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ABSTRACT 

A First Principle Investigation of Band Alignment in Emerging III-Nitride 

Semiconductors 

 
For more than seventy years, semiconductor devices have functioned as the 

cornerstone for technological advancement, and as the defining transition into the 

information age. The III-Nitride family of semiconductors, in particular, underwent an 

impressive maturation over the past thirty years, which allowed for efficient light-

emitting devices, photo-detectors, and power electronic devices.  

As researchers try to push the limits of semiconductor devices, and in particular, as they 

aim to design ultraviolet light emitters and high threshold power devices, the search for 

new materials with high band gaps, high breakdown voltages, unique optical properties, 

and variable lattice parameters is becoming a priority.  Two interesting candidates that 

can help in achieving the aforementioned goals are the wurtzite BAlN and BGaN alloy 

systems, which are currently understudied due to difficulties associated with their 

growth in epitaxial settings.  

In our research, we will investigate the band alignment between BAlN  and BGaN alloys, 

and other wurtzite III-Nitride semiconductors from first principle simulations. Through 

an understanding of band alignment types and a quantification of the band offset 

values, researchers will be able to foresee the applicability of a particular interface. As 

an example, a type-I band alignment with a high conduction band offset and a low 
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valence band offset is a potential electron blocking layer to be implemented in standard 

LED designs.  

This first principle investigation will be aided by simulations using Density Functional 

Theory (DFT) as implemented in the Vienna Ab Initio Simulation Package (VASP) 

environment. In addition, we will detail an experiment from the literature that uses X-

ray Photoelectron Spectroscopy on multiple samples to infer and quantify the band 

alignment between different materials of interest to us. We aim in this study to 

anticipate the band alignment in interfaces involving materials at the cutting edge of 

research. Our hope is to set a theoretical ground for future experimental studies on this 

same matter in parallel to the current efforts to improve the quality and stability of 

wurtzite BAlN and BGaN alloy crystals. 
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Chapter 1: Introduction 

1.1 A Brief History of the Semiconductor Industry 

Semiconductors are the backbone of our modern society. Electronic devices that 

enabled efficient computing, wireless communications, power distribution, and efficient 

lighting owe their functionality and capabilities to the fact that they are based on 

semiconductor materials1. Throughout the decades from 1980 to 2010, the growth of 

the semiconductor industry matched or exceeded most of the other major industries2,3. 

Although semiconductors have been studied for around 140 years4 when Karl Ferdinand 

Braun discovered the effect of rectification in metallic sulfides, the industry didn't 

receive major attention until the 1940s. Bardeen, Brattain, and Schokley invented the 

bipolar junction transistor (BJT) in 19475, and the latter introduced the p-n junction soon 

after, in 19496. Among the many semiconductors devices that followed, the MOSFET, 

introduced in 1960 by Kahng and Atalla7, is recognized as another important 

contribution to efficient computing. These inventions, along with the development of 

the CMOS8 technology and the subsequent realization of the microprocessor9 enabled 

the development of the personal computer, and lead to an unprecedented 

advancement in the capabilities and possibilities of computational tools.   

The devices and technologies discussed in the previous paragraphs are conventionally 

centered on the elemental semiconductors Silicon and Germanium. However, a 

different sect of the semiconductor industry was developing in parallel to the Si and Ge 

industry. Beginning in the 1960s, compound semiconductors in the InGaAsP family of 
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alloys became a hot topic, and one of the reasons for this excitement is that, unlike their 

elemental counterparts, they can emit electromagnetic radiation efficiently. In 1962, 

Robert N. Hall developed the first semiconductor laser while working for General 

Electric10. Hall's laser was based on GaAs and emitted radiation in the near-infrared 

region. Nick Holonyak Jr. invented the first visible light emitting diode, known more 

commonly as an LED, which was based on GaAsP alloys and emitted red light, while 

working at General Electric in 196211. From that period onward, many optoelectronic 

applications, including lasers and LEDs spanning the whole visible spectrum, 

photovoltaic cells, photodetectors, and optical fiber waveguides, were realized using 

compound semiconductors. 

1.2 Significance and Applications of III-Nitrides 

Within the compound III-V semiconductor family, the III-Nitrides possess unique 

properties and high flexibility, and as such they have generated significant interest 

starting from the late 1980s up until today. Up until the late 1980s, researchers were 

unable to develop LEDs that emit blue light with sufficient brightness. In the 1970s, Herb 

Maruska and Wally Rhines of Stanford University were able to demonstrate that GaN 

was a suitable choice for emission in the blue range12. Although the conclusion that 

magnesium doped GaN emits blue light became the basis for industrial blue LEDs, the 

devices that were realized in that time were too dim to conceive any real-world 

applications, and as a result GaN lost momentum and researchers began investigating 

other materials for blue LEDs. 
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It was in the late 1980s and early 1990s that GaN resurfaced as a major semiconductor 

compound. Three Japanese researchers, Hiroshi Amano, Isamo Akasaki, and Shuji 

Nakamura, introduced major breakthroughs in epitaxial growth techniques and p-

doping for GaN, and with that initiated the era of III-Nitride based optoelectronics13,14. 

The significance of these contributions is crowned by the awarding of the 2014 Nobel 

Prize in Physics to these three researchers. 

Wurtzite III-Nitride semiconductors are favored for various reasons. The alloys of InGaN 

and AlGaN can be tuned to emit radiation in a region that stretches from the infrared to 

the ultraviolet (UV)15.  Because of the ability to construct wide-band gap (high 

breakdown voltage) structures based on III-Nitrides, these materials have also been 

used as the basis for some power electronic devices like the high electron mobility 

transistor16. III-Nitride semiconductors are also cherished for their high thermal and 

mechanical stability, high carrier mobility, and high thermal conductivity17. 

