF) coil. When 

1000℃ was achieved, precursors were introduced to start the growth of the AlGaN 

pyramids. During the growth of AlGaN pyramids, the temperature was further 

increased from 1000℃ to 1130℃ with a lower rate which took approximately 7 

minutes and thereafter a constant temperature of 1130℃ was kept at for another 13 
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minutes. The whole growth of AlGaN pyramids took totally 20 minutes. The reason 

why we chose to start the growth with ramping temperature instead of a steady constant 

temperature was to obtain a more appropriate nucleation condition. Subsequently, MO 

precursors (i.e. TMAl and TMGa) were cut off and temperature started to be reduced 

to 1050℃. When the temperature stabilized at 1050℃, the growth of GaN multiple 

quantum wells (MQWs) and AlGaN barrier layers began. Totally, there are three GaN 

QWs with two AlGaN barriers in between and finally a AlGaN capping layer covering 

on top of them. The growth time of three GaN QWs were 20, 10, and 5 seconds 

sequentially. For AlGaN barriers, each took 1 minute. As final growth step, the out-

most AlGaN capping layer took 2 minutes. After that, MO precursors were cut off and 

carrier gas was switched from hydrogen to nitrogen which took 30 seconds. Finally, the 

cooling process toward room temperature was under NH3 flew with nitrogen gas. 

 

 

Figure 23. Diagram of growth temperature profile for standard reference recipe 

 

To sum up, figure 24 illustrates the ideal structure of AlGaN pyramid with GaN 

MQWs. Moreover, as we discussed in the previous chapter, Quantum structures on 

SAG-grown pyramidal template, in addition to QWs, there are other quantum structures 

existing on the pyramid simultaneously. There are quantum wires (QWRs) at the ridges 

and QD at the apex of the pyramid. 
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Figure 24. Schematic of ideal structure of AlGaN pyramid with GaN MQWs 

 

4.2. Pyramid size measurement 

 

With the final goal toward elimination of undesired deposition, an analytical method 

must be created to determine the amount of undesired deposition so that we can make 

comparison and recognize improvement. Pyramid size measurement was then chosen 

to be one of the analytical methods. Pyramid size is a physical property which can be 

directly observed and easily measured via top-view SEM images. Generally, by using 

vapor deposition to grow material, the normal thickness, which is shown in figure 25, 

is consistent throughout the whole sample and does not depend on the substrate 

morphology. Thus, on the other hand, the perpendicular thickness, which is also shown 

in figure 25, changes according to the substrate morphology. Based on this 

understanding, in principle, when undesired deposition appears on top of the pyramid, 

the pyramid width is increased. When more undesired deposition is grown, it covers 

pyramid with a thicker layer, causing an increase in pyramid size. Hence, by measuring 

pyramid sizes and doing statistics with numerical data, we can determine improvement 

between different samples simply through observing pyramid size change. All 

measurements in this thesis work were conducted through the image analysis software, 

Digimizer. 
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Figure 25. Illustration of undesired deposition on top of an AlGaN pyramid with GaN MQWs 

 

4.2.1. Size-related parameters 

Among the measurements, three size-related parameters were measured. As shown 

in figure 26, they are average width, circular radius, and perimeter. Average width is 

literally the average length of three diagonals. Circular radius indicates the radius of 

circumcircle. At last, the perimeter can be explained by the length sum of all 6 edges. 

 

 

Figure 26. Diagrams of three size-related parameters used for pyramid size measurements 

 

4.2.2. Sampling 

In order to obtain a more precise and proper statistic result, a consistent sampling 

method was built. As discussed in the previous section regarding the pattern, there are 

20 columns (A-T) and 18 rows (1-18) (figure 21). Different row belongs to mask 
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openings of different sizes. For every sample, thee different sizes were studied which 

were 200 nm, 400 nm, and 1000 nm in diameter. The corresponding rows were 

respectively row 3, row 9 and row 17. In addition, only two columns in the middle were 

taken which were column H and I. Thus, only 6 blocks were taken for measuring and 

contributed to statistics (i.e. 3H, 3I, 9H, 9I, 17H, 17I). 

In each block, there is an 8x8 array of pyramids. Instead of random sampling, 10 

specific pyramids were taken. As shown in figure 27, these 10 pyramids are marked 

with yellow circles. The corresponding coordinates are (2,3), (3,2), (3,3), (3,4), (4,3), 

(5,6), (6,5), (6,6), (6,7), (7,6). For every sample, pyramids with these ten specific 

coordinates were measured in all 6 chosen blocks. 

 

 

Figure 27. Diagrams of 10 pyramids with specific coordinates measured in every chosen block 

 

To sum up, we chose to focus on three sizes whose mask opening diameters are 200 

nm, 400 nm, and 1000 nm. For each size, 20 pyramids with specific coordinate in 

specific blocks were measured. Regarding statistics, the average was taken within one 

standard deviation which implies that among 20 pyramids only 14 of them contributed 

to the average. 

 

4.3. Focused ion beam (FIB) milling 

 

Besides pyramid size measurement, cross-sectional images were also involved as the 

other analytical method. In order to obtain cross-sectional images, focused ion beam 
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(FIB) was utilized to mill away half of pyramid so that the cross section could be 

revealed. SEM was subsequently exploited as imaging technique. Regarding to 

implementation of FIB milling, there are two issues which are going to be discussed 

next. 

4.3.1. Imperfect milling in reality 

The first point is spatial accuracy. Our milling target was half of the pyramid with an 

area of around few hundreds nm by few hundreds nm. Besides, only if the pyramid is 

milled exactly in the center, the cross section reflects the true layer structure through 

which the thickness of undesired deposition can be determined. Thus, the spatial 

accuracy of few tens nm (or even few nm for small-sized pyramid) was required. In 

reality, the equipment we used for FIB milling could not provide this level of spatial 

accuracy especially for small and medium-sized pyramid. Hence, difficulty of perfect 

milling indeed existed and it was significantly concerned. In figure 28, comparison of 

pyramid before and after milling are shown based on top-view and side-view images. 

