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Abstract 

Research and development of bismides have proven bismides to be a promising 

field for material science with important applications in optoelectronics. However, the 

development of a complete description of the electrical and material properties of 

bismide ternaries is not comprehensive or straightforward. One of the main benefits of 

this ternary system is the opportunity for bandgap tuning, which opens doors to new 

applications. Tuning the bandgap is achieved by varying the composition; this allows 

access to a wider energy spectrum with applications in long wavelength emitters and 

detectors. In addition to bandgap tuning, Bi provides an opportunity to decrease lasing 

threshold currents, to decrease the temperature sensitivity and to decrease a major loss 

mechanism of today’s telecom lasers. 

We propose to characterize the electronic and chemical structure of GaAsBi 

grown by molecular beam epitaxy. We probe the binding structure using x-ray 

photoelectron spectroscopy. This provides insights into the antisite incorporation of Bi 

and the reactivity of the surface. Furthermore, we use x-ray photoelectron spectroscopy 

to track the energy variation in the valence band with dilute Bi incorporation into GaAs. 

These insights provide valuable perspective into improving the predictability of 

bandgaps and of heterostructure band offsets for the realization of bismides in future 

electronics. 



 

 

v 

The stringent growth conditions required by GaAsBi and the surfactant 

properties of Bi provide a unique opportunity to study nanostructure formation and 

epitaxial growth control mechanisms. The GaAsBi epitaxial films under Ga-rich growth 

conditions develop Ga droplets, which seed the Vapor-Liquid-Solid growth of 

embedded nanowires. We demonstrate a means to direct the nanowires unidirectionally 

along preferential crystallographic directions utilizing the step-flow growth mode. We 

mediated the step-flow growth by employing vicinal surfaces and Bi’s surfactant-like 

properties to enhance the step-flow growth mode. Semiconductor nanostructures are a 

cornerstone of future optoelectronics and the work presented herein exploits the power 

of a bottom-up architecture to self-assemble aligned unidirectional planar nanowires. 

  



 

 

vi 

Abbreviations 

AFM Atomic force microscopy 

BE Binding Energy 

BEP Beam equivalent pressure 

CB Conduction Band 

CL Core-Level 

CP Critical Point 

DOS Density of States 

FL Fermi Level 

FWHM Full-width at half-maximum 

HH Heavy Hole 

IMFP Inelastic mean free path 

IVBA Inter-Valence Band Absorption 

KE Kinetic energy 

LCAO Linear Combination of Atomic Orbitals 

LH Light Hole 

LT Low Temperature 

MBE Molecular beam epitaxy 

NIR Near infrared 

PL Photoluminescence 

RSF Relative Sensitivity Factor 

SE Spectroscopic ellipsometry 

SO Spin Orbit 

TEM Transmission electron microscopy 

UHV Ultrahigh-vacuum 

VB Valence band 

VBAC Valence Band Anticrossing  

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 
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1 Introduction  

1.1 III-V Semiconductors 

Gallium arsenide (GaAs) is the second most widely consumed semiconductor in 

industry. It is second only to silicon (Si). III-V semiconductors will never come close to 

achieving the practically defect-free cheap domain that Si boasts. However, Si’s indirect 

bandgap greatly obstructs its applicability in optoelectronic devices, specifically: lasers, 

light emitting diodes, and photodetectors. Most recently, these devices utilize III-V 

semiconductors. GaAs is highly employed due to its direct bandgap (1.42 eV), high 

electron mobility (~8500 cm2/Vs at 300 K), and most importantly, its potential to alloy 

well with other Group III and Group V elements. Alloying provides the opportunity to 

tailor a material with desired properties to meet the demands of next generation devices. 

Indirect bandgap materials, like Si, inefficiently emit and absorb light, making many of 

the III-V direct bandgap semiconductors contenders for the field of optoelectronics. The 

direct bandgap stems from the bonds becoming more polar in the III-V system 

compared to the pure Si system.[1], [2] A direct bandgap is defined as when electrons at 

the bottom of the unfilled conduction band (CB) have the same momentum (k-space 

value) as the electrons at the top of the filled valence band(VB).[2] When recombination 

occurs at the same momentum value, photons can be emitted without the energy toll 

required by a k-space mismatch. 
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A chart of compound semiconductors can be found in Figure 1.1, plotted by the 

energy of their bandgap and their lattice constant. GaAs has a bandgap of 1.42 eV in the 

near IR (NIR). It is commonly alloyed with AlAs to create the alloy AlxGa1-xAs. This 

ternary compound semiconductor has nearly the same lattice constant as GaAs, but a 

larger bandgap. The larger bandgap makes this ternary commonly employed in red 

LEDs. The lines drawn on Figure 1.1 between the dots designate some of the realized 

ternary compounds, with the shape of the line being indicative of the lattice and 

bandgap variation between the two compounds. It is this ability to select electrical 

properties by changing the composition that gives III-V compounds their edge in 

optoelectronics. Bandgap engineering through alloying is highly valued as it enables the 

formation of heterojunctions of high performance for devices like lasers at desirable 

wavelengths.[3] 
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Figure 1.1: Compound semiconductors plotted by lattice constant and bandgap 

energy.The spectrum is superimposed to indicate the approximate color at that 

wavelength (secondary y-axis). Ref [4] 

 

Another advantage of compound semiconductors is that their polar bonds yield 

lower electron masses, and therefore offer an increased electron mobility. As such, 

today’s high speed commercial semiconductor amplifiers are GaAs based.[2] Exploring 

how ternary compounds vary the mobility is an important consideration for optimizing 

optoelectronic materials. This will be discussed in the next chapter when we consider 

how Bi doping does not negatively affect the electron mobilities the way that N doping 

does. It may be that finding a balance between N and Bi doping that an optimized 

optoelectronic material can be found. 

The real value of III-V semiconductors comes from finding an optimization 

between all these qualities. Industry needs direct bandgap semiconductors for efficient 

interactions with photons, while having high mobilities with minimal defects.[2] 
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Ternary compounds are regularly fulfilling the needs of industry by uniquely growing 

materials to meet specific needs in optoelectronics. 

1.2 Materials in the Near IR 

Exploring new materials is scientifically significant for finding solutions to 

engineering problems of tomorrow. Utilizing alloying within the III-V system, we vary 

the wavelength accessible by a device employing that material.[5] The NIR materials are 

of huge importance for telecommunication, but are also employed to study the non-

visible light from space,[6] and being adopted for sensor and medical device 

applications.[7], [8] 

Presently, our telecommunication lasers are predominately InGaAsP on an InP 

substrate. This alloy has bandgap energies in the low dispersion, low loss window ideal 

for optical fibers.[3] These InGaAsP based devices suffer from poor temperature 

characteristics, and lose as much as 80% of the current required to lase to Auger 

recombination.[3], [9] Furthermore, the typical 1.5 μm InGaAsP laser requires around 10 

mW of power to lase, but requires ~600 mW of power towards thermo-electric control; 

that is only around 2% of the input electrical power is being used to produce the laser 

emission.[10] However, with small inclusions of Bi, we have the potential to decrease the 

threshold current, decrease cooling demands, and decrease a main contributor to the 

Auger recombination loss mechanism in the VB. 
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1.3 Introduction to GaAsBi 

Bi is a Group V isoelectronic impurity in GaAs, and its incorporation results in 

composition dependent bandgap narrowing and in changes to the densities of states.[11] 

The addition of Bi into GaAs modifies material properties favorably for optoelectronic 

devices, by reducing the dependence of bandgap energy on temperature, and the 

suppression of non-radiative Auger recombination.[12]–[14] A better understanding of 

the bandgap energy modification as a function of Bi content is of fundamental 

importance for designing and fabricating GaAsBi-based optoelectronic devices, such as 

IR to NIR photodetectors and diode lasers. 

InGaAs is an important III-V ternary system that is well studied. The 

incorporation of In into GaAs reduces the bandgap, as does the incorporation of Bi. The 

incorporation of In comes at the cost of a large lattice mismatch. This brings us to a key 

parameter for ternary III-V systems: the change in the bandgap normalized by the 

change in lattice constant ΔEg/Δa. This value for GaAsBi is much larger is very than that 

of InGaAs. But InGaAs alloying on the Group III site is easier to epitaxially grow. It is a 

miscible system with both binary systems being readily grown, and in general Group III 

doping is easier than Group V. Also, Bi further complicates the problem by being able to 

sit on the Group III site and GaBi is an immiscible system. 

Another comparative ternary system is GaAsN. It has similar challenges to 

GaAsBi, but with the majority of the bandgap reduction occurring in the host’s CB 
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rather than in the VB. Most of the bandgap reduction for GaAsBi occurs in the VB. But 

the theory that describes how the band structure changes with alloying is the same. 

Valence band anticrossing (VBAC) model is used to describe the hybridization of the 

localized defect state with band edges generating larger bandgap narrowing than 

predicted by conventional alloying. 

