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ABSTRACT
Theoretical and Experimental Studies of Optical Properties of BAlN and
BGaN Alloys
Feras AlQatari

Wurtzite III-nitride semiconductor materials have many technically important
applications in optical and electronic devices. As GaN-based visible light-emitting diodes
(LEDs) and lasers starts to mature, interest in developing UV devices starts to rise. The
search for materials with larger bandgaps and high refractive index contrast in the UV
range has inspired multiple studies of BN-based materials and their alloys with traditional
III-nitrides. Additionally, alloying III-nitrides with boron can reduce their lattice
parameters giving a new option for strain engineering and lattice matching.
In this work I investigate the refractive indices of BAlN and BGaN over the entire
compositional range using hybrid density functional theory (DFT). An interesting nonlinear trend of the refractive index curves appears as boron content is increased in the
BAlN and BGaN alloys.
The results of this calculation were interpolated and plotted in three dimensions for
better visualization. This interpolation gives a 3D dataset that can be used in designing a
myriad of devices at all binary and ternary alloy compositions in the BAlGaN system. The
interpolated surface was used to find an optimum design for a strain-free, high reflection
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coefficient and high bandwidth DBR. The performance of this DBR was quantitatively
evaluated using finite element simulations.
I found that the maximum DBR reflectivity with widest bandwidth for our materials occurs
at a lattice parameter of 3.113 Å using the generated 3D dataset. I use the corresponding
material pair to simulate a DBR at the wavelength 375 nm in the UVA range. A design with
25 pairs was found to have a peak reflectivity of 99.8%. This design has a predicted
bandwidth of 26 nm measured at 90% peak performance. The high reflectivity and wide
bandwidth of this lattice-matched design are optimal for UVA VCSEL applications.
I have assisted in exploring different metalorganic chemical vapor deposition (MOCVD)
techniques, continuous growth and pulsed-flow modulation, to grow and characterize
BAlN alloys. Samples grown using continuous flow show better optical quality and are
characterized using spectroscopic ellipsometry. The refractive index of samples obtained
experimentally is significantly below the predicted value using DFT.
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Chapter 1: Introduction
1.1 III-nitride Materials and Alloying with Boron
Wurtzite III-nitride semiconductor materials have many technically important
properties for applications in optical and electronic devices1. The III-nitride
based optical devices can operate over a wide spectrum of wavelengths from
infrared (IR) to ultraviolet (UV)2 due to highly tunable direct bandgaps from 0.7
(InN) to 6 (AlN) eV3. The large bandgaps of these materials gives them high
breakdown voltages allowing them to be used in high power electronics. This in
addition to tunable polarization and high electron mobility allows III-nitrides to
be ideal for applications such as high-electron-mobility transistors.
Since the early 1970s, the AlGaN material system has provided a great platform
for devices in the UV range4. Interest in developing UV devices such as UV lightemitting diodes and UV lasers is steadily rising for vital applications such as
sterilization,

data

storage,

biochemical

sensing,

and

communication5-14.

However, the performance of III-nitride based emitters for wavelengths below
400 nm has been quiet low when compared with that in the visible range.
Recently, the search for more materials in the III-nitride system has inspired a
number of studies of boron-containing III-nitrides including BAlN and BGaN15-22.
Alloying III-nitrides with boron can reduce their lattice parameters giving a new
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option

for

strain

engineering

and

lattice

matching23.

In

addition,

the

incorporation of boron could lead to more alloys with large bandgaps adding
more options for device engineering.

1.2 Metalorganic Chemical Vapor Deposition
The

growth

of

III-nitrides

using

metalorganic

chemical

vapor

deposition

(MOCVD) has been the leading method for realizing these materials for both
research and industry alike. This is due to the method being highly reliable in
reproducibility, scalability, and the relatively fast growth rate when compared
with alternative growth techniques such as molecular beam epitaxy (MBE).
Additionally, MBE operates only in vacuum environment while MOCVD can
operate over a large range of pressures.
In our MOCVD, ammonia (NH3) is used as a nitrogen precursor while
trimethylindium (TMI), trimethylgallium (TMG), trimethylaluminum (TMA), and
triethylborane (TEB) are used as metalorganic (MO) precursors. The MO
sources are provided in bubbler kept in water baths for temperature control.
For n- and p-doping silane (SiH4) and biscyclopentadienyl magnesium (Cp2Mg)
are used, respectively. Both hydrogen (H2) and nitrogen (N2) gasses are
available as carriers for the precursors, though H2 is more commonly used.

The

precursor are flown over the hot substrate surface allowing them to thermally
decompose and react with the surface according to:
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𝑀(𝐶𝐻3 )3 (𝑔) + 𝑁𝐻3 (𝑔) → 𝑀𝑁 (𝑠) + 3𝐶𝐻4 (𝑔),

(1)

where M is any metal from In, Ga, Al, and B.
Alloying AlN and GaN with boron was first achieved in the 1990s using both
MBE and MOCVD techniques24-26. Since then, many studies have attempted to
incorporate

higher

boron

content.

Additionally,

magnetron

sputtering

is

another technique that has been used to grow BAlN films27,28. Several reports
have demonstrated boron content between 0 and 16 % in BAlN22-30. However,
the highest reported value for a polycrystalline BAlN film is achieved by plasmaassisted MBE where they claim a boron content of 30%31. BGaN alloys, on the
other hand, tend to have lower boron content than BAlN, where the highest
reported value using MOCVD is 7.4%32. A general trend can be observed where
the higher the boron content the lower the crystalline quality.

1.3 Distributed Bragg Reflectors and Photonic Components
Optical structures such as distributed Bragg reflectors (DBRs) are essential in
UV surface-emitting lasers for cavity formation and UV LEDs for higher light
extraction efficiency33-35. DBRs are dielectric or semiconducting superlattices
capable of achieving near 100% reflectivity. The formation of cracks due to
large strain and lattice mismatch can greatly compromise the performance of
DBRs19. Thus, both lattice matching and large refractive index contrast are
preferable

especially

for

epitaxial

DBRs.

