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Abstract

HVPE is acknowledged as the best method for cost effective and large scale manufacture 

of bulk GaN for substrates. However, the GaN grown in this manner remains subject to a 

large dislocation density and internal stress, primarily caused by tensile and compressive 

strains due to the lattice and thermal mismatch of the foreign substrate.

This thesis presents a systematic study on HVPE GaN growth and characterization of the 

product. Additional to this, a method of producing a substrate base to relieve strain and 

reduce dislocation densities for subsequent HVPE bulk GaN growth is described. Issues 

of GaN growth are covered within the experimentation. The aim of this research project 

has been to provide a method and an understanding of underlying science for improving 

free-standing bulk GaN material.

Prior to experimentation, extensive work has been made to an HVPE growth reactor at 

the University of Bath. This has included “in house” design and production of the 

reaction chamber, showerhead, gallium boat, susceptor, susceptor heater, and exhaust 

system including a cold trap. This work has produced a novel HVPE system.

The first chapters introduce GaN material and HVPE growth. This is followed by the 

concepts, methods and chemistry of HVPE GaN growth. A separate chapter is dedicated 

to defects and strain, while a further chapter makes a study of ELOG growth by MOVPE. 

This study provides an understanding of the vertical and lateral GaN growth modes, the 

latter mode being an important aspect to the experimentation of this research.



Experimentation initially involved optimization and determination of the most suitable 

Ga transport source. Following these tests, optimization of the growth parameters is 

described to bring the system, as close as possible to thermodynamic equilibrium. Each 

stage of optimization is detailed, including growth pressure, temperature, Ga boat carrier 

gas flow, HC1 (Ga transport) flow, V-IH ratio and N 2/H2 carrier gas ratio. Further work 

investigated the effect of SifLj as an n-type dopant, and also uniformity of HVPE growth 

across the 2 inch GaN templates. This latter experiment studied the difference in 

deposition, both in alignment, and between the exhaust ports. These investigations 

resulted in an understanding and production of bulk HVPE grown GaN on MOVPE 

templates. Crystalline quality and surface morphology is shown to improve with 

parameter optimization, with the result of an XRD co-scan, FWHM value of 203 arc- 

seconds, being achieved.

The final experimentation chapter describes how GaN nano-columns may be used as a 

sacrificial substrate base for bulk GaN growth by HVPE. The method of MOVPE lateral 

GaN growth over nano-columns creates air-cavities that provide an improvement in both 

dislocation density and strain. Methods of preserving the air-cavities during lateral GaN 

growth are outlined, as are etching techniques to produce well defined columns. TEM 

analysis shows a reduction of mixed, edge and screw dislocations in the overgrown nano

column material, while indications suggest a reduction of strain. Furthermore, cracking is 

not visible in this overgrowth material.



Abbreviations

IS ELOG One Step Epitaxial Lateral OverGrowth 

(also Two and Three Step ELOG)

2D Two Dimensional

3D Three Dimensional

AAO Anodic Aluminium Oxide

BL Blue Luminescence

BOE Buffered Oxide Etch

CB Conduction Band

CAIBE Chemically assisted ion-beam etching

ELOG Epitaxial Lateral OverGrowth

FWHM Full Width at Half Maximum

HVPE Hydride Vapour Phase Epitaxy (sometimes known as Halide VPE)

HWE Hot Wall Epitaxy

LED Light Emitting Diode

LEO Lateral Epitaxial Overgrowth

LD Laser Diode

LLO Laser Lift Off

LT-PL Low Temperature Photoluminescence

MBE Molecular Beam Epitaxy

MOVPE Metal-Organic Vapour Phase Epitaxy

MO Metalorganic

PE Pendeo Epitaxy

PECVD Plasma Enhanced Chemical Vapour Deposition

PL Photoluminescence

iv



QW Quantum Well

RF Radio Frequency

RIE Reactive Ion Etching

RL Red Luminescence

RT-PL Room Temperature Photoluminescence

SAE Selective Area Epitaxy

SEM Scanning Electron Microscopy

SCCM Standard Cubic Centimeters per Minute

SLM Standard Litres per Minute

TDs Threading Dislocations

TEM Transmission Electron Microscopy

TMGa TriMethylGallium

VB Valence Band

XRD X-ray Diffraction

YL Yellow Luminescence
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1 The Structure and Properties of Wurtzite Gallium 

Nitride

1.1 Crystallographic structure

The III-nitride compounds, GaN, InN and AIN crystallize into two polytypes. One 

structure is cubic (zinc-blende or sphalerite) while the other is hexagonal (wurtzite). The 

latter polytype is thermodynamically more stable.

The wurtzite structure belongs to the space group C v̂ (P 6 3 mc) while zinc-blende has

the space group T j ( F43m). The wurtzite polytype belongs to the 10 polar point groups. 

It possesses spontaneous polarization, with the resultant polarization parallel to the 

symmetry axis. Within the crystal class structure, C*v is noncentrosymmetric,

piezoelectric and pyroelectric. The C%v wurtzite crystal has a low symmetry with the

result that piezoelectric polarization fields may also be induced by diagonal strains. 

Figure 1.1. shows the symmetry elements superimposed on the wurtzite (a-GaN) 

structure in projection along the [0 0 0 1 ] direction.

Figure 1.1: Schematic diagram of a-GaN [1000] with symmetry elements [1].

a•2

The atoms types are depicted by open and 

filled circles at height 0  and - 1 /8  [0 0 0 1 ] 

respectively. Solid lines and dashed lines

indicate projections of { 1 1 2 0  } mirror planes

and { 0 1 1 0  } glide mirror planes, respectively. 

Lattice translations are shown as ai = 1/3 

[2 H 0 ], a2 = 1/3 [1210 ] and a3 = 1/3 [U 2 0 ].
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c
o p ,

Figure 1.2: The wurtzite unit cell [2].

The structure of the unit cell is shown schematically in Figure 1.2. The open symbols 

represent y sites which are occupied by nitrogen atoms, while the tetrahedral p sites are 

occupied by gallium atoms. The tetrahedral Ga sites may either be above (pi) or below 

(P2) each N site by a distance of u. The anions (N3 ) form a hexagonal close packed (hep) 

structure, in which the cations (Ga3+) occupy half the tetrahedral sites.

zinc blende (3C)

Y2

R

A

:=©

Figure 1.3: Perspective views of wurtzite and zinc-blende unit cells [2].

Crystal structures are characterized by the lattice parameters a and c. The ideal wurtzite 

structure should have the ratio c/a = 1.633 and a u-value of 0.375, the former being a

2



measure of stability. Only wurtzite structures with a c/a ratio lower than 1.633 are stable. 

As shown in Table 1.2, the wurtzite structure of GaN is almost ideal.

Crystal Properties GaN AIN InN A120 3 6H-SiC

Lattice Parameters

(A)

a 3.186 3.1114 3.5446 4.758 3.081

c 5.178 4.9792 5.7034 12.991 15.092

Thermal expansion a 5.59 4.2 5.7 7.5 4.2

coefficient (xlO^C'1) c 3.17 5.3 3.7 8.5 4.68

Interplanar distance 

(A)

(0 0 0 1 ) 2.59 2.49 2.85 2.165 2.516

( iToo) 2.760 2.695 3.070 1.374 2.669

Table 1.1: Crystalline properties [3].

Compound c/a ratio u-value

AIN 1.601 0.3821

GaN 1.627 0.377

InN 1.612 no reliable data

Table 1.2: Structure parameters of III-nitride compounds [4].

Wurtzite structures deviating from the c/a value of 1.633, experience distorted tetrahedral 

angles, although the tetrahedral distances are almost constant. This is related to the 

correlation between the c/a ratio and the u parameter (u = b/c, where b is the bond length 

in the c direction). GaN has all four tetrahedral distances almost equal and the bond 

angles agree to those of a regular tetrahedron. For those structures deviating from the 

ideal, the c/a ratio will change on application of high pressure. However, in the case of 

GaN, the c/a ratio is not affected.

3



1,2 Growth considerations

For epitaxial growth on sapphire, there tends to be a 30° rotation between the two 

crystals. This occurs because the sapphire (AI2O3) substrate consists of small cells of A1 

atoms on the basal sapphire plane, oriented 30° away from the larger sapphire unit cell.

O  O in A120 3 

9 Ga in GaN

 * [Tl00]GaN
[T2I0] A1A

[H20]GaN 
[1010] AljO,

Figure 1.4: Schematic diagram showing the superposition of the Ga atoms in

GaN(OOOl) with the oxygen sublattice in A12C>3(0 0 0 1 ) [4].

M
(c-axis)

C plane (0001)

A plane (1120)
M plane (1010)

R plane (1102)

Figure 1.5: Hexagonal unit cell of wurtzite GaN showing planes [5].

The orientation and properties of the surface crystal planes are important for device 

fabrication and operation.
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Ga(0001)

(1011) facet

(HOD facet

(0001)

Figure 1.6: Arrangement of atoms on the polar surfaces of GaN [1].

The common growth direction of wurtzite GaN is normal to the hexagonal basal plane 

[1]. Here the layers are arranged in bilayers. These bilayers have polar faces where one 

side of the bilayer consists of anions, while the other consists of cations. In the case of 

GaN there are two growth orientations: the Ga-face (0001) orientation where the Ga is

situated in the top position of the bilayer and the N-face (0001) orientation where the N 

occupies the top position. The orientation of either surface is inequivalent and is fixed 

once the first bilayer is established. For the III-nitrides, heteroepitaxy on foreign 

substrates will determine the polarity and will depend on the type of substrate or buffer 

layer. Also, polarity may be reversed by the presence of defects. It should be noted that 

the top surface layer may be terminated with a different species to that of the polar face, 

for example, a Ga-face may not necessarily have a Ga-termination. The surface of the 

GaN grown on sapphire tends to be Ga-polarity [6 , 7].

1.2.1 M echanical properties

The group III-nitrides with the exception of InN are hard and incompressible. The bulk 

modulus (B) for both wurtzite GaN and AIN, is of the same order of magnitude to that of 

diamond.

5



C om pound Bulk moduli (GPa)

Diamond 442

AIN 160/210

GaN 195/245

Table 1.3: Comparisons of bulk moduli [4].

The values for AIN and GaN shown in Table 1.3. are obtained from a range of 

experimental values using different techniques.

1.2.2 T herm al conductivity

Thermal conductivity is limited by point defects in the crystal structure. Although the 

epitaxial crystal quality has greatly improved for the group III-nitrides, defect densities 

are still far from ideal. Room temperature thermal conductivity is estimated by Slack [8 ], 

giving the values: AIN ( k  ~ 3.19 W/(cm K), GaN ( k  ~ 1.7 W/(cm K) and InN ( k  ~ 0.8 

W/(cm K).

1.2.3 Band structure

Wurtzite GaN 
at 300 K

Eg = 3.457 eV 
EM-l = 4.5 -  5.3 eV 
Ea = 4.7 -  5.5 eV

Figure 1.7: Wurtzite band structure [9].

1 Energy Wurtzite

r . o
/ .

/

i-ieaw noir;s 
Light holes

Split-off band
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The III-nitride semiconductors have a larger bandgap energy compared to the 

conventional III-V semiconductors. Wurtzite AIN, GaN and InN are all direct gap 

semiconductors.

In the case of the zinc-blende band structure, the band minima of GaN and InN is still 

situated at T. However, AIN is an indirect semiconductor with a conduction band 

minimum at the X point.

Zinc-blende GaN 
at 300 K

Eg = 3.25 eV 
Ex = 4.6 eV 

EL = 4 .8 -5 .1  eV

Figure 1.8: Zinc-blende band structure [9].

(b)

ZincblendeWurtzite

Figure 1.9: Brillouin zones of (a) the wurtzite and (b) the zinc-blende structures [3].
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Figure 1.10: Bandgap vs lattice constant for AIN, GaN and InN.

The bandgaps depicted in Figure 1.10., show the recently reported value for InN by 

Shubina et al [10]. Conflicting values have been reported for the bandgap of InN ranging 

from 2.00 eV to 0.7 eV. It is suggested that the latter value is due to an In/InN interface 

state [10]. The bandgap energy for the alloy In^Gai.xN may be obtained from the 

following equation [4].

Equation 1.1

Eg(*) = JcEgmN + (1 -*)EgGaN ~  b*( 1 -X)

Where Eg(;c) is the bandgap energy of InxGai_xN.

Using the values 1.4 eV and 3.457 eV for the InN and GaN bandgap energies 

respectively, 2.5 eV for the bowing parameter (b) [11] and x = 0.5 for the In composition, 

the Ino.5Gao.5N bandgap energy is calculated to be 1.80 eV (687 nm). This is comparable 

to the experimental value of 1.84 eV (675nm) obtained by T. Mukai et al [12] who used 

the same composition. It is difficult to obtain a larger In content due to evaporation at 

growth temperatures, which if lowered results in poor morphology.
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Figure 1.11: AIN, GaN and InN and combined alloys, within the visible spectrum.

The band gap can be engineered by growth of ternary alloys of the nitrides [13]. As 

shown in Figure 1.11, AIN, GaN and InN have wide bandgaps that span the visible range. 

Challenges still remain for the production of ternary (AlGaN and InGaN) and quaternary 

(GalnAIN) alloys that will span the complete visible spectrum and into the ultraviolet 

range. High efficiency visible light sources and detectors can be made, by alloying these 

materials.

1.2.4 L um inescence o f gallium  nitride

Transitions are often observed in undoped GaN, which are not related to band edge or 

shallow level recombination. The most notable transition is known as yellow 

luminescence (YL), with a wide band which peaks at 2.2 ± 0.1 eV. This frequently occurs 

in undoped and n-type GaN. It should be noted here that undoped GaN is always grown 

n-type.

Figure 1.12, shows two proposed models for the occurrence of the YL. Figure 1.12a 

suggests radiative recombination between a deep donor state and a shallow acceptor state, 

proposed by Glaser [14]. The interpretation in Figure 1.12b shows radiative 

recombination occuring between a shallow donor state and a deep acceptor state, 

proposed by Ogino [15].

InGaN
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Figure 1.12: Two interpretations of yellow luminescence in GaN [3].
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2 HVPE: Introduction, Theory and Methods of 

Growth

2.1 Introduction

2.1.1 Brief history

Hydride vapour phase epitaxy (HVPE) is a method of growth by gases. It was developed 

in the 1960s for the silicon industry and later for gallium arsenide using halide precursors. 

In the case for halides, HVPE stands for halide vapour phase epitaxy, whereas for 

hydrides (ammonia), it stands for hydride vapour phase epitaxy. Subsequently, in the 

early 1980s, this technique was used for developing GaN growth. However, due to high 

defect densities and the associated problems with p-doping this application was shelved 

for around a decade. Realizing the scope of this material, interest was revived in the 

1990s. Device structures were developed using MOVPE and MBE growth techniques 

however, only non-lattice matched foreign substrates were available at that time. As a 

consequence o f the foreign substrates, high dislocation densities and strain have inhibited 

application development. The fact that HVPE GaN growth achieved high growth rates, 

subsequently focused attention on growing free standing GaN substrates for this industry.

2.1.2 Pioneers of HVPE gallium nitride epitaxy

GaN growth by HVPE was first achieved in 1969 by Maruska et al [1], who obtained 

deposits around 50 to 150pm on sapphire substrates. Subsequently, various groups 

analyzed growth parameters, including flow rates, temperatures, substrate types and 

orientation. In 1981, Seifert et al. [2] reported growth rates up to 800 pm h'1. This 

resulted from an investigation into the effects o f hydrogen and inert carrier gases on the 

growth rate. Further investigations concentrated on reducing the high dislocation 

densities. Methods of coalescence on patterned SiC>2 masks prepared by Usui et al. [3] in
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1997, showed how techniques of substrate preparation could reduce dislocation densities. 

In 1998 two groups, Kim et al. [4] and Melnik et al. [5] presented freestanding GaN 

substrates.

High defect densities remain an issue for this technology. Various methods have evolved 

to create a low defect buffer layer as a starting base for HVPE growth. These buffers are 

now applied to foreign “sacrificial” substrates, the starting base for freestanding GaN 

growth. Delamination methods of the sacrificial substrate from the bulk material have 

improved over the last few years. The feasibility of growing low defect, high quality, 

freestanding GaN substrates at low cost, is now within reach.

2.1.3 Substrates for gallium  nitride epitaxy

Generally in the semiconductor industries, device structures are grown on lattice matched 

substrate wafers. Typical materials used are InP and GaAs. These substrates are drawn 

from the melt as an ingot, sliced, polished and chemically etched to produce an “epi- 

ready” base material on which structures can be epitaxially grown. The above examples 

are conducting which enables electrical contact on both sides of the wafer.

Crystal Melting Temp. (°C)

Si 1400

GaAs 1250

GaP 1465

AIN 3200

InN 1900

GaN 2500

Table 2.1: Melting temperatures of GaN compared to other main semiconductors [6 ].
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The main obstacle that has hindered the development of GaN epitaxy is the difficulty in 

producing bulk lattice matched material, suitable for a substrate base. It is the 

thermodynamical properties of GaN that prevent this material being produced as ingots. 

The melting conditions are so extreme that the usual method of growth from 

stoichiometric liquids is impossible. Table 2.1, shows how the nitrides, in particular GaN 

and InN, differ from other semiconductors.

Production of boules from the melt is impractical. The melting point of GaN is estimated 

to be 2000°C [7] and experiments to heat material under high pressure have failed with 

the conclusion that the only feasible method to obtain crystals is by transport reactions 

and growth from flux [7, 8].

Due to a lack of lattice matched substrates, GaN technology has adapted by using foreign 

substrates, which are non-lattice matched. Thermal stability of material for the high 

temperatures used in growth is another limiting factor for suitability. The most popular 

substrates are sapphire ( A I 2 O 3 )  and silicon carbide (SiC), chosen for a close lattice match, 

coefficient of thermal expansion and similar chemical and structural compositions. 

Sapphire is cheaper to produce and as a consequence is the popular choice. However, 

sapphire is an insulating material, so both contacts for device operation, must be made on 

the epilayer. Methods o f obtaining bulk GaN crystals are HVPE, sublimation, and high 

pressure methods [9-11].

HVPE is a fast growth method. It is a cost effective technique for large scale 

manufacturing of GaN substrates [12, 13]. Compared to other bulk GaN growth 

techniques, it offers high growth rate, low production costs and sufficient material area 

required for device structure re-growth, for example, at least 2 inch free standing 

substrates.
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2.2 Hydride vapour phase epitaxy: Theory o f Growth

2.2.1 Thermodynamics

Thermodynamics play a key role in vapour phase epitaxy, especially HVPE. The 

maximum growth rate depends on the thermodynamics of the system. This is determined 

by the input rate of source reactants multiplied by the equilibrium reaction efficiency. 

Thermodynamics control the chemical reaction at the vapour solid interface and are 

affected by the following factors:

•  Temperature (and uniformity of temperature).

•  Partial pressure of the source reactants and overall pressure of the system.

•  Volume of species (includes dilution by carrier gas).

•  Purity of species.

•  Geometry of the reactor.

HVPE allows varied growth conditions, which pivots around thermodynamical 

equilibrium. The efficiency o f deposition is determined, not only by the adsorption but 

also by the desorption mechanisms. The goal is to achieve thermodynamic equilibrium, 

where all atoms on the growing surface can find their energetically most stable site.

The requirements of GaN growth tend to conflict. High growth temperatures are 

necessary for high quality crystalline material. However, low temperatures would be 

preferable, preventing nitrogen from leaving the solid in the form of N 2 molecules. Both 

the high growth temperatures and volatility of nitrogen contribute to high concentrations 

of N  vacancies in GaN. Generally, growth conditions favour high temperatures and low  

growth rates to bring the system closer to equilibrium.

16



2.2.2 Equilibrium and Gibbs free energy

Equilibrium is defined as the state where the Gibbs free energy per mole, G, is a 

minimum [14]. The Gibbs free energy is defined by enthalpy, H, entropy, S and 

temperature, T.

Equation 2.1

G = H -  TS

Where H = E + PV, and E defines internal energy, V is the volume and P is pressure of 

the system.

Unlike HVPE, growth methods, such as MBE and MOVPE are not thermodynamic 

equilibrium techniques. Although, MOVPE is thermodynamically favourable, surface 

phenomena determine the growth rate allowing considerable nitrogen solubility. MBE on 

the other hand, is controlled by kinetics.

2.2.3 Mass transport

Mass transport is the mechanism by which reactants reach the growing surface and by

products are removed by diffusion back into the vapour phase. The methods of adsorption 

and desorption are fast and complex processes where the species diffuse from the vapour 

phase onto the growing surface. Here dissociation takes place and surface diffusion of the 

species to sites where they are adsorbed onto the crystal surface. Mass transport depends 

on reactant concentration, diffusivity and boundary layer thickness. It is influenced by the 

following factors:

• Pressure.

• Gas velocity.

• Temperature distribution.

•  Reactor design.

17



The growth rate limit is set by the thermodynamics of the system. However, the growth 

rate is generally lower due to mass transport to the growing surface or surface kinetics. 

Another factor affecting growth rate is diffusion. The choice of precursors together with 

carrier gases, will determine the speed of diffusion with a correlation to the growth rate.

Figure 2.1: Mass transport and surface kinetics.

2.2.4 Surface kinetics

Surface kinetics includes adsorption and desorption kinetics of the reactant species on the 

growing surface and the diffusion kinetics of the adatoms and admolecules to the 

incorporation sites.

Surface kinetics relies on the following factors:

• Adsorption of reactants onto the growing surface.

• Surface diffusion.

• Step generation.

Vapour Phase Mass transport
to substrate

Diffusion 
to vapour, 
phase Substrate

Dissociation 
of species

‘Adsorbed

Surface diffusion
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Surface chemical reactions between adsorbed reactants at steps and desorbed by

products, cause energetic barriers that prevent the atoms from finding their most stable 

configuration. Lower diffusion barriers are preferable to bring the system closer to 

thermodynamic equilibrium. In the case of foreign substrates, the lattice mismatch should 

be minimized to create a low energy barrier for GaN nucleation [15]. Another important 

factor is the surface morphology, which depends on the formation energy at the surface.

Adatom

D eposition

Nucleus

Surface
Vacancy

N ucleation  

Incorporation

Figure 2.2: Incorporation at the growing surface [16].

2.2.5 Gallium and nitrogen adatoms

Adatom diffusion contributes significantly in determining the growth rate. Ga and N 

adatoms differ in diffusivity. For an equilibrium GaN surface and depending on surface 

orientation, the diffusion barriers of Ga adatoms range between 0.2 and 0.7 eV. However, 

N adatoms have higher barriers ranging between 1.0 and 1.5 eV which results in Ga 

adatoms being much more mobile than N adatoms at growth temperatures.

N adatoms are unstable on equilibrium surfaces and may evaporate as N2 molecules. In 

order to kinetically stabilize N adatoms, nonequilibrium methods may be used. One such 

method uses N-rich growth conditions where the N-flux is sufficiently large to achieve an 

adsorption rate greater than the desorption rate.
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For this non-equilibrium surface, the Ga adatoms have a reduced mobility and island 

formation is dominant. Although N-rich conditions offer kinetic stability with higher 

diffusion barriers, this results in a reduced Ga diffusion length with the effect of rough 

surface morphology. Also adatoms may become trapped at unnatural sites with a 

possibility of creating stacking faults.

In the case of Ga-rich conditions which have a lower diffusion barrier, step flow occurs 

with 2D growth. The result is improved surface morphology together with a low defect 

density. It is suggested that Ga-rich conditions with highly mobile Ga adatoms can 

incorporate N adatoms faster than the N atoms can form molecules and evaporate. Ga- 

rich conditions also provide greater surface stability for polar GaN surfaces. Both 

thermodynamic and kinetic reasoning together with experimental observations, conclude 

that Ga-rich conditions are preferable for GaN growth.

2.2.6 Techniques of growth

Heteroepitaxy is generally categorized into three main growth modes:

•  Frank-van der Merwe, 2D growth, where the crystal grows layer by layer and 

good wetting is made to the substrate.

•  Volmer-Weber, 3D growth, in which island formation occurs due to poor 

adhesion to the substrate. This is typical of initial nucleation of the buffer layer for 

GaN.

•  Stranski-Krastanov, originates as 2D but changes to 3D growth. Initially growth 

begins by wetting to the substrate but after a critical thickness changes to island 

growth.

Frank-van der Merwe, tends to occur for lower supersaturation and where steps or defects 

are present. Stranski-Krastanov and Volmer-Weber growth modes are generally observed 

for vapour phase epitaxy. In these cases, island formation will later coalesce. There are 

generally three stages to GaN growth. This begins with columnar growth leading to 3D
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growth and finally 2D growth. GaN epitaxy on foreign substrates takes place as either the 

Stransky-Krastanov or Volmer-Weber models [17]. The two mechanisms differ basically 

due to the presence or absence of a wetting layer which consists of a few highly strained 

atomic monolayers.
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Figure 2.3: The three modes of heteroepitaxial growth.

2.3 Processes to improve gallium nitride growth

There are various techniques used for a starting base to growth, partly determined by the 

substrate and orientation. An important development has been the two step process using

a buffer layer developed by Sasaki and Matsuoka [18]. Combinations of the following

processes have been adopted, according to particular growth regimes.

2.3.1 Nitridation

In the case of growth on sapphire, the surface generally undergoes a nitridation process 

within the reactor, prior to growth of a buffer layer. The substrate is heated in the reactor 

at a temperature above 1,000°C to rearrange and improve the surface. Nitridation may be
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performed under a tfe and N H 3  ambient. Process parameters are temperature, treatment 

time and ambient. Nitridation by MOVPE using N H 3  as the nitrogen source, may produce 

a relaxed AlNxOi_x layer. The method, nitridation source and conditions can change this 

layer. For MBE, this relaxed layer is typically AIN. If the nitridation time is too long, it 

may have adverse effects on the properties of the GaN epilayer. This process affects the 

polarity o f the epilayer. Nitridation tends to produce a Ga-polarity, while direct GaN 

growth on sapphire may produce N-polarity.

2.3.2 Buffer layers

Typically for sapphire, a GaN or AIN buffer may be deposited immediately after 

nitridation. GaN buffers are generally grown to a thickness in the range 2 0 0  to 250 A , at a 

temperature between 500 and 600°C. AIN buffers tend to be thicker at around 500 A , 
grown at a higher temperature reaching 800°C. The temperature plays an important role 

and determines morphology, intrinsic doping and optical properties. For growth at low  

temperatures, NH3 flux must be increased to make nitrogen adsorbtion more effective. 

Controlling parameters are buffer thickness, source flows and the V-IH ratio.

By using a buffer layer, the surface energy is reduced, compared to GaN growth directly 

on sapphire. The result is a high density of nucleation. The nuclei grow as hexagonal 

islands but as a consequence of the low surface energy, lateral growth is improved, 

allowing rapid coalescence.

2.4 General impurities found in HVPE and MOVPE systems

It is important to eliminate impurities. Incorporation of foreign molecules will produce 

defects in the material and change the growth mode. High grades of gas, although more 

expensive, can be obtained with low impurities. Source gases are generally guaranteed to 

contain less than 1 part per million (ppm) for specified impurities.
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In addition, foreign substrates will produce unwanted impurities at the interface, for 

example oxygen from sapphire and silicon and carbon from SiC. Contamination creates 

detrimental unintentional doping for the device structure [19]. General impurities to be 

found in GaN growth are detailed below.

2.4.1 Oxygen

The main residual contaminant to be found in the ammonia source is moisture and 

oxygen. For MOVPE growth as a consequence of high V/III ratios (typically 1,000 to 

10,000), the oxygen/gallium ratio is proportionate. Although this also depends on the 

efficiency of incorporation, there is still a tendency of high levels of oxygen in the layers, 

resulting in a residual electron concentration. This has adverse effects on the electrical 

and optical properties of the material.

2.4.2 Carbon

Metal organic precursors contain carbon. This is a typical impurity for MOVPE growth 

but to a lesser extent for HVPE, which use different Ga sources. It is suggested that 

carbon behaves as an acceptor and may be compensated by hydrogen through a C-H 

complex in the crystal structure. The use of H2 for both MOVPE and HVPE are 

considered useful to lower carbon concentrations. Also, carbon incorporation decreases 

with increased growth temperature.

2.4.3 Stainless steel

Metal impurities from the stainless steel reactor chamber may also contaminate the 

growth material. The use of ammonia, chlorine and hydrogen chloride will all contribute 

to corrosion o f metal parts. The main contaminants that have been detected by 

photoluminescence are iron, chromium vanadium and carbon. Treatment of the stainless 

steel reactor chamber together with the necessary use of quartz liners and parts within the 

chamber help to reduce corrosion and contamination.
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2.5 Types of sacrificial substrate

The same foreign substrates used for GaN structures may be used as sacrificial substrates 

for HVPE growth of bulk GaN. The goal is the same, to minimize dislocation densities 

and strain. Defects tend to reduce in density as material thickness increases. Material 

quality shows marked improvements, typically at a thickness of 300pm. Varied methods 

are used for preparation of sacrificial substrates prior to growth. These may occur within 

the HVPE reactor (two step growth) or as an external process. The chosen method mainly 

depends on the type of substrate used.

Substrate GaN AIN InN

Sapphire 14.8% 12.5% 25.4%

SiC 3.3% 1% 14%

GaN — -2.4% 1 0 .6 %

Table 2.2: Lattice mismatch of sapphire, SiC and GaN substrates with the nitrides [20].

2.5.1 Sapphire (A120 3)

Sapphire is the most popular substrate used in GaN epitaxial growth. The advantage of 

sapphire is that it is inexpensive, has a good crystal quality and is stable at high growth 

temperatures. It is available with various orientations, generally c-plane (0001), a-plane 

and r-plane. GaN growth on sapphire requires several steps, including nitridation of the 

sapphire, deposition of a low temperature buffer layer followed by annealing of the 

nucleation layer. After this preparation, growth may commence at a high temperature 

between 1000 to 1100°C.

2.5.2 Silicon Carbide (SiC)

This is a useful substrate for device products because it possesses both electrical 

conductivity and good thermal conductivity. SiC is an ideal substrate for high power and

24



high frequency electronic devices. 6 H SiC is generally used a substrate for GaN growth. 

However, GaN does not easily wet the SiC surface and dislocations are formed at the 

island edges during growth. Therefore AIN or AlGaN buffer layers may be used to 

improve GaN nucleation.

2.6 HVPE growth using buffers

2.6.1 Low temperature HVPE gallium nitride buffers

A recent development of HVPE growth uses a two-step process for low temperature 

nucleation followed by high temperature growth. One such process [21], consists of a 

hydrogen purge at 550°C for 10 minutes, then a surface nitridation in ammonia for 10 

minutes followed by low temperature growth at 550°C of a thin GaN film for 80 seconds. 

A design feature, allows the substrate to be withdrawn from the growth zone while the 

temperature is ramped up to 1050-1100°C. The substrate is returned to the growth zone 

and annealed for 7-10 minutes in a combined ammonia and nitrogen flow, before 

commencing high temperature growth. Thick films of 23 pm were reported to have less 

than 1 0 8 dislocations per cm2.

2.6.2 MOVPE GaN templates

GaN templates grown by MOVPE are generally used as a starting base for HVPE growth. 

They are usually produced on sapphire substrates. The substrate is then transferred to the 

HVPE reactor for bulk growth. A detailed discussion regarding MOVPE templates is 

presented in chapter 5, section 5.5.

2.7 Sacrificial substrate removal

Several methods have been developed to remove bulk GaN from the sacrificial substrate. 

Techniques depend on the type of substrate used. For silicon, the substrate is chemically 

etched while for SiC, substrates may be removed by RIE. Sapphire substrates on the other
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hand, may be mechanically removed using diamond cloths or slurry. Both sides of the 

bulk GaN are then mechanically polished.
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decomposition at 

interface

\

Pulsed UV laser beam

Scanning direction 

Sapphire

GaN

Plate

Figure 2.4: Laser lift off method.

Over the past few years, a new method has developed known as laser lift off (LLO). This 

process separates the bulk GaN from the sapphire substrate by irradiating the sapphire 

GaN interface using intense UV laser pulses at or above the absorption edge of GaN. The 

interface region is highly defective and this is where adsorption is localized. The heating 

by the pulsed laser beam causes thermal decomposition near the interface producing Ga 

metal and nitrogen gas. One major problem experienced with other processes, is the 

cracking of the bulk material when applying force for delamination. Laser lift off is a fast 

efficient process separating the material without cracking the GaN and for these reasons it 

is becoming the most popular choice [22, 23].

2.8 Doping of gallium nitride

Intentional doping of GaN, as for all semiconductor material is necessary for fabrication 

of devices. Impurities from source gases, metal organic compounds and corrosion, 

especially of the reactor chamber, all contribute to intrinsic (background) doping. 

Although this unintentional doping cannot be totally eliminated, it is undesirable and 

should be minimized by the use of high purity sources and maintenance of equipment.
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For GaN growth, silicon (Si), germanium (Ge) and Oxygen (O) have been used to create 

n-type doping, while magnesium (Mg), beryllium (Be) and carbon (C) have been used for 

p-type. The most common dopants are Si in the form of SifLj (silane) gas and Mg in the 

form of Cp2Mg (methylcyclopentadienylmagnesium) supplied as a metal organic bubbler.

The solubility of Si in GaN is very high ~ 10 cm' , which make it a suitable choice of 

dopant. Si substitutes the Ga atom, to provide a loosely bound electron within the lattice. 

Observations o f the ionization energy have been reported between 27 to 12 meV [24, 25]. 

Conducting substrate material is generally doped n-type for electrical contact to the 

underside of the device. Bulk GaN, which is a conducting material tends therefore to be 

Si doped for n-type contacts. It remains unclear, whether impurities or defects dominate 

the background doping o f GaN. However, by controlling doping to the growing surface 

typically for Si, carrier concentrations are obtained between 1017 and 1021 cm'3.

Incorporation of Si is independent of polarity of GaN. In contrast, C and O tends to 

favour N-polarity with higher levels incorporated than for Ga-polarity [26].

2.9 Reactor designs

Reactor designs have evolved since the late 1950s and may now be categorized into two 

types known as either “horizontal” or “vertical” reactors. The two methods of heating to 

obtain the required growth temperatures are the same for both horizontal and vertical 

reactors. Hot wall methods either using a heater or an radio frequency (RF) coil external 

around the growth chamber, while “cold wall” uses a heating element beneath the 

susceptor.

For GaN growth the source reactants are mixed and deposition occurs inside a quartz 

liner within the steel reactor chamber. Here at the mixing and deposition zones, the main 

problem is parasitic deposition, especially when the system is not at equilibrium. All parts 

in contact with the reactants tend to be made of quartz to prevent corrosion and to enable 

cleaning. These parts are removable to allow parasitic deposition to be dissolved.
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Confinement of the reactants within the quartz liner prevents corrosion of the outer steel 

chamber and also contamination from the steel to the growth material.

2.9.1 Horizontal reactors

Horizontal reactors are typically used for MOVPE, although similar designs have been 

adapted for HVPE. This style of reactor may be regarded as a quasi-equilibrium system. 

The growth rate is determined by the input rate of reactant multiplied by the 

thermodynamic reactant efficiency but also the reactor efficiency. The latter determines 

the proportion of the vapour phase, which will equilibrate with the substrate. The result is 

a uniform stagnant boundary layer above the substrate surface, through which the mass 

transport must pass. To overcome this problem, stationary susceptors may be tilted 

towards the gas flow, thus increasing the gas velocity and decreasing the stagnant 

boundary layer to produce a more uniform growth rate from front to back of the wafer. 