This thesis will focus on the novel III-V semiconductor GaAsBi. Integrating Bi 

into the GaAs system has three important implications. (1) Bi decreases the bandgap by 

introducing states that interact with the VB. (2) Bi increases the spin-orbit (SO) splitting 

which is of importance for decreasing intra-valence band recombination Auger 

processes. (3) Bi decreases the bandgap dependence on temperature which is 

particularly valuable considering that up to ~98% of the energy spent on our 

telecommunication lasers is on cooling.[10] 

Despite all these advantages to utilizing GaAsBi, Bi incorporation into this 

system is not simple. Bi is immiscible with Ga, and the material GaBi has never been 

physically realized. Therefore, instead of incorporation, Bi is known for surface 

segregation, surfactant-like effects, and clusters formation. Growth at low temperatures 

(LTs) and careful control of fluxes enable the realization of GaAsBi, but still, only limited 

amounts of Bi incorporate (usually < 10%). Incorporating Bi decreases the bandgap 

enabling the wavelength to vary over a small range of wavelengths all redshifted from 

GaAs’s wavelength of 873nm. With a better understanding of the electronic structure 
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and the controlling parameters, GaAsBi is a great candidate to improve optoelectronics 

in the NIR. 

1.4 Motivations: GaAsBi and nanowires 

Bi provides a promising advantage to many optoelectronic devices, as has been 

mentioned earlier in this chapter. However, controlling Bi’s incorporation site, and the 

impact it plays within the host’s electronic structure has proven to be challenging, and is 

not well understood. Herein, we explore Bi as a surfactant and the dilute alloy GaAsBi. 

These two roles distinctly impact the epitaxial growth, and there is still a lot of work to 

be done to understand their respective impacts. 

Bi, when incorporated into the GaAs host system, provides a unique opportunity 

for bandgap engineering along with a temperature robustness, and a decrease in Auger 

recombination. Bi as a surfactant increases lateral step velocity, and mediates growth by 

enhancing Ga adatom’s surface migration lengths. Bi plays concurrent roles as an atom 

incorporating and the surfactant mediating growth. The growth conditions can tune Bi’s 

role in the growth. The delicate interplay of these modifications is ultimately probed by 

the GaAs embedded nanowire(NW) growth in GaAsBi epitaxial film growth presented 

in this thesis. 

One way of achieving a better understanding of the relationship between 

surfactant and incorporating atom is to take a closer look at the surface. X-ray 

photoelectron spectroscopy(XPS) is a promising tool to better understand the dynamic 
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surface character of GaAsBi surfaces. Looking into core level (CL) shifts, we can gain 

insight into the various bonding states of Bi along with how Bi may be mediating the 

native oxide growth by altering the surface reactivity. This can be further probed by 

studying the band bending, light absorption and emission of defects. The surface 

sensitivity of this method is not only its strength but it’s weakness, as we gain insight 

into the surface chemistry, limited insight can be gained about the resulting buried 

growth from the surface processes. And for this reason, other probes (PL, SE, TEM and 

XRD) are used to provide the perspective for interpreting the XPS results. 

One XPS paper on GaAsBi has been published.[15] There are a handful of papers if 

you expand your search to include Bi adlayers on GaAs substrates.[16]–[18] And among 

these, there are still discrepancies between the fitting of the Bi related CLs, and a lack of 

quantitative description of the fittings in these papers. One of the main motivations for 

this work is to more fully characterize the GaAsBi XPS spectra to clarify the preferential 

local bonding environment for Bi and how its effects on the native oxidation. However, 

fitting Bi peaks is met with many challenges, one of which is that the intensity is low due 

to the low KE and small amounts of Bi incorporation, along with convolution with other 

CL peaks. This thesis will present the Bi 5d spectra measured on GaAsBi, and propose a 

Bi 5d fitting with three main components: Bi-BiGa, Bi-As and Bi-O. Despite these 

challenges, it is critical to search for new materials and new nanostructures whose 

properties could meet the demands of next generation devices. Thus far bismides boast 
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promising results with increasing investigation. Therefore, searching for a more 

complete understanding of Bi’s complex interaction with GaAs remains an open and 

challenging problem. 

While studying Bi incorporation and segregation, we investigated NWs to 

observe physical variations in the NW characteristics in response to the presence of Bi. 

NW technology is showing great potential to revolutionize optoelectronics of the future, 

and there is a large body of work on vertical GaAs NWs. Herein, we present NW growth 

embedded in the GaAsBi epitaxial film. This has provided a unique opportunity to 

study concurrently: 

(1) Bi segregation (interaction with Ga-droplets and Bi-oxide formation) 

(2) Bi incorporation (Bi incorporation into epitaxial film) 

(3) Bi’s impact on surface energy of crystal planes (NW direction of growth) 

(4) Bi’s enhanced Ga migration lengths (Ga droplet density).  

 In conclusion, gaining additional understanding of Bi’s potential to mediate and 

integrate into GaAs growth is valuable for meeting the challenges of the new wave of 

optoelectronic devices. Bi shows promising results mediating embedded NW growth 

with epitaxial interfaces and as a catalyst in droplet engineering. 

1.5 Summary of work 

In this work, we interrogate the role of Bi as a surfactant and a dopant in GaAs. 

We quantify the VB variation in the band structure of GaAs with dilute incorporation of 
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Bi. This characterization furthers its potential as a promising material for future 

optoelectronics. Furthermore, we validate the use of Bi as a surfactant which can 

mediate nanostructure formation and nucleation parameters. 

In Chapter 2, I discuss the theoretical framework of III-V band structure. There is 

an introduction to the band structure of ZB crystalline solids along with a focus on the 

GaAs electronic band structure. The band structure is derived using a linear 

combination of atomic orbital approximation (LCAO) with emphasis on the effects of Bi 

incorporation on the VB using the VBAC model. There is also a discussion on the 

impacts of stress introduced into the film by Bi incorporation, and a comparison to the 

implications of incorporating N vs. Bi. 

Chapter 3 introduces the experimental techniques employed. The basics of LT 

growth by molecular beam epitaxy (MBE) are discussed. The second half of this chapter 

focuses on the characterization of the MBE samples. The experimental techniques that 

probe the bulk of the sample that are covered in this thesis are: spectroscopic 

ellipsometry(SE), photoluminescence(PL), electron microscopy(EM) and x-ray 

diffraction(XRD). The experimental techniques that probe the surface are: x-ray 

photoelectron spectroscopy(XPS) and atomic force microscopy(AFM). Each 

experimental technique section includes the basic theory behind the measurement, and a 

description of the experimental setup. 
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Chapter 4 familiarizes the reader with LT MBE growth of GaAsBi, and the 

difficulties associated with its growth. Bi incorporation is highly dependent on the III/V 

flux ratio, and often samples are plagued with Ga droplets or Bi droplets when the III/V 

flux ratio is not near stoichiometry. This chapter also outlines the specifics of the 

stationary growth employed for all samples studied in this thesis. 

Chapter 5, introduces the reader to the theory behind XPS analysis and Chapter 6 

contains the experimental results. XPS ionizes the material yielding a shifted perspective 

of the BE. Chapter 6 focuses on XPS experimental measurement of GaAsBi using soft x-

rays. Presently there is one paper published on the fitting of the CLs for GaAsBi using 

hard x-rays. In this chapter, you will find: a comparison to the literature for CL fittings, a 

proposed fitting of the Bi 5d CL, and explore the changes in oxide formation due to Bi 

mediation. 

Chapter 7 shifts the focus from CL XPS to the VB spectra in XPS. The movement 

of the VB (independent of the CB movement) is measured as a function of Bi 

incorporation using XPS. These values are compared to the bandgap measured by SE 

and are theoretically adjusted for the pseudomorphic strain. 

Chapter 8 discusses the role of Bi as a surfactant in embedded vapor-liquid-solid 

(VLS) NW growth concurrent with epitaxial growth. Here, we are excited to 

demonstrate a new means of achieving unidirectional growth of lateral NWs utilizing 
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vicinal substrates and surfactant enhanced growth. Variation in the size, shape, density 

and length of the NWs are reported. 

Lastly, Chapter 9 concludes with some perspectives on the future of GaAsBi in 

optoelectronics and nanostructure formation.
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2 III-V Electronic Band Structure 

One of the driving forces behind the realization of various ternary alloy III-V 

systems is bandgap engineering. Electronic band structure studies have become 

instrumental for the prediction of optical properties, which drives the development of 

new materials needed to meet the demands of tomorrow’s devices. 