Among the hot topics in the field of semiconductor devices nowadays is UV-emitters. UV 

light emitters in the form of LEDs and lasers are expected to provide utility in the fields 

of air purification, water and food sterilization, biochemical sensing, and photonics-

based communications17-21. The AlGaN family of alloys provides a promising basis for 

such devices, and researchers are still investigating and optimizing device designs and 

growth methods to extract the best efficiency and performance from AlGaN materials. 
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1.3 Welcoming Boron to the Family 

In light of the recent trends in III-Nitride semiconductor research, the investigation of 

the element Boron, which has a chemical symbol B, as an alloying component seems to 

be a natural extension to previous ideas. In recent years, researchers have been 

experimenting with two new families of alloys, BGaN and BAlN22-26. Alloying BN with 

GaN or AlN gives us more options for lattice engineering and matching27, which is a 

significant factor in the performance of semiconductor devices, and provides utility for a 

new range of bandgap energies, which provides more device design flexibility and 

perhaps new applications. This has the potential to improve AlGaN devices, in particular 

it can solve the problem of lattice mismatch and induced polarization fields currently 

present in such devices. 

1.4 Heterostructure Growth Techniques 

Various methods exist for the fabrication of semiconductor devices. For the fabrication 

of wafers used in circuit technologies (mostly from Si), methods like the Czochralski 

process28 and the floating zone process are ideal. For the devices based on III-Nitrides, 

however, the growth is sequenced layer-by-layer in an epitaxial growth process. Two of 

the most widely used epitaxial processes are molecular beam epitaxy, abbreviated MBE, 

and metalorganic chemical vapor deposition, also known as metalorganic vapor phase 

epitaxy, with the acronyms MOCVD and MOVPE. Although MBE provides better control 

over layer thicknesses and composition, MOCVD has demonstrated favorability for the 

growth of III-Nitride devices due to it's ability to function under a wider range of 
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pressures (MBE can only operate under vacuum conditions)29. In addition, MOCVD takes 

the edge over MBE because it is more reliable, highly reproducible, and most 

importantly, faster. 

The alloy families BAlN and BGaN were first realized in the 1990s30-32. Both MBE and 

MOCVD were used to grow these samples. More recently, A higher content of B in BAlN 

samples was achieved through the use of magnetron sputtering techniques33,34. Papers 

from the early 1990s up until 2015 have reported a B concentration in BAlN that doesn't 

exceed 16%27,30-36, but recent publications have claimed a B concentration of 30% in 

polycrystalline BAlN37. With a similar trend, BGaN tends to withstand only small B 

concentration, with the quality of the crystal deteriorating at relatively higher B 

concentrations. The highest B concentration achieved in a crystalline BGaN film using 

MOCVD is 7.4% 38. The behavior and stability of BAlN and BGaN alloys with higher B 

content is an ongoing research topic, and the subsequent realization of higher B 

concentrations is expected to be an important step towards improving III-Nitride based 

devices. 
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1.4 Objectives and Methodology 

In this study, we aimed to construct a reliable set of simulation to study the band 

alignment between materials in the wurtzite alloy systems BAlN and BGaN, in addition 

to their binary parent alloys. We used the VASP code, as employed in the MedeA VASP 

interface, to construct the materials of interest, optimize their structures, and calculate 

the properties that will allow us to infer their natural band alignment. Specifically, we 

employed hybrid functionals to study the bandgaps, since they demonstrate better 

predictions of band structures, especially for wide bandgap materials, and will use less 

demanding exchange functionals for structure optimization and relative potential line-

up calculations. For the wurtzite alloys, the computations were completed for one-eight 

compositions increments (e.g. B0.125Al0.875N, B0.25Al0.75N, B0.375Al0.625N, and so on) to 

accurately capture the trends of interest.  

For the experimental survey of the study, we reviewed a publication from our lab in 

which an XPS analysis was performed on an interface involving a BAlN alloy. Due to 

challenges in the growth of BAlN and BGaN alloys, there is only a restricted exposure to 

such experimental investigations. This experimental result will allow us to assess the 

reliability of our simulation setup. 
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Chapter 2: Theoretical Methodology and Results 

2.1 The Theory of Band Alignment 

When a semiconductor heterojunction is formed, we can have multiple scenarios for 

how the bandgaps are aligned. In fact, knowledge about this band alignment (also 

known as the band offset) allows us to predict potential applications for the device, and 

provides flexibility and solutions for bandgap engineering and device design. In our 

study here, we focus on III-Nitride heterojunctions, and since these are isovalent 

interfaces, we expect that charge transfer at the interface and relative orientations 

between the heterojunction constituents doesn't play a significant role in the band 

alignment39 . There are three types of band alignments, as shown in figure 2.140 and 

they are described as follows: 

• Type I band alignment, also called a straddling gap, occurs when one 

semiconductor has both a lower conduction band minimum (CBM) and a higher 

valence band maximum (VBM) relative to the other semiconductor. This 

alignment can be used for the multiple quantum well structure, which is the 

basis of modern light emitting devices. 

• Type II or staggered gap band alignments occur when one semiconductor has 

both a lower CBM and a lower VBM relative to the other semiconductor. This 

alignment can be used in photovoltaic cells and photodetectors due to their 
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strong photon absorption, ability to generate appreciable photocurrent, and high 

carrier mobilities41 

• Type III, known as broken gaps, occur when the conduction band of one 

semiconductor overlaps with the valence band of the other semiconductor. This 

results in the absence of a forbidden energy gap at the interface. One application 

of such alignment is in the tunneling field effect transistor 

Figure 2.1 shows the three discussed band alignment types without including band 

bending, which is in general an important component of a semiconductor 

heterojunction's behavior. They were omitted here for simplicity. 

Figure 2.1: The three types of band alignments arising in semiconductor heterojunctions 

 

Figure 2.2 shows a generic heterojunction along with some important quantities used in 

calculating the band offset. In particular, it highlights one method, known as Anderson's 

rule. This method establishes a common reference for the two semiconductors by 

aligning the two vacuum levels at an equal level42.  
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Figure 2.2: A generic heterojunction, labeled with different variables that can be used to calculate the 

band alignment 
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2.2 Density Functional Theory43 

2.2.1 Introduction to DFT 

DFT is a computational paradigm that can provide approximate solutions to quantum 

mechanical problems. The key equation for a quantum system’s energy eigenstates, the 

Schrodinger equation, is virtually unsolvable - if our aim is to find an exact closed-form 

solution - but for a few well defined potentials like the harmonic oscillator or the infinite 

well. Moreover, when dealing with a system of multiple electrons, the differential 

equation describing the system will become increasingly complex as we need to 

incorporate the pairwise interactions of the electrons. This is called the many-body 

quantum problem, and it is described by the following equation: 

#−
ℏ&

2𝑚)∇+&
,

+-!