Alternatively, rotating susceptors may be used in horizontal reactors to improve 

uniformity.

diluent 
NH3 GaCI

extraneous deposits

\
substrate

exhaust

d i lu e n t

Figure 2.5: Horizontal VPE Reactor [2].

A further problem for horizontal reactors is that reactions may occur before the species 

reach the growing surface, thus slowing the growth process. MOVPE growth of GaN uses 

a separation plate prior to mixing and deposition. However, parasitic reactions still occur 

with deposition on the quartz liner and around the susceptor. MOVPE can be regarded as
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thermodynamically favourable, although it is basically diffusion controlled at growth 

temperatures.

2.9.2 Vertical reactors

Two early variations of vertical reactor were the barrel and pancake reactors. A pancake 

reactor was studied by Wahl [27], which showed that complex convection currents occur 

as cold gases descend vertically to the heated pedestal. In this study, turbulence was 

significantly reduced by directing the source gases, vertically upwards, to the substrate 

placed at the top of the reactor.

Pancake reactors have developed into sophisticated systems and are now a popular 

choice. Typically, source gases are introduced from a plenum at the top of the chamber 

and directed vertically downwards to a rotating susceptor with pockets to hold the 

substrates in place. The gases then exit the chamber below the susceptor.

Ic)
y  HQ

(b)

M)

Figure 2.6: Reactor diagrams of heated r.f. systems used in VPE [28].

Figure 2.6 shows: (a) horizontal cold wall, (b) vertical “pancake” cold wall, (c) barrel 

cold wall and (d) vertical hot wall.
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The pancake configuration allows multi-wafer epitaxy in one growth run. Multi-wafer 

susceptors rotate for uniformity of growth, although there tends to be a radial growth 

difference from center to outside edge. One major problem for heated muti-wafer 

susceptors, is that radial changes to temperature causes variations in growth and doping. 

One manufacturer has developed planetary rotation of each wafer within the rotation of 

the susceptor to further enhance uniformity. Multi-wafer growth has an added advantage, 

in that minimal characterization is required to validate material for production.

Ga-boatflow
Main carrier NH, nozzle

900° C
Ga boat

1000-

1100*C

Exhaust^

Rotatable platen 
Liner

Dump tube

Counterflow

Figure 2.7: Vertical HVPE reactor [29].

Figure 2.7 illustrates a vertical reactor used to grow GaN by HVPE, presented by R. J. 

Molnar et al [29]. This method of epitaxy used gallium monochloride, produced from 

reacting HC1 with Ga contained in a “boat” at 800-900°C. GaCl and NH3 were 

transported in separate lines to the deposition zone of the reactor. The substrate was 

rotated on a platen (susceptor). This design had a unique feature of a counterflow tube 

containing NH3 and the carrier gas. After the growth process, the susceptor with wafer 

was lowered into this tube for cooling under an NH3 environment.
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3 Growth Concepts

3.1 Nucleation Theory

Nucleation is the starting process for a phase transition from a new phase within an old 

phase. For this occurrence, the transition moves from an old phase which is metastable to 

a new stable thermodynamic state. This is known as a “first-order phase transition”.

Phase equilibrium is the condition when the chemical potentials of the old and new 

phases are equal. However, this is not the case of their derivatives of the first order 

( d | i / d p ) T .  This is because of the pressure dependence of the chemical potential. The 

equilibrium pressure is an important thermodynamic factor which determines the 

direction of the phase transition.

P

fusion

Solid critical
pointLiquid

triple
point

vapourization

Gas
sublimation

T

Figure 3.1: Phase diagram, showing two and three phase coexistence. The three phase

can coexist at the triple point while beyond the critical point there is no distinction 

between gas and liquid phases.
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The transition from metastable to stable state occurs because of the necessity to occupy a 

lower energy state. The stable state being the lower energy state. For example, in the case 

of vapour phase epitaxy, the metastable state is the gaseous phase and the stable state is 

the solid deposition.

p > pe (for VPE growth, gas to solid)

Where p is the pressure of the system and pe is the equilibrium pressure.

It is known that at or above the critical temperature, the first-order phase transition cannot 

take place.

3.2 Supersaturation

The thermodynamic driving force for the first-order phase transition and hence for the 

nucleation process, is given as:

Equation 3.1

A[1 =  ( G 0id — G new )/M  =  [A0jd -  [inew

Where \i is the chemical potential, G is the Gibbs free energy and M is the total number 

of molecules in the system. This thermodynamic driving force is known as 

supersaturation. Supersaturation is necessary for crystallization to occur and can be 

expressed as a ratio:

Equation 3.2

S = c /  c*

Where c is the concentration of the solution and c* is the equilibrium saturation 

concentration at the same temperature. An expression of supersaturation is the 

concentration driving force, Ac defined as:

35



Equation 3.3

Ac = c -  c*

Hence the driving force for crystallization for a given substance is the difference between 

the chemical potential of the transferring and transferred state. In the case of vapour 

phase epitaxy, supersaturation is the difference between the chemical potential o f the gas 

phase and the solid phase and can be written for a binary solution:

Equation 3.4

A|X — jlgas ” M-solid

Where ngas, and psoud are the chemical potentials o f the gas (old), and solid (new) phases, 

respectively. However, it is difficult to determine Ap, due to incomplete knowledge of 

the exact dependencies of pgas and p Soiid in an experimental environment.

For growth conditions with high supersaturation, nucleation becomes extremely fast [1]. 

Supersaturation is the excess of gas phase species over and above that required for 

equilibrium. These are monitored as partial pressures of the sources. However the 

reactions are exothermic at the growth temperature which has the effect of reducing the 

partial pressure values of GaCl and NH3 at the growth front as equilibrium is approached 

[1].

The nucleation rate can be changed by changes in the supersaturation rate at the growing 

surface. Supersaturation exists at the growing surface when the source reactants are in 

excess to that required for equilibrium [1]. As the reactant gases are sequentially 

introduced into the growth chamber, supersaturation will develop as a function of time at 

the growing surface. As a consequence, the nucleation rate will be fixed by the rate that 

supersaturation develops at the growth surface. It is necessary for supersaturation to 

develop rapidly otherwise nucleation will be sporadic. In addition, if this process is too 

slow, then as growth proceeds supersaturation will decrease as the reactants are 

consumed [ 1 ].
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Supersaturation is difficult to calculate at the growth zone due to the slow kinetics of 

ammonia decomposition and the low reactivity of molecular N 2 . Thermodynamically, the 

supersaturation may be defined as:

Equation 3.5

A G excess =  A G inpUt -  A G e q Uiiibrium

The main condition for the first-order transition to take place, is that the old phase should 

be in a supersaturated state. However, this does not ensure the phase transition will occur 

within a given time interval. The fact that the metastable state is separated from the stable 

state by an energy barrier causes the supersaturated old phase to remain for a certain time 

interval in the state of metastable thermodynamic equilibrium. This is a phenomenon of 

the first-order phase transition. The transition path may be assumed to be the one which 

sacrifices the lowest amount of energy. For transition into a stable state under the same 

pressure, the gas volume must decrease thereby lowering the Gibbs free energy, G. 

However, initially the transition will be impeded by an increase in G.

Thermodynamically, growth of GaN tends to move towards the lowest Gibbs free energy 

by way o f increasing the volume of material and reducing the surface area [2 ]. 

Supersaturation may be calculated by analysis or measured indirectly by some property 

of the system, which is sensitive to concentration, for example density, viscosity, 

refractive index and electrical conductivity. Supersaturation plays a fundamental role in 

epitaxial growth and may be monitored as follows:

• For increased positive values of supersaturation, the growth rate increases.

• At zero supersaturation, the growth rate is also zero.

•  For increased negative values of supersaturation, etching increases. HC1 tends to 

be used as a control of supersaturation and is a method of etching back poor 

morphology.
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The extreme of supersaturation should be avoided. High supersaturation can cause high 

nucleation, faster than the required step growth, resulting in poor morphology.

3.3 First order phase transition

Nucleation tends to be heterogeneous because the old phase almost always contains 

foreign molecules and microscopic particles. Heterogeneous nucleation therefore takes 

place when the old phase contacts and/or contains other phases and/or molecular species, 

including foreign paricles [3].

Formation of clusters in the new phase may be preferred on the surface of another phase. 

In such a case, the latter phase may be a substrate for epitaxial growth. The old phase 

should have constant pressure and temperature and should contain a fixed number of 

molecules or atoms.

3.3.1 Nucleus

Energy is used to create the nucleus. It is only the supemuclei that can grow 

spontaneously and this process causes a decrease of the free energy of the system. 

Spontaneous growth requires an increase of the free energy o f the system. In order to 

achieve first order phase transition, supemucleus growth from the nucleus is necessary. 

For this to occur, the nuclei must form in the supersaturated old phase [3]. The nucleus is 

a cluster that is in mechanical and chemical equilibrium with the old phase. 

Thermodynamic equilibrium of the nucleus is changeable and unstable.

3.3.2 Clusters

Clusters are the objects that effectuate the nucleation process. As the Gibbs free energy of 

the system is raised, small clusters are formed. The chemical potential of the molecules 

inside these clusters is higher than the surrounding molecules o f the old phase. The fact
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that clusters form in the old phase is a phenomena which technically should not occur. A 

cluster is only a temporal formation of molecules [3]. Its lifetime is dependent on the 

cluster size and is generally as short as a nanosecond or even a picosecond. Clusters grow 

and decay and so their size is constantly changing. Their formation is random in time and 

space.

phase boundary

Figure 3.2: Cluster formation [3].

It is suggested that the change in the cluster concentration is caused by cluster motion. 

This motion is governed by the flux difference and attachment and detachment of 

monomers, to and from the clusters. It is the frequencies of the transitions of the clusters 

changing in size that determine the kinetics of the nucleation process and in particular the 

process of the first-order phase transition.
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The three main stages of first order phase transition can be identified as:

•  Early stage (nucleation).

•  Advanced stage (coalescence).

•  Late stage (ageing).

The early stage is the nucleation process. Clusters of molecules are created with various 

shapes and sizes. The size is typically nanoscopically small. The cluster concentration 

can be quite low and the clusters grow and decay by gaining and losing monomers, 

however this process is negligible and will not greatly affect the supersaturation at this 

initial stage.

During the initial stage the quantity of islands is too small to have any effect on the 

supersaturation and the critical radius Rent of the islands. As the nuclei increase on the 

surface of the substrate, they start to absorb the species arriving at the growing surface 

with the effect that the Rcrit increases and the supersaturation decreases. It is the growth 

mechanism of the individual islands which controls the rate of change in the 

supersaturation. During the nucleation stage, the island distribution depends on the 

growth mechanism [4].

The advanced stage is the beginning of coalescence. Two or more small clusters merge to 

become a larger cluster and these contacts increase cluster growth. Towards this stage the 

cluster concentration becomes relatively high. Many monomers will be incorporated into 

the growing clusters with the consequence of decreasing the supersaturation. This in turn 

may cause a virtual halt to nucleation.

The late stage is the ageing process of this newly formed phase. Coalescence continues 

between existing clusters. The large clusters feed on the small clusters taking their 

monomers thus causing the small clusters to decay. This process is known as Ostwald 

ripening.
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Ostwald ripening is a spontaneous process where small crystals are absorbed into larger 

crystals. This occurs because larger crystals are more energetically favoured with a 

greater volume to surface area ratio, thereby having a lower energy state. Although 

smaller crystals are readily nucleated and are kinetically favoured, they have a larger 

surface area to volume ratio with less stable surface molecules. Thus, the smaller crystals 

will be attracted into the larger crystals to obtain a lower energy state. As Ostwald 

ripening progresses, the larger crystals will have a surrounding area depleted of small 

crystals, they have consumed.

At this stage, the islands interact with each other through a diffusion field o f adatoms on 

the surface [5]. Ostwald ripening occurs when the distribution of islands reach a certain 

stage, dependent on the growth mechanism and flux of atoms arriving at the growing 

surface. The process is complex and may only occur provided the power of the external 

source of nitrogen and gallium atoms varies with time according to the relationship [4].

Generally monomer attachment to a cluster occurs due to mass transport and/or heat 

transfer [3]. Mass transport may happen by the following mechanisms:

•  Direct impingement of molecules on the cluster surface. In this case the monomer 

attachment frequency is more controlled, for example when the old phase is 

gaseous.

•  Volume diffusion of molecules occurs from the volume of the old phase towards 

the cluster. The volume of the old phase may be the gas phase in epitaxy where 

monomers diffuse to the cluster surface.

•  Surface diffusion where the transport mechanism may be along a substrate. In this 

case the monomers are the adsorbed molecules o f the old phase. These diffuse 

along the surface of the substrate to connect to the cluster. Surface diffusion is the 

dominant mechanism for mass transport of epitaxy, for example vapours to solids.

•  Interface transfer occurs where molecule transfer across the cluster/old phase 

interface and occurs for liquids or solids in condensed phases. Typical examples 

would be melts or solutions.
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Substrate

Figure 3.3: Direct impingement of molecules on the cluster surface [3],

Cluster

Substrate

Figure 3.4: Surface diffusion along the substrate [3].

The rate of nucleation is influenced by a number of aspects: the degree of supersaturation, 

the surface energy, yc, and the interfacial energy which is contained in the contact angle 

between the two materials, 0 [1].

3.3.3 C ritical N ucleus and C ritical Radius

The free energy change is based on the conjecture that the vapour phase is an ideal gas, 

such that AG = -  p ck,T In S . From this assumption the following is obtained:

Equation 3.6

AG = 47tr2y -  ^ n r3p ckT\nS

Where y is the density of the surface excess energy per unit area, pc is the density of the 

cluster and S is the supersaturation ratio.
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Energy is expended to form an interface at the boundaries of the new phase, which is 

based on the surface energy of each phase. For nucleation to proceed, the energy release 

from the nucleus must be enough to create its surface. The critical nucleus size is 

determined by the critical radius r*.

As phase transformation develops, the expanding volume of nuclei, release enough 

energy to form the increasing surface. Thermal activation will then allow energy to form 

stable nuclei, which grow as thermodynamic equilibrium is restored. Nuclei larger than r* 

will grow, while those smaller than r* will dissolve into the bulk. The radius r* and the 

free energy AG* of the critical nucleus are obtained as:

Equation 3.7

r * =  17
p ckT \nS

Equation 3.8

AG* = 16^  2
3{pck T \n S )

The supersaturation ratio is expressed as:

Equation 3.9

P

Where P  and Pe are the pressures of the system and the equilibrated vapour phase 

respectively.
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Accordingly, the expression of the critical radius corresponds to the Gibbs-Thomson's 

formula:

Equation 3.10

l n P(r)  = 2 y
Pe p ckTr

Where P(r) is the pressure of the saturated vapour phase that equilibrates with the cluster 

with radius r.

The critical radius r* has inverse proportion to InS, therefore larger supersaturation makes 

r* smaller. Hence, a larger supersaturation results in smaller nuclei and also a greater 

density of nuclei.

The activation energy is the threshold energy, or the energy that must be overcome in 

order for a chemical reaction to occur. Activation energy may otherwise be denoted as the 

minimum energy necessary for a specific chemical reaction to come about.

At low temperatures for a particular reaction, most molecules will not have enough 

energy to react. Increasing the temperature increases the proportion of molecules with 

more energy than the activation energy and consequently the rate of reaction increases.

Surface formation may be expressed as:

Equation 3.11

A G surface =  4 j tT  J
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Total energy change may be expressed as:

Equation 3.12

4 3 2
AGtotai = — nr AGV + 47rr y

Where AGV is the chemical volume free energy change driving nucleation.

The change in surface energy is always positive when forming surfaces. As the nuclei 

form in this metastable phase, they increase in free energy G. The critical radius r*, for 

nuclei is a determining point for nuclei formation. Nuclei larger than r* will grow to a 

lower G, while those smaller than r* will dissolve into the bulk.
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Figure 3.5: Nuclei formation.

Where AG* is the change in energy which corresponds to the critical radius.

Surface energy
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3.3.4 Nucleation rate

The concentration of critical embryos (embryonic nuclei), C* is given by:

Equation 3.13

C* = C0 exp - ( AG*/kT)

Where Co is the number atoms per unit volume.

The rate o f formation of critical embryos, / ,  depends on the migration of atom,s and is 

given by:

Equation 3.14

/ =  co exp -(AGbuik/fcT)

where co is of the same order as the atomic jump frequency, and AGbuik is the activation 

energy for bulk diffusion.

The nucleation rate is the product of C* an d /:

Equation 3.15

N = /C *

In the case of heterogeneous nucleation Nhet, the nucleation rate is given:

Equation 3.16

Nhet = o> e x p -(^ % * -)  Ct exp
fa /a
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Where AG* is the critical free energy, Ci is the density of sites.

The rate for heterogeneous nucleation is similar to homogeneous nucleation. The 

difference between the two, are the critical free energy, and the density of sites.

Cluster

Substrate

Contact angle

T

Figure 3.6: Heterogeneous nucleation showing contact angle.

Clusters are formed on a substrate with a cluster/substrate interface energy yint, and a 

substrate surface energy, ys. The contact angle, 0, may be given by:

Equation 3.13

e = cos ' 1 [ L lZ I idl]
r

The free energy barrier for stable nucleation is given by:

Equation 3.14

^  ( 2  + cos # ) ( l-c o s  0 )2
ACihet — ALrhomo

4

Where AGhet is the heterogeneous free energy and AGhomo is the homogeneous free 

energy.

Generally, the heterogeneous nucleation barrier is significantly lower than the 

homogeneous nucleation barrier.
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3.3.5 Island formation

The characteristic time, to of island coalescence and adatom capture by stable islands 

strongly decreases with temperature. This is because the increase in temperature speeds 

up the diffusion process [6 ]. Nucleation changes from a thermodynamically controlled to 

a kinetically controlled regime at a certain total critical concentration of material. For 

values of total concentration below this critical value, the density of islands increases 

with temperature and concentration of material but is flux independent. For values of 

total concentration above the critical value the density of islands decreases with 

temperature, increases with flux but is independent of the total concentration [6 ].

The size and density of the islands are linked. An increase in the mean lateral size of the 

islands L R leads to a corresponding decrease in the island surface density by

approximately 1/L*. As the temperature increases then so does the lateral size of the 

islands. Nucleation of islands occurs rapidly. Dubrovskii et al. [7], calculated a time 

interval At = 1.52 s.

The growth rate of the nuclei is controlled by the surface diffusion for the condition A* » 

R i. This gives the relationship:

Equation 3.17

V i =  ^GaN /  to

Where Vi is the growth rate of an island consisting of i atoms (molecules), §GaN is the 

GaN supersaturation and to is the characteristic time of the island growth.

A large supersaturation is required in order to achieve a reasonable growth rate of the 

nuclei. Such a rate could be one or two monolayers per second. At low supersaturations, 

there tends to be no growth of nuclei. For nuclei to grow at small supersaturations the 

characteristic time to must decrease. The characteristic time to becomes shorter as the 

growth temperature increases [4].
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3.3.6 Strain energy

Nucleation is a process of volume changes. In a fluid phase the changes are insignificant, 

however, in the case of a solid phase, strain fields are created both inside and outside the 

cluster. Therefore strain energy can be an important factor in nucleation for example in 

crystals, melts and solid solutions.

Figure 3.7: Strain energy [3].

Strain energy hinders nucleation by effectively decreasing the supersaturation. In addition 

it may halt the nucleation process. It is known that strain energy adds to the free energy 

of the phase when deformation occurs, for example within a solid matrix. Naturally, the 

strain energy increases with the volume of misfit. Due to the shape and size of the 

clusters not being uniform, the total strain energy is generally not linear [3].

3.3.7 Stationary Nucleation

For a stationary nucleation regime, it is the population of clusters that become stationary 

although there is a time lag from the time the conditions are set.
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In the case of stationary nucleation, the transition frequencies are time independent [3]. 

For a system to be in this state, both the temperature and supersaturation must be 

constant. The cluster size distribution in a stationary regime is time-independent and 

creates a steady flux along the size axis. In a closed system, stationary nucleation happens 

when the growing clusters consume the monomers, thus causing their number to decrease 

in the system.

3.3.8 Non-stationary Nucleation

Nucleation is non-stationary when the cluster concentration is time dependent [3]. The 

transition frequencies (supersaturation and temperature) and/or the non-aggregative 

fluxes are all time-dependent.

3.3.9 Supernuclei and Active Centres

Clusters tend to form on energetically favoured sites known as active centres. Examples 

of these are nanoscopic structural defects, ions, impurity molecules and foreign 

nanoparticles in either the volume of the old phase or on the surface of the substrate. The 

number of supemuclei cannot exceed the number of active centres in the system [3]. 

Therfore, nucleation is limited by the number of supemuclei that can form and as the 

active centres are used up then this halts the nucleation process.

3.3.10 Crystal growth modes

The main conditions affecting crystal growth are mass transport, heat transfer and the 

nanostructure of the interface. There are three types of surface which display different 

modes of crystal growth [3], which may be categorized as follows:

•  Atomically rough crystal surface will have a continuous (or normal or liquid-like) 

growth mode.

•  Atomically smooth crystal surface will have a nucleation-mediated growth mode.
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• Screw dislocations create a stepped crystal surface and will have a spiral (screw 

dislocation) growth mode.

Nucleation theory refers specifically to the latter two growth modes.

3.3.11 Continuous growth

For an atomically or molecularly rough crystal face, all molecular sites on the surface 

may be considered growth sites where atoms are incorporated into these sites. Growth 

across the surface may be regarded as equivalent which is reflected by the continuous 

mode of growth. In this case, nucleation conditions are not required. The rough surface 

arrangement provides readily available growth sites, ideal for normal crystal growth.

Figure 3.8: Continuous growth [3].

For continuous growth, with a constant supersaturation and fixed area of the crystal face, 

the growth rate Gc is time independent and may be defined as the velocity that the crystal 

face advances. There is a linear dependence of the growth rate for low supersaturations. 

Where Ap < 0 or S < 1, the growth rate will be negative due to evaporation or dissolution 

of the crystal face.

51



3.3.12 Nucleation-mediated growth

Nucleation is required, in order to establish growth on an atomically or molecularly 

smooth crystal face. In this case, nucleation occurs typically as 2D clusters which create a 

rough surface providing the necessary growth sites and initiating growth. This 2D 

nucleation features three distinct growth types [3]:

• Mononuclear monolayer growth.

• Polynuclear monolayer growth.

• Polynuclear polylayer growth.

Gc

a

Gc

b

Go

Figure 3.9: (a) Mononuclear monolayer growth, (b) Polynuclear monolayer growth and 

(c) Polynuclear polylayer growth [3].
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Polynuclear polylayer growth occurs where several successive monolayers are created by 

many supemuclei. This is a practical method o f nucleation and the growth of the crystal 

face. Clusters spread across the surface and become attached to pre-nucleated 

monolayers. This mode of growth provides a base for efficient filling of multiple sites. 

This is a more effective method when compared to the filing of one monolayer after 

another.

For lower supersaturations mononuclear growth is dominant while at higher 

supersaturations, polynuclear growth prevails. There is a dependency between the growth 

rate and supersaturation for nucleation-mediated growth, which is not the case for 

continuous growth [3]. At much higher supersaturations for nucleation-mediated growth, 

the nuclei become smaller and have a greater density. This provides a kinetically rough 

growing surface comparable to that for continuous growth. Thus, there is a transition 

from mononuclear to polynuclear and then to continuous growth with the crystal face 

roughening with increasing supersaturation.

When A\i < 0, the growth rate is negative and becomes the rate of evaporation or 

dissolution of the smooth crystal face. 2D clusters detach from the monolayer of the 

crystal face, thus creating holes. This negative growth is still attributed to the nucleation 

process.

3.3.13 Spiral growth

Spiral growth occurs where screw dislocations emerge at the crystal face. It features 

spiral steps and has a semi rough surface between that of nucleation-mediated and 

continuous growth. Growth sites having edges, occur on the spiral steps thus nucleation 

of 2D clusters are unnecessary. Therefore, at low supersaturations growth will be faster 

than nucleation-mediated growth on a smooth surface [3]. However, distance between 

screw dislocations will be a limiting factor of the growth rate. At higher supersaturations, 

there is a changeover from spiral to continuous-like growth.
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Gc |

Figure 3.10: Spiral growth [3].

In the case of negative growth, dissolution or evaporation will be rotational around the 

dislocation. However, decay is often centred on structural defects, for example edge 

dislocations.

3.3.14 Crystal growth

Growth commences from the initial time a smooth substrate makes contact with the 

supersaturated old phase [3]. The first film layer will occur due to nucleation and 2D 

crystallization over the total area. This consists of 2D nuclei which arrive at the substrate 

surface and then grow laterally. Following the coverage of a sufficient area, deposition 

begins on top of the first layer. After appropriate coverage, each layer in turn, acts as a 

substrate base for nucleation and growth of the next layer. The progressive filling of 

layers causes a continuous displacement of the interface of the film and the old phase. 

The presence of the substrate affects the film growth. From growth of the first film layer 

onwards, the material acts as an own substrate for homoepitaxy.
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In the beginning, the film growth rate is dependent on time due to the constant change of  

the surface structure [3]. However, if the growth conditions remain unchanged, as t —► oo, 

the structure becomes stationary. As the influence of the substrate decreases, the kinetics 

of layer filling diminishes. The film growth rate will then change into the time- 

independent growth rate Gc at the particular crystal surface. The first layer fills quickly, 

after which the film grows in the stationary regime.

The transition frequencies are basically the attachment and detachment frequencies o f a 

monomer to a cluster. Generally in nucleation kinetics, only the attachment frequencies 

are calculated from the condition of the old phase. Monomer detachment is more difficult 

to assess. A system is said to be in equilibrium when it is closed for mass exchange (mass 

transfer) and the transition frequencies [3], e.g. the attachment or detachment o f a 

monomer to a cluster, are time-independent.
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4 Chemistry of Growth

4.1 Introduction

The main difference in the growth method between HVPE and MOVPE is the result of 

the different thermodynamic stabilities of the gallium containing species in the gas phase. 

For equilibrium conditions (or near conditions), the concentration of GaCl for the HVPE 

system is several orders of magnitude higher than the concentration of GaCH3 in the 

MOVPE system under comparable conditions. As a consequence, the HVPE method has 

a higher growth rate [1]. In addition, the HVPE method consumes proportionately more 

NH3.

The HVPE method can be described by the following reaction [2]:

Equation 4.1

GaCl(g) + NH3 (g) GaN(s) + HCl(g) + H2 (g)

It is suggested that the rate of the above reaction could be considerably faster than the 

adsorption rate of GaCl [3].

GaN may decompose simultaneously by the following two reactions:

Equation 4.2

GaN(s) + HCl(g) ->  GaCl (g) + | N 2 (g) + ^ H 2 (g)

Equation 4.3

GaN(s) -»  Ga(s) + - N 2 (g)
2

At the deposition temperature, the rate constants for GaN decomposing in the reactions 

shown in equations 4.2 and 4.3 tend to be smaller than that of the reaction for equation

4.1 [4].
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For deposition of GaN(s) to occur, then an excess N 2 source must be supplied thus:

   >1
GaCl

If this condition is not realized, then liquid Ga will be deposited [1]. The growth rate is 

reported to be controlled kinetically over a wide temperature range [5].

The three main steps which determine deposition are interdependent on each other [6 ]:

•  Transport of reactive species to the deposition surface.

•  Chemical reaction on or near the deposition surface.

•  Transport of reaction products from the deposition surface.

4.2 HVPE Technique

Most HVPE systems use GaCl as the Ga precusor which is produced by flowing HC1 gas 

over liquid Ga contained in a quartz “boat”. The source reactions of group III metals with

HC1 are stable and easy to control, which makes HVPE suitable for growth of the III-

nitrides [7]. HCL or C^are used to transport the Ga. The source includes a N 2 or an inert 

carrier gas to increase the velocity. The solubility of N 2 in liquid Ga is negligible [1].

GaCl is only stable at temperatures above 600°C. Due to this high temperature 

requirement, the GaCl tends to be produced within the reactor chamber and is controlled 

by the Ga boat temperature and the HC1 and carrier gas flow rates [8 , 9].

V. S. BaN [10] observed the reaction:

Equation 4.4

Ga(l) + HCl(g) <-> GaCl(g) + ^-H2 (g)
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By connecting a mass spectrometer to a CVD reactor, a decrease in HC1 flow was 

measured after the above reaction. It was suggested that GaCl is the major product from 

the boat and dichlorides and trichlorides of Ga are negligible. Thus, it is assumed that for 

a given flow of HC1, stoichiometric amounts of GaCl and HC1 will be delivered to the 

reaction chamber.

As an alternative, GaCl3 may be used as the Ga precursor. GaCh has a high vapour 

pressure [11, 12] and is stable at temperatures below 600°C. It can be produced at lower 

temperatures, typically around 300°C but will change to the subchloride at higher 

temperatures with the formation of GaCl remaining constant at 650°C [10]. Hence, GaCl3 

will convert to GaCl as the precursor reaches the growth zone for typical HVPE growth 

temperatures.

GaCh can be obtained from the reaction:

Equation 4.5

2Ga(l) + 3Cl2 (g) —» 2GaCl3 (g)

Research of GaAs epitaxy has provided various methods of delivery of Ga to the reaction 

chamber. Rubinstein and Myers [13] propose reaction of GaCl3 with Ga as:

Equation 4.6

2 GaCl3 + 4Ga <-> 3 Ga2Cl2

Hasegawa et al [8 ] reported that GaC^ reacted with H2 , is reduced to GaCl, as the 

following reaction:

Equation 4.7

GaCl3 (g) + H2 (g) <-> GaCl(g) + 2HCl(g)

N H 3  is not thermodynamically stable at high temperatures. At temperatures around 

1000°C, N H 3  will decompose into nitrogen and hydrogen around thermodynamic
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equilibrium. This may still occur even when the conditions are not thermodynamically 

ideal. However, the decomposition rate may be slower without the aid of a catalyst, for 

example gallium. Hence, the H2 product of this decomposition will reduce the GaCh to 

GaCl, as reaction equation 4.7 above.

Equation 4.8

GaC^Cg) <-» GaCl(g) + Cl2(g)

When GaCb is not totally reduced by H2, produced from the decomposing N H 3 ,  then the 

GaCl3 may still react with N H 3  by the following reaction:

Equation 4.9

GaCl3 (g) + NH3 (g) ->  GaN(s) + 3HCl(g)

For standard HVPE growth conditions, the above reaction is thermodynamically 

favourable. However, there tends to be a preference for GaCl over GaCh because GaC^ 

is known to be less reactive [1 2 , 13].

Equation 4.10

NH3 (g) ->  (1 - Q  NH3 (g) + |^ N 2(g )+  | ? H 2 (g)

Ga should be supplied in the chlorine form greater than the growth requirement in order 

to satisfy the equilibrium partial pressures of GaCl and GaCl3 . An insufficient supply of 

Ga atoms may result in etching rather than deposition [12],

For a situation assuming 100% decomposition of N H 3  and a GaC^ source, the reaction 

shown in equation 4.10 would produce excessive H2, leading to the reaction in equation 

4.7, followed by the reaction in equation 4.2. Therefore 100% decomposition in such a 

system would not be thermodynamically favourable for GaN growth under 

thermodynamic equilibrium. However, it should also be emphasised that thermodynamic 

equilibrium cannot be achieved in an open flow system. Furthermore, computer analysis
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suggests that deposition of GaN from a GaCl3 + NH3 mixture may only occur under 

nonequilibrium conditions [14].

Heon Lee et al [12], reported that thermal decomposition of N H 3  did not reach its 

equilibrium and less than 10% decomposed. However, this value still thermodynamically 

favoured GaN deposition.

A further report suggests a catalytic mechanism which enhances N H 3  decomposition 

above a threshold temperature of ~ 950°C tol050°C. It is suggested that the GaN surface 

layer partially decomposes at temperatures typical to GaN growth, with the consequence 

that coexistence o f Ga and GaN enhances N H 3  decomposition up to a maximum ~ 60%

[15].

The Ga source reaction converts to GaCl by the reaction:

Equation 4.14

jSGa® + HCl(g) ->  /?GaCl(g) + /?/2 H2(g)+ (1 - p )  HCl(g)

where /? is the convertion efficiency. Under optimised conditions, the conversion 

efficiency should become unity [15]. However, attainment of equilibrium depends on a 

number of factors, namely the Ga source temperature, the residence time of the HC1 with 

the liquid Ga source, the Ga surface area, and the nature of the stirring of the gas within 

the Ga source environment.

An important factor for this reaction is sufficient surface area of Ga within the boat in 

order to achieve efficient production of GaCl [4], with a suggested optimum temperature 

of around 850 °C for HC1 to react with Ga.

Generally, the film composition is determined by the thermodynamics [14]. 

Thermodynamic analysis suggests a prevalence of the CLGaNHs complex in the gas 

phase from the reaction of GaCL + NH 3 under equilibrium conditions [5, 16].
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Various species may be directly formed from the GaC^ + NH3 mixture. The C^GaNtk  

complex is suggested as an intermediate process being formed at higher temperatures 

from Cl3GaNH3 . At temperatures above 1000 K (727°C) decomposition is fragmented 

and terminates above 1300 K (1027°C) [9]. Decomposition to small fragments prevails at 

higher temperatures. From the three decomposition routes the one producing GaCl, HC1, 

N 2 and H2 is favoured [14]. The temperature dependence for all five species is reported 

near parallel.

Decomposition routes from Cl3GaNH3 are as follows:

Equation 4.15

Cl3GaNH3 = GaCl + 2HC1 + -  N 2  + -  H2
2 2

Equation 4.16

Cl3GaNH3 = GaCl2 + NH2 + HC1 

Equation 4.17

Cl3GaNH3 = GaCl + NH + 2HC1

The latter two routes are thermodynamically less probable. The dissociation products are 

unstable against decomposition, in particular the GaCl2 , NH2 and NH radicals.

GaN is suggested to be formed from the various reactions [14]:

Equation 4.18

GaCl3 + NH3 = GaN + 3HC1

Equation 4.19

Cl3GaNH3 = GaN + 3HC1 

Equation 4.20

Cl2GaNH2 = GaN + 2HC1
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Equation 4.21

CIGaNH = GaN + HC1

The first three reactions are suggested to be favourable in the gas phase while the last 

reaction may be less probable.

It is known that the molecules Ga2Cl6 , GaCl3 . Ga2Cl4  and GaCl exist in the gas phase 

from vapour pressure measurements [17]. In addition, this report suggests that Ga2Cl2  

and GaCh theoretically exist. The latter having a pressure too low for detection, where 

Ga2Cl2 , Ga2CU and GaCl2 are considered minor species.

4.2.1 Nitrogen Incorporation

The main problem presented to GaN growth and indeed IH-V-N alloys is the 

incorporation of nitrogen. Thermodynamics suggest that an extremely low solubility of 

nitrogen is required at equilibrium for HI-V compounds. However it is the choice of 

nitrogen source that dictates the thermodynamics. A nitrogen source, alone, cannot be 

used because N 2 molecules have a very strong bond with the dissociation energy of 

9.8eV. Hence, N2 has a very high thermal stability and is not reactive at growth 

temperatures. It is suggested, that in order to obtain solubility of N 2 in liquid Ga would 

require extreme conditions (temperatures of 1500°C and a pressure of 15 kbar) [18].