In this chapter, we will focus on the band structure of compound Zinc-Blende 

(ZB) semiconductors. A linear combination of atomic orbitals (LCAO) approximation is 

used as a basis to derive the band structure of ZB GaAs. The VBAC model and the 

virtual crystal approximation(VCA) will be summarized to describe the variations in 

band structure due to alloying with Bi. Emphasis is placed on three important 

modifications in the band structure: (1) decreased bandgap, (2) increased SO splitting 

energy and (3) decreased bandgap energy temperature sensitivity. Increasing the SO 

splitting energy has important implications for reducing a common Auger 

recombination loss mechanism in GaAs based devices. Further discussion considers the 

variation in the band structure due to stress induced by the large Bi atom in the GaAs 

lattice. Lastly, a comparison between N and Bi is presented with an exploration of the 

promising outlook of co-doping. 

2.1 Band Structure by Linear Combinations of Atomic Orbitals 

Generally, we can define the band structure as a quantitative description of the 

range of energies that an electron within a material may have. One approach to 
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theoretically obtaining the band structure is to use an LCAO model. This approach starts 

with the s- and p-orbitals of the atoms, builds hybridized bonding states, and ultimately 

converges upon the Bloch sums to describe the band structure. 

 

Figure 2.1: ZB GaAs atomic structure. Ga atoms are yellow and As atoms are grey. Ref 

[19]  

III-V semiconductor GaAs has tetrahedral coordination, meaning GaAs can 

either form a ZB (face centered cubic) or wurtzite (cubic close-packed) atomic 

arrangement. All samples studied within this thesis are in a ZB arrangement. Figure 2.1 

shows the ZB structure, where the grey and yellow spheres represent different atoms in 

the lattice, i.e. Ga or As. Each atom has four bonds to atoms of the other elemental type 

(i.e. one As atom has single bonds with four different Ga atoms).
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Figure 2.2: LCAO Diagram.Transformation of linear combination of atomic orbitals, 

starting from the s and p orbitals of the two atoms that comprise the ZB solid, to the 

sp3 hybrid bonds, to bond orbitals, and lastly to the resulting band structure. Adapted 

from Ref [20] 

 

The LCOA model starts with the valence electron bond orbitals of the constituent 

atoms in the compound. The electron configuration for Ga is [Ar] 3d104s24p1 and for As it 

is [Ar] 3d104s24p3. Both Ga and As have valence electrons in the 4s- and 4p-orbitals, 

leading to four original energy states. These orbitals are diagramed in the first quadrant 

of Figure 2.2. s-orbitals are characterized as a spherically symmetric surface, and p-

orbitals are two lobed bodies with three different projections (px, py and pz). Looking at 

the bottom of the first quadrant of Figure 2.2, it can be seen that there are four energy 

levels. These are the s- and p- orbital energy levels for the valence electrons of the atoms 

in the compound. The first step in the LCOA approximation is to hybridize these 
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orbitals into an sp3 hybrid bond state. This sp hybrid state is a linear combination of these 

two types of orbitals. This combination yields an asymmetrical probability distribution 

function that favors the p-orbital axis, as can be seen in quadrant 2 of Figure 2.2. This 

asymmetry is expressed in the notation by the 3 in sp3, where the 3 indicates that there is 

3x the probability of finding the electron in the p-orbital than the s-orbital. These s-

orbital and p-orbital wave functions are comprised of the product of the radial distance 

functions (Rnl) and the spherical harmonics (Ylmz). With these wave functions, we define 

the average hybrid energy: 

 εh =
1

4
(εs + 3εp) (1) 

where the energy eigenvalues for the s- and p- orbitals (휀𝑠 and 휀𝑝, respectively) are the 

expectation values of their wave functions using the classical atomic Hamiltonian, 

described by the following expressions: 

 

εs = ⟨s|H|s⟩ 

εp = ⟨px|H|px⟩ = ⟨py|H|py⟩ = ⟨pz|H|pz⟩ 

with H =
−ℏ2

2m
𝛻2 + V(𝐫) 

(2) 

This procedure is done for both the cation (Ga) and the anion (As) in the compound, 

yielding an 휀ℎ
1 and an 휀ℎ

2. The notation here assigns the later (휀ℎ
2) as the larger value of 

the two, for GaAs this is the As hybrid orbital energy. Sketched in the second quadrant 

of Figure 2.2, these two hybrid energies are separated by twice the hybrid polar energy, 

V3. The hybrid polar energy is defined as the average of the two energy states: 
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 V3 =
1

2
(εh

2 − εh
1) (3) 

There are four sp3 hybrid orbitals participating in each atom’s bonding state, each 

with its wave function orthogonal to the others. They can be denoted as linear 

combination of the four atomic orbitals (one s-orbital and three differently oriented p-

orbitals)[21]: 

 

|h1⟩ + =
1

2
[|s⟩ + |px⟩ +|py⟩ +|pz⟩] 

|h2⟩ + =
1

2
[|s⟩ + |px⟩ −|py⟩ −|pz⟩] 

|h2⟩ + =
1

2
[|s⟩ − |px⟩ +|py⟩ −|pz⟩] 

|h2⟩ + =
1

2
[|s⟩ − |px⟩ −|py⟩ +|pz⟩] 

(4) 

These hybrid states are not the eigenstates of the Hamiltonian, and as such, there exists 

nonzero matrix elements between the hybrid states. These can be found by setting the 

matrix elements between orthogonal atomic orbitals on the same atom to zero. The 

magnitude of the resulting hybrid matrix element is termed the metallic energy:[21] 

 V1 = ⟨hi|H|hj⟩ = −
1

4
(εp − εs) (5) 

The nonzero matrix element where the hybrid bonds point toward each other from 

neighboring atoms is of interest, as it is a part of defining the energy splitting in the third 

quadrant of Figure 2.2. This matrix element is defined as the hybrid covalent energy:[21] 

 V2
h = ⟨h1|H|h2⟩ =

1

4
(Vssσ − 2√3Vspσ − 3Vppσ) = −3.22

ℏ2

md2
 (6) 
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where the Vssσ, Vspσ and Vppσ are the interatomic matric elements for coupled atoms 

forming the resultant σ-bond, and can be easily looked up.[22] 

 Now that we have energy shifts from forming hybridized bonds, we  will turn to 

considering linear combinations of the two hybrids (εh
2 and εh

1) in order to describe the 

bonding state, schematically depicted in the third quadrant of Figure 2.2. Minimizing 

the energy of the expectation value with respect to the two weights defined in the linear 

combination of the wave function, you can solve for the bond energy:[20] 

 εb = ε̅h − √V2
2 + V3

2 (7) 

 ε̅h =
1

2
 (εh

2 − εh
1) (8) 

Likewise, for the antibonding energy: 

 εa = ε̅h + √V2
2 + V3

2 (9) 

These are the energy levels for the bonded states, as depicted in the third quadrant of 

Figure 2.2. 

It is ultimately the matrix elements between bond orbitals that broaden the 

electron energy levels into the bands of energy band diagrams (fourth quadrant of 

Figure 2.2). Coefficients for any two orbitals of the same type are related by a factor of 

eik·(ri-rj). Eight Bloch sums (four bonding, four antibonding) can be computed as follows: 

 |Xα(𝐤)⟩ =
1

√Np

∑ ei𝐤∙𝐫𝐢

i

|bα(𝐫 − 𝐫𝐢)⟩ (10) 
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where Np is the number of atom pairs and ri is the midpoint of the bond. Finally, we can 

write the eigenstates of the wavenumber, k, as a linear combination of these eight Bloch 

sums: 

 |Ψk⟩ = ∑ uα

α

|Xα(𝐤)⟩ (11) 

It is these eigenstates in k-space that are used to plot the band structure. This process can 

be lengthy and tedious because the matrix elements for ZB structures are not sufficiently 

simplified. The full LCAO Hamiltonian for ZB structures and the band structure 

derivation can be found here.[20]  

2.2 Band Structure of GaAs 

With an understanding of the derivation of band structure, we will now consider 

the GaAs electronic band structure, which is plotted in Figure 2.3. The x-axis labels a few 

special high-symmetry points such as Γ, X, and L. The highlighted energy locations 

indicate energy levels that are studied using SE later in this thesis (Section 7.4). At Γ, k=0 

and the wave function is a constant. E0 is the energy difference at Γ between the VB and 

the CB, that is colloquially referred to as the bandgap. The GaAs bandgap value at 300K 

is 1.424 eV. This bandgap is direct, as the VB maximum and the CB minima occur at the 

same location in k-space. Direct bandgaps are instrumental in efficiently emitting or 

absorbing photons without phonon assistance.  
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Figure 2.3: Band structure of GaAs as reproduced from the calculation by Chelikowski 

and Cohen showing the main interband critical points. Ref [23], [24]  

The VB of GaAs consists of three bands: heavy hole (HH), light hole (LH) and the 

spin-orbit (SO) split off band. The GaAs HH band defines the VB maximum and is 

double degenerate. SO coupling splits off one of the HH bands which mixes with the LH 

band yielding a SO split off band 0.034eV below the HH band energy at Γ. 

