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Abstract

I11-Nitride semiconductor materials such as AIN, GaN, InN and their alloys, can emit
light from the infrared to the deep ultraviolet region. Strong polarisation fields and
significant differences in the optimum growth conditions for these binary compounds,
make it difficult to understand these materials. BN is a relatively new material in this
group which has the potential to improve strain engineering, increase the flexibility of
bandgap engineering along with reducing the overall polarisation charge when alloyed

with other I11-Nitride materials.

In this work, the Schrodinger equation was solved for a single quantum well system
consisting of BxGaixN/ AlyGai.yN and to understand the impact BN had on the

wavefunction overlap along with the emission energy.

Incorporation of wz-BN with GaN thin layers appears to prevent plastic relaxation of
these layers with respect to their substrate and at higher temperatures resulting in phase
separation of the material. A mechanism for recognising this clustering of boron atoms
in the material is proposed using X-ray diffraction is presented.

B(AlGaN/AlGaN multiple quantum wells (MQWSs) were grown and excited by
photoluminescence (PL), and emission wavelengths between 328-349 nm were
obtained. The incorporation of the lowest amounts of wurtzite-BN appears to result in
a redshift and an improvement in the PL emission intensity of the material. However,
this benefit comes at the cost of nanovoids/ nanopits forming in the material under the
growth conditions used. Nanomasking effects dominate for the smallest levels of BN
incorporation, with higher degrees of disorder, propagating into the barrier regions,
being observed as the B/IlI ratio increased, as well as a reduction in the PL intensity.
To our knowledge, this is the first report of both a ternary and quaternary
B(AlGaN/AlGaN MQW stacks grown by MOCVD on a c-plane AIN/sapphire

templates for UV emission.
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1 INTRODUCTION

1.1  Application and demand for Ultraviolet LEDs

According to the analysis of the market trends, the demand for ultraviolet (UV)

devices is increasing exponentially as seen in Figure 1-1.

2008-2026 UV light source market*

3 500
CAGR;02,2026°
3 000 +17.8%

2500

2000

Market in $M

| 500
| 000
500
0

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

. UV lamp wmUV LED *Including UY LEDs and lamps
(Yole Développement, November 2021)

Figure 1-1. 2008-2026 UV LED Device Market Size (Chip & Package) in $M*.

In 2008 the overall UV market was worth $400 million, with $20 million associated
with UV LEDs. By 2019 the $1 billion milestone was reached for UV LEDs alone, a
sharp increase due to the demand for UV LEDs for curing and disinfection
applications. The COVID-19 pandemic created further demand for these devices,
leading to an increase of 30% in just one year. The market has a projected estimate of
around $3.5 Billion in 2026.

The market is no longer dominated by traditional UV sources such as mercury, xenon
and deuterium lamps. Traditional UV lamps have many disadvantages when compared
to UV-LEDs; they are large and bulky, require large operating voltage, have short
lifespan, produce multiple wavelength emission peaks and require a turn-on/heat-up
time. UV-LEDs in contrast are extremely robust; they are compact, environmentally
friendly, have much longer lifetimes and can be turned on and off instantaneously

without warm-up time. Although, the future for the UV LED industry is incredibly
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bright, a significant amount of work is required to increase the optical power efficiency
and reduce the price of these devices. The full potential of UV LEDs is yet to be
reached as there are many challenges that they possess in their growth and fabrication.
Some of these challenges will be discussed in this thesis over the traditional sources,

making them a key area of research.

In today’s world, there has been a large increase in the demand for an efficient and
compact ultraviolet emitting device. The UV spectrum can be divided into three
regions; UVA (400 - 320 nm), UVB (320 - 280 nm) and UVC (< 280 nm), and each

of these regions contains different applications as seen in Figure 1-2.

3D Printing

(rapid prototyping,
lightweight contruction )

UV curing
(inks, coatings, resins, adhesives)

Water
Purification
(point-of-use,
solar,
wastewater

recycling ) :

Communication Lithography
(NLOS) Appliances (resist, PCB)
(washer, fridge, Medical .

[
=
- AC, dishwasher) | (psoriasis, Sensing
s Charge vitiligo) (blankophores
8 Management Sterilization i
=1 fluorescent labels)
o (LISA) (food, medical  Piant lighting
5 equipment)  (phytochemicals, Medical
=i functional foods)  Security  (bilirubin, blood
Sensing (banknotes, gas analysis)
(gases, multiresistant germs, DNA) ID cards)
AIN Al,;GaN Al,,GaN  Al,,GaN GaN  In,,GaN
A

200 250 300 350 400 [nm]

Figure 1-2. Application of Ultraviolet devices?.

In the longer wavelength UV A region (A>365 nm) applications include curing of inks,
paints, coating resins, polymers and adhesives as well as 3D-printing for rapid
prototyping and lightweight construction?. These commercial LEDs are already
available with reasonable performance as this was the main market share for UV LEDs
in 2008-2018. However, below 365 nm the challenges to produce an efficient UV LED

increases dramatically. There are many significant applications for such a device in
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the biomedical and biological areas, where the biomolecules such as flavins, elastin,
collagen, porphyrins, lipopigments and nicotinamide adenine dinucleotide contain

strong absorption bands in the UVA range®.

A device operating in this region can induce fluorescence through the absorption of
UV radiation, thus indicating the presence of the molecule®. Other applications for
UVA emitters include the detection of blankophores and fluorescent labels as well as

blood gas analysis and light therapy®.

In the UVB region, in addition to the biofluorescence of molecules such as pyridoxine
and tryptophan (also seen in Figure 1-2), some other key applications include
phototherapy, in particular the treatment of skin diseases such as psoriasis and
vitiligo®’. A UVB LED emits in a narrow spectral range thus providing a potentially
effective treatment of the condition without damage from exposure to shorter
wavelengths. UVB LEDs are also used in the horticulture sector for plant growth
lighting. The UVB LEDs can interact with the plant’s metabolism and photosynthesis

rate depending on the type and strain of the plant®.

Disinfection of drinking water and wastewater treatment is the highest volume
application for emitters in the UVC spectral range. The effective disinfection of water
requires a wavelength between the UVB and UVC region (~250-282 nm)®, which
currently uses chlorine to kill bacteria and fluorine to prevent tooth decay. Chemicals
such as chlorine are carcinogenic and thus harmful to humans. Also, the approach of
adding chemicals does not kill all parasites such as Giardia and Cryptosporidium, both
of which can cause diarrhoea and lead to death'®. By using a UV source, the use of
these harmful chemicals can be avoided while the bacteria and parasites can still be
inactivated. UV light is absorbed by the water molecules and deactivates the
micro-organisms by disrupting their DNA and preventing them from reproducing.
Since the micro-organisms are unable to reproduce, they are unable to cause infection.
The demand for efficient germicidal lamps has increased with the discovery of Severe
Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) also commonly known as
Covid-19. The spreading of the micro-organisms in the air can be prevented in a similar

method as previously discussed. In addition, the sterilization of medical equipment,
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home appliances and various surfaces in the food industry would benefit greatly from
UVC-LED:s.

Data storage is also another key application for a device operating in the UV. CD,
DVD and Blu-ray discs all operate using a laser diode and detector at a wavelength of
780, 650 and 405 nm respectively. This allows for data storage of 0.7, 4.7 and
25 GB respectively!!. If an efficient laser diode operating in the ultraviolet was created

then further improvement in data storage could be made??.

As seen in Figure 1-2 numerous applications exist for UV LEDs, but the current LEDs
also need to be more efficient?. Compared to visible LEDs, producing highly efficient
UV-based LEDs is difficult. UV emitting InGaN/GaN MQWs have weak carrier
confinement and InGaN/AlGaN MQWs have severe quantum confined stark effect?2,
The choice of metal contact also plays a key role. Silver which is used in blue LEDs*#,
is strongly absorbing for A<350 nm®. In contrast, Al allows for good reflection in the
UV but is a poor ohmic contact with p-doped materials®. Two further issues are the

internal quantum efficiency (IQE) and also the extraction efficiency.

In the case of IQE, one effect is the issue of high dislocation density, where carriers
can diffuse to threading dislocation cores and then recombine non-radiatively!”8, It
has been shown that UV GaN based LEDs are more susceptible to dislocations than
visible InGaN based LEDs!*?, This is due to the In atoms' random position within the
crystal lattice, creating localised potential variations that are large enough to localise
the carriers. This prevents carriers from reaching dislocations which would result in

non-radiative recombination?-%2,

In this context it is worth searching for alternative alloys with the potential of
addressing some of the listed issues. Boron has the benefit of being a small atom and
therefore has the potential to create localised states that could reduce the diffusion
length?® and hence improve emission. Moreover, boron nitride is a high band-gap
material, potentially preserving a high band-gap?*. This issue may be particularly of
interest in the UVA/UVB (300-340 nm) region as the lack of any natural substrate

leads to an efficiency “gap” here?.
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For UVC it is known that extraction efficiency is a particular challenge, and one aspect
is that emission from the surface of the device can become forbidden®®. The crystal
field split off sub band, begins to have a higher band than the light hole and heavy hole
bands. This can reduce the extraction efficiency from 90% in visible LEDs to less than
10% for UVC LEDs?*?. This is further discussed in the theoretical Section 2.1.1,
nevertheless due to time constraints, | was unable to carry out our experiments in the
UVC range and this thesis will not discuss further results in the UVC range while

addressing boron incorporation experiments.

In summary, there are many appliances and challenges for a device emitting in the UV
region and this is where I11-Nitride materials will play a key role in the near future.

1.2  Outline of thesis

This thesis involves results from both a theoretical and experimental aspect for
B-containing 1l1-Nitride materials. In both cases, the work was carried out with
financial support from Science Foundation Ireland via a joint award with the

Engineering and Physical Sciences Research Council-Centre of Doctoral Training.

In the remainder of Chapter 1, the principal properties of 111-Nitride materials which
include the crystal structure, polarisation, bandstructure, emission properties etc. will

be discussed.

Chapter 2 describes the simulation techniques that were performed during the initial
part of my research as a preparatory study to help understand the impact BN has on
the active region of UV devices. The finite difference method was used to solve the
one-dimensional Schrddinger equation. A single quantum well (QW) of BGaN with
AlGaN quantum barriers (QB) was constructed to understand the effect BN had on the

wavefunction overlap along with the emission energy of the material.

Chapter 3 focuses on the main experimental techniques that are mentioned in this
thesis. Metalorganic vapour phase epitaxy is the main epitaxial method used in this
work and is explained in detail along with a summary of other deposition methods.
The structural, optical and morphology techniques used in this thesis are also discussed
in this chapter. These include X-ray diffraction, photoluminescence,
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photoluminescence excitation, scanning electron microscopy and transmission

electron microscopy.

Chapter 4 deals with the growth of 120 nm thin layers of BGaN grown under
compressive and tensile strain with varied temperatures. This initial study was pursued
to see if it was possible to incorporate BN in our reactor. The surface morphology and
structural properties of these thin layers were analysed. The presence of clustering was

identified and a method to determine the B content is proposed.

Chapter 5 deals with the growth of a ternary and quaternary multiple quantum well
(MQW) stack. Initially, a 5 MQW ternary stack consisting of BxGai-xN/ Alo.15Gao.ssN
was grown with low B contents under varied temperatures and carrier gas. The
emission from the MQW stacks was analysed along with the structural properties. The
surface morphology for all the B-containing samples contained pits on the sample
surface. To try and remove this pitting effect the growth of a quaternary MQW stack
was completed consisting of Bx(Alo.0sGao.e5)1-xN/ Alo15Gao.gsN.

In the final section of this thesis, the main conclusions of this research will be
summarized, and possible areas for future work will be outlined based on the work

completed in this thesis.

1.3 11I-Nitride materials

I11-V materials are crucial in optoelectronic fields due to their direct bandgaps and
ability to tune that bandgap over a wide wavelength range. They consist of elements
from the third and fifth groups of the periodic table. A subset of this group, which can
reach the infrared, visible and UV spectral regions, using ternary and quaternary alloys
is known as the I11-Nitrides. A clear distinction between 111-V and I11-N materials lies

in their normally different crystal structure.
1.3.1 Crystal structure

A crystal is a solid material where the atoms are arranged in a highly ordered manner

to create a repeating pattern. This pattern consists of repeating unit cells. Inside these
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unit cells, the I1l1-Nitride molecules contain a tetrahedral geometry as seen in

Figure 1-3, where a; denotes the bond length.

Figure 1-3. Tetrahedral coordination system for GaN.

I11-Nitrides can either form the hexagonal wurtzite (WZ) or cubic zincblende (ZB)
crystal phase. The difference in these crystal structures originates in their stacking
sequence. WZ I1I-N materials contain an embedded hexagonal stacked sequence
consisting of nitrogen and group-111 atoms and this results in the A, B, A, B... stacking
in the (0001) direction. The main structure focused on in this thesis is the WZ
structure, with its hexagonal closed-packed (hcp) structure. This is in contrast to the
zincblende structure which contains the cubic closed packing (ccp) structure consisting
of the A, B, C, A, B, C.. sequence in the (111) direction. A schematic of both these

stacking sequences can be seen in Figure 1-4 (a),(b).

A A

( B A

D « A== ;
C B A

( B B

@ B ( A A

Cubic closed Hexagonal
packed closed packed
(a) (b)

Figure 1-4. Stacking sequence for a (a) cubic closed packed system and (b) hexagonal closed.
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The WZ crystal structure for IlI-Nitride materials as seen in Figure 1-5, can be

described by the two lattice parameters, a and c.

‘ Nitrogen

: B 4
' \ Gallium

“D

Figure 1-5. Crystal structure of wurtzite I11-nitride materials. Picture modified from Ref. %7,

Under ambient conditions (i.e. room temperature; standard pressure), the a and c lattice

parameters for the I11-Nitrides can be seen in Table 1-1. The ideal c/a ratio of the

lattice constant ¢, and a,, for a hcp structure is 1.633%,

Table 1-1. Lattice constants of wurtzite BN, AIN, GaN and InN at ambient condition.

a (A c(A) c/a
BN 2.534%° 4.189%° 1.653
AIN 3.112°%° 4.982°%° 1.601
GaN 3.189°%° 5.185°% 1.626
InN 3.545% 5.703%° 1.609

The Miller indices h,k,| are often used to represent the nature of reticular planes. Each

set of planes may be labelled by the inverse of the intercepts of x, y and z. A single

plane and family of planes are often denoted by (h, k,1) and {h, k, [} respectively.

Different family planes for a simple cubic system can be seen in Figure 1-6.
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(101) (110)

Figure 1-6. (001), (101) and (110) family lattice planes are shown for a simple cubic lattice.

In the case of WZ hexagonal crystal structures, Miller Bravais notation is used
(h, k, 1, I) where h, k, i, | are identical to the Miller indices with the additional index
i = —(h + k). Different family planes for a hexagonal crystal structure can be seen in

Figure 1-7.

Figure 1-7. Schematic view of the (0001), (1011), (1010) and (1120) wurtzite crystal family lattice

planes.

All the materials grown in this thesis were on the (0001) c-plane or polar plane which
contains a polarisation field which can align along the [0001] or [0001] directions.
More details about the polarisation field will be discussed below. The non-polar m and
a-plane are along the (1010) and the (1120) planes respectively which are inclined
at 90° to the c-plane. At an inclination between these planes i.e. 0-90° are the

semi-polar planes e.g. the (1011)%L.
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1.3.2 Bandstructure of 111-Nitrides

The standard I11-Nitride materials include aluminium nitride (AIN), gallium nitride
(GaN) and indium nitride (InN) which contain a direct bandgap energy of 6.0 eV*?,
3.51 eV and 0.6 eV respectively, at room temperature. A schematic of I11-N along
with the I11-V emission wavelengths, bandgap energies and lattice constants can be

seen in Figure 1-8.

13 |
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Figure 1-8. Bandgap energy versus lattice constant for I11-Nitride alloys with bandgap bowing?425:30.34-
38

Vegard’s law is often used to predict the physical properties of semiconductor alloys
which uses a linear function of the parameters of the semiconductor components at
their endpoints®®. However, the bandgaps of 111-Nitride alloys do not follow the linear

Vegard’s law but have a degree of deviation often referred to as “bowing”°.
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Boron nitride (BN) is a relatively new material when compared to the standard
I11-Nitride materials. The thermodynamically most stable structure of BN is a
hexagonal layered structure similar to that of graphene. However, BN can also exist in
many alternative phases such as the wurtzite, zincblende*? etc. WZ-BN can only be
achieved under specific boundary conditions**. WZ-BN is an indirect bandgap
material with a bandgap energy of 6.7% eV and a-lattice constant of 2.534 A?°. A
bandgap energy of 13.2 eV BN was used in this work which corresponds to the BN
eigenstate energy that most resembles the conduction band minimum of GaN, along
with a bowing parameter of 8.68 eV (which is only accurate for a boron incorporation
<20%)%.

1.3.3 Direct and indirect bandgaps

As mentioned previously, standard I11-Nitride materials contain a direct bandgap in
comparison to WZ-BN which is an indirect bandgap material. Different energy bands
lie in the conduction and valence band and are calculated in “k-space” (momentum
space) in which the energy of the crystal orbital wavelength determined by the phase

of the atomic orbitals throughout the crystal, is inversely related to the wavevector k.