Ammonia ( N H 3 )  is the most common nitrogen source for GaN growth. It is a 

thermodynamically unstable material with a tendency of phase separation. To control 

separation would ideally require low temperature growth. However, high temperatures 

are required to efficiently crack N H 3  [19]. The bond dissociation energy for ammonia is 

4.5eV.
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However, thermal dissociation of NH3 may result in nitrogen molecules being formed as 

follows:

Equation 4.22

n h 3 - n 2 + - h 2 
2 2

The above case is unproductive for growth and should be minimized to approach 

thermodynamic equilibrium. It is necessary to break the bond to form atomic N at the 

vapour solid interface for adsorption. The presence of Ga adatoms, act as a catalyst to 

generate fast deposition of atomic N at the growing surface. Observations support this 

view, that Ga-rich conditions are preferable to N-rich conditions [18, 20]. With no 

catalyst present, thermal decomposition of NH3 would be very slow and inefficient with 

only 3-4% decomposing [2].

Alternative nitrogen precursors have been investigated. For example dimethylhydrazine 

(DMHy), which cracks at low temperature, has a high vapour pressure and allows 

considerable nitrogen incorporation [21]. Hydrazine, however, is highly explosive and 

has a limited use due to safety considerations. Hydrazine is useful for InN growth and 

quaternaries for example, GalnAsN. It also has possibilities as a nitrogen source for low 

temperature growth of (zinc blende) cubic GaN.

Additional reasons for the use of alternative nitrogen precursors are to increase 

efficiency, thereby using smaller quantities. It is suggested that nitrogen vacancies 

produce the residual donor in GaN and so by reducing the nitrogen vacancy density, the 

material would be enhanced.

Several groups have noted that an inert ambient atmosphere is preferable for GaN 

epitaxy. While H2 is used as a reactant in general IH-V technology, for HVPE growth of 

GaN, H2 is a reaction product of the group V precursor NH3 . Generally, H2 is used as a 

carrier gas for MOVPE growth, where metal organic group HI precursors are used. 

Growth by HVPE is a different case. The group E l source is typically GaCl, which
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favours an inert carrier gas for example nitrogen, argon or helium. Some research groups 

have used a combined H2 and N 2 carrier gas with some success. H2 acts as a mechanism 

to remove chlorine as HC1.

The use of N H 3  remains a practical source. It has a reasonably low dissociation, allowing 

effective transport of reactive nitrogen to the growing surface [2]. It is suggested that N 2 

molecules absorbed on the growing surface will dissociate at around 1 . 6  A  above the Ga 

surface due to the change of the energy of the system as a function of distance between 

the two species.

The high dissociation pressure of nitrogen at typical growth temperatures makes it 

difficult to grow bulk single crystal GaN on a large scale [22]. Atomic N forms a strong 

bond and is stable when incorporated within GaN material. However, at the growing 

surface, atomic N is thermodynamically unstable and can only form two or three bonds, 

and in this formation is less stable than the N2 molecule [23]. Due to the growing surface 

not being stabilized by atomic N, the Ga surface layer being high in energy can easily 

react with impurities in the growth chamber. This is a major problem to HVPE growth, in 

that it readily incorporates impurities.

Compared to traditional m -V  semiconductors, the surface energy for GaN is significantly 

higher. The lowest surface energy for GaN is obtained under Ga-rich conditions which is 

around 110 to 130 meV/A2. However, this value is two times greater than that of GaAs 

surface energy [23].

Although gallium nitride is chemically inert, it is thermally unstable and will begin to 

decompose at temperatures ~ 700°C, although considerable decomposition is observed 

above 980°C [24].
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4.2 .2  G row th m echanism s

The group III source is typically GaCl, which requires an inert carrier gas, for example 

nitrogen, argon or helium at the source to prevent premature reactions. However, it is 

well known for HVPE growth, that the inclusion of H2 as a carrier gas changes the 

reaction process at the growing surface. The combination and proportion of H2 with N2 as 

the carrier gas changes the desorption mechanism. A theoretical study [25], suggests the 

reaction process for the H2 desorption mechanism as:

Equation 4.11

GaCl + H2 -> GaH + HC1
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Figure 4.1: Variation of growth rate for H2 and He vs reciprocal temperature [5].
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Seifert et al. [5] observed that the growth rate was higher using H2 as the carrier gas, 

compared to the inert gas, He, for a temperature range between 800 to 1,150°C. It was 

concluded that the supersaturation from the overall reaction process does not solely 

determine the growth rate. This research group proposed two irreversible decomposition 

reactions, where adsorption processes contend at the Cl-surface atom. It was suggested 

that H2 competes with GaCl to produce either an HC1 + H or a GaCl3 desorption 

mechanism, respectively [5]. Reports conclude that the GaCl3 mechanism prevails in an 

inert gas ambient [2, 5].

Further to the mechanisms noted by Seifert et a l.[5], a desorption mechanism is reported 

[26], using a combined N 2 and H2 carrier gas for the reaction process:

Equation 4.25

GaCl3(g) + NH3 (g) GaN(s) + Cl2 (g) + HCl(g) + H2 (g)

Initially, N 2 was used as the carrier gas but subsequent experiments showed that a 

mixture of N 2 and H2 brought the system closer to thermodynamic equilibrium. The H2 

and GaCl3 chlorine desorption mechanisms were investigated by further groups [27, 28].

By varying the H2 concentration in a mixed N 2 and H2 carrier gas, with a set HC1 

additional flow, they achieved growth rates up to 50 pm h' 1 without parasitic deposition 

with a substrate temperature of 980°C. This was contrary to expected results, where the 

addition of HC1 was expected to produce etching. Furthermore a decomposition reaction 

producing species faster than its mass transfer was noticed.
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The explanation was a third desorption mechanism from the two reactions:

Equation 4.30

V + NH3(g) + GaCl(g) NGa + HCl(g) + H2(g)

Equation 4.31

2V + 2NH3(g) + 3GaCl(g) 2NGa+ GaCl3(g) + 3H2(g)

Where V = vacant sites.

Increasing the H2 content of the mixed carrier gas for a given HC1 flow, the reactions 

were brought closer to equilibrium even with a dominant etching reaction. The proposed 

mechanism involved a Cl desorption by GaCl as GaCl2 and an etching reaction by HC1 

followed by H2 desorption.

GaCl,
mechanism

GaCl
mechanism

mechanism

adsorption

U axG ay

Figure 4.2: Desorption mechanisms [29].

The investigation showed a correlation between hydrogen flow, temperature, desorption 

mechanisms and growth rate. For temperatures below 1000 K with a hydrogen flow of 

500 seem, the dominant desorption mechanism was reported to be GaCl3. However, the
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GaCb-HCl mechanism prevailed at all temperatures, for the higher hydrogen flow of 

1960 seem.

It was suggested that the formation rate of GaCl2 plays a key role with respect to 

equilibrium and should be sufficiently small. Growth temperature, H2 flow and additional 

HC1 could be used to adjust the GaCl2 vapour concentration to enhance thermodynamic 

equilibrium. Additional studies have been made using a combined N2 and H2 carrier gas 

[28], one achieving some success using a 9:1 ratio for N2:H2 [30].
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Figure 4.3: Desorption mechanisms: Growth rate versus temperature [31].

The GaCl2-HCl and H2 mechanisms are shown as a full curve. Dashed-dotted curves 

represent theoretical results.
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5 Defects and Stress

5.1 Stress

Heteroepitaxy on foreign substrates typically causes stress in the growth material due to 

the lattice mismatch and the difference in the thermal expansion coefficients between the 

two materials [1]. The residual strain can induce the formation of dislocations and 

stacking faults in the GaN material [2]. After the growth process, as the wafer cools to 

room temperature, stress is again created due to the thermal expansion coefficient 

mismatch [3]. Furthermore, the resultant strain may cause cracks and wafer bowing. 

Growth conditions determine the type and degree o f stress produced in the material. 

Typically the distribution of stress over the wafer is not uniform.

Stress decreases as the GaN layer thickness increases. The stress will then reach a steady 

constant value for any increased thickness. The thickness of material with a compressive 

strain gradient was estimated to be 25 pm and 50 pm for subsequent HVPE GaN growth 

on MOVPE templates and ELOG templates, respectively. In addition, the stress saturates 

at different values according to the nucleation regimes. It is reported that there is a small 

presence of compressive stress for all thicknesses of HVPE GaN layers [4], contrary to 

some suggestions that thick layers are strain free. Similar reports have been made for 

residual stress in GaN material grown by MOVPE [5] and HVPE [6 ].

It is reported that typical bulk GaN has a high carrier concentration ~ 1018 cm'2, giving 

rise to hydrostatic strain. Hence, thick HVPE GaN layers are not strain free [4]. In 

addition, considerable strain release in the GaN layer is reported, after LLO of the bulk 

material from the sacrificial substrate. The strain is greater at the interface (N face) than 

at the final growth surface (Ga face) which endorses the existence o f a strain gradient 

through the thickness o f the HVPE GaN layer [4].
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Increasing the layer thickness of GaN material, shows a significant improvement in 

material quality and optical properties. Dislocations, impurities, point defect densities and 

strain are reported to improve in the direction of the epilayer [7, 8].

Strain influences the electronic band structure and as a consequence, the electronic and 

optical properties are changed to the detriment of device performance [3]. Defects in the 

structures affect carrier lifetimes and may also cause nonradiative recombination.

5.1.1 C oalescence and G rain boundaries

Island nucleation is generally sporadic causing variations in island size and separations. 

Thus, coalescence is not instantaneous but will occur at varying times. As a consequence 

this causes a gradual evolution of stress [9]. Coalescence is only one cause of this 

intrinsic stress because it is still created at the continuous growth stage, after the islands 

have coalesced.

Surface Grain Boundary 
Energy Energy

Substrate

Figure 5.1: Grain boundary formation.

Stress generation throughout the processes of nucleation, coalescence, and continuous 

growth is dependent on the source materials and growth conditions. As islands coalesce, 

low angle grain boundaries are formed caused by small misorientations of the nucleated
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islands [10]. Low-angle grain boundaries are formed due to a difference in the lattice 

parameters which can lead to crystal bending.

As crystallites join together, forming a grain boundary, there is a reduction of the 

interfacial energy. It is suggested that crystallites snap together because the surface free 

energies are greater than the free energy of the grain boundary [11, 12]. W. D. Nix et al. 

[13] suggest that the free energies of the crystallite surfaces and grain boundaries play a 

direct role in effectuating the tensile stresses of the material.

A decrease in stress may occur through crystallites sliding on the substrate and also by 

defect motion. The atomic forces across the gap between the islands produce an elastic 

relaxation of the boundaries toward each other. However, this relaxation is constrained by 

the adhesion of the islands to the substrate [14].

5.1.2 Hydrostatic pressure

Hydrostatic pressure increases with the surface area, during island growth [15]. The cause 

of this surface stress is the difference of the bond lengths within the crystallites and at 

their surfaces. There is a change from hydrostatic pressure to tensile stress during and 

after coalescence occurs. Thus, hydrostatic pressure will reduce during the changeover

[16].

Impurities and non-stoichiometric native defects can create hydrostatic stress in the 

material [17]. It is recognised that the HVPE technique produces high levels of impurities 

due to the corrosive nature of source gases in contact with the materials o f the reaction 

chamber. For this reason hydrostatic stress is an inherent problem for HVPE growth [2].
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5.1.3 Tensile Stress

Tensile stress is observed at the point of crystallite coalescence [9, 15, 18]. Local regions 

experience both tension and compression along the boundary but the net strain at the 

boundary is contraction causing tensile stress in the film [11].

Contrary to some interpretations that intrinsic stress continues due to templated growth 

onto an already strained crystalline lattice, Sheldon et al reports that tensile stresses are 

induced by grain boundary formation during the continued growth after initial island 

coalescence has already occurred [9]. This is in line with the observation that the 

distribution of stress over the wafer tends not to be uniform. Principally, there is a 

gradient of stress through the material in the growth direction [3].

5.1.4 Compressive Stress

Before coalescence a small amount of compressive stress is created due to positive 

surface tensions. These stresses are much smaller than the tensile stress created as the 

islands first impinge.

In a study of transition metals, namely nickel films, Hoffman reports that incorporation of 

oxygen shows an increase of compressive stress and a decrease in tensile stress [11]. 

Whereas thermal stresses are readily obtained from the thermal expansion coefficient, 

intrinsic stresses which are created by the growth process are more difficult to assess and 

control [9].

5.1.5 Strain relaxation

The growth process can be used to control the advancement of intrinsic stresses. As 

growth proceeds past coalescence the strain reduces. Relaxation processes can be used to 

reduce tensile coalescence stress. When the surface and grain boundary diffusion is fast, 

this enhances stress relaxation [9]. This is contrary to the belief that the intrinsic stress is
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determined by the strained state of the surface [14]. In the latter case, a reduced strain 

gradient would not occur. Suggested mechanisms [13, 19] for strain relaxation may 

involve:

•  The movement of ledges of atoms at the growing surface. Due to the large 

elastic strain at the grain boundary cusp the ledges may open the grain 

boundary to allow an excess of atoms to be incorporated, thus relaxing the 

tensile stress.

•  Plastic deformation by way of movement o f point defects, dislocations within 

the grain boundary.

Primarily, it is the growth conditions that determine the type and degree of stress 

produced in the material. It is proposed that by increasing the grain size while reducing 

the island density during initial GaN growth on sapphire, the tensile intrinsic stress 

(induced at coalescence) will reduce [20]. In addition, it is reported that a reduced island 

density is associated with a decrease in the dislocation density [2 1 ].

Intrinsic stress is structure sensitive and highly temperature dependent [11]. However, 

although this intrinsic stress can be reduced, it cannot be completely eliminated. Intrinsic 

stress is an inherent part of the growth process.

An alternative method of stress relaxation and crack suppression is to create voids or air 

cavities at the interface [22]. This is fundamental to this research project, where MOVPE 

lateral growth is performed on a nano-column substrate base. The substrate is then 

overgrown with HVPE bulk GaN. The technique may reduce dislocations, cracks and 

strain.

5.1.6 Effect of adatom mobility

At typical growth temperatures, Ga adatoms are extremely mobile. However, the mobility 

of N adatoms is several orders of magnitude slower [23]. The density of the adsorption
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layer is a further limiting factor. If dense, then surface diffusion is impeded by the limited 

number of free adsorption sites to which an admolecule can move.

The average diffusion length can be expressed as:

Equation 5.1

h =  D sir ‘s

where Dsi is the surface diffusivity, and r'jis the average lifetime of the complex on the

surface [24]. A complex may vanish by way of desorption, thermal decomposition or 

chemical reaction.

Vapour Flux

Tensile
Strain

Tensile
Strain

Substrate

Figure 5.2: Strain in crystal growth with high adatom mobility [13].

During island growth compressive stress may occur due to the force of the islands 

surfaces. This stress decreases with island growth. However, when the islands coalesce, 

this will lead to a change in the stress behaviour. From the continuous growth stage after 

coalescence, the development of stress depends greatly on the mobility of the depositing 

atoms.
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Surface diffusion is expected to be slow for metals with low adatom mobility when 

compared with atoms arriving in the vapour. As a result, atoms from the vapour are 

expected to be incorporated at the point of arrival on the already strained crystal. Hence 

epitaxial growth will continue in a strained state [13]. In this case, grain boundaries are 

useful to relax the strain because adsorption of excess atoms alone cannot provide a 

relaxation mechanism.

For high adatom mobility compared to arrival of atoms in the vapour, the stresses created 

at coalescence can relax with subsequent continuous growth. With high surface mobility, 

atoms may diffuse and incorporate into the grain boundaries, thereby relaxing the stress 

between the interface [13].

Materials with low mobility exhibit only tensile stress which increases considerably with 

film thickness and is characteristic for columnar grain growth. By contrast, the deposition 

of low melting point materials with high mobility creates smaller stresses which are both 

tensile and compressive [19].

Vapour Flux

Tensile
Strain

ensile
Strain

Substrate

Figure 5.3: Strain in crystal growth with low adatom mobility [13].
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5.1.7 Lattice Parameters

Lattice parameters are significantly reliant on the free carrier and point defect 

distributions [25, 26]. In the case of heteroepitaxy, lattice parameters are also influenced 

by residual strain. It is the difference in the thermal expansion coefficient between GaN 

and the foreign starting substrate which is the main cause of lattice strain [27].

Thus, the methods of growth and nucleation scheme (type of buffer) will determine these 

characteristics thus modifying the lattice parameters.

X-ray measurements are a method to test the crystal quality o f the material [28]. Using x- 

ray diffraction, the “a”, and “c” lattice parameters of the crystal structure can be obtained. 

Van de Walle [25] proposed lattice parameters ao= 3.1900 A  and Co = 5.1846 A  as the 

reference value for unstrained GaN material. In addition, wafer bowing can be a 

contributing factor to the broadening of the X-ray diffraction peak in the ©-scans [3].

It is advised [26], that the lattice parameters of GaN are mainly affected by free electrons 

which expand the lattice by around 0.01% for a concentration of 5 x 1019 cm'3. Nitrogen 

vacancies are assumed to induce the high free-electron concentration in GaN material 

[29].

In addition, it is reported that for bulk crystal growth, nitrogen-terminated sides have 

smaller lattice parameters compared to gallium-terminated sides, which can differ in size 

by up to 0.015% [26]. It is proposed that the cause is due to gallium precipitation 

occurring near the fast growing nitrogen-terminated side. Gallium precipitates have a 

larger thermal expansion coefficient than GaN and should decrease the lattice parameters 

of the material.

Factors influencing lattice parameters which may possibly cause an increase of their 

values are gallium antisites, nitrogen vacancies and threading dislocations. However, 

there is no firm evidence particularly of the latter two factors [26].
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5.1.8 Strain reduction

Strain relaxation tends to be associated with the population of misfit dislocations [30]. 

For growth on foreign substrates with a sufficiently small lattice mismatch, the first 

atomic growth layers are strained to match the substrate. As the growth continues, the 

homogeneous strain energy increases such to a point where misfit dislocations become 

energetically favourable. The existence of this critical thickness, hc was first suggested by 

Van der Merwe [31], and later confirmed by other authors [32, 33].

In addition it is reported that strain is reduced as the thickness of the GaN film increases 

[27]. Furthermore, the material may be bowed due to the strain being non-uniformly 

distributed along the film thickness [34]. Cracking of the material may also result from 

relaxation of thermal strain, during post growth cooling [4, 35].

As the growing islands contact each other at their bases, the side walls zip together until 

an energy balance is reached at the point of the island contact. During the coalescence 

process, the crystallites spontaneously snap together because the grain boundary energy is 

less than the energies of the two free surfaces. However, the crystallites have a rounded 

shape and the degree of coalescence is restricted by the elastic strains in the adjoining 

crystals [13]. This restriction to coalescence can create sharp, crack like features on the 

crystal surface. The cusped cycloid surface generates a crack like stress field within a thin 

surface layer. The effect is to redistribute and concentrate the surface strain energy at the 

cusp points [36].

Patterns of cracking across GaN growth material is the result of both tensile stresses 

during growth and the film exceeding a critical thckness [37]. Generally cracks are 

rotated by 120° to each other [38].

The cracking acts as a mechanism to relieve the tensile stress in the material. Generally 

films of less than -5  pm grown on sapphire are not cracked. However, growth on thicker 

films tends to exhibit cracks, although not in every case. It is also suggested that cracking
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correlates with impurities during growth and it is recommended that high source purity 

and appropriate nucleation conditions may reduce the cracking [37]. There is a 

connection between the concentration of stress in a cusped cycloid surface and the 

formation of periodic cracks.

One group observed crack formation after a critical thickness -8 0  pm [34]. However, the 

critical thickness for crack formation depends on growth and cooling conditions and can 

be increased with the use of buffer layers [5]. Moreover, the critical thickness is inversely 

proportional to the square of the material stress [37].

The relationship between the critical thickness hc and the stress in the material can be 

expressed as:

Equation 5.2

h FE
c Z g 2( \ - v 2)

Where T is the fracture resistance of the material, E /(l — v 2) is the plane strain elastic 

modulus, o  is the stress at the growth temperature and Z is a dimensionless parameter 

dependent on the cracking geometry [37].

Bowing of HVPE grown GaN on sapphire increases with increasing film thickness but 

decreases rapidly when cracks appear at the interface [39]. The material near the interface 

consists o f microcracks, together with a non-uniform distribution of dislocations and 

native defects which, it is suggested, may be related to the strain. The material at the 

surface may be improved by polishing while high temperature annealing can be used to 

even out the stress distribution [4].

It is reported that LLO of bulk GaN material grown on an MOVPE template may relax 

the strain o f the material. However, the curvature of the wafer generally changes from 

convex to concave [39-41]. Bowing of a 2 inch wafer can be up to 500pm from the centre
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and following LLO may still bow a few hundred microns. For commercial use, it is 

suggested that bowing should not exceed 1 0 pm, as it presents problems for device 

fabrication.

The non-optimized conditions of the separation process are proposed to be the cause of 

the bowing in free-standing GaN material [42]. It is also suggested to be the result of the 

LLO process temperature [4]. However, the fact that bowing exists in free-standing GaN 

demonstrates the material is not strain free [43].

5.1.9 Effects of doping

It has been reported that Si doping of MOVPE grown GaN assists reduction of biaxial 

stress and the density of vertical screw and edge dislocations in the material [44].

A comparison of HVPE growth on doped and undoped buffers [45], showed that Si 

doping of template material with a carrier concentration of 1 . 8  x 1 0 18 cm 3 is more 

relaxed than that of the undoped material with an intrinsic carrier concentration of 2  x 

1 0 17 cm '3, although the former has greater structural disorder.

5.1.10 Surface morphology

When islands coalesce and effectuate intrinsic tensile stresses, it is suggested that these 

coalescence stresses are associated with surface roughness [9].

Stable surfaces may only be obtained under Ga-rich conditions. For these general growth 

conditions, diffusion barriers for Ga and N are significantly different. The mobility of Ga 

adatoms is very high having a diffusion barrier of -  0.2 eV, while N has a significantly 

lower mobility with a diffusion barrier of -  1.5 eV [23].

With a low mobility, the desorption process of N is obstructed kinetically with slow 

migration and long residence time. In order to desorb, N adatoms would normally need to
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form molecules. However, because the mobility o f Ga is high, there is a greater 

probability of the Ga atoms forming bonds with N, than the desorption of N as a 

molecule. With sufficient Ga adatoms at the surface, as in Ga-rich conditions, 

incorporation of N is favourable [23]. Zywietz et al. suggest a slightly Ga-rich regime 

will optimize growth conditions and encourage 2D growth with the consequence of less 

stacking faults and smoother morphology. In addition, Ga-rich conditions provide a 

greater surface stability and improve the surface morphology [46, 47]. Furthermore, 

poorer quality material and surface roughening is observed under N-rich conditions 

which increases the diffusion barrier of Ga adatoms [48].

For Ga-rich conditions, Ga adatom adhesion to the surface is by way of Ga-Ga bonds. 

These are weak, undirected metallic bonds. However, N  adatoms form a strong directed 

Ga-N bond reflected in the diffusion barrier being an order of magnitude higher than that 

of Ga [23].

The surface morphology is dependent on the Win ratio. Low Win ratios (high growth 

rates) and low growth temperatures produce surface pit defects. Surface pits are 

suggested to be the result of the vertical growth rate being faster than that of lateral 

growth [49].

Molnar et a l  [50], noted a step flow mode of growth. The step height corresponds to 

presumed growth by monoatomic steps (c = 5.19 A /2). Paskova et al observed that 

growth below a critical rate of ~ 60 pm h 1, showed this type of monoatomic step growth, 

regardless of the material thickness, for HVPE GaN grown directly on a-plane sapphire 

[51]. Moreover, growth rates of 20 and 105 pm h' 1 showed two growth mechanisms. The 

first, a 2D multilayer growth dominant for a low growth rate and the second where a 

spiral growth mechanism, based on screw dislocations competes with 2D multilayer 

growth. The 2D multilayer growth produces terraces formed by step-flow mode growth. 

However, the spiral growth produces hillocks based on the existence of screw 

dislocations.
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5.1.11 Treatment

Surface treatment is necessary on GaN substrates because the surface morphology is very 

rough. It is important therefore to obtain a flat, smooth, mirror-like surface to enable good 

quality growth of structures [52],

An irregular surface can be treated by RIE to smooth rough surfaces, thus improving re

growth [49]. Due to no suitable etchant to treat the surface of GaN, the surface is 

smoothed by chemomechanical polishing. However, mechanical polishing which uses 

diamond abrasives causes subsurface damage in the GaN substrate. This damaged layer 

may be removed by CAIBE dry etching [52]. The material at the surface may be 

improved by polishing while high temperature annealing can be used to even out the 

stress distribution.

5.2 Dislocations

Dislocations in a crystal displace atoms from their ideal lattice sites. As a consequence, 

dislocations are subject to distortion around them which produces a stress field. They are 

therefore a source of internal stress. The additional energy causing the distortion is 

known as the “strain energy”.

A large enough stress applied to a crystal containing dislocations will move the 

dislocations causing plastic deformation either by slip or at sufficiently high 

temperatures, by climb.

Dislocations experience a force between them and for dislocations with the same sign 

they will generally repel each other to lower the total elastic energy. Dislocations with 

opposite signs will attract each other to reduce the total elastic energy. Figure 5.4 shows 

positive and negative edge dislocations which lie on the same slip plane. In this case, 

dislocations of opposite sign may combine and annihilate each other.
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Slip
plane

Figure 5.4: Positive and negative edge dislocations [53].

In addition to dislocation annihilation presented in Figure 5.4, dislocations loops may 

annihilate if two loops with the same Burgers vector meet during propagation [54]. 

Furthermore, Nappierala et al. [55] suggest that a 3D growth mode causes dislocation 

bending, thus reducing the dislocation density further.

There is a relationship between dislocation distributions and plastic deformation of the 

crystalline material. This depends on the crystal structure, the temperature of 

deformation, the strain and the strain rate [53]. The process of plastic deformation causes 

the crystals to harden because of the increase in dislocations and interactions between the 

dislocations. Due to the external forces causing plastic deformation, heat is dissipated 

although the crystal structure will gain a small amount of stored energy from this process. 

The material will retain this energy if the temperature remains sufficiently low. However, 

this energy may be released to cause rearrangement of the dislocations locally, to a lower 

energy. In this case low angle boundaries are formed containing uniform arrays of 

dislocations which will differ in crystal orientation by < 5°. Low-angle boundaries tend to 

be formed through thermal activation, allowing dislocations to climb readily. Low-angle 

boundary formation is shown in Figure 5.5. Further information is provided in section 

5.3, regarding dislocations in crystal growth.
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Figure 5.5: Formation of low-angle boundary: (a) Bent crystal with random

dislocations, (b) Rearrangement of dislocations to form symmetrical tilt boundary [53].

Other forms of dislocation boundaries are tilt boundaries and twist boundaries. An 

example of the latter is shown in Figure 5.6. At these boundaries the atoms are both 

aligned and misaligned. The misalignment produces dislocations.
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Figure 5.6: Formation of a twist boundary due to atom misalignment by rigid rotation 

through angle 0, and rotated about an axis perpendicular to the figure (After Read 

(1953) Dislocations in Crystals, McGraw-Hill) [53].

5.2.1 Stacking faults

A stacking fault is a deviation from the regular sequence of the layers of atoms in the 

crystal structure. It is a planar defect and may occur in close-packed structures with 

ABCABC... or ABABAB... stacking of the planes. The latter stacking sequence relates 

to the wurtzite structure of GaN.

There are two types of stacking fault. An intrinsic fault occurs with the removal of a 

stacking layer, whereas an extrinsic fault contains an additional stacking layer within the 

stacking planes.
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5.2.2 Point D efects

Point defects occur where there is an anomaly in the atomic lattice. These inconsistancies 

are of two types: intrinsic and extrinsic. Intrinsic point defects consist of either a vacancy 

in the lattice or a self-interstitial atom of the same atom type but misplaced in the lattice. 

Extrinsic point defects are impurity atoms which either substitutional or interstitial. Point 

defects cause distortion locally in the lattice which depends on the displacement of the 

atoms.

5.2.3 Burgers Vector

Figure 5.7: Burgers circuit in a perfect crystal [53].

A dislocation may be revealed by a method of mapping an atom to atom path to form a 

closed loop. If the loop or circuit does not close, then one or more dislocations will be 

present. This method is known as a Burgers circuit. When a dislocation is present within 

the circuit, the failure to complete the closure of the circuit is known as the Burgers 

vector. The Burgers vector will show the direction of the slip.

Burgers vector
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5.2.4 Screw, Edge and Mixed dislocations

Burgers vectors differ for edge and screw dislocations. For each of these the following 

rules apply [53]:

•  The Burgers vector of an edge dislocation is perpendicular to the line of the 

dislocation.

• The Burgers vector of a screw dislocation is parallel to the line of the dislocation.

However, the dislocations present in real crystalline solids tend to be mixed rather than 

edge or screw. Burgers circuits for screw and edge dislocations are shown in Figures 5.8 

and 5.9, respectively, with a mapping sequence MNOPQ. An example of a mixed 

dislocation is shown in Figure 5.10.

Figure 5.8: (a) Burgers circuit round a screw dislocation with positive line sense, as

shown, (b) the same circuit in a perfect crystal; the closure failure is the Burgers vector

positive line sense

[53].
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Burgers vector (red arrow)

p M Q

0 r N

Figure 5.9: (a) Burgers circuit around an edge dislocation with positive line sense into

the paper, (b) the same circuit in a perfect crystal; the closure failure is the Burgers vector 

[53].

Burgers vector

Figure 5.10: Mixed dislocation [53].



5.2.5 Jogs and K inks

Kinks are steps that move a dislocation on the same slip plane while jogs are steps which 

displace a dislocation from different atomic slip planes. Both kinks and jogs are parts of a 

dislocation having the same Burgers vector as the line they are sited. Jogs are often 

produced through plastic deformation by the intersection of dislocations

Jogs in a screw dislocation
Jogs in an edge dislocation

Burgers vector b

Kinks in an edge dislocation

Burgers vector b

Kinks in a screw dislocation

Burgers vector bBurgers vector b

Figure 5.11: Kinks and Jogs in Edge and Screw dislocations [53].
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5.2.6 Climb

The climb process often involves vacancies diffusing away or towards a dislocation. 

These may be individual or small clusters of vacancies. Climb in a dislocation line may 

result in the nucleation and motion of positive or negative steps. These steps are known 

as jogs. Jogs act as sources and sinks for vacancies.

5.3 Dislocations in crystal growth

Dislocations are an inherent part of the crystal growth process and as a consequence it is 

difficult to achieve low dislocation densities. The main factors contributing to the 

formation of defects are:

•  Existing dislocations and defects extending into the new growth material. These 

defects may be present in either seed crystals or other surfaces used to initiate 

growth.

•  Heterogeneous nucleation of dislocations. This includes impurity particles and 

thermal contraction which create internal stresses.

•  Impingement o f different parts of the growing interface where growth steps 

prevent perfect matching of atoms and a dislocation forms at the interface. In 

addition, dislocations are formed from lattice mismatch, a phenomena typical to 

epitaxial growth. Such defects are known as misfit dislocations.

The initial stages of film formation on a foreign substrate will determine the defect 

structure [28]. As described above, residual strain may induce the formation of 

dislocations and stacking faults in the GaN material [56].

Dislocations are formed from misfit strain originated by the lattice mismatch between the 

GaN layer and the foreign substrate and grain boundaries. The latter are the main source 

of threading dislocations [57]. It is reported that threading dislocations mainly originate at
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the grain boundaries. The dislocation density is reported to be high at the grain boundary 

and low in the actual grains [58]. However, the dislocation density does not decrease 

significantly with growth, due to the characteristics of these defects [10, 57]. Typical 

dislocations densities range betweem 1 0 8 to 1 0 10 cm '2, for direct growth on sapphire and 

SiC. [59].

Figure 5.12: Components producing misorientation of grains: (a) tilt and (b) twist [58].

The region at the sapphire/film interface has a significant stacking disorder. The stacking 

sequence may change from abab to cbcb or caca and may be the result of a change from 

cubic to hexagonal stacking [10]. These threading dislocations are typically pure edge 

with Burgers vectors and mixed screw edge. Inversion domains may also be formed 

during initial island growth up to 0.5fxm from the interface.

Surface pits may be due to island nucleation and the coalescence process [28]. 

Coalescence is also suggested as the cause for pure-edge dislocations [60].

Edge, screw and mixed dislocations are typical for polar epilayers on c-plane sapphire. 

Growth in non-polar directions (m-plane and a-plane) show a greater density of planar 

defects (stacking faults) being terminated by partial dislocations [61].
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5.3.1 HYPE growth defects

Pinhole defects, also known as voids are typical and numerous to HVPE growth of GaN 

and are particularly evident along screw dislocations [61]. These voids have been 

observed with a hexagonal shape, in plan view configuration. They have a high density at 

a sapphire substrate interface and reduce with layer thickness. The density of pinholes is 

far less for MOVPE and MBE grown material. It is suggested that the high density of 

these defects in HVPE is related to the impurities present for this process.

Pinholes and nanotubes have been observed to start from V-defects [61]. In addition, 

nanotubes may be formed from a pinhole defect. It is also suggested that the formation of 

nanotubes and pinholes is related to impurities, particularly oxygen [62]. In addition, Ga- 

rich cores may also be present in HVPE layers [61].

Hexagonal shaped V-pits are reported to be formed from nanopipes and not at threading 

dislocations [63, 64]. However, it is reported that these hexagonal shaped pits occurring 

during an HVPE vertical growth mode can be filled by changing to a lateral growth mode 

[49].

A correlation is reported between the GaN template stress and the critical thickness for 

crack appearance for the subsequent HVPE GaN growth [55]. MOVPE GaN templates 

contain intrinsic stress which is transferred to the bulk GaN growth by HVPE. The stress 

builds up with increased material thickness. Napierala et al. achieved HVPE crack free 

GaN layers up to 204 pm thick grown on low stressed MOVPE GaN templates. Beyond a 

certain thickness, the thermal stress in the HVPE layer is no longer offset by the bowing 

but by the cracking of the sapphire substrate. In turn, this generally causes the GaN layer 

to also fracture.

In comparison to growth on templates, HVPE regrowth of GaN on a free-standing GaN 

substrate shows a lower etch-pit density of 4 x 104  cm '2 [65].
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5.3.2 MOVPE Templates

HVPE heteroepitaxy, without a buffer layer will generally show a division of highly 

defective columnar material at the interface with the substrate. The defects in this region 

are typical for heteroepitaxy with a high mismatch combined with fast growth rate. 

Columnar material may show a high intrinsic carrier concentration (>1018) which can 

affect the electrical properties of this region [4]. Buffer layers are therefore used in HVPE 

heteroepitaxy, to improve the material quality mainly by reducing the dislocation density 

and narrowing the defective interface region.

MOVPE templates may still have a high dislocation density, as high as 107 cm'2. In 

addition, strain in the template causes wafer bowing. The underlying MOVPE GaN 

buffer will act as a template for dislocations and the surface morphology. Defects and 

imperfections in the surface material are continued in the HVPE overgrowth and then into 

MOVPE grown device structures. These imperfect surface features replicated at each 

growth stage, can be harmful to device operation [49].

Most problems occurring from growth of thick GaN may be traced back to the substrate. 

This determines the properties of the epilayer [5]. The large lattice mismatch and thermal 

expansion incompatibility cause high dislocation density, cracking of the epilayer, high 

carrier background concentration, wafer bowing and reduced optical quality. In addition, 

the impurities O, and A1 contaminate the GaN layer, when using sapphire, and Si, and C 

when using SiC [65].

However, using a GaN template reduces the interfacial free energy between the existing 

substrate and growing material, and as a consequence this assists lateral growth of the 

HVPE layer. The GaN template also creates high density nucleation centres and will also 

assist strain relaxation [3, 6 6 ].

Growth directly on sapphire tends to produce a highly defective interface region. It is 

suggested that a low growth rate be used for initial growth to minimize the thickness of
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this defective area. Thereafter, the growth rate may be increased for the main growth. 