2.3 Band Structure Variations with Bi in GaAs 

 Decreased Bandgap & Increased SO Splitting Energy 

Alloying provides an opportunity for bandgap tuning by varying the 

composition of the material; the addition of another element into a binary system 

introduces additional energy states. Bi alloying with GaAs introduces two types of states 
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near the VB of GaAs. Firstly, the Bi 6p state is an isolated Bi state that hybridizes with 

the VB of GaAs, the VBAC model is used to describe this interaction. Secondly, there are 

defect/cluster states introduced into the bandgap near the VB, and the interference with 

these occur at higher concentrations not captured by the VBAC model. These Bi-cluster 

states occur up to 90 meV above the VB. Figure 2.4 schematically depicts the Bi impurity 

states imposed on the GaAs host. It is these states that vary the VB position within the 

band structure and induce broader bands with increasing alloying. For GaAsBi, we 

observe the VB moving closer to the CB (decreasing the bandgap) which simultaneously 

moves the VB away from the SO split off band (increasing the SO splitting energy). 

 

Figure 2.4: Bi states introduced to the GaAs band structure. Ref [25], [26]  

General alloying varies the band edges. The VCA model is a first approximation 

to the changes in the bandgap with alloying. The VCA is often used to simply describe 

this alloying phenomenon, and for the GaAsBi system it adequately describes the 
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measured CB variations in energy level.[27] This approach ignores any short-range 

order and assumes a distribution of anions (As and Bi) on the anion sites. A linear 

interpolation can be conducted between the two atoms using the virtual atom approach. 

The following equation describes the VCA of the CB energy in GaAs(1-x)Bix:[27] 

 ECB
GaAs(1−x)Bix

= (1 − x)ECB
GaAs + xECB

GaBi (12) 

where, ECB
GaAs is the CB energy of binary GaAs and ECB

GaBi is the CB energy of theoretical 

binary GaBi. 

Unfortunately, the VCA model does not capture the band structure variation 

phenomena in GaAsBi. Instead, the more sophisticated VBAC model is necessary. For 

comparison, the VBAC predicts 90 meV/Bi% reduction in the bandgap for GaAsBi, but 

the VCA only predicts a 34 meV/Bi% reduction assuming the bandgap of GaBi is -1.60 

eV.[28] The VBAC is a band anticrossing model, a type of model which is often 

employed to model hybridized states in highly mismatched alloys. The term 

“mismatched” describes material systems where an isoelectronic impurity atom of 

distinctly different size, electronegativity and/or iconicity is incorporated onto the anion 

site. The VBAC is a model that describes the special case for when hybridization of 

impurity states changes the bandgap by a different mechanism not captured by classical 

alloying models. Example systems that this model describes are: GaAsN, GaAsSb, 

ZnSeTe, and GaAsBi. Hybridization between the Bi-related states and the GaAs VB 

results in a modification of the VB energy position. Specifically, this interaction produces 
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a splitting of the hybridized states into E+ and E- levels.[29] Alberi, et al. describes the 

Hamiltonian of GaAsBi and its eigenstates at length in their Physical Review article.[29] 

The Hamiltonian is: 

H= 

 

(13) 

The components on the diagonal are defined as follows: 

 HH =
−ℏ2

2m0
[(kx

2 + ky
2)(γ1 + γ2) + kz

2(γ1 − 2γ2)] + ∆EVBMx (14) 

 LH =
−ℏ2

2m0
[(kx

2 + ky
2)(γ1 − γ2) + kz

2(γ1 + 2γ2)] + ∆EVBMx (15) 

 SO =
1

2
(HH + LH) − ∆SO − ∆ESOx (16) 

with EBi and EBi-SO corresponding to the impurity atoms and the corresponding SO split 

off level. The off-diagonal components are defined using: 

 α = √3
ℏ2

m0
[kz(kx − iky)γ3 (17) 
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 β =
√3ℏ2

2m0
[(kx

2 − ky
2)γ2 − 2ikxkyγ3] (18) 

 D = LH − HH (19) 

This VBAC Hamiltonian is the 6x6 Hamiltonian from the VB of GaAs modified 

with an addition of the six localized p-like states from Bi additions. The ∆𝐸𝑉𝐵𝑀𝑥 and 

∆𝐸𝑆𝑂𝑥 are modifying terms on the HH, LH and SO definitions to account for the linear 

change described by the VCA. The Luttinger parameters (𝛾) and the SO splitting-energy 

are the corresponding values for GaAs. The V terms in the Hamiltonian describe the 

hybridization energy between the p-like wave functions of GaAs VB and the p-like 

localized Bi states.[29] EBi and EBi-SO are assumed to be 0.4eV and 1.9eV below the VB 

maximum, respectively. This value is derived from the determination of the localized Bi 

level in GaP,[30] which can then be translated into the GaAs host using the VB offset 

value of 0.5 eV between GaAs and GaP.[29] The atomic SO splitting energy for Bi is 

1.5eV, which is consistent with the impurity states positions given above.[31] 
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Figure 2.5: VB dispersion relation for GaAs0.096Bi0.04 calculated by the VBAC model. 

The six degenerate levels are expressed as: the heavy-hole (HH), light-hole (LH) and 

spin-orbit split off (SO), each with two subbands (E+ and E-). Ref [32]  

Now that the Hamiltonian is understood, the eigenvalues of the system are of 

interest. The diagonalization of the matrix yields six doubly degenerate eigenvalues, 

conventionally paired into E+ and E- subbands. The six subbands are plotted in Figure 

2.5 for GaAs0.096Bi0.04. The VB energy level splitting into E+ and E- bands can be expressed 

most simply by the VBAC model as[29], [33]:  

 
E±(GaAsBi) =

Ev(GaAs) + EBi ± √(Ev(GaAs) + EBi)
2 + 4xCBi

2

2
 

(20) 

where Ev is the energy of the VB minima, EBi is the localized Bi state energy, x is the 

concentration of Bi, and CBi is a coupling coefficient between the Bi states and the host 

VB states. This coupling coefficient value approximates the V term in the VBAC 
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Hamiltonian (V=CBi√𝑥 ).The coupling parameter found to fit best with the VBAC model 

predictions was 1.6 eV for GaAsBi.[32] This model predicts that the bandgap variation 

with compositions up to 8.4% Bi in GaAs varies the bandgap energy by ~90 

meV/%Bi.[32] Within the bismide community it is generally accepted that values 

between 55-90 mev/Bi% variation in the bandgap are experimentally observed. This 

measure of VB energy position variation with Bi incorporation depends on the 

measurement technique, bismuth content range, and the defect concentrations in the 

film.[14][34] 

 A bowing parameter, b, is used to describe when a fundamental bandgap has an 

anomalous composition dependence, such as in the cases where the VBAC model 

applies. In conventional ternary alloys the bandgap can be expressed as:[35][28] 

 Eg
AxB1−x = x ∙ Eg

A + (1 − x)Eg
B − b ∙ x ∙ (1 − x) (21) 

where, 𝐸𝑔
𝐴 and 𝐸𝑔

𝐵 are the bandgaps for the respective binaries (ex: in GaAsBi, A=GaAs 

and B=GaBi). For typical III-V alloys the bowing parameter is small and constant. For 

example GaSbBi, InSbBi and GaInAs have a bowing parameter of less than 1 eV.[28] For 

alloys with the Group V elements being As or P (highly mismatched systems), larger 

bowing parameters are observed and typically the VBAC model is used to describe the 

band structure. For GaAsBi the bowing parameter is 6 eV.[28] For GaAsN exhibits a 

larger bowing parameter than GaAsBi and can be as high as 16 eV.[36] This bowing 

parameter provides a descriptive fit to the band energy variation due to VBAC. 
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  Despite the popularity of the VBAC model as a description of the band structure 

GaAsBi, it should be noted that there has been some controversy over whether the 

VBAC model accurately captures the dilute bismide’s band structure. This debate stems 

strongly from the lack of Bi-related features in the VB. Particularly, the lack of 

observation of an E+ level, like that is observable in GaAsN systems.[11], [25] In search of 

confirmation of the VBAC model, a nearest -neighbor tight sp3s* tight-binding model has 

also been used to theoretically describe the band structure of dilute bismides.[11] This 

approach by Usman et al. ultimately concluded that there is an interaction between the 

GaAs VB and the low lying Bi related impurity states, in confirmation of the VBAC. 

Furthermore, the lack of observation of Bi character in the VB was attributed to the 

broadening of the Bi resonant impurity states that are hybridizing with a large density of 

GaAs VB states.[11] Presently, VBAC model is widely accepted to describe the VB 

hybridization with the Bi impurity states in GaAsBi. 

In search of experimental confirmation of the band variations attributed to the 

VCA and/or VBAC models, Kudraweic et al.’s work confirms that the VCA describes 

well the photoreflectance data in the CB, and the VBAC with the VCA fitting the VB 

data for GaAsBi with Bi content up to 6%.[27] The changes in the GaAs band structure 

with Bi is schematically diagramed in Figure 2.6, illustrating the movement of the bands 

and the broadening of states due to hybridization. The values plotted in the figure are 

theoretically obtained and experimentally confirmed by Usman, et al..[13]. These three 
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energy levels at room temperature, HH, LH and SO, are plotted as a function of Bi 

content in Figure 2.7. Notice that a linear slope does not capture the variations with Bi 

content, and a bowing parameter is introduced to obtain better approximations. 