Conventionally,

AlGaN/AlGaN
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superlattices have been employed for UV applications where the higher the
index contrast the higher the lattice mismatch36,37. In theory, InAlN would be
ideal for lattice matching with AlGaN alloys, though it is challenging to grow
such alloys with high quality due to large lattice difference and temperature
incompatibility between InN (~600°C) and AlN (~1100°C).
Additionally, extensive research activities have been on metalenses, which
allow for precise control of optical wavefronts with the potential to reduce the
size and weight of bulky refractive lenses leading to countless opportunities
such as space optical communication, portable light weight imaging systems
and many more38,39. Knowing the optical properties and bandgaps of III-nitride
materials

at

various

lattice

constants

is

necessary

for

designing

these

structures.
The

refractive

index

is

important

for

the

design

and

simulation

of

optoelectronic devices in the UV range. It has been experimentally shown that
a small incorporation of boron into GaN and AlN can cause a significant change
in the refractive index of materials15,16.
Recently, the full range of compositions for BGaN alloys has been investigated
by Said et al using local density approximation (LDA)18 of density functional
theory (DFT). However, local functionals such as LDA largely underestimate the
bandgaps, redshift absorption spectra and miss some excitonic features 40. The
lattice parameters in their study show a significant underestimation of the
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lattice parameters compared with experimental data. This indicates that the
structures may be strained possibly as a result of non-convergence in the
structure relaxation step.

1.4 Objectives and Methodology
In the next chapter, I use the HSE functional of DFT which gives more accurate results for
optical properties than local functionals especially for wide bandgap materials.
Additionally, I investigate the three alloys systems, AlGaN, BAlN and AlGaN, using the
same method in the same study, giving more reliable trends, which is important when
designing devices. Our investigation of the three alloy systems is done over the entire
compositional range. The results of this calculation are then interpolated, giving a
continuous image under all possible compositions. Finally, the results of interpolation are
used to find an optimum in terms of DBR performance using finite element simulations.
Additionally, in the third chapter, BAlN alloys are grown using MOCVD on (0001)
AlN/sapphire templates. The grown samples are then characterized using various
techniques including: atomic force microscopy (AFM), Ultraviolet-visible (UV-Vis)
spectroscopy and spectroscopic ellipsometry. These results are then qualitatively and
quantitatively compared with our computational results.
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Chapter 2: Theoretical Study of the Optical Properties of BAlN and BGaN
Alloys
2.1 Computational Methods
All reported calculations were carried using the software VASP (Vienna Ab initio
Simulation Package)41,42. Before calculating the refractive indices the structure was
optimized using DFT general gradient approximation (GGA-PBEsol) exchangecorrelation43. The energy cutoff was set to 520 eV for the plane-wave basis set. The
structure optimization was performed on primitive cells for the binary systems and on 16atom supercells for the ternary systems with chalchopyrite (CH) and luzonitelike (LZ)
structures for the 50%, and 25% / 75% alloys, respectively, as reported in our previous
study20. For 12.5% I used the same CH structure as 25%, but with the replacement of a B
atom with Al or Ga. The reason the calculation is performed for 12.5% is to see a clearer
image at low B composition where most experimental work exists19,21-23. All structures
were relaxed to Hellman-Feynman force less than 0.02 eVÅ-1. The Gamma centered kpoint mesh was set to 6 × 6 × 6 for the structural optimizations.
To calculate the optical properties, the hybrid functional of Heyd, Scuseria, and Ernzerhof
(HSE) was used44. Similar to structure optimization, 520 eV was used as the energy cutoff
for the plane-wave basis set. The k-meshes of 8 × 8 × 8 and 6 × 6 × 6 were used for the
binary and ternary systems, respectively. Convergence in the calculations was found at a
smaller k-mesh for the binary systems than is shown here. The same parameters were
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used for both the structure optimization step and the optical properties calculation step
for the three systems AlGaN, BAlN, and BGaN.
The results of this calculation were then plotted in three dimensions for better
visualization. The generated line plots were 2D-interpolated using the Modified Akima
cubic Hermite method. This interpolation method was chosen due to its lower variations
in the predicted variable than when using spline method. Additionally, it has less sharp
edges when compared to linear interpolation. This, I believe, would give a more sensible
prediction of refractive index curves with a high compositional resolution.
The resulting interpolated surface was used to find an optimum design for a strain-free,
high reflection coefficient and high bandwidth DBR. This DBR was simulated using the
software Lumerical FDTD Solutions45. An assumption of no optical absorption was made,
which is reasonable for an undoped semiconductor below its bandgap energy.

2.2 Computational Results
2.2.1 Structure
First, I confirm that the optimized wurtzite structures have lattice parameters within a
reasonable range. Table 1 shows our calculated lattice parameters, where binary
structures show good agreement with experimental data. In addition, ternary alloys show
good agreement with other theoretical calculations as is discussed in our previous study20.
It is important to note that these values are very close to the values predicted by Vegard’s
law, which will be used later in this study.
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Table 1: Lattice parameters of different wurtzite III-nitride alloys.
Alloy
AlN

This work
Experiment46
This work
This work
This work
This work
This work
Experiment46
This work
This work
This work
This work
This work
Experiment46

B0.125Al0.875N
B0.25Al0.75N
B0.5Al0.5N
B0.75Al0.75N
GaN
B0.125Ga0.875N
B0.25Ga0.75N
B0.5Ga0.5N
B0.75Ga0.25N
BN

a(Å)
3.113
3.11
3.054
2.984
2.876
2.713
3.182
3.180
3.107
3.020
2.898
2.722
2.543
2.55

c(Å)
4.981
4.98
4.869
4.783
4.556
4.372
5.180
5.166
5.049
4.943
4.673
4.431
4.205
4.21

2.2.2 Absorption and Refractive Indices
The focus of this study is mainly on the optical properties below the bandgap, where
absorption is typically assumed to be too small. The calculated values are reported in
Figure 1. All reported values are for light polarization perpendicular to the c-axis. Both
absorption and refractive indices are calculated using the complex dielectric function as
described in the following definition47:

𝑛=

1
√2

√√𝜀1 2 + 𝜀2 2 + 𝜀1 , 𝜅 =

1
√2

√√𝜀1 2 + 𝜀2 2 − 𝜀1

n is the refractive index, κ is the absorption index, and ε1 and ε2 are the real and
imaginary parts of the dielectric function, respectively.