[67].

One key factor for stress reduction in MOVPE templates is to control the ammonia partial 

pressure at the initial nucleation stage [6 8 ]. Thus, reducing the ammonia flow at the low  

temperature buffer layer stage increases the island size, while at the same time decreases 

the island density [69]. A low ammonia flow allows a higher diffusion length of the 

surface species [55].

In the case of MOVPE growth on c-plane sapphire, the main dislocations are edge type. 

Other defects consist of nanotubes, pinholes and, sometimes inversion domains.

It is reported that substrates with a slight misorientation improves the morphology 

suppressing the pyramid type structure. GaN MOVPE templates prepared on sapphire 

substrates with a 0.6° off axis orientation showed best results for subsequent HVPE GaN 

growth [35].
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6 A Study of Epitaxial Lateral Overgrowth

6.1 Introduction

At present, sapphire and 6H-SiC remain the most popular choice of substrate for 

production of GaN devices. However, lattice parameters and thermal expansion 

coefficients for these foreign substrates cause large dislocation densities of around 109 to 

1011 cm'2. To enable devices to operate efficiently, a significant reduction of these 

dislocations is required.

Device applications determine the quality of material. GaN grown directly onto a foreign 

substrate using nucleation and/or buffer techniques is sufficient for LED production. 

However, LDs, require material with a lower dislocation density. This may be achieved 

by a process known as ELOG or alternatively, by the use of high quality freestanding 

bulk GaN substrates. The important factor has been to achieve long lifetime LDs for the 

consumer market. Nichia uses a three-step ELOG process to reduce dislocation densities 

to 7 x 105 cm'2, allowing fabrication of LDs with a lifetime of 15,000 hours. Of course, 

additional process steps incur additional costs. In a highly competitive market, it is 

necessary to minimize production costs by simplifying process steps whilst at the same 

time maintaining a high quality.

ELOG is a highly efficient method of reducing these TDs, typically by the use of a mask. 

This technology has been developed for both MOVPE and HVPE. However, ELOG is 

not achievable using MBE.

6.1.1 Growth properties of ELOG

ELOG technology relies on two main features of vapour phase epitaxy:

(i) Selective area epitaxy (SAE).

(ii) Growth anisotropy.
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SAE is the method where growth is spatially controlled through the openings of a mask. 

The mask is generally a dielectric material such as Si(>2 or SiNx. It is difficult to achieve 

true selective epitaxy, where growth occurs within the exposed windows and not on the 

mask. For growth to occur solely on the exposed material, the nucleation barrier must be 

lower compared to that of the mask. Selective growth depends on temperature, pressure 

and the mole fraction of reactants.

1050°C

1000°C

950°C 

2jum

Figure 6.1: SEM images of GaN grown on a dot pattern mask. Changes in morphology 

by varying reactor pressure and growth temperature for a growth time of 5 minutes [1].

Figure 6.1 shows that by varying conditions, the surface becomes smooth, and wide with 

increasing temperature, and narrower with increasing reactor pressure.
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(0001 )

Temperature

Pressure A higher reactor pressure or lower growth 

temperature (figure 6.2.) produces pyramids 

with a {1101} facet.

Figure 6.2: Effect of pressure and temperature on morphology [1 ].

Growth anisotropy corresponds to the growth rate being dependent on the 

crystallographic orientation and is associated with surface kinetics. The shapes of most 

crystallites are the result of surface energy anisotropy. For a given facet with a lower 

surface energy, the surface will be more stable than the facets of other planes. As a 

consequence, the growth rate will be slow [2]. Growth anisotropy tends to be more 

pronounced in HVPE than in MOVPE. In the case of ELOG, when the GaN film reaches 

the top of the mask, growth anisotropy causes lateral overgrowth across the dielectric 

mask.

For MOVPE ELOG, anisotropy of the growth rates may be enhanced by either increasing 

the temperature or by the addition of Mg in the vapour phase, without adjustment to the 

temperature.

In addition to ELOG, the combination of selective epitaxy and growth anisotropy are 

used to fabricate quantum structures with unusual features.
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1050°C

1025°C

1000°C

975°C

950°C

925°C

40 Torr 80 Torr 300 Torr 500 Torr

Figure 6.3: SEM images of lateral overgrowth of GaN [1 ].

Figure 6.3. shows four regions of growth obtained from < 1100 > stripes at varying 

temperatures and pressures [1]. The changes in morphology is suggested to be caused by 

surface polarity and surface energy for each type of facet which determine the stability of 

the surface [3].

Pressure
I---------
Temperature

{1122} (0001) {1120}

Figure 6.4: Evolution of morphology for ELOG GaN [1 ].

Figure 6.4 shows changes in morphology on the < 1100 > stripe, as a function of 

temperature and pressure.
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The morphology study of ELOG GaN by Hiramatsu et al [1], investigated growth

temperature and pressure for <1120 > and <1100> stripes. For < 1120 > stripe openings or

windows, a triangular stripe overgrowth with { 1 1 0 1 } facets was produced independent of

temperature and pressure. In contrast, the < 1100 > window was dependent on growth 

conditions. Figure 6.3, shows the resulting morphologies, which may be divided into four 

categories:

i) Region I shows poor morphology where temperature < 925°C.

ii) Region II produces a triangular stripe overgrowth with {1122 } facets and a 

smooth surface.

iii) Region m  results in a change to the sidewalls from {1122 } to vertical {1120 } 

facets, when the temperature is further increased or pressure decreased.

iv) Region IV shows rough surfaces for very high temperature or very low 

pressure.

In an investigation into mass transport for MOVPE ELOG growth [4], deep trenches 

were etched into the material designed to interrupt lateral transport. However, virtually 

identical growth profiles were observed providing evidence that gas phase diffusion was 

the dominant transport mechanism.

6.1.2 ELOG Techniques

Various ELOG growth techniques have evolved by using different methods of epitaxy, 

precursors, growth conditions, substrates, mask types, mask dimensions and mask 

orientation. The lateral to vertical relative growth rate, depends on the orientation of the 

stripe openings, the ratio of “open” stripe width to “masked” stripe width and the growth 

conditions [5].

Various adaptations o f ELOG growth have developed using mainly sapphire and 6 H-SiC 

substrates. Silicon substrates are also used, being high quality, cheap material which can
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be chemically removed. However, an AIN or AlGaN buffer layer is required to release 

the strain and prevent cracking. Generally, SiC>2 and SiNx are used as mask materials. 

Tungsten (W) has also been investigated although at high temperatures it tends to 

decompose and also reacts with the ammonia. ELOG methods without masks have also 

shown interest. A technique of pattening sapphire and SiC substrates directly with a SiNx 

mask followed by a AlGaN nucleation layer was reported to have TDs in the masked 

region ~ 10 cm' [6 ]. Another technique, known as “Pendeo-Epitaxy” uses etched GaN 

columnar posts with a top mask layer. ELOG growth from these posts then proceeds 

laterally and vertically.

The general preparation for the ELOG technique, is to grow an MOVPE GaN template 

onto either a sapphire or SiC substrate. A dielectric layer, either Si0 2  or SiNx is then 

deposited and this layer is then patterned using a striped mask using standard 

photolithography techniques. The ELOG growth is then performed on the patterned 

wafer. This single step ELOG growth is also known as “one step ELOG” (IS ELOG). 

Methods, repeating the process with mask stripes over the openings (windows) allow 

greater device yields per wafer. These processes are either “two” or “three step ELOG” 

(2S ELOG or 3S ELOG).

Threading Dislocations

Mask

Template

Substrate

Figure 6.5: Schematic representation of “one step ELOG”.
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6.1.3 ELO G  grow th

As the overgrowth progresses beyond the mask, the lateral overgrowth rate and the 

equilibrium development of the facets are dependent on the crystallographic orientation 

of the stripe openings (windows), the fill factor (ratio of stripe opening to mask) and the 

growth parameters. The latter includes, temperature, V-III ratio, reactor pressure and 

composition of the carrier gas.

An investigation into the effects of N2 and H2 carrier gases [7], show a fast lateral growth 

rate under nitrogen while the facet growth rate and morphology is enhanced under a 

hydrogen ambient. Further analysis shows a combined carrier gas of N2 iH2, 1:1 ratio, 

provide the benefits of both gases. Furthermore, this combined carrier gas results in 90° 

bending of threading dislocations, which is not observed when the carrier gas is pure N2 

[8].

{1122} dislocation{1120}
dislocation

Model A Model B

Figure 6 .6 : Schematic representations of ELOG [ 1 ].

Figure 6 . 6  illustrates two typical representations of ELOG growth and the resulting 

behavior of the dislocations. TDs begin at the tempiate-substrate interface and propagate 

through the exposed GaN windows, while the dielectric mask will block these defects.

In the case of Model A, as the growing GaN film reaches the top of the dielectric stripes, 

lateral growth commences over the mask. The aim is to achieve full coalescence from
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{1120 } sidewalls with a smooth morphology. Lateral growth across the mask, known as 

“wings” may progress with a substantial reduction in dislocations.

Model B shows an alternative method to further reduce TDs. The formation of triangular 

shaped stripes in the initial stage of ELOG tends to cause dislocation bending by 90°, thus 

preventing significant vertical propagation [9]. The growth regime for subsequent 

growth, may then be changed to enhance lateral growth leading to full coalescence 

followed by vertical growth. The progression from triangular shaped stripes to lateral 

growth is shown in figure 6.7.

Figure 6.7: Schematic progression of ELOG growth [1].

Voids may occur at the coalescence boundary, as depicted in Figure 6.7 with dislocations 

propagating at this boundary to the ELOG surface. Generally, voids also occur at the 

mask interface as lateral growth progresses. It is suggested that voids reduce stress and 

cracks by relaxation of the material. The growth parameters are used to control vertical 

and lateral growth to obtain the required morphology. As shown in Figure 6.7, these 

methods are used for defect elimination.

The partial pressure of NH3 has an important influence on lateral growth. Lateral growth 

increases with an increase in NH3 partial pressure or an increase in temperature [10]. This

110
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effect may be caused by a difference in diffusivity in the gas phase or residence time of 

the various surfaces between the nitrogen and gallium species [11]. However, lateral 

growth also exhibits a strong dependence on stripe orientation [ 1 2 ].

In a study [13], where the GaN buffer was etched but without the insertion of a dielectric 

SiC>2 mask, the TDs were reduced to 6.3 x 106 cm'2, using two overgrowth steps. This 

technique allowed lateral growth to occur without voids due to the absence of the mask. 

Periodic Alo.05Gao.95N marker layers were incorporated in the GaN growth, to identify the 

periodic growth fronts. Experimentation with the MOVPE V-III ratio resulted in an 

optimum value of 5500 for minimal dislocations and efficient covering of the etched 

groove.

lateral growth ^

(c) V/III= 1 1 0 0 0

lateral grow th^N , lateral growth

(a) V/III=3200
threading dislocation

(b) V/III=5500

Figure 6 .8 : Schematic representation showing threading dislocation bending for

unmasked material [13].

AIN buffer layer

GaN

sapphire

(a) 1st growth (b)formation of grooves (c)2nd growth (e)3rd growth

r

Figure 6.9: Schematic representation of fabrication process for unmasked material [13]. 

This process is typical for “2 Step ELOG”.
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6.2 ELOG study at the University of Bath

Process /  Time Parameter Value

First Step
NH3 1 , 0 0 0  seem

(30 minutes) TMGa 65.2 pmol/min

Pressure 2 0 0  mbar

Temperature 1160°C

Second Step
NH3 3,000 seem

( 8  hours) TMGa 65.2 pmol/min

Pressure 50 mbar

Temperature 1185°C

Table 6.1: MOVPE growth parameters for template.

For the MOVPE ELOG study the procedure is detailed in the following steps:

(a) Growth is performed on a 2 inch, c-plane sapphire (0001) substrate. These are 

“epi ready”, having been pre-cleaned by the manufacturer. Growth of the 

MOVPE template is performed by a two step process, as shown in Table 6.1. 

The first step produces initial triangular shaped stripes over the windows in 

the patterned mask. The process is then changed for lateral growth across the 

Si0 2  stripes, in the second step of the growth run.

(b) The MOVPE GaN template is grown to a thickness between 2 to 3 pm, by the 

following process: (i) nucleation, (ii) nucleation annealing, (iii) coalescence 

and (iv) growth. Growth parameters are shown in Table 6.1.

(c) Post growth cleaning of the GaN template by immersing in aqua reqia for 2 

minutes. This plays a dual role of removing surface indium contamination 

present in the MOVPE reactor, together with slight etching to produce a 

smooth surface for deposition of the Si0 2  layer.
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(d) The SiC>2 dielectric layer is then deposited onto the GaN template to a 

thickness of 100 nm. Deposition is performed by PECVD using SiH4  and N 2O 

precursors. The process steps for mask fabrication are shown in Figure 6.10.

(e) A thin photo-resist layer is applied to the surface of the SiC>2 .

(f) Standard photolithography techniques are used, exposing UV light to pattern 

the SiC>2 layer with the striped mask. The orientation of the stripes may be

made parallel or perpendicular to the <z-axis of GaN, in the < 1120 > direction. 

This direction is perpendicular to the major flat o f the c-plane sapphire 

substrate used for growth. In this study, the stripes were made perpendicular 

to the a-axis of GaN. Orientation in this direction allows faster lateral growth, 

which is also easier to control. The mask produces a window stripe width of 5 

pm and a masked stripe of 1 0  pm.

(g) The stripes in the Si0 2  layer are formed by RIE.

(h) Removal of the photo-resist by solvents.

(i) The ELOG substrate is then cleaned with a 1:1 mixture of sulphuric acid 

( H 2 S O 4 )  and hydrogen peroxide ( H 2 O 2 ) ,  to remove organic contamination.

(j) The patterned wafer is then ready for ELOG growth.
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Deposition 
of S i02

GaN_________
Sapphire substrate

1. GaN template-substrate is cleaned in aqua regia 
for 2 minutes prior to deposition o f  the dielectric 
S i0 2 layer

Deposition of 
photo resist ^

2. Deposition o f  the photo resist layer

Alignment of mask " 11 
and exposure to UV ^

3. Photolithography process where the mask is 
aligned over the wafer and exposed to UV light.

Photo Resist mask 
formed

4. Photo resist mask formed

Dry etching of II
S i0 2 by RIE V

5. Dry etching o f  S i0 2 by RIE

Removal of photo resist

6. Removal o f  resist with solvents and the subsequent 
removal o f  any organic contamination with H2S 0 4 
and H20 2.

Figure 6.10: Process steps of ELOG mask fabrication.
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6.2.1 A nalysis o f  M O V PE  ELO G  grow th

ELOG growth was performed “in house” on an Aixtron 200/4 HT RF-S MOVPE reactor, 

by Dr Sergey Stepanov, on patterned templates previously grown by this same reactor. 

Two overgrowth runs were analyzed at different stages of epitaxy, using SEM. It should 

be pointed out that some roughness, seen diagonally on the ELOG surfaces in these SEM 

images is due to cleaving. This illustrates the difficulty of cleaving GaN grown on 

sapphire. After growth, both wafers were cleaved at the center along the a axis, 

perpendicular to the ELOG stripes. Sample number 667 shows partial lateral growth 

while sample number 683 shows the sidewalls closer to coalescence. Both samples show 

TDs in the <0001> direction, propagating through the windows of the mask to the ELOG 

epilayer [0001]. TDs are blocked by the SiOi mask, and the lateral growth over the mask, 

(wings) are clear of these defects. Voids are present in the areas above the mask. These 

characteristics are typical of IS ELOG.

Figure 6.11: Cross sectional SEM image of ELOG sample number 667.
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Figure 6.12: SEM image of ELOG sample number 667.

Figure 6.12. shows the top view of the epilayer (0001). The inclined walls (1101) of the 

trapezoid shape were observed to have a rough morphology. This may be due to a slight 

misalignment in the orientation of the mask.

Figure 6.13: SEM image of ELOG sample number 683, viewed from the top (0001).



Figure 6.14: Cross sectional SEM image of ELOG sample number 683.

S i0 2
M ask

Figure 6.15: Cross sectional SEM image of ELOG sample number 683 showing

characteristics of growth.
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6.3 Alternative Methods o f Lateral Growth

The ELOG technique blocks dislocation propagation by an underlying striped mask 

which is typically Si0 2 . However, the resultant overgrowth material alternates with high 

and low dislocation densities. Thus, device fabrication is limited to the low dislocation 

density stripes.

Pendeo-epitaxy

Pendeo-epitaxy allows growth to commence from a GaN facet, other than (0001). The 

Latin verb “Pendeo” means “to hang” or “be suspended”. However, both ELOG and PE 

(the latter when a mask is used) will allow incorporation of impurities into the 

overgrowth region caused by the foreign mask material. This also produces a local strain 

pattern [14]. Two types of coalescence boundaries are formed where the lateral growth 

meets over the mask and where the wing regions meet [15]. Dislocations are reported at 

both types o f coalescence boundary and at the edges o f the mask [16].

One reported [17] PE method consists of a 6 H-SiC substrate with an AIN buffer on which 

GaN stripes are formed by etching to produce the seeding region. No mask is used across 

the top of the GaN seed because it would increase impurities and strain into the 

overgrowth. The technique uses a lateral growth mode from the side facets of the seeding 

region. The lateral growth is faster than the vertical growth. Following this step the mode 

is changed to faster vertical growth. Zheleva et al. [17] report that the dislocation density 

is four to five times lower for the wing regions compared to the growth above the 

columns.

An alternative PE method [18], employs a SiNx mask over the GaN seeding stripe. It is 

reported that tilting of 0.2° occurs for coalescence over the SiNx mask but no tilting is 

observed for the lateral growth over the trenches. A  variation of this technique [19], uses 

non-fully coalesced PE lateral growth stripes. It is reported that the voids due to non

coalescence leads to partial strain relaxation for the subsequent HYPE overgrowth.
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Figure 6.16: Example of one technique of Pendeo Epitaxy.
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6.3.1 A ir-bridged  ELO G

GaN layer 

Al20 3 substrate

Seed region

l
/  A / ------ \

AI2O3 substrate

Coalescence
front

AI2O3 substrate

Coalescence
boundary

Air gap

1
I

Wing region

I

Al20 3 substrate

Figure 6.17: Example of Air-bridged LEO [20].

Air-bridged lateral epitaxial overgrowth (LEO) incorporates both concepts of ELOG and 

PE. The air-bridged method commences from the GaN (0001) facet and subsequently 

continues laterally similar to PE.
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Kidoguchi et al. [20] report the dislocation density in the wing region is reduced to <107 

cm-2, for the air-bridged LEO method. The magnitude of the wing tilt was determined to 

be 0.08° by x-ray diffraction.

These techniques show how the ELOG lateral growth method can be applied to growth 

over air-cavities. It is reported that these techniques may reduce strain and dislocations. 

The elimination of stress above the air gap is a possible reason for a small tilt angle. 

Zheleva et al. [21], reports significant stress reduction for PE compared to ELOG. The 

stress in ELOG is attributed to adhesion bonding of the lateral growth to the Si02 mask 

[22, 23].
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6.4 Summary

Although ELOG processes have developed for laser diode technology, limitations restrict 

device fabrication:

• The ELOG method reduces yields because only the masked areas can be used for 

device fabrication. As a consequence, devices must be aligned within the low 

defect masked stripes.

•  ELOG tends to be grown on sapphire, which is not an easily cleavable substrate.lt 

is difficult to cleave high quality facets, required for efficient LD operation.

•  The Si02 mask and voids created at the mask, decrease thermal conductivity [24].

•  The mask used for ELOG has a significant effect on crystallographic tilt and 

defect distribution [22]. In addition, SiN* used as a mask for ELOG compared to 

Si02 causes less interaction with the GaN growth, thus improving strain and wing 

tilt [23].

To conclude this chapter, a study has been made of the ELOG method and behavior of 

GaN lateral growth. The lateral growth technique may be applied to growth over air 

cavities, as shown in the PE and Air-bridged ELOG methods. Lateral growth over air 

cavities is a key feature of this research project and is presented in Chapter 8.
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7 HYPE Project

7.1 Introduction

The HVPE system used for this project is based on a modified MOVPE kit with 

controlling software which uses DeviceNet for hardware communication. Installation 

commenced from March 2005, at the University of Bath, Department of Physics. 

However, although the equipment had been designed specifically for HVPE, the system 

failed to function. In order to make the machine operational, repairs and modification 

have been necessary.

The main problems experienced were:

•  The equipment did not function and required extensive work to make it 

operational.

•  The Ga source bubbler was originally designed to deliver GaCE to the reactor, 

using CE as the method of transport. However, the bubbler could not operate at 

temperatures above 200°C and could not produce GaCE. A further limitation of 

the pipeline heater caused GaCE to condense in the pipe line from the remote 

bubbler to the reaction chamber.

•  The susceptor heater corroded during the initial test runs.

•  Blockages by N H 4 C I  powder in exhaust lines remain a problem which causes 

restrictions for the total flow rate. In addition, the non-return valves and the 

throttle valve have also been impaired by this by product.

7.1.1 Modifications

Modifications to the reaction chamber were made “in house” to designs by Dr. Sergey 

Stepanov. These incorporate both a gallium boat for the supply of GaCE/GaCl and a 

showerhead.
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Modifications include:

•  Complete redesign of the reactor chamber.

•  Inclusion of a showerhead which mixes gases as they are injected into the reaction

chamber, thus enabling a uniform distribution of gases.

•  Insta llation  of an HC1 line to the Ga boat for HC1 transport of Ga. This source is 

a standard method of transport o f Ga in HVPE systems.

•  Heated Ga boat immediately above the showerhead and reaction chamber. In

addition, the showerhead is heated by an external band heater. By maintaining a

similar temperature for the Ga boat, and showerhead of ~ 450°C and 400°C

respectively, the Ga is prevented from condensing.

•  Installation of a water cooled coarse trap to filter out N H 4 C I  immediately after the 

exhaust gases exit the reaction chamber. In addition, heater tapes were installed 

from the exhaust manifold to the coarse trap.

7.2 HVPE Growth Considerations

The HVPE system at Bath is essentially a cold-wall reactor with gas flowing in a 

downward direction. Growth reactors using showerheads tend to be cold-wall. For this 

type of design, only the susceptor holding the substrate requires heating to the growth 

temperature. However, the showerhead is heated by an external band heater to prevent 

gallium condensing within the showerhead. GaCl has a melting point of ~ 78°C [1]. 

Furthermore, back flows or seepage of reactants into the showerhead could form 

ammonia chloride at sufficiently low temperatures, thus creating a blockage. Ammonia 

Chloride sublimes at ~ 340°C [2]. Thus, the showerhead temperature is held ~ 400°C 

using an external band heater.

The gallium boat is heated ~ 450°C. Although a higher temperature is necessary for 

efficienct production of GaCl3/GaCl, the limited temperature is crucial to reduce 

corrosion of the Ga boat heater element.
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Similarly, operating the external band heater at higher temperatures would degrade the 

stainless steel and make it more susceptible to corrosion by HC1 and CI2 . The stainless 

steel reaction chamber contains quartz liners with a N 2 purge gas between chamber and 

liner, as a means of protection to the steel chamber and to prevent contamination of the 

growth material.

7.2.1 Reaction chamber design

Figure 7.1 shows a diagram of the reaction chamber design. Either HC1 or CI2 may be 

used to transport Ga from the Ga boat to the reaction chamber. An additional HC1 line 

provides HC1 for cleaning the reaction chamber and also for etching the GaN template 

prior to growth to create nucleation sites. NH3 is provided by a separate line so that the 

reactants GaCl3/GaCl and NH3 are mixed as they enter the growth zone. SifU can pass 

into the growth zone independently. All four source lines may have carrier gases included 

which are listed in Table 7.1. The optimized carrier gas flows with a N 2 :H2 ratio of 1:1 

investigated in section 7.14, are provided in this table.

The susceptor which holds the substrate for growth is positioned over a heater which 

provides the growth temperature. The source gases are directed down to the heated 

susceptor and exit the chamber by six exhaust ports, which are level with the susceptor, 

and are shown in Figure 7.34a. The exhaust gases pass through a cold trap, followed by a 

fine particle trap, the former filtering out most of the N H 4 C I .  These gases then pass 

through the vacuum pump followed by a cleaning process through a wet scrubber before 

being extracted into the ventilation system.

The bottom of the growth chamber is lowered allowing access for loading and unloading 

of the wafers, while the top chamber may be separately accessed for filling the Ga boat 

and maintenance. The chamber system is detailed in Figures 7.2 to 7.4.

127



am

Exhaust [

H eater

Figure 7.1: Design of modified reaction chamber.

Gas line HC1/C12

(seem)

HCUdd

(seem)

n h 3

(seem)

SiH4

(seem)

Carrier gas n 2 h 2 N2 and/or H2 N2 and/or H2

Typical N2 flows 300 N/A 775 250

Typical H2 flows N/A 300 775 250

Table 7.1: Optimized carrier gases available to each source line.
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Figure 7.2: Revised design of Growth reactor.

Label 7.2a Upper chamber containing Ga boat and input lines to showerhead

Label 7.2b Showerhead at level shown by arrow

Label 7.2c External band heater which provides heat to the showerhead

Label 7.2d Exhaust manifold. The susceptor is level with the exhaust ports and

exhaust manifold

Label 7.2e Loading section which lowers for wafer loading. This section contains the 

susceptor heater which is purged by N2 . The lower section is water cooled 

for the O ring seal

Label 7.2f Water cooled coarse trap to filter out NH4CI

Label 7.2g Exhaust lines to vacuum pump
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Figure 7.3: Wafer loading.

Label 7.3a Band heater which encompasses the showerhead 

Label 7.3b Exhaust ports

Label 7.3c Exhaust manifold

Label 7.3d Susceptor heater containing resistance heater element 

(susceptor positioned on top)

Label 7.3e Loading section - lowered for wafer loading

Label 7.3f Water cooled coarse trap to filter out NH4CI, thus preventing blockages

downstream at the throttle valve
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Figure 7.4: Source gas input lines at top of reaction chamber.

Label 7.4a HCladd (additional) input line

Label 7.4b NH3 input line

Label 7.4c HC1 or CL input line to Ga boat

Label 7.4d SiH4 input line

7.2.2 G row th technique

The project uses 2 inch MOVPE GaN templates to initiate HVPE growth. The templates 

are grown “in house” on an Aixtron 200/4HT RF-S, MOVPE machine at the University 

of Bath by Dr Chaowang Liu. Sapphire c-plane (0001) substrates are used as the base for
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the GaN template growth. The templates are ~ 2pm thick and are un-doped, although 

intrinsically n-type material with a carrier concentration ~ 1 x 1017 cm"3. The use of 

MOVPE templates for HVPE growth overcomes the difficult low temperature nucleation 

step required for GaN growth on sapphire substrates. In addition, the template creates 

high density nucleation centres and generally alleviates strain in the overgrown material 

[3].

The template wafer is set in position within a recess on a susceptor. The wafer is heated 

by a resistance heater positioned beneath the susceptor. The growth temperature is

monitored by a thermocouple within the heater. However, it is difficult to obtain true

temperature values at the growing surface due to the distance o f the thermocouple from 

the growing surface. It is now possible to record accurate temperatures at the growing 

surface by the use of reflectance systems. For the HVPE project the optimized 

temperature obtained from the thermocouple is 1135°C. However, the temperature at the 

growing surface is estimated to be ~ 1050°C.

GaN decomposes at temperatures ~ 700°C with considerable decomposition -  980°C [4]. 

For this project, the MOVPE GaN templates are kept under an ammonia flow during the 

ramp-up o f temperature from 500°C. After reaching the growth temperature, growth is 

then initiated by the introduction of GaCl3/GaCl into the reactor chamber. The GaN 

growth material is again protected under ammonia on cool-down.

7.2.3 GaCI3 and GaCl formation efficency

HC1 is used as the method of Ga “pick up” for this analysis, which is chosen as the most 

suitable reactant in section 7.6, of this chapter. For Ga transport, it is standard practice to 

use N2 or an inert carrier gas, thereby preventing premature reactions. The carrier gas will 

both increase the flow velocity and dilute the source. For this project, it is presumed that 

both GaCl3 and GaCl will be produced following the reaction of Ga with HC1, although 

primarily GaCl3 will be formed due to the Ga boat heater temperature being 450°C. At 

this temperature the dominant reaction is shown in Equation 7.3 below.

132



Efficiency o f GaCh and GaCl formation was obtained from the weight loss of Ga and 

from the HC1 flow for a total of 22 consecutive growth runs. An average HC1 flow rate of 

3.267 1/h, and Ga consumption of 2.23 x 10' 3 kg/h is calculated. The density of HC1 gas is 

1.477 x 1 O' 3 kg/1 (25°C), and the molecular weight of HC1 and Ga are 36.461 x 10' 3 and 

69.72 x 10' 3 kg/mol, respectively. The calculation is made at room temperature due to the 

volume flow rate being determined by the mass flow controllers. A comparison is then 

made in mol/h.

Equation 7.1: Calculation of HC1 molar flow rate.

pV
Molar flow rate (mol/h) = ——

MW

Where p  is the density (kg/1), V is the Volume flow rate (1/h), and M W  is the Molecular 

weight (kg/mol).

Molar flow rate = 1.477 x 10' 3 x 3.267 / 36.461 x 10~3 = 0.13234 mol/h.

Equation 7.2: Calculation of Ga molar flow rate.

171
Molar flow rate (mol/h) = -------

MW

Where m is the mass flow rate (kg/h), and M W  is the Molecular weight (kg/mol).

Molar flow rate = 2.23 x 10' 3 /  69.72 x 10' 3 = 0.03199 mol/h.

7.2.3.1 Efficency of GaCl3 formation

Using equation 7.3 below, a ratio of 3:1 (mol) o f HC1 to Ga, respectively is required to 

produce GaCl3 .

133



Equation 7.3

3HC1 + Ga ->  GaCl3 + ^ H 2

By equation 7.3, 3HC1 consumed = 0.13234 (mol/h) and Ga consumed = 0.03199 mol/h. 

Therefore, the efficiency shown as a mol to mol comparison:

GaCl3 formation = (0.03199 / (0.13234 / 3 ) )  x 100 = 73% efficient.

Using equation 7.4 below, the ratio is 1:1 (mol) HC1 to Ga required to produce GaCl.

7.2.3.2 Efficency of GaCl formation

Equation 7.4

HCl + Ga -»  GaCl + — H2
2

By equation 7.4, HC1 consumed = 0.13234 (mol/h) and Ga consumed = 0.03199 mol/h. 

Therefore, the efficiency shown as a mol to mol comparison:

GaCl formation = (0.03199 / 0.13234) x 100 = 24% efficient.

The conversion efficiency is presumed to be between 73% and 24%, due to formation of 

both species. As previously mentioned, it is expected that the prevailing Ga source 

reactant will be the trichloride form prior to reaching the reaction chamber, although a 

proportion may be monochloride.

Beyond optimized conditions, as the flow rate of HC1 is increased it can be expected that 

the conversion efficiency will decrease which is presumed to be due to a decrease in the 

Ga source temperature and residence time on the Ga surface [5]. Under optimized 

conditions the conversion efficiency should become unity.
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When GaCh reacts with H2 it reduces to GaCl [6 ]. In addition, the trichloride form will 

reduce to the monochloride form at typical growth temperatures [7]. Thus, conversion to 

GaCl may be achieved in the reaction chamber.

7.3 HVPE nucleation

The intiation of growth is a problem for HVPE. For growth conditions with high 

supersaturation, nucleation becomes extremely fast [8 ] and may lead to highly defective 

material.

Ideally, the growth mechanism should create layer-by-layer growth. Molnar et al [9], 

reported a step flow mode for HVPE growth on a ZnO treated substrate. The step height 

corresponds to presumed growth by monoatomic steps (c = 5.19 A /2). However, HVPE 

is typically a rapid growth process and so a slow and controlled growth rate would be 

necessary to obtain layer by layer growth.

As previously discussed in Chapter 5, HVPE heteroepitaxy without a buffer layer tends to 

show a division of highly defective columnar material at the interface with the substrate. 

The defects in this region are typical for heteroepitaxy with a high mismatch combined 

with fast growth rate. Columnar material may show a high intrinsic carrier concentration 

(>1018 cm'3), which can affect the electrical properties of this region [10]. Buffer layers 

are therefore used for HVPE growth to improve the material quality mainly by reducing 

the strain, dislocation density and narrowing the defective interface region.

Growth regimes to enhance nucleation are therefore an important step to growth. Buffer 

layers are used to promote the initial nucleation which will in turn enhance the 

subsequent growth material [11]. However, it is suggested that complex growth regimes 

using ex situ buffer layers or multiple growth steps may lead to variations in material 

growth [ 1 2 ].
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7.3.1 Parasitic growth

A further obstacle of HVPE growth is the extraneous deposition which may occur on the 

reaction chamber wall. This parasitic deposition affects the reproducibility of growth 

material for consecutive growth runs. As a result, it is difficult to control the composition 

and growth rate, when growth occurs away from the deposition region [13]. This 

deposition is minimized as growth tends towards thermodynamic equilibrium. Examples 

and discussion are presented in section 7.17.4 of this chapter.

7.3.2 Impurities

Epitaxy in general is affected by impurities from the source reactants and in the case of 

heteroepitaxy from the foreign substrate. In addition, particles in the surrounding 

atmosphere will contribute to defective growth.

For HVPE GaN growth, the corrosive reactants will readily allow incorporation of 

impurities from the surrounding reactor material. These come from the quartz liner, 

susceptor, showerhead in the immediate vicinity of the growth zone but impurities from 

the outer stainless steel chamber and heater elements may also be present. In addition, 

there are impurites from the source gases [14].

High purity gases are used for these experiments together with purifiers for HC1, CI2 , and 

N H 3 .  The N 2  and H2 carrier gases are also purified. Common impurities found in GaN 

material are oxygen and carbon [15]. Further details are given in chapter 2, section 2.4.

7.4 Growth parameters

Growth conditions determine the structural, optical and electronic properties of the 

material produced. For HVPE growth, the fact that equilibrium can be achieved from a 

range of varying conditions causes complications in determining a standard growth
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procedure. Nevertheless, it is important to establish procedures and techniques for 

producing high quality material.

The HVPE technique remains a young technology and many systems are home built and 

operated, in the main by research groups. Commercial systems are still yet to be 

perfected. Thus, depending on the design of the reactor, growth technique, purity of 

sources, as well as other factors, the growth conditions reported by various groups can 

differ considerably.

The standard technique used for HVPE growth is shown in Figure 7.5. The growth 

temperature is raised and lowered, before and after the growth process, respectively. The 

NH3 flow should follow the trend of the temperature change to prevent the 

template/buffer from decomposing. The carrier gases are necessary for the growth 

process while N 2 is additionally used for post growth cooling. Growth (Gi to G2) then 

occurs for the duration of the GaC^/GaCl flow.
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Figure 7.5: HVPE growth parameters versus time
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7.4.1 HVPE system limitations

The HVPE machine for this project required extensive changes to become operational 

and unfortunately it was necessary to make compromises to the “in house” modifications.

The main limitation is due to the material and size of the reaction chamber. The material 

is stainless steel (316) which will degrade at temperatures above 500°C. Therefore, 

precautions are taken by limiting heat to the band heater and gallium boat heater. As a 

consequence, GaCb is produced at this lower temperature although conversion to GaCl 

will still take place as the gas approaches the growth zone, through increased temperature 

and reaction with H2 .