 

Figure 2.6: Bi variations to the electronic band structure of GaAs. Ref [37]. 

 

Figure 2.7: Energy levels of the HH, LH and SO as a function of Bi content at room 

temperature measured by photoreflectance. Ref [14], [25]  
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Until now, our focus has been on how the VB energy position movement varies 

the bandgap, but there is an important electronic band structure variation that 

concurrently occurs: the increase in the SO splitting energy. This splitting is important 

because the magnitude of the splitting impacts a major loss mechanism, Auger 

recombination, in GaAs based devices. Usman et al. found the splitting between the HH 

and SO band to be increasing by ~59 meV/% (Figure 2.6). This SO band energy change 

with Bi incorporation gives rise to an opportunity to improve operating efficiency of 

optoelectronic devices.[25] Auger recombination is the dominating intrinsic loss 

mechanism in today’s telecom wavelength devices. Two types of Auger recombination 

processes are outlined in Figure 2.8: CHCC and CHSH. 

 

Figure 2.8: Diagram of Auger recombination processes:(a) CHCC, (b) CHSH, and (c) 

suppressed CHSH recombination by changing the SO split off band energy. Ref [38] 
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 In a CHCC Auger recombination process, a conduction electron recombines with 

a valence hole which releases energy that can excite a second conduction electron to an 

empty higher conduction state. The second process, CHSH, begins with the same 

process, a conduction electron combining with a valence hole, but this time the energy 

released excites a valence hole in the SO band to the VB maximum. Increasing the SO 

band energy splitting suppresses this process. Moreover, when the bandgap is smaller 

than the SO split off energy gap, the CHSH process may be completely eradicated 

(theoretically predicted, yet to be experimentally obtained). The bandgap of the SO 

splitting energy surpasses the bandgap for composition above about x=10.5% for GaAs1-

xBix.[11] 

 Other than the Auger recombination processes mentioned above, inter-valence 

band absorption (IVBA) also decreases laser performance.[25] This process occurs when 

a photon is reabsorbed by an electron within the SO split-off band which excites it to an 

empty state at a higher energy within the VB. IVBA and CHSH are both highly sensitive 

to the SO split-off band energy splitting. Therefore, both be suppressed by increasing the 

splitting. Overall, incorporating Bi into the GaAs-alloy systems is an intriguing way to 

decrease the power consumption of optoelectronic devices by decreasing loss.[25] 

 Bandgap Temperature Dependence 

Temperature insensitive bandgaps have gained much attraction due to the 

required cooling in our present telecom lasers. This cooling is important for keeping the 
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laser wavelength constant under ambient temperatures.[39] Yoshida et al. found that 

incorporating small amounts of Bi into the GaAs system decreased the bandgap 

temperature dependence, which would reduce the need for cooling.[12] The 

temperature variation of the photoluminescence (PL) peak energy was as low as 0.15 

meV/K with 2.6% Bi incorporation into GaAs.[12] Figure 2.9 summarizes their results, 

concluding that the temperature coefficient at room temperatures is one third of the 

value for undoped GaAs.[12] The decreased temperature sensitivity is derived from the 

alloying of GaAs with semimetal GaBi. Semimetals have a positive temperature 

coefficient which is responsible for the reduced sensitivity to temperature with 

increasing Bi content.[40] Decreasing a materials bandgap sensitivity is very valuable 

since most of the power consumed in a telecom laser is not used to lase, but to cool the 

system. A small decrease in cooling needs adds up to large advantages. 
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Figure 2.9: Bandgap energy dependence on temperature measured by 

photoreflectance for various amounts of Bi incorporation (x). Ref [12]  

 Bandgap Variations in Strained Films 

Bi, being the largest stable Group V element, induces strain effects in the band 

structure of GaAs when incorporated. The GaBi lattice parameter is theoretically 

predicted to be 6.33 Å.[41] This is larger than the 5.65 Å lattice constant of GaAs by 12%. 

Therefore, growth of a GaAsBi compound on GaAs, induces compressive strain as 

pictorially represented in Figure 2.10. The additional stress force lifts the degeneracy of 

the HH and LH states. These changes in the band structure are important for accurate 
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heterostructure band lineup predictions, which are inherently necessary to all quantum 

well laser structures. 

 

Figure 2.10: Strain in thin film layers of different lattice constant than the 

substrate. (a) Compressive strain or (b) Tensile strain, depending on whether the 

film’s lattice constant is larger or smaller than the substrates. Ref [42]  

This expansion of the lattice constant due to alloying is approximated using 

Vegard’s law: 

 aA(1−x)B(x) = (1 − x)aA + xaB (22) 

where A and B are the two binary systems that make up the ternary. In GaAsBi, the 

binaries are GaAs and GaBi. 𝑎𝐴(1−𝑥)𝐵(𝑥) is the lattice parameter of the ternary, which can 

be experimentally obtained using XRD. Figure 2.11 plots the calculated lattice constant 

as a function of Bi composition along with Vegard’s law (red dotted line). The figure 
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makes it clear that Vegard’s law is only an approximation of the lattice parameter, and it 

has its limitations in describing this material system adequately, particularly cases of 

large lattice mismatches. Interestingly, GaAsBi experiences an upward bowing 

parameter, which is in direct contrast to most III-V-V’ alloys.[43] 

 

Figure 2.11: Lattice constant variation in dilute GaAsBi Vegard’s law (theoretical red 

dotted line) plotted with the calculated lattice parameter for Bi incorporation into 

GaAs. Ref [43]  

The lattice parameter is important for determining what substrate a film can 

grow on without causing dislocations and defects, and the mismatch between the film 

and substrate determines the strain in the system. This strain induces changes to the 

band structure. Batool, et al. developed a formulation for the effects of strain on the band 

structure of GaAsBi.[14] At the Γ point, both the CB and VB are modified by the in-plane 
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biaxial strain, εxx.[27] This hydrostatic component of the strain increases the measured 

bandgap. The out-of-plane, εzz, strain lifts the degeneracy between the HH and LH 

bands within the VB.[27] This is known as the shear component of the strain. The 

following equations describe the electronic band structure under strain: [14] 

 
Eg

HH+ = Eg0 + δEH + δEs 
(23) 

 
Eg

LH+ = Eg0 + δEH +
1

2
(∆o − δEs) − Q 

(24) 

 
Eg

SO+ = Eg0 + δEH +
1

2
(∆o − δEs) + Q 

(25) 

 
 

 

 with Q =
1

2
√∆0

2 + 2∆0δEs + 9δEs
2 (26) 

Eg0 is the unstrained bandgap, b is the shear deformation potential, a is the hydrostatic 

deformation potential, and Δ0 is the SO energy splitting. The shifts due to shear and 

hydrostatic strain are as follows: 

 
δES = b(εzz − εxx) 

(27) 

 
δEH = a(2εxx + εzz) 

(28) 

In Section 7.3.2, this formulation will be used to calculate the unstrained VB shift (HH+) 

with increasing Bi concentration. 

2.4 Comparing Bismides to Nitrides 

Bi is large in size (230 pm) and low in electronegativity (2.02) compared to As (As 

atomic radius: 205 pm and electronegativity:2.18). N, on the other hand, is the smallest 

Group V element with the largest electronegativity. In dilute amounts both Bi and N 
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incorporation into GaAs decreases the bandgap. Bi inclusions introduce Bi 6p states into 

the band structure. These states are resonant with the VB of the GaAs host. N also 

introduces states to the band structure, however the N 2s states are resonant with the CB 

of the GaAs host’s structure. These two interactions are diagramed in Figure 2.12. N’s 

case is interesting, because the binary GaN has a larger bandgap than GaAs, but, as just 

mentioned, small inclusions of N decrease the bandgap of GaAs. N incorporation of up 

to 1% can move the CB up to 200 meV.[35], [44] For comparison, alloying with In 

decreases the bandgap by only ~11 meV/%In.[45] The variety of band structure 

variations and the different implications on the electrical properties are what make 

ternaries exciting, as we develop a better handle on the impacts and synthesis of III-V 

ternaries we will be able to engineering a material with optimized and customizable 

electrical properties. 
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Figure 2.12: Band diagrams for (a) dilute N and (b) dilute Bi in GaAs. N states are 

resonant with the CB. Bi states are resonant with the VB. Ref [44]  

Even though both Bi and N are isoelectronic with As and both interact with the 

band edges yielding bandgap reduction, there are some subtle differences worth 

considering. Zhang, et al.[46] outlines three important dissimilar aspect of GaAs 

containing Bi v. N: [46] 

1. Bi generates a resonate impurity state with the hosts VB. N generates a 

resonate impurity state additional to the host states in the CB. 