Figure 28a shows an imperfectly milled pyramid with mask opening diameter equal to 

400 nm while figure 28c shows a pyramid of same size which was milled nearly 

perfectly. Figure 28b is the milling result of the imperfectly milled pyramid with blue 

marked area in order to give better understanding on its imperfectness. In figure 28b, 

the top-view image has a blue shaded area which is clearly recognized as the remaining 

part due to insufficient milling. In the cross-sectional image, the blue area indicates the 

corresponding region of the remaining part. However, in figure 28a, without the 

assistance of shaded area, due to imaging limitation on stereoscopic vision, it is difficult 

to distinguish the region which is contributed by the remaining part. Consequently, 

observation of cross section is disturbed by imperfect milling. This makes it more 

difficult for one to determine the thickness of undesired deposition. The case shown in 

28a and 28b is an extreme case which is used for clearer discussion. Commonly, the 

remaining part is smaller. Nonetheless, when the remaining part is smaller, it is even 

more difficult to distinguish its corresponding region in the cross section, and therefore 

more consequent deviations can be made. 

 



38 

 

 

Figure 28. Illustration of imperfect milling issue 

 

4.3.2. Milling directions 

The second issue is associated with milling direction. There are basically two 

possible milling directions which are [011̅0] and [21̅1̅0]. They are denoted as blue 

arrows in figure 29. According to figure 29, compared to [011̅0] , milling along 

[21̅1̅0] ends up milling at parallel boundaries. Despite the fact that pyramid is to some 

extent imperfectly milled in the half along [21̅1̅0], the boundary of cross section is 

fixed. Plus, due to the geometry of hexagonal pyramid, apex in the cross section can be 

kept to avoid becoming truncated. In principle, [21̅1̅0] is the better choice of milling 

direction. 
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Figure 29. Schematic of two possible milling directions 

 

  Figure 30 shows comparison between two milling results performed along 

different milling directions. From each set of result, there are 4 images which are, from 

left to right, top-view and side-view images before milling and cross-sectional images 

under different magnification levels after milling. From the side-view images of 

unmilled pyramid in figure 30, one can realize that the imaging angle was not parallel 

to substrate, so they were not strictly defined side views. The reason why we did not 

use the view angle parallel to substrate was that it was impossible to observe every 

single pyramid in an array through that certain view angle. By using the chosen view 

angle, as a result, one can see the regions which belongs to pyramid surfaces in the 

cross section of the pyramid milled along [21̅1̅0] (it is marked by yellow arrows). 

This should have not happened if we had used the view angle parallel to substrate which 

was not implementable. Thus, the advantage which was previously discussed by theory 

was no longer exist for our case of study. Therefore, owing to the convenience of 

practical implementation, [011̅0]  was decided to be used as the milling direction 

among the whole study. 

 

 

Figure 30. Comparison of milling results from two possible milling directions 
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Chapter 5 

▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔ 

Results and Discussion 

 

 

 

In order to find solutions of avoiding undesired deposition appearing after the 

intentional growth of AlGaN pyramids with GaN MQWs, the strategy of this research 

is divided into two main parts. Firstly, from the perspective of growth, several attempts 

on adjusting different growth parameters were investigated to find out the key 

parameter. Plus, according to the success of GaN pyramid with InGaN QD25,79,80, I tried 

to transplant and make use of GaN surfaces as a protective cover to avoid following 

undesired deposition. Besides growth-related studies, post-growth etching is another 

possible way. If the undesired deposition can be etched away so that the originally-

covered pyramid is exposed without being damaged, it is an alternative perspective of 

getting rid of undesired deposition. 

 

5.1. Investigation of growth parameters 

 

The studied parameters of MOCVD growth includes precursors cutoff before cooling, 

choice of carrier gas during cooling, temperature holding before cooling, cooling 

pressure, and III/V ratio. In addition, a reproducibility test of the standard sample was 

arranged and done as an end. The CVD recipe tunings based on various growth 

parameters are summarized in table 4 with corresponding sample numbers. As shown 

in table 4, the sample SL3148 is the reference sample which has no additional tuning. 

Subsequently, the underlying motivations and concepts of every individual tuning are 

going to be elaborated as the following paragraphs. 
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Table 4. Summary of recipe tunings for all samples 

 SL3148 SL3214 SL3219 SL3227 SL3260 SL3261 SL3263 SL3259 

NH3 (N precursor) cutoff before 
cooling         

Using H2 to replace N2 as carrier 
gas during cooling         

Temperature holding at 1050℃ 
for 10 min without precursor 
supply before cooling 

        

Pressure decrease during cooling 
(50 mbar → 15 mbar)         

Pressure increase during cooling 
(50 mbar → 200 mbar)         

TMGa cut off from the start of 
last AlGaN capping layer growth         

 

a. NH3 (N precursor) cutoff before cooling (SL3214) 

For the standard sample (SL3148), only MO precursors were cut off before cooling. 

N precursor, NH3, was therefore filled in the MOCVD chamber throughout the entire 

cooling process. Hence, the undesired deposition in SL3148 can be reasonably 

explained by residual MO source in the chamber after growth, which leads to undesired 

deposition while cooling. According to this, SL3214 was grown with the first tuning of 

cutting off NH3 at the same time with MO precursors, which in principle prevents 

chemical reactions between precursors simply due to no element source is applied. 

 

b. Choice of carrier gas during cooling (SL3219) 

A change of carrier gas during cooling was executed in SL3219. Originally, for 

SL3148 and SL3214, there is a switch of carrier gas, from H2 to N2, at the beginning of 

cooling after growth, so both of them are N2 cooling. SL3219, however, is H2 cooling 

which implies that the switch of carrier gas was removed, so H2 was used as the only 

carrier gas throughout both growth and cooling process. The reason of choosing H2 is 

that it has been proved that hydrogen plasma has an etching effect in CVD growth81-85, 

so it is reasonable to expect that H2 may provide in-situ etching of the undesired 

deposition. 

 

c. Temperature holding before cooling (SL3227) 

For SL3227, the idea of tuning is to lower the growth rate of undesired deposition. 