+)𝑉(𝑟+)
,

+-!

+))𝑈4𝑟+, 𝑟67
68+

,

+-!

9Ψ = 	𝐸Ψ 

Where the last term in the left-hand-side describes the troublesome pairwise 

interaction. 

There are different approximation methods for the many-body Schrodinger equation. 

Among these techniques, DFT remains the optimal choice for material property 

investigations. The justification for DFT follows from a series of mathematical proofs 

from the 1960s. The two theorems, known as the first and second Hohenberg-Kohn 

theorems, state: 

• the ground-state energy of a system obeying the Schrodinger equation is a 

unique functional of the electron density. 
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• the electron density n(r) that minimizes the energy of the overall functional 

E[n(r)] is the true electron density corresponding to the full solution of the 

Schrodinger equation. 

This first theorem implies a one-to-one mapping between the electron density and the 

ground state energy, which means that knowing one allows us to uniquely determine 

the other. We can thus write the ground state energy eigenvalue as E[n(r)] where n(r) is 

the electron density of the system. This theorem establishes that the functional 

dependence exists but doesn't really tell us what it is. The second theorem is a 

variational principle restriction on the first theorem, which allows us to identify the 

correct n(r). 

To proceed with the mathematical formalism of our problem, let us first note that the 

electron density n(r) is ultimately a function of the single electron wavefunctions Ψ>(𝑟). 

We can write the Hohenberg-Kohn functional in terms of the single electron 

wavefunction as: 

𝐸[Ψ+(𝑟)] 	= 	𝐸ABCDB[Ψ+(𝑟)] + 𝐸EF[Ψ+(𝑟)] 

The “known” term includes all the four basic interaction while assuming independence 

of the effects, i.e.: 

𝐸ABCDB[Ψ+(𝑟)] = 	−
ℏ&

𝑚 	)GΨ+(𝑟)∗
+

	∇&Ψ+(𝑟)𝑑J𝑟	 + G𝑉(𝑟) 𝑛(𝑟)𝑑J𝑟 +
𝑒&

2 G
𝑛(𝑟)𝑛(𝑟M)
|𝑟 − 𝑟M| 𝑑JO𝑑J𝑟′ + 𝐸+CB 

In order we have the summation of electron kinetic energies, Coulombic interactions 

between electrons and nuclei, pairwise Coulombic electron interaction, and the pairwise 

interaction between nuclei. The EXC term, known as the exchange-correlation functional,  
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will carry the effects not accounted for in Eknown, and it is numerically flexible based on 

our applications and desired level of accuracy. 

The ultimate promise of DFT is that it will provide an easier way of solving the many-

body quantum problem compared to a direct attempt at the Schrodinger equation. The 

reader can argue that the preceding discussion didn’t identify this convenience, but we 

should highlight this advantage through the introduction of Kohn-Sham equations. As a 

follow-up to the two Hohenberg-Kohn theorems, Kohn and Sham formalized the 

mathematical problem of solving the many-body quantum problem as a set of single-

electron equations that take the form: 

Q−
ℏ&

2𝑚∇& 	+ 	𝑉(𝑟) + 𝑉R(𝑟) + 𝑉EF(𝑟)SΨ+(𝑟) = 𝜖+	Ψ+(𝑟) 

This takes the form of a single-electron Schrodinger equation. The first potential V(r) 

defines the interaction between the electron and the collection of atomic nuclei. The 

second potential VH(r) defines the repulsive interaction between the single electron and 

all the electrons in the system, and is called the Hartree potential. Finally, we have Vxc(r) 

which is the exchange-correlation term aimed to correct the two other potentials. One 

thing to note is that the Hartree potential includes a self interacting term, which is 

clearly fictitious. This self-interaction term is left untouched for mathematical 

convenience, and the task of correction for it is incorporated within the overall 

correction of the exchange-correlation potential. 

Now that we have discussed the mathematical formalism of our problem, we can talk 

about the proper way to attempt a DFT problem. The mathematical formalism we have 
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discussed forms a closed ring of steps: solve Kohn-Sham equation →	find single electron 

wavefunction Ψ+(𝑟) → find the electron density n(r) → find the Hartree potential VH(r) 

→ solve Kohn-Sham equation... and so on. This is very typical in computational 

problems, and evidently hints to the use of iterative methods to break the deadlock. 

Thus, we can attempt the DFT problem as follows: 

• define a trial n0(r) 

• solve the Kohn-Sham equation for this n(r) to get Ψ+(𝑟) 

• use this Ψ+(𝑟)  to define a new electron density n(r) = 	2 ∑ |Ψ+(𝑟)|&+ 	 

• Unless n(r) is sufficiently close to the n0(r), set n0(r) = n(r) and return to step 2. 

This is the general scheme of our procedure. As we discussed before, the accuracy of 

our results will depend on our choice of the exchange-correlation factor, which we will 

discuss in the following section. 

2.2.2 Exchange-correlation in DFT 

As discussed earlier, the “trivial” part of the ground state energy is incorporated into the 

Eknown part, and this should imply that the exchange-correlation part of the problem is 

non-trivial and perhaps difficult to find. There is one specific case, however, for which 

the exchange-correlation has an exact and known solution, namely the uniform electron 

gas case n(r) = constant. One can rightly argue that since this electron density doesn’t 

have any variations, and since the variations of an electron density give rise to the 

solutions we anticipate, this n(r) is of no practical importance. However, the true value 

of such assumption is that it can form a good starting point for our iterative approach 

discussed before; we set our exchange-correlation potential in functional form as 
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 VXC(r) = VXC[n(r)] and begin solving for the ground-state energy iteratively. This is known 

as the local density approximation, LDA for short. 

The second class of exchange-correlation potentials is known as the generalized 

gradient approximation, or GGA. In this case, the functional form of the potential will 

have an additional degree of freedom besides the local density n(r), which is the local 

gradient of the density ∇𝑛(𝑟) . Note that although this is an additional variable, it 

doesn’t always imply a better accuracy. Nonetheless, GGA potentials tend to 

outperform LDA potentials in terms of accuracy if the correct form of the gradient is 

chosen. Two of the most common GGA functionals is the Perdew-Wang functional, 

labeled as PW91, and the Perdew-Burke-Ernzerhof functional, labeled as PBE. An 

important exchange-correlation functional for our work is the Heyd, Scuseria, and 

Ernzerhof hybrid functional, which has the acronym HSE06. This functional is based on 

the mixing of Hartree-Fock hybrid functional with standard DFT functional. In doing so, it 

aims to improve the performance of DFT, but without enduring the heavy 

computational cost of Hartree-Fock methods44. The HSE06 method is based on the use 

of screened Coulomb potentials for a restricted range in an attempt to optimize for 

discarding inherent singularities in atomic arrangements and computational cost. 