2. Bi impurity states move further into the VB when compressed, while the N 

impurity state develops into a bound state. 

3. The SO splitting increases superlinearly with Bi content. N decreases the SO 

splitting sublinearly. 
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With these aspects in mind it is interesting to consider the parameters now 

available for bandgap tuning. N doping rapidly decreases the bandgap by 150 

meV/%.[47] However, its potential use as a means of bandgap engineering in devices 

has been greatly limited by the degraded electrical transport properties.[48] But new life 

has been breathed into the nitride doping system by using Bi as a co-dopant. The 

concept of co-doping is exciting because it yields parameters for stabilizing the strain 

using the relative incorporation of N vs. Bi, providing a means of independently tuning 

the band edges. Furthermore, co-doping increases the solubility of Bi and decreases the 

detrimental transport properties introduced when only doping with N. Considering the 

advantageous effects of co-doping Bi and N, Figure 2.13 plots the N content versus Bi 

content in GaAs overlaid with alloying strain (dotted black lines) and bandgap 

variations (red lines). The shaded region indicates where the SO splitting is greater than 

the bandgap. This plot is purely theoretical in basis, and there is much work to be done 

to fully realize high quality quaternaries such as these. 
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Figure 2.13: Plot of nitrogen content versus Bi content with strain mapping. The grey 

area is where the SO is greater than the bandgap. Ref [25]  

 

Figure 2.14: The room temperature Hall mobility in doped GaAs. Ref [26]  
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Returning to discuss the electrical properties further, the implications of doping 

on the majority carrier mobility with N or Bi is important to consider for optimizing 

future optoelectronics. Figure 2.14 demonstrates the stark difference in the electron 

mobility variation with Bi versus N doping. The n-type nitride ternary sees an almost 

logarithmic drop in electron mobility with increasing doping concentration.[49] n-type 

bismides, on the other hand, experience a very small degradation of the electron 

mobility.[50] This is consistent with the variations to the band diagram discussed 

earlier. For N, the impurities states are hybridizing with the CB, which introduces 

scattering states for the conduction electrons. Bi impurity levels are near the VB, so 

these electrons don’t have the same loss to scattering. However, we can see that the 

holes do experience a loss in mobility with increasing Bi content. These holes are 

scattering with the localized Bi state and the Bi-Bi cluster states near the VB.[26] 

Bismide-nitride alloys, with increased solubility, strain compensation, and modified 

electrical properties provide a potentially interesting alloy with applications light 

emitting devices in the NIR.   
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3 Experimental Techniques 

All samples studied in this thesis are grown by MBE. After growth, a suite of 

characterization techniques is applied to learn about the surface chemistry, the growth 

mechanisms, the electrical properties and the optical properties in GaAsBi. SE studies 

the optical properties. XPS examines the surface of the samples to shed light on the 

relative binding states of the various atoms and the native oxide formation. AFM and 

electron microscopy characterize the surface morphology and nanostructures. Each 

section will outline the basic concepts behind the technique, and then describe the 

specifications of the system used. 

3.1 Molecular Beam Epitaxy (MBE) 

MBE was first developed in the 1960s to grow high quality single crystals with 

atomic level control.[51] It provides precise control of the beam fluxes in an ultrahigh 

vacuum (UHV) yielding high quality single crystals. One of the early advantages of 

MBE growth techniques is their ability to produce atomically clean surfaces in a variety 

of crystal planes with highly controllable compositions.[5] All samples studied in this 

thesis are grown by Dr. J. Li or myself with Dr. J. Li. 

Two important factors lead to high quality MBE growth conditions: (1) UHV and 

(2) surface structure during growth.[5] The UHV plays a vital role in decreasing 

contaminate incorporation. Vacuum evaporation techniques are at the core of MBE, but 
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it is distinguished by the UHV growth conditions along with its ability to generate single 

crystals.[5] 

 

Figure 3.1: Epitaxial growth of a GaAs layer. Ref [52]  

Epitaxial growth is the deposition of a crystalline film on a crystalline substrate. 

The substrate surface controls the flow of the growth. The other large factor controlling 

the crystalline film growth is the flux of atoms incident on the surface. Flux, J, is 

measured in mol/cm2/s, and controlling the flux and the relative ratios is of the utmost 

importance to preserve the quality of the growing film. The flux incident on a growing 

surface is schematically represented in Figure 3.4 by the Ga and As impinging molecules 

on the crystalline substrate wafer. To calculate the flux incident on the substrate, we first 

calculate the flux leaving the cells: 

 Γ =
pAN

(2πMRT)1/2
 (29) 

where, p is the pressure in the cell, A is the area of the opening of the cell, N is 

Avogadro’s number, M is the molecular weight of the element/molecule, R is the gas 
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constant, and T is the temperature. When the pressure is expressed in torr and the area 

in cm, we obtain the following expression: 

 Γ = 3.51E22
pA

(MT)1/2
 (30) 

This can be translated into flux incident on the substrate surface (per unit area) by 

accounting for the length between the opening of the of cell and the sample surface: 

 J = 1.118E22
pA

l2(MT)1/2
 (31) 

This takes into consideration that not all the atoms or molecules that leave a cell strike 

the substrate; rather, there is a spatial distribution of atoms/molecules that leave the cells 

within the vacuum chamber. The flux of molecules striking a unit area per a second, J, is 

proportional to the growth rate, R: 

 R = αJGa (32) 

where, α is determined by the density of atoms on the growth surface. Density can be 

calculated knowing the density of atoms on particular crystallographic surface and the 

atomic spacing, a. For example, to find the GaAs(100) density, there are 2 atoms per an 

area a2, where a=5.65 Å, yielding α = 6.26x1014 atoms/cm2. 

Now that we have considered the flux, the next step is to consider the sticking 

coefficients of the various elements to the growing surface. When growing GaAs it is 

particularly important to take into account the different sticking coefficients of the two 

sources. The As2 sticking coefficient is proportional to the Ga coverage.[51] Moreover, 

As2 molecules only adsorb onto hot GaAs if they strike a Ga surface adatom, which then 
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chemically bind to form GaAs. To this end, stoichiometry in the growing film is 

achieved utilizing a larger flux of As2 than Ga. This ensures that all the Ga react and that 

excess As does not stick to the surface. Due to the different sticking coefficients, Ga flux 

controls the growth rate of the epitaxial film. With this in mind, many arsenides utilize 

an As overpressure to minimize As lost to the environment during the cooling process, 

knowing that more than a monolayer of As does not adsorb onto the surface. 

 

Figure 3.2: Behavior of adatoms on the surface. Ref [53]  

 Once the flux has made it to the surface there are a variety of options for what 

that atom/molecule may do. These are pictorially represented in Figure 3.2 as: surface 

diffusion, diffusion across an atomic step, adsorption at the edge, diffusion along eth 

edge, nucleation, desorption, deposition and island formation. Atoms preferentially 

incorporate at step edges. This thesis looks specifically into the incorporation at atomic 

steps with different character (Ga-terminated vs. As-terminated) and the large role 
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nucleation/droplet formation plays in determining the VLS growth of the self-catalyzing 

NWs. All of the adatoms behavior shown in Figure 3.2 control the growth on a substrate 

or nanostructure formation, and more discussion of how these processes vary 

(particularly with Bi incorporation) will be an important topic of discussion in this 

thesis. The detailed growth of GaAsBi films will be directly addressed in Chapter 4. The 

general description of a III-V growth is provided here. 

A Riber 2300 MBE machine, equipped with in-situ reflection high-energy electron 

diffraction (RHEED), grew all samples studied within this thesis. A picture of this 

system is imaged in Figure 3.3. The Ga and Bi cells are conventional K-cells, and the As 

cell is a two zone heated valved cracker source. A typical background pressure in this 

system with cryogenic cooling is 1-3E-10 Torr. Ion pumps are continuously pumping on 

all three chambers: introduction, analytical and growth. 

 

Figure 3.3: Riber 2300 MBE system. Photo Credit: Wei Kong 
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The substrates are of critical importance for controlling the growth and quality of 

the film. Typical substrates used today are epi-ready wafers, with no necessary pre-

growth etch. Heating procedures (outgassing and native oxide removal) occur before the 

growth to achieve an atomically clean surface ready for epitaxial film growth. III-V’s 

substrates typically require heating to 580°C-600°C for oxide removal.[5] An in-situ 

RHEED system monitors this process to confirm when the oxide is removed. RHEED 

uses an electron-beam with an energy range of 10-15 keV.[54] Incident electrons strike 

the surface at a glancing angle (1°-2°). The glancing angle enables the electrons to 

diffract off the first few atomic layers displaying the surface structure diffraction pattern 

on a phosphor screen, without disturbing the growth process. Being able to monitor the 

surface reconstruction provides information about the quality and stoichiometry of the 

growth. 