Based on the studies on SL3214 and SL3219, knowing that undesired deposition cannot 

be totally avoided, controlling the growth rate of undesired deposition became a 
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compromised way to minimize its drawback. It is believed that higher growth 

temperature brings lower growth rate for group III-nitrides.86 Bases on the fact that the 

undesired deposition occurs after the intentional growth, we tried to hold the 

temperature constant for 10 minutes after the intentional growth and before the cooling. 

Within this 10 minutes, a lower growth rate was expected. If this time is sufficient for 

the residual material source to be evacuated or depleted, then only a thin layer of 

undesired deposition will remain on top of the pyramid. 

 

d. Cooling pressure (SL3260, SL3261) 

With purpose of suppressing the growth of undesired deposition, based on SL3219, 

another two samples were set with an additional tuning on cooling pressure. As denoted 

in table 4, SL3260 has a pressure decrease from normal value, 50 mbar, down to 15 

mbar during cooling. On the other hand, for SL3261, pressure was increased from 50 

mbar up to 200 mbar. 

Generally during growth, when the pressure is decreased, the velocity of the gas flow 

is increased. As a consequence, referred to boundary-layer theory87, the thickness of the 

boundary layer decreases which reduces the difficulty for gas species on diffusing to 

substrate. This affects both the precursors and the carrier gas. When H2 is used as the 

carrier gas and the pressure is decreased during cooling process, both the growth rate 

of undesired deposition and the H2 etching effect increase. Oppositely, when the 

pressure is increased during cooling, the velocity of the gas flow is reduced followed 

by an increase in thickness of the boundary layer. The growth rate of undesired 

deposition and the H2 etching effect therefore decrease. 

Since we cannot increase the H2 etching effect and simultaneously decrease the 

growth rate by tuning the pressure, the concept of tuning the cooling pressure is to 

examine whether the advantage can overcome the disadvantage. For decreasing cooling 

pressure, an enhanced H2 etching effect is expected to be utilized for suppressing 

undesired deposition. On the other hand, for increasing cooling pressure, a reduced 

growth rate of undesired deposition is expected. 

 

e. III/V ratio (SL3263) 

It has been pointed out in published results that a lower III/V ratio leads to lower III-

V compound growth rate.88,89 Here, we assume that the residual element sources, which 

causes the undesired deposition, mainly originates from the last growth step right before 

cooling, which is referred to the last (third) AlGaN capping layer. This assumption is 

supported by the fact that no other layers of undesired deposition can be found within 

the pyramids, only as a thick covering layers on the top of the pyramids. Thus, in order 

to lower the III/V ratio of residual element sources during cooling, we lowered the III/V 
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ratio in the growth of the third AlGaN capping layer. In this research, the CVD recipes 

for GaN and AlGaN growth were set such that the group V’s flow (N) was much higher 

than the group III’s flow (Ga and Al). Hence, lowering III/V ratio can be achieved more 

easily by keeping N flow constant and tuning the flow of group III elements (i.e. Ga 

and Al). This also prevents a big change in the total flow which may create a negative 

impact on the growth. Furthermore, based on the previous success on GaN 

pyramids,25,79,80 binary material systems have much less or even no undesired and 

parasitic deposition, as compared to ternary material systems. Therefore, we also intend 

to push the material system more toward a binary compound during the last growth step. 

For AlGaN, we can either push the growth to the AlN side or the GaN side. However, 

the last growth step is the capping layer for GaN QW, which requires a larger bandgap 

than GaN. Thus, the only choice here is to push the material system toward AlN. 

Combining both concepts of lowering III/V ratio by group III’s flow and pushing 

toward AlN system, an extreme case was set that TMGa, Ga’s precursor, was 

thoroughly cut off during the growth of last AlGaN capping layer. Thus, AlGaN would 

then be formed only by consuming the residual Ga. The corresponding sample is 

denoted SL3263 and its exact tunings are listed in table 4. 

 

f. Reproducibility of standard sample (SL3259) 

At last, a reproducibility test of the standard sample, SL3148, was conducted. The 

recipe of SL3259 is identical to SL3148, but SL3259 was grown several rounds later 

than SL3148 after a few months. Some other projects associated with GaN and AlGaN 

were also executed in between by using the same MOCVD reactor. 

 

5.1.1. Pyramid size measurement 

In total, we extracted three different parameters associated with pyramid size for 

analysis which are average width, perimeter, and circular radius respectively (their 

definitions are elaborated in the previous part 4.2.1 Size-related parameters). The 

target diameters of the mask opening are 200 nm, 400 nm, and 1000 nm. The results 

are summarized in figure 31, in the form of bar charts. 
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Figure 31. Summary of pyramid size measurements 

 

SL3148 has been estimated from cross-sectional images that the additional widths of 

pyramid contributed by undesired deposition are 41.4%, 31.3%, and 16.2% of the entire 

pyramid with undesired deposition for mask opening diameter equal to 200 nm, 400 

nm, and 1000 nm respectively. From figure 31, size changes between samples are 

approximately below 8.4%, 5.2%, and 4.4% for small, medium, and large-sized 

pyramid respectively. The amount of these changes is relatively small. Furthermore, it 

is worth noticing that SL3259, which is essentially reproduced from SL3148, turns out 

to be smallest among all samples including all kinds of tunings. Therefore, it can be 

reasonably concluded that all the changes observed are within the error range of this 

analytical method based on pyramid size measurement. Consequently, the analyzed 

results can barely reveal any clear trend or experimental interpretation. In addition to 

the lack of significant trends, since none of the tunings is found to be effective, it 

possibly indicates the limitation of employed growth equipment. Thus, the undesired 

deposition may be caused by the inherent defect of the specific CVD reactor used. As 

a result of the pyramid size measurements, there is no effective way to eliminate the 

undesired deposition by any growth parameter tuning. 

 

5.1.2. Cross-sectional image analysis 

Previously regarding pyramid size measurements, the error range caused by practical 
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fluctuation of production is unexpectedly large, as compared to the changes in pyramid 

size due to growth parameter tunings are relatively small. Therefore, no significant 

trends can be found through this analytical method. 