The unit cell of a structure in k-space is often referred to as the Brillouin zone with the
first Brillouin zone in k-space centred around the I' point. The bandstructure for
different wurtzite materials can be compared by examining the first Brillouin zone as

seen in Figure 1-9, with the symmetry points ', A, K, M, L and H seen in Table 1-2.

I
|
H

Figure 1-9. Brillouin points on a wurtzite lattice**
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Table 1-2. The first Brillouin zone of a wurtzite lattice*®

Symmetry points (u, v, w) [k, ky, k,]
r: (0,0,0) [0,0,0]
A (00,2) [0.0,]
4
G [
4
aGo) [l
L (3.03) i1
<10 0]
The distance between the different Brillouin points are TA = =, TK = 4—2, M = %
and MK = i—z

A direct bandgap is when the maximum of the valence band and minimum of the
conduction band contains no shift in the momentum vector, as a result, the emission
of a photon occurs when an electron drops from the conduction band and recombines
with a hole in the valence band. This is often referred to as radiative recombination.
This is in contrast to an indirect bandgap, where a phonon is emitted along with a
photon due to the requirement for conservation of momentum resulting in an indirect
transition. A simple schematic of direct and indirect bandgap transitions with single

bands can be seen in Figure 1-10.

The energy gap of I11-Nitride materials is often determined from the wavelength of the
exciton lines. A free exciton (FX) is when a hole is bound to an electron through the
Coulombic interaction. Three main excitons exist in WZ Ill1-Nitride materials; A
exciton FX(A), B exciton FX(B) and C exciton FX(C). The presence of the FX(A) can
be indicative of high-quality GaN*®. The energy of these excitons can also vary
depending on the strain of the material*’®,
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Figure 1-10. (a) Direct and (b) indirect bandgap transitions

The spin-orbit (Agp) and crystal field (Acg) valence band splitting in GaN can be
derived from the FX(A), FX(B) and FX(C) lines which results in a threefold
degeneracy#. The relative position of these bands can be approximated using the
quasi-cubic model developed by Hopfdeld et al.>° as seen in Equation 1-1 where

E,, Eg, E- denote the excitonic energies.
1
1 , 8 2
Ey = > (Aso + Acr) * [(Aso + Acr) —§A50ACR]
E+ = (EC_EA) E_ =EB_EA 1'1

This splitting of the valence band for 111-Nitride material can be seen in Figure 1-11

for the direct bandgap semiconductor of GaN.
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Figure 1-11. Schematic illustration of the electronic band structure of wurtzite GaN at the I'-point of

the first Brillouin zone®

The conduction band minimum of GaN is located at the centre of the Brillouin zone
(C-point where k=0) and contains a I';-symmetry>2 with a quantum number J, = % For

GaN, the impact of Ag, results in the splitting of the valence band or I's line into Iy
and T} with a separation of 0.014 eV, The crystal-field splitting Acz leads to the
separation of the Is into Y and 'Y with a separation of 0.019 eV®3. The I} band is

further split into three sub-bands I'y, I'/,. and I'). in the valence band.

The positive Aqx splitting in GaN results in the formation of the I';’ or heavy hole (HH)
band, the I’} or light hole band (LH) band and the I}’ or the crystal field split off hole
band. The optical transition from the Iy band and the conduction band produces light
polarisation perpendicular to the c-axis (E L c) and thus results in transverse electric
(TE) polarised light.

This is in contrast to AIN, where a large negative A-z= -0.164 eV results in the I'Y
band being above the I'y band. As a result, this negative field splitting results in the

optical transition from the T in the conduction band to produce light polarisation
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parallel to the c-axis (E |l ¢) and thus results in transverse magnetic (TM) polarised
light.

The difference in ordering of the valence bands for AIN (T'7,,,,,, = I'y = I'Y) compared
to GaN (T&,,,, = I/, = 7)) as a result of the FX(A), FX(B) and FX(C), results in a
difference in the optical and polarisation properties of the emitted light i.e. a

polarisation switch in their properties as seen in Figure 1-12.

Conduction band 1—~c Conduction band rc
1 ¢l T T L7

A B C A B C

Elc Elc E“C EHC ElLcElLlc

A% ’L I"V
Valence band .77 ‘::: $Aso ?% Valence band ,"- ’ !
< { Acr 7 et | Ag Iy
- . ) 1_“7{ \___<:‘ QASO | l—\v
7

@ (b)

Figure 1-12. Optical transitions between different valence bands to conduction band at the I'-point due
to crystal field and spin-orbit splitting for (a) GaN and (b) AIN%*

The degree of polarisation is zero at the point where the three valence sub-bands I,
[7, and I';. become degenerate. A large variation in the literature can be found for the
Al concentration at which this switching between TE and TM polarised light occurs
for emitting AlGaN layers. Different factors can impact the switching point such as

strain and thickness of the material®>® as it impacts the bandstructure of the material.

Temperature also has an impact on the bandgap energy and can be described by the
Varshni equation®® as seen in Equation 1-2 where E4(0) and E,(T) are the bandgap

energy at a temperature T =0 K and at a particular temperature T respectively.

2

T
E,(T) = E,(0) — [% 1-2

The Varshni parameters are denoted by a and S which depend on the material

properties. The Varshni parameters for GaN vary between @ = 0.73 — 1.08 meV-K*
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and B =700 836 K8 n the case of AIN, the values vary for
a=1.7 - 2.63 meV-K*!and B = 1462 - 2082 K 47:48,64-68

Different I11-Nitride materials contain their own unique energy gaps, resulting in a
difference in the conduction band offsets (CBO) and valence band offsets (VBO). The
main Il1-Nitride CBO and VBO used in this thesis can be seen in Figure 1-13 where

the valence band maximum of GaN is set as the zero point.

8.62 eV
CBO
1.94 eV
e __V___ BN
AIN 13.2 eV
GaN 6.25 eV
3.5iev
08eV "_Ii.bi_e(/_"\?léo

Figure 1-13. Conduction band and valence band offsets for I11-Nitride materials?>°3.6%70

The data for the bandgap and band offsets for B containing alloys is somehow
limited due to the challenges in material preparation and characterisation.

AlQatari et al.”* showed by X-ray photoelectron spectroscopy (XPS) that a VBO of
0.3 eV existed between Bo.125Gaos7sN and GaN. Mickevicius et al.”? showed a
similar VBO of 0.3 + 0.2 using XPS for epilayer of Bo.o12Gao.9ssN/GaN. Theoretical
techniques such as density function theory”"* along with different approximations
results in a variation of the VBO of BN and GaN in the range of 0.3 to 1.21 eV'*7>76,
In our work, a VBO of 0.85 eV was chosen as seen in Dreyer et al.” as it provides a

value that is around the average of possible values seen in the theoretical literature.
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1.3.4 Quantum wells

A common structure grown during epitaxy is a quantum well (QW). A QW consists
of a (lower bandgap) material being sandwiched between layers of a different material
(which contains a higher bandgap energy). This results in confinement within the well

as seen in Figure 1-14,

_9?

YYre
A A Ars
V e
®@PDD DD _ .

Figure 1-14. Schematic showing the impact a quantum well has on the electrons and holes.

The transition energy in a QW material (E,) can be calculated using Equation 1-3

where e; and hh, are the confinement energies of the electron and holes.
Eel—hhl = Eg + 81 + hhl - EB - erlW 1'3

The exciton binding energy (Ep) is defined as the energy required to separate an
electron-hole into free charge carriers, where an exciton is an electron bound to a hole
via the Coulomb interaction. F,, denotes the electric field in the QW and [, is the QW
thickness. This term is often referred to as the quantum confined Stark effect and
results in a redshift in the transition energy in QW structures. This effect was initially

reported by Miller et al’” and will be discussed in the next section.
1.3.5 Polarisation

The WZ crystal structure for I11-Nitride material contains a spontaneous polarisation
in the absence of external electric fields along the [0001] direction. This charge
originates from the deviation of the ideal tetrahedral coordination system (as seen in
Figure 1-3) and ionicity of the crystal due to the difference in electronegativity of the
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group 111 and Nitrogen elements. Polarisation is an intrinsic property of the WZ
[11-Nitride materials which have a large impact on the performance of the LEDs’®.

The difference in electronegativity between two elements (Ay) can be either ionic
(Axy > 1.7) or polar covalent (0.5 <Ay < 1.7). In the case of the IlI-Nitride
materials, nitrogen contains a large electronegativity and as a result, GaN (Ay = 1.2),
AIN (Axy = 1.4), InN (Ay = 1.2) and BN (Ay = 1) all contain polar covalent bonds.

As a result, each unit cell contains a non-zero dipole momentum along the [0001]
direction as seen in Figure 1-15, where the blue dashed line and red arrow denote the

unit cell and dipole moment respectively.

[0001]

B (N) face

Figure 1-15. Crystal structure for GaN, with unit cell, dipole moment and lattice parameters a and ¢®

This polarisation charge is often referred to as the spontaneous polarisation (Psp)

charge”? and the values for I11-Nitride materials can be seen in Table 1-3.

Table 1-3. Spontaneous polarisation of wurtzite BN, GaN, InN and AIN

BN GaN InN AIN

Pyl C - m? -0.0127° -0.035% -0.053% -0.090%
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The growth of the same or different crystalline materials on top of one another is often
referred to as homoepitaxy or heteroepitaxy respectively and will be discussed in detail
in Chapter 3. Heteroepitaxy is common when working with I1I-Nitride materials

which results in mechanical stress, inducing a charge known as the piezoelectric
polarisation (sz)79. This charge arises due to a lattice mismatch between the two
materials. Biaxial compressive stress (e > 0) reduces the a-lattice parameter and
increases the c-lattice parameter. This change in lattice constants induces the P, in the
opposite direction of the P,. In contrast, when a material is under tensile stress (e < 0)
a reduction is observed in the c/a ratio, hence the P, and P, are in the same direction

and are additive®l. A schematic illustrating the distortion of the lattice can be seen in
Figure 1-16.

[0001] relaxed strained

|

Stress
—

Figure 1-16. Impact of crystal deformation on polarisation

A combination of both the P, and P,, charge results in the quantum confined Stark

effect (QCSE) being present which results in a reduction in the wavefunction overlap

and redshift of the emission spectrum as seen in Figure 1-17.



Page | 20 Introduction Chapter | 1

(@) (b)

Figure 1-17. Quantum well (a) without and (b) with a polarisation-induced field present

The impact of compressive and tensile stress can be seen in Figure 1-18 the interface

charges are denoted by o*/~.

€<0 e>0
AlGaN lPSp AlGaN lpsp
BT Tl w e
1Pc|;2_> GaN ‘__lPSp lppz“_ BGa N _:lpsp
| - =10 S+ +F+ | O
AlGaN P AlGaN 1Peo
(@) (b)

Figure 1-18. Polarisation direction for an in-plane (a) compressive strain GaN/ AlGaN and (b) tensile
strain BGaN/ AlGaN QW

1.3.6 Excitonic and intrinsic emission

Optical transitions in I11-Nitride materials can be divided into extrinsic and intrinsic
transitions. Intrinsic transitions are intrinsic to the material. Examples include free
excitons (which is a bound electron-hole pair), phonon replicas (which are due to an
exciton and lattice vibration) and free-to-free transitions (which are due to an electron
unbound to an atom). Extrinsic transitions in contrast originate in the material from

defects and impurities. Examples of extrinsic transitions include free-to-bound,
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bound-to-bound etc. The main optical transition processes in WZ-GaN can be seen in
Figure 1-19%. A bound exciton exists when an exciton is bound to a defect or vacancy.
As the temperature increases this bound exciton acquires enough energy to break free

from the defect/vacancy.

With WZ I1l11-Nitride materials, the valence band is split by crystal field splitting and
spin-orbit interactions, as seen in Figure 1-11. The free excitons associated with the
band splitting are often denoted as FX(A), FX(B) and FX(C) excitons. The origin of
these excitons are; FX(A) = I'‘¥ —IY (associated with the heavy hole state),
FX(B) = I'¥ — T, (associated with the light hole state) and FX(C) = 'Y — I'J_
(associated with the crystal field splitting state).

A conduction band

v

50O 0O O

valence band

C

c L. @©__ 0. _0__ 0.
-EU _
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Figure 1-19. Extrinsic and intrinsic optical processes in GaN

In Figure 1-19%2, a free exciton bounded to a neutral donor (D°) results in the
photoluminescence emission line (D°X). An exciton bounded to a neutral acceptor (A%)
can result in the emission line A°X and a bound-to-bound transition or donor-acceptor
pair is denoted by DAP.
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1.3.7 Lattice matching

The growth of two different materials on top of one another results in different

strains/relaxation in the material. The lattice mismatch (f) between the substrate
(agyp) and the grown layer (alayer) can be calculated using Equation 1-4%3,
_ Asub — Aayer

= 1-4
f Asub

As the thickness of the grown layer increases, the elastic strain energy in the material

also increases and can eventually result in dislocations forming in the material.

Dislocations are imperfections that can develop in the crystal structure of materials
and play an important role in defining material mechanical characteristics. The main
types of dislocations include edge, screw and mixed dislocations. These dislocations
differ in several ways, including their geometry and how they affect material
properties. The Burgers vector (E) or the slip vector represents the magnitude and

directions of the lattice distortion®*.

Edge dislocation

If the b is perpendicular to the dislocation line, then an edge dislocation is formed.
Edge dislocations arise when an extra half-plane of atoms is added to the crystal
structure, resulting in the dislocation line, a step-like structure as seen in
Figure 1-20(b).
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Figure 1-20. Atomic lattice (a) before and (b) after edge dislocation formation

Screw dislocation

If the b is parallel to the dislocation line, a screw dislocation is formed. The atomic
model of a screw dislocation is an extra half plane as seen in Figure 1-21(a) where the
right side (R) slips with respect to the left side (L).

The slip line defines a boundary on the slip plane into a front (F) and back (B) side.
The slip line represents the boundary line which is our dislocation line. If the slip is
only confined to the front side, not the back. In Figure 1-21(a) the slip is defined on
the F side and not the B, and if the slip is equal to the distance of one interplanar
spacing then Figure 1-21(b) is obtained®. The parallel planes perpendicular to the
dislocation line join to form a continuous spiral ramp (or screw shape) also referred to

as a helicoidal surface with a dislocation line as its axis.
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Figure 1-21. Atomic lattice (a) before and (b) after screw dislocation formation

Mixed dislocation

If the b is not parallel or perpendicular to the dislocation line, then a mixed

dislocation is formed i.e. b is at some angle to the dislocation line. Mixed dislocations

usually contain a mixture of the characteristics of both edge and screw dislocations.

In the case of epitaxial growth of polar (0001) oriented GaN, a large density of

threading dislocations occur with a direction line perpendicular to the (0001) interface.

These dislocations are the a-type % [1120] edge, c-type [0001] screw and (a+c)-type

[1123] mixed dislocations®.

Wl
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2 THEORETICAL WORK ON BORON CONTAINING III-NITRIDE
HETEROSTRUCTURES

In this chapter, an introduction is given into the theoretical work that other groups have
achieved with the alloying of B containing IlI-Nitride materials. Key simulation
methods and methodologies that aided in the understanding and guiding of the

experimental work later in this thesis are also discussed.
2.1.1 Theoretical literature work

WZ-BN contains many unique parameters in terms of its large bandgap energy bowing
parameter when alloyed with other 111-Ns, small lattice constants, dissimilar (to
conventional 111-Ns) piezoelectric coefficients (es1, es3)**?°, elastic constants (Cis,
Cs3)®, spontaneous polarisation (Psp) when compared to the conventional Il1-
N242529.70.86 and as a result, numerous potential applications for the material exist. WZ-
BN may help in terms of strain engineering, resulting in a reduction in the quantum-
confined Stark effect (QCSE) which could potentially lead to an overall increase in the

internal quantum efficiency (IQE).