(2)
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As ε2 approaches zero, κ approaches zero as well, and n approaches the square root of ε1.
This usually occurs below the bandgap (approaching 0 eV). This assumption is used in later
sections of this study.
Before discussing the results for BAlN and BGaN alloys, I first confirm our model by
comparing the refractive indices of the AlGaN alloys with the reported experimental
results as is shown in Figure 1 (a&b). The calculated values of AlGaN show a small but
consistent underestimation of indices when compared with experimental data48,49. Figure
1 shows the calculated refractive indices of all three alloys.
An interesting behavior of the refractive index appears as boron content is increased. For
both BAlN and BGaN, the refractive index follows a non-linear trend. This can be visualized
by the static refractive index (the index at 0 eV) in Figure 2. The reason I focus on the
static refractive index is that it captures the effect of alloying without having to consider
the energy of any incoming photons (Equations 3&4). Typically, as the size of atoms is
increased, the bandgap is decreased and the refractive index is increased. This is obeyed
by the AlGaN alloys as well as most III-nitride materials50. Other studies of boron III-V
semiconductors—such as BAlAs, BAlSb and BGaAs—have found a similar non-linear
behavior as in our study when boron content is increased51,52,53. This behavior has been
attributed to the large difference in atomic size and electronegativity. In addition, unlike
other group III elements, boron lacks inner p states, explaining some of the unique
properties of boron alloys.
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(a)

(c)

(b)

(d)

(e)

(g)

(f)

(h)

Figure 1: Comparison of the refractive index of AlxGa1-xN as calculated by us and as
experimentally reported by Muth et al.49 and Takeuchi et al.48 (a) The static refractive index (at 0
eV). (b) The refractive index at 3.1 eV. Absorption and refractive indices of AlxGa1-xN (c & d),
BxGa1-xN (e & f), BxAl1-xN (g & h) as a function of photon energy.

Several empirical models have been developed to predict the index of materials50,54-56;
however, in this study, I mainly examine the classical model of light propagation inside
materials for a clue to why index behaves this way. Equation 3 suggests that we find a
jump in the refractive index near the natural oscillation frequency of each oscillation
mode. These oscillation modes are associated with electron transitions in the band
structure57. The first electron transition occurs near the direct bandgap.
𝑁𝑞𝑒2

𝑛(𝜔) = 1 + 2𝜖

0𝑚

∑𝑘

𝑓𝑘

𝜔𝑘2 −𝜔2 −𝑖𝛾𝑘 𝜔

(3)
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N is the electron density, qe is the electron charge, ϵ0 is the vacuum permittivity constant,
m is the electron mass, ωk is the frequency for each electron transition, ω is the frequency
of light, γk is the damping rate for each electron, and fk is oscillator strength of each
electron.

Figure 2: Static refractive indices of BxGa1-xN (a) and BxAl1-xN (b) as a function of boron
composition.

At 0 eV, Equation 3 becomes:

𝑁𝑞𝑒2

𝑛(0) = 1 + 2𝜖

0𝑚

∑𝑘

𝑓𝑘

𝜔𝑘2

(4)

Equation 4 indicates that the static refractive is inversely proportional to the square of
the natural frequency of each oscillation mode. The bowing in the electron transition
energy associated with each mode may be different. This approach is similar to work done
by Shen et al. different bowing parameters are assigned for different electron
transitions58. I hypothesize that the non-linearity in the static refractive index may be the
result of the different behavior of different electron transitions. A similar consideration
was made by Linnik et al. to develop a model describing cubic zinc-blende III-V
semiconductors where they used an interband transition contributions (ITC) model to
describe the dielectric function57. This is a more in depth explanation when compared
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with simply attributing the behavior to atomic size or electronegativity though both views
may be related. It is interesting to note that Takeuchi et al. applies an interband
transitions model to the AlGaN system, though no bowing is assumed48.
We can observe by going back to Figure 1 (f&h) that at certain compositions the index
plots cross. This occurs only for low boron content BGaN alloys (x ≤ 0.5). In BAlN, this
effect is clearer and occurs over many alloy concentrations. A similar crossing is observed
in BAlSb as shown by Benchehima et al52.

Figure 3: Three-dimensional visualization of the index of each material in the 175-1500 nm
range of wavelengths. The color bar represents the bandgap of the lower bandgap material
BGaN at each lattice parameter. The surface is cutoff at the bandgap of BGaN as given by the
self-consistent field.

Figure 3 shows a three-dimensional visualization of the refractive indices of all the studied
alloys. The black horizontal curves represent the calculated indices as shown in Figure
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1(d,f&h). The surfaces connecting the lines are interpolated to show the expected indices
at all other compositions. The vertical blue lines slicing the 3D object every 100 nm are
added to show depth.
Using this figure we can find virtually an infinite number of lattice matched material pairs.
This is very important for designing crack-free photonic and optoelectronic devices. The
color bar shows the values of the bandgap of the lower index material BGaN.
It is important to note that the data in Figure 3 is cutoff the bandgap of BGaN as given by
the self-consistent field, which is an underestimate when compared with the bandgap
shown in the color bar and with experimental values. This value chosen for the cutoff
because it is where the optical transitions occur in the optical data, leading to peaks below
the experimental bandgap. The color bar value is important because it represents the
maximum operation frequency of a material pair in a device before absorption becomes
an issue. Similar to this study, the color bar values are calculated using hybrid density
functional theory, and will be reported separately in the near future. The reason for this
small discrepancy is that one calculation is converged for band structures and the other
is converged for refractive index.
The difference in refractive index is a parameter that allows us to estimate the
performance of different optoelectronic and photonic devices such as DBRs. Figure 4(a)
shows the difference in index at each wavelength. This quantity can be directly extracted
from Figure 3. To understand Figure 4 (a) we can think of Figure 3 as a physical 3D object.
Using this image, the color bar can be thought of as the thickness of Figure 3 along the
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axis of the index. Figure 4 (b) shows the expected bandwidth of a DBR as defined by
Equation 5 at each wavelength59:
𝜋