To continue the research, we try to cut in via another view point. We utilized focused 

ion beam (FIB) to mill the pyramid in half and acquire cross-sectional images for 

observations. However, limited by resolution, technical, and executive issues, the 

findings from the result are restrained to some extent. 

 

5.1.2.1. Precursors cutoff before cooling and choice of carrier gas during 

cooling (SL3214, SL3219) 

Figure 32 shows cross-sectional images of pyramids from SL3148, SL3214, and 

SL3219. The insets in the figure are the top views of imperfectly milled pyramids whose 

purpose is trying to give a better understanding for corresponding cross-sectional views. 

Among SL3148 and SL3214, the images of large-sized pyramids are from an oblique 

view angle because of some equipment issues. Due to the experiment planning, samples 

were subsequently etched, eliminating the possibility to redo the measurements. 

In figure 32, for each pyramid, we can observe more than one layer. The innermost 

pyramid with higher brightness is supposed to be the AlGaN pyramid which is the core 

of whole structure. It has been found out in previous study, however, that the AlGaN 

pyramid itself only has a low fraction of Al, so it is essentially a GaN pyramid and this 

is the reason why the innermost pyramid exhibits a higher brightness in the SEM image. 

The adjacent QWs, which are only few nanometers thick, are invisible due to the limited 

resolution of the used SEM. Thus, any layer that covers the innermost pyramid is the 

undesired deposition which took place after the intentional growth. It is confirmed that 

the darker layers are Aluminum-rich layer and the brighter layers are Gallium-rich 

layers, according to the previous findings of TEM cross-sectional images with 

elemental mapping on SL3148. Generally, the outermost layer is brighter and therefore 

Ga-rich. Beneath the outermost layer are the darker layers with higher Al composition. 

From SL3148, SL3214, and SL3219, a few layers of undesired deposition on the 

pyramid and an appreciable amount of parasitic deposition on the mask can be clearly 

seen for every pyramid. For a mask opening diameter equal to 200 nm, the pyramid in 

SL3148 was imperfectly milled and cannot be corrected due to some technical issues. 

However, figure 32a still gives the message that SL3219 has a slightly thinner undesired 

deposition on the pyramid. For mask opening diameter equal to 400 nm, due to some 

equipment issue, the images of SL3219 were taken from another SEM which caused a 

minor magnification disparity even though it was set identically. Nonetheless, from 

figure 32b, one can still find out that SL3214 shows a thinner undesired deposition than 

SL3148 and SL3219. It is even the thinnest among three pyramid sizes from three 
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samples. Thus, perhaps, the undesired deposition may have a dependence on the 

pyramid size. For large-sized pyramids, no appreciable difference in the thickness of 

undesired deposition can be distinguished. 
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Figure 32. Cross-sectional images of pyramids for three different sizes from SL3148, SL3214, and 

SL3219 which are mask opening diameter equal to (a) 200 nm, (b) 400 nm, and (c) 1000 nm respectively. 

The insets in the figures are the top views of imperfectly milled pyramids. 

 

To sum up, one can find a small improvement in SL3219 for small-sized pyramid 

and also a significant thickness decrease in SL3214 for medium-sized pyramid. 

Therefore, it can be concluded that these two kinds of tunings are both effective but 

minor. The difference between SL3214 and SL3148 is NH3 cut off before cooling. 

Hence, the restrained improvement shown in SL3214 can be explained in a way that 

there is a residual N supply in the CVD reactor after NH3 cut-off. In addition, the 

underlying concept of SL3219 is to exploit the etching effect of hydrogen plasma. The 

restrained improvement shown in SL3219 indicates that the active temperature range 

of the etching effect of hydrogen plasma differs from or has only a small fraction of 

overlap with the temperature range where the undesired deposition occurred. 

 

5.1.2.2. Temperature holding before cooling (SL3227) 

A comparison of cross-sectional images of SL3219 and SL3227 is shown in figure 

33. Due to some equipment issue, the images of medium-sized pyramid in SL3219 were 

taken with another SEM, so there is a minor discrepancy of the magnification, even 

though it was set consistently. After approximate measurement, the pyramids of same 

size in SL3219 and SL3227 have roughly the same thickness of undesired deposition. 

Thus, the temperature holding without precursor supply before cooling has no 
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considerable effect on reducing the undesired deposition. It can be elucidated that the 

residual element sources in the CVD reactor were not depleted or evacuated after the 

temperature holding for 10 minutes. Thus, the reactions between residual precursors 

keep causing undesired deposition during the subsequent cooling process. 

 

 

Figure 33. Cross-sectional images of pyramids for three different sizes from SL3219 and SL3227 which 

are mask opening diameter equal to (a) 200 nm, (b) 400 nm, and (c) 1000 nm respectively. 

 

5.1.2.3. Cooling pressure (SL3260, SL3261) 

Figure 34 shows the comparison of cross-sectional images of SL3219, SL3260, and 

SL3261, where SL3219 is used as the reference. For small-sized pyramid, figure 34a 

hardly shows any thickness difference of the undesired deposition. In figure 34b, 

SL3260 exhibits a thinner undesired deposition as compared to SL3219. Excluding the 

uniformity near the apex region in SL3260, SL3261 has even thinner deposition than 

SL3260. Thus, based on these cross-sectional images, both decreasing and increasing 
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the cooling pressure did repress the growth of undesired deposition. According to our 

previously supposed concept, decreasing the growth pressure reduces the boundary 

layer adjacent to substrate surface and therefore increases both the growth rate and the 

hydrogen etching effect. The enhanced etching effect then contributed to the thickness 

reduction of undesired deposition in SL3260. On the other hand, increasing growth 

pressure thickens the boundary layer and therefore decreases both the growth rate and 

the hydrogen etching effect. In this case, the reduced growth rate decreased the 

thickness of undesired deposition, which is shown in SL3261. However, by comparing 

SL3260 and SL3261, SL3261 exhibits a larger improvement which implies that the 

growth rate here plays the dominant role for determining the thickness of the undesired 

deposition, as compared to the hydrogen etching effect. Hence, decreasing growth rate 

is more effective than increasing hydrogen etching effect in order to suppress the 

undesired deposition. For large-sized pyramids, the thickness of the undesired 

deposition in SL3260 and SL3261 are roughly the same. Compared to SL3219, both of 

them exhibit appreciable improvement. 
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Figure 34. Cross-sectional images of pyramids for three different sizes from SL3219, SL3260, and 

SL3261 which are mask opening diameter equal to (a) 200 nm, (b) 400 nm, and (c) 1000 nm respectively. 