As mentioned in Section 1.3.3 the topmost valence band for I11-Nitride materials can
vary. In the case of AIN the ordering of this sub band results in the emission of TM
mode perpendicular to the c-axis®’. BN contains a unique crystal field splitting energy
(Acg) of 333 meVv® when compared to the standard Ill-Nitrides
(A%N=0.019eV*>and A2V = -0.164 eV®®) and as a result, will alter the topmost
valence sub band which could help improve the efficiency of UV devices. Park, Ahn
et al®®. showed for a BAIGaN/ AIN QW with an Al content of 0.7 and boron content
of <0.01, the characteristic of the topmost valence band is dominated by the light hole
(LH) band and not the conventional heavy hole (HH) band. Thus, resulting in an
emission intensity three times larger than the conventional QW emission. Park et al.®
have shown that a boron incorporation of less than 50% in a BAIGaN/AIN QW
structure, can be used as a TE-polarised light source resulting in a high efficiency for
DUV device. The potential for TM emission with low extraction efficiency is a major
issue in the conventional AlGaN based designs.
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Park et al.®® showed that small incorporations of BN into the active region of
optoelectronic devices result in an improvement in the spontaneous emission
coefficient for BGaN/ AIN compared to AIGaN/ AIN QWs. Xing et al.®* reported from
their simulation work that an undoped BGaN electron blocking layer (EBL) increased
the effective barrier height along with reducing the polarisation-induced electric field.
This resulted in a slope efficiency (which is the ratio between the output to input
power) of 289% and a 51% lower threshold current (which is the point stimulated
emission dominates over spontaneous), than that of highly doped AlGaN. Strain
engineering with BN can also improve the reflectivity and lattice matching of
distributed Bragg reflectors for both the visible and UV range®%,

Thus, there are advantages of incorporating BN with I11-Nitride material. In this
chapter, the one-dimensional Schrédinger equation is solved for a single quantum well
(SQW) of BGaN/ AlGaN to see the impact BN has on the material in terms of the
wavefunction overlap along with the emission energy. Polarisation, strain and offset

potentials are included in our calculation.
2.2  One-dimensional Schrodinger equation

The one-dimensional Schrddinger equation which was used in this work can be seen
in Equation 2-1. Since we are interested in establishing a general framework, a
position-independent effective mass is applied otherwise strain and built-in field
corrections will have to be applied. This means that the effective mass in the well
and the barrier are identical and is a common approach in dealing with 111-N QW

materials® %,

2 52
{— Zh_m% + Ug/fcf(z) +q-pPl(2) + Sv/c(z)}q’(z) = E¥(2) 2.1

2 2
The notation for the terms above is; — :—m% is the kinetic energy term, vt (z) is

v/c
the offset potential for the valence and conduction band (which were already
discussed in Chapter 1), g denotes the elementary electron charge, ¢pP°!(2) is the

polarisation potential and S, ,.(z) is the strain component for the valence and



Page | 27 Theoretical work on boron containing I11-Nitride heterostructures Chapter | 2

conduction band. The term A = 6.626 x 1073* ] - Hz™! is Planck’s constant. Due
to a small difference in the effective masses for AlGaN and GaN and a low
incorporation of boron in the QW (which will be discussed further below), the
values associated with GaN were used in our calculations where m;, = 1.876%" and
m, = 0.209% were used for the holes and electrons respectively. Each component

in Equation 2-1 above will be discussed in this chapter.
2.2.1 Band alignment

A heterostructure of interest in this thesis is a QW which uses differences in the valence
and conduction band alignment of the well and barrier material to confine carriers in

one direction i.e., along the wurtzite c-axis. The main values used to calculate the
conduction band offset (U//) and valence band offset (US'/) potentials were

previously shown in Figure 1-13. The two main band alignments classification of

heterostructures in this work are type-I or type-11°® as seen in Figure 2-1.

A (a) Type-| (b) Type-lI
LN _/@\h @ electrons
(i) (ii) (i) (i) (i) i © holes

IRl ~® ] ®

= wavefunction

Energy

Figure 2-1. Examples of a double heterostructure containing (a) type-1 and (b) type-11 band alignment.

Carrier confinement occurs for both the electrons and holes in type-I band alignment
(Figure 2-1 (a)), due to the bandgap of (ii) sitting entirely inside bandgap. As a result,
a confining well is formed for both the electrons and holes. If only one of the carriers,
i.e. the electrons are confined, then a type-I1 band alignment forms due to the different
conduction and valence band alignments (Figure 2-1 (b)). Since radiative
recombination is dependent on the overlap of the electron and hole wavefunctions?,

type-1 band alignment is normally used for LED devices.
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The use of heterostructures is beneficial for the confinement of carriers and
manipulation of the emission wavelength. However, the use of two different binary or
alloy materials in general leads to a lattice mismatch. For example, the a-lattice
constant of GaN and AIN differs by approximately 2%. This lattice mismatch will
result in strain effects in the active region of for instance an AlGaN/ GaN LED®°.

2.2.2 Elasticity

In I11-Nitride structures, the impact of strain can modify the material properties along
with the electronic structure and as a result alters the carrier confinement (which was
discussed in the previous section). Properties such as the valence band maxima,

conduction band minima’® and the effective masses'® can be impacted by strain.

A second-rank tensor as seen in Equation 2-21%21% can be used to describe strain
component (sij) in the material where the i* and j** component denote the change in

position along the i-direction due to a deformation along the it" direction.

Exx  Exy Exz
e=\| Syx &y E&yz 2-2

Ezx  Ezy &2z

Voigt notation® can be used to rewrite the tensor as seen in Equation 2-3, where

Exx = €1, Eyy = &3, E5; = E3, 28y, = &, 26, = €5 and 2&4), = &.
E = (81 &y 83 &y &g 86)T 2'3

It is assumed that the strained material can be formed by small deformations in the
unstrained material. Therefore, the initial strain can be rewritten in terms of the relative
difference between the lattice constant of the strained material and host material as
seen in Equation 2-41%, It is assumed that the tensor above can be simplified by
neglecting the shear strain in the system and assuming a QW system and therefore

setting the off-diagonal components to zero i.e. ¢;; o 0.
i#]
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a a
0 0 0
a
bO_
= 2-4
0 - 0
Co—C
\ 0 0 0
C

In the tensor above, the terms a, b and c are the lattice constants of the strained material
and the terms a,, b, and c, are the host material. In WZ I1lI-Nitride materials,
a=b # cand as a result &;; = &,,. For a QW system, it is assumed that the QW is
strained to match the in-plane a-lattice constant of the unstrained QB (host material).

The QW then relaxes along the c-direction (out of plane)3%:1%,

As a result, the out-of-plane strain component (e33) can be rewritten in terms of the
a-lattice constant and the strain along the c-direction which minimises the elastic

energy of the system as seen in Equation 2-5%.

2-5

The terms C;; are the elastic constants and can be calculated using a linear interpolation

of the relevant binary materials. The in-plane strain component also known as the

ag—aw

biaxial strain component is defined as &;; = where ag and ay, is the QW

(strained material) and QB (host material) lattice constant. The a-lattice constants for
along with the elastic constants for Ill-Nitride materials can be seen below in
Table 2-1.

Various literature results can be found for both the a and c lattice constants ranging
from 2.520t0 2.558 A and 4.170 to 4.228 A, respectively.”®1"-11! The elastic constants
(Ci;) also vary in literature from 61 to 74 Pa for C;; and 1020 to 1077 Pa for
C33107198.112 "In our work, the values were based on Sheerin et al?®. as it provides a

value that is around the average of possible values seen in literature.
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Table 2-1. Elastic constants along with lattice constants for I11-Nitride materials.

AIN GaN BN InN

al A 311230 3,189 253429 3545%

o A 4982° 5185 4.189° 5703

Cis/Pa  108* 106%° 64%° 115%

Cas/ Pa  373% 398%  1113% 92%

An interesting observation is that WZ-BN contains a much smaller C;; and much
larger C35 component when compared to the standard I11-Nitrides. This will result in
a reduction in the zﬁ ratio when alloying with BN. Further to this, consider a BGaN
33

QW grown on AIN, the smaller a-lattice constant of BN (as seen in Table 2-1) will
result in a reduction in the &;; component for low B incorporation. This will result in
an overall reduction in the strain in the system thus resulting in a reduction in the
piezoelectric polarisation field (which was discussed in Section 1.3.5 and will be
discussed further in Section 2.2.4) and could lead to an improvement in radiative

recombination®'? for low BN content in the QW.
2.2.3 Strain effects

The strain-dependent part of the electron (S.) and hole (S,) Hamiltonian was
calculated using the equation found in Fonoberov et al.>® as seen in Equation 2-6
where it was assumed that the well material was strained to the barrier and contains

no shear strain.
Sy = &11(l; + my) + myezs
Sc = 2Qc¢€11 + Acz€33 2-6

The conduction band deformation potentials for the out-of-plane and in-plane strain

are denoted by a., and a.,. The term ¢;; denotes the strain tensor components as
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previously discussed above. Finally, the terms [;, m; and m, are composed of the

valence band deformation potentials (D;) as seen in Equation 2-7%.

11:D1+D4+D5

m1:D2+D4_D5

mz = D1 + D3 2'7

The deformation potentials for the 111-Nitride materials can be seen in Table 2-2.
These values were also taken from Sheerin et al.?° due to the limited literature

reports.

Table 2-2. Valence and conduction band deformation potentials for I11-Nitride materials.

AIN GaN BN InN
a, | eV - 8.6 -3.33% -
a.. eV - 6207 21427 ]
a,,—DyeV 431" 6037  236°  -3621
agp — DyreV 12_1'1114 8982  24.44°  -460M
D,/ eV - -2.56%° -0.97%° -
Y - 2.76% 3.02% ]
Di/ev 91214 538 2.71% 2,681
D,/ eV -3.7914 -2.95% -2.74%° -1.741
Di/ev 32314 8% 4050 207

2.2.4 Polarisation

As mentioned previously in Chapter 1, the spontaneous and piezoelectric polarisation

exists when working with WZ I11-Nitride materials. The piezoelectric polarisation can
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be written as seen in Equation 2-8 assuming that the c-plane QW system contains no

shear strain.
PpZZA = (81831 + 82832 + 83833)2 2'8

The terms &; and e;; represent the strain tensor components and the piezoelectric tensor
components respectively. Using the piezoelectric polarisation (Equation 2-8) and
out-of-plane strain component (Equation 2-5), a simplified equation can be seen in

Equation 2-9.

C
sz - PpMZ/ZA - 281 (331 - 633 ﬁ) ZA 2‘9
C33
Using Poisson’s equation as seen in Equation 2-10 and assuming that there are no free
charges in the system and the permittivity of the medium (¢) is spatially constant, the
polarisation potential (¢P°') can be calculated. The term P denotes the total

polarisation i.e. Py, + By.
—&(V2¢pP!) = ppoy ==V - P 2-10

By assuming a one-dimensional QW system, using the boundary conditions of zero
field in the QB as z — +oo, then Equation 2-11 can be obtained®.

Pop — Pip + Fpz

2e0el

pol —
P < 2-11

)(IZI — |z —h)

Polarisation was assumed to be along the growth direction (c-axis) and strain was only
applied in the basal plane. It was assumed that the QW begins at z = 0 and ends at
z = h thus resulting in a QW thickness of h. The term & = g,¢&)” where ¢, and &
denotes the permittivity of the free space and relative permittivity of the well. The
relative permittivity values for the 111-Nitride materials used in this work can be seen
in Table 2-3, along with £, = 8.85 x 10712F - m™!,
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Table 2-3. Relative permittivity of I11-Nitride materials.

AIN GaN BN INN

€r 8.5 9.6 6.65'¢ 1531

As seen previously WZ-BN contains different elastic and lattice constants (Table 2-1)
when compared to the standard Il1-Nitrides. This unique aspect of BN also occurs in

both the spontaneous and piezoelectric components which will be discussed next.

2.3 Correct polarisation constants when working with B-I11-
Nitrides

The theory of Berry-phase!!’ is the main method to calculate the polarisation, by
starting with a predefined reference frame. In the Berry phase theory of polarisation,
absolute polarisation is not accessible and only differences in polarisation between
two states of an insulating material are focused on*!® i.e. a centrosymmetric structure
P.s (which contains inversion symmetry and thus no polarisation present) and

non-centrosymmetric P,,,,,_cs counterpart.

The calculation of the P, and B,, components (e33 and e33) requires the choice of a
reference structure, which in the case of WZ I11-Nitride materials has originally chosen
to be the [111]-oriented zincblende (ZB) structure!!®-12L, The ZB reference frame was
the initial approach used in the late 90s by Bernardini, Fiorentini and Vanderbilt'®®.
For the ZB-reference frame, you take the ZB structure oriented along the [111]
direction which looks similar to the [0001] oriented WZ system when looking at the
first atomic nearest neighbour (as seen in Figure 2-21%2 (a) and (b) respectively).
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Wurtzite Zinc-blende

(e)

Figure 2-2. The wurtzite and (b) zinc-blende crystal structures where the z-direction is parallel to the
c-axis and [111] direction respectively. The “eclipsed” and “staggered” dihedral conformations for
wurtzite and zinc-blende are displayed in (c) and (d), respectively. The top view of [0001]-wurtzite
and [111]-(zinc-blende).

The initial ZB structure corresponds to an unstrained crystal structure which is
centrosymmetric (Pcs). If you look at the second nearest neighbour 9/12 have identical
positions and 3 are different (which can be easily seen in the plan view of
Figure 2-2 (e) and (f)). If you rotate these 3 atoms adiabatically, to go from the [111]
ZB structure to the WZ structure which contains a charge i.e. non-centrosymmetric or
P,on—cs, the corresponding change in polarisation is the required value as seen in
Equation 2-12.

AP = PTlOTl—CS - PCS 2'12
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This is the method used for calculating the polarisation in the ZB reference frame i.e.

PZP and the ‘proper’ piezoelectric components e}; °* and el °".

For the hexagonal (H) reference frame, it is proposed that starting with the WZ
structure is the correct method for calculating the polarisation®®. The WZ structure
contains a P6;mc space group whereas the two-dimensional H structure contains a

P65 /mmc space group'? as seen in Figure 2-3 (a) and (b) respectively.

@ (b)

Figure 2-3. Space group P6;mc and P65 /mmc corresponding to wurtzite and 2-dimensional layered

hexagonal unit cells respectively.

Starting with the WZ structure Figure 2-3 (a) a single atom is moved up (denoted by
the red circle) and another atom is moved down (denoted by the blue circle) i.e.
going from a non-centrosymmetric system to a centrosymmetric system. These atoms
are then moved back adiabatically to their original positions. Again, the
corresponding change in polarisation is the required value as seen in Equation 2-12.
This is the method for calculating the polarisation in the H reference frame i.e. P}

and the ‘improper’ piezoelectric components e5;" and ey " .

In both reference frames the e;; component has no alteration i.e. e55* is the same as

el °P124125 The values for the P57/, e27°P/ ™ and e35 constants and their

different reference frames can be seen in Table 2-4.
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Table 2-4. Polarisation constants for the zinchlende P27, e31°”, e35 and the hexagonal reference frame

H ,imp
Py €31, €33

AIN GaN BN InN

PZB| C-m? -0.090% -0.035%°  -0.012%7°  -0.053%

ePP[Com? 0676  -0551%°  0.282%%7°  -0.604%

pirefjc.m? 1351 13129 2174°70  1026%

e™com?  -2027%°  -1.863°  -1.892  -1.63%

es3/ C-m? 1.569% 1.020%°  -1.068%°70  1.238%

The e;}™ constant can be calculated using the formula e57? = e37°? — PH as seen in

Dreyer et al.®

An interesting observation for the ZB reference frame (which contains the

components P42, eZ1° and es3), is that WZ BN e} °P and e3; component both
contain an opposite sign when compared to the other e¥]°? and e5 111-Nitride binary
materials as seen in Table 2-4. For I11-Nitride materials alloyed with BN, this results

in a sign switch for the eX7°” component as the incorporation of BN increases.

However, this is not the case for the eé’f” component which is used in the H
reference frame. Further to this, increasing the B incorporation into 111-Nitride
materials also results in a sign switch for the e;3 component which impacts both the

H and ZB reference frame. All of these changes in sign in turn influence the

polarisation sheet charge (abZB/Href) which will be discussed further below.

Standard alloys of the I11-N materials such as AlGaN/ GaN and InGaN/ GaN, show
little difference when looking at the polarisation sheet charge as seen in Equation 2-13
for ZB or H reference frames as seen by Dreyer et al.® This is not the case when

alloying with BN.
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. cw 2-13
O-bZB/H = A}DSiB/H - 281 <e§:0p/ e _ 633C_:;|3;)
33

. w
The AP, = P — P and PPZZB/H = 2¢, (eg’{"”/‘m’” — €33 %,,3,) components of the
33

polarisation were plotted separately first as seen in Figure 2-4 (a) and (b) for a
BxGaixN/ GaN interface in the H and ZB reference frame respectively. It was assumed

that the barrier material was unstrained and the QW was under tensile strain.

T T . . 0.05F j T i T " T T T 7
1.0F 1 -
& C'“E
S 0.00 - g
o S
o 0.5 J qg))
g £ 005} |
o
— — H o
3 0.0} APgy ] 8 — AP?B
12 ——PH 2 -0.10} i .
S P é - - sz
S S
N —
57057 1 5-015} ]
& g
_10 N L T R T _020 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
B content B content
(@) (b)

Figure 2-4. Polarisation sheet charge components at the BGaN/ GaN interfaces, calculated using

either the (a) H reference structure and 27, or the (b) ZB reference structure and e?; °”.

As expected, using a linear interpolation for the spontaneous polarisation contribution
(i.e. AP, and APZP) as seen in both Figure 2-4 (a) and (b) resulted in a straight line.
The straight-line behaviour is also similarly seen in Figure 2-4 (a) for the pré
component in the hexagonal reference frame. The magnitude of both the AP} and By},

component seems to be similar in the H reference frame. This is not the case in the ZB

reference frame where the contribution from the B,, component seems to dominate
over the majority of the AP, component. Further to this, a turning point also exists at

~0.3 for the BZ? component as seen in Figure 2-4 (b). In the case of the PZ?

component, initially, both the e;; and —es3 ?3 are additive. However, as BN

33
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incorporation increases a sign switch occurs for the eX;°? which can also be seen as

the turning point in the plot.

The polarisation sheet charge (o) density can be calculated using Equation 2-13

. w
where PPZZB/H = 2¢, (e,fl”’p/‘mp — e33 %,,3,) A plot of the corresponding polarisation
33

sheet charge for BxGaixN/ GaN can be seen in Figure 2-5 assuming that the GaN

region was unstrained and using the values from Table 2-1 and Table 2-4.

0.10
| ——B,Ga,,N ZB
—~ 005} — BGa,,NH

N

0.00 |

-0.05 |
-0.10 f

-0.15 |

Polarization sheet charge (C m

-0.20

0.0 0.2 0.4 0.6 7

00 02 04 06 08 10
B content

Figure 2-5. Polarisation sheet charges at the BGaN/ GaN interface are calculated using either the ZB

imp

reference structure and e3; °”, or the H reference structure and e;}" .