1

1

𝑛 −𝑛

∆𝜆 = 2 𝜆0 [𝑎𝑟𝑐𝑐𝑜𝑠(𝜌) − 𝑎𝑟𝑐𝑐𝑜𝑠(−𝜌)] , 𝑤ℎ𝑒𝑟𝑒 𝜌 = 𝑛𝐻 +𝑛𝐿
𝐻

𝐿

(5)

λ0 is the design wavelength, ρ is reflection coefficient, nH and nL are high and low refractive
indices, respectively.

(a)

(b)

Figure 4: Visualization of the difference in refractive index (a) and the predicted theoretical DBR
bandwidth in nm (b). The color of each point represents the value corresponding to a strain-free
material pair at the indicated lattice parameter and wavelength. Red lines indicate the lattice
parameters of binary materials.

We can see clearly an optimum behavior occurring at 3.113 Å by looking at Figure 4. This
represents the material pair B0.108Ga0.892N/AlN where the boron composition is calculated
using Vegard’s law. I use this material pair to simulate a DBR at the wavelength 375 nm
in the UVA range. This wavelength is chosen due to the rising need for devices in the UVA
spectrum.
First I start by sweeping different numbers of pairs to see change in peak reflectivity at
375 nm. We can see in Figure 5 (a) that the DBR performance exceeds 99% reflectivity
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near 20 pairs and plateaus near 25 pairs. Reflectivity reaches 100% at 35 pairs in this
simulation. The reflectivity spectrum of the 25-pair device is shown in Figure 5 (b), where
peak reflectivity is 99.8%. Bandwidth measured at 90% performance is 26 nm. This high
reflectivity and wide bandwidth are ideal for optimal UVA VCSEL performance60.

(a)

(b)

Figure 5: DBR peak reflectivity as a function of the number of pairs (a) and Reflectivity as a
function of wavelength for a 25 pair DBR (b). Both figures are simulated for the optimized
material pair B0.108Ga0.892N/AlN.

2.2.3 Summary
I have investigated the refractive index of BAlN and BGaN alloys using hybrid density
functional theory. A non-linear behavior was found in the static refractive indices of
different alloys. The bowing effect in the bandgaps of these alloys may provide an
explanation. A more in-depth study of the electronic band structure is needed to prove
such hypothesis. However, regardless of the physical origin of this behavior, the
interpolated dataset could be used in designing a myriad of strain-free photonic and
optoelectronic devices. I have demonstrated an optimized DBR at 375 nm having a peak
reflectivity of 99.8% and a bandwidth of 26 nm.
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Table 2: Comparison of performance of different DBR structures with similar peak
wavelengths. Lattice mismatch is calculated based on Vegard’s law. Bandwidth is taken at
90% of peak performance.
Result Type

Structure

This work
Experimental60
Simulation
Experimental61
Experimental
Experimental62

B0.108Ga0.892N/AlN
Al0.12Ga0.88N/GaN

Lattice
Mismatch
0%
0.266%

Al0.18Ga0.82N/ Al0.8Ga0.2N

1.37%

Al0.2Ga0.8N/GaN

0.436%

λ0
(nm)
375
368
369
347
347
380

Pairs

Reflectivity

25
40
40
20
25
60

0.998
0.916
0.972
0.93
0.99
0.99

Δλ
(nm)
26
4.4
5.6
18
22
8
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Chapter 3: Experimental Investigation of BAlN Alloys
In this chapter I present the growth and characterization of BAlN alloys on 2” (0001)
AlN/sapphire templates. AFM was used to characterize the surface of these samples.
Additionally, ellipsometry was used to measure the refractive index of the sample.

3.1 Experimental Methods and Results
3.1.1 MOCVD Materials Growth Conditions
I have assisted in the epitaxial growth of BAlN samples in a Taiyo Nippon Sanso (TNS) 3×2”
horizontal MOCVD reactor on (0001) AlN/sapphire templates at KAUST. The growth is
started by a ~20 nm AlN buffer layer grown at 1100 °C and 100 Torr. All of the BAlN film
were grown at 1010 °C and 150 Torr. Two growth methods were attempted: continuous
growth (for samples A, B and C) and pulsed-flow modulation (PFM) (for samples X and Y)
with pulse duration of 2 seconds. Figure 6 shows a schematic of the flow for each growth
method.
(a)

(b)

Figure 6: Schematic showing continuous flow (a), and pulsed-flow modulation (b) MOCVD
growth methods.
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The NH3 flow is kept constant at 10 SLM for samples A, B and C, and at 0.9 SLM for samples
X and Y. The TMA flow is constant at 98 SCCM for samples A, B and C. TMA flow is pulsed
at 70 SCCM for sample Y, and 50 SCCM for sample X. The TEB flow is constant at 15 SCCM
for all samples except for sample B where 30 SCCM is used. Hydrogen gas is used as a
carrier for the precursors.
3.1.2 Materials Composition
The samples were characterized using X-ray diffraction (XRD) and secondary-neutral mass
spectroscopy (SNMS) to determine the composition. The XRD measurement is performed
using the Bruker D8 Ultra for thin film characterization. The SNMS measurement is
performed using Dynamic SIMS from Hiden with an Ar+ ion source. The composition is
estimated using the XRD (002) peak of BAlN. Table 3 summarizes the growth conditions
and compositions of all studied samples. The difference in composition using different
methods could be the result of a number of things such as defects, strain or incomplete
incorporation of boron atoms in proper atomic sites. These results are going to be
analyzed in detail in a separate study63.
Table 3: A summary of the growth conditions and the corresponding compositions using
XRD and SNMS.
Sample ID
A
B
C
X
Y