 

5.1.2.4. III/V ratio 

In figure 35, the images of SL3263 were obtained with another SEM, so there is a 

minor difference of magnification even though it was set consistently. Due to some 

equipment issue, images of large-sized pyramid from SL3214 were taken from an 
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oblique view angle. 

Excluding the technical issues, one can see a decrease in thickness of the undesired 

deposition on pyramid for all sizes. Especially for the medium-sized pyramid in SL3263, 

one can even hardly observe the undesired deposition in figure 35c. Through the upper 

image with smaller magnification, a very thin undesired deposition connecting to the 

parasitic deposition on mask can be recognized. Therefore, SL3263 is truly an 

experimental proof of effective recipe tuning. By lowering III/V ratio during the growth 

of last AlGaN capping layer, the growth rate of subsequent undesired deposition was 

suppressed to an appreciable extent. 

 

 

Figure 35. Cross-sectional images of pyramids for three different sizes from SL3214 and SL3263 which 

are mask opening diameter equal to (a) 200 nm, (b) 400 nm, and (c) 1000 nm respectively. 

 

5.1.2.5. Reproducibility of standard sample (SL3148) 

In figure 36, due to equipment issue, the images of small-sized pyramid in SL3259 
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were obtained with another SEM. A discrepancy of magnification then occurred, even 

though the magnification was set consistently. The images of the large-sized pyramid 

in SL3148 were taken from an oblique view angle, owing to equipment issues. Among 

SL3148, both small and medium-sized pyramids were imperfectly milled and due to 

the issue of experiment planning no remeasurement could be made afterwards. The 

insets in figure 36a and 36b are the top-view images of imperfectly milled pyramid, in 

order to give some assistances in the interpretation of the cross-sectional images. 

As figure 36 shows, SL3259 has the thinner undesired deposition for the medium-

sized pyramid. From small-sized pyramids, no further information seems to be obtained. 

For large-sized pyramids, the thicknesses of undesired deposition in SL3148 and 

SL3259 are comparable. The porous layer on top of the large-sized pyramid in SL3259 

is newly found. However, it appears only after FIB milling, so it is reasonably believed 

as a side effect of FIB milling. 

 

 

Figure 36. Cross-sectional images of pyramids for three different sizes from SL3214 and SL3263 which 
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are mask opening diameter equal to (a) 200 nm, (b) 400 nm, and (c) 1000 nm respectively. The insets in 

the figure are the top views of imperfectly milled pyramids. 

 

To sum up, SL3259 as a reproduced sample of SL3148, provides relatively weak 

actual evidence of reproducibility. However, the CVD reactor which was used in this 

entire study was shared with few other research projects. Although a regular baking 

process was applied during the transition between different projects, the consequent 

impact on growth still cannot be entirely ignored. 

 

5.2. Effect of GaN surfaces 

 

Considering the previous success on selective area growth of GaN pyramids with a 

quantum dot at the apex,25 after the last GaN capping layer, there was no covering of 

undesired deposition and nearly no parasitic deposition on the mask. Hypothetically, 

we interpreted this as the surface of intentionally grown GaN was able to avoid 

undesired deposition during the cooling process. Furthermore, it is trivial that when 

material system is changed from binary to ternary, the situation becomes more complex. 

More reactions and phenomena are involved which raises control difficulty. Thus, for 

the growth of AlGaN pyramids, if GaN is grown as the extra out-most layer, the material 

system is then simplified to a binary system instead of the ternary AlGaN capping layer 

during the last growth step. Based on the above hypothesis, we came up with an idea to 

make use of GaN surfaces to prevent the undesired deposition. 

Besides, in our study on the growth of AlGaN pyramid with GaN MQWs, we did 

observe that there is no undesired deposition in between the core pyramid, which is 

supposed to be AlGaN, and the MQWs. Referring to the growth temperature profile in 

section 4.1. Growth design of GaN multiple quantum wells (MQWs) on AlGaN 

pyramid, after the growth of AlGaN pyramid, there is a process of lowering the 

temperature before the growth of the MQWs. During this process, MO precursors are 

cut off while N precursor (NH3) is kept. In principle, the residual MO may react with 

NH3, leading to occurrence of undesired deposition on the AlGaN pyramid. However, 

in reality, it is not the case. Thus, we speculate that the surface of the AlGaN pyramid 

prevent the undesired deposition. Although the pyramid is supposed to be composed of 

AlGaN, the precious finding reveals the lack of Al composition in the AlGaN pyramid. 

Hence, in fact, it is essentially a GaN pyramid exhibiting GaN surfaces. Our speculation, 

therefore, becomes that the GaN surface has the ability to prevent undesired deposition. 

This finding provides another supportive reason to employ GaN as an outermost 

protective layer to prevent undesired deposition. 
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  SL3269 is the sample grown in order to examine the hypothesis. The tunings of 

SL3269 are noted in table 5 in comparison with the corresponding reference sample, 

SL3214. For SL3269, the original last growth step which is referred to the AlGaN 

capping layer was removed, so the GaN layer, which was originally beneath the AlGaN 

capping layer, was exposed. Moreover, the growth time of the final GaN layer was 

prolonged from 5 sec to 20 sec to increase its thickness and ensure that the effect of the 

GaN surfaces could be revealed. 