From Figure 2-5, it is clear that the BGaN ZB and H reference frames contain very
different polarisation sheet charges as a function of the boron content. In the ZB
reference frame, a turning point exists at around B content of ~0.3. The origin of this
turning point was discussed in the previous paragraph. Two turning points exist in the

H reference frame at B contents of 0.03 and 0.35. Initially, the Py, component

dominates up to 0.03, then the negative B,, component takes over due to the large eé’{‘p

component. Finally, the P, dominates again for B contents above 0.35. This



Page | 39 Theoretical work on boron containing I11-Nitride heterostructures Chapter | 2

opposition between the AP, and B,, component results in a much smaller polarisation

sheet charge for B contents up to 0.6 when compared to the ZB case.

As a result, the H reference frame values i.e. P2 and e;}™ were the main values used

for the simulation work in this thesis as the use of the ZB reference frame leads to

incorrect values when working with B containing I11-Nitride alloys.
2.4  Wavefunction overlap and emission energy

The finite different method (FDM) was used to solve the Schrédinger equation. The
numerical technique is described in more detail in the Appendix to this thesis. A
smaller QW is more beneficial as it results in a lower polarisation potential drop (as
seen in Figure 2-6 using Equation 2-11), thus resulting in a larger emission

energy126,127.

0.6+ ' ' ' -

2nm

—4nm
0.4+ 6nm -

—38nm
0.2 10 nm ’
2 0.0} ]

_e_
-0.2+ -
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Figure 2-6. Polarisation potential for a GaN/ Alp.15Gao.ssN SQW with varied QW size.

As our end goal is to grow the material in our reactor (which will be discussed later on
in the thesis), the minimum thickness of the quantum well experimentally is also
limited. Therefore a 2.5 nm SQW of BxGaixN/ AlyGaiyN was used. The FDM in one

dimension was sufficient for our work as 3D would be computationally heavy.
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As previously mentioned in Section 1.3.3, a different valence band and conduction
band ordering exists between IlI-Nitride materials. Type-1 band alignment is the

desired band alignment for LEDs. The offset potential U°!7 for both the conduction

v/c
and valence band can be calculated using both U/ = CBE?5 — CBE?Y and
U,ff f = VBEQW — yBEQB respectively. The energy gap bowing parameter
pAlGaN = 0,94 eV and hB¢?N = 8,68 eV? is implemented in the conduction band (as
seen in Equation 2-14) and a linear interpolation of the bulk materials is used for the

valence band.
EFiSaN = 6x 4+ 3.51(1 — x) — 0.94x(1 — x)
EBSIN =13.2x + 3.51(1 — x) — 8.68x(1 — x) 2-14

Therefore, when a value of U}/ > 0 i obtained for both the U?”” and Uy”” then there
is confinement in the well. The conduction and valence band offset potential were
initially plotted for BxGai1xN/ AlyGai.yN with varied Al (y-axis) and B (x-axis) content
along with the strain component S, (Equation 2-6) as seen in Figure 2-7 (a) and

(b), to observe where type-I band alignment fails.

4
0.50
2 0.25
>
9.
0 0.00
QD>
5 -0.25
-0.50

0. . -4 :
8.00 0.25 0.50 0.75 1.00 08.00 0.25 0.50 0.75 1.00

B composition (x) B composition (x)

(@) (b)
Figure 2-7. (a) Conduction band and (b) valence band offset potentials for BxGa1xN/ AlyGaiyN.
The inclusion of the bowing parameter in the conduction band offset potential

calculation results in a bending as seen by the ‘0.0’ black line. A maximum boron

incorporation of ~0.5 can be used in the QW to ensure that confinement still occurs in
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the conduction band as seen in Figure 2-7 (a). The choice of Al and B content in the
QB and QW respectively can also result in Type-1 and Type-II band alignment in the
valence band as seen in Figure 2-7 (b). As a results caution should be used when

selecting the amount of Al and B in the QB and QW respectively.

The basal strain component ¢, = 22— was also plotted to understand where the QW

aw

and QB were closely lattice matched as seen in Figure 2-8.

1.0
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Q
o)
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o
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8.00 0.25 0.50 0.75 1.00
B composition (x)

Figure 2-8. Basal strain component for ByGai;xN/ AlyGaiyN.

The blue and red region in the plot above denotes where the QW is under compressive
and tensile strain, respectively. As a result, the region denoted in the yellow box was
focused on in our theoretical work which corresponds to a maximum Al and B content
of 0.5 and 0.2 in the QB and QW respectively.

The AP, and P;; components were also plotted separately for the
BxGaixN/ AlyGaiyN system as seen in Figure 2-9. From the results, using an Al
content of 0.15 in the QB, a zeroing of the AP, and B,, can be obtained for a BN
content of <0.01 and slightly above 0.01 respectively.
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Figure 2-9. Theoretical (a) AP, and (b) By, for BsGai.xN/ Al,GaiyN.

This initial reduction in polarisation with the addition of boron was also noted from
the wavefunction overlap W°v¢"'e® for a ByGaixN/ AlyGai.,,N SQW of 2.5 nm as seen
in Figure 2-10. As mentioned previously, FDM was used to solve the Hamiltonian in
matrix form. The energy eigenvalues and eigenvectors are calculated from the
Hamiltonian. The diagonal eigenvalues along with the corresponding eigenfunction/
wavefunction can then be plotted. The electron (¥,) and hole (¥;) wavefunctions

were then used to calculate the WoveTleP as seen in Equation 2-15.

2
POETIAP () = |(W W) =

J YW, dz
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Figure 2-10. Wavefunction overlap for a 2.5 nm SQW of BxGa1.xN/ AlyGai.,N.

The diagonal magenta lines represent the lattice mismatch between the materials. The
region of interest is highlighted in white and red dashed lines which is associated with
low Al incorporation in the QB and low B in the QW. The area highlighted in white
with red dashed lines is also where the two materials are closely lattice-matched which
is more beneficial for experimental growth. The results indicate an Al content of ~0.15
in the QB along with a B content of ~0.01 are the optimum conditions for the highest
wavefunction overlap. An increase of ~10% was observed for a
Bo.01Gao.g9aN/ Alo.15GaossN SQW when compared to a standard GaN/ Alo.15Gao.gsN.

The incorporation of BN appears to have little effect on the emission energy of the
SQW as seen in Figure 2-11.
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Figure 2-11. Emission energy for a 2.5 nm SQW of BxGai1xN/ AlyGaiyN.

An emission energy of 3.5 eV and 3.43 eV was obtained for Bo.o1Gag.g9N/Alo.15Gao.esN
and GaN/ Alo.1sGao.gsN respectively. Further to this, in the region of 0.15 Al content
in the barrier, a slight blueshift is observed for B content <0.01, followed by a redshift
as B content increases above 0.01. This is due to an initial strain improvement, as the
QW becomes lattice matched to the QB, resulting in a reduction in the P,, component
and also only a small contribution from the AP, component to the overall polarisation.

However, as the B content increases the large P, component dominates resulting in a
redshift.

2.5 Conclusion

From the theoretical literature, it is clear that there are many advantages of alloying B
with 111-Nitride materials. Our theoretical results show that low contents of BN ~0.01
in a SQW along with low Al incorporations of ~0.15 into the QB appears to improve
the wavefunction overlap along with a slight blueshift followed by a redshift in the

emission energy. This initial improvement in the wavefunction overlap is due to a



Page | 45 Theoretical work on boron containing I11-Nitride heterostructures Chapter | 2

reduction in polarisation and an improvement in strain engineering. However,
increasing the B content in the QW results in both an increase in tensile strain and
polarisation. The theoretical results in this chapter guided the Al and B concentrations

focused on in Chapter 5.
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3 EXPERIMENTAL TECHNIQUES

The main material growth system used in this thesis along with other material
characterisation tools such as structural, morphological and optical techniques will be

discussed in this chapter.
3.1 Epitaxy

Epitaxy is the process of growing layers of crystalline material on the same
(homoepitaxy) or different (heteroepitaxy) substrate material. Complicated
heterostructures such as LEDs, vertical-cavity surface-emitting lasers (VCSELS), etc.
can thus be obtained. The term “epitaxy” is constructed from the Greek language with
the meaning “ordered upon”, where the term “epi” means on/ to/ above and “taxy”

means order/ ordering.

Some of the most commonly used chemical vapour deposition (CVD) epitaxy
techniques include; halogen vapour phase epitaxy (HVPE)'?812  metalorganic
chemical vapour deposition (MOCVD)!®13% and molecular beam epitaxy
(MBE)128,131_

3.1.1 Halogen vapour phase epitaxy

In HVPE, group-I1I nitrides are formed by reacting hot gaseous metal chlorides with
NHas. A simple schematic of the process can be seen in Figure 3-1.

Source Growth
zone zone

NH; —=  GaCl+NH; HCl+H,
02~ i

GaN
HCl ‘wow  GaCl substrate

Figure 3-1. Schematic of a halogen vapour phase epitaxy (HVPE) process for GaN.
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The first growth of GaN was achieved using the HVPE process!®2%, In HVPE,
group-111 elements are transferred into the reactor as halides and group-V atoms are
introduced as hydrides. For GaN growth, the halide and hydride precursors used are
gallium chloride (GaCl) and NHz respectively. Pure metallic Ga is heated in a crucible
and exposed to the hydrogen chloride, where the H: carrier gas is then passed through,
where they react with NH3 to form GaN with the by-products of H» and hydrochloric
acid (HCI) as seen in Equation 3-1.

GaCl + NH; - GaN + HCl + H, 3-1

3.1.2 Molecular beam epitaxy

A simple schematic of an MBE reactor can be seen in Figure 3-2, which usually

consists of an ultra-high vacuum chamber ~108 Pa.

RHEED electron gun Rotatingsample holder

lonizationmanometer

Window

Principalshutter

Cellshutters

Air lock valve

Effusioncells

Effusion cells

Effusioncells Sample

transfer unit

Window

Fluorescentscreen MoIor
RHEED

Figure 3-2. Schematic of a molecular beam epitaxy (MBE) reactor®34,

The group-111 metals and dopant atoms are in a solid source stored in (Knudsen)
effusion cells!®. The cells are heated to a temperature where the elements evaporate,
the shutters are opened, and an atomic beam strikes the hot substrate!!. Due to the
high vacuum, the atoms have a mean free path for collisions longer than the
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source-to-substrate distance. The atoms react on the substrate surface and the material
can be grown layer by layer in two dimensions. In-situ characterisation of the sample
can be achieved during growth using a reflection high-energy electron diffraction
(RHEED) gun. Information such as the sample's quality, thickness and surface

morphology can be obtained.

Nitrogen cannot be stored in the effusion cell and, as a result, other techniques are
implemented such as plasma-assisted MBE in which the nitrogen radicals are produced

by radio-frequencies'?®13,

Another popular epitaxy technique especially in the industrial mass-production of
semiconductor materials growth is MOCVD. This was the main epitaxy technique

used in our work and will be described in detail in the next section.

A summary of the main strengths and weaknesses of the CVD epitaxy techniques can

be seen in Table 3-1.

Table 3-1. Overview of epitaxy techniques®,

Technique Strengths Weaknesses
Well developed Complex process/
HVPE Large scale reactor
High growth rates Hazardous precursors

Simple process ) o
N materials difficult

Uniform ]
MBE ) Expensive
Abrupt interfaces
) o Low throughput
In-situ monitoring
Most flexible
Abrupt interfaces
High purity ]
Expensive reactants
MOCVD/ MOVPE Robust process
Hazardous precursors
Large scale

Selective growth

In-situ monitoring
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3.1.3 Metal-organic chemical vapour deposition

MOCVD involves the decomposition of metal-organic (MO) precursors to produce a
thin film of the desired material. MOCVD is widely used in the production of
semiconductor devices, such as LEDs, solar cells, and other electronic devices. In
MOCVD, metalorganic compounds are used for the group-111 source precursors along
with NHs as the nitrogen source. The composition and growth rate of the film can vary
depending on the growth temperature, reactor pressure, dilution of the precursors and
flow rate of the precursors. MOCVD was the main epitaxy growth method used in this

thesis.

An AIXTRON 3x2” vertical reactor which uses the closed-coupled showerhead
technology originally developed by the British company Thomas Swan was used to
grow all of the samples discussed in this thesis'®’. A picture of our reactor can be seen

in Figure 3-3.

Figure 3-3. AIXTRON Close coupled showerhead reactor.
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Reaction process in MOCVD reactor

Some common MOs used in MOCVD include; trimethylaluminium (TMAI) as the
aluminium source, trimethylgallium (TMGa) as the gallium source, triethylboron
(TEB) as the boron source and trimethylindium (TMIn) as the indium source. The
precursor choice depends on the material being deposited and the desired properties of
the resulting thin film. Doping of the material during growth can be achieved by
supplying a controlled amount of dopants such as disilane or
biscyclopentadienylmagnesium (Cp2Mg) into the reactor for n and p doping

respectively.

Some of the key chemical reactions involved in a MOCVD reactor can be seen in

Figure 3-4.
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Diffusion/ ®e
Aduct formation .‘
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)
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GaN layer

wafer surface
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“‘A‘&AA
- exhaust

Figure 3-4. CVD process in an MOCVD reactor and on the substrate surface.

'f

The substrates can be placed into a ‘pocket’ on the graphite susceptor. The MOs and
NH3 are supplied from the top of the reactor where the lid of the reaction chamber
contains a similar shape to that of a "showerhead". This showerhead design contains
an alternating array of holes that enable independent precursor injection,
corresponding to two separate gas lines for the MOs and NHs. (as seen by the red and
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blue arrows). This injection separation also helps to minimize the pre-reactions of the
MOs and NHjs as they are supplied through different inlets in alternating positions and
only come into contact close to the surface of the substrate. Rotation of the susceptor

is also possible to improve the growth uniformity of the layers.

The boundary layer refers to the thin region adjacent to the surface of the substrate (as
seen in Figure 3-4) where chemical reactions occur. The growth and quality of the
epitaxial grown thin layers are influenced by the conditions within this boundary layer
as the MOs and NHsz must pass through this layer before reaching the substrate

surface!813,

High temperature is used during the growth process which allows the decomposition
of the MOs and form pyrolysis products. Adsorption occurs on the surface of the
substrate with these decomposed products and they can diffuse to available growth
sites. The reaction by-products are extracted from the reactor chamber through the

exhaust.

Many thermodynamic reactions occur during the growth process, however, a general

simplistic reaction in the MOCVD process can be written as seen in Equation 3-2.

AMR, + BVX; —» A'BY + by products 3-2

The group 111 alkyls are denoted by A”! R; where R; is an organic radical and A’ is a
group-111 metal. The binary hydrogen compound of group V is denoted A"’ BV where
BY is a non-metal from group-V. This subsequent reaction results in the epitaxial
growth on the heated substrate. The main idealised reactions for AIN, GaN and BN
can be seen in Equation 3-3 along with a summary of the main parameters for
[11-nitride MOCVD material growth in Table 3-2.

The values provided in Table 3-2 are for general reference only, as the growth recipes

created by various research groups with different reactors may differ.
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Ga(CH3); + NH; - GaN + 3CH,

B(C,Hs)s + NH; —» BN + 3C,H, 3-3

Table 3-2. Typical MOCVD growth parameters used in our reactor.

Carrier Temperature Pressure )
V/111 ratio
gas °O (mbar)
GaN H2 ~1050 ~100 ~1000
AIN H2 1100-1300 ~50 ~50

The MOs are usually in a solid or liquid phase and stored in bubblers where a carrier
gas nitrogen/ hydrogen can be flowed through, picking up the precursors as vapours.
The temperature of the bubbler is fixed, resulting in the desired partial pressure of the
MOs. The flow rate of the MOs (f3,0) into the MOCVD reactor then depends on the

flow rate of the carrier gas (f,,n,) along with the pressure of the bubbler (Pgyppier)

and MO partial pressure (P,;o) Which can be calculated using Equation 3-4.

(,umol) 3 fry /N, . Pumo
MO\ min/ ™ 20400 (sccm) Pgubbier — Puo 34
umol

This MO partial pressure can be rewritten in terms of the temperature (T) and the

temperature coefficients 4, B, C using Antoine’s equation'*’ (Equation 3-5).

A
log[Py] =B — —— 3-5
0g[Puo] T+C
The main MOs used in this thesis along with their melting points and A, B, C

temperature coefficients can be seen in Table 3-3.
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Table 3-3. Physical properties of the main metalorganic sources used in this work4:143,

Melting
Symbol Chemical A B C Point  Remark
°C)
) ) Primary
Trimethylgallium .
TMGa 1703 8.07 0 -15.8 gallium
(CHa3)sGa
source
) o Primary
Trimethylaluminium
TMAI 2134.8 8.224 0 15.4 aluminium
(CH3)sAl
source
) Primary
Triethylboron
TEB 753.261 2.91408 112.631 -93 boron
(C2oHs)3B
source
Cyclopentadienylmagnesium )
Cp2Mg 3556 10.56 0 175 p-doping

(CsHs)2Mg

Three different growth regimes are possible during epitaxial growth as seen in

Figure

These r

3-5!44 depending on the growth rate and temperature!4514,

At lower temperatures, the growth rate is restricted by reaction kinetics, which
means that the slowest reaction in the gas phase or at the surface limits the
growth rate.