2.2.3 Software Implementation of DFT: VASP 

 One of the most effective scripts implementing DFT is the Vienna Ab initio Simulation 

package, or VASP for short. This software is used to perform first principle (ab initio) 

quantum mechanical simulations to model material characteristics and chemical 

interactions. VASP implements DFT using the Vanderbilt pseudopotential, the projected 
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augmented wave method or plane-wave basis set for material characterization 

applications. VASP can also implement corrections to DFT, including the hybrid 

functionals mixing method, Hartree-Fock exchange, and the Green’s-screened Coulomb 

(GW) method. VASP is based on the work of British condensed matter physicist Michael 

Payne from the mid-1980s. Dr Jurgen Hafner of the University of Vienna worked on 

Payne’s work, and by the mid-1990, the VASP software was fully developed. 

The power of VASP comes from its wide range of applications. VASP can be used to 

compute stress tensors for solids, spin-orbit coupling in magnetic materials, static 

dielectric properties, piezoelectric tensors for polar materials, phononic interactions, 

elastic constants, and macroscopic polarization effects. 

2.3 Computational Setup 

The computational setup for band alignment calculations was conceived after a careful 

review of multiple papers45-53. Particular focus was given to the three paper by Chee-

Keong Tan51, Poul Georg Moses52, and Su-Huai Wei53. This set of referenced papers form 

the motivational basis for our computational setup in this study. 

We used VASP, as implemented in the MedeA interface, to perform bulk and slab 

calculations on the different materials of interest. Through the bulk simulations, we 

optimized the geometry, obtained the bandgap energies, and obtained the density of 

states. From the slab models, we have estimated the potential lineup between our 

different materials. The main equation we used to compute the VBO is: 

∆𝐸X = 𝐸Y
	(!) − 𝐸Y

(	&) = 4𝐸Y − 𝑉ZY[OZ\[7
(!) −	4𝐸Y − 𝑉ZY[OZ\[7

(&) +	∆𝑉 
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With (i) denoting a property of material i,  𝐸Y	  the valence band edge energy, 𝑉ZY[OZ\[  

the average electrostatic field in the bulk material, and ∆𝑉 the difference in the aligned 

electrostatic potentials. Note that we used a mathematical trick to establish a good 

reference: with ∆𝑉 = 𝑉(!)- 𝑉(&), what we did in the last expansion is to add and 

subtract ∆𝑉	simultaneously. What this achieves is a reliable reference, since bulk 

simulations in VASP are not referenced and are in general shifted by arbitrary constant 

values. Obtaining the CBO is relatively simpler: 

∆𝐸] = 𝐸]
	(!) − 𝐸]

(	&) = 𝐸\
(!) − 𝐸\

(&) −	∆𝐸Y 

Where Eg
(i) is the bandgap energy for material (i). Here we adhere to the convention that 

a positive ∆𝐸]  indicates material 2 has a higher CBM compared to material 1. 

Throughout our simulations, we have kept a few choices invariant. We have used the 

VASP code as implemented in the MedeA-VASP interface. We used plane augmented 

waves pseudopotentials to describe atomic cores, with the inclusion of d-orbital 

electrons as core electrons in Ga. Structural optimization calculations were performed 

by relaxing the atomic positions to Hellmann-Feynman forces below a threshold of 

2 × 10a& [X
Å
	 . All energy calculations were set for a convergence criterion of 10ac [X

ZdCe
	. 

For all the calculations, k-meshes were chosen to be Γ − centerd Monkhorst-Pack grids, 

with the size chosen as appropriate to the cell choice. Throughout the calculations, spin-

orbital coupling and magnetic effects were ignored, since these are negligible for the 

materials of interest. 
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2.3.1 Convergence Tests 

To ensure our simulations are well-behaved numerically, we have performed a series of 

convergence tests on a set of parameters on which our simulations depend. Specifically, 

we have performed convergence analysis on the k-mesh size, planewave cutoff energy, 

number of repeating units in a material slab, and the vacuum width in the slab model. 

For the k-mesh size, we have studied the convergence of the bandgap energy Eg, as 

calculated by the LDA exchange-correlation functional, under variations in the number 

of k-points along the a and c axes separately. Note that, since we are applying the test 

on wurtzite structures, the lattice parameters a and b are equivalent. Figure 2.3 shows 

the effect of the k-mesh size on the evaluation of Eg for the two choice materials AlN 

and modified B0.125Al0.875N. The way we modified B0.125Al0.875N is through a change of its 

lattice parameters a and c to increase the magnitude of electrostatic potential. The 

modified B0.125Al0.875N bulk model has a z-length of 3.0412 Å and a x-length of 6.08250 Å 

, while AlN has a z-length equal to its c-parameter and x-length equal to its a-parameter, 

which can be found in table 2.1. We did this in order to study convergence in a system 

with a significantly different arrangement than AlN. While varying the k-points along c, 

we have kept the number of k-points along a and b set at 8. Similarly, while varying the 

number of k-points along a and b, we kept the k-points along c also set at 8. As 

expected, both bulk models will converge at the same number of k-points when we vary 

the number of k-points along the direction of c. On the other hand, we have a faster 

convergence for B0.125Al0.875N upon variation in the number of k-points along the 

direction of a, since the cell we used to model B0.125Al0.875N has a larger a-parameter, 



31 
 

almost twice the size for AlN. These results are intuitive, since a larger cell in real space 

corresponds to a smaller sized cell in reciprocal space. This means that we need a 

smaller number of k-points for a real space cell with larger size to reach the sufficient k-

mesh density for convergence.  