 

Table 5. Summary of tunings made on SL3214 and SL3269 

 SL3214 SL3269 

NH3 (N precursor) cutoff before cooling   

Removing original last growth step 

referred to AlGaN capping layer 

+ 

Prolonging growth time of last GaN layer 

(5 sec → 20 sec) 

  

 

From top-view images in figure 37, the parasitic deposition can still be observed in 

SL3269. Additionally, in SL3269, the pyramid surface seems to resemble SL3214. No 

appreciable improvement can be revealed. 

On the other hand, cross-sectional images prepared by FIB milling in figure 38 

deliver a fact that the covering layers of undesired deposition appear in SL3269. This 

directly indicates that the final GaN layer, which was intentionally exposed, was, in 

contrast to our hypothesis, not able to prevent the undesired deposition. There are two 

possible ways to explain this observation. Firstly, according to a previous study on the 

growth of GaN pyramids with quantum dots by A. Lundskog et al., their GaN capping 

layer was grown at 800℃.25 However, our outermost GaN layer was grown at 1050℃. 

Thus, due to a different growth temperature, the surfaces of GaN which were grown at 

1050℃ lost the ability to prevent undesired deposition. The other explanation is that 

there is no residual element source in the growth of GaN pyramids with quantum dots. 

For the former case, we can still utilize this concept to create such GaN surface which 

can avoid undesired deposition. However, for latter situation, it will have a large 

probability that GaN surfaces are not crucial for preventing undesired deposition. The 

potential solutions will stay on removing the residual element sources and suppressing 

its growth rate. 
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Figure 37. Top-view SEM images of pyramids from SL3214 and SL3269 

 

 
Figure 38. Cross-sectional images of pyramids for three different sizes from SL3214 and SL3269 which 

are mask opening diameter equal to (a) 200 nm, (b) 400 nm, and (c) 1000 nm respectively. 
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5.3. Post-growth etching process 

 

Through the investigation of growth parameters, none of the approaches we tested 

shows a promising potential to completely avoid the undesired deposition. In addition 

to tuning growth parameters, from an essentially different point of view, a post-growth 

etching process was supposed as another line of research in order to explore solutions. 

Literally, the post-growth etching was exploited to etch away the undesired deposition 

after it was grown so that the covered pyramid with quantum structures would be 

exposed. 

In published studies of KOH wet chemical etching by W. Guo et al.,90,91 they 

developed a controllable KOH etching technique for AlGaN material system. 

According to this result, we set a base etching solution for the undesired deposition in 

our case. The solution is an aqueous solution of ~0.35M KOH at 50℃. Later in this 

section, the etching attempts conducted on SL3214 are studied. Similarly, the pyramid 

size measurements, top-view, and cross-sectional images were collected to observe the 

evolution along with the etching. Besides, the results of room-temperature micro-

photoluminescence (μPL) were involved to eventually to assess differences in the PL 

spectrum caused by etching. 

 

5.3.1. Pyramid size measurement 

In total, SL3214, as the etching subject, was treated by etching twice, each etching 

lasted for 5 minutes. The pyramid size measurements along with etching are shown in 

table 6. The number in the brackets, (), is the difference compared to previous state. 

Through etching, it is clearly shown that pyramid size decreases, indicating that the 

KOH aqueous solution is capable to etch the undesired deposition under a decent rate. 

It is worth noticing the dramatic decrease after the second etching, which is far greater 

than that after first etching. Since a constant etching time was used, this indicates that 

the etching rate of the second etching is much higher. According to a previous study of 

TEM cross-sectional analysis, the undesired deposition is essentially divided into two 

main layers: A Ga-rich outer layer and an Al-rich inner layer. W. Guo et al. reported that 

the KOH solution has a much higher etching rate for the N-polar face toward AlN as 

compared to GaN, while the etching rates at the III-polar face are comparable.91 As a 

result, due to the outer part of the undesired deposition is Ga-rich, the etching rate is 

slower from the beginning until it reaches Al-rich part. This can reasonably explain why 

the etched amount is less after the first etching. 
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Table 6. Pyramid size measurement of SL3214 along with 1st and 2nd etching. Measurements of small, 

medium, and large pyramids are based on 20, 15, and 10 pyramids, respectively. The average is taken 

among the pyramids within one standard deviation, which is 14 out of 20, 10 out of 15, and 7 out of 10 

pyramids, respectively. The number in the brackets, (), is the difference compared to last state. 

 
Mask opening 
diameter (nm) 

SL3214 

Initial state 1
st
 Etching 2

nd
 Etching 

Avg. width 

(nm) 

200 605.073 
597.004 
(-8.069)  

505.594 
(-91.410) 

400 899.831 
892.093 
(-7.737) 

839.107 
(-52.986) 

1000 1650.977 
1603.620 
(-47.357) 

1531.861 
(-71.759) 

Circular radius 

(nm) 

200 304.574 
299.670 
(-4.904) 

254.467 
(-45.204) 

400 451.137 
447.265 
(-3.872) 

422.732 
(-24.533) 

1000 827.153 
803.871 
(-23,282) 

768.642 
(-35.229) 

Perimeter 

(nm) 

200 1823.784  
1794.512 
(-29.272) 

1523.004 
(-271.507) 

400 2706.774 
2683.744 
(-23.030) 

2531.558 
(-152.185) 

1000 4966.236 
4823.321 
(-142.916) 

4607.498 
(-215.823) 

 

5.3.2. Top-view SEM images 

Following the pyramid size measurement, top-view SEM images are shown in figure 

39 to make comparisons between different etching states. In figure 39, individual 

pyramids of different sizes were investigated before and after each etching step. If we 

focus on mask area at first, after the first etching, the parasitic deposition was partially 

etched and created grooves and cavities on the mask which can be seen from medium 

and large-sized pyramid. For the small-sized pyramid, the parasitic deposition was 

etched away even more and revealed some parts of mask observed as a dark and clean 

surface. After the second etching, the parasitic deposition was almost fully etched away. 

Only a little remaining exists for the medium-sized pyramid. On the other hand, 

regarding pyramid itself, after first etching, the pyramid surface was roughened with 

step-like morphology. Moreover, on the large-sized pyramid, there are grooves located 
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at the ridges where a fraction of the innermost pyramid can be observed. Finally, after 

the second etching, a larger fraction of the innermost pyramid, which was previously 

covered by undesired deposition, can be seen with clear and smooth edges marked with 

yellow arrows in figure 39. 