As the growth temperature increases, so does the growth rate until it is limited
by mass transfer through the boundary layer. The growth rate in this region is
relatively independent of the growth temperature, and the growth rate is instead
controlled by the partial pressures of the precursors.

Further temperature increase results in the growth rate decreasing. This region
is referred to as the thermodynamically limited regime and the decrease in the
growth rate is due to several factors: parasitic side reactions in the gas phase,
an increase in deposition on the reactor walls and an increase in desorption of

atoms from the growing film#.

egimes are not mutually exclusive, and the growth process can switch between

them depending on the MOCVD system's unique parameters. In practice, the goal is
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to maintain good film quality and uniformity while operating in a regime that

maximises deposition rate.

A

mass transport
limited

Growth rate

-1 -1
Temperature™ (K™)
Figure 3-5. CVD growth mechanisms as a function of reciprocal temperature.

The Close Coupled Showerhead (CCS) reactor is one of the most commonly used
showerhead for I11-Nitride material growth#®4° It allows a uniform injection and thus
potentially uniform growth, and a short distance between the (separate) injection of
the ammonia and group 11 precursor limits the opportunity for gas phase (parasitic)
reactors to occur (as seen in Figure 3-4). It has been reported in literature that the CSS
MOCVD reactor has problems with Ga contamination during the growth of InAIN,
when the Ga precursor line is turned off*>®%¢, In the case of InAIN growth, residual
Ga remains on the wafer susceptor, quartz liner and even on the showerhead
surface!® %4 Mrad et al.*>" was able to reduce the contamination of Ga in their InAIN
films by mounting a SiC coated graphite deposition shield on the showerhead. Deng
et al.?®® was able to achieve Ga free InAIN films by chemically treating the quartz liner
and wafer susceptor. This parasitic effect in reactors mean that the possibility of reactor
history affecting growth need to be considered when depositing materials systems that

are relatively unexplored.
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Literature reports show that the growth of hexagonal BN with TEB precursor ina CCS
reactor, results in parasitic reactions in the chamber along with a memory effect1°916,
This undesirable contamination could also be a possibility when working with boron-
containing I11-Nitride materials and, while not a focus in this work, is one that merits
more detailed investigation in future. Indeed, the area of reactor history effects is one
that has not been fully explored for MOVPE more generally. For example, even
recently the impacts on the growth of AIN on AlGaN has been found to show unusual

161 and for doping Mg in GaN a detailed review can be found in Ohba et al.*6?

grading
and Xing et al.1®3. This issue is also not unique to GaN. Even recently, work to fully
understand the issues of reactor history and growth condition for Zn doping of

conventional I11-V has led to new insights'®.
3.2 Structural and surface morphology techniques

After the material is grown, in-depth ex-situ characterisation can be performed to

determine the structural, optical and surface properties of the grown structure.
3.2.1 X-ray diffraction

X-ray diffraction (XRD) involves probing a crystal with X-ray radiation of wavelength
A, which has a wavelength close to the crystal spacing. The XRD equipment used in
this work was a Malvern Panalytical X-pert MRD XRD and a schematic of the setup

can be seen in Figure 3-6.

The K, radiation from the copper anode at a wavelength of 1.541 A was selected with
a hybrid monochromator which was composed of a graded parabolic mirror and a
(220) channel-cut Germanium crystal. The Cug_, component from the beam is filtered
by the Ge crystal. An Euler cradle is used to hold the sample which allows a variation
in the incident angle (w), the diffraction angle (26), the angle around the surface
normal (¢) and the angle around an in-plane horizontal direction (y) as seen in

Figure 3-7.
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hybrid monochromator

detector
mirror
2-bounce Ge(220) \6
X-ray tube
line focus
Euler
cradle

Figure 3-6. Schematic of X-ray diffraction setup.

diffracted

(I) ray

Pl

Figure 3-7. Axes and angles in a standard XRD measurement.

The scattering angle of the incident ray can be calculated using Bragg’s law® as seen

in Equation 3-6 and the main principle can be seen in Figure 3-8.

nil = Zdhleing 3-6
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Figure 3-8. Schematic illustrating Bragg’s law.

The distance between planes/ interplanar spacing is denoted by dj,;, 6 is the incident
angle (for a symmetric scan which will be discussed in detail below) and hkl are the
Miller indices. The difference in path length can lead to constructive and destructive

interference depending on the in/out of phase of the waves.

The theoretical interplanar spacing (dy;) can be determined using Equation 3-7%6°,
for a hexagonal layered structure, which allows for information to be determined such
as the composition of the molecular and atomic structure of a crystal, strain in the

material, superlattice thickness etc.

L _ 40+l P

3-7
dz., 3 a? c?

The separation in the atomic planes can also be used to determine the scattering vector

S as shown in Figure 3-9.
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2
dhkl

atomic plane
Figure 3-9. Illustration of the incident, diffracted and scattering vectors.

The terms E,-,Ef and S represent the incident, diffracted and scattering vectors which
can be used to calculate the reciprocal lattice. The scattering vector S = k; + Ef and

can be varied by changing w and 26. S will end at a reciprocal lattice point and as a

result, various areas of reciprocal space can be probed by varying the crystal direction

and the magnitude of S. The magnitude of S can be altered by varying the incident
angle () and 26.

The film quality can be determined using w-scans which are also known as rocking
curve scans as the sample is ‘rocked’. The detector is fixed at a 26 angle for the
corresponding reflection that is required to be measured. A mosaic spread of the crystal
is obtained by measuring around the reciprocal plane. The full-width half maximum
(FWHM) of the required peak is obtained which contains information such as

dislocation densities and wafer bow67:168,

For an w-20 scan, the integrated intensity of the reflection from the sample is
measured. With this scan, we move radially away from the centre of the reciprocal

plane, and information such as the interplanar spacing can be determined.

As mentioned in Chapter 1, heteroepitaxy results in compressive and tensile strain. If

the material is strained to the underlayer, then the corresponding c-lattice constant can
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be calculated using Equation 3-8'% which contains the theoretical and the
strained/ measured lattice constants (a,, ¢,) and (Aeqs) Cmeas) respectively, and the

elastic constants Cy 3, Cs5.

Cmeas — Co _ ) C13 Qmeas — Qo 3-8
Co C33 Qo

However, if the material is in an unknown strain state the lattice parameters a and ¢
must be measured by both a symmetric and asymmetric/ skew-symmetric w-26 scan

as seen in Figure 3-10.

(a) (b) (©)
Figure 3-10. X-ray diffraction (a) symmetric, (b) asymmetric and (c) skew-symmetric scans.

With a symmetric scan the incident angle 6 is equal to the sample tilt w and the
measurement of the planes is parallel to the surface of the material as seen in
Figure 3-10 (a). A variation of the c-lattice constant of the material in the 002 plane
which is parallel to the 001 or c-plane is measured. This is in contrast to an
asymmetric/ skew-symmetric scan where the sample tilt is not equal to the incident
angle, as a result, a combination of the a and c lattice parameters are measured with
ideally a small contribution from the c-plane. Relaxation of the material can also be

calculated using a combination of these scans.

This is in contrast to an asymmetric scan where 26 # 2w and w contains an offset

value as seen in Figure 3-10 (b). The sample is rotated by unequal angles on either
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side of the incident beam i.e. the sample is rotated to a specific angle on one side of
the beam before being rotated to a different angle on the other.

In a skew-symmetric scan, the sample is initially rotated at an angle of $=90° as seen

in Figure 3-10 (c). The sample is then rotated perpendicular to the growth plane by

equal amounts on either side of the incident beam k; at an angle y. The resulting
diffraction pattern will be symmetric in relation to the incident beam and will contain

information on the crystal symmetry and relative orientation of the crystal planes.

As a result, skew-symmetric scans can be used to determine crystal symmetry and
identify crystal planes, while the asymmetric scan is used to determine lattice
parameters, strain, and defects in the crystal lattice.

A distribution in the diffraction intensity of one (hkl) point in reciprocal space can
also be observed by using a reciprocal space map (RSM). RSM scans show the
structural information which can be used to determine the strain and composition
profile of the material. A simple RSM scan can be seen in Figure 3-11'%, where
AlGaN is grown strained and relaxed on top of the GaN buffer layer.

strained (L,)

a

e

-

ds

strained (L,)

a,

-

Q,*10000 (rlu)

Q,*10000 (rlu)

Figure 3-11. Reciprocal space map of strained and relaxed AlGaN film (L) on a thick GaN
buffer layer (S).
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The grey reciprocal lattice point (L,) and black reciprocal lattice points (L) denote
the AlGaN strained and relaxed to the GaN buffer respectively. The vertical and
diagonal solid red line corresponds to the theoretical value of the GaN a-lattice
parameter and the relaxed a-lattice parameter of the AlGaN layer respectively. The

diagonal dashed lines correspond to different concentrations of the AlGaN layer.

In RSM scans the angular positions (w, w-26) are often expressed in terms of the
diffraction space coordinates (Q,, Q) as seen in Equation 3-9'%° where the angle 6

and w can be calculated using Equation 3-6 and Equation 3-10, respectively.

1
(Qx, Qy) =5 (cosw — cos(260-w), sinw + sin(26-w)) 3-9
1
g Cc
tanw = — 3-10
V3
Ta

The main parameters used in the RSM calculations can be seen in Table 3-4.

Table 3-4. Main wurtzite 111-Nitride parameters used in X-ray diffraction calculations.

AIN GaN BN
al A 3.112%0  3.189%0  2.534%°
c/ A 4.982%° 5185%0  4.189%°

Cis/Pa  108% 106°° 64%

Css/Pa  373% 398% 1113%
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3.2.2 Scanning electron microscopy/ Transmission electron microscopy

With an electron microscope, illumination of the sample is achieved by electrons,
instead of photons for an optical microscope. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) create images of the samples using
electrons. With SEM an image is obtained from electrons being reflected or knocked
off of the sample, this is in contrast to TEM where an image is created by detecting
electrons that are passed through the material. For TEM much higher voltages are
required to transmit the electrons through the material, this allows for a near-atomic

resolution to be obtained.

The surface morphology of the samples was examined using an FEI Quanta FEG 650
field emission SEM and a Zeiss Supra 40. The use of electrons contains many
advantages; a larger magnification can be obtained due to the smaller achievable
wavelength of electrons (as seen by the De Broglie wavelength A, in Equation 3-11)

along with a much higher depth of field.

h h 1.5
/16 = — = ~ |— (nm) 3-11

m \/ZmOeV (1+ Zerl; ?) 4

The terms h, m and v denote Planck’s constant, the relative electron mass and velocity.
The terms my, €, ¢? and V denote the electron rest mass, electron charge, speed of light
and applied voltage. Since the values of e = 1.6 x 10719 C, my = 9.1 x 103! kg and
h = 6.626 x 10734 J-s, further simplification of the equation can be achieved as seen
in Equation 3-11. The applied voltage used for the SEM was 5-10 kV, thus obtaining

a value of 17.3-12.2 nm for A3EM,

A simple schematic of an SEM can be seen in Figure 3-12. The electron gun creates
a beam of electrons, which are then directed and focused by magnets (lenses) towards
the surface of the sample. A detector is used to analyse any emitted electrons from the

surface of the sample.



Page | 63 Experimental techniques Chapter | 3

For TEM, thin cross-sectional samples were prepared by a standard in-situ lift-out
technique using a focused ion beam system!’X, They were observed in a high-angle
annular dark field (HAADF) scanning TEM (STEM) mode. HAADF images are
created by collecting high-angle scattered electrons with an annular dark field detector.
HAADF image contrast is linked to the atomic mass. A brighter contrast is obtained
for the heavier elements'’?>. TEM uses a broad, parallel beam, which is good at
surveying a sample. In this work, the samples were analysed by a scanning TEM
(STEM) which uses a focused beam which scans the sample line by line. The TEM
was a Thermo Fisher Talos F200X G2 equipped with a field emission gun and
operating at 200 kV thus resulting in 2.7 pm for AZE™ The system has four in-column
Super-X energy dispersive X-ray spectrometer detectors having a total collection angle
of ~0.9 sr. The TEM measurements and sample preparation were carried out at Queens
University Belfast, United Kingdom.

emitter/
electron gun

[ ] anode

<> finallens

%electron
detector

[  sample |

Figure 3-12. Scanning electron microscope layout and function.
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3.3  Optical spectroscopy techniques

Spectroscopy is the study of the emission and absorption of light from a material as a
function of optical wavelength. A simple schematic of our spectroscopic setup can be
seen in Figure 3-13, where the sample is placed on the sample holder within a

cryostat.

The temperature control system consisted of a closed cycled helium cryostat which
allowed for room temperature (RT) and low temperature (LT), 12 K

photoluminescence measurements.

Detection Contains
spectrometer CCD and PMT
. Excitation || Xe lamp
/ monochromator|| source
lenses J/

/ .
/ mirrors

|
|
|
\ Z 244 nm
! laser
|
|
|
|
|
|
|

sample

Figure 3-13. Schematic of spectroscopy setup used in this thesis.

A charge-coupled device (CCD) is an integrated circuit that contains small light-
sensitive areas which are composed of an array of pixels that collect the incident
photons and generate electrons. The generated electrons captured by the pixels are then
amplified and converted to a voltage.
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The excitation source (which usually contains a higher photon energy than that of the
bandgap energy of the sample), can be either the 244 nm laser or the monochromatic
emission from the xenon lamp. The light is then directed using a mirror and focused
on the sample using a lens. The resulting emission is then passed through two lenses
which direct and focus the light onto the spectrometer which has both a photomultiplier
tube (PMT) and CCD available for detection.

3.3.1 Photoluminescence spectroscopy

Photoluminescence (PL) is the excitation of the sample at a fixed wavelength (photon
energy higher than the material’s band gap energy) where the emission wavelengths
from the sample are measured. The emission spectra for our samples were obtained

using a continuous-wave Ar* ion 244 nm laser as the excitation source.

A photoluminescence spectrum for 120 nm thick GaN at 12 K can be seen in
Figure 3-14 where the peak at 357 nm corresponds to the near band edge (NBE)
emission and the peak at ~550 nm corresponds to defect emission in the material.
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Figure 3-14. Photoluminescence spectrum for GaN thin layers at 12 K.
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3.3.2 Photoluminescence Excitation spectroscopy

Photoluminescence Excitation (PLE) is a spectroscopic technique used to study the
electronic structure of materials by measuring the absorption of light at different

excitation wavelengths and detecting the subsequent emission of light’2,

With PLE, a wavelength tuneable source (Xenon lamp) is used to excite the sample
where the energies can be varied from > E, to E; (as seen in Figure 3-15) and the
resulting luminescence is collected via a spectrometer at a fixed detection wavelength
(1)1,

One luminescence band or energy level can therefore be isolated and studied within
the forbidden band gap region i.e. E,. This is in contrast to PL which provides
information about the ground state in the bandgap due to crystal impurities, PLE can
access their excited states which provides information about the absorption and

emission of electronic defects.

Conduction
E,i | band

N> A
| Valence
band

Figure 3-15. Energy gaps showing defects in the forbidden region.

By way of example, a PL and PLE spectrum for 120 nm thick GaN at 300 K can be

seen in Figure 3-16.
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Figure 3-16. Room temperature photoluminescence and photoluminescence excitation spectra (using

Xe lamp as the excitation source).

In this example, the excitation wavelength (4,,.) of the sample was at 337 nm where
the peaks at 360 and 570 nm are associated with the band edge and defect peak,
respectively. For PLE a detection energy is chosen larger than the Egq,,. Since a large
intensity is observed for the defect peak at 570 nm, this is then chosen as the detection
wavelength 1,,.; for PLE. The sample is then excited using the broad band xenon
source and a Ag4.; of 570 nm was used. The peak at 344 nm corresponds to the

bandedge!’.
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4 GROWTH OF BGAN THIN LAYERS

In this chapter, an introduction is given into the experimental work that other groups
have achieved with the growth of B containing Il1-Nitride materials. The growth and
characterisation of 120 nm BGaN thin films were then conducted in our MOCVD

reactor under various conditions.
4.1 Introduction

There have been various literature reports on the growth of BGaN layers with varying
boron incorporation under a range of growth conditions. The maximum boron

incorporation achieved by these groups along with the growth temperature and carrier
gas can be seen in Figure 4-1.
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Figure 4-1. Boron content achieved in BGaN thin films versus growth temperature by MOCVD

where templates used were carrier gases [INz, OHa, ¥rHa+N*2175-185,
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AlQatari et al.'®® reported a maximum boron incorporation above 10% in thin layers
of 200 nm (B)GaN using low growth temperature along with N> carrier gas. However,
this thin layer contains a mixed-phase of BGaN which has been reported elsewhere in
the literature!®®®’ where both zincblende (ZB) and wurtzite (WZ) structures are

observed.