As mentioned earlier, UHV is of critical importance for MBE growth. Our system 

employs three chambers to ensure the quality of the UHV in the growth chamber. The 

introduction chamber is the only chamber that is regularly opened for loading and 

unloading samples. The initial degassing of the substrate is done in this chamber. Once 

the substrate has been heated to remove any residual water, a transfer arm moves it to 

the analytical chamber, and then onto the growth chamber. Cryogenic cooling is only 

applied to the growth chamber, where the sources and the substrate are all enclosed in 
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cryogenic shielding to minimize impurity incorporation and to prevent cross 

contamination across cells. 

 

Figure 3.4: MBE schematic of the growth chamber. Adapted from Ref [55]  

The elemental components of the growing film come from separate sources/cells. 

These sources are arranged such that the molecular beams they emit when heated have a 

line of sight to the growth substrate. This is pictured with the various colored beams in 

Figure 3.4. Most impressively, in UHV the thermally excited atoms/molecules that 

escape the cells can travel up to meters without collisions.[54] Furthermore, these beams 

can be considered unidirectional and do not interact with themselves.[5] Shutters control 

when the molecular beams are incident on the substrate. An ion gauge is mounted to the 

back of the substrate holder in the growth chamber such that it can be rotated into the 
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position of the substrate growth position to measure the beam fluxes incident on the 

sample (imaged as a beam flux monitor in Figure 3.4). The ion gauge pressure of the 

molecular beams incident on the sample is termed the beam equivalent pressure (BEP). 

BEP’s of each of the element to be used in a growth are measured and adjusted 

according to the growth plan. Once growth commences the in-situ RHEED system 

monitors the surface throughout the growth. Within this thesis we will only explore 

dilute alloys, which will be limited to an average Bi incorporation of less than 3% 

incorporation into GaAs.  Further description of the mechanisms and the parts that 

modulate and monitor growth are outlined in Table 3.1. 

Table 3.1: MBE Operations. Adapted from Ref [5].  

 Mechanism Part Description Function 

Beam Generator Knudsen cells (Ga and Bi) 

Dissociation cells (As) 

Provide stable high purity 

atomic/molecular beams. 

Beam Interrupter Shutters Close the line of sight 

quickly without thermal 

disruption 

Beam and Growth 

Monitors 

RHEED 

Beam Flux Ion Gauge 

Delivering dynamic 

information about the 

growing surface and 

beams. 

Process environment Multi-chamber UHV Ultra clean growth 

environment achieved 

with cryogenic cooling. 

 

 Novel growth techniques employed for the work herein include utilizing the 

shutters to generate modulated beam fluxes and stationary sample growth for III/V flux 

ratio distributions; these will be discussed in Chapter 4. 
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3.2 X-ray Diffraction (XRD) 

XRD is a nondestructive technique used to identify a crystalline structure by 

studying the diffraction of x-rays off of a lattice. This method requires a periodic atomic 

structure. The measurement probes the entire thickness and yields an average 

measurement across the structure. XRD data presented in this thesis is conducted in 

conjunction with Dr. J Li, with some simulations of the XRD data conducted by Y. Guan 

through our collaboration with MRSEC at the University of Wisconsin, Madison using 

Mercury Software. 

XRD techniques on solid semiconductor samples are useful for measuring atomic 

spacing (d, in Figure 3.5), stress and strain, thickness and phases in a sample. The basic 

technique is described by Bragg’s law: 

 2dsinθ = nλ (33) 

where d is the atomic spacing, θ is the angle between the incident x-rays (see Figure 3.5) 

and the sample surface, n is a positive integer, and 𝜆 is the wavelength of the incident x-

rays. [25] 
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Figure 3.5: X-rays interfere when incident on a periodic crystal structure. Ref [56]  

This technique is particularly useful for estimating the average Bi incorporation 

into GaAs. The atomic radius of Bi (158 pm) is larger than that of As (125 pm) and Ga 

(135 pm).[57] Therefore, as Bi incorporates into the lattice, the average lattice constant 

increases with increasing Bi content. This expansion of the lattice constant is 

approximated using Vegard’s law (Equation 22). GaBi has not been synthesized but a 

body of experimental and theoretical work determined the hypothetical lattice constant 

of GaBi to be 6.33Å. [41], [58], [59] 

The X-ray diffraction system used herein is a Panalytical X’Pert PRO MRD HR 

XRD system. HR-XRD (004) ω-2θ scans of the (004) peak were conducted and Mercury 

software simulations determined Bi concentration under the assumption of the 

applicability Vegard’s law. XRD also determines if the film is pseudomorphically 

strained to match the lattice constant of the substrate. This was done using reciprocal 

space mapping. This map is constructed by scanning ω-2θ and ω, simultaneously. By 
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comparing the position of the reciprocal space lattice points of the substrate and the film, 

information about the strain can be ascertained. When the reciprocal lattice point is 

vertically below the substrate reciprocal lattice point on the map, the film is considered 

fully strained. All samples studied herein are fully strained to the substrate. This 

mapping is a very powerful tool that can provide insight into a sample’s layer thickness, 

chemical composition, defects, and lateral structure. However, these maps are only used 

to confirm that films are pseudomorphically strained to the substrate for the scope of 

this thesis. 

3.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS is an important tool for detecting chemical composition nondestructively by 

means of binding energy (BE) differentiation. Small changes in peak position yield 

information about composition, charging, and oxidation states. Herein, I use it to detect 

relative binding states, to quantify surface segregation, to identify oxidation states, to 

track VB variations and to calculate oxide thicknesses. All XPS data presented herein 

was conducted by myself. 

The XPS spectra collected is quantitative, chemically sensitive and element 

specific.[60] The CLs are discrete peaks that describe an electron orbital. The VB spectra 

describes delocalized states of the electrons interacting with the elemental components. 

The intensity of the peaks increases with elemental concentration, and is usually 

measured in counts per second (CPS). 



 

52 

 XPS relies on the principle that the photoelectric lines are well defined by the BE 

of the electronic states of the atoms. However, the chemical environment of the surface 

environment can shift the peak energies. In the case of conducting samples, a reference 

energy in common with the spectrometer can be achieved, but in non-conducting films 

or in cases of bad electrical connection significant challenges with charging may occur. A 

more thorough discussion of XPS theory may be found in Chapter 5. The specifics of the 

acquired spectra for GaAsBi are found in Chapter 6. 

The x-ray photoelectron spectrometer used is a Kratos Analytical Axis Ultra with 

an x-ray source energy of 1486.6 eV for Al Kα x-rays. This is a monochromatic source; 

monochromatic sources have enhanced resolution at the cost of decreasing photon flux. 

The angle between the x-ray source and the detector is fixed at 30°. The spot size for all 

measurements is 300 μm x 700 μm. The system is run in a high vacuum environment to 

minimize the loss of photoelectrons to scattering. The sample is grounded to the 

spectrometer to pin the FL, which fixes the value to that of the spectrometer. This makes 

it possible to use the fixed work function of the spectrometer in the energy conservation 

equation by creating a common reference energy. 

3.4 Spectroscopic Ellipsometry (SE) 

SE is a nondestructive technique that studies the change in the polarization of 

light due to reflection upon a surface. This technique is valuable for ex-situ and in-situ 

measurements on nanostructures, thin films, and interfaces.[61] Herein, this technique 
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was conducted by Dr. M. Losurdo to investigate the electronic band structure in GaAsBi 

samples grown by MBE. 

Ellipsometry is an optical based technique that measures the dielectric (or 

pseudodielectric for complex systems) function of films. The fundamentals of SE are 

based on a change in the polarization of the light upon reflecting off a film or substrate. 

A good simulation of the pseudodielectric function measured yields information about 

the composition, roughness, thickness, crystallinity and electrical conductivity of the 

material. Ellipsometry measures a complex reflectance ratio, ρ, which is quantified by 

two parameters: amplitude ratio, Ψ, and phase difference, Δ. 

 𝜌 =
rp

rs
= 𝑡𝑎𝑛(Ψ) eiΔ (34) 

An iterative simulation approach is utilized to approximate the material system, and 

then a comparison between the simulation and experiment is conducted, tuning the 

parameters until a suitable fit is found. The reflectance ratio is dependent on the 

thickness of the layers being probed and their optical properties, along with the 

wavelength of probe light and the incident angle. Usually scans over various angles or 

wavelengths are conducted, and the other parameters are extracted from the 

measurement and simulation of Δ and Ψ. It is important to understand that with this 

technique, no matter how complicated a system, there are only two measurables: Δ and 

Ψ.[61] 
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Figure 3.6: Schematic of a SE measurement with linearly polarized incident light 

(incident on the right), and elliptically polarized light after the reflection (reflection 

on the left). Ref [62]  

A typical setup for SE involves linearly polarized light incident on a surface 

which is then reflected as elliptically polarized light. This process is schematically 

presented in Figure 3.6. The measured signal is the change in the polarization of the light 

due to reflection. The change in the polarization is due to the samples optical properties. 