The six exhaust exit ports and exhaust manifold of the reaction chamber, which is part of 

the original design is the limiting factor for bulk GaN growth. NH4 CI is a vapour at 

growth temperatures but will sublimate into a white powder at a temperature ~ 340°C or 

below. Although the heater tapes assist in reducing this deposition, the exhaust ports and 

manifold become blocked by NH4 CI for growth runs longer than ~ 3 hours, at optimized 

conditions. As these exhaust lines become blocked, flows are restricted and as a 

consequence the growth rate is significantly reduced.

Generally, gallium boats are designed to be horizontal to allow HC1 to flow over a 

maximum gallium surface area. However, the limited space within the stainless steel 

chamber constrains the Ga surface area within the boat. Thus, a vertical boat is used 

containing five stacked chambers, each containing Ga.
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7.5 HVPE experimentation

7.5.1 Procedure

Prior to every growth run, a set procedure is followed to ensure consistency of results. 

This procedure is detailed as follows:

•  HC1 cleaning run which removes parasitic GaN from the side walls of the quartz 

liner and also susceptor.

•  Cleaning of reaction chamber, quartz liners, susceptor, manifold and exhaust 

lines.

•  Cleaning of traps and replacement of cold trap filter after every three growth runs.

•  Routine maintenance of throttle valve, and check valves after every ten growth 

runs.

One quarter of a 2 inch MOVPE GaN template wafer is used as the substrate base for 

each growth run except for the pressure and uniformity tests where full 2  inch wafers are 

used. The HVPE nano-column growth is performed on quarter sapphire c-plane wafers.

For each growth run, the quarter template wafer is placed centrally on the susceptor. 

Quarter templates are additionally labelled “a” to “d” for identification. As detailed 

above, the MOVPE GaN template has a GaN thickness ~ 2^im. Although the GaN is un

doped, it is intrinsically n-type, with a carrier concentration ~ 1 x 1017 cm'3. The GaN 

templates for these experiments are grown on sapphire c-plane (0001) substrates. The 

investigation into uniformity o f deposition at varying pressures uses 2 inch, LED 

structure wafers, due to a shortage of template material.

It is known that GaN, exposed to air at room temperature produces a layer of around 1.5 - 

3 nm thick, o f native oxides. The oxide formed is usually Ga2C>3 [16]. Therefore, it is 

necessary to remove any oxide layer from the MOVPE GaN template immediately prior 

to HVPE growth.
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The first step o f every growth run pumps the system down to near zero Torr, followed by 

the filling of the chamber with N 2 . This step removes moisture and impurites from the air 

entering the chamber, during loading/unloading of the wafers and maintenance.

The growth programmes for this project include an in situ template cleaning step where 

the H2 carrier gas is introduced into the growth chamber 10 minutes prior to growth. In 

addition, an etching step ramps down HC1 from the additional HC1 (HCUdd) line from 

200 seem to zero in 20 seconds. The HC1 etching step roughens the crystal face o f the 

GaN template immediately prior to growth. This creates growth sites where atoms may 

be incorporated.

It is suggested that the magnitude of the tensile stresses is associated to the island size at 

coalescence. To overcome this problem, control of the nucleation density could assist 

regulation of the coalescence stage [17]. The method reported here lowers the growth rate 

at the coalescence stage to allow stress relaxation, after which normal growth 

commences. The HC1 etching step mentioned above has the additional effect of lowering 

the supersaturation at the start of growth.

Before each growth run the external band heater, Ga boat heater and heater tapes to the 

exhaust system are switched on and allowed to reach their operational temperatures 

before the growth run commences. It should be noted that breaks in sample growth run 

numbers occur due to aborted runs. These are generally the result of problems with 

component parts and typically due to corrosion or blockages within the system.

7.6 Investigation o f the Ga transport source

The original HVPE system was built solely for CI2 transport of Ga. However, the HVPE 

system was modified to use either CI2 or HC1 for Ga transport, hence, investigation is 

made to determine the most suitable precursor for Ga “pick up” and transport to the 

growth zone.
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It is reported that CI2 and HC1 react readily with Ga at temperatures around 700-900°C, 

although an HCl/He mixture is suggested to be slightly more efficient in transporting Ga 

than a C^/He mixture [18]. Conventional systems produce GaCl as the source reactant 

[19]. However, an alternative method developed from GaAs technology, is to produce 

GaCl3 and react it with H2 in order to reduce it to the monochloride form [6 ]. Wickenden 

et al. report that GaCl3 will reduce to GaCl for their growth temperature of 1015°C [7].

An investigation is made here to identify the most suitable source gases (CI2 and HC1) for 

Ga “pick up” and transport, for this research project.

Growth parameter Setting using 

CI2 transport (seem)

Setting using 

HC1 transport (seem)

Ga transport source 50 50

n h 3 2 0 0 0 1 0 0 0

H2 total carrier gas 850 850

N2 total carrier gas 350 350

Ga boat N2 1 0 0 1 0 0

Table 7.2: Ga transport: CI2 versus HC1.

Figure 7.6: Ga transport by CI2 

Sample GaN_15

Figure 7.7: Ga transport by HC1

Sample GaN_29
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Sample Ga transport source FWHM (arc secs)

GaN_15 Cl2 408

GaN_29 HC1 312

Table 7.3: Ga transport x-ray FWHM co-scan comparison.

X-ray measurements are taken at the centre of each wafer, as detailed in section 7.7.1. 

The co-scans are shown in Figure 7.8 with GaN_15 using Cb for Ga transport and 

GaN_29 using HC1 for Ga transport having black and red plots, respectively.
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Figure 7.8: Ga transport: X-ray rocking curve co-scan.

7.6.1 Results and discussion

It can be observed in Figure 7.6, that a larger surface area of the sample wafer GaN_15 is 

single crystalline, in comparison with GaN_29, shown in Figure 7.7. However, the 

GaN_15 single crystal material is not uniform across the wafer. Moreover, it can be seen
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that many Ga droplets cover the surface of sample GaN_15. A  bubbler is used as the 

method of “Ga pick up” with the precursor flowing through the Ga. The result of Ga 

droplets is probably due to a violent reaction o f CI2 flowing through the Ga. Accordingly, 

the Ga bubbler design has been changed to a boat arrangement.

Sample GaN_29 shows more uniform single crystalline material, although confined to a 

small central area of the wafer. As shown in Table 7.2, a lower NH3 volume is used in the 

case of HC1 transport of Ga compared to CI2 transport. It is probable that the lower 

volume of NH3 used for the HC1 experiment, contributed to only the central area being 

single crystalline. This problem being possibly due to depletion, inadequate diffusion and 

a lower total flow rate. Subsequent investigations use an NH3 flow of 2000 seem for HC1 

transport, which provides increased total flow rate and uniform single crystalline material 

across the 2 inch wafer. The improvement of uniformity was also seen to be due to the 

increase of the carrier gas flows, during set up o f the initial parameters.

The x-ray FWHM co-scan presented in Table 7.3, shows sample GaN_29 to be of better 

crystalline quality than GaN_15, at the centre point of the wafer. This is verified in Figure 

7.8 showing the rocking curve plots. It is concluded from these experiments that HC1 is 

more suitable for Ga transport than CI2 .

7.6.2 Growth by HC1 transport

For the subsequent experiments using HC1 as the means of Ga transport, the heated Ga 

vessel is replaced for a boat design allowing the precursor HC1 to flow over a sufficient 

Ga surface area, thereby reacting to form GaC^. The production o f the trichloride form is 

due to the boat temperature held at 450°C, although a lesser amount of GaCl may also be 

produced. Higher temperatures cause the heater element to be more susceptible to 

corrosion by the seepage of HC1 from the quartz ball joints.
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7.7 General experimentation

7.7.1 Techniques

The procedures detailed in section 7.5.1, are followed to ensure consistency o f results. 

Each growth run unless stated otherwise is one hour long. Hence the growth rate and 

thickness of material correspond to each other. The growth rate is determined by 

weighing the GaN template before and after GaN deposition. This is calculated for the 

time period of growth. Some growth rates are also verified by direct measurements from 

the cross sectional area using SEM.

X-ray, and microscope images are made at the the centre of each sample wafer. X-ray 

diffraction is performed using a Bede D1 system set up for double diffraction mode and 

using the co-scan and 1mm slits. X-ray results are given as FWHM measurements. All 

optical microscope sample images, are obtained from a Reichert-Jung, Polyvar Met 

microscope, courtesy o f the University of Bristol, Department of Electrical and Electronic 

Engineering. Magnification (mag) is given for each image.

7.7.2 Growth Conditions

The initial gas flows and susceptor temperature are based on values obtained from 

various groups [3, 20-25]. However, conditions vary essentially due to reactor geometry, 

purity of sources, types o f template and other differences with the equipment used.

Adjustments are made to flows to determine a reasonable starting base. This is an 

iterative process to establish best conditions. Furthermore, it is recognized that there is a 

step difference between the recorded susceptor temperature and the true temperature 

value at the growing surface. The difference is due to the location of the thermocouple 

within the susceptor heater and the heat losses from the heater to the substrate, via the 

susceptor. The Ga boat heater and external band heater are predetermined and unaltered 

for the experimentation. The use of a higher temperature for the Ga boat of 550°C caused
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fast disintegration of the Ga boat heater element due to seepage of HC1 at the quartz ball 

joints, within the upper chamber. The heater element required replacing three times. It 

was established that a lower temperature of 450°C significantly reduced corrosion under 

these conditions. The purpose of the external band heater, is to maintain the showerhead 

at a temperature ~ 400°C, thus preventing deposition of ammonia chloride which would 

restrict the source flows. Again, a higher temperature of the band heater would cause 

degradation of the stainless steel growth chamber. Minimizing corrosion is equally 

important to reduce contamination of the growth material. It should be acknowledged that 

varying growth conditions and problems with components occasionally mask results. 

These problems may be summarized as:

•  Parasitic GaN deposition on the reactor chamber liner and susceptor which creates 

a change in growth deposition.

•  Blockages in mass flow controllers and valves, reducing delivery of source gases.

•  Blockages by ammonia chloride in exhaust lines causing a flow restriction.

•  Ammonia chloride deposits within the throttle valve and check valves, causing a 

variation in pressure.

•  GaN deposition on the outside of the Ga boat causing changes in the boat 

temperature and consequently the emissivity o f the Ga.

•  Differences in MOVPE template material affecting subsequent HVPE growth.

•  Corrosion of stainless steel parts causing contamination of growth material.

•  Contamination by oxygen which is typical of GaN growth [14, 15] and described 

in Chapter 2, section 2.4.

Other individual changes to conditions have been identified for some experiments.

7.7.3 Initial growth parameters

To begin, growth runs were made to check the correct operation of components, in 

particular the Ga boat and susceptor heaters. Test runs were also made to establish N 2  

purge flows between the liners and the reactor stainless steel chamber. Originally, the
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total carrier gas flows for N2 and H2 of 600 seem and 250 seem respectively, resulted in 

excessive parasitic depostition. These values were increased to 1000 seem and 350 seem 

and then again to the flows shown in Table 7.4, the latter showing significant 

improvement both to uniformity of material and parasitic deposition. Additional 

parameters requiring initial optimization are given as follows:

• Susceptor temperature.

• Gallium boat temperature, although having confined limits to restrain corrosion of 

the stainless steel chamber.

• V-III ratio.

• Balancing flows for both the N2 and H2 carrier gases.

Growth parameter Setting

Ga transport source 40 seem

n h 3 2 0 0 0  seem

H2 total carrier gas 1 1 0 0  seem

N2 total carrier gas (excluding boat) 1250 seem

Ga boat N2 1 0 0  seem

Susceptor temperature 1150°C

Boat temperature 450°C

External band heater 415°C

Table 7.4: Initial growth parameters.

The initial growth parameters shown in Table 7.4 provide a V-III ratio of 50 and a N2 iH2 

ratio of ~ 1 .2 :1 , which includes the N2 boat flow.

Initial optimization is performed as an iterative process. Single changes have been made 

for each run to determine the effects of each adjustment. However, design faults, and
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component problems, mainly due to the corrosive gases have hindered the optimization 

process, and experimentation.

Investigations of the growth parameters are made sequentially in the following sections, 

to optimize HVPE growth. Optimization should move the reaction process closer to 

thermodynamic equilibrium.

7,8 Growth pressure

7.8.1 Method

The HVPE system was originally designed to operate at low pressure, hence investigation 

is conducted at low pressure. The growth parameters used for this investigation are given 

in Table 7.4. Pressure is the only parameter changed for this experiment. The pressure 

range for these experiments is between 125 Torr and 500 Torr at intervals o f 125 Torr. 

Complete 2 inch substrates are used to determine the pressure effects over the whole 

wafer for each growth run. All substrates used are LED structures, due to a shortage of 

MOVPE template material.

7.8.2 Results and discussion

It is evident from the results shown in Table 7.5, that the growth pressure is optimized at 

a value o f 250 Torr. The growth rate of 14 pm h"1, is a maximum while the x-ray FWHM 

is 277 arc-seconds. This lowest FWHM value signifies the optimum crystalline quality. A 

general description o f the morphology is summarized in Table 7.6.
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Pressure

(Torr)

Growth rate 

(pni h'1)

FWHM

(arc-secs)

125 9 422

250 14 277

375 7 332

500 9 336

Table 7.5: Pressure experiment: Growth rate and x-ray FWHM results.

It is known that growth at reduced pressure favours higher diffusivity and an improved 

deposition rate. The pressure at 250 Torr produces the highest growth rate together with 

uniform deposition, although the lower pressure of 125 Torr appears to have detrimental 

effects to the growth material.

Pressure (Torr) Morphology

125 Single crystalline / patchy deposition

250 Single crystalline / uniform deposition

375 Hazy / mainly polycrystalline

500 Completely polycrystalline

Table 7.6: Pressure experiment: Morphology observations.

The surface morphology for the growth pressure of 250 Torr in Figure 7.9b is reasonably 

flat, and is typical for 2D growth, although streaks across the surface in this image show 

some unevenness. For growth at the lower pressure of 125 Torr shown in Figure 7.9a, the 

surface is rougher with 3D undulations, and has cracking with V-trough defects. Both 

figures 7.9a and 7.9b display pit defects.
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Figure 7.9: Optical microscope images of growth material from pressure experiment.

Figure 7.9a Figure 7.9b

Pressure at 125 Torr (x 200 mag). Pressure at 250 Torr (x 200 mag).

The InGaN layer within the LED structures used for this series of tests, tends to provide a 

stress release mechanism [26, 27]. Although the sample at 250 Torr did not show 

cracking at the suface, the sample grown at 125 Torr showed cracking, possibly due to 

the 3D growth, and irregular growth patterns, as shown in Figure 7.9a.

Figure 7.9c Figure 7.9d

Pressure at 375 Torr (x200 mag). Pressure at 500 Torr (x 200mag).

The morphology of the material grown at 375 Torr shows a large area of polycrystalline 

growth with some single crystalline regions. Images are shown in Figure 7.9c and Figure 

7.10c. The material grown at the 500 Torr is completely polycrystalline. This is displayed 

in Figures 7.9d, Figure 7.9e, and Figure 7.10d. The image at a higher magnification in 

Figure 7.9e shows growth material forming 3D islands, which is typical of polycrystalline 

material. From the results presented here, further experimentation above 500 Torr is 

considered unnecessary.
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Figure 7.9e

Pressure at 500 Torr (x 500mag).

Figure 7.10: Photographs of wafers from pressure experiments.

Figure 7.10a

Pressure at 125 Torr.

Figure 7.10c

Pressure at 375 Torr.

OUfcAl

Figure 7.10b

Pressure at 250 Torr.

Figure 7.10d

Pressure at 500 Torr.
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It is predetermined from the geometry of the reactor that low pressure conditions are most 

favourable. The gas flow is downward against thermal convection of the susceptor and 

hence the need for the gases to be drawn through the chamber. The growth pressure is 

optimized at 250 Torr, which is the pressure used for all subsequent experimental growth 

runs in this chapter. Although the conditions are not optimized at this stage, the sample 

grown at 250 Torr shows most uniform deposition.

In addition, a low pressure system would seem favourable. H. Shin et al, report that 

ammonia increases the surface roughness due to etching of the GaN surface, at pressures 

above 430 Torr [28]. This etching is caused by atomic and molecular hydrogen, 

dissociated from ammonia. The hydrogen concentration increased monotonically as a 

function o f pressure above 430 Torr, at 1130°C. However, the etching effect may be 

countered by the addition of N 2 .

7.9 Growth temperature

7.9.1 Method

The growth parameters used for this investigation are given in Table 7.4, with the 

exception of the susceptor temperature. For this experiment the susceptor temperature is 

changed by increments of 15°C, for each growth run. The growth pressure is 250 Torr. 

Each growth run uses one quarter of an MOVPE GaN template for deposition, positioned 

centrally on the susceptor.

7.9.2 Results and discussion

A broad range o f growth temperatures have been reported from 950°C [29] to 1150°C [7]. 

GaN growth is therefore not over sensitive to the temperature of the growing zone. 

However, it is well known that temperature affects GaN growth in the following ways:

• High temperature and/or low deposition rate tends to produce large crystal grains.
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• Low temperature and/or high deposition rate tends to produce small 

polycrystalline material.

The uniformity of deposition is strongly dependent on temperature. Wahl [30] suggests 

that irregularities in deposition profiles may be caused by changes in surface temperature. 

It is therefore important to minimize heat variations in the susceptor heater.

From the results given in Table 7.7, the x-ray FWHM co-scan value is a minimum for 

sample GaN_91. The value of 262 arc-seconds shows optimum crystalline quality for 

these tests. Sample GaN_91 also shows the best morphology presented in Table 7.8.

Sample Template Temperature

(°C)

Growth rate 

(pm h'1)

FWHM  

(arc secs)

GaN_90 1042d 1150 24.5 416

GaN_91 1004a 1135 24.7 262

GaN_92 1004b 1 1 2 0 24.7 293

GaN_93 1004c 1105 23.1 307

GaN_94 1004d 1090 2 1 . 8 290

GaN_95 1073a 1075 N/A 404

GaN_96 1073b 1060 N/A 501

Table 7.7: Temperature experiment: Growth rate and x-ray FWHM co-scan results.

A step difference between the recorded growth temperature and the real growth 

temperature is acknowledged, due to the distance of the thermocouple from the growing 

surface. The thermocouple is contained centrally within the susceptor heater. In the case 

of sample GaN_91, the temperature at the growing surface is expected to be ~1050°C, as 

reported by other groups [20, 22-25].

The plot in Figure 7.11 shows the growth rate increasing as the growth temperature 

increases, which is also reported by Shintani et al. [31]. Although the growth rate may be
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kinetically controlled over a wide temperature range [32], there are naturally limits to this 

temperature. Beyond the optimized growth temperature, the GaN growth rate will begin 

to decrease.
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Figure 7.11: Growth rate and x-ray FWHM oo-scan versus temperature.

For the temperature range of this investigation, a generally smooth growth surface is 

observed, although the morphology is rougher for sample GaN_96, grown at the lowest 

temperature.

Elongated depression defects are significantly visible in samples GaN_90 to GaN_94, 

shown in Figure 7.12a to Figure 7.12e. GaN_91 and GaN_92 (Figure 7.12b and Figure 

7.12c, respectively) display a smoother surface with fewer of these depression defects. 

Cracking is observed for all samples, although this cracking progresses significantly from 

sample GaN_92 through to sample GaN_96 (Figure 7.12c to Figure 7.12g). The latter
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two samples, GaN_95 and GaN_96 display significant cracking and large V-pit and V- 

trough defects. V-pits are also known as hexagonal V-pits and are discussed in section 

7.17 of this chapter. Low growth temperatures are reported to produce surface pit defects 

[33] which are observed in samples GaN_95 and GaN_96. Crack formation is more 

prominent for samples GaN_95 and GaN_96 which appears to correspond to the change 

of MOVPE template and maybe the result of template strain together with strain from the 

HVPE growth process [14]. Although depression defects are not visible for the two lower 

temperature growth samples, they do transverse templates used for samples GaN_90 to 

GaN_94.

Sample Morphology

GaN_90 Stepped surface / depression type defects

GaN_91 Smoother surface / some depression type defects

GaN_92 Slight cracking / some depression type defects

GaN_93 Slight cracking / depression type defects

GaN_94 Slight cracking / depression type defects

GaN_95 Cracking / defects V-pits / material peeling

GaN_96 Rough surface / cracking / defects V-pits and trenches / material

peeling

Table 7.8: Temperature experiment: Morphology observations.

To conclude, the growth rate is consistant for samples GaN_90 to GaN_92 presented in 

Figure 7.11. It is evident from this plot that the growth rate is not temperature sensitive 

within a defined range. However, it should be noted that the the crystal quality and 

surface morphology of the material changes with growth temperature.
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Figure 7.12: Optical microscope images of growth material from temperature

experiment.

Figure 7.12a

GaN_90 (x200 mag).

Growth Temperature 1150°C.

Figure 7.12c

GaN_92 (x200 mag).

Growth Temperature 1120°C.

Figure 7.12e

GaN_94 (x200 mag).

Growth Temperature 1090°C.

Figure 7.12b

GaN_91 (x2 0 0  mag).

Growth Temperature 1135°C.

Figure 7.12d

GaN_93 (x2 0 0  mag).

Growth Temperature 1105°C.

Figure 7.12f

GaN_95 (x200 mag).

Growth Temperature 1075°C.
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Figure 7.12g

GaN_96 (x200 mag).

Growth Temperature 1060°C.

7 .1 0  G a b o a t c a r r ie r  g a s

7.10.1 M ethod

Nitrogen is used solely as the carrier gas through the Ga boat. This facility allows a N2 

flow to accompany the HC1 source which “picks up”, and transports the Ga to the 

growing surface as GaCb/GaCl. In addition, the N2 is used to purge the Ga boat and the 

constant flow between growth runs, prevents oxidation of the Ga surface.

For this experiment, the effect of changing the Ga boat carrier gas flow is investigated. 

The N2 flow through the Ga boat is changed for settings of 25, 100, 200, 300, and 500 

seem, while the HC1 flow remains constant at 40 seem. Growth parameters used for this 

investigation are given in Table 7.4, except for the susceptor temperature and growth 

pressure, which have been optimized and set at 1135°C and 250 Torr, respectively. Each 

growth run uses one quarter of an MOVPE GaN template for deposition, positioned 

centrally on the susceptor.
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7.10.2 R esults and discussion

Problems were encountered with this set of experiments due to a fault tripping out the kit. 

Hence the breaks in the growth run number sequence, due to the growth runs requiring 

repeating.

It can be seen from the x-ray FWHM o)-scan data shown in Table 7.9 that the crystalline 

quality of material improves with increased N2 flow through the boat. The increased N2 

flow will increase the velocity of the GaCls/GaCl to the growing surface thus providing a 

more uniform distribution of the precursor, whilst also increasing the growth rate. 

Sufficient flux is required to penetrate the boundary layer and the increased growth rate 

with increased N2 flow would appear to demonstrate this effect. Furthermore, there is a 

trend showing lower x-ray FWHM co-scan measurements with increased N2 flow, 

reflecting improved crystalline quality.

However, the growth rate increases up to sample GaN_119 and then decreases for 

GaN_121. This phenomenon is highlighted in Figure 7.13. The increased N2 flow 

increases the growth rate to a limit and it is suggested that this limitation is due to the 

cooling effect of the increased N2 flow within the Ga boat, thus affecting the efficiency 

for Ga “pick up”. In addition, the increased N2 flow will change the residence time of the 

HC1 contact with the Ga, thus also affecting “pick up” efficiency.

Sample Template N2 flow HC1 How Growth rate FWHM

(seem) (seem) (pm h 1) (arc secs)

GaN_l 12 2118a 25 40 2 2 320

GaN_l 13 1218b 1 0 0 40 26 433

GaN_l 16 1 2 2 0 a 2 0 0 40 36 269

GaN_l 19 1 2 2 0 d 300 40 43 266

GaN_121 1213b 500 40 27 233

Table 7.9: Ga boat carrier gas experiment: growth rate and x-ray FWHM results.
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Figure 7.13: Ga boat carrier gas: Growth rate and FWHM co-scan versus N2 flow.

Sample Morphology

GaN_l 12 3D features / Many V-pit defects / edge effect

GaN_l 13 Smooth surface / some V-pit defects / slight cracking

GaN_l 16 Smooth surface / some V-pit defects / slight cracking

GaN_l 19 Smooth surface / some V-pit defects / slight cracking

GaN_121 Rougher surface / some V-pit defects / slight cracking

Table 7.10: Ga boat carrier gas experiment: Morphology observations.

Sample GaN_l 12 with the lowest N2 flow of 25 seem shows poorer surface morphology, 

and significant edge effect. In addition, dark GaN deposition is observed on the susceptor 

for the lower flows of 25 seem and 100 seem. The cause may be due to inadequate 

diffusion and distribution of the GaC^/GaCl.
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Figure 7.14: Ga boat carrier gas experiment: Optical microscope images.

Figure 7.14a

GaN_112 (xlOO mag). 

N2 flow 25 seem.

Figure 7.14b

GaN_l 13 (x 100 mag). 

N2 flow 1 0 0  seem.

Figure 7.14c

GaN_l 16 (x 100 mag). 

N2 flow 2 0 0  seem.

Figure 7.14d

GaN_l 19 (x 100 mag). 

N2 flow 300 seem.

The increase in N2 flow results in a smoother surface which is shown in Figure 7.14b to 

Figure 7.14d, for samples GaN_113, GaN_116, and GaN_l 19. Sample GaN_119 shows 

the best surface morphology which is produced with a N2 Ga boat flow of 300 seem. In 

addition, this sample has a higher growth rate. The higher N2 flow of sample GaN_121 

shows a slightly rougher morphology with 3D features, which may be caused by the 

cooling effect of increased N2 through the Ga boat.
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Figure 7.14e

GaN_121 (xlOO mag).

N2 flow 500 seem.

7.11 Optimized parameters

The optimized growth parameters are summarized at this point and these are used as the 

settings for the subsequent experiments.

Growth parameter Setting

n h 3 2 0 0 0  seem

HC1 (Ga boat) 40 seem

N2 (Ga boat) 300 seem

N2 carrier gas (excluding Ga boat) 1250 seem

H2 carrier gas 1 1 0 0  seem

Chamber pressure 250 Torr

Susceptor temperature 1135°C

Boat temperature 450°C

Table 7.11: Optimized growth parameters.

The N2:H2 ratio for the optimized parameters shown in Table 7.11 is 1.4:1. The total gas 

flow rate during the growth process is ~ 4.7 slm.
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7.12 HCl (Ga transport) flow

7.12.1 M ethod

The revised optimized parameters given in Table 7.11 are used for this experiment with 

the exception of the HCl (Ga transport) flow, which is changed to investigate the effect of 

varying the GaCh/GaCl source.

The HCl flows for this set of experiments are made in increments of 10 seem for samples 

GaN_184 to GaN 186. These lower flow rates are of interest because the surface 

morphology and crystal quality is expected to improve around this range. It is well known 

that high growth rates produce rough, inferior quality material [34]. The higher flow rates 

are spaced with increments of 20 seem. Each growth run uses one quarter of an MOVPE 

GaN template for deposition, positioned centrally on the susceptor.

7.12.2 R esults and discussion

Sample Template HCl boat flow Growth rate FWHM

(seem) (pm h'1) (arc secs)

GaN_184 1361c 2 0 14 283

GaN_185 136 Id 30 2 0 237

GaN_186 1362b 40 25 203

GaN_187 1362c 60 40 233

GaN_194 1368d 80 52 322

Table 7.12: HCl transport experiment: growth rate and x-ray FWHM results.

The growth run with best surface morphology and crystalline quality is GaN_186. The 

x-ray FWHM co-scan is the best achieved for all growth runs, with a value of 203 arc-
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seconds. The break in run numbers is due to the necessity for maintenance of the exhaust 

system and vacuum pump and subsequent test runs.
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Figure 7.15: Growth rate and FWHM x-ray scan versus HCl flow.

At typical growth temperatures, the growth rate is mass transport limited. The growth rate 

is directly proportional to the input partial pressure of GaCl, although not significantly 

influenced by the partial pressure of NH3 [32]. There is a linear correlation to the growth 

rate and HCl flow rate [31, 35-37]. Figure 7:15 shows that the growth rate for this 

investigation is almost linear, which confirms that the HCl flow rate is the limiting factor 

to HVPE GaN growth. In addition, it is observed that parasitic deposition improves with 

increased HCl flow.

The FWHM co-scan shows the best crystal quality material grown at 40 seem of HCl. The 

differences for the x-ray FWHM measurements for each sample show less variation
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which infers that conditions are closer to optimization. In addition, step changes caused 

by the differences within the templates appear to be minimal for both x-ray results and 

the observed morphology, as seen in Table 7.13.

Sample Morphology

GaN_184 rough line features / many V-pit defects / cracking

GaN_185 slight 3D features / many V-pits / cracking

GaN_186 smoother surface / some V-pits / slight cracking

GaN_187 rougher 3D features / some V-pits / cracks

GaN_194 very rough 3D features / some V-pits / many cracks

Table 7.13: HCl transport experiment: Morphology observations.

The surface morphology for the lower HCl flows would be expected to produce smoother 

surfaces due to the resulting lower growth rate. However, it is acknowleged that not all 

parameters are optimized, in particular the N2:H2 ratio which is 1.4:1 for this set of 

experiments.

A slightly smoother surface morphology is seen for samples GaN_186 and GaN_187, 

which corresponds to the improved x-ray results particularly of GaN_186. However, 

sample GaN_184 displays rough striation type morphology with many V-pit defects. The 

observed difference in surface features is expected to be caused by the low HCl flow 

through the Ga boat, possibly causing less diffusion and depletion of the reactant.
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Figure 7.16: HCl transport experiment: Optical microscope images.

Figure 7.16a

GaN_184 (x200 mag).

Figure 7.16c

GaN_186 (x200 mag).

Figure 7.16b

GaN_185 (x200 mag).

Figure 7.16d

GaN_187 (x200 mag).

Figure 7.16e

GaN_194 (x200 mag). 

Image of sub-surface.

Figure 7.16f

GaN_194 (x200 mag). 

Image of surface.
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As expected for samples GaN_187 and GaN_194, the surfaces become rougher with an 

increasing growth rate. Numerous cracks are visible for these samples. These consist of 

surface and sub-surface cracks, the latter only featuring for these two samples for these 

HCl flow experiments. Sub-surface cracking is generally estimated ~ 8pm to 10pm below 

the surface, using a microscope micrometer. Further investigation using SEM of the cross 

sectional material of GaN_194 is presented showing both surface and sub-surface 

cracking. Figures 7.17a shows a typical surface crack with Figure 7.17b displaying the 

depth ~ 30 pm.

Figure 7.17: Surface cracking: Cross sectional SEM images.

Figure 7.17a Figure 7.17b

Figure 7.18a reveals sub-surface cracks with Figure 7.18b providing the dimensions of 

these cracks. Sub-surface cracks may be filled over completely as growth continues. 

However, it is observed for GaN_194 and GaN_217 that fault lines or fractures occur in 

the growth direction. After growth closes over a crack it may still reappear along the 

same fault line. This feature is shown in Figure 7.31b.
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Figure 7.18: Sub-surface cracking: Cross sectional SEM images.

1 2 .15um

9 .42um

Figure 7.18bFigure 7.18a

Optical microscope images with a lower magnification are presented here to illustrate 

surface roughness, cracking and defects. V-pit defects are seen on all samples while V- 

trough defects which occur along cracks, are only observed in samples GaN_184, 

GaN_185, and GaN_187.

Figure 7.19: HCl transport experiment: Optical microscope images (low magnification).

Figure 7.19a Figure 7.19b

GaN_l84 (x20 mag). G aN _l85 (x20 mag).
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Figure 7.19c Figure 7.19d

GaN_186 (x20 mag). GaN_187 (x20 mag).

Figure 7.19e

GaN_194 (x20 mag).
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7.12.3 PL analysis

Sample HVPE thickness 
(microns) 

GaN_184 14
GaN_185 20
GaN_186 25
GaN_187 40
GaN_194 52

4 0 0 0 0  - I

'55 20000 -

3 6 0 4 2 0 4 8 0

Wavelength (nm)

Figure 7.20: Spectral plots showing the change in peak intensity for each sample.

Photoluminescence characterization is investigated here for the HCl flow experiments. 

Single spectral plots were obtained using a He-Cd 325nm laser at the University of Bath. 

However, a low broad peak is detected around 400 -  460 nm. These plots were verified in 

Figure 7.20 and Figure 7.21, with the assistance of James Gray, using a Renishaw NUV 

system with a 325nm He-Cd laser at the University of Bristol, Department of Physics. PL 

is performed on the centre of each sample wafer.

This low broad peak is particularly pronounced for samples GaN 185 and GaN_186, 

although this is not noticeable for samples GaN_184 and GaN_194 due to the low 

intensity. Sample GaN_187, displays the highest band edge peak intensity with a 

relatively low peak between 400 - 460 nm.
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Sample HVPE thickness
(microns)

GaN_184 14
GaN_185 20
GaN_186 25
GaN_187 40
GaN 194 52

420 480

Wavelength (nm)

Figure 7.21: Spectral plots normalized and smoothed.

The spectral plots were normalized on a logarithmic scale and smoothed to emphasise the 

broad PL peaks which occur below the band-gap energy of 3.4 eV (365 nm). These are 

known as the blue (BL) and yellow luminescence (YL) peaks and are centred at ~ 2.9 eV 

(428 nm) and ~ 2.2 eV (564 nm), respectively. The origin of these peaks is generally 

attributed to defects [38].

Gallium vacancies VGa are more favourable under n-type conditions while nitrogen 

vacancies Vn are most likely to form under p-type conditions due to their low formation 

energies in these materials [39]. It is suggested that yellow luminescence is attributed to 

the VGa or related complexes [40] or by a gallium vacancy-oxygen complex [41, 42]. 

However, the cause of YL in less pure GaN remains debatable. Reshchikov and Morko$ 

propose the cause in less pure GaN to be VGa related defects associated with dislocations
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and other structural imperfections while an alternative suggestion is carbon [43] or a 

carbon and oxygen complex [44].

Blue luminescence is related to various defects and types of transitions. This 

luminescence band is observed in undoped GaN grown by MOVPE [45] and Zn-doped 

GaN with both types of doping peaks ~ 2.88 eV [42]. BL is also observed in Mg-doped 

GaN with a peak ~ 2.8 eV [46] and also in C-doped GaN having a peak ~ 3.0 eV [47].

The BL plots shown in Figure 7.21 have peak wavelengths between 2.85 -  2.95 eV and 

therefore it may be reasonable to assume this luminescence band is that of undoped GaN. 

Furthermore, it is reported that oxygen contributes to YL and may also be involved in BL 

together with hydrogenated gallium vacancies [48]. Oxygen is a common contaminent in 

GaN growth due to water vapour in the source ammonia gas. Alternatively, carbon could 

be a contaminant due to corrosion of the HVPE stainless steel reaction chamber.Results 

shown in Figure 7.21 show a trend of decreasing BL and YL as the HVPE layer thickness 

increases. These bands may be the result of growth on the MOVPE template and decrease 

with HVPE thickness.

Furthermore, GaN produced by HVPE shows reduced intensity o f yellow luminescence 

compared to TMGa based MOVPE materials [49].The trend for this experiment shows a 

decrease in these bands as the HVPE thickness increases, although sample GaN_184 

displays minimal blue luminescence. In addition, an increase in HVPE growth thickness 

shows an increase in intensity for samples GaN_185 to GaN_187. However, GaN_184 

and GaN_194 display significantly low peak intensities. PL measurements were taken 

collectively and so settings or calibration differences are disregarded.
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7.13 V-III ratio experiment

7.13.1 Method

The parameters used for this experiment are given in Table 7.11, with the exception of 

the HCl (Ga boat) flow which is set at 60 seem, and the NH3 flow, the latter changed in 

order to achieve the varying V-IH ratio. Each growth run uses one quarter o f an MOVPE 

GaN template for deposition, positioned centrally on the susceptor.