 

Figure 2.3: Convergence of Eg with respect to the k points along the lattice parameters c and a for AlN and 

B0.125Al0.875N 

 

Figure 2.4 shows the convergence of the electrostatic potential, referenced at a vacuum 

level equal to zero eV, for materials slabs of AlN and B0.125Al0.875N with respect to the 



32 
 

slab thickness and vacuum region widths in our slab models. The results we have found 

here for the slab thickness are consistent with those found in the paper by Tsai et al.54  

 

Figure 2.4: convergence of Vvacuum-Vavg  with respect to slab thickness and vacuum width 

Figure 2.5 illustrates the convergence test for the planewave cutoff energy, which sets a 

truncation limit to the Bloch expansion of the Kohn-sham orbitals. Based on the results, 

we choose an energy cutoff of 520 eV. 

 

Figure 2.5: convergence of Eg with respect to the cutoff energy for the planewave Bloch expansion 

2.3.2 Material Construction and Optimization 

The wurtzite bulk materials were constructed as follows:  

• Binary alloys were constructed in primitive four atom cells 
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• Ternary alloys with equal cation compositions, e.g. B0.5Al0.5N, were constructed 

in chalcopyrite-like cells composed of sixteen atoms. This structure is 

characterized by the fact that the anions are surrounded by two atoms of each 

cation 

• Ternary alloys with compositions of 25% and 75% were constructed using 

luzonite-like cells composed of sixteen atoms. In this structure, each anion is 

surrounded by one atom of the higher concentration cation species and three 

atoms of the other cation species. Intermediate compositions 12.5%, 37.5%, 

62.5%, and 87.5% are given by the same luzonite-like structure, with one of the 

ratio of 3:1 of 2:2 of cations around a given anion, but with a 4:0 ratio of cations 

in the adjacent anion 

These choices are guided by the previous work of our colleagues and they are depicted 

in figure 2.6 as it appears in their publication25.  

 

 

 

Figure 2.6: A visualization of the (a) luzonite-like structure and the (b) chalcopyrite-like structure 
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Structural optimization was performed using the GGA exchange-correlation functional, 

specifically the Perdew-Burke-Ernzerhof version revised for solids, which is known as 

GGA-PBEsol. The use of such functional is highly successful for solids, and is more 

accurate and reliable than the LDA functional52. We set the energy cutoff to 520 eV for 

the plane-wave basis, relaxed the structure to Hellmann-Feynman forces below a 

threshold of !
cm

 [X
ṅ

, and used Monkhorst-Pack Γ-centered k-meshes of size 6 × 6 × 6 for 

ternary alloys and 8 × 8 × 6 for binary alloys. In table 2.1 we list the lattice constants 

we obtained from our setup, along with experimental values, for the binary III-Nitrides. 

In figure 2.7 we plot our results for the lattice parameters of all the alloys, along with a 

second order polynomial fit to investigate Vegard’s law.  

 

Figure 2.7: Structure optimization results and their quadratic fits for (a) BAlN and (b) BGaN alloys 

The polynomial fit gave the following results and coefficients of determination: 

𝑎stnuvwt,(𝑥) = 	−0.19𝑥
& − 0.37147𝑥 + 3.10783			�̇�, 							𝑟& = 0.99814  

𝑐stnuvwt,(𝑥) = 	0.30944𝑥& − 1.07508𝑥 + 4.99353			�̇�, 					𝑟& = 0.99412  

𝑎st�Zvwt,(𝑥) = 	−0.06637𝑥
& − 0.55397𝑥 + 3.17695		�̇�, 				𝑟& = 0.99881  

𝑐st��vwt,(𝑥) = 	0.08171𝑥& − 1.04191𝑥 + 5.17853			�̇�, 					𝑟& = 0.99858  
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These number are in good agreement with the results in the reference25, and the high 

coefficients of determination indicate that our simulated material structures follow 

Vegard’s law very closely.  

Table 2.1: lattice constants for the wurtzite III-Nitride binary alloys 

Alloy a (Å) 

our work 

c (Å) 

our work 

a (Å) 

previous work52 

c (Å) 

previous work,52 

AlN 3.11 
 

4.981 3.11 4.98 

BN 2.56 
 

4.23 
 

2.55 4.21 

GaN 3.18 
 

5.17 
 

3.18 5.166 

 

2.3.3 Bandgap and DOS calculations 

From the bulk material, we have performed a set of simulations to obtain the bandgap 

energies and the density of states. The density of states will enable us to calculate the 

difference between the valence band edge Ev and the average electrostatic potential in 

the material. From the DOS calculation, we can identify a distinct peak occurring below 

the valence bands cluster, separated by a gap. This peak represents the binding energy 

of the core of the material, and it is used to define the average electrostatic potential 

Vavg in the material. It is desired that the energy levels associated with this peak be 

nondispersive. Figure 2.8 illustrates this calculation.  
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Figure 2.8: A standard DOS and band structure calculation for GaN, highlighting the quantities used in our 

calculations 

It is a known fact that LDA and GGA functional underestimate the bandgap energies of 

semiconductors, especially wide-bandgap semiconductors including a large alloy range 

of the wurtzite III-Nitrides44. For this reason, we have used the HSE06 hybrid functional 

with a 0.25 mixing parameter, as this choice has shown its ability to successfully predict 

experimental bandgaps in previous studies53.  

For the Bandgap and DOS calculations, we use the same k-mesh sizes defined for 

structural optimization. For these calculations, the HSE06 exchange correlation 

functional were used.  

 

 

 



37 
 

2.3.4 Potential Lineup Calculations 

To establish a reference for our bulk calculations, we calculated the relative potential 

alignment between the different materials using slab models. Based on the convergence 

results highlighted in section 2.3.1, we choose to build our slab model as an interface 

between 6 bulk cell repetitions of the material, which corresponds to 13 atomic layers, 

interfaced with 4 bulk cell repetitions of vacuum, corresponding to 7 atomic layers in 

width. It is worth noting that these convergence results are in agreement with the 

findings of Moses et al52, in particular the result that 12 atomic layers produce relative 

potential positions with respect to vacuum that are no more than 0.03 eV different from 

the positions obtained with a 28 atomic layer thick slab. Figure 2.9 shows a 

demonstration of our setup for potential lineup calculation. 