XRD %B

SNMS %B

34
46
34
26
26

22
27
24
30
55

TMA
(SCCM)
98
98
98
70
50

TEB
(SCCM)
15
30
15
15
15

Method
Continuous
Continuous
Continuous
PFM
PFM

Intended
Thickness
340 nm
340 nm
100 nm
100 nm
100 nm
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3.1.3 Atomic Force Microscopy
Atomic force microscopy (AFM) with the Dimension Icon SPM instrument from Veeco was
used to characterize these samples as shown in Figure 7. One can observe that the surface
morphologies of the samples using different growth methods differ significantly. The
samples grown using the continuous growth method have a lower RMS roughness, but
have hexagonal columns. PFM growth results in a higher RMS and a surface covered in
needle-like columns. Another observation we can make is that samples intended to have
higher thickness seem to have a lower RMS. This is clear for samples A and C since they
have the sample growth recipe and hence the same boron content.
3.1.4 Ultraviolet-Visible Spectroscopy
To the naked eye, the samples grown using continuous growth are colorless, while PFM
samples look somewhat brown. To analyze this quantitatively I perform UV-Vis
transmittance measurement using the Lambda 950 instrument from Perkin-Elmer. Figure
8 shows the measurement results between wavelengths of 850 nm and 210 nm. We can
see that the transmittance is more than 30% higher for samples A, B, and C than samples
X and Y.
3.1.5 Spectroscopic Ellipsometry
The basic principle of spectroscopic ellipsometry is related to how different polarizations
of light are reflected differently. When linearly polarized light hits the surface of the
sample, the reflected beam becomes elliptically polarized. This reflected beam can be
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split into two perpendicularly polarized components that differ both in phase and
amplitude from the initial beam. Ellipsometry can be used to fit the thicknesses and
refractive indices of multilayered structures. Therefore, this makes it an ideal technique
for the analysis of our samples.
(a)

(c)

(b)

(d)

(e)

Figure 7: AFM images showing surface morphology of samples A (a), B (b), C (c), X (d), Y (e).

For the purpose of this thesis, the refractive index of samples A, B and C was measured
using UVISEL spectroscopic ellipsometry made by Horiba. Samples X and Y were studied
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using this technique, but are not reported here due to their high optical absorption
causing poor model fitting. The measurement is done over the photon energy range 1.56 eV.

Figure 8: UV-Vis transmittance of samples grown by both continous flow and PFM.

The goodness of the fit relies on our choice of model, and is evaluated using the χ2-test.
Figure 9 below shows a schematic of our model for samples A and B. The same model was
used for sample C after changing the thickness of the BAlN layer. Table 4 summarizes the
thickness results and the χ2 values for the tested samples.

Figure 9: Cross-section schematic of the ellipsometry model used for fitting of samples A and B.
The top BAlN/Air layer represents the surface roughness of the sample.

Figure 10 (a) shows the refractive index results of the three samples. To compare these
results with the results I found theoretically in the previous chapter, I plot the refractive
index values at 1.5 eV of the three samples and the theoretical values as a function of
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composition. Additionally, I indicate the theoretical and experimental values of the
indices of AlN for reference. The experimental values from our measurement are plotted
as function of boron composition as found by SNMS. Values reported by Takeuchi el al.
and Muth et al. are also added48,49.
First, we can see that the AlN values I measured and calculated are nearly identical to the
value reported by Muth et al. We can also observe that the refractive indices of our BAlN
samples are lower than that of AlN. This is the opposite trend to what our first-principles
study predicts. On the other hand, this agrees generally with trends found by Watanabe
et al. and Abid et al. though the change in index with boron content is not as extreme15,16.
This difference between calculated and measured trends could be the result a number of
a number of things. The most likely of which is either that the samples are not single
crystals or that strain is playing a role. A more in depth study of these materials using TEM
and XRD will be published elsewhere, which may help explain this63.
Table 4: Summary of thickness values as intended by growth, as measured by
secondary-electron microscopy (SEM), and as fitted by ellipsometry. χ2 values show the
goodness of the fit for refractive indices.
Sample
A
AlN template
B
AlN template
C
AlN template

Intended thickness
340 nm
2.5-3 μm
340 nm
2.5-3 μm
100 nm
2.5-3 μm

SEM thickness
225 nm
2.82 μm
386 nm
2.54 μm
166 nm
2.53 μm

Fitted thickness
285 nm
2.86 μm
357 nm
2.63 μm
141 nm
2.68 μm

χ2
4.41
3.95
6.15
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(a)

(b)

Figure 10: Refractive index of samples grown using continuous flow method as measured by
ellipsometry (a). A quantitative comparison of the refractive indices at 1.5 eV of AlN and BAlN as
calculated by us and as measured by us and by Takeuchi et al.48 and Muth et al. 49 (b).

3.2 Summary
In summary, BAlN samples are grown with high boron content using two MOCVD growth
methods, continuous flow and pulsed-flow modulation. AFM is used to characterize the
surface morphology of the samples. Samples grown using the continuous flow show lower
surface roughness, and have hexagonal features. On the other hand, samples grown using
PFM show higher roughness, and have needle-like features. Using spectroscopic
ellipsometry, I measure the thickness and refractive index of the samples grown by
continuous flow. Thicknesses found by ellipsometry show good agreement with values
measure by SEM. The measured refractive indices of BAlN are lower than those of AlN.
This shows the opposite trend predicted by first-principles as is shown in the previous
chapter. Further growth optimization may be necessary to realize the index values
predicted for single crystalline materials.
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Chapter 4: Conclusions
I have investigated the refractive index of BAlN and BGaN alloys using hybrid density
functional theory. A non-linear behavior was found in the static refractive indices of
different alloys. The bowing effect in the bandgaps of these alloys may provide an
explanation. A more in-depth study of the electronic band structure is needed to prove
such hypothesis. However, regardless of the physical origin of this behavior, the
generated large dataset by interpolation could be used as a database in designing a
myriad of strain-free photonic and optoelectronic devices. I have demonstrated an
optimized DBR at 375 nm having a peak reflectivity of 99.8% and a bandwidth of 26 nm.
Additionally, BAlN alloys were grown experimentally using MOCVD. Two growth
techniques were used that show different optical properties and surface morphologies.
Samples grown using continuous flow have better optical quality and lower surface
roughness. On the other hand, PFM samples have high optical absorption and higher
surface roughness than is found using continuous flow. Spectroscopic ellipsometry is used
to measure the thickness and refractive indices of the continuous flow samples. The
indices of BAlN are found to be lower than those of AlN. This is opposite to the trend
predicted using hybrid density functional theory. This indicates that the crystalline quality
of our samples may not match that simulated in our first-principle study, which is a fully
relaxed single crystalline material. Further growth condition optimization is necessary to
realize a high crystalline quality material.