7.13.2 Results and discussion

This experiment is limited by the NH3 mass flow controller for the HVPE system, which 

has a maximum flow of 2 slm. A maximum flow o f ~ 6  slm would be preferred to 

investigate larger V-III ratio values up to 100.

GaN growth requires a much greater concentration o f the reactant N H 3  compared to 

GaCl. The excess partial pressure of N H 3  assists in partly suppressing dissociation o f the 

GaN epilayer. For the flow rates required for growth, ammonia has a small influence on 

the deposition rate for this excess partial pressure [31]. It is suggested that typical growth 

flow rates of N H 3  are well in excess, that a change of ±  50% will not affect the growth 

rate or uniformity.

In contrast, the results in Table 7.14 show a maximum growth rate for a V-in ratio of 25 

which then decreases for a lower V-III ratio of 16.67. Unfortunately, the limitation o f the 

mass flow controller prevents analysis of any trends at higher V-in ratios. It would be of 

interest to ascertain the the effect of excess N H 3  at higher flows. From the results 

provided in Table 7.14, the FWHM co-scan shows deterioration in crystalline quality, as 

the V -m  ratio decreases, although it should be noted that the templates are different for 

each growth run.
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Sample Template NH3 flow HCl flow V-III G/rate FWHM

(seem) (seem) ratio (pm h'1) (arc secs)

GaN_201 1292c 2 0 0 0 60 33.33 41 2 1 2

GaN_205 138 Id 1500 60 25 48 356

GaN_206 1423a 1 0 0 0 60 16.67 45 484

Table 7.14: V-III ratio experiment: Growth rate and x-ray FWHM co-scan results.

The HCl flow experiment, in Table 7.12 shows the best crystalline quality material 

having a V-III ratio of 50. This occurs for sample GaN_186 with an HCl flow of 40 seem, 

although no direct correlation can be made with the results in this section.
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Figure 7.22: Growth rate and x-ray FWHM co-scan versus V-III ratio.

The changes in surface morphology are presented in Table 7.15. It is observed that the 

higher V-III ratio of 33.33 provides a smoother surface typical of 2D growth. As the V-III
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ratio decreases the morphology becomes rougher with 3D features. In addition, cracking, 

V-pits and V-troughs become more prevalent with lower V-III ratios.

Sample Morphology

GaN_201 Smoother surface / some cracking

GaN_205 3D features / V-pit and trough defects / cracking

GaN_206 rough 3D features / many defects, V-pit and trough / cracking

Table 7.15: V-III ratio experiment: Morphology observations.

The surface morphology is dependent on the V-III ratio. Low V-III ratios (high growth 

rates) produce surface pit defects [33], which are observed particularly in sample 

GaN_206. Surface pits are suggested to be the result of the vertical growth rate being 

faster than that of lateral growth.

Figure 7.23: V-III ratio experiment: Optical microscope images.
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Figure 7.23a Figure 7.23b

GaN_201 (x20 mag). GaN_201 (x200 mag).

V-III ratio 33.33.
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Figure 7.23c

GaN_205 (x20 mag). 

V-III ratio 25.

Figure 7.23e

GaN_206 (x20 mag). 

V-III ratio 16.67.

Figure 7.23d

GaN_205 (x200 mag).

Figure 7.23f

GaN_206 (x200 mag).

7.14 N2:H2 ratio experiment

7.14.1 Method

The parameters used for this experiment are given in Table 7.11, with the exception of 

the N2 and H2 flows, which are changed to achieve the given ratios. The N2 flow through 

the Ga boat remains constant at 300 seem to maintain the GaC^/GaCl velocity to the 

growing surface. This flow is taken into consideration in calculating the ratios. It should 

also be noted that the N 2 flow through the Ga boat is necessary for the H2 experiment. 

Thus, 89% hydrogen carrier gas is used. The total carrier gas flow remains a constant 

value of 2650 seem for each growth run, while the ratio is changed proportionately as
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required. Each growth run uses one quarter o f an MOVPE GaN template for deposition, 

positioned centrally on the susceptor.

Results and discussion

The N 2 :H2 ratio of 1.5:1 is similar to the ratio of 1.4:1 for the optimized parameters in 

Table 7.11, although this experiment has a slightly higher growth rate ~ 34 pm h"1, 

compared the HCl flow experiement ~ 25 pm h' 1 (Table 7.12). Extensive maintenance of 

the exhaust system and the installation of a new vacuum pump made prior to these 

growth runs are suspected to have improved the growth rate.

From the results of the x-ray FWHM co-scan given in Figure 7.16 it can be seen that the 

best crystalline quality is achieved using a N 2 :H2 ratio of 1:1. As the N 2 content increases 

the crystalline quality tends to deteriorate. Approaching ratios o f around 5:1 and 7:1 the 

H2 flows may be considered marginal at 442 and 331 seem, respectively. These ratios 

come close to the flows for pure N2, and as a consequence have similar FWHM co-scan 

values. In addition, as N 2 is increased beyond the optimized ratio, the surface morphology 

tends to become rougher with 3D features. These results are typical for the increase of N2  

content for the carrier gas. It is well known that N 2 promotes 3D growth.

In contrast, it can be seen in Table 7.16 that the growth rate is suppressed due to the 

greater H2 content of 89%. The inclusion of H2 to the HVPE gas phase may form HCl, as 

the following reaction:

Equation 7.5:
GaCl3(g) + H2 (g) <-> GaCl(g) + 2HCl(g)

In the extreme case, HCl etching will cause negative growth. As a result of etching at the 

growing surface, the morphology will become rough. Sample GaN_212 shows poorer 

crystalline quality from the FWHM co-scan in Table 7.16, together with a poor surface
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morphology shown in Table 7.17, which may be assumed to be caused by etching from 

the formation of HCl within the gase phase.

Sample Template N2 :H2 ratio G/rate 

(pm h*1)

FWHM

(arc secs)

GaN_212 1420c 1:9 2 0 366

GaN_207 1423b 1 :1 27 241

GaN_215 1368a 1.5:1 34 296

GaN_208 1423c 3:1 37 300

GaN_209 1423d 5:1 46 484

GaN_210 1420a 7:1 50 513

GaN_211 1420b Pure N2 48 497

Table 7.16: N2 iH2 ratio experiment: Growth rate and x-ray FWHM results.

Hydrogen and nitrogen are used as both a carrier gas and diluents. N2 is a popular choice 

of carrier gas because it is inert for epitaxial growth. Other carrier gases, such as He and 

H2 have lighter molecules and compliment a laminar flow more readily. However, H2 is 

not an inert gas and affects the growth reaction.

M. Meyyappan [25], reports that a reasonable variation ranging from 100 -  300 seem of 

H2 does not affect the growth rate, although it decreases when H2 is significantly 

increased. In contrast, the growth rate increases when the carrier gas is changed to N2 .

It is suggested that an H2 ambient encourages a 2D growth mode to reduce surface areas. 

By contrast, 3D growth with typical hexagonal pyramid formation increases the surface 

area of the (0001) facet. Thus, N2 used as a carrier gas suppresses desorption of the 

surface atoms, leading to a 3D growth mode. As a consequence, the growth rate is faster 

in an N2 ambient.
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In the case of MOVPE growth, the desorption of surface N atoms is enhanced when H2 

is adopted as the carrier gas [50]. As a result, the growing surface becomes Ga-rich, while 

the use of N2, as the carrier gas provides an N-rich surface. Increasing the H2 flow rate, 

supresses the decomposition rate of NH3 , which in turn reduces the GaN growth rate [51]. 

The same analogy may be applied to HVPE growth. For a general (0001) facet having 

Ga-polarity, the surface Ga-N bond will be more easily broken using H2 as the carrier 

gas. The surface area will become smooth, and the surface Ga-rich [51]. Therefore, H2 

enhances the deposition process and as a consequence, the surface morphology. 

However, there are limits to the H2 content which will enhance the growth process for 

HVPE.
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Figure 7.24: Growth rate and x-ray FWHM versus H2 carrier gas content.

It is reported that the growth rate decreases with increasing H2/N 2 fraction relatively 

linearly [52]. This decrease is confirmed from the experimentation and shown in Figure 

7.24, with the exception of sample GaN_211. Sample GaN_212 which has an 89% 

content of H2 has the lowest growth rate. In addition, it is observed that parasitic 

deposition occurs on the quartz liner for sample GaN_212.
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The plot in Figure 7.24 shows the lowest value for the x-ray FWHM co-scan is obtained 

from the H2 N 2 ratio of 1:1, which reflects optimum crystalline quality. In addition, this 

sample (GaN_207) has a smoother morphology as summarized in Table 7.17, and shown 

in Figure 7.25b.

Sample Morphology

GaN_212 rough 3D features /cracking

GaN_207 line features / smoother surface / minimal cracking

GaN_215 undulating but smooth surface / many cracks

GaN_208 rough 3D features /cracking

GaN_209 rough 3D features /cracking

GaN_210 rough 3D features / many defects /cracking

GaN_211 small 3D features /  many defects / cracking

Table 7.17: N2 iH2 ratio experiment: Morphology observations.

It is reported that using a 1:1 mixture of H2:N2 for the carrier gas produces the lowest 

density of cracks in the GaN material surface [52]. This report is verified from the 

observations of sample GaN_207 which has a H2 :N2 ratio 1:1 and shows a smooth 

surface with minimal cracking. Richter et al. report improvement on pit defects with a 

H2/N 2 mixture. With a higher N2 content more pinhole defects are seen with a higher 

dislocation density, with the result of lower strain [53]. As recorded in Table 7.17, many 

defects are observed as the N2 content is increased. It is also reported that the addition of 

hydrogen produces a smoother surface [54], which is confirmed with a H2:N2 ratio 1:1.

The temperature at the growing surface is dependent on the type of carrier gas. A 

decrease in surface temperature by 50°C is observed as the carrier gas is changed from H2 

to N2 [55], However, although these experiments are close to optimized conditions, the 

trend shows an increased growth rate for an increased N2 ambient. Nitrogen provides a 

faster 3D growth mode regardless of this slight temperature difference. Thus, the growth
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rate is not temperature sensitive within a defined range, as concluded in section 7.9 of this 

chapter.

Figure 7.25: N2 :H2 ratio experiment: Optical microscope images.

Figure 7.25a

GaN_212 (xlOO mag). 

N2 :H2 ratio 1:9.

Figure 7.25c

GaN_215 (xlOO mag). 

N2:H2 ratio 1.5:1.

Figure 7.25e

GaN_209 (xlOO mag). 

N2:H2 ratio 5:1.

Figure 7.25b

GaN_207 (xlOO mag). 

N2:H2 ratio 1:1.

Figure 7.25d

GaN_208 (xlOO mag). 

N2 :H2 ratio 3:1.

Figure 7.25f

GaN_210 (xlOO mag). 

N2:H2 ratio 7:1.
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Figure 7.25g

GaN_211 (x 100 mag).

Pure N2 .

7.15 Uniformity experiment

7.15.1 M ethod

The exhaust system consists of six exhaust ports separated by an angle of 60°, around the 

cylindrical reaction chamber. The exhaust ports are level with the susceptor and substrate 

surface. The source gases are directed at the substrate surface where the adsorption and 

desorption processes occur. Thereafter, the gas flow moves radially outwards, where it 

exits through the six exhaust ports. An investigation is made of the thickness of the 

HVPE growth material for two areas of interest. These are the areas aligned to the 

exhaust port and the areas between the exhaust ports.

Using SEM on cross sectional samples, measurements are taken radially outwards, in a 

straight line from the centre to the outside edge of the wafer, at intervals of 3.3 mm, both 

in alignment with an exhaust port and aligned between two exhaust ports. Results of the 

growth thickness are shown in Table 7.18 and plotted in Figure 7.26. For this 

experimentation, HVPE growth is made on a full 2 inch MOVPE GaN template. Growth 

parameters used for this experiment are given in Table 7.22.
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7.15.2 R esults and discussion

Producing a very smooth surface over a large area is a general problem for HVPE 

growth. This is due to the high rate of deposition. Factors concerning surface morphology 

include the uniformity of flux reaching the deposition zone, growth temperature and the 

uniformity of temperature at the deposition zone. Another important factor, distinct to 

HVPE growth chemistry is that gas phase etching may produce uneven surfaces [19].

It is therefore necessary for uniform distribution of the reactant gases. When GaCl or 

GaCfi is supplied from a central input tube, a decreasing amount of the reactant reaches 

the substrate by diffusion as the distance increases between the input tube and the 

substrate [25]. This diminishing diffusion to the growing surface results in a reduced 

growth rate [31]. Therefore, a shower-head design is preferable to allow uniform 

distribution and diffusion of the reactants across the reaction chamber. Furthermore, the 

gas flowing downwards to the heated susceptor will cause buoyancy. Hence the flow will 

not be linear. Surface area coverage is a further factor for consideration. For an increased 

wafer surface area the reactants and in particular the GaCls/GaCl flow should be 

increased. A larger deposition area causes reactant depletion.

Position Centre

1 2 3 4 5 6 7

Edge

8

Aligned 

with port

14.81 14.70 13.69 13.11 11.93 11.28 10.78 10.19

Between

ports

15.04 15.73 16.79 18.22 18.74 18.81 18.94 18.77

Table 7.18: Uniformity experiment: HVPE layer thickness measurements (microns).

Measurements reveal a noticeable change in thickness from between the area aligned 

with the exhaust ports and the area between the exhaust ports. This data shows a
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consistant change from near the centre of the wafer to the outside edge, for these two 

regions. These measurements are presented in Table 7.18 and Figure 7.26.

HVPE layer thickness measurements are made in microns shown in Table 7.18. Points 

are taken from centre to outside edge of wafer, at intervals of 3.3mm.

—• — Aligned with exhaust port 
—• — Between exhaust ports

1 8 -

1 7 -

1 0 -

0 5 10 15 20 2 5

Distance from centre of wafer (mm)

Figure 7.26: Growth thickness across wafer from centre to edge

Results show a linear decrease in deposition thickness from the centre to the edge of the 

wafer in alignment with the exhaust port. In contrast, GaN deposition increases from the 

centre towards the edge, for measurements between the exhaust ports. In the latter case, 

the thickness tends to level beween points 5 and 8 , taken on the wafer. Therefore, the 

mass transport would appear to be contained for the region between the exhaust ports. 

Thus, the growth rate increases due to greater residence time of the species on the 

growing surface.

The pattern of deposition shown in Figure 7.26 is not consistant with heat variation 

caused solely by heat loss from the susceptor. It is self evident that the profile disparity is
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caused by the six exhaust ports. The inclusion of a showerhead should allow proportional 

mixing of the reactants across the reaction chamber, thus providing uniform deposition. 

However, the exhaust system produces a counteraction to the intended even flow.

The three main causes o f the change in thickness in line with the exhaust ports may be 

identified thus:

•  In a stationary state the GaCl concentration does not vary with time but will 

change along the gas flow [31]. Futhermore, the wafer surface acts as a sink for 

GaCl which is consumed by the deposition reaction [25]. Therefore, for a fixed 

GaCl mass flow, reactant depletion may occur radially outwards towards the 

wafers edge in the direction towards the exhaust ports.

•  It is well known that at typical growth temperatures, the growth rate is mass 

transport limited [20, 56]. Thus the flow being concentrated towards the exhaust 

ports could be detrimental to deposition and the growth rate. Hegems [24] reports 

that the reaction o f formation may not be complete as a result of high flow rates.

•  The gas flow direction towards the exhaust ports may have a cooling effect on the 

wafer surface, thereby causing a lower growth rate at this location. Thus, the 

temperature boundary layer may also be responsible for the irregular deposition. 

The cooling effect o f the flows towards the exhaust ports may change the 

temperature at these areas of the growing surface. As mentioned previously Wahl 

[30] proposes that variations of surface temperature will affect deposition.

In addition, because the exhaust ports are inline with the growing surface, as shown in 

Figure 7.34a the reactants may deflect from the wafer surface towards the exhaust ports, 

making ineffectual contact. Most commercial vertical reactors have the exhaust system 

below the susceptor and heater, thereby drawing the gases over the substrate and 

susceptor. Furthermore, the susceptor for the HVPE project is static. The standard method 

to provide uniformity of growth across the wafer is to rotate the susceptor.
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However, taking into consideration the points above, a sufficient flow velocity or flux is 

required to reduce the development of a stagnant boundary layer above the growing 

surface, which would hinder diffusion and deposition. For vertical reactors, this applies 

radially outwards towards the wafers edge. Boundary layer analysis for the diffusional 

flux of reactant reaching the growing surface is given by:

Equation 7.6:

J oc DCo/5

where D is the diffusivity, Co is the concentration of reactant in the free stream and 8  is 

the boundary layer thickness.

Position FWHM FWHM FWHM

1 (centre) 2  (midway) 3 (edge)

Aligned with port 292 390 401

Between ports 278 265 336

Table 7.19: X-ray FWHM co-scan (arc-seconds) analysis from centre to edge of wafer.

X-ray FWHM measurements aligned with the exhaust ports, show a decline in material 

crystalline quality, from the centre to the edge of the wafer. However, measurements 

between the ports are more consistent with a slight lowering of crystal quality towards the 

edge.

7 .1 6  S iH 4 e x p e r im e n t

7.16.1 M ethod

An investigation is made using SiH4 as an n-type dopant for HVPE GaN growth. The 

SiH4 concentration is 5% in nitrogen. Undoped GaN is intrinsically n-type, therefore a 

minimal amount is required to increase doping to general required levels. Diffusion of
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dopants into pre-grown GaN material is impossible because with decomposition ~ 980°C, 

the temperature is still too low to allow diffusion [57].

The experiments consist of two growth runs using doping of 10 and 20 seem and one 

undoped growth run for comparison. Each growth run uses one quarter of an MOVPE 

GaN template for deposition, positioned centrally on the susceptor. Growth parameters 

used for this experiment are shown in Table 7.22.

7.16.2 R esults and discussion

Details of the flows together with the x-ray data are shown in Table 7.20. Many cracks 

are observed for both the samples containing SiH4 dopant. The x-ray data shows 

GaN_217 to have a greater FWHM co-scan measurement compared to the undoped 

sample. However, sample GaN_216 has a lower FWHM co-scan value, although a 

different MOVPE template is used.

Sample Template SiH4 flow

(seem)

FWHM  

(arc secs)

GaN_218 1345d 0 380

GaN_216 1368b 1 0 301

GaN_217 1345c 2 0 477

Table 7.20: SiH4 experiment: X-ray FWHM results.
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Figure 7.27: Carrier concentration versus SiH4 flow.

Results obtained by Hall measurements are shown in Figure 7.27 and Table 7.21. The 

undoped sample has a carrier concentration of 2.43el7 cm3 which is typical for undoped 

HVPE GaN [58, 59]. Figure 7.27 displays the increased SiH4 dopant flows producing an 

increased carrier concentration, which is expected although this is not linear, possibly due 

to the change in template material.

Sample Bulk R Mobility Carrier conc.

(Ohm-cm) (cm2 /V-sec) (cm-3)

GaN_218 2.37E-01 1.09E+02 2.43E+17

GaN_216 2.27E-02 2.79E+02 9.89E+17

GaN_217 1.43E-02 1.15E+02 3.79E+18

Table 7.21: SiH4 experiment: Hall measurements.

Table 7.21 shows an increase in bulk resistivity (Bulk R) and mobility with increased 

doping. In addition, GaN_216 displays the best results for these measurements which are 

possibly due to the higher crystalline quality, as shown by the x-ray data in Table 7.20.
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Van der Pauw measurements show relatively low mobilities for samples GaN_217 and 

GaN_218 which indicate a high degree of compensation in the material [60]. However, 

the problem may occur due to the use of the same template.

Hall measurements are performed on a Bio Rad Hall System HL5500, by Roy Blunt, 

courtesy of IQE Europe Ltd., in Cardiff. The system software uses both Van der Pauw 

and Hall techniques to calculate resistance, mobility and carrier concentrations.

Doping of GaN significantly changes the stoichiometry. There tends to be a strong 

compensation effect resulting in doping induced defects rather than free carriers. To 

achieve greater doping efficiency it is suggested that conditions should be far from 

equilibrium [61]. The doping efficiency of both p-type and n-type is reduced due to these 

doping induced defects although the n-type efficiency is slightly higher. Boguslawski et 

al. [61] suggest that the intrinsic n-type doping of GaN is caused by nitrogen vacancies

Figure 7.28: GaN_217: Sub-surface cracking (x200 mag.)

Optical microscope image of SiH4 doped sample.

In the case of GaN grown by MOVPE, it is reported that Si is a source of stress [62, 63]. 

Cracking is attributed to tensile stress in the film during growth. These reports correspond 

to the observations for this investigation. Samples GaN_216 and GaN_217 show an 

increase in crack appearance with increased SiH4 concentration. These cracks occur both 

at the surface and below the surface. The extent of this sub-surface cracking is displayed 

in Figure 7.28, while further analysis is provided in the section below with images shown 

in group Figures 7.30 and 7.31.

VN
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7.17 Analysis o f growth problems

7.17.1 V -pits defects

Surface pit defects can generally be observed on thick GaN growth material. Small pits 

may occur where threading dislocations arrive at the epilayer. These are nanometers in 

size and are relatively insignificant. However, larger pits with a regular hexagonal shape 

may be tens of microns in size [35].

It is reported that hexagonal V-pit defects in HVPE GaN growth are connected to 

threading dislocations [23]. It is suggested that they occur due to the defects not 

coalescing and becoming larger. Surface pits may also be created by particles arriving at 

the growing surface and are overgrown to form pits. Particles may be present in the gases 

entering the reaction chamber or they may be created from parasitic growth upstream of 

the substrate. Large pits may become overgrown and terminate during growth.

Figure 7.29: Images of growth material showing V-pits.

Figure 7.29a

Optical microscope image 

Typical image of V-pit 

GaN_186 (x500 mag).

Figure 7.29b

Cross sectional SEM image 

Typical image of V-pit
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7.17.2 Sub-surface cracking

Intrinsic stresses can cause the formation of cracks in the GaN growth material. It is 

suggested that the strain of the growing film accumulates to a point where local cracking 

occurs on the surface [64]. It is also presumed that this cracking develops at sites of 

surface defects. These cracks may close with the progression of growth [65]. In addition 

microcracks can be created in the sapphire surface [17].

Tensile strain is released close to the crack but further away the strain remains. As growth 

progresses the cracks are overgrown leaving a row of pits at the growing surface, where 

the crack occurred. Cracking continues with the build up of strain over other parts of the 

material and in turn is filled by growth. It is suggested that the constant formation of 

these cracks will gradually relax the growing surface as the growth material thickens 

[6 6 ]. Images shown in Figures 7.30a and 7.30b show evidence of sub surface cracking. 

Furthermore, it can be observed in Figure 7.31b, that cracks reappear at the same position 

in the growth direction. These cracks do not heal completely but show fracture lines 

between the re-emerging cracks. Cracking causes problems for device processing and is 

detrimental to device operation.

Figure 7.30: Surface and sub-surface cracking: Optical microscope images

Figure 7.30a Figure 7.30b

GaN_217 surface cracks (x500 mag). GaN_217 sub surface cracks (x500 mag).
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Figure 7.31: Sub-surface cracking below V-troughs: Cross sectional SEM images.

Figure 7.31a Figure 7.31b

GaN_217 Cross section SEM image GaN_217 Cross section SEM image of V

of V trough over surface crack. trough over sub-surface crack / fracture.

V-trough defects may occur intermittently along cracks. Cross section analysis by SEM 

show that these defects may be either sited directly over a surface crack or above sub

surface cracking. Figure 7.31b provides confirmation of V-trough defects positioned 

directly over sub-surface cracks.
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7.17.3 Edge E ffect

Figure 7.32: Edge effect: Optical microscope and SEM images.

Figure 7.32a

GaN_186 Optical microscope image (xlOO mag).

Figure 7.32b

GaN_186 Cross sectional SEM image: 

border of edge effect

Figure 7.32c

GaN_186 Cross setional SEM image: 

edge effect material

Edge effect is generally caused by the limitation of species migration at the edge of the 

growth material. This feature is observed in chapter 8 , for both nano-ELOG lateral 

overgrowth and HYPE bulk GaN overgrowth where small test pieces were overgrown.
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7.17.4 Parasitic D eposition

As growth parameters become optimized and closer to equilibrium, less parasitic 

deposition is observed on the reaction chamber quartz liner and susceptor. Parasitic 

deposition greatly improved for increased carrier gas flows when establishing the initial 

growth settings. A large deposition was seen for the increased H2 content shown in the 

carrier gas experiments, in section 7.14. In addition, this deposition also reduced with 

increased GaCl flow, for the HC1 (Ga transport) experiment, in section 7.12.

Figure 7.33: Parasitic deposition on reactor liner.

Figure 7.34a Figure 7.34b

Figure 7.34a shows the quartz reaction chamber liner after growth run GaN_186. 

Parasitic growth is seen to become minimal as optimized parameters are reached. Figure 

7.34b shows parasitic growth on the quartz liner after run number GaN_212, with a high 

H2 content. The deposition is not uniform which is due to one of the exhaust ports 

becoming blocked during growth.
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7.18 Summary

The accomplishments of this section are outlined as follows:

• Installation of a novel design of HVPE reactor with “in house” designs of reaction 

chamber, showerhead, Ga boat, susceptor and susceptor heater.

• Successful growth of bulk GaN by HVPE is achieved using this unique reactor 

design.

The best x-ray result is achieved on sample GaN_186 with a FWHM co-scan value of 203 

arc-seconds. However, this is prior to optimization of the N2 :H2 ratio which shows a step 

change in results. As conditions become optimized morphology shows an improved 

smooth surface, although some cracking of the material is observed for HVPE growth on 

MOVPE templates.

Growth parameter Setting

n h 3 2000 seem

HC1 (Ga boat) 40 seem

N2 (Ga boat) 300 seem

Total N2 carrier gas (inc. Ga boat) 1325 seem

Total H2 carrier gas 1325 seem

Chamber pressure 250 Torr

Susceptor temperature 1135°C

Boat temperature 450°C

Table 7.22: Final optimized growth parameters.

Bulk GaN growth on nano-ELOG is achieved from the optimized parameters presented 

here in Table 7.22. The processes and results are explained in Chapter 8. The maximum 

thickness accomplished is ~ 117 pm for the HVPE GaN overgrowth on sample 1322-1, 

having a 3 hour growth run.
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8 Growth on Nano-column Templates

8.1 Introduction

It is reported that HVPE grown bulk GaN material grown on MOVPE GaN templates 

tends to separate when the GaN thickness exceeds 0.7 to 0.8 mm for crystals with 

dimensions ~ 2 to 3 cm [1]. However, due to non-uniformity of the crystal thickness 

between 0.5 mm to 2 mm across the wafer, self separation of a 2 inch GaN substrate is 

difficult to achieve. Moreover, although this group produced thick, crack free GaN 

material, they advise the material is highly strained and cracks after polishing and 

cleaving. Such reports emphasize the necessity to reduce strain and the importance of 

growth techniques for strain relaxation. Furthermore, strain can induce formation of 

dislocations and stacking faults [2]. Self separation from the sacrificial foreign substrate 

is an additional requirement and more attainable using techniques involving air cavities, 

where minimal connection is made between the foreign substrate and the bulk GaN 

material.

The fact that GaN growth lends itself to both vertical and lateral growth, makes the latter 

technique useful for growth over air cavities, without the need of material support from 

beneath. This technique is an extension to the ELOG process from which “Pendeo 

Epitaxy” and “Air Bridged” methods have developed.

Lateral growth across air cavities are known as “wings”. However, when wings or growth 

fronts meet together from different seeding regions, mis-orientation can occur. At this 

point the grain boundaries may have tilt and twist components. Significant tilt can be 

harmful to device operation and should be minimized or eliminated [3]. The quest to 

minimize misorientation of the growth fronts has given rise to the development of 

different methods of lateral growth.

This research project demonstrates a method of lateral overgrowth from seed regions at 

the top of the nano-columns, with lateral growth and coalescence over air cavities. The
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nano-columns provide partial support between the foreign substrate and bulk GaN 

material. Thus, strain and dislocations may be reduced by way of the lateral overgrowth 

technique developed for this project. The lateral overgrowth method will be referred to as 

“nano-ELOG” and is performed on an Aixtron 200/4HT RF-S MOVPE machine at the 

University of Bath, Department of Physics, by Dr Chaowang Liu.

8.1.1 Nano-column material

Nano-columns may be formed by the following methods:

•  Fabrication using a nano-dot mask followed by either dry or wet etching or both.

•  Use of an anodic aluminium oxide (AAO) mask where mask material sputtered 

into the holes is followed by either dry or wet etching or both.

•  Epitaxial growth, generally by MBE but growth by HWE [4] and HVPE [5] is 

reported.

Strain release is reported for all techniques. GaN nano-columns fabricated using an 

anodic aluminium oxide film as an etch mask are reported to have stress relaxation 

compared to GaN films [6 ]. Partial relaxation of compressive strain is additionally 

reported for nano-columns [6 ], and GaN nanoporous material [7]. The latter is produced 

by UV assisted electrochemical etching using HF as an electrolyte.

MBE nano-column growth and subsequent overgrowth is reported to have near strain free 

overgrowth material with a c-axis length o f 5.1848 A, for a layer thickness o f 2.7pm [8 ]. 

It is proposed that stress reduction is due to residual stress being localized at the nano

column/sapphire interface. Furthermore, nano-rods produced by MBE are reported to be 

nearly defect free [9].
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8.2 Project goals

Techniques to fabricate nano-columns are presented in this section together with 

investigations of GaN overgrown on the fabricated material using MOVPE for nano- 

ELOG, followed by HVPE for bulk growth. Lateral overgrowth shows the effectiveness 

of the techniques used to preserve the air cavities between the nano-columns.

The aims o f this section may be summarized as follows:

•  Produce GaN nano-column base material on sapphire substrates.

•  Develop a technique for GaN lateral overgrowth by MOVPE across the tops of 

the nano-columns preserving the air cavities between the nano-columns and 

achieving full coalescence.

•  Growth by HVPE of a bulk GaN layer over the MOVPE nano-ELOG layer.

•  Strain release for the GaN overgrowth material.

•  Reduction in dislocation densities for the GaN overgrowth material.

•  Self separation of the GaN overgrowth from the sapphire substrate.

8.2.1 HVPE nano-column growth techniques

The first goal of this project is to produce GaN nano-columns for subsequent overgrowth 

of bulk GaN. As a result, HVPE growth of GaN nano-columns directly on c-plane 

sapphire substates is investigated in this section.

It is known that low temperature GaN epitaxy produces columnar growth. The initial 

GaN growth directly on sapphire is energetically inclined to produce isolated islands 

rather than adhere to the sapphire as a uniform thin film. This phenomenon, under the 

right conditions may produce nano-columns. Successful growth of nano-rods on sapphire 

by HVPE is reported [5], although direct comparisons cannot be made due to differences 

in growth parameters and reactor geometry. Columnar defective growth is also reported 

when growing directly on sapphire by HVPE [10].
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Sample Temp. Main Growth Parameters Growth

(°C) (all runs below use NH3 flow 2 0 0 0  seem) Time

NC_1 480 HC1 20.0 seem, N2_boat 100 seem 90 mins

NC_2 600 Repeat NC_1 except temperature change 90 mins

NC_3 480 HC1 7.5 seem*, N2_boat 200 seem 60 mins

NC_4 480 HC1 10.5 seem*, N2_boat 300 seem 15 mins

NC_5 480 HC1 15 seem*, N2_boat 600 seem 15 mins

NC_ 6 450 HC1 9.5 seem*, N2_boat seem 15 mins

NC_7 420 HC1 9.5 seem*, N2_boat seem 15 mins

NC_ 8 480 Cl2 9.3 seem*, N2_boat 300 seem 15 mins

NC_9 480 Cl2 9.0 seem*, N2_boat 100 seem 15 mins

NC_10 600 Cl2 9.3 seem*, N2_boat 300 seem 15 mins

NC_11 600 Repeat NC_10 with addition SiH4 10 seem 15 mins

NC_12 600 Repeat NC_10 with addition SiH4 30 seem 15 mins

NC_13 600 Repeat NC_10 with addition SiH4 50 seem 15 mins

NC_14 600 Repeat NC_3 except pulsed HC1 10 seem for 3 secs 

with N2 10 seem for 15 secs

15 mins

NC_15 600 Repeat NC_3 except SiNx in-situ mask using SiH4 prior 

to growth for 30 sec.

15 mins

NC_16 600 Repeat NC_3 except AIN nucleation layer using H2 

prior to growth at 1100°C for 10 mins

15 mins

Table 8.1: HVPE nano-column growth runs

* The HC1 Ga transport mass flow controller has a minimum flow of 5 seem. However, 

problems were experienced with a blockage to the flow. Following cleaning, prior to 

growth run NC_6 , minimum flows are between 9.0 and 9.5 seem.

Table 8.1 provides main details of growth experimentation by HVPE. Growth is directly 

on c-plane sapphire substrates for all experiments in this section. Low growth
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temperatures are used ranging between 420°C and 600°C, and N 2 solely, is used as the 

carrier gas to promote vertical growth. As an analogy, it is reported that GaN nanograins 

are nucleated on a sapphire substrate at a growth temperature of 600°C [11]. However, 

Inoue et al. [4] report continuous growth on sapphire using Hot Wall Epitaxy. The 

technique consists of Ga deposition which is stopped prior to the N H 3  flow. This method 

is reported successful on Si (111) substrates.

The use of HC1 to transport the Ga causes a fast growth rate and continuous growth. 

Subsequently, a mixture of 5% CI2 content in N 2 is used as the method of Ga transport, in 

order to reduce the growth rate. Further experimentation includes growth run number 

NC_14 which is a pulsed programme to alternate between HC1 and N 2 flows, again aimed 

at reducing the growth rate.

Growth run number NC_15 uses a method of creating an in situ SiNx monolayer prior to 

growth. This layer is intermittent thereby providing nucleation sites on the sapphire for 

isolated columnar growth. The technique of growth run number NC_16 uses an H2 flow  

prior to growth for thermal desorption of the oxygen atoms on the surface o f the sapphire 

substrate ( A I 2 O 3 ) .  An initial N H 3  flow will create an A I N  or A l N O x  layer, thus creating 

nucleation sites.

8.2.2 Nano-column fabrication

In this section, a second line of investigation is made to produce GaN nano-columns by 

fabrication methods. Nano-columns are formed by selectively etching MOVPE GaN 

templates through Ni and Si0 2  masks. The fabrication technique is detailed in Figure 8.1.
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Ni
S i0 2

G aN

Al20 3 substrate

The structure of the nano-colum ns are produced from the 
growth material of the M O V P E  tem plate. A  G aN  tem plate or 
structured material tem plate m ay be used. A S i0 2 buffer layer 
is deposited on top of an M O V P E  G aN  tem plate, to prevent the  
nickel forming an alloy with the gallium. Finally nickel is 
deposited on top of the S i0 2 buffer layer.

A A A  A A A
S i0 2

G aN

Al20 3 substrate

The w afer is annealed thus causing the nickel to adhere to 
itself forming islands. T h e  technique is know as a nickel nano
dot mask.

A A A A A A

Al20 3 substrate

First the S i0 2 is etched to the G aN  layer using RIE. Following 
this step, the G aN  or structured material is etched using ICP. 
For specifically designed thicknesses, the nano-colum ns m ay  
be etched down to the sapphire substrate.