 

Figure 2.9: A demonstration of the potential line-up setup for the example interface BN/AlN 
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To find the relative alignment of the average electrostatic potential between two 

materials, we combine the two respective slab calculations by aligning the vacuum 

levels to establish an appropriate absolute reference. The choice of a numerical number 

for the vacuum is arbitrary and will not affect the relative alignment. As our goal in this 

study is to calculate the natural unstrained band alignment, the choice of measuring the 

slab potentials relative to vacuum independently is justified. This justification derives 

from the results obtained by the reference cited in the previous paragraph48, but can be 

reviewed in more detail in the paper published by Su-Huai Wei et al53. In this paper, the 

researchers highlight the validity of such approximation by demonstrating the 

transitivity law, which states that the valence band offset between two materials AX and 

CX can be expressed as follows: 

Δ𝐸Y(𝐴𝑋\𝐶𝑋) = 	Δ𝐸Y(𝐴𝑋\𝐵𝑋) + Δ𝐸Y(𝐵𝑋\𝐶𝑋) 

Where BX is a third material. According to the results and discussions in the paper, this 

hold very well for natural band alignment calculations, and indicates that the potential 

lineup can be obtained with high accuracy without establishing a direct contact between 

the two materials.  

For the potential lineup calculations, k-meshes were chosen to be of size 8 × 8 × 2 for 

the binary alloys and 6 × 6 × 2 for the ternary alloys, and the exchange-correlation 

functional of choice was GGA-PBE. Table 2.2 lists all the value we calculated for the 

purpose of finding the band alignment. 
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Table 2.2: Band gap, optical transitions, relative potential positions for all materials  

Alloy Eg (eV) Optical 

transition 

type 

VBM-Vavg  

(eV) 

experimental Eg 

(eV) 

Vvacuum-Vavg 

(eV) 

AlN 5.56 
 

direct 15.92 6.2558 13.165 

B0.125Al0.875N 5.67 direct 16.165 5.726 for B0.14Al0.86N 13.245 

B0.25Al0.75N 5.56 direct 16.23 NA 13.53 

B0.375Al0.625N 5.28 indirect 16.31 NA 13.635 

B0.5Al0.5N 5.42 indirect 16.96 NA 13.795 

B0.625Al0.375N 5.74 indirect 17.21 NA 13.948 

B0.75Al0.255N 6.54 indirect 17.75 NA 14.45 

B0.875Al0.125N 6.56 indirect 18.29 NA 14.62 

BN 6.56 indirect 
 

18.03 6.4659 15.385 

B0.875Ga0.125N  6.75 indirect 16.80 NA 14.355 

B0.75Ga0.255N 5.38 indirect 16.24 NA 13.815 

B0.625Ga0.375N 5.27 indirect 16.02 NA 13.185 

B0.5Ga0.5N 5.00 indirect 16.05 NA 12.1675 

B0.375Ga0.625N 4.36 direct  15.83 NA 10.735 

B0.25Ga0.75N 3.92 direct 15.77 NA 10.28 

B0.125Ga0.875N 3.54 direct 15.44 NA 9.95 

GaN 3.30 direct 
 

15.27 3.4258 11.59 
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2.4 Band Alignment Results 

After combining the results of our bulk and slab simulations, according to the 

methodology discussed earlier in this chapter, we have summarized the results in figure 

2.10 below 

 

Figure 2.10: A summary of the band alignment results. Between each bar is a !
"
 increment change in 

compositions. The valence band of AlN has been set at the 0 eV for convenience. 

According to our simulation results, there are a few interesting observations. Between 

the binaries, we have found the following band-offsets: 

∆𝐸Y(𝐺𝑎𝑁\𝐴𝑙𝑁) = 0.925	𝑒𝑉 
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∆𝐸Y(𝐴𝑙𝑁\𝐵𝑁) = 0.11	𝑒𝑉 

Furthermore, we have the interesting result that for low B content BAlN and BGaN, we 

have a type-II band alignment, it is nonetheless more extreme for BGaN. For interfaces 

of the form GaN/BGaN with B content less than 0.75, we have type-II band alignments. 

Another interesting observation is than the two alloy systems behave differently; for 

BAlN, the valence band offset doesn’t take large values in single increments, while for 

BGaN alloys, large numerical values for the valence band offset occur. One band offset 

value that we will use later to compare with an example experimental study from the 

literature is the following 

∆𝐸Y(𝐴𝑙𝑁\𝐵m.!&c𝐴𝑙m."�c𝑁) = −0.165 
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Chapter 3: Experimental Methodology and Review 

There exist multiple techniques to investigate the band alignment in heterostructures. 

For our study, we will utilize an x-ray characterization technique to infer the band 

alignment of the semiconductor heterostructures of interest. The technique we will use 

are based on the well-established characterization method called x-ray photoemission 

spectroscopy and X-ray diffraction. 

3.1 X-ray Photoemission Spectroscopy 

XPS is a spectroscopic technique that can measure, among other things, the electronic 

states of elements within a semiconductor material sample64. XPS is based on the 

following principle: a beam of X-rays is illuminated on the material, and the number of 

electrons ejected from the material and the kinetic energy of these electrons is 

measured up to a certain material depth (usually up to 10 nm from the top), and from 

this data, the XPS spectrum is obtained. The idea is that through such principle, we can 

infer the binding energies in the system and the number of electrons (called counts) 

associated with each binding energy. This evidently allows us to infer the elemental 

composition of our sample, its uniformity, and the present electronic states occupied by 

the electrons61. 

XPS is based on the photoelectric effect, which was first discovered by Hienrich Hertz62 

in 1887 and explained by Albert Einstein in 190563. The development of XPS as a 

technique based on the photoelectric effect followed from the work of Innes, Moseley, 

Rawlinson, and Robinson after the second world war, and it was Kai Siegbahn who was 
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able produce the first high-resolution spectrum in the same period60. The central 

equation in this context is: 

𝐸�+B�+B\ = 𝐸��CdCB − 𝐸A+B[d+] − 	𝜙 

Where 𝜙 is the work function of the material. The basic utilization of this equation is 

what allows for the computation of the electronic states in our sample, and ultimately 

the calculation of the energy bandgap and the band offsets of the material. 