 

 

Figure 39. Top-view SEM images of pyramid in SL3214 from initial state, 1st etching, to 2nd etching. 

For each size, identical pyramid was investigated for comparison. 

 

5.3.3. Cross-sectional SEM images 

Analysis of cross-sections was conducted on individual pyramid for each size. In 

figure 40c, the cross-sectional images of initial state were taken from an oblique view 

angle due to some equipment issue. However, we can still observe that the undesired 

deposition was etched away step by step. The truncated plane, which is a 

crystallographic c-plane, of the large-sized pyramid can be found having superior 

resistance toward KOH etching. After the first etching, etching from the cross section 

side can be clearly seen. After the second etching, an extra FIB milling procedure was 

performed to create a new cross section in order to eliminate the influence of the side-

etching to the observation. On the large-sized pyramid, there is eventually still a small 

fraction of undesired deposition left after second etching. 

According to figures 40a and 40b, the cross section after the first and the second 
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etching seem the same for small and medium-sized pyramids. There was nothing etched 

during second etching. It is speculated that the undesired deposition was entirely etched 

away after first etching and that the surfaces of the exposed innermost pyramid ceased 

further etching. However, from previous pyramid size measurements and top-view 

images, the second etching process indeed etched material away even more efficiently 

than the first. Thus, we then elucidate the phenomenon shown in figures 40a and 40b 

in a way that for a milled pyramid with exposed cross section the total etching rate is 

increased due to additional etching reaction from the cross-section side. 
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Figure 40. Cross-sectional SEM images of pyramid in SL3214 from initial state, 1st etching, to 2nd 

etching. For each size, identical pyramid was investigated for comparison. 

 

In order to exclude the influence on observation caused by etching from cross-

sectional side, another pyramid was milled after second etching for comparison. From 

figure 41, the thickness of the undesired deposition was decreased after etching twice, 

but it was not entirely removed. Furthermore, a non-uniform etching rate caused a rough 

surface which is clearly shown from the small and the medium-sized pyramid. The 

etched large-sized pyramid has a relatively smooth surface and only a very thin layer 

of undesired deposition remained. The large-sized pyramid is certainly an example of 

good etching result. Therefore, at last, it can be concluded that KOH etching is effective 

toward the undesired deposition, but a good control of the etching process needs to be 

developed in order to leave a clean and smooth pyramid surface with well-functioning 

quantum structures. 
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Figure 41. Cross-sectional SEM images of pyramid in SL3214 from initial state, 1st etching, to 2nd 

etching. For each size, another pyramid was milled after second etching for comparison. 

 

5.3.4. Room-temperature micro-photoluminescence (μPL) 

At the last stage of investigation, room-temperature micro-photoluminescence (μPL) 

was studied in order to look into light emission differences before and after etching. 

The investigation was conducted through three different pieces of samples, which were 

template, unetched sample, and etched sample. The template is the sample with only a 

patterned SiN mask. The unetched sample is the one after the regrowth process. The 

etched sample is the one after the second KOH etching. 

Firstly, a strip area was chosen to be the research target. The strips are a part of the 

pattern which works as boundaries to separate different blocks of pyramids. During the 

regrowth process, materials were also grown at the strip areas, which included 

undesired deposition as well. From figure 42, a strong peak appears at 310 nm for all 
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cases. It is the AlGaN peak corresponding to AlGaN epilayer layer beneath SiN mask 

in the template. After calculation from the observed wavelength based on modified 

Vegard’s law which is mentioned in previous part 2.1.3. Nitride Alloy: AlGaN, the Al 

composition is around 20%. It matches to the parameter setting in the growth process.  

Subsequently, by putting attention on the black line which was acquired from the 

template, one can find a broad band with its center at around 480 nm. The broad band 

comes from deep level defects in the crystal. 

After the regrowth process, room-temperature μPL spectrum was acquired as the blue 

line which is labeled as the unetched sample. Trivially, one can find a peak from the 

unetched sample at around 355 nm. It corresponds to the material grown during the 

regrowth process which built up AlGaN pyramid with GaN quantum structures and of 

course the undesired deposition. This peak will be mentioned as the regrowth peak later 

in the report. Unlike the peak coming from AlGaN epilayer, the regrowth peak 

originates from a much more complicated material system. The corresponding 

wavelength can be determined by the chemical composition, the defects created during 

regrowth process, quantum structures, etc. Based on the room-temperature μPL, it is 

difficult to do further study on the exact mechanism which determines the location of 

regrowth peak. Nonetheless, at least, it is found that one peak is revealed from the 

materials grown during the regrowth process. Regarding the defect band, after the 

regrowth process, more defects were created, giving rise to a slight broadening and 

intensity increase. 

After the second KOH etching, the regrowth peak shows a considerable intensity 

decrease and slight shift toward shorter wavelength. Such intensity decrease can be 

explained that KOH etching process removed the material grown at strip area so that 

less material was left to contribute to photoluminescence. In addition, another possible 

explanation is that KOH etching might destroy bonding in the crystal close to the 

surface, causing a reduction of radiative efficiency. Besides, a disparity of peak location 

can be observed when it is compared to the unetched sample. Since the unetched and 

the etched sample are from two different pieces of samples, the disparity of peak 

location may be caused by deviations in growth. Another possible reason is that during 

the KOH etching process oxide might be formed at the surface and influence the PL 

result. Regarding the defect band, the KOH etching is undoubtedly believed to induce 

much more defects, causing a great increase in its intensity. According to the intensity 

increase in the defect band, there is another possible explanation for the intensity 

decrease in the regrowth peak. Since the defect concentration is increased by etching, 

there is probably a transfer from band-to-band recombination to defect-related 

recombination. 
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Figure 42. Room-temperature micro-photoluminescence (μPL) spectra from strip area. Template is the 

sample only with pattern on SiN mask. Unetched sample is the one after regrowth process. Etched sample 

is the one after second KOH etching process. The template, unetched, and etched sample used for μPL 

investigation are three different pieces of samples. The unetched sample is SL3219 and the etched sample 

is SL3214 after second etching. 