The growth of the unwanted ZB phase along with the WZ phase appears to be quite a
fundamental effect with the incorporation of BN. Altering the temperature was
reported to have no effect in preventing the formation of the ZB phase!’®%, Gautier
et al.1® showed that this ZB phase further impacts the material quality resulting in the
presence of columnar growth and stacking faults in the BGaN layers. A large
miscibility gap also exists with the incorporation of BN the threshold for which is
reported to be around 2.8% and 3.7% at 1000°C for GaN and AIN respectively8:18°,

Different techniques have been implemented to try and increase the boron content
while maintaining the structural and material quality. Ougazzaden et al.1*® showed that
the use of BGaN/GaN superlattices allowed for a high boron incorporation while
preventing plastic relaxation in the material and thus preventing cracking in the
material. The use of flow-modulated epitaxy/ pulsed atomic flow epitaxy by various
groups has allowed for the growth of BAIN thin layers above 7% while holding the
single wurtzite phase!®1%2, Polyakova et al.*? showed that an increase from 1-7% was
achievable by ion implantation of B into BGaN thin layers however, an increase in the
defect density of the layer was also observed. Ueyama et al.'®? showed that by
increasing the offcut angle of sapphire from 0 to 2° towards the a-axis an improvement
in root mean square surface (RMS) roughness was observed from 428 nm to 47 nm
due to B incorporating at the step edges rather than the formation of nuclei on the

terrace and then desorbing.

The potential advantages of BGaN have been shown by Akasaka et al.’®® The growth
of BGaN micro islands as novel buffer regions uses this phase separation to reduce the
number of threading dislocations propagating up through the material. Nong et al.1%
showed that the introduction of boron during the initial stages of MOCVD growth
promoted a 3D growth pattern for an AIN buffer layer. This pattern resulted in a
reduction in the tensile stress along with a crack-free 500 nm AIN thin film.
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The two critical factors for high boron content, as shown in Figure 4-1, are N> carrier
gas and low growth temperatures. This influenced the temperature range and carrier

gas used in this study.
4.2  Experimental growth of BGaN thin layers

In this chapter, the growth of nominally 120 nm-thick layers of BGaN was initially
studied under both compressive and tensile strain conditions to understand the growth
mechanism and incorporation of boron in our MOCVD reactor. The main group-IlI
precursors included TMAI, TMGa and TEB; and ammonia as a source of nitrogen.
Nitrogen was used as the main carrier gas. The temperature was varied from 950°C to
850°C in increments of 50°C with a constant pressure of 1200 mbar and gas phase B/III
ratio of 1%. A 900°C GaN reference sample was also grown for comparison. The thin
layers were grown on top of 2 um GaN, or 800 nm AIN templates in each case. Both
templates were prepared on a c-plane sapphire substrate, with a 25 nm AIN sputtered
layer (Kyma Technologies). A simple schematic of the grown structure can be seen in

Figure 4-2.

120 nm Thin layer
2 um GaN
800 nm AIN Buffer

layer

AIN sputter

Kyma

sample Sapphire

Figure 4-2. Simple schematic of 120 nm BGaN thin layer grown on AIN/ GaN templates.

XRD 002 and 101 scans can be used to determine the number of edge and screw
dislocations in a sample, as previously discussed in Section 1.3.7. From the 002 and
101 FWHM XRD w-scans for the 2 um GaN buffer layer a value of 200 and 450
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arcseconds was obtained, respectively. Literature values for the 002 and 101 are
around 250-300 arcseconds and 300-350 arcseconds® which are similar to our results.
This result suggests that the dominant dislocations present in the GaN template are
screw dislocations which originate due to the low-temperature nucleation layer at the

interface resulting in a highly faulted layer®®°,

A value of 600 and 800 arcseconds was obtained for the 002 and 101 FWHM w-scans
for the 800 nm AIN buffer layer grown on AIN/Sapphire. The FWHM values obtained
for the AIN template are different when compared to the literature values where a
higher value is expected for the 101 than the 002 FWHM?¥"~2%, There are numerous
methods to nucleate AIN on Sapphire?®t-2% including ones that are designed to reduce
the very large edge dislocation density, with a sacrifice in screw dislocation density as
a result. Indeed our AIN template grown in our reactor was not optimised fully as the
aim was primarily calibration, also it is a relatively thin material i.e. < 1um leading to

the relatively large FWHM observed.
4.3  Analysis of BGaN thin layers grown on GaN template

4.3.1 Surface morphology of BGaN thin layers

Using SEM, a heavily v-pitted surface was observed for the 900°C GaN reference
sample grown on the GaN template as seen in Figure 4-3 (a) and a cross-sectional
image of the sample (as seen in Figure 4-3 (b)), indicates that the formation of these

pits is at the buffer and thin layer interface, often referred to as pinned v-pits?®,
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Figure 4-3. GaN thin layer reference sample grown at 900°C (a) surface and (b) cross-sectional image
using SEM.

This was further confirmed using the software package ImageJ?®, where the angle a
between the c-plane and the slanted plane associated with the v-pits was calculated as
~62°. This indicates that these are pinned v-pits with 1011 slanted planes®®. This
angle 6 between the (001) and (101) plane can also be calculated using
Equation 4-1%%

4 1 Ll
€58 = dp et dnsor, [(W) {h1h2 + leakey 5 (ke + hzkl)} + %] 41

The terms dj, x,;, and dy,,;, denote the interplanar spacing for the planes (hy, kl;)

and (hy, k,, ;) respectively. The in-plane and out-of-plane lattice constants are
denoted by a and c respectively. The formation of these v-pits is associated with
threading dislocations propagating perpendicular to the c-plane through the buffer
layer and forming v-pits at the interface. From the literature, a reduction in v-pit
diameter is observed when increasing the growth temperature of GaN layer?%42%,
higher growth temperature also allows for the improved cracking of NHz and as a

result, improves the quality of the GaN layers.
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The dislocation density of the GaN thin layer was also estimated using ImageJ®® as

seen in Figure 4-4, by dividing the number of pits by the image area.

Figure 4-4. ImageJ software pit analysis of 120 nm GaN grown on GaN template.

However, with the software ImageJ the density of the pits is undercounted as seen by
the “pits” numbered 25, 36, 40 etc. This results in an underestimation of the dislocation
density which is further highlighted when compared to the estimate of the dislocation
density of the buffer layer region using XRD 002 and 101 w-scans (Table 4-1).

Table 4-1. Estimated threading dislocation density for 900°C GaN thin layer.

Dislocation density (cm)

Imagel 4.32x10°

XRD 5.8x10°

The incorporation of 1% TEB at 900°C results in the removal of these v-pits along

with a disruption in the surface morphology as seen in Figure 4-5 (c).
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@ (b)
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Figure 4-5. Surface morphology of BGaN samples grown at (a) 800°C, (b) 850°C, (c) 900°C and
(d) 950°C on a GaN template.

This was similar to the BGaN samples grown at 950°C (as seen in Figure 4-5 (d))

where a speckled morphology along with higher surface roughness was observed.

The 800°C and 850°C BGaN samples as seen in Figure 4-5 (a) and (b) respectively
appear to have lighter and darker regions. A 45° tilted view of the 850°C sample can
be seen in Figure 4-6, which indicates that these darker regions are associated with

areas of slower-growth rate.
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Figure 4-6. Cross-sectional image of 850°C BGaN thin layer sample.

These slower-growth regions are also similarly seen by Kadys et al.}’” which appears
to be a result of using N2 carrier gas. This is in contrast to an island-like growth

observed with the use of H. carrier gas as seen by Mozdzynska et al.'8
4.3.2 Strain analysis of BGaN thin layers

XRD results for the 002 w-26 scans can be seen in Figure 4-7 where two main peaks

are observed when BGaN was grown on top of the GaN template.

The 34.5° and 34.7° peaks correspond to the GaN and BGaN peaks, respectively. All
temperature-varied samples with TEB introduced into the system, resulted in a
shoulder appearing at higher angles indicating BN is occupying the sites in the GaN
lattice and therefore forming BGaN. The lack of a distinct BGaN peak at 800°C
indicates a smaller BN incorporation when compared to the other samples, which is
possibly due to the non-optimal growth conditions for GaN. Lowering the growth
temperature reduces the thermal cracking efficiency of ammonia®®® and also reduces

the formation of the Ga--N bond which requires high energy?°.
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Figure 4-7. w-26 002 scans for 120 nm thin layers of BGaN grown on a GaN template.

A distinct peak is present for BGaN grown at 850°C in 002 w-20 reflections and 105
RSM scans were measured to confirm the strain state of the thin layer as seen in

Figure 4-8(a) when compared to the GaN reference sample as seen in Figure 4-8(b).

The vertical and diagonal full red line represents the strained and relaxed line for
BGaN on the GaN template. The diagonal red dashed line represents different B
incorporations into the thin layers. The distinct shoulder at around (2775, 7452)
indicates that the material grows fully strained with the incorporation of boron. A
boron incorporation of 1.3+0.7% was estimated for this fully strained 850°C BGaN

sample. The error was calculated using the formula for one standard deviation

FWHM
2V21n2

al.?!1, A linear interpolation of the values in Table 3-4 and -26 scans in the 101 and

ie. o= which was confirmed using the algorithm described by Schuster et

002 planes were used for this calculation.
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Figure 4-8. 105 Reciprocal space map scans for (a) 900°C GaN and (b) 850°C BGaN sample on a GaN

template.

4.3.3 Strain analysis of BGaN samples

XRD 002 symmetric w-26 scans for the BGaN thin layer grown under compressive
strain on the AIN template can be seen in Figure 4-9. This initial growth under strain
can be seen as an asymmetric peak/ tail in the region 34.0° to 34.4° for the reference
sample before it is allowed to relax. When the BGaN thin layers are grown on the AIN
template a shift of the main peak to higher angles, towards the AIN peak is observed.
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Figure 4-9. w-26 002 scans for thin layers of BGaN on an AIN template.

Two peaks are observed for the 900°C GaN reference sample at 34.5° and 36.04°,
corresponding to the GaN and AIN peaks, respectively. With the addition of BN, the
main peak shifts to higher angles leaving a broad shoulder in the original position
(34.0° to 34.4° region) except for the sample grown at 950°C for which two resolved
peaks are observed. One peak coincides with the theoretically relaxed GaN line

(652N ), however the other peak shifts to a lower angle towards the theoretically

relaxed

strained GaN line (05%y;eq ). Similarly, to BGaN grown on a GaN template as seen

strained

in Figure 4-7, the 850°C sample contains the largest shift to higher angles.

To understand the sample structure more clearly skew-symmetric 101 reflections were

measured as seen in Figure 4-10.



Page | 79 Growth of BGaN thin layers Chapter | 4

F——950°C AIN
[ —— 900°C ref (no TEB)
r — 900°C
10* p ——850°C pAIN E
— F 800°C relaxed ]
n
\% GaN
Z’ erelaxed
'.CB [
£ [
a) L
o
X 10? 3 E
101 _ \_
36.8 37.2 37.6 38.0
20 (°)

Figure 4-10. w-26 101 reflections for BGaN thin layers on an AIN template.

Three distinct peaks at around 37°, 37.5° and 37.9° are seen for all BN-containing
samples. While the lower angle peaks (~37°) for these samples almost coincide with
the GaN peak for our reference (no boron) sample and the highest angle peak (37.9°)
corresponds to the AIN template, the peaks in between them (~37.5°) must be
associated with BGaN. For the 850°C BGaN sample, the formula from
Schuster et al.?* was used with the peak values obtained from the 101 and 002
reflections. A boron incorporation of ~0.01 and 0.05 was obtained for the peaks 36.93°

and 37.51° respectively.

105 RSM scans were measured to try and help understand this double peak behaviour.
This can be seen in Figure 4-11 (a) and Figure 4-11 (b) which corresponds to the GaN

reference sample and 850°C BGaN sample respectively.

Similarly, the vertical and diagonal full red line represents the strained and relaxed line
for (B)GaN on the AIN template. The diagonal red dashed line represents different B
incorporations into the thin layers. For the GaN reference sample (as seen above in
Figure 4-11 (a)), a single peak of ~74% relaxation was obtained which is similarly

seen for the 101 reflections. This is in contrast to the 850°C BGaN reference sample
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(Figure 4-11 (b)), where a single peak is obtained with a 95% relaxation along with
1.4% boron incorporation. However, a shoulder is also present with the sample at
around (2864, 7380), which indicates that the incorporation of B forces the material to

initially grow strained to the AIN buffer before allowing it to almost completely relax.
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Figure 4-11. 105 Reciprocal space map scans for (a) 900°C GaN and (b) 850°C BGaN sample on an
AIN template.
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Moreover, double peak behaviour evident from the 101 scans and a difference in
concentration to the 105 reflections for the samples, suggests a phase separation in the
BGaN/ AIN samples which could also explain the shoulder appearing at lower angles
in the 002 w-26 scans as previously mentioned. To get a better understanding of the
phase separation a plane was chosen for the w-26 XRD measurement so that the GaN
fully strained and relaxed almost overlapped as seen in the work of Wallis et al. 212213,

The 102 plane was chosen (as seen in Figure 4-12), with an angular separation of 0.26°

GaN GaN
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Figure 4-12. w-26 102 reflections for thin layers of BGaN on an AIN template.

For the GaN reference sample, the peaks at 48.17° and 49.82° correspond to the GaN
and AIN peaks respectively. With the incorporation of boron, a slight shift is observed
in the main 48.17° peak to higher angles, along with an observed shoulder at 48.5°
which becomes a distinct peak at 950°C. Again, it is believed that this peak is
associated with phase separation that is present in all the boron-containing samples

and increases with temperature.
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Using the reflections from the (002), (101) and (102) planes the relaxation and BN
incorporation for the BGaN thin layers were calculated as seen in Figure 4-13 (a), (b)

respectively.
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Figure 4-13. (a) Relaxation and (b) BN incorporation for BxGaixN thin layers on an AIN template using
002, 101 and 102 XRD reflections.

From the results above, a maximum BN incorporation of 5% was obtained in the

BGaN thin layers grown at 850°C. However, this is at the cost of what we believe to



Page | 83 Growth of BGaN thin layers Chapter | 4

be a phase separation occurring. As the temperature increases the BN incorporation
into the “Phase separation peak” (denoted by red circles) appears to reduce along with
a reduction in the strain in the material. The non-existence of a phase separation peak
for the 800°C sample, as previously mentioned could be due to the non-ideal growth
temperature of GaN. A similar behaviour is observed for the “Relaxed peak”, the
incorporation of small amounts of boron appears to reduce the relaxation in the
material. To prevent this phase separation higher temperatures, appear to be more

favourable, however at the cost of a lower BN incorporation in the “relaxed peak”.
4.3.4 Conclusion

To conclude, an increase in strain was observed with the incorporation of BN as seen
by the 101 and 102 »-26 and 105 RSM scans. At higher temperatures, phase separation
occurs when BGaN is grown under compressive strain resulting in highly strained and
relaxed regions within the BGaN thin layers. A method is proposed for distinguishing
the clustering of boron atoms in the BGaN thin layers by choosing a plane where the

relaxed and strained lines of GaN contain a small separation.

The maximum amount of boron clustering occurs when BGaN is grown at a
temperature of 850°C on an AIN template. The incorporation of BN into thinner layers,
such as quantum wells or barriers could be a more promising approach to reduce the

amount of spinodal decomposition.
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3) B(AL)GAN TERNARY AND QUATERNARY MQW STACK

Research into B-111-Nitride materials has increased in recent years, with the main focus
so far being on thick layers as mentioned previously in Chapter 4. In contrast, there
has been limited report on B containing quantum well heterostructures?*#2!°, In this
work, we try to advance this area from an experimental perspective by alloying boron
with GaN to create the first ternary MQW BGaN/AlGaN stacks grown on c-plane

AlN/sapphire templates for UV emission.
5.1 Experimental growth of BGaN MQW structure

The MQW structures were grown on a slightly Si-doped (< 5x10 cm) Alo2GaosN
buffer layer of 1.5 um thickness, prepared on a c-plane AlIN/sapphire (Kyma
Technologies) substrate with a 200 nm AIN connecting layer. Disilane was used as the
n-dopant precursor. For this initial study with low BN incorporation expected, the
standard GaN growth conditions were used for the growth temperature of the MQW

stack.

The complete structure was grown under both hydrogen and nitrogen carrier gas with
a reactor pressure of 100 mbar, at a growth temperature of 1060°C, measured using
optical pyrometry of the wafer pocket. The MQW structure consisted of five nominal
2.5 nm QWs of (B)GaN with a 10 nm Alo.1sGaossN QB. The gas phase B/IlI ratios
used were 0.3%, 1% and 3%, in addition to a B-free reference sample, grown for
comparison. It should be noted that the solid composition is not expected to be the
same as the gas phase ratio. A simple schematic of the grown structure can be seen in
Figure 5-1.
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Figure 5-1. Schematic of BxGaixN/ Alp15GapgsN ternary MQW stack grown by MOCVD
5.1.1 Discussion of GaN/ AlGaN reference samples

XRD results are presented in Figure 5-2 for the GaN QW reference samples grown

under Hz and N2 carrier gas.
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Figure 5-2. »-26 (0002) scan for GaN/ AlGaN MQW grown with N, and H, carrier gas
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Both reference samples contain rather sharp and smooth QW/QB interfaces within the
MQW stack. An improvement in the 0002 w-26 scans indicates that an enhancement
in the Al adatom mobility occurs when replacing the carrier gas from Hz to N2,
resulting in a smoother interface between the QW and QB interface as seen in
Figure 5-2. This may be due to the higher density of the N, atom (14 times heavier?®)
than that of the Hz, improving the surface mobility of the Al adatoms. Further to this,
a shift in the zeroth order peak to lower angles for growth with N2 carrier gas when

compared to Hy indicates a lower Al incorporation into the MQW barriers.