3.2 Investigating Band Alignments using XPS 

As it turns out, the way we measure band offset experimentally is in many ways 

analogous to our theoretical calculations. The procedure we wish to highlight derives 

from a careful study of the papers by Carey et al65, Wei et al66, and Chen67 et al. To study 

the band alignment between two materials A and B, we need to perform XPS scans on 

three samples: 

• Sample I: A thick sample (in the order of 101 nm-𝜇m thick) of material A grown 

on an appropriate substrate 

• Sample II: A thick sample of material B grown on an appropriate substrate 

• Sample III: A thin layer (less than 10 nm) of material B grown on top of a thick 

layer of material A. 

The first step is to obtain an XPS survey scan, which will enable the detection of distinct 

binding energy peak for high resolution analysis. From there, we choose the core levels 

we want to use for referencing the two materials’ binding energies, and we perform a 

high resolution XPS scan on the two samples to identify with sufficient accuracy the 

binding energy values, relative to the valence band maximum for the respective 
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material. From the interface sample (sample III), we can calculate the shift between the 

two reference cores of the two materials. Note the analogous procedure to the 

theoretical setup, which should make the central mathematical relation for our 

experiments not-to-unfamiliar: 

∆𝐸Y = (𝐸n]CO[ − 𝐸s]CO[) − (𝐸]CO[ − 𝐸Xs�)n + (𝐸]CO[ − 𝐸Xs�)s 

Where the first term is the core energy shift measured from sample III, the second term 

is the measurement from sample I, and the last term is the measurement from sample 

II.  

To properly analyze the XP spectra we obtain we the different samples, we need to 

make appropriate mathematical choices. To fit the core level peaks, a typical choice 

would be fitting with a Shirley background and a Voigt line shapes, also called mixed 

Lorentzian-Gaussian line shapes. This choice is appropriate for the analysis of XP spectra 

because it takes into account the two broadening mechanism that can occur in such 

spectra, namely homogenous (Gaussian shape) and inhomogeneous broadening 

(Lorentzian shape). The Voigt shape is capable of doing that because it is precisely a 

convolution of a Gaussian profile with a Lorentzian profile. To determine the VBM from 

the edge of the XP spectra near the binding energy of zero eV, a typical choice is linear 

extrapolation of the leading edge, with the VBM value chosen to be the intercept of this 

linear extrapolation line.  
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3.3 Previous Work on the Band Offset Between B0.14Al0.86N and Al0.7Ga0.3N 

The section is a demonstration of a band alignment measurement based on the work of 

a previous postdoctoral fellow in our lab, Dr. Haiding Sun26. This paper follows from a 

milestone in BAlN growth, in which high quality thick single phase crystal layer wurtzite 

BAlN with a B-concentration of up to 0.144 was achieved using MOVPE. The 

heterojunction of interest in this study is B0.14Al0.86N/Al0.7Ga0.3N. A high resolution TEM 

image, shown in figure 3.1, acquired in the process demonstrates that the two 

semiconductors forming the heterostructure are of high quality and have uniform 

element distribution and an abrupt interface characteristic, as desired. To complete the 

analysis for the band alignment, three samples were used, as shown in figure 3.2. The 

three sample are as follows: 

1- Sample (A): a 40 nm B0.14Al0.86N grown on a c-plane AlN/sapphire template 

2- Sample (B): a 400 nm Al0.7Ga0.3N grown on a c-plane AlN/sapphire template 

3- Sample (C): a thin 5 nm on a 400 nm Al0.7Ga0.3N layer on a c-plane AlN/sapphire 

template. 

All samples were grown using MOVPE. The interface sample (sample (C)) was chosen to 

have a very thin B0.14Al0.86N layer to allow the photoemitted electrons from both 

materials to escape to the XPS detector, since the escape depth of the HR-XPS used is 5-

10 nm. A HAADF STEM measurement was performed using a Titan microscope operating 

at 300 kV. The XPS scans were perfomed using a Kratos Axis Supra DLD spectrometer 

with an Al K𝛼 X-ray source operating at 150 W under a vacuum of 10-9 millibar. As a 
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standard procedure, all the peaks were referenced to the C 1s binding energy peak at 

284.8 eV. Figure 3.3-3.5 summarize the obtained peaks.    

The formula used to determine the VBO in the interface is: 

∆𝐸Y = (𝐸s	!� − 𝐸Xs�)snu, − 4𝐸�Z	&� − 𝐸Xs�7
nu�Z, + 4𝐸�Z	&� − 𝐸s	!�7

snu,/nu�Z,
 

The bracketed terms are obtained from scans on samples A, B, and C, respectively. The 

lower energy Ga 2p3/2 peak was chosen as the core of AlGaN. To find the conduction 

band offset, it is straightforward to derive the following relation (with the convention 

that a positive quantity indicates a decrease from material 1 to material 2): 

∆𝐸] = 𝐸\snu, − 𝐸\nu�Z, + ∆𝐸Y 

Figure 3.1: A HR-TEM scan of the heterojunction sample. (a) a cross sectional STEM scan of sample C, 

showing the abrupt interface and the uniform element profile (b) an EDX element scan of the same 

sample showing the distribution of elements, which confirms the expected uniform element profile 
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Figure 3.2: The three samples used to calculate the band alignment of the sample of interest, all grown on  

sapphire substrates 

 

 

 

 

Figure 3.3: (a) CL peak of B 1s and (b) linear interpolation of the VBM from sample (A) 
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Figure 3.4: (a) CL peak of Ga 2p and (b) linear interpolation of the VBM from sample (B) 

  Figure 3.5: CL peaks of (a) B 1s and (b) Ga 2p from sample (C) 

 

 The findings of this paper are captured in figure 3.6. It was found that the band 

aligment of the heterojuncntion of interest is type-II with  Δ𝐸Y = 	0.40 ± 0.05	𝑒𝑉  and 

Δ𝐸] = 	1.10 ± 0.05	𝑒𝑉. As noted in the paper, this can be used to design UV-

transparent EBL for III-Nitride (more specifically, AlGaN) UV emitters, which is a hot 

topic in semiconductor device research. This potential application comes from the fact 
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that the CBO is very large while the VBO is relatively low, which is a desirable feature of 

well-functioning EBLs.  