35

BIBLIOGRAPHY

1

O. Ambacher, “Growth and applications of Group III-nitrides.” J. Phys. D: Appl. Phys.

31, 2653 (1998).
2

H. M. Kim, Y. H. Cho, H. Lee, S. I. Kim, S. R. Ryu, D. Y. Kim, T. W. Kang, and K. S Chung,

"High-brightness light emitting diodes using dislocation-free indium gallium
nitride/gallium nitride multiquantum-well nanorod arrays.” Nano Lett. 4, 1059 (2004).
3

O. Ambacher, J. Smart, J.R. Shealy, N.G. Weimann, K. Chu, M. Murphy, W.J. Schaff, L.F.

Eastman, R. Dimitrov, L. Wittmer, M. Stutzmann, W. Rieger, and J. Hilsenbeck, J. Appl.
Phys. 85, 3222 (1999).
4

O. Ambacher, J. Smart, J.R. Shealy, N.G. Weimann, K. Chu, M. Murphy, W.J. Schaff, L.F.

Eastman, R. Dimitrov, L. Wittmer, M. Stutzmann, W. Rieger, and J. Hilsenbeck, "Twodimensional electron gases induced by spontaneous and piezoelectric polarization
charges in N-and Ga-face AlGaN/GaN heterostructures." J. Appl. Phys. 85, 3222 (1999).
5

L. Oleg, T. Pauporté, and B. Viana, "Low‐Voltage UV‐Electroluminescence from ZnO‐

Nanowire Array/p‐GaN Light‐Emitting diodes." Adv. Mater. 22, 3298 (2010).
6

Y. Muramoto, M. Kimura, and S. Nouda, "Development and future of ultraviolet light-

emitting diodes: UV-LED will replace the UV lamp." Semicond. Sci. and Technol., 29,
084004 (2014).
7

K. Tadatomo, H. Okagawa, Y. Ohuchi, T. Tsunekawa, Y. Imada, M. Kato, and T.

Taguchi, "High output power InGaN ultraviolet light-emitting diodes fabricated on
patterned substrates using metalorganic vapor phase epitaxy." Jpn. J. Appl. Phys. 40
L583 (2001).
8

T. Nishida, H. Saito, and N. Kobayashi, "Efficient and high-power AlGaN-based

ultraviolet light-emitting diode grown on bulk GaN." Appl. Phys. Lett. 79, 711 (2001).
9

K. Iida, T. Kawashima, A. Miyazaki, H. Kasugai, S. Mishima, A. Honshio, Y. Miyake, M.

Iwaya, S. Kamiyama, H. Amano and I. Akasaki, "350.9 nm UV laser diode grown on lowdislocation-density AlGaN." Jpn. J. Appl. Phys. 43, L499 (2004).

36
10

H. Yoshida, Y. Yamashita, M. Kuwabara, and H. Kan, "Demonstration of an ultraviolet

336 nm AlGaN multiple-quantum-well laser diode." Appl. Phys. Lett. 93, 241106 (2008).
11

W. Guo, H. Sun, B. Torre, J. Li, M. Sheikhi, J. Jiang, H. Li, S. Guo, K.-H. Li, A. Giugni, E. D.

Fabrizio, X. Li, and J. Ye, "Lateral‐polarity structure of AlGaN quantum wells: a promising
approach to enhancing the ultraviolet luminescence." Adv. Funct. Mater. 28, 1802395
(2018).
12

R. Lin, S. V. Galan, H. Sun, Y. Hu, M. S. Alias, B. Janjua, T. K. Ng, B. S. Ooi, and X. Li,

"Enhanced electro-optic performance of surface-treated nanowires: origin and
mechanism of nanoscale current injection for reliable ultraviolet light-emitting diodes."
Photon. Res. 6, 124 (2018).
13

X. Li, T. T. Kao, M. Satter, S. Wang, Y. Wei, H. Xie, S. C. Shen, P. D. Yoder, A. Fischer,

and F. A. Ponce, T. Detchprohm, and R. D. Dupuis, "Demonstration of transversemagnetic deep-ultraviolet stimulated emission from AlGaN multiple-quantum-well
lasers grown on a sapphire substrate." Appl. Phys. Lett. 106, 041115 (2015).
14

X. Li, H. Xie, J. H. Ryou, F. A. Ponce, T. Detchprohm, and R. D. Dupuis, "Onset of

surface stimulated emission at 260 nm from AlGaN multiple quantum wells." Appl. Phys.
Lett. 107, 241109 (2015).
15

M. Abid, T. Moudakir, G. Orsal, S. Gautier, A. En Naciri, Z. Djebbour, J. H. Ryou, G.

Patriarche, L. Largeau, H. J. Kim, Z. Lochner, K. Pantzas, D. Alamarguy, F. Jomard, R. D.
Dupuis, J.-P. Salvestrini, P. L. Voss, and A. Ougazzaden, "Distributed Bragg reflectors
based on diluted boron-based BAlN alloys for deep ultraviolet optoelectronic
applications." Appl. Phys. Lett. 100, 051101 (2012).
16

S. Watanabe, T. Takano, K. Jinen, J. Yamamoto, and H. Kawanishi, "Refractive indices

of BxAl1− xN (x= 0–0.012) and ByGa1− yN (y= 0–0.023) epitaxial layers in ultraviolet
region." Phys. Status Solidi C 7, 2691 (2003).
17

M. Zhang, and X. Li, "Structural and electronic properties of wurtzite BxAl1–xN from

first‐principles calculations." Phys. Status Solidi B 254, 1600749 (2017).