Growth of the structure under H: resulted in a smaller separation of the MQW
interference fringes than that of N, indicating a thicker QW+QB thickness!®®. This is
due to the lower thermal conductivity of N2 and a smaller diffusion coefficient which
results in a delay in the decomposition of the metal organics and a lower growth rate?:®.
By using the software package X'Pert Epitaxy provided by PANalytical, a sum of the
QW and QB thicknesses (QW stack period) of 11.4 nm and 7 nm were obtained for
the GaN/AIGaN samples grown under Hz and N2 respectively. The growth under H>
was similar to the expected values of 12.5 nm, however, the N2> was much thinner. This

is due to standard AlGaN being grown under Hy carrier gas.

Table 5-1. Results obtained from X’Pert Epitaxy

N2 carrier gas H: carrier gas
QW+QB
) 7nm 11.4 nm
thickness
W+QB
QW+Q 12% 14.8%
Al content
Buffer layer
18% 19%
Al content

A missing order peak also exists for the reference sample grown under nitrogen at the
1% order fringe which might indicate a similar thickness for the QWs and QBs?*"/?8,

Further to this, similar intensity was observed for both the satellite peaks and MQW
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stack peaks indicating a reduced compositional contrast between QW and QB i.e. low

Al incorporation in the QB*°®.

A reduction in QW and QB thickness can also be seen from in-situ reflectance data in
Figure 5-3. Vertical axes of the samples are mutually tuned so that the amplitudes of
reflectance oscillations in the buffer coincide for both samples. From this
representation, it is clear that the QW thicknesses are similar, but barriers for the H:

sample are proportionally thicker compared to the N2> sample as XRD analysis also

suggests.
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Figure 5-3. In-situ 650 nm LayTec reflectance for GaN/ AlGaN MQW grown with N2 and H;

carrier gas

An improvement in the surface morphology was also observed in SEM for the
reference samples grown under N> compared to growth under Hz carrier gas as seen in
Figure 5-4 (a) and (b).
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@ (b)

Figure 5-4. SEM surface morphology for TEB/IIl = 0% samples grown with carrier gas
(a) Hz and (b) N3

5.1.2 Discussion of BGaN/ AlGaN MQW samples

XRD results are presented in Figure 5-5 (a),(b) for the (B)GaN samples grown under

H> and N carrier gas, respectively.

For the <1% and 1% TEB/III samples, little impact was observed on the symmetric
002 w-26 scans in both cases. This was not the case for the highest TEB/III ratio of
3%, where the XRD features diminish significantly, and from this, we can conclude
that some disruption to the periodic structure of the MQW stack has occurred with the
introduction of B. This disruption of the QW+QB interface does not seem to be as
severe when the samples are grown under N2 carrier gas. Further to this, a shift to
higher angles in the w-26 scans can be seen for the N carrier gas samples with a
TEB/111>1%. This shift to higher angles is consistent with the incorporation of BN
which contains a smaller c-lattice parameter of 4.189 A 2° when compared to that of
GaN 5.185 A%,
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Figure 5-5. XRD w-26 (0002) scan for (B)GaN/AIGaN MQW grown at 1060°C with (a) H>

and (b) N carrier gas

Using SEM a smooth surface was obtained for both reference samples as previously

seen in Figure 5-4. The incorporation of BN resulted in multiple pits forming on the

surface of our samples as seen in Figure 5-6 (a),(b).

(@)

500 nm

(b)

500 nm

Figure 5-6. SEM surface morphology for TEB/III = 1% samples with carrier gas (a) H. and (b) N2

Growth under H> resulted in an increase in diameter but a lower density of pits when

compared to growth under N2 carrier gas, suggesting a modification in the mechanism
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with carrier gas. One possibility is that the N2 carrier gas lowers the mean free path of
the B atoms and thus limits the clustering size, as the B atoms are not able to find one
another. A similar SEM surface morphology to the “1%” sample was observed for the
“<1%” sample showing that even small flows of TEB have a significant impact on the
growth. In the case of the TEB/III 3% sample, no pits were visible on the surface for
both carrier gases however, a general increase in surface roughness was observed, as

seen in Figure 5-7.

(a) (b)
Figure 5-7. SEM surface morphology for TEB/III = 3% samples with carrier gas (a) Hz and (b) N>

The room temperature (RT) PL emission spectra show a blueshift in the reference
samples for the growth with H> compared to N2 carrier gas as seen in Figure 5-8 (a),(b)
respectively. This could be due to stronger quantum confinement due to a higher Al
content (14.8% for H> compared to 12% for N2 carrier gases, as estimated from the
modelling of XRD scans as seen in Table 5-1). Another possible mechanism involves
smearing the QW and QB interface, resulting in some of the Al atoms incorporating
into the nominally GaN QWs?'°. This mechanism seems to be less severe in the case
of growth under N2 ambient conditions as seen from the sharper MQW interface
features in the corresponding XRD scan (black curve in Figure 5-5).
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Figure 5-8. Room temperature photoluminescence spectrum for the BGaN MQW with (a) Hz (b) N2

carrier gas

In all the samples (as seen in Figure 5-8 (a),(b)), a redshift is observed with the
incorporation of BN along with an increase in the intensity. For the samples grown
with Ha carrier gas (Figure 5-8 (a)), a slight shoulder is observed for the “<1%” sample
at higher energies and for the “1%” sample, this becomes a distinct peak at ~3.5 eV
(denoted by an orange arrow in Figure 5-8 (a)). This is similarly seen in the N> case
as a slight shoulder (denoted by the orange arrow in Figure 5-8 (b)). The reduction in
the intensity for the TEB/IIl 3% is possibly due to the disruption in the QW+QB

interfaces as previously seen by XRD in Figure 5-5.

We believe that the broad peaks at 3.5 eV (~354 nm) in Figure 5-8 (a), are associated
with B localised centres, which result in the formation of localised states. We believe
that the localised centres may be a result of isoelectronic impurities which introduce a
trapping potential in our binary material. Isoelectronic traps?2° were reported to occur
in 11-VI materials resulting in a hole or electron being bounded depending on whether
the impurity has a lower or higher electronegativity than the host atom
respectively???22_ In our case, B contains a lower electronegativity than the host atom,

resulting in a hole being the directly bounded carrier and an electron being bounded to
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form a localized exciton. For small incorporations of BN, the bound exciton localizes
at a single B site. When the concentration of B increases clusters of BN form which
results in deeper energy levels forming. This is further highlighted by the multiple
peaks observed with the “3%” samples in Figure 5-8 (a).

The low temperature (LT) PL for the BGaN/ AlGaN MQW stack grown under (a) H>
and (b) N2 carrier gas can be seen in Figure 5-9 (a),(b) respectively. Inthe LT PL, a
series of phonon replicas can be seen for both reference samples on the low energy
side of the main peak which agrees well with the LO phonon energy associated with
GaN (91 meV)?%,
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Figure 5-9. Low temperature photoluminescence spectrum for the BGaN MQW with (a) Hz (b) N2

carrier gas

Similarly to the RT PL, the incorporation of B appears to result in a redshift in the LT
PL emission spectrum. However, an initial blueshift at LT was observed for the “<1%"’
sample grown under H> carrier gas in Figure 5-9 (a)) followed by the redshift (in the
1% sample). One possibility is that the incorporation of small amounts of BN could be
slightly reducing the overall QCSE (previously mentioned and calculated in

Chapter 2) and this could also explain the slight increase in intensity due to an
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improvement in wavefunction overlap. At LT for the samples grown under Ha carrier
gas, a distinct peak is present for the 1% and 3% TEB/I1I samples. We believe that the
peak at 3.54 eV is associated with the localised B centres. However, this peak is not

as apparent for the BGaN samples grown under N,
5.1.3 Growth and characterisation of 960°C BGaN MQW

A reduction in the growth temperature to 960°C and a carrier gas of N> (due to a
smaller pit dimension on the sample surface as seen in Figure 5-6 (b)) was used to try
and prevent the nanomasking effect from occurring. As seen in Figure 5-10, a
significant increase in surface roughness was observed by lowering the growth
temperature of the MQW stack along with an increase in the pit density.

Figure 5-10. SEM surface morphology for 960°C N, samples with TEB/III = 1%

This increase in pit density was possibly caused by the higher BN incorporation at
lower growth temperatures'’®8. An increase in surface roughness was possibly due
to the non-optimal growth parameters for the AlGaN QBs which was similarly seen

on the surface for the 960°C reference sample.

The corresponding XRD and LT PL results are presented in Figure 5-11 (a),(b)
respectively. A shift in the reference sample’s zeroth order peak to a lower angle
indicates a lower AIN incorporation into the MQW stack when compared to the

samples grown under 1060°C (as expected at lower growth temperatures??).
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A reduction in the separation between the interference fringes indicates an overall
reduction in the MQW stack thickness. A more severe disruption in the MQW
interference peaks for 1% TEB/III was observed as seen in Figure 5-11 (a) when
compared to when the sample was grown at 1060°C (as seen in Figure 5-5). This
indicates that lower growth temperatures appear to be detrimental to the QW and QB

interface with the incorporation of BN.
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Figure 5-11. (a) XRD w-26 (0002) scan and (b) RT PL for BGaN/AlGaN grown at 960°C and N carrier

gas

As seen in Figure 5-11 (b), the PL peak position of our reference sample is located at
a shorter wavelength compared to the “1%” sample, similar to our previous results.
We believe that the second peak appearing for the TEB/IIl 1% sample at 3.54 eV
(denoted by the orange arrow), may again be associated with isolated B atoms. Within
small variations, this peak is present in all of our ternary samples regardless of the
choice of temperature or carrier gas used further highlighting the incorporation of B at
such low concentrations resulting in isolated atoms forming some sort of radiative

defect centres.
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5.1.4 Comparison with simulation work

From the simulation results in Section 2.5, an emission wavelength of 363 nm was
obtained for a SQW of Bo.01Gao.eaN/ Alo.15Gao.ssN. However, the emission wavelength

from our LT PL results contained a shorter emission wavelength.

The difference in the experimental and theoretical results can arise due to a number of
reasons. In our theoretical work, a SQW of BGaN/ AlGaN was analysed, which was
compared to a 5 MQW structure in our experimental work. MQW and SQW structures

226 strain distribution®?’

differ in terms of carrier confinement??, carrier localisation
etc. Further to this, the exact B incorporation in the 5 MQW structure is unknown, so
we are assuming that the TEB/IIl flow is directly proportional to the boron

incorporation.

A lack of bowing parameters in literature for the various polarisation components (Psp,
es1, €33), elastic constants (C13, Cs3) etc. will have an impact on the overall result. Our
simulation results do not consider Stokes shift in the material. It is known that the
band-gap energy determined from either PL or cathodoluminescence is subject to the
effects of Stokes shift as compared to other spectroscopy techniques such as optical
absorption, reflectance or transmission. This shifting gives rise to an underestimation

of the band gap energy for a known composition.??23

Further to this, it has been seen in literature that incorporation of BN with I11-Nitride
materials results in the clustering of boron atoms resulting in localization effects?32233
which was not accounted for in our one-dimensional simulations. As a result, this local
strain effect can incorporate local polarisation fields3*. This is similarly seen with
clustering of In-rich regions in InGaN alloys which makes the determination of the
energy gap quite difficult.*®2*42% The impact of B clustering is currently under
intensive investigation by the group Schulz et al.?®223 at Tyndall National Institute

and the nature of this clustering can lead to significant effects.
5.1.5 Discussion on bandgap bowing parameter

In the case of the B containing samples grown under both N2 and H> conditions, an

initial improvement in PL intensity is observed for the “0.3%” and “1%” samples along
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with a redshift, similar to what is seen in the literature?*®. Changes in the PL of the
“3%” sample, are more radical: spectra further redshift however intensity drops
significantly while FWHMSs increase drastically. As previously seen by XRD analysis,

this is caused by significant damage to the overall MQW stack structure.

For this reason, these samples along with the samples grown at 960°C were excluded
from the estimation of apparent (since actual B incorporation in the solid is unknown)
bandgap bowing parameters b which we found using Equation 5-1 to be 13.5 eV and
12.4 eV for the H2 and N2 samples respectively, based on the reference (0%), “0.3%”
and “1%”.

Ejx60-x = EBNy 4 EGON(1 — x) — bx(1 — x) 5-1

An EZN value of 13.2 eV was used along with a value of 3.7 eV or 3.58 eV used for
Eg‘”" for growth under H> and N2 respectively. This value is much larger than the
predicted theoretically for BGaN? where an initial redshift (in the bandgap energy) is
not predicted. These values should be used with caution, as the exact B incorporation
in our MQW stack is unknown and boron is a difficult material to detect by standard
experimental procedure due to its small atomic size e.g. secondary ion mass

spectroscopy.
5.1.6 Discussion on the internal quantum efficiency

Based on the PL data above, the apparent IQE values were summarised for all of the
samples, determined as ratios between their RT and LT PL peak intensities as seen in
Figure 5-12, due to the difficulty in acquiring the FWHM for some of the samples and

thus unable to acquire accurate integrated intensity values.
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Figure 5-12. Internal quantum efficiency for BGaN/AlGaN

Assuming that light extraction efficiencies do not depend much on B incorporation
and growth parameters used, to minimise error in IQE estimation our brightest sample
at LT (TEB/I11<1%, 1060°C growth temperature and Ha carrier gas) was considered

to have 100% efficiency while others were recalculated accordingly.

As it is seen from Figure 5-12, for all samples grown with a low TEB/III ratio (i.e.
containing “1% and <1%) and at a growth temperature of 1060°C, the introduction of
boron results in an 1IQE improvement while it somewhat decreases for the samples
grown at lower temperatures (960°C). This is similarly seen in InGaN QW

systems237-240,

From the results, it is clear that for TEB/IIl < 1% an improvement was observed in
the 1QE for all the samples however in the case of the 3% sample an intensity drop
was observed. This intensity drop was expected due to the disruption between QW and
QB interface as seen by XRD in Figure 5-5 and Figure 5-11 indicating a reduction in

carrier confinement.
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5.2 Growth and characterisation of quaternary BAIGaN MQW

stack

In this section, to try and remove the pitting effect seen on the surface of our ternary
BGaN MQW samples a small amount of Al was incorporated into the QW region to
create a quaternary alloy to try and prevent the nanomasking/ nanoetching effect, as
Al atoms are “sticky” at this temperature. Based on our literature review, this appears
to be the first report on the growth and characterisation of a quaternary
BAIGaN/AlGaN MQW:s on a c-plane sapphire substrate where the boron-containing
structures are directly compared to a non-boron containing reference sample grown in

otherwise identical conditions.
5.2.1 Experimental growth of BAIGaN MQW structure

A schematic of the structure can be seen in Figure 5-13 which is similar to that of the
MQW ternary samples as seen in Figure 5-1, however, a low Al content is

incorporated into the QWs. The five MQW quaternary samples were again grown with
a % ratio of <1%, 1% and 3% along with a growth temperature of 1060°C and H:

carrier gas. An Alo.osGao.osN/Alo15GaossN reference sample was also grown for

comparison.

5 Bx(Alp.05Gag.95)1-xN/ Z

Alg.15Gag gsN ¢

Lsem Buffer
0.209d0.80 Iayer

200 nm || AIN connection layer
AIN sputter

Kyma

wafer Sapphire

Figure 5-13. Schematic of Bx(Alo.osGaogs)1-«N/ Alo1sGagssN quaternary MQW stack grown by
MOCVD
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5.2.2 Surface and structural quality

A relatively smooth surface was observed for the reference sample as seen in
Figure 5-14 (a), however, for the samples grown with the smallest TEB/III ratio of

<1%, the surface becomes heavily pitted, as seen in Figure 5-14 (b).

(@) (b) (©

Figure 5-14. SEM surface morphology for samples with (a) TEB/IIl = 0%, (b) TEB/IIl < 1% and
(c) TEB/II = 3%

A similar surface morphology was observed for the quaternary samples with the
incorporation of boron to that of the ternary samples. The 1% sample had a similar
surface morphology, while a further increase in the TEB/III ratio to 3% resulted in the
disappearance of these pits, but the surface remained significantly roughened, as

shown in Figure 5-14 (c).

XRD results for the BAIGaN/ AlGaN samples are presented in Figure 5-15.
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Figure 5-15. w-26 (0002) scan for (B)AlGaN/ AlGaN MQW

For the reference sample (Curve 1), clear XRD features related to both the full MQW
stack and individual QW+QB periods were observed, indicating the presence of
relatively sharp and smooth QW/QB interfaces within the MQW stack. With
increasing boron content, the satellite peaks associated with the MQW stack degrade
and ultimately disappear, indicating that some disruption to the periodic structure of
the MQW stack may be occurring, which may be related to the pits and roughening

structure observed in SEM.

To further investigate the impact of B on the MQW structure, the “<1%” and “3%”
samples were selected for TEM analysis. As seen in Figure 5-16 (a), for the <1%
sample, the quantum wells are locally smooth, but are separated by voids in which the

deposition appears “blocked”.
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Figure 5-16. HAADF-STEM cross-section of MQW stack for samples with (a) TEB/I11 <1%
and (b) TEB/IIl = 3%

This suggests that the incorporation of BN results in some form of nanomasking effect
under the growth conditions used and in some regions overgrowth can also be seen (as
indicated by the green arrow), which results in the formation of nanovoids in the
material. One possible mechanism for this is that wherever a cluster of boron or BN
forms, then they would prevent GaN growth around this region and act as a repellent
for other group III atoms. This was not expected as Al adatoms are much “stickier”
than Ga (only 5% of them during QW growth), however, it was still not enough to
prevent the nanomasking effect from occurring. Partial coalescence did occur during
the barrier growth (resulting in some of the voids being completely encapsulated),
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however, some of the “nanomasking” features propagated up to the surface of the

material and resulted in the pits also observed by SEM (Figure 5-14 (b)).