 

Figure 3.6: A summary of the band alignment results, augmented with the results for other III-Nitrides for 

reference 

This result was augmented with previous finding to generate figure 3.6. It can be inferred 

that the band alignment between AlN and B0.14Al0.86N is -0.83 eV. This is very different 

in comparison to what we found in our computations. This can be explained by the fact 

that in this study, the BAlN alloy was grown epitaxially on a layer of AlGaN, and this 

produces a large strain that can make the interface significantly different from the one we 

can infer computationally under the natural band alignment assumption. In addition, 

There are a few difference that can affect the results, including the fact that the computed 

value for the bandgap energy is different from the one obtained in this experiment. It is a 
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known fact that growth method can significantly affect the band alignment, and as such 

we don’t expect to see exact agreement between our computational results and 

experiments. The type of band alignment, however, is consistent with our findings. 
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Chapter 4: Conclusions and Outlook 

In summary, we have studied the natural band alignment between alloys in the 

emerging III-Nitride systems BAlN and BGaN. We have utilized DFT simulations as 

implemented in the VASP script, and have used hybrid functionals in order to accurately 

report the bulk properties of these alloys and their parent binaries. We have reported a 

set of preliminary tests that enabled us to optimize for efficiency and accuracy 

simultaneously, in particular in our choice of k-point densities and potential line-up 

settings. We have reported structural parameters for BAlN and BGaN alloys, and we 

have seen how they followed Vegard’s law to a high degree, as is the case with other 

compound semiconductors. We have used the standard potential line-up method to 

calculate the band offsets, but our approach differed from previous reports in its use of 

slab models that are extended in the polar c-direction. Our computational results make 

some interesting predictions, including the dominance of type-II alignment in GaN/BGaN 

interfaces for a large range of B compositions. In addition, our results seem to agree 

reasonably well with published computational results, although these are not extensive 

and should not indicate completeness. 

As researchers in the semiconductor field work towards the successful synthesis of BAlN 

and BGaN alloys, theoretical results like ours can help them understand the implications 

and potential of such materials, and can assess in their exploration of optimal growth 

conditions. As our results, among many others, suggest, these emerging alloys can 

provide solutions to minimize the induced polarization due to lattice mismatch for alloys 

in the AlGaN system, which is an important III-Nitride family for optoelectronics. In 
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addition to this motivation, BAlN and BGaN alloys can provide design solutions for 

powers electronics, which can benefit substantially from the high breakdown voltages 

and high mobility of III-Nitride semiconductors. In the following paragraphs we will 

highlight a few possible applications for these emerging alloys. 

A major potential application for the BAlN and BGaN alloys is in the field of 

optoelectronic devices. One application we wish to highlight is in a cutting-edge subfield 

of optoelectronics, namely ultraviolet light emitters. The standard design for UV 

emitters involves alloys of the system AlGaN68,69, but such structures have struggled in 

terms of external quantum efficiency, in other words their ability to produce light with 

sufficient brightness. One of the factors contributing to the low device efficiency in 

LEDS, including AlGaN based UV emitters, is related to the inherent difference in the 

hole and electron mobilities. Because electrons are lighter and hence more mobile, they 

tend to overcome the intrinsic active region and recombine non-radiatively in the p-

doped region, leading to a lower device efficiency and a lower count of emitted 

photons. The solution is to introduce a layer between the p-doped region and the 

intrinsic active region, called the electron blocking layer, to create a high energy barrier 

for the electron to minimize the incentive they have to move to the p-doped region. 

Ideally, we would like for this layer to be have a large conduction band offset and a 

small valence band offset, so that the injection of holes into the active region is 

minimally affected. Figure 4.1 demonstrates the setting. 
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Figure 4.1: A demonstration of the LED structure with an EBL for the purpose of enhancing device 

efficiency  

 

 In the study by Haiding Sun et al70, the conventional Al0.75Ga0.25N EBL was compared 

with a B0.14Al0.86N EBL based on a study of the band alignment. The band alignment 

between GaN and B0.14Al0.86N was determined experimentally to be of type I with a very 

small band offset and a very large conduction band offset, as shown in figure 4.270. This 

is qualitatively in agreement with our reported computational results. The experiment 

yields a value for the valence band offset equal to Δ𝐸Y = −0.2	𝑒𝑉and a conduction 

band offset Δ𝐸] = 2.1	𝑒𝑉.	Since this has the desirable characteristics of an EBL, and 

comparing with the band alignment values associated with the GaN/Al0.75Ga0.25N 

heterostructure, namely ∆𝐸Y = 0.5	𝑒𝑉 and ∆𝐸] = 1.4	𝑒𝑉, the paper notes that the 

former will work better as an EBL. This is illustrated in figure 4.370. 
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Figure 4.2: The experimental result for the band offsets between GaN and B0.14Al0.86N 

  

Figure 4.3: An illustration of the advantage of using a B0.14Al0.86N instead of Al0.75Ga0.25N for the EBL in LEDs 

 

In the same paper, another potential application for BAlN is discussed, namely in HEMT 

devices. In this case, the GaN/B0.14Al0.86N heterostructure is compared with 

GaN/Al0.3Ga0.7N and GaN/AlN, which are standard choices for the capl/barrier layers in 

HEMT devices. Specifically, the formation of the two-dimensional electron gas in the 

interface, which is an important parameter in a HEMT device, is studied through the 
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software APSYS for the three different barrier layers, using the experimental band 

alignment obtained for GaN/B0.14Al0.86N. Figure 4.470 illustrates the results of the APSYS 

simulations, which indicate that using BAlN can enhance the performance of the HEMT 

device by increasing the concentration the density of the 2DEG. 

 

 

Figure 4.4: potential profile and 2DEG distribution in a HEMT device using the three different 

heterostructures 

As illustrated by the two aforementioned examples, incorporating boron into the III-

Nitrides has the potential to improve cutting edges devices and provide solutions for 

device design. It is however important to acknowledge that there is still a lot to be 

understood. In this work, we tried to establish a theoretical reference for the band 

alignment of BAlN and BGaN with their parent binary alloys. However, the near future 

should include more investigations if we want to fully utilize these alloys, on both the 

fundamental and the device levels. For example, important material properties, 

including the effective mass and carrier mobility, can be simulated to obtain more 

parameters for device design. Furthermore, based on the obtained parameters, 
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including the already available band alignments and optical properties, device level 

simulations can be performed using software like APSYS and Silvaco to inspire device 

design ideas that will guide the future fabrication of real-life devices like UV LEDs and III-

Nitride HEMTs that will outperform what is already in the market.  
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