Al20 3 substrate

Nickel debris is removed using nitric acid. The nickel cap and  
S i0 2 layer are then removed together using BO E 10:1 as the lift 
off process. The nano-columns are then rinsed in Dl w ater and  
baked to remove moisture within the structure.

Figure 8.1: Nano-column fabrication technique
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The investigation for nano-column fabrication for the HVPE project may be summarized:

• Use of MOVPE GaN templates and structured layers containing AlGaN.

•  Processing of Si0 2  and Ni layers on MOVPE GaN templates.

•  Annealing of Ni to form Ni nano-dots.

•  Selective etching of the Si0 2  layer to expose the GaN surface using RIE.

•  Selective etching of the GaN or structure layer to form the nano-columns using 

ICP.

•  Removal of any Ni fragments on the tips and also between the nano-columns, by 

etching in nitric acid.

•  A separate study investigates wet etching using KOH to produce well defined 

nano-columns.

•  Removal of the SiC>2 and Ni layer using BOE “lift o f f ’ (section 8.2.2.6).

•  Rinsing in DI water and bake at 200°C to remove moisture.

•  SiNx coating of nano-columns to prevent side wall GaN growth.

•  Removal of SiNx from the tops of the nano-columns to create a GaN seeding 

region for lateral overgrowth.

8.2.2.1 Nickel nano-dot mask

The thickness o f the SiC>2 layer controls the size and density of the Ni dots. As the 

thickness of the Si0 2  film is increased, the Ni dots become large but less dense [12]. A  

compromise is therefore necessary. Ideally, a nano-column diameter ~ 50nm would be 

preferable, however a sufficient buffer thickness is required to withstand the selective 

etching process. Lin et al. [12] report that a high annealing temperature and duration tend 

to form large Ni dots with a low density. The maximum density of Ni dots is given as 7.2 

x 1012 cm '2 with a dot size of 33 nm. A suggested optimized annealing temperature and 

time are given as 850°C and 22 seconds, respectively.

GaN templates are processed by PECVD to deposit a layer ~ 200 nm of Si0 2 . Although 

either SiNx or SiC>2 may be used as the buffer layer, Si0 2  is chosen because it has a faster
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deposition rate by PECVD compared to SiNx. The buffer layer prevents direct contact 

between Ni and GaN, thus reducing the formation o f Ni-Ga compounds. Typically the 

alloy formed would be nickel gallate. Finally, a Ni layer ~ 5nm is deposited on top o f the 

SiC>2 buffer layer by Electron-Beam Evaporation.

SiC>2 is deposited by PECVD using a Plasma-Therm 790 Series, at the University o f Bath, 

Department of Physics. The process gases are Sith* and N 2O with flows of 1000 seem for 

both gases and the process temperature is 300°C. The deposition rate is calculated ~ 20.5 

nm/minute.

For this project, the Ni is annealed for 30 seconds, at a temperature of 800°C, under a 

flow o f nitrogen using a tube furnace. When the nickel is annealed, self adhesion causes 

the formation of individual nickel islands or dots. With respect to the suggested 

optimized annealing temperature and time o f 850°C and 22 seconds, respectively [12], 

the adjustment in temperature allows a longer annealing time, thereby allowing greater 

accuracy for insertion into and withdrawal from the tube furnace. However, it should be 

noted that the shape, size and distribution of the Ni nano-dots are random and as a 

consequence, the nano-columns have the same irregularities. In addition, there are 

limitations to size and density that can be produced using this method.

8.2.2.2 Nano-column size and density

Material, etching conditions, and etching characteristics are factors for investigation. 

Requirements for GaN overgrowth suggest small diameter nano-columns ~ 50 nm with a 

relative low density. However, consideration should be given to the nano-column width, 

as thermal decay may occur at the lateral overgrowth temperature.

GaN nano-columns grown by MBE on sapphire are reported to have a diameter in the 

range o f 53-80 nm and a density o f 130 x 1012 columns per square meter [13]. The 

diameter o f GaN nano-columns grown by HVPE directly on sapphire are in the range o f
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80-120 nm [5]. Si nano-columns have been fabricated with an average diameter of 29 nm 

and a density of 2.84 x 1012 cm'2. The column height was 150 nm [12].

For nano-columns fabricated for the HVPE project, dimensions are given in sections

8.3.3 and 8.3.4, of this chapter. In addition, emphasis has been directed to column height 

to assist the prevention of infilling of the air cavities during the nano-ELOG process.

8.2.2.3 Techniques of etching

The technique to form the GaN nano-columns uses two separate processes and gas 

recipes. Firstly, REE is used to selectively etch the Si0 2  layer through the nickel nano-dot 

mask. The unetched Si0 2  directly beneath the nickel nano-dots then becomes the mask 

for the next stage using ICP. The RIE and ICP processes may produce Ni fragments 

which could settle between the columns and cause contamination to both material and 

equipment.

A Plasma-Therm HFS 1001 S is used, for REE of the SiC>2 layer. The process gases and 

their related flows are given in Table 8.2. The SiC>2 and GaN etch rates are given in Table 

8.4.

Process Gas o 2 Ar c h f 3

Flow (seem) 6 . 8 44.6 3.7

Table 8.2: RIE process gases for Plasma-Therm HFS 1001 S.

The second process uses ICP for selective etching of the GaN through the SiC>2 mask. 

The GaN layer is etched using a Plasmalab System 100 using recipe parameters, shown in 

Table 8.3. Due to the high ICP Power of 2000W, the Plasmalab System 100 allows rapid 

etching of the GaN layer to form nano-columns. ICP etch times and the corresponding 

nano-column height is given in Table 8 .6 .
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Process Gas h 2 Cl2

Flow (seem) 3 50

Table 8.3: ICP process gases for Plasmalab System 100.

Equipment Method Etched Layer Etch Rate

Plasma-Therm HFS 1001S RIE S i0 2 ~ 18 nm/min

Plasmalab System 100 ICP GaN (1322) ~ 470 nm/min

Plasmalab System 100 ICP GaN (1343/1356) ~ 635 nm/min

Plasmalab System 100 ICP AlGaN (2-140/2-142) ~ 525 nm/min

Table 8.4: Etch rates for selective etching.

The GaN nano-columns are formed from undoped GaN MOVPE templates grown on c- 

plane sapphire. These are produced on an Aixtron 200/4HT RF-S MOVPE machine at the 

University of Bath, Department of Physics, by Dr Chaowang Liu. The structures 

containing AlGaN and InGaN are supplied by the National Chiao Tung University, in 

Hsinchu, Taiwan. Details of the material used to form nano-columns are presented in 

Table 8.5.

Each sample wafer is cleaved into quarters due to the limitation in size of the annealing 

furnace. Each full wafer sample is processed complete (batch processing) except for the 

annealing process. However, the nano-column treatment and overgrowth experimentation 

using quarter wafers has allowed extensive analysis for the limited template material, on 

which the nano-columns are formed.

Reference is made here to the “Fundamentals of Microfabrication” [14], for the 

techniques used for dry etching by RIE and ICP.
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Sample Structure

1322 ~ 1. 6  pm u-GaN

1343 ~ 850 nm u-GaN

1356 ~ 850 nm u-GaN

2-140 ~ 75 nm GaN / 2.5 pmAlGaN

2-142 -  75 nm GaN / ~ 20 nm AlGaN / -  75 nm InGaN / ~ 2.0 pm AlGaN

Table 8.5: Template structures for nano-column fabrication.

Sample ICP Etch Recipe ICP etch times Nano-column height

1322-1 Cl2 / h 2 90 sec ~ 700 nm

1343 Cl2 / h 2 70 sec ~ 740 nm

1356 c i 2 / h 2 70 sec ~ 740 nm

2-140 Cl2 / Ar 74 sec ~ 650 nm

2-142 Cl2 / Ar 74 sec ~ 650 nm

Table 8 .6 : Etching recipes with etch times and nano-column height.

It should be noted here that sample 1322-4 for the KOH experiment is dry etched 

separately to produce a nano-column depth of ~ 1.4 pm. The aim of deeper etching is to 

reach the sapphire substrate base, however the ICP etching is insufficient with the 

template thickness of ~ 1 .6  pm.

8.2.2.4 CI2 /Ar dry etch recipe

Dry etching of AlGaN material typically uses Cl2/Ar [15]. Thus a Cl2/Ar recipe was 

prepared on the ICP Plasmalab System 100, for the formation of nano-columns where 

AlGaN is used within the template structure.

The Plasma-Therm HFS 1001 S and Plasmalab System 100 are used by courtesy of the 

University of Bristol, Department of Electrical and Electronic Engineering, with the
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assistance of Mike Redwood, and Dorleta Cortaberria-Sanz. All other processes are 

performed at the University of Bath, Department of Physics with Somyod 

Denchitcharoen, and Dr Philip Shields.

8.2.2.5 KOH etching method

A study is made for additional nano-column etching using KOH, following the dry etch 

process. The ICP etching process produces nano-columns with side walls widening 

towards the base o f the columns. An experiment is therefore performed to investigate the 

effects o f KOH etching on the side walls of the nano-columns. The aim was to produce 

narrower, well defined columns.

Test pieces from the same sample wafer (sample 1322-4) are used for each etch at a 

specific time. Fabrication of the nano-columns is made using the same technique detailed 

in sections 8.2.2 of this chapter, prior to BOE lift off. The sample for this experiment is 

ICP etched separately and has a nano-column depth o f ~ 1.4 pm. After the ICP dry etch 

process, any remaining nickel debris from the RIE and ICP etching is removed with nitric 

acid for 30 seconds and rinsed with DI water and dried with nitrogen. The SiC>2 mask is 

left in place to protect the c-plane top of the nano-columns, although it is known that 

KOH etching o f Ga-polar GaN is anisotropic [16].

The samples are then etched in KOH at a constant temperature of 75 °C for the designated 

etch times. Following etching, the material is rinsed in DI water and dryed with nitrogen. 

Generally high temperatures are used for KOH etching, although in this case a lower 

temperature is chosen to allow for a more controlled etching process. The KOH etch 

times were 5 minutes, 10 minutes and 15 minutes. A comparison is also made with a 

sample not etched in KOH. The Si0 2  buffer/mask forming the protective layer on the 

nano-column tops is removed after KOH etching using the lift off process described in 

section 8 .2 .2 . 6  o f this chapter.
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8.2.2.6 Lift off process

For the first sample 1322-1, BOE with a ratio o f 10:1 DI water to HF acid, is used to 

remove the remainder of the Si(> 2  mask. However, the coalescence problems experienced 

for this sample necessitated a specific procedure. For all subsequent samples a procedure 

is adopted as detailed below:

•  Removal of Ni fragments created by the RIE and ICP processes by etching in 

nitric acid for 30 seconds, then rinsing in DI water and drying with nitrogen.

•  “Lift o f f ’ of the SiC>2 mask and remaining Ni cap by etching in BOE with a ratio

of 10:1 DI water to HF acid for 3 minutes. The sample is then rinsed thoroughly 

in DI water and dryed with nitrogen.

•  Bake at 200°C to remove moisture within the nano-column structure.

Nickel requires both an acid and an oxidizer to etch, both of which are present in nitric

acid (HNO3). The etching time was established from conducting etching tests of nickel 

layers. Any remaining Ni on the nano-column cap is removed by the “lift o f f ’ process. 

BOE will remove the Si0 2  buffer layer, undermining any Ni remaining from the Ni mask 

layer. The “lift o f f ’ etch time has been determined from etching tests and analysis using 

SEM.

8.2.2.7 Nano-column nitridation processing

The use o f a SiNx or Si0 2  layer to prevent GaN growth is a standard technique for ELOG, 

Pendeo Epitaxy and Air Bridged methods. Therefore for this project, the fabricated nano

columns are coated with a thin SiNx layer to preserve the air cavities during the nano- 

ELOG process. However, it is necessary to remove the SiNx coating at the top o f the 

nano-columns to expose the GaN, thus providing the seeding region for nano-ELOG. 

Details of the nitridation process are given in Figure 8.2.
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SiNx coating
S iN x etched to form  
G aN  seeding region

Nano-colum ns  
fabricated prior to 

processing

S iN x coating 
deposited by 

P E C V D

S iN x etched by IC P  to 
expose G aN  seeding  

region at the cap

Figure 8.2: Technique of nano-column nitridation.

Sample SiNx thickness SiNx cap etched Exposed cap height

1322-1 25 nm 37 nm 1 2  nm

1343-1 26 nm 36 nm 1 0  nm

2-140-B 25 nm 50 nm 25 nm

2-142-B 25 nm 50 nm 25 nm

255-A 25 nm 50 nm 25 nm

Table 8.7: SiNx coating and cap etching.

A SiNx test piece is included at each step of the SiNx processing in order to measure the 

amount of SiNx etched or deposited. A Filmetrics F30 reflectometer is used to measure 

the thickness of the sample after each appropriate process step. SiNx is deposited in a 

downward direction into the nano-column material by PECVD. The equipment used for 

this process is a Plasma-Therm 790 Series, at the University of Bath, Department of 

Physics. The process gases are SiR* and NH3 with flows of 250 seem and 5 seem,
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respectively. The process temperature is 300°C and the deposition rate is ~ 4.3 nm per 

minute.

The caps of the nano-columns are then etched by ICP using an Oxford Instruments, 

Plasmalab 80 to expose a GaN seeding region. The process gas is C H F 3  having a flow of 

20 seem. The etch rate is ~ 45 nm per minute. Two etching depths are investigated to 

reveal seeding region cap heights o f ~ 12 nm and 25 nm details o f which are shown in 

Table 8.7.

8.2.3 The necessity of nitridation: Benchmark studies

It is well known that Si0 2  and SiNx mask layers prevent GaN growth, which is the 

general method of masking GaN templates prior to ELOG epitaxy [3]. However, 

investigation is required to determine if air cavities can be maintained during the nano- 

ELOG process without the use of a SiNx coating on the nano-column sidewalls. Thus 

benchmark studies are made comprising:

•  GaN nano-columns without a SiNx coating.

•  KOH formed oxide (Ga2 0 3 ) on the GaN nano-column sidewalls.

•  Structured material containing AlGaN.

•  The nano-ELOG process is repeated on the above fabricated material but with a

SiNx coating for comparison.

A summary of the experiments are presented in Table 8 .8 . In the case o f direct 

comparisons, material is processed in batches for reproducability and uniformity.

8.2.3.1 KOH formed oxide

This benchmark process is made to establish if KOH will form an oxide on the sidewalls 

of the GaN nano-columns thus preventing or hindering GaN growth within the air 

cavities. For this process the oxide formed is Ga2 0 3 .
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Following the ICP dry etch process, the nano-column material is first etched in nitric acid 

for 30 seconds to remove any Ni fragments within the nano-columns and then etched for 

3 minutes in BOE, as decribed in the “lift o f f ’ process in section 8.2.2.6. The sample is 

then treated in KOH for 2 minutes at 75°C and then dried with nitrogen in order to 

produce a Ga2 0 3  coating within the nano-columns. It should be noted that no etching is 

made to expose a seeding region, following the treatment. The nano-ELOG is then 

performed on the sample, to observe the effect of the treatment.

8.2.3.2 AlGaN structured material

AlGaN is investigated as an alternative method for the prevention of GaN growth on the 

nano-column side walls. The GaN/AlGaN/InGaN structure is shown in Figure 8.3. The 

experimentation for this section comprises:

i) GaN/AlGaN nano-columns without a SiNx coating.

ii) GaN/AlGaN/InGaN/AlGaN nano-columns without a SiNx coating.

iii) GaN/AlGaN nano-columns with a SiNx coating.

iv) GaN/AlGaN/InGaN/AlGaN nano-columns with a SiNx coating.

The two latter experiments, iii and iv have ICP etching performed on the SiNx layer to 

expose the GaN cap, thus providing a seeding layer.

The use of AlGaN is a possible method of preventing GaN growth on the nano-column 

sidewalls. Ga species are less mobile on surfaces with high A1 content [17]. Hence 

investigation is made to determine if the AlGaN layer prevents infilling of the air cavities 

by nano-ELOG. Therefore, the SiNx coating is only used for a comparison. The AlGaN  

layer has 3-5% A1 content, although greater A1 content would be preferred. The nano

columns are fabricated by the same nickel nano-dot mask method except the AlGaN is 

etched using an ICP recipe of C^rAr 50:10 seem. Cl2 :Ar is considered a more appropriate 

etch for AlGaN [15]. Both structures consist of a GaN capping layer which acts as the 

seeding region for nano-ELOG.
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GaN capping / seeding region

InGaN for additional compliance 

^  ■ Nano-colurnns etched into AlGaN buffer layer

u

AlGaN buffer to assist prevention of nucleation / growth

Figure 8.3: GaN/AlGaN/InGaN structure.

8.2.3.3 Additional compliance using InGaN

The structure comprises GaN/AlGaN/InGaN/AlGaN, as shown in Figure 8.3. Indium is a 

soft, ductile, malleable metal and therefore the intermediate InGaN layer should provide 

additional compliance for the nano-ELOG layer. Furthermore, strain relaxation behaviour 

is reported in InGaN/GaN multiple quantum wells [18].

The structures containing AlGaN and InGaN have been produced for our research by the 

National Chiao Tung University, in Hsinchu, Taiwan.

GaN

A lG aN

InGaN

AlG aN  
buffer layer

Al20 3 substrate
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8.2.4 Sum m ary o f Experim ents

Sample Experiment Process Nitridation

1322-1 SiNx nitridation test ICP used to etch Ni and 

SiNx buffer

SiNx nitridation

1343-1 Thinned nano-columns in 

KOH

15 min KOH 

Lift off

SiNx nitridation

255-A Thinned nano-columns in 

KOH (retest)

15 min KOH 

Lift off

SiNx nitridation

1356-3 KOH benchmark Lift off 

2 min KOH coating

No nitridation

1356-4 No process benchmark Lift off No nitridation

2-140-A AlGaN benchmark Lift off No nitridation

2-140-B AlGaN comparison Lift off SiNx nitridation

2-142-A AlGaN/InGaN benchmark Lift off No nitridation

2-142-B AlGaN/InGaN

comparison

Lift off SiNx nitridation

Table 8 .8 : Summary of processes for experiments.
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8.2.5 Nano-column overgrowth

GaN overgrowth is performed in two stages. Firstly, MOVPE is used for GaN nano- 

ELOG coalesced lateral growth across the tops of the nano-columns to form a base layer. 

The second stage uses HVPE to grow bulk GaN on top of the MOVPE GaN base layer. 

The overgrowth sequence is shown in Figure 8.4.

8.2.5.1 Lateral overgrowth: Nano-ELOG

GaN nano-ELOG over air cavities is achieved by MOVPE for this project. However, it 

should be noted that MBE is an alternative method to achieve lateral growth. In contrast, 

the HVPE method with its rapid growth rate cannot provide the necessary regulation of 

growth. The nano-ELOG process involves GaN lateral growth across the GaN seeding 

region at the tops o f the nano-columns. The nano-ELOG process is performed on an 

Aixtron 200/4HT RF-S, MOVPE machine at the University of Bath, Department of 

Physics, by Dr Chaowang Liu.

The MOVPE lateral growth method allows reasonable control of the growth rate, angle of 

the lateral growth front, and lateral to vertical growth ratio. Pulsed growth techniques 

have developed to change the growth mode to provide the necessary vertical facets at the 

growth front [19]. Furthermore, the mode can be switched to normal growth on reaching 

coalescence, thereby reducing the morphology problems, such as pyramid formation as 

growth fronts join together [2 0 ].

Various techniques of lateral overgrowth have been investigated using MOVPE. A study 

of lateral overgrowth on a nano-porous GaN template [21], shows significant strain 

relaxation and improved optical properties compared with simultaneous growth on 

sapphire. Wang et al. [22] demonstrate a variation of their technique with a GaN 

overgrowth over a nano-porous Si0 2  layer, fabricated on a GaN-sapphire template. This 

method produced a dislocation density for the overgrowth ~ 107 cm'2. Furthermore, GaN 

overgrown on nano-porous Si (111) substrates show a dislocation density <108 cm ' 2 [23].
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8.2.5.2 Overgrowth on thinned nano-colunms

Investigation is made for growth on nano-columns thinned by KOH etching, with the 

purpose of preventing growth at the base of the columns. A separate sample 1343-1 is 

used for this experiment

The GaN template and ICP selective etch details are shown in Tables 8.5 and 8 .6 , 

respectively. Fabrication processes are as detailed in section 8.2.2 and the etching time in 

KOH is 15 minutes, following the etching process detailed in section 8.2.2.5.

The sample is subsequently coated with SiNx with a coating thickness of ~ 26 nm. The 

following ICP etch removes -3 6  nm of SiNx at the top o f the column, thus exposing -  10 

nm for the seeding region, detailed in section 8.2.2.7. These values are measured from a 

SiNx test sample using a Filmetrics F30 reflectometer.

Nano-ELOG is performed on the sample for a thickness of 3.2 pm. A thicker layer 

compared to sample 1322-1 is made to ensure lateral coverage over the nano-columns. 

Following the nano-ELOG process, the sample is overgrown with bulk GaN by HVPE.

8.2.5.3 HVPE bulk GaN second overgrowth

The subsequent bulk GaN overgrowths are grown on the HVPE reactor, at the University 

of Bath, Department of Physics. The growth run uses the optimized conditions previously 

recorded in Table 7.22 in Chapter 7. The set procedure for growth preparation and 

maintenance, as detailed in Chater 7 section 7.5.1 is followed to ensure consistency of 

results.

The nano-ELOG layer acts similar to the GaN templates providing a base for 

homoepitaxy. In addition, the nano-columns should serve as a compliant layer to reduce 

strain and dislocations in the overgrowth layer above.
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Al20 3 substrate

Al20 3 substrate

AI2O3 substrate

M O V P E  nano-ELO G  lateral growth across  
seeding/capping regions on nano-colum ns

M O V P E  nano-E LO G  lateral growth 
coalesces and vertical growth proceeds

H V P E  bulk overgrowth perform ed over 
M O V P E  nano-ELO G  overgrowth

Figure 8.4: Sequence of GaN overgrowth on nano-columns.
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8.3 Summary of Results

Nano-ELOG lateral growth by MOVPE and bulk HVPE growth are studied in the results 

of this section. A summary of the overgrowth thicknesses is provided in Table 8.9, for the 

overgrowth layers which had some success in preserving the air cavities between the 

nano-columns.

Benchmark studies are also made to investigate alternative methods of preventing this 

infilling of the air cavities.

Sample Nano-ELOG thickness HVPE thickness

1322-1 ~ 1.4 pm -1 1 7  pm

1343-1 ~ 3.2 pm -  90 pm

2-142-B -  1.5 pm No overgrowth

255-A ~ 1.9 pm No overgrowth

Table 8.9: Summary of overgrowth layers which preserved air cavities.

All SEM images are obtained using a Hitachi S-4300SE scanning electron microscope, at 

the Department of Physics, University of Bath.

8.3.1 H V PE nano-colum n grow th

To begin, results and discussion are made for the investigation of nano-column growth by 

HVPE. For this set of experiments, the HC1 flow was limited by the HC1 mass flow 

controller, which was blocked, and was cleaned prior to growth run number NC_6. 

However, the lowest growth rate achieved was ~ 5 pm per hour. This growth rate is still 

too rapid and results in continuous growth.

221



Figure 8.5: Columnar growth by HVPE.

SEM image cross sectional image of sample NC_3.

Nano-column growth is only partially observed for growth run NC_3. Figure 8.5 shows 

coalescence of the GaN nano-column growth for NC_3, although the columnar structure 

is visible. To conclude, all experimentation to grow nano-columns by HVPE on sapphire 

has been unsuccessful.

8.3.2 N ano-colum n overgrow th: Sam ple 1322-1

Sample 1322-1, is the first sample to be fully processed with nano-ELOG and bulk HVPE 

overgrowths. It is also the first sample to be processed for this research project. General 

fabrication techniques are used as detailed in section 8 .2 .2 , which includes the nitridation 

process, as shown in section 8 .2.2.7.

Although some infilling of the air cavities are observed as shown in Figures 8 . 6  and 8.7, 

the results are promising and many air cavities remain intact. However, the nano-ELOG 

lateral growth and coalescence is incomplete on some areas of the sample. It is suspected 

that either the Si0 2  mask or SiNx nitridation coating is not fully removed and this has 

prevented growth across certain regions of the nano-columns.
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In addition, many hexagonal V-pit defects shown in Figure 8.11, are observed over the 

sample and would appear to be related to the incomplete coalescence by nano-ELOG. 

These defects are most numerous towards the edges of the sample. Furthermore, the 

cause of contamination problems of the MOVPE reactor is assumed to be the presence of 

Ni on or within the nano-columns during the nano-ELOG process. However, for this 

sample, nickel could not be detected by TEM analysis, by the University of Bristol, 

Department of Physics. As a consequence of these problems, new procedures are 

developed.

Figures 8.6 to 8.9 display SEM cross sections of the nano-ELOG. These images show 

many air cavities intact. However, infilling by nano-ELOG occurs across the nano

column material.

Figure 8.6: SEM cross section of sample 1322-1 after nano-ELOG.
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Figure 8.7: SEM cross section of sample 1322-1 after nano-ELOG.

Figures 8.6 and 8.7 also display cross sections through V-pit defects. Some areas have 

large voids and un-coalesced areas where deposition of nano-ELOG has been prevented, 

as shown in Figure 8.9 and 8.10. This problem is possibly due to Si02 or SiNx on the 

nano-column caps.

Figure 8.8: SEM cross section of sample 1322-1 growth across nano-columns.
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Generally, the lateral growth across the tops of the columns is flat, as shown in Figure 

8.8. Nano-ELOG growth would appear to occur from the exposed seeding regions as 

explained in Figure 8.2.

Figure 8.9: SEM cross section of sample 1322-1 showing non coalescence.

Growth occurs at 
substrate base

Possible S i02 or SiNx 
layer preventing growth 
on nano-columns

Figure 8.10: SEM plan view of sample 1322-1 showing non coalescence.

Figure 8.10 shows a large area where deposition by nano-ELOG has been prevented. This 

displays six-fold symmetry of the crystal surfaces, consistant with (0001) GaN.
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Figure 8.11: SEM plan view of sample 1322-1 showing V-pit defects on the nano-

ELOG surface.

Hexagonal V-pit defects are observed on the nano-ELOG surface of sample 1322-1, 

shown in Figure 8.11. These defects are possibly caused by the problems with 

coalescence. However, it is reported that V-pit defects of this description may be 

connected to TDs [24].

It is therefore necessary to ensure removal of both the Si02 mask and the SiNx coating 

from the nano-column caps, thus allowing unobstructed growth across the seeding 

regions of the nano-column caps. In addition, it can be observed that GaN growth occurs 

at the surface of the substrate between the nano-columns.

The HVPE layer grown on top of the nano-ELOG is presented in Figure 8.12. This layer 

is 117 pm thick, which is obtained by SEM cross section measurements. The duration of 

this growth run is three hours which gives an average growth rate of 39pm'1. As 

expected, Figure 8.13 shows the air cavities intact after the HVPE bulk growth. However, 

regardless of the rapid growth, the V-pit defects were continued though the HVPE 

growth. The continuation of these defects may be due to their connection to TDs, as 

previously discussed [24]. These V-pit defects tend to be numerous towards the edge of 

the sample. It should be noted that test pieces were cleaved from the sample at each stage
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of processing and it is probable that contamination occurred, particularly at the edges. 

Ideally, a test wafer should be included for this purpose separate to the main growth 

sample.

Figure 8.12: SEM cross section of sample 1322-1 after HVPE growth.
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Figure 8.13: SEM cross section of sample 1322-1 after HVPE growth.
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Figure 8.14: SEM plan view of sample 1322-1 with HVPE surface.

In conclusion the processing of sample 1322-1 proved successful, although further 

investigation is required to remove the SiC>2 or SiNx from the nano-column tops, thus 

allowing complete lateral coverage of GaN by nano-ELOG and the subsequent HVPE 

bulk growth.

A further aim would be self separation which did not occur for this sample possibly due 

to the nano-columns being too wide and also that the HVPE layer thickness was 

insufficient to crack the columns on thermal cool down. Ideally, the HVPE thickness 

should be > 300 pm.

8.3.3 K O H  etching: R esults and discussion

For this investigation, a significant change is observed in the nano-column shape due to 

KOH etching. Nano-column width measurements are presented in Table 8.10. These 

measurements are taken at the wider base region of the columns. The results show that 

etching tends to produce vertical column side walls. This feature is evident from the 

comparisons seen in Figures 8.16 to 8.19.
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In addition, it is seen that KOH etching removes small and thin columns. Due to this 

observation, further analysis is made for nano-ELOG growth, because a less dense 

material may become more accessible for nitridation at the base, thus preventing growth 

and infilling of the air cavities. This analysis is made with sample 1343-1.

Sample KOH Etching time Nano-column width

1322-4-c Not etched 151 -  313 nm

1322-4-a 5 min. 1 1 5 -1 8 2  nm

1322-4-b 1 0  min. 89 -  203 nm

1322-4-d 15 min. 8 7 -  170 nm

Table 8.10: Nano-column width measurements after KOH etching.

The nano-column average height is 1.42 pm for the samples in Table 8.10.
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Figure 8.15: Nano-column aspect ratio versus KOH etching time.
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Figure 8.15 presents the aspect ratio versus etching time. There is a significant change in 

aspect ratio from unetched and etched material. In addition the aspect ratio appears to 

stabilize for the etching times. The average height of all nano-colums is ~ 1.42 pm, which 

is used in the calculation of the aspect ratio. The average widths for this experiment are 

presented in Table 8.10.

1

Figure 8.16: SEM cross section of nano-columns not etched.

The image is taken before lift off and shows the SiC>2 protective layer.

Figure 8.17: SEM cross section of nano-columns with 5 minute KOH etch.
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Smaller nano-columns are observed in Figure 8.17 which are less evident in Figures 8.18 

and 8.19. This would suggest that the increased KOH etching of 10 to 15 minutes tends to 

remove smaller and thinner nano-columns. Further evidence is shown in Figures 8.20a to 

8 .2 0 d.

±

Figure 8.18: SEM cross section of nano-columns with 10 minute KOH etch.

Figure 8.19: SEM cross section of nano-columns with 15 minute KOH etch.
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Figures 8.17 to 8.19 show images which are made after the “lift o f f ’ process. It can be 

seen that the nano-columns have flat tops, following this process.

Figure 8.20: SEM plan view of KOH eching experiment.

Figure 8.20a no etch. Figure 8.20b 5 minute etch.

Figure 8.20c 10 minute etch. Figure 8.20d 15 minute etch.

SEM plan view images show nano-columns thinned by KOH at the given etch times and 

also the un-etched sample for comparison. It is noticeable from these images that the 

shape and spacing are irregular.

8.3.4 Etching by CXJAr

For ICP etching of GaN material a CI2/H2 recipe is used in this research. However, for 

AlGaN material Ch/Ar is considered more appropriate and it can be seen that this recipe 

produces thinner and well defined nano-columns. The result of this C^/Ar dry etch is 

shown in Figure 8.21. Although the column sidewalls are not vertical, the widths of the 

columns are comparable to nano-columns thinned using KOH.
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Figure 8.21: SEM cross section of sample 2-140-A showing nano-columns formed by 

C^/Ar dry etching.

Futher study may be required to assess the effect of dry etching on the seeding region. It 

is known that the dry etch process causes plasma induced damage to the material. The 

bias voltage may cause significant plasma-induced damage to the surface of n-type GaN. 

Therefore, low surface damage can be achieved by optimizing the bias voltage at which 

the sample is being etched [25].

8.3.5 O vergrow th on thinned nano-colum ns

It can be seen from the images that nano-ELOG growth often occurs from the base 

surface upwards. In addition, the nano-ELOG can behave similar to pendeo-epitaxy 

lateral growth. Thus growth occurs not only laterally but also in upward and downward 

directions. The latter downward growth is an additional problem of filling the air cavities. 

It is therefore suspected that growth from both the base and the tops of the nanocolumns 

meet to completely fill the air cavities in many areas. Section 8 .3.6 .2 provides diagrams 

of this problem of infilling by nano-ELOG.
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Figure 8.22: Nano-ELOG and HVPE growth for sample 1343-1.
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interface
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layer

Figure 8.23: Nano-ELOG and HVPE growth for sample 1343-1.

Figures 8.22 and 8.23 show SEM cross sectional images of sample 1343-1. The nano- 

ELOG and HVPE overgrowth layers are 3.2 pm and 90 pm thick, respectively. Nano- 

ELOG is performed on thinned nano-columns for this investigation. In addition, the SiNx 

nitridation process is used on this sample.

234



Figure 8.24: SEM cross section of sample 1343-1 showing nano-ELOG infilling of air

cavities.

Figure 8.24 provides evidence of the problems that may occur with nano-ELOG. This 

image shows growth downwards from nano-column caps and also growth upwards from 

the GaN material close to the substrate. The nano-columns are etched down to 740nm 

into a GaN template which is 850nm thick.

The nano-columns for this sample were etched in KOH for 15 minutes, using the same 

process as the investigation in section 8 .2.5.2. It is probable that the resulting wider 

spacing of the nano-columns make the GaN base surface more susceptible to GaN nano- 

ELOG growth.

8.3.6 B enchm ark Studies

For the benchmark studies of GaN nano-columns without a SiNx coating, it is observed 

that the nano-ELOG lateral overgrowth infills the air cavities between the nano-columns, 

thus forming bulk GaN material. This occurs for all samples without the SiNx coating, 

regardless of the material or treatment of the nano-columns.
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Figure 8.25: SEM cross section of sample 1356-4 after nano-ELOG.

Sample 1356-4, which has no nitridation process. This experiment shows infilling of the 

nano-columns, hence the necessity for nitridation of untreated GaN nano-columns.

Figure 8.26: SEM cross section of sample 1356-3 after nano-ELOG.

Sample 1356-3 is treated with KOH to form Ga2 0 3  on the nano-columns, to investigate if 

this oxide will prevent growth on the column sidewalls. Figure 8.26 shows infilling of the 

nano-columns for this sample. It is suggested that Ga20 3  formed by the KOH etching of
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the GaN nano-columns is unstable at high temperatures and it is therefore anticipated that 

the oxidation layer is removed by the nano-ELOG growth temperature of 1100°C.

Figure 8.27: SEM cross section of sample 255-A after nano-ELOG.

The nano-columns for sample 255-A are etched in KOH for 15 minutes, as sample 

1343-1. However, for the nitridation process, the nano-column caps are etched deeper to 

provide a larger seeding region. Figure 8.27 show that the air cavities are preserved for 

this sample with a SiNx nitridation coating.

To conclude, a benchmark study is conducted of GaN lateral overgrowth on GaN nano

columns both untreated and with varying processes. The results summarized in Table 

8.11, confirm that it is necessary to coat the nano-columns with SiNx to prevent infilling 

of the air cavities by the nano-ELOG process.

8.3.6.1 AlGaN experimentation: Results and Discussion

As depicted by the SEM image in Figure 8.28, the AlGaN side wall material failed to 

prevent or hinder GaN growth. Thus, nano-ELOG growth filled the air cavities between 

the nano-columns for both the GaN/AlGaN and GaN/AlGaN/InGaN/AlGaN structures.
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Figure 8.28: SEM cross section of sample 2-142-A after nano-ELOG.

Sample showing infilling of air cavities between AlGaN nano-columns.

However, the same structures, treated with a SiNx coating with the GaN capping/seeding 

layer exposed by dry etching, show air cavities present between the nano-columns.

Therefore, this benchmark study shows that an aluminium content of ~ 3 to 5%, for the 

AlGaN nano-column sidewalls is insufficient to prevent nano-ELOG growth. A further 

benchmark investigation using higher aluminium content could be useful. However, it 

should be noted that GaN may be grown on AlGaN [26] and AIN [27] buffer layers. 