 

Next, the research attention was put on large-sized pyramid. In figure 43, the blue 

spectrum, which was acquired after the regrowth process, not only shows the strong 

peak corresponding to AlGaN epilayer at 310 nm, but also a weak regrowth peak at 

around 355 nm. However, there are various mechanisms which can influence the 

location of the regrowth peak. Moreover, the regrowth peak is weak and without 

characteristic features which can be studied into more detail. Hence, it is impossible at 

this point to distinguish the PL feature of the MQWs from the regrowth peak. After 

etching, the regrowth peak is weakened so that it can barely be observed. Since there is 

no MQWs feature found in the PL spectrum from the unetched sample, it is impossible 

to determine whether the MQWs are remain functioning after KOH etching or not. 

Compared to the strip area, the intensity of regrowth peak is significantly lower. This is 

the experimental result which perfectly explains the limitation of μPL’s spatial 

resolution. In the μPL which was used in this work, the investigated area of the sample 

is a few μm2. On the other hand, the mask opening diameter for large-sized pyramid is 

only 1 μm. Thus, the large-sized pyramid turned out to be only a part of the investigated 

target in μPL. Moreover, the material building up the pyramid is much less as compared 

to the strip, so the peak from the pyramid is much weaker than that from the strip. 



65 

 

Regarding the defect band, one can similarly observe a great intensity increase after 

etching. In addition to the occupied percentage of the investigated area of μPL and the 

material amount, the material quality of the research target is also a concern for the 

quantum efficiency. In general, the less material one intends to grow, the more difficult 

it is to have a good control on material quality. Since the AlGaN pyramid with GaN 

MQWs is a nano structure and the growth study is only at the beginning stage, the 

material quality in the pyramid is reasonable to be questioned. 

 

 

Figure 43. Room-temperature micro-photoluminescence (μPL) spectra from a large-sized pyramid. 

Template is the sample only with pattern on SiN mask. Unetched sample is the one after regrowth process. 

Etched sample is the one after second KOH etching process. The template, unetched, and etched sample 

used for μPL investigation are three different pieces of samples. The unetched sample is SL3219 and the 

etched sample is SL3214 after second etching. 

 

Figure 44 is the result taken from the mask area. In the red spectrum from unetched 

sample, there is no peak other than the peak corresponding to AlGaN bulk layer and the 

defect band. The parasitic deposition on mask does not reveal a PL peak, which 

indicated that the amount of parasitic deposition is too little to be recognized through 

room-temperature PL, or that it has a very poor optical quality. 

 



66 

 

 

Figure 44. Room-temperature micro-photoluminescence (μPL) spectra from mask area. Template is the 

sample only with pattern on SiN mask. Unetched sample is the one after regrowth process. Etched sample 

is the one after second KOH etching process. The template, unetched, and etched sample used for μPL 

investigation are three different pieces of samples. The unetched sample is SL3219 and the etched sample 

is SL3214 after second etching. 

 

After all, through room-temperature μPL, one can clearly recognize the difference of 

regrowth peak before and after KOH etching. On one hand the intensity is decreased. 

A slight disparity of peak location, on the other hand, can be found. Through the 

investigation of room-temperature μPL, it is revealed that there are a few analytical 

restraints for the research target. Firstly, the occupied percentage of the investigated 

area of μPL should be sufficiently large. Secondly, there is a minimum requirement of 

the material amount of the research target. Considering these two points, the large-sized 

pyramid with mask opening diameter equal to 1000 nm is found to be near the minimum. 

As for the last restraint, a high material quality is also required because it correlates 

with the quantum efficiency. Moreover, since there is only one regrowth peak observed, 

no further detailed information regarding the grown pyramid can be obtained and 

discussed. For example, the Al compositions of innermost pyramid and different parts 

of the undesired deposition cannot be determined. The quantum structures in the 

pyramid are also not observable through room-temperature μPL. Therefore, for further 

investigation, low-temperature μPL is required. 
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Chapter 6 

▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔▔ 

Conclusion 

 

 

 

From the previous study on AlGaN pyramid with multiple quantum wells (MQWs), 

the problem of undesired deposition which occurred after the intentional growth was 

discovered. This thesis aims to solve the problem from growth process and post-growth 

etching point of view. Firstly, from the growth process point of view, growth parameters 

were tuned and the results were analyzed by pyramid size measurements, top-view and 

cross-sectional SEM imaging. Based on these results, it is suggested to use hydrogen 

as carrier gas and cut off MO precursors and ammonia while final cooling. In addition, 

III/V ratio while growing AlGaN is suggested to be decreased. However, these 

suggestions do not provide a significant reduction of the undesired deposition. 

Furthermore, according to the investigation on cooling pressure, it is found that among 

the growth rate and the hydrogen plasma etching effect, the former is the dominant 

factor for determining the thickness of the undesired deposition. 

From post-growth etching point of view, a base aqueous solution of ~0.35M KOH at 

50℃ was used to etch away the undesired deposition. Through pyramid size 

measurement, top-view, and cross-sectional SEM imaging, post etching was proved to 

successfully remove the undesired deposition. However, an optimized etching controls 

for etching rate and roughness of the etched surfaces have to be further developed. At 

last, the room-temperature micro-photoluminescence (μPL) also provides an evidence 

that the undesired deposition could be removed by KOH etching. Nonetheless, there 

are some analytical restraints found in room-temperature μPL, which include the spatial 

resolution of μPL, the material amount and the material quality of the research target. 

The Al compositions in the innermost core pyramid and undesired deposition cannot be 

determined. Moreover, no PL feature of the quantum structures is observable. For 

further detailed investigation, low-temperature μPL is required. 

After all, to eliminate undesired deposition, it is relatively limited from a growth 

process point of view compared to post-growth etching. The potential of KOH etching 
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was discovered. Further optimization and development on KOH etching method is 

worth conducting in the future. 
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