With increasing B content, the probability of nanomasking increases so that the
resulting nanovoids have much higher density, with smaller dimensions, as seen by
TEM for the 3% sample (Figure 5-16 (b)). This nanomasking was observed
throughout the sample, completely disrupting the MQW stack so that only the first
QW can be seen in this case. Due to the smaller void size, it appears easier to coalesce
them during QB growth which explains the lack of pits seen on the surface of this
sample (Figure 5-14 (c)). The strong disruption of the MQW stack observed explains
the complete disappearance of the MQW-related features in the XRD w-260 scan for

the highest B content sample (Curve 4 in Figure 5-15).

A further interesting observation for the “3%? sample is that voids propagate beneath
even the first QW i.e. even before B was introduced into the reactor (indicated by
arrows in Figure 5-16 (b)). From this, we conclude that not only nanomasking but also
nanoetching can occur at higher TEB flows. This is interesting in itself as it is known
that, unlike GaN, AlGaN is a challenging material to deliberately induce in-situ
etching®*!. One possibility is that the BN and hydrogen are creating a type of etchant
for AlGaN which could also be used in several applications. Further work will be
required to investigate the feasibility of this approach to operate in a controlled

manner.

Kimura et al.?*? have observed a similar growth mechanism as seen in Figure 5-17.
They suggest that the incorporation of BN with GaN can lead to the introduction of
v-pits followed by nanopipe formation, and as the material grows thicker overgrowth
results in elongated nanovoids along the c-direction forming in their material. They
suggest that boron acts as a surfactant, reducing the surface energy of the
semi-polar (1011) and nonpolar (1010) planes to below that of the polar c-plane
(0001).
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Figure 5-17. Diagram showing the proposed nanopipe formation mechanism. The surface in red
represents the one-monolayer boron segregated surfaces (a) Hexagonal pit formation due to boron
impurity segregation, (b) funnel-shaped pit formation from the hexagonal pits and (c) nanopipes

embedded by overgrowth above the bottom portion of the funnel-shaped pits®*?

In our growth, such development of these defects into crystallographically shaped
v-pits does not occur and were not expected since B is supplied only during the
relatively short QW growth (~2 nm). Nevertheless, some of the voids show signatures
of this process, as their bottoms have slanted facets and almost vertical sidewalls
(Figure 5-16 (a)). We did not observe V-pits on the surface (Figure 5-14 (a)) as our
samples are capped with a non-B-containing AlGaN QB, during the growth of which
the effect of B is expected to gradually diminish. Therefore, what we observe in
Figure 5-14 is an incomplete coalescence of nanopipes/ hanovoids initiated during the
QW growth.

It has also been reported in literature that low boron contents result in the presence of
cubic BGaN forming in the material.*®24 A difference in the cubic zincblende and
hexagonal wurtzite crystal structure exists in their stacking sequence as previously
discussed in Section 1.3.1. Difference in stacking sequence can be identified from fast
Fourier transform (FFT) patterns®*-2%. FFT patterns were measured for the
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TEB/I11<1% sample in the QB region (which was assumed to contain the wurtzite

structure) and the nanopipe region in our material as seen in Figure 5-18.

[-12-10]

Figure 5-18. FFT pattern analysis of nanopipes for TEB/III < 1%

The different sampling area FFT scans are denoted as FFT 1, FFT 2 and FFT 3. The
results indicate that the material is wurtzite throughout as the pattern is the same in all

Scans.

$(0002)

3

§(0002)
{

Figure 5-19. FFT pattern analysis of nanovoids for TEB/III = 3% samples
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Similarly, FFT patterns were obtained for the TEB/I1l =3% sample inside and outside
the nanovoid regions as seen in Figure 5-19. As seen from the FFT4 and FFT5 pattern

no difference was observed indicating that a wurtzite material is present.

It is difficult to determine whether boron is all incorporating into the lattice of the
material. However, it is clear that boron is incorporating into the material. A similar
LED structure was grown by Milner et al.?*’ in our group where the incorporation of
B into the material is evident from the secondary ion mass spectrometry (SIMS)
results. A cumulative effect is observed with the incorporation of B into the QW with
an initial concentration of 1% and rising to a value of 2.3% in the final well. In the QB
region the boron content is evident, decaying slowly without the flow of TEB. Orsal
et al.?*® reported a similar surface accumulation behaviour with the growth of BGaN
layers. It is still unclear whether the boron is incorporated into the alloy and future
work will be required. Although the x-ray evidence from the thicker single layers
clearly indicate that a significant fraction of the boron will do so. To fully understand
this, future work using techniques such as Atom Probe Tomography?4®25° will be

required.
5.2.3 Spectroscopy results for BAIGaN MQW samples

As seen by the RT PL spectra in Figure 5-20 (a), the reference sample exhibits a single
near band edge peak at 329 nm, which we attribute to the QWs, with an additional
broad peak in the visible observed around 520 nm (not shown), associated with deep

level defect emission from the structure.
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Figure 5-20. Photoluminescence spectrum from MQW stack at (a) RT and (b) LT

In our PL analysis, we initially focus on the main MQW:-related peak in the near UV.
The introduction of the smallest amounts of BN (<1% sample) resulted in a significant
change in the emission spectrum. The main peak is redshifted by 8 nm (90 meV) with
a shoulder aligned with the MQW peak of the reference sample. In addition to this, a
new peak appears at 354 nm. The 1% sample peaks at 354 nm at RT, while with the
3% sample, this peak somewhat blueshifts to 350 nm. The coinciding (in wavelength)
of the 350-354 nm peak in all three samples is very visible, particularly in the LT
spectra presented in Figure 5-20 (b). This may indicate that this peak is not
composition-dependent but perhaps can be attributed to some sort of luminescence
centres associated with boron in the AlIGaN matrix. It is worth noting that a large
bandgap bowing parameter is predicted for both BGaN and BAIN as previously seen
in Figure 1-8, and therefore it is reasonable to expect similar behaviour in our
B-containing quaternary alloy. The main (dominant) peak in the <1% sample seems to
be near band edge emission in the BAIGaN QWs and so the observed redshift for our
reference sample may stem from a larger bandgap bowing parameter than theoretically

predicted?*25,
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A proposed possible arrangement to explain the PL is as follows. For low B
incorporation (TEB/I11<1%), the QW material in between the nanovoid regions acts
like a quaternary alloy. A large number of carriers can recombine before meeting and
being captured by the near bandedge “centre” associated with boron producing the PL
band at 337 nm. Those that interact with the deeper possible iso-electronic trap?* like

boron centre, lead to the emission peak at 354 nm.

For the 1% sample, the bandgap energy may shrink further, however, the localised
isoelectronic state remains in a fixed position. In principle, as the B content increases
the probability of meeting these B localised centres increases drastically for carriers
resulting in a single peak in RT PL and a band-to-band transition only appearing as a
high-energy shoulder. For the highest B incorporation sample, the spectra are rather
similar in form to the 1% case, but with lower intensity. This may be due to the

disruption to the sample of the quantum wells (only one left) for example.

Further to the PL, the samples were also characterised by PLE measured at low
temperatures (12 K). For detection, deep-level defect (DLD) emission in the visible
(~520 nm) was chosen to have more complete and unbiased (by stray light)
information about the absorption edge in the UV. PL spectra, normalised by the
intensity of the defect peak measured with excitation wavelengths in the range of 305-
325 nm (varied for different samples), are presented in Figure 5-21 (a). The
corresponding PLE spectra (also normalised) depicted in Figure 5-21 (b) are

characterised by the following features:

(i) aslight decrease in the DLD emission intensity below 4.05 eV (above 307 nm)
which corresponds to the onset of transparency in the n-AlGaN buffer;

(ii) this is then followed by an intensity increase below 4 eV (above 310 nm) due
to the vanishing of absorption in the AlIGaN barriers in the MQW stack;

(iii) finally, after reaching the maximum in the 3.88-3.76 eV (320-330 nm) region,
the PLE intensity diminishes as less light is absorbed by QWs themselves.

It is, therefore, reasonable to conclude that even though a very similar band is present
in our bare n-AlGaN template (not shown), the DLD peak in these MQW samples at

least partly originates from the QWSs themselves.
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Figure 5-21. Normalised LT PL (a) and PLE (b) spectra (using Xe lamp excitation)

Two significant features from the PLE spectra are worth discussing. First, the
MQW-related absorption edge is found to redshift with higher B incorporation. This
would indicate a high bandgap bowing parameter associated with quaternary alloys
containing BN leading to a redshift rather than blueshift of the absorption edge?®.
Second, the increase of the DLD peak in the transparency range of QBs (> 315 nm,
< 3.95 eV) indicates that carriers are not efficiently transferred from the barriers to the
QWs and as a result, the barriers are effectively acting as optical filters. The increasing
effect of this optical filter correlates with B incorporation and can be understood in
relation to the TEM data presented above. For samples with higher B content, only a
fraction of the QWs survive due to the nanovoid formation and this fraction is higher
for QWs closer to the substrate. In the extreme case of the 3% sample, only the first
QW remains and all other barriers and wells act as an optical filter seemingly without
contributing to the DLD peak. This explains the highest decrease of intensity in the
PLE spectrum for the 3% sample, coming from the spectral range where the QB is
transparent (~ 3.7 eV) to the range where it has full absorption (~ 3.95 eV).

The coloured triangles in Figure 5-21 (b), mark the wavelengths at which the PLE

spectrum drops to half of its initial intensity from the QW maximum. This can be used
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as a rough estimation of the effective bandgap energy (Eg,eff )252 for the QWs. These

are plotted against the B/I1I vapour phase ratio in Figure 5-22.
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Figure 5-22. Effective bandgap of Bx(Alp.0sGao.95)1-xN/Alg.15GagssN MQWSs versus vapour phase B/11I
ratio used during QW growth.

The solid red line represents the best fit using the standard formula with the bandgap
bowing parameter (Equation 5-2).

E;"(Al""’saa"'%ml"‘ =EJNx + E;l""’sca""’sN(l —x) — bx(1—x) 5-2
A theoretical value of 13.2 eV and our experimental value of 3.76 eV were used
for the AlGaN and BN endpoints leaving b as the only free parameter for the fitting.
Based on the experimental data, a value of b = 18.8 eV can be estimated when
plotted against the B/111 gas phase ratio. This value is at least two times higher than
the predicted theoretically for BGaN? where an initial redshift (in the bandgap
energy) is not predicted. However, this value needs to be used with caution as the
actual B content in our material is not known. Considering the fragmental nature of
our MQWs, it is difficult to estimate using standard methods like secondary ion

mass spectroscopy. Large bowing parameters in systems with potential miscibility
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issues are well known and data in different composition ranges can also show
different values due to composition-dependent effects such as in InAIN for
example®. Such effects are known in the BGaN system, though conducting such an

analysis here would require more information on the precise B content in the QWs.
5.2.4 Conclusion

We believe that the incorporation of BN results in some of the atoms forming into a
conventional quaternary and ternary alloy, whereas the other atoms form clusters
which passivate the material preventing the growth of (Al)GaN and thus resulting in
nanovoids forming in the material. At higher B content, along with passivation, a
nanoetching effect also occurs leading to back etching below the QW region i.e.

impacting regions grown before the introduction of TEB in the reactor.

The growth of the ternary MQW stack with low B incorporation shows an
improvement in PL without severe degradation of the QW and QB interfaces.
Signatures of what we believe to be radiative recombination defect centres associated
with isolated B atoms in (Al)GaN matrix are observed in the PL of all our samples as

a redshifted relative to band edge emission peak (~350 nm).

From our PL and PLE characterisation of the quaternary structure, a multiband
behaviour was observed and a possible mechanism to explain it was proposed. From
the redshift of the absorption edge (as determined from PLE) with the incorporation of
B, a high bandgap bowing parameter b of the order of 19 eV was estimated, however,
this value should be used with caution as we assumed the B/I1 as ratio as an indicator

of BN incorporation in the QWs.

Despite the experimentally observed improvement in PL properties for low
B-containing samples, the overall B effect was proven detrimental to the periodic
structure of the MQW stack. Taking this into account, the problem of nanomasking
and severe disruption of the quantum wells still needs to be addressed by perhaps an
investigation of a wider space of growth parameters before the potential of

wz-BN-containing alloys can reach their full potential in UV-LEDs.
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CONCLUSION AND FUTURE WORK

In the previous five chapters of this thesis, the incorporation of WZ-BN with 111-
Nitride materials has been discussed from both a theoretical and experimental aspect.

e The theoretical work showed that caution should be used when working with
polarisation constants associated with B-111-N materials. Low Al incorporation
in the QB along with low B incorporation in the QW appears to improve the
wavefunction overlap.

e From the experimental work, a method to identify the clustering of boron atoms
in BGaN thin layers is proposed. Further to this MQW of B(Al)GaN/ AlGaN
showed an initial improvement in the emission intensity along with a redshift
with the incorporation of boron at the cost of nanovoids/ nanopits forming in

the material.

Due to the novelty of WZ-BN, there are many areas in both the experimental and

theoretical literature still untouched.

The implementation of different growth temperatures for the QW and QB (more
commonly known as flow-modulated epitaxy) of the MQW stack region could play a
key role in obtaining nano-void-free BGaN. Growth of the AlGaN barriers at a more
favourable high temperature of around 1100-1200°C and lowering QW growth to
~800°C could prevent the clustering of B atoms. If the nanomasking is inherent to the
incorporation of WZ-BN then a thin capping layer of high Al content above the QW
region could potentially prevent the nanomasking effect from propagating into the QB

region and thus improve carrier confinement in the active region.

An alternative method to try and prevent the nanomasking effect with the incorporation
of WZ-BN and still obtain emission in the UV region (with the possibility of deeper
UV emission), could be the research into InAIN due to the lower growth temperature
of <800°C?3, Lower growth temperatures are more optimum for InN and could play
a key role in the improved incorporation of B with I11-N materials.
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Another possible route for B containing I11-N materials would be focusing on the

visible region and the growth of BInN or BInGaN to improve red LEDs’ efficiency.

Further work on the theoretical side can be completed using a 3D simulation software
package to implement the clustering of boron atoms for a BAIGaN/ BInAIN/ BInGaN
MQW structure to see the impact the isolated boron atoms have on the charge density
of the material. Further to this, reports in the literature suggest the possibility of

type-11 band alignment with the incorporation of B-111-N materials®.

While the positive effect of low boron incorporation on the PL intensity of our samples
is promising, the problem of nanomasking still needs to be addressed by perhaps an
investigation of wider space of growth parameters before potential of B in

optoelectronic applications can be fully unravelled.
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APPENDIX

Finite difference method

The finite difference method (FDM) is a numerical analysis technique used for
solving differential equations through the process of discretization®>*2>°, FDM can
be used to solve a single particle in a box problem as seen in Equation 0-1 by

discretising the problem as seen in Figure 0-1.

—h—zdzw +V(x)¥(x) = E¥Y 0-1

T TVOYR) = EY®)

E

A A

V(x)=00 V(x)=0 V(x)=oo

X1 X X
N =

d | \ b X

h h

Figure 0-1. Discretization of a particle in a box

Solving the equation in the region x<[a, b], with N+1 grid points and x, = a and
xy = b, then the boundary conditions are ¥, = 0 and ¥y, = 0. The spacing between

intervals is denoted by hzﬁ with the mesh points x; = a + ih where

i =0,1,...,N + 1. This method works by replacing derivative terms in the equation

with finite difference approximations as seen in Equation 0-2.

d¥Y Yx+h) —¥Yx—h) Wlr)—P-1)
dx 2h N 2h
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d’Y W +h) —29(x) + W —h) W) — 2%P(x) + P(xi-1)
dx? h? B h?

0-2

By solving the equation above and rewriting it in matrix notation, the results can be
seen in Equation 0-3. By diagonalizing the matrix, both the eigenvectors and

eigenvalues can then be obtained.

-2 1 0 0 .. © ¥ W
(0 1 -2 1 . 0\ v, ¥,
1to o 1 -2 .. 0 Fo L =
\0 0o 0 1 =2 1/ WYyo1 Wy-1
0 0 0 0 1 =2 Wy Wy
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Main Parameters

Table 0-1. Summary of the main parameters used

AIN GaN BN
al A 3.112% 3.189% 2.534%
o/ A 4.982% 5.185% 4.189%
Eyl eV 6.23% 3.51% 13.2%
Ew/ eV 0.8% 0% 1.02070
my, - 1.876% -
m, - 0.2097 -

Cus/ Pa 108% 106% 642
Cu/ Pa 373% 398% 1113%
PZE| C-m? -0.090%° -0.035%° -0.0126970
el7?/ C:m? -0.676% -0.551%° 0.28270
PareT C-m?2 1.351% 1.312% 217470

el™?/ C-m? -2.027% -1.863% -1.892
e33/ C-m? 1.569% 1.020% -1.068%97
all ev - -9.553 .

atl eV - -8.25% -
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di/ eV - 3.7 )
dJ/ eV - 4.5% -
ds/ eV - 8.248 -
dd/ eV - -4.1% ]
ds/ eV - -4.0% .

€ 8.5 9.6115 6.65116
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