Hence, even high aluminium contents may not necessarily prevent the infill of the air 

cavities between the nano-columns.

To verify the nitridation method, the sample 2-142-B fabricated from the same batch 

processing is given a SiNx coating by PECVD. The SiNx coating is 25 nm thick and 50 

nm is removed from the nano-column caps by ICP etching, thus providing a seeding 

region ~ 25 nm at the caps. The following nano-ELOG processing confirms air cavities 

are maintained through the SiNx nitridation treatment, as shown in Figure 8.29. In 

addition, the epi-layer shows a smooth surface with few hexagonal V-pits and surface 

defects, which suggests an improved coalescence technique for a relatively thin nano-
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ELOG layer of ~ 1.5 pm. The smooth surface may be the result of additional compliance 

provided by the InGaN layer within the nano-columns. Figure 8.30 shows the SEM plan 

view of sample 2-142-B.

0 6 -F eb -07  WD 8.2mm 3 0 .OkV x25k 2um

Figure 8.29: SEM cross section sample 2-142-B showing air cavities are preserved.
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Figure 8.30: SEM plan view image of sample 2-142-B shows significant reduction of 

V-pit defects after nano-ELOG overgrowth.

Sample 2-140-B which comprised AlGaN material which had the nitridation process 

experienced unusual columnar growth during the nano-ELOG process. Hence, this 

sample is not presented for these results.
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Further to the observation using InGaN within the nano-column structure, examples are 

presented here to shows a significant reduction of cracks and improved morphology for 

the HVPE GaN material grown on an LED structure, containing an InGaN layer. Thus, it 

may be deduced that InGaN will provide additional compliance, if included as a layer 

within the nano-columns.

Figure 8.31: Optical microscope image of HVPE growth on MOVPE GaN templates

without an InGaN layer showing cracking (x200 mag).

Figure 8.32: Optical microscope image of HVPE growth on an LED structure

containing an InGaN layer, showing a significant reduction in cracking (x200 mag).

It is reported that In incorporation into GaN films, decreases the strain in accordance with 

a decrease in the tilt and twist components of the crystalline mosaicity [28]. In addition, 

Yamaguchi et al. report improved surface morpohology and elimination of growth pits. It
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is also suggested that indium may act as a surfactant to improve the growth morphology 

of GaN films grown by MOVPE [29].

8.3.6.2 Nano-ELOG infilling of air cavities

G rowth occurs upwards  
outw ards and dow nwards  

from  seeding region

Growth occurs upwards  
from  G aN  tem plate base

Figure 8.33: Nano-ELOG infill problems.

t
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base of nano-colum ns

Growth occurs upwards 
outw ards and dow nwards  

from non-nitrided base

Figure 8.34: Nano-ELOG infill problems.

Problems identified with nano-ELOG infilling are shown in Figures 8.33 and 8.34. 

Insufficient coating of SiNx at the substrate base may cause closing of the air cavity. 

Growth occurs from the nano-column caps downwards typical of “Pendeo Epitaxy”,
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while growth also occurs at the base. Figure 8.33 describes how growth evolves which is 

seen in SEM images in Figures 8.23 and 8.24.

The technique of etching into the base of the sapphire substrate may be countered if the 

SiNx coating does not reach the substrate base. Growth may occur at the base of the 

columns acting similar to “Pendeo Epitaxy” and move upwards closing the air cavity, as 

shown in Figure 8.34. However, it should be noted that ICP etching for these experiments 

did not reach the substrate base.

8.3.7 X -ray analysis

Equipment details are given in chapter 7, section 7.7.1, except a slit width of 2mm is used 

for this set of measurements.
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Figure 8.35: XRD of processing stages for sample 1322-1.
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X-ray diffraction is performed on sample 1322-1 for each stage of overgrowth as 

presented in Figure 8.35. These plots show the evolution of the stages by XRD. However, 

no direct correlation may be made from the results due to measurements taken from 

different sample pieces and differences of each processing stage of the material.
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Figure 8.36: XRD of nano-ELOG samples.

Sample FWHM

(arc-secs)

Template

thickness

Nano-column

height

Nano-ELOG

thickness

1322-1 472 ~ 1 .6  pm ~ 700 nm ~ 1.4 pm

2-142-B 270 ~ 2.745 pm ~ 650 nm - 1 . 5  pm

255-A 323 ~ 2 . 0  pm ~ 760 nm -  1.9 pm

Table 8.11: X-ray FWHM co-scans of nano-ELOG.
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A comparison is made between nano-ELOG growth material in Figure 8.36. Samples 2- 

142-B, and 255-A show higher intensities, with improved FWHM co-scan values. Both 

intensity and FWHM values may be due to the template thickness, as the x-ray beam will 

penetrate into the material below the nano-columns. The thickest template sample, 2-142- 

B has the highest intensity. A further possible cause for broadening of the peaks is 

damage to the nano-columns by ICP etching. Generally, MOVPE template material will 

produce FWHM co-scan values in the range of 250 to 400 arc seconds.

The FWHM co-scan value for the HVPE overgrowth o f sample 1322-1 is 434 arc seconds. 

In addition, the nano-ELOG for 1322-1 displays a broad peak at 472 arc seconds. It 

should also be noted that no direct correlation may be made between TEM measurements 

and the measurements for XRD and PL. These are performed on different parts o f the 

sample.

Test pieces were cleaved from the sample for analysis, at each stage of processing for all 

samples. These pieces are therefore from the edge o f the wafer at each stage and in the 

case o f sample 1322-1, incomplete coalescence and many V-pit defects were observed 

towards the edges. Moreover, the cleaving and handling of the sample increases 

contamination at each processing stage and which may then show x-ray broadening. It is 

well known that dislocations and defects cause broadening of x-ray rocking curve widths 

[30].

8.3.8 PL analysis

LT-PL measurements are made using a He-Cd 325 nm laser with an Oriel 260i 

spectrograph providing the grating. The slit width is 50 pm. The temperature is ~ 77K.

Fringes seen towards the YL regions are the result of the interference filter that is used to 

block the reflected laser light. It is possible to remove fringes by dividing by a ratio of 

measurements with and without the filter. However, this proved difficult due to the
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sensitivity of the fringes to the filter orientation. Instead the plot resulting from the filter 

calculation is superimposed above the plots on Figure 8.37.

Figure 8.37 shows PL spectral plots of individual samples taken at each stage o f  

overgrowth for sample 1322-1. This sample uses a template 1.6 pm thick for formation of 

nano-columns etched to a depth of 670-700 nm. It is probable that the BL and YL bands 

for the pre nano-ELOG plot are the result of the defective interface region caused by the 

lattice and thermal mismatch of GaN growth on sapphire. The post nano-ELOG plot 

shows improvement of the YL. However, the BL is significantly higher, beyond the 

intensity o f the band edge emission. Although it is known that BL occurs for MOVPE 

growth [31], in this case it is suggested that the BL is the result of the damage caused by 

ICP etching, to the GaN material to form nano-columns for the pre nano-ELOG sample. 

In the case o f the nano-ELOG spectral plot, poor coalescence could contribute to this 

unusual emisson. These conclusions are made because the MOVPE kit at Bath is used to 

produce LDs which show no problems with a dominating BL emission.
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Laver Thickness
  Pre Nano-ELOG (etched nano-columns) ~ 700 nm
  Post Nano-ELOG (lateral overgrowth layer) ~ 1.4 microns

Post HVPE (bulk overgrowth layer) ~ 117.0 microns
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Figure 8.37: LT-PL of sample 1322-1 overgrowth material.

The fringes from the filter calculation are shown at the top of Figure 8.37.

Both HVPE and MOVPE kits are supplied with the same quality “blue” grade ammonia. 

Therefore, the differing intensities of BL and YL could, to a large extent, eliminate 

oxygen and moisture present in the NH3 source as the cause of these emissions. The BL 

for the HVPE overgrowth displays a similar profile to that of the nano-ELOG. Therefore, 

it may be assumed that the defects from the nano-ELOG are projected into the HVPE 

layer. It would appear that growth to a thickness - 1 1 7  pm of HVPE material has reduced 

the defects, thus showing a lower BL intensity.

The YL for the nano-ELOG is relatively low compared to that of the HVPE overgrowth. 

However, the HVPE plot for YL appears to be dominated by a broader red luminescence
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(RL) band. A weak RL band is reported for undoped GaN centred ~ 1.5 eV (827 nm) 

[32], which is usually observed in HVPE GaN [33, 34]. Reuter et al. further report carbon 

doped GaN with a strong broad RL band centred at 1.65 eV (751 nm). Furthermore, RL is 

observed in undoped GaN centred ~ 1.79 eV (693 nm) [35], which is attributed to Cr 

trace impurites in the sapphire substrate.
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Figure 8.38: LT-PL showing red luminescence for the HVPE overgrowth on sample

1322-1.

The broad band shown in Figure 8.38 appears to be a combination of YL and RL with the 

latter emission being most dominant. In addition two high peaks occur ~ 700 to 730 nm, 

although the cause is inconclusive. It is possible that the RL is due to contamination from 

corrosion of the 316 stainless steel reaction chamber which contains C and a high 

proportion of Cr. A further source of Cr contamination is the Ni-Cr alloy heater for the 

Ga boat which has required replacing three times due to corrosion.
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Sample Process Results

1322-1 ICP used to etch Ni and SiNx buffer 

SiNx nitridation

Voids present but nano-ELOG not 

fully coalesced

1343-1 15 min KOH 

SiNx nitridation

Voids present but nano-ELOG not 

fully coalesced

255-A 15 min KOH 

SiNx nitridation

Voids present

1356-3 KOH benchmark 

2 min KOH coating/No nitridation

Voids filled by nano-ELOG

1356-4 No process benchmark 

No nitridation

Voids filled by nano-ELOG

2-140-A AlGaN benchmark 

No nitridation

Voids filled by nano-ELOG

2-140-B SiNx nitridation MOVPE columnar growth within 

nano-columns

2-142-A AlGaN/InGaN benchmark 

No nitridation

Voids filled by nano-ELOG

2-142-B SiNx nitridation Voids present and smooth 

nano-ELOG epilayer

Table 8.12: Summary of nano-ELOG experimentation results.
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8.3.9 TEM Results

Results for sample 1322-1 are presented in this section. Analysis is made of the nano- 

ELOG layer compared to the material beneath the nano-columns. The nano-ELOG is 

grown to a thickness ~ 1.4pm, although thinned for TEM investigation.

The TEM images and dislocation density measurements were made at the University of 

Bristol, Department of Physics. The sample processing and TEM analysis was performed 

by Dr Louisa Meshi, Somboon Khongphetsak and Ian Griffiths. A Philips EM430 

transmission electron microscope, equipped with a high tilt goniometer is used to inspect 

the material. TEM is a useful technique for investigating defects within structures, above 

all, threading dislocations, inversion domains, stacking faults, and nanopipes [36].

Many dislocations are formed at the sapphire/GaN template interface. Images show the 

presence of the defective interface region beneath the nano-columns, which is typical of 

GaN growth on sapphire and other foreign substrates.

Dislocations may re-appear above the nano-column structure due to the meeting of 

coalescence fronts. In effect, as coalescence of the lateral overgrowth occurs, the strain 

energy re-emerges from misorientations below and possibly within the nano-columns. 

This strain induces the formation o f dislocations and stacking faults in the overgrown 

layer. It is reported that any tilt/twist occurring at the seed/wing or wing/wing meeting 

fronts will induce new dislocations to be created to accommodate the misorientation [37].

It may be seen in the TEM images that dislocations occur in the overgrowth layer. 

However, due to infilling of many air cavities observed in these images, it is difficult to 

determine if  dislocations form at the meeting fronts or propagate through either the nano

columns or infilled material.
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Figure 8.39: TEM cross section of nano-ELOG GaN overgrowth.
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Figure 8.40: TEM cross section of Nano-ELOG GaN overgrowth.
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Figure 8.41: TEM cross section of Nano-ELOG GaN overgrowth.
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Figure 8.42: TEM cross section (zone axis) of Nano-ELOG GaN overgrowth for

sample 1322-1.
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Figure 8.43: TEM cross section (high tilt) of Nano-ELOG.

It may be seen in Figures 8.39 and 8.40, that there are many lateral dislocations above the 

nano-columns which do not occur in the lower region. This change in dislocation 

direction would appear to be a condition of Nano-ELOG lateral growth. Dislocations 

extending laterally, known as basal plane dislocations, are reported for ELOG techniques 

[38, 39].

Figures 8.39 to 8.43, show one location on the material with different reflections and tilts. 

The images show annihilation of two dislocations which may be edge dislocations. These 

annihilate at the intersection of a stacking fault. In addition, no dislocation loops were 

observed in the samples.

Images are taken under two beam conditions to estimate the distribution of edge, screw 

and mixed dislocations. Screw and mixed dislocations are visible in the 0002 reflection, 

while mixed and edge dislocations are visible in the 1 1 2 0  reflection.

Overgro
layer
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Figure 8.44: TEM cross section of Nano-ELOG GaN overgrowth showing stacking

faults.

Layer Mixed

Dislocations

Edge

Dislocations

Screw

Dislocations

Nano-ELOG 

overgrowth layer

5 x 1 0  cm" 1 .6  x 1 0  cm" 0

Layer beneath the 

nano-columns

1 x 1 0 ** cm ' 2 3 x 10v cm"2 1.3 x 10* cm"2

Table 8.13: Dislocation breakdown for sample 1322-1.

The resulting calculations from TEM imaging show a reduction in mixed, edge and screw 

dislocations, although it should be noted that there is a 30% margin of error in these 

figures.

It is reported that nanorods with diameters between ~ 10 to 100 nm, grown by MBE are 

dislocation free [40]. Futhermore, growth on Si (111) substrates by a Hot Wall Epitaxy 

technique produces dislocation free nanopillars where the interface diameter is ~ 50 nm 

[4]. However for this project, it is expected that dislocations will remain in the fabricated 

nano-columns and only be removed for the etched material. Therefore, the apparent
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elimination of screw dislocations has some uncertainty because they may still be present 

within the nano-columns.

Figure 8.45: Nano-ELOG on sample 2-142-B.

Figures 8.45a and 8.45b show TEM cross sectional images of nano-ELOG GaN 

overgrowth sample 2-142-B.

TEM images of sample 2-142-B show dislocations above the voids which tend to be 

formed through tilt and twist boundaries. As previously mentioned, when the coalescence 

fronts come together the misalignment of atoms at these boundaries induces dislocations. 

Moreover, numerous voids are seen to be infilled by the GaN overgrowth. The mismatch 

between AlGaN in the nano-column structure and nano-ELOG GaN infilling the air 

cavities add to the formation of defects. This demonstrates the need to preserve the air 

cavities between nano-columns during lateral overgrowth.

wri Z  O

Overgrowth

Layer beneath 
nano-columns Layer beneath 

nano-columns

Overgrowth

Figure 8.45a Figure 8.45b
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8.3.10 Indications o f strain relief

Strain reduction is reported for both MBE grown GaN nanorods [40], and fabricated 

GaN nanopillars [6 ]. In the case of nano-column material, strain relaxation is described as 

a characteristic of a large surface-to-volume ratio [41]. Although strain relaxation may 

occur in the nano-column material, the lateral growth technique over the nano-columns is 

crucial. It is important that stress is minimized from recurring as the growth fronts meet.

For bulk material, it is reported that strain is reduced as the layer thickness of the GaN 

increases [42, 43]. However, strain relaxation may also be associated with the population 

of dislocations [44]. Indications of strain relaxation are presented in this section for the 

GaN material overgrown on nano-columns.

Bend contours are not present 
in the nano-ELOG layer 
above the nano-columns

Bend contours observed in the 
layer beneath nano-columns

Figure 8.46: TEM indication of strain reduction showing bend contours on layer 

beneath nano-columns for sample 1322-1.
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Nano-ELOG surface

Thickness fringes observed in the 
nano-ELOG layer. Bend contours 
are not present.

Top of the nano-column 
layer

Figure 8.47: TEM image showing bend contours are not present in nano-ELOG

overgrowth layer for sample 1322-1.

Figures 8.46 and 8.47 show TEM images of sample 1322-1. Bend contours present in the 

layer beneath the nano-columns are not observed in the nano-ELOG overgrowth layer. 

This observation is an indication of strain reduction. The bend contours which are 

observed as dark bands are a sign of strain. The strain affects the crystal planes which are 

close to the Bragg condition. This results in strong variations in intensity. However, the 

thickness fringes seen in the overgrowth material are due to the thickness variations in the 

wedge shaped sample.
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Further indications of strain reduction are provided in the optical microscope plan view 

images of the nano-column material shown below:

Figure 8.48: Template surface of sample 1322-1 after nano-column fabrication and pre 

nano-ELOG overgrowth (x200 mag).

Figure 8.48 shows the MOVPE template after nano-column fabrication. The template 

thickness is 1.6 pm and the etched nano-column height is 670-700nm. The cracking 

observed on the template surface below the nano-columns is most probably micro-cracks 

formed at the sapphire/GaN interface and will have the result of strain relaxation.

Figure 8.49: Nano-ELOG surface of sample 1322-1 (x200 mag).
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The nano-ELOG surface where areas have coalesced displays no cracks, as shown in 

Figure 8.49. Furthermore, cracking is not observed on the lateral growth surface for 

samples 2-142-B and 255A both of which show successful coalescence. The absence of 

cracking in the nano-ELOG samples is an indication of strain relief.

Figure 8.50: HVPE overgrowth surface of sample 1322-1 (x200 mag).

Figure 8.50 shows the surface of the HVPE overgrowth with 3D features and hexagonal 

V-pit defects at the surface. However, no cracking is observed in the surface of this 

sample.

Figure 8.51: Optical microscope plan views of Nano-ELOG surfaces.

■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■

Figure 8 . 51a: Sample 2-142-B Figure 8.51b: Sample 255-A

(x2 0 0  mag). (x2 0 0  mag).
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Further inspection of the nano-ELOG surfaces for samples 2-142-B, and 255-A confirm 

no occurrence of cracking. The samples show defects formed at the coalescence fronts 

and undulating surfaces, although full coalescence is achieved for both samples with 

preservation of air cavities between the nano-columns.
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8.4 Summary

The study examines methods and preparations that may prevent infilling of the air 

cavities from the nano-ELOG process.

•  Fabrication and analysis of nano-columns both in GaN and GaN/AlGaN/InGaN 

structures.

•  Investigation of an etching method using KOH to both thin the nano-columns and 

create vertical sidewalls. The aim is to widen the air cavities to allow the SiNx 

coating to penetrate down to the base of the nano-columns.

•  Develop a procedure to remove the Ni and Si0 2  layers effectively.

The achievements of the nano-column overgrowth are summarized:

•  Successful coalescence of nano-ELOG across the tops of the nano-columns.

•  Partial success preserving the air cavities between the nano-columns, although 

parasitic growth within the voids and on the substrate base remains an issue for 

correction.

•  Growth of bulk GaN by HVPE over the nano-ELOG GaN layer.

The outcome resulting from the overgrowth process is concluded:

• The resulting calculations from TEM imaging show a reduction in mixed, edge 

and screw dislocations for the nano-ELOG layer.

•  Bend contours visible by TEM on the template material beneath the nano-columns 

are not present on the adjoining nano-ELOG layer for sample 1322-1. This 

observation suggests strain reduction in the overgrowth layer.

•  Cracking is not visible in the nano-ELOG layers and HVPE overgrowth, which 

would further imply a reduction o f strain.

•  Bench mark studies establish the necessity for a nitridation process.
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Nano-column structures consisting of AlGaN layers were examined as an alterative 

method to prevent growth on column side walls, although the technique proved 

unsuccessful.

The use o f an InGaN layer within the nano-column structure may hold a key for 

additional compliance. Improved coalescence is observed for lateral growth across nano

columns containing an InGaN layer within the structure.

Finally, self separation of the bulk material from the template base is not achieved. HVPE 

growth of bulk GaN layers > 300 pm may provide the necessary pressure due to thermal 

expansion to snap the columns for separation.
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9 Conclusions

9.1 Overview

It is recognized that strain has serious consequences to the overgrowth of device 

structures and device fabrication [1]. The problems caused by strain can be summarized 

as follows:

•  Strain causes distortion of the lattice constants and changes the bandgap.

•  Dislocations are induced by strain [2], which are detrimental to device efficiency 

and lifetime [3].

•  Cracking is a mechanism of strain release [4-7]. However, cracking and strain in 

GaN material will make material treatment and device processing difficult, thus 

reducing device yields.

•  GaN grown on sapphire produces convex bowing. Furthermore, it will change to 

become concave after the LLO process [5, 8 , 9]. Bowing causes difficulties for 

both device overgrowth and fabrication.

Strain reduction is therefore the key factor to produce high quality bulk GaN, which in 

turn provides improved device quality. The aim of this research project is to produce bulk 

GaN by the HVPE method on a compliant nano-column substrate base. The technique of 

lateral growth over air cavities, between supporting nano-columns shows a promising 

solution to strain reduction [ 1 0 , 1 1 ].

The research follows a sequential progression which may be summarized into three parts:

1. Growth of bulk GaN by HVPE using a novel design of reactor.

2. Development of process technology for fabrication of nano-columns.

3. GaN overgrowth on fabricated nano-columns which consists of MOVPE lateral 

growth followed by HVPE bulk growth.
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9.2 HVPE bulk GaN growth

The accomplishments of this section are outlined as follows:

• Installation of a novel design of HVPE reactor with “in house” designs of reaction 

chamber, showerhead, Ga boat, susceptor and susceptor heater.

• Successful growth of bulk GaN by HVPE is achieved using this unique reactor 

design.

The maximum thickness accomplished is ~ 117 pm for the HVPE GaN overgrowth on 

sample 1322-1. This overgrowth used a 3 hour growth run. The best x-ray results are 

achieved on sample GaN_186 with an co-scan FWHM value of 203 arc-seconds. 

However, this is prior to optimization of the N2 :H2 ratio which shows a step change in 

results. As conditions become optimized morphology shows an improved smooth surface, 

although some cracking of the material is observed for HVPE growth on MOVPE 

templates.

The sequence of optimizing the growth conditions are detailed in Chapter 7. The final 

optimized parameters are presented here in Table 9.1.

Growth parameter Setting

n h 3 2 0 0 0  seem

HC1 (Ga boat) 40 seem

N2 (Ga boat) 300 seem

Total N2 carrier gas (inc. Ga boat) 1325 seem

Total H2 carrier gas 1325 seem

Chamber pressure 250 Torr

Susceptor temperature 1135°C

Boat temperature 450°C

Table 9.1: Optimized parameters
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Bulk GaN growth on nano-ELOG is achieved from the optimized parameters presented 

here in Table 9.1. The processes and results are explained in Chapter 8 . The maximum 

thickness accomplished is ~ 117 pm for the HVPE GaN overgrowth on sample 1322-1.

Whilst it is acknowledged that the HVPE system has limitations previously outlined, this 

should not detract from the achievements of this research project.

9.3 Nano-column fabrication

Further studies conducted in this thesis investigate methods o f providing compliance to 

the bulk GaN growth material, with the aim of reducing strain and dislocations. 

Techniques are developed to fabricate nano-columns, thereby producing air-cavities 

between the substrate base and bulk GaN material.

A concise description of the work effectuated here is:

•  Fabrication and analysis of both GaN and GaN/AlGaN/InGaN structured nano

column material.

•  Investigation of an etching method using KOH to both thin the nano-columns and 

create vertical sidewalls. The aim is to widen the air cavities to allow the SiNx 

coating to penetrate down to the base of the nano-columns.

•  Develop a procedure to remove the Ni and SiC>2 layers effectively.

The study examines methods and preparations that may prevent infilling of the air 

cavities from the nano-ELOG process.

9.4 Nano-column overgrowth

The goals for this project are achieved in this final part of the research. The nano-ELOG 

process establishes the effectiveness of the nano-column treatment, presented in the 

benchmark studies.
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The achievements of the overgrowth are summarized:

• Successful coalescence of nano-ELOG across the tops of the nano-columns.

• Partial success preserving the air cavities between the nano-columns, although 

parasitic growth within the voids and on the substrate base remains an issue for 

correction.

• Growth of bulk GaN by HVPE over the nano-ELOG GaN layer.

The outcome resulting from the overgrowth process is concluded:

• The resulting calculations from TEM imaging show a reduction in mixed, edge

and screw dislocations for the nano-ELOG layer, as shown in Table 9.2.

However, it should be noted that there is a 30% margin of error in these figures.

• Bend contours visible by TEM on the template material beneath the nano-columns

are not present on the adjoining nano-ELOG layer for sample 1322-1. This

observation suggests strain reduction in the overgrowth layer.

• Cracking is not visible in the nano-ELOG layers, which would further imply that 

strain is reduced.

• Bench mark studies establish the necessity for a nitridation process.

Layer Mixed

Dislocations

Edge

Dislocations

Screw

Dislocations

Nano-ELOG 

overgrowth layer

5 x 1 0  cm' 1 .6  x 1 0  cm' 0

Layer beneath the 

nano-columns

1 x 1 0 8 cm ' 2 3 x 107 cm ' 2 1.3 x 108 cm ' 2

Table 9.2: Dislocation breakdown for sample 1322-1. The TEM analysis and

calculations are provided by the University of Bristol, Department of Physics.
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Nano-column structures consisting of AlGaN layers were examined as an alterative 

method to prevent growth on column side walls, although the technique proved 

unsuccessful.

The use o f an InGaN layer within the nano-column structure may hold a key for 

additional compliance. Improved coalescence is observed for lateral growth across nano

columns containing an InGaN layer within the structure.

Finally, self separation of the bulk material from the template base is not achieved. HVPE 

growth of bulk GaN layers > 300 pm may provide the necessary pressure due to thermal 

expansion to snap the columns for separation.

Primarily, the aims of this project have been achieved. A novel HVPE growth reactor has 

been developed to grow bulk GaN and HVPE growth on compliant nano-column 

substrate bases is demonstrated. Moreover, the preparation of nano-columns as a 

substrate and the subsequent nano-ELOG lateral growth are shown to be useful 

techniques to reduce dislocations and alleviate strain. The results presented in this thesis 

show that the quality of GaN growth material can be significantly improved, by GaN 

lateral overgrowth across the tops of nano-columns. This material may then be used as a 

base for bulk HVPE GaN growth, which in turn is used as a substrate for growth of 

device structures.
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Appendix - Characterization equipment

X-ray diffraction

X-rays are a form of electromagnetic radiation with a wavelength range from 10 to 0.01 

nanometers. The wavelength must be smaller that the atomic spacing of the material 

being analyzed. The x-rays are created from an electron beam striking a target. The beam 

should be monochromatic with a very small divergence obtained by collimation.

X-rays with 
w avelength  A

Crystal surface

Lattice p lan es  
with spacin g  d

Figure A 1: Bragg diffraction from a symmetric plane.

X-rays scatter from atoms by different degrees which are dependent on the atom type. 

However for a good quality x-ray beam incident on a well ordered crystalline material 

(such as a single crystal semiconductor) the scattered x-rays interfere with each other and 

result in a diffracted beam leaving the material. This type of diffraction is caused by 

parallel planes of atoms, in the same way that light may be diffracted by a diffraction 

grating. For any given values of x-ray wavelength and angle of incidence of the x-ray 

beam only one set of parallel planes will cause diffraction. This is formalized in Bragg’s 

Law which states:

Equation A 1

nA=2 dsin0
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Where ‘n’ is an integer value, 1 , 2, 3 etc., ‘A’ is the wavelength of the x-ray beam, ‘d’ is 

the lattice constant, the spacing between adjacent parallel planes and ‘0 ’ is the angle to 

the normal of the plane at which the x-ray beam is incident. The diffracted beam leaves 

the crystal plane at the same angle from the plane’s normal as the incident beam, but in 

the opposite direction, as can be seen in the Figure A l .

Figure Al shows a ‘symmetric reflection’, so called because the diffracting plane is 

parallel to the surface of the crystal. This is the case for diffraction from the 004 plane of 

a standard orientation (surface is the 001 plane) semiconductor wafer. Figure A2 shows 

an ‘asymmeteric reflection’, in which the diffracting plane is not parallel to the surface of 

the crystal.

P la n es not 
parallel with 

crystal surface

Figure A 2: Bragg diffraction from an asymmetric plane.

If the same x-ray source and beam conditioner are used then it can be safely assumed that 

‘A’ does not change. Each family of planes within a crystal has a characteristic and 

unique ‘d’ value. It is not possible for diffraction to occur from more than one plane if a 

single good quality (low divergence and approximately monochromatic) x-ray beam is 

used. Because of this, knowing the orientation of a wafer allows any plane to be chosen 

as the diffracting plane.

Crystal surface
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When an x-ray beam is fired at a crystal, and the crystal is then rotated through a small 

angle, the diffracted intensity should sharply increase from zero and then sharply 

decrease to zero, as the x-ray beam-crystal angle passes through the Bragg angle,‘0 ’. 

This is commonly displayed on a ‘rocking curve’, which plots the angle at which the 

crystal is tilted against the intensity of x-rays from the crystal.

S can n ed  by detector

20

X-ray beam  p assin g  
through collimator

Sam ple rotated or 
“rocked”

Figure A 3: Geometry for x-ray rocking curve. The angle movement for the detector is 

twice that of the sample.

Bragg’s Law above suggests that for a perfect single crystal and a good quality x-ray 

beam, one sharp peak should be seen only. Even with a perfect beam of x-rays, rocking 

curves for more complicated structures, such as the multiple quantum well laser will 

show multiple peaks.
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Photoluminescence

Photoluminescence (PL) characterization equipment generally uses the PL method to 

obtain the wavelength and intensity of the semiconductor material being analyzed. PL is 

the process of optical absorption of electrons in solids between an initial energy state Ej 

and a final energy state Ef. Excitation of an electron to Ef will leave Ej unoccupied 

creating a hole. Absorpton creates electron-hole pairs while luminescence is the process 

which occurs when electrons in excited states drop to a lower level emitting a photon hw. 

The electron-hole recombination creates a photon which is also known as a radiative 

transition. Direct gap materials are good light emitters and their optical properties are 

analyzed using this technique.
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Figure A 4: Interband transitions.

Photons are absorbed using an excitation source which is typically a laser. The frequency 

of the source hwl  must be greater than the energy gap Eg. The result is that electrons are 

injected into the conduction band and holes into the valence band.
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Electrons and holes are initially created in higher states within these bands but will 

rapidly relax to the bottom of their respective bands reaching their lowest energy state. 

Relaxation occurs by emitting phonons, for energy loses from the higher states, which 

obeys the conservation laws.

The difference in energy between the two bands is Eg which is the energy gap, also

known as the band gap. Luminescence occurs close to the band gap Eg, near k = 0.

After excitation, both electrons and holes relax to their lowest energy states by emitting 

phonons. Electrons move to the bottom of the conduction band and holes to the top of the 

valence band. Because the transition is direct, luminescence efficiency is high. Radiative
O Q

lifetimes are short, typically in nanoseconds (~ 10' to 10" s).

A = Absorption time, typically in picoseconds (ps).

R = Relaxation time, typically in femtoseconds (fs).

L = Luminescence time, typically in nanoseconds (ns).

I

Luminescence decays 
exponentially

A R L t

Figure A 5: Intensity versus time.

The absorption and luminescence transition coefficients are proportional (absorbtion and 

emission probabilities). However, emission is also proportional to the population of 

electrons in the upper level.
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Electrons may lose excitation energy from higher states by non-radiative relaxation. 

These may be heat energy loss as a phonon emission or energy loss to an impurity or 

defect known as a ‘trap’.
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Figure A 6: Typical photoluminescence layout.
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Hall measurement

The basis of the Hall effect is the Lorentz force. If an electron moves along a specific 

direction perpendicular to an applied magnetic field, it will experience a force acting 

normal to both directions and moves in response to this force, and the force affected by 

the electric field. The Lorentz force will cause electrons to drift away from the direction 

of the current towards the negative y axis. This creates a potential drop across the two 

sides o f the sample, which is the Hall voltage VH. Hall equipment can be set up so that 

the Hall voltage is negative for n-type and positive for p-type semiconductor material.

The sheet density may be measured from:

Equation A 2
ns = I B / q \ V H\

Where I  is the current, B  is the magnetic field and q  is the elementary charge, which is 

1.602 x 1 0 19 C.

The sheet resistance Rs is measured by the van der Pauw technique. This is a standard 

technique for semiconductor material where a rectangular sample has a small ohmic 

contact at each comer. By applying a DC current to two comers and measuring the 

voltage at the opposite two comers and then measuring again after rotating the sample 90 

degrees, two characteristic resistances (Ra and Rb) are taken which relate to the sheet 

resistance Rs.

The sheet carrier density may be obtained from the Hall measurement together with the 

van der Pauw technique. Using the Hall voltage, a series of voltage measurements are 

made with a constant current and applied magnetic field.
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Scanning Electron Microscopy

The electron microscope uses electromagnetic lenses to focus the beam to produce an 

image. However, SEM and TEM differ in the way images are produced and magnified. 

SEM is used to view the surface or near surface of a sample, whereas TEM provides 

information of the internal structure of thin specimens. The scanning electron microscope 

as the name suggests scans across the specimen by the scan coils.
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Figure A 7: Schematic diagram of a scanning electron microscope [1].

As the sample is scanned by the electron beam, it emits electrons and electromagnetic 

radiation. A detector counts the low energy secondary electrons (< 50 eV) or other 

radiation emitted. The image is produced by two dimensional intensity distribution by 

scanning a cathode ray tube (CRT) spot onto a screen and modulating the brightness by 

the amplified current from the detector. Three dimensional samples change the way 

electrons are emitted and results in the appearance of a three dimensional image. 

Resolutions less than 1 nm may be achieved.
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Transmission Electron Microscopy

TEM is a method of imaging where a beam of electrons are directed through a sample 

after which they are scattered into discrete diffracted beams. The diffracted electron 

beams are then focused in the back focal plane of the objective lens. TEM may have two 

modes. When operated in diffraction mode, the diffraction lens is focused on the back 

focal plane to produce a diffraction pattern. For the imaging mode, the diffraction lens is 

focused on the first image plane to produce a magnified image. In addition, the beam may 

be allowed to pass through the sample to obtain a bright-field image however the 

diffracted beams produce a dark-field image.
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Figure A 8 : Ray diagram showing two basic operations of TEM [2].

The ray diagram (Figure A 8) shows (a) imaging projecting a diffraction pattern and (b) 

projection of an image onto a viewing screen.
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The interaction of the electron beam with crystalline material tends to be by diffraction. 

The orientation of the planes of atoms in the crystal to the electron beam changes the 

intensity of diffraction. TEM equipment often use a goniometer to allow the sample to be 

tilted to a range of angles to obtain specific diffraction conditions. Diffracted electrons 

are also selected using different apertures.

The intensity of diffraction is a maximum at the Bragg angle, although a variation of 

diffraction intensity occurs with deviation from the Bragg angle. This also depends on the 

thickness of the specimen. The thinner the crystal sample, the further the crystal may 

deviate from the Bragg condition.

When crystal planes are almost parallel to the electron beam they are close to fulfilling 

Bragg’s Law (Equation Al) .  The majority of electrons are diffracted when the electron 

beam strikes one set of lattice planes exactly at their Bragg angle and only a few will pass 

through the sample undeviated. If the planes are exactly at the Bragg condition, strong 

diffraction will occur and the bright field image will appear dark.

This variation with diffraction is shown with bend contours which are a feature of 

bending of the crystal planes. Dark contour images correspond to regions at the Bragg 

angle, while light contours result in the regions not strongly diffracting.
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