37
18

A. Said, M. Debbichi, and M. Said, "Theoretical study of electronic and optical

properties of BN, GaN and BxGa1− xN in zinc blende and wurtzite structures." Optik 127,
9212 (2016).
19

H. Sun, F. Wu, Y. J. Park, T. M. Al tahtamouni, W. Guo, N. Alfaraj, K.-H. Li, D. H. Anjum,

T. Detchprohm, R. D. Dupuis, and X. Li, "Revealing microstructure and dislocation
behavior in BAlN/AlGaN heterostructures." Appl. Phys. Express 11, 011001 (2017).
20

K. Liu, H. Sun, F. AlQatari, W. Guo, X. Liu, J. Li, C. G. T. Castanedo, and X. Li, "Wurtzite

BAlN and BGaN alloys for heterointerface polarization engineering." Appl. Phys. Lett.
111, 222106 (2017).
21

H. Sun, Y. Park, K.-H. Li, C. G. T. Castanedo, A. S. Alowayed, T. Detchprohm, R. D.

Dupuis, and X. Li, "Band alignment of B0. 14Al0. 86N/Al0. 7Ga0. 3N
heterojunction." Appl. Phys. Lett. 111, 122106 (2017).
22

X. Li, S. Wang, H. Liu, F. A. Ponce, T. Detchprohm, R. D. Dupuis, "100‐nm thick single‐

phase wurtzite BAlN films with boron contents over 10%." Phys. Status Solidi B 254,
1600699 (2017).
23

A. Ougazzaden, S. Gautier, T. Moudakir, Z. Dhebbour, Z. Lochner, S. Choi, H. J. Kim, J.

H. Ryou, R. D. Dupuis, and A. A. Sirenko, "Bandgap bowing in BGaN thin films." Appl.
Phys. Lett. 93, 083118 (2008).
24

V. K. Gupta, C. C. Wamsley, M. W. Koch, and G. W. Wicks, "Molecular beam epitaxy

growth of boron-containing nitrides." J. Vac. Sci. & Tech. B 17, 1246 (1999).
25

M. Shibata, M. Kurimoto, J. Yamamoto, T. Honda, and H. Kawanishi, "GaN/BAlN

heterostructure grown on a (0 0 0 1) 6H–SiC substrate by metalorganic vapor phase
epitaxy." J. Crys. Growth 189, 445 (1998).
26

M. J. Paisley, Z. Sitar, B. Yan, and R. F. Davis, "Growth of boron nitride films by gas

molecular‐beam epitaxy." J. Vac. Sci. & Tech. B 8, 323 (1990).
27

J. H. Song, J. L. Huang, J. C. Sung, S. C. Wang, H. H. Lu, and D. F. Lii, "Interfacial

microstructure evolution of (B, Al) N films grown on diamond substrates." Thin Solid
Films 519, 4212 (2011).

38
28

L. Liljeholm, and J. Olsson, "Electrical characterization of wurtzite (Al, B) N thin films."

Vac. 86, 466 (2011).
29

X. Li, S. Sundaram, Y. El Gmili, F. Genty, S. Bouchoule, G. Patriache, P. Disseix, F.

Reveret, J. Leymarie, J. P. Salvestrini, R. D. Dupuis, P. L. Voss, A. Ougazzaden, "MOVPE
grown periodic AlN/BAlN heterostructure with high boron content." J. Crys. Growth 414,
119 (2015).
30

X. Li, S. Sundaram, Y. El Gmili, T. Moudakir, F. Genty, S. Bouchoule, G. Patriarche, R. D.

Dupuis, P. L. Voxx, J. P. Salvestrini, A. Ougazzaden, "BAlN thin layers for deep UV
applications." Phys. Status Solidi A 212, 745 (2015).
31

M. Yamashita, Y. Ishikawa, H. Ohsato, and N. Shibata, "Growth and characterization of

AlBN polycrystalline thin film by radio-frequency plasma-assisted molecular beam
epitaxy." In Key Eng. Mater. 301, 95 (2006).
32

B. P. Gunning, M. W. Moseley, D. D. Koleske, A. A. Allerman, and S. R. Lee, "Phase

degradation in BxGa1− xN films grown at low temperature by metalorganic vapor phase
epitaxy." J. Cryst. Growth 464, 190 (2017).
33

Y. S. Zhao, D. L. Hibbard, H. P. Lee, K. Ma, W. So, and H. Liu, "Efficiency enhancement

of InGaN/GaN light-emitting diodes with a back-surface distributed Bragg reflector." J.
Elect. Mater. 32, no. 12 (2003).
34

H. Y. Lin, K. J. Chen, S. W. Wang, C. C. Lin, K. Y. Wang, J. R. Li, P. T. Lee, M. H. Shih, X. Li,

H. M. Chen, and H. C. Kuo, "Improvement of light quality by DBR structure in white
LED." Optics express 23, 1523 (2015).
35

M. Rattier, H. Benisty, R. P. Stanley, J. F. Carlin, R. Houdré, U. Oesterle, C. J. M. Smith,

C. Weisbuch, and T. F. Krauss, "Toward ultrahigh-efficiency aluminum oxide microcavity
light-emitting diodes: Guided mode extraction by photonic crystals." IEEE J. Select.
Topics in Quantum Elect. 8, 238 (2002).
36

Y. S. Liu, A. F. M. S. Haq, T. T. Kao, K. Mehta, S. C. Shen, T. Detchprohm, P. D. Yoder, R.

D. Dupuis, H. Xie, and F. A. Ponce, "Electrically conducting n-type AlGaN/GaN distributed
Bragg reflectors grown by metalorganic chemical vapor deposition." J. Cryst. Growth
443, 81 (2016).

39
37

K. E. Waldrip, J. U. N. G. Han, J. J. Figiel, H. Zhou, E. Makarona, and A. V. Nurmikko,

"Stress engineering during metalorganic chemical vapor deposition of AlGaN/GaN
distributed Bragg reflectors." Appl. Phys. Lett. 78, 3205 (2001).
38 S.

Shrestha, A. C. Overvig, M. Lu, A. Stein and N. Yu, "Broadband achromatic dielectric

metalenses." Light: Sci. & Applications 7, 85 (2018).
39

W. T. Chen, A. Y. Zhu, V. Sanjeev, M. Khorasaninejad, Z. Shi, E. Lee, and F. Capasso, "A

broadband achromatic metalens for focusing and imaging in the visible." Nat. Nanotech.
13 (3) (2018).
40

J. Paier, M. Marsman, and G. Kresse, "Dielectric properties and excitons for extended

systems from hybrid functionals." Physical Review B 78, 121201 (2008).
41

G. Kresse, and J. Furthmuller, "Efficient iterative schemes for ab initio total-energy

calculations using a plane-wave basis set." Phys. Rev. B 45, 11169 (1996).
42

G. Kresse, and J. furthmuller, “Efficiency of ab-initio total energy calculations for

metals and semiconductors using a plane-wave basis set
.” Comp. Mater. Sci. 6, 15 (1996).
43

J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E. Scuseria, L. A. Constantin,

X. Zhou, and K. Burke, "Restoring the density-gradient expansion for exchange in solids
and surfaces." Phys. Rev. Lett. 100, 136406 (2008).
44

J. Heyd, G. E. Scuseria, and M. Ernzerhof, "Hybrid functionals based on a screened

Coulomb potential." J. Chem. Phys. 124, 219906 (2006).
45

Lumerical Inc. http://www.lumerical.com/tcad-products/fdtd/

46

J. H. Edgar, Properties of Group III Nitrides, INSPEC, London (1994).

47

M. Fox, Optical Properties of Solids, Oxford University Press, New York (2001).

48

K. Takeuchi, S. Adachi, and K. Ohtsuka, "Optical properties of Al x Ga 1− x N alloy." J.

Appl. Phys. 107, 023306 (2010).
49

J. F. Muth, J. D. Brown, M. A. L. Johnson, Z. Yu, R. M. Kolbas, J. W. Cook, and J. F.

Schetzina, "Absorption coefficient and refractive index of GaN, AlN and AlGaN alloys."
MRS Internet J. Nitride Semicond. Research, 4, 502 (1999).

40
50

M. Anani, C. Mathieum S. Lebid, Y. Amar, Z. Chama, and H. Abid, "Model for

calculating the refractive index of a III–V semiconductor." Comp. Mater. Sci., 41, 570
(2008).
51

G. Benabdellah, and K. Benkabou, "Structural, elastic, and optoelectronic properties

of ternary alloy BxAl1− xAs." Physica B: Cond. Matt. 544, 52 (2018).
52

M. Benchehima, H. Abid, A. C. Chaouche, and A. Resfa, "Structural and optoelectronic

properties of BxAl1-xSb ternary alloys: first principles calculations." Eur. Phys. J. Appl.
Phys. 77, 30101 (2017).
53

M. Guemou, B. Bouhafs, A. Abdiche, R. Khenata, Y. Al Douri, and S. Bin Omran, “First-

principles calculations of the structural, electronic and optical properties of cubic BxGa1xAs alloys.” Physica B: Cond. Matt. 407, 1292 (2012).
54

Y. Al Douri, H. Abid, H. Aourag, “Some empirical formulas for calculating the ionicity

character in semiconductors.” Mater. Chem. Phys. 65, 117 (2000).
55

T. S. Moss, "Relations between the refractive index and energy gap of

semiconductors." Phys. State Solid (b) 131, 415 (1985).
56

N. M. Ravindra, S. Auluck, V. K. Srinvastava, "On the Penn gap in semiconductors."

Phys. State Solid (b) 93, 115 (1979).
57

M. Linnik, and A. Christou, "Calculations of optical properties for quaternary III–V

semiconductor alloys in the transparent region and above (0.2–4.0 eV)." Physica B 318,
140 (2002).
58

J. X. Shen, D. Wickramaratne, and C. G. Van de Walle, "Band bowing and the direct-to-

indirect crossover in random BAlN alloys." Phys. Rev. Mater. 1, 065001 (2017).
59

S. J. Orfanidis, Electromagnetic Waves and Antennas, Rutgers University, NJ, USA

(2016).
60

Y. S. Liu, A. F. M. S. Haq, K. Mehta, T. T. Kao, S. Wang, H. Xie, S. C. Shen, P. D. Yoder, F.

A. Ponce, T. Detchprohm, and R. D. Dupuis, "Optically pumped vertical-cavity surfaceemitting laser at 374.9 nm with an electrically conducting n-type distributed Bragg
reflector." Appl. Phys. Express 9, 111002 (2016).

41
61

O. Mitrofanov, S. Schmult, M. J. Manfra, T. Siegrist, N. G. Weimann, A. M. Sergent, and

R. J. Molnar, "High-reflectivity ultraviolet AlGaN∕ AlGaN distributed Bragg reflectors."
Appl. Phys. Lett. 88, 171101 (2006).
62

K.E. Waldrip, J. Han, J. J. Figiel, H. Zhou, E. Makarona, and A. V. Nurmikko, "Stress

engineering during metalorganic chemical vapor deposition of AlGaN/GaN distributed
Bragg reflectors." Appl. Phys. Lett. 78, 3205 (2001).
63

T. B. Tran, C. H. Liao, F. AlQatari, X. Tang, X. Li, “Exceed 20% boron in wurtzite BAlN

films grown using MOCVD.” Writing in progress.