The polarized light has two components. The p-polarized light is parallel to the plane of 

the sample, and the s-polarized light is perpendicular to the surface of the sample. The 

notation s- and p- refer to their German origins referring to perpendicular and parallel, 

respectively (also true for the atomic orbital notation). These are labeled on the emitting 

light source in Figure 3.6. 

SE used herein measures spectra of the complex pseudodielectric function, 

<ε>=<ε1>+i <ε2>, in the spectral range 0.75 – 6.50 eV, where a series GaAs’s interband 
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critical points (CP), appear, including the fundamental bandgap, E0.[23], [61], [63] The SE 

probe spot size is 1 mm x 2 mm. Simulations using a simple two-layer model (oxide and 

film) is fit to the measured spectra for the natively oxidized GaAsBi films studied herein. 

3.5 Electron Microscopy 

Electron microscopy uses electrons to image a surface. For SEM, secondary 

electrons are excited out of the surface due to the incident electron beam. These 

secondary electrons are detected to image a surface. For TEM, the specimen is very thin 

(<100 nm) such that the electrons tunnel through the surface to strike a florescent screen 

yielding an image. This process is particularly useful for looking at cross-sectional 

perspectives of samples. These systems are often paired with an x-ray energy dispersive 

spectroscopy (XEDS), which distinguishes between various elements using characteristic 

x-ray emission. These techniques are employed to view the embedded NWs and the 

droplets that catalyze their growth in Chapter 8. All electron microscopy was conducted 

by Dr. A. Wood. 

3.6 Atomic Force Microscopy (AFM) 

AFM, is a high-resolution scanning probe technique, utilized herein to image the 

surface of the GaAsBi samples with sensitivity to 0.5 nm variations. Using this 

technique, we characterize the surface’s undulations, droplets and nanostructures. AFM 

images herein are either imaged by myself or myself in collaboration with Dr. J. Li. 
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AFM is sensitive to the force between the tip and the sample. The tip mounted on 

a cantilever which deflects in response to the force. This deflection is measured by an 

incident laser beam reflecting off the tip. This force has both long-range and short-range 

contributions. Van der Waals forces dominate the long range attractive contribution (>1 

nm).[64] The short range forces can be attractive or repulsive. Many quantum effects 

come into play at the short range and it is difficult to articulate the contributions from 

individual players, instead the Lennard-Jones Potential model of two neutral atoms is 

used. This potential is plotted along with its derivatives in Figure 3.7. Tapping mode is 

conducted in the small region where the force on the cantilever alternates between 

repulsive and attractive. 
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Figure 3.7: Lennard-Jones Potential (red line) is used to model the tip and sample 

interactions. The green line shows the force derived from the potential. And the blue 

lines plots of negative of the gradient of the force. Ref [64]  

The scanning probe microscope used was a digital instruments dimension 3100 

in tapping mode. I processed all images using Nanoscope Analysis software. The NW 

work found in Chapter 8 uses the bearing analysis function to quantify droplet and NW 

volumes and the particle analysis function assisted in the quantification of droplet 

density. Surface characterization of undulations and roughness were also measured 

using the software. 
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4 MBE Growth of GaAsBi 

The focus of this chapter is to outline the epitaxial growth procedure, specifically 

Molecular Beam Epitaxy (MBE) for GaAsBi thin films on GaAs, with emphasis on how 

the growth conditions are necessarily different from traditional GaAs growth 

parameters. The chapter will also cover the impact of various growth parameters on the 

characteristics of GaAsBi thin films. 

4.1 Motivation 

GaAs1-xBix is a model dilute III-V-V’ ternary alloy III-V material system enabling 

fundamental investigations of the impact of dilute Group V additions on alloy bandgap 

energy and SO splitting. The addition of Bi to GaAs modifies the material properties 

favorably for optoelectronic devices, specifically by reducing the dependence of 

bandgap energy on temperature and suppressing non-radiative Auger recombination. 

Despite these favorable characteristics for optoelectronic devices, achieving uniform Bi 

incorporation in GaAs has proven to be challenging. These challenges will be addressed 

here, along with a full description of the specific MBE growth conditions used for the 

experiments described in this dissertation. 

4.2 Basics of MBE Growth 

Epitaxy is the ordered growth of a crystalline material on top of another 

crystalline material in which the substrate controls the structure and orientation of the 

growing thin film. For the experiments described in this thesis, the substrate material is 
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always GaAs. Crystal growth is driven by a chemical potential different between a flux 

of impinging atoms and the growing crystalline solid. In MBE, a steady-state flux of 

incident atoms drives the system into a stable, steady-state non-equilibrium condition 

with a persistent chemical potential difference, thereby driving film growth.[65] For a 

single component system, the driving force can be expressed as: 

 ∆μ = μv − μs = RTln(
p

p0
) (35) 

where μv and μs are the chemical potentials of vapor and solid, respectively, T is the 

temperature of the substrate, p is the partial pressure of the vapor phase, and po is the 

equilibrium partial pressure for that vapor phase. 

Epitaxial growth can be categorized into three different growth modes 

depending on the relationship between the surface energy of the substrate and the thin 

film: 1) Volmer-Weber, or island growth, occurs when the substrate has a lower surface 

energy than the thin film , 2) Frank-van der Merwe, or layer-by-layer growth, when the 

surface energy of the substrate is high with respect to the thin film and the lattice-

mismatch between the film and substrate is low, and finally,  3) Stranski-Krastinov 

growth is when layer-by-layer growth is followed by island growth due to a relatively 

high lattice-mismatch between the substrate and film.[66] In all cases, island nucleation 

initiates epitaxial growth and the interplay between adatom diffusion and nuclei critical 

density and size governs the growth mode. When the adatom diffusion length is 

relatively high, the film can grow layer-by-layer with a monolayer completed prior to 
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significant island nucleation on the surface. When the adatom diffusion length is 

relatively small, multiple layers may grow simultaneously through island nucleation 

creating a surface that is comprised of multiple layers or is three-dimensional (3D) 

compared to layer-by-layer growth. Typically, 3D growth occurs at lower temperatures 

and at higher Group V/III flux ratios since Ga adatom density controls MBE growth 

dynamics and a relatively higher As flux reduces Ga adatom diffusion. Step-flow 

growth is a mechanism of two-dimensional (2D), or monolayer growth, in which 

adatoms diffuse to step edges and incorporate with step edge flow driving the formation 

of a monolayer. This mode of growth is more common at higher growth temperatures 

and lower Group V/III flux ratios. 

 

Figure 4.1: Cross-sectional view of the three primary growth modes in MBE. (a) 

Volmer-Weber, known for island formation. (b) Frank-van der Merwe, where layer by 

layer growth dominates. (c) Stranski-Krastinov, layers and island formation. The 

three images per a growth mode illustrate the growth with increasing surface 

coverage. Ref [67]  
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Vicinal substrates are offcut by a few degrees from a planar surface, typically 

(100), to introduce a controlled density of surface steps perpendicular to the offcut 

direction. The surface steps provide preferred sites for incorporation and can reduce the 

required adatom diffusion length for 2D growth. Tanaka et al. studied the MBE growth 

of GaAs on GaAs 2° miscut vicinal substrates at 590°C.[68] The sample with the 

substrate offcut towards the [111]A plane presented a controlled density of A-type steps, 

while the [111]B sample presented both A- and B-types step edges, and was generally 

characterized as less uniform in step density.[68] This difference is attributed to the fact 

step-flow growth occurred only in the [1-10] direction under their growth conditions 

yielding anisotropic island growth. They further postulate that island anisotropy may be 

attributed to a difference in the sticking coefficient or the diffusion constant between A- 

and B-type steps.[68] 

Utilizing vicinal growth surfaces is one way to enhance the layer-by-layer 

growth mode by creating a surface with a higher density of surface steps. Figure 4.2, 

illustrates a vicinal surface from a top-down and cross-sectional perspective. The vicinal 

substrates used for the growth of GaAsBi in this thesis have an offcut angle, θ, of 3°. The 

terrace length, 𝜆, is approximated as: 

 λ =
(aGaAs/2)

𝑡𝑎𝑛 θ
 (36) 

where aGaAs is the lattice constant for GaAs (a=5.65Å), yielding 𝜆≈5.4 nm and h=0.28 nm. 
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Figure 4.2: Visualization of vicinal surface and cross-section. Vicinal surfaces are 

characterized by their miscut angle, θ. 

4.3 GaAsBi Growth by MBE 

Typically, device-quality GaAs is grown by molecular beam epitaxy at a 

temperature of 580°C with a V/III flux ratio > 1 to ensure that the growth is Ga-flux 

limited and controlled by Ga adatom dynamics. In general, incorporating Bi into GaAs is 

very challenging. The key difficulties in incorporating Bi on the Group V lattice site are 

due to the large differences in Group V atomic radius (31% larger than As) and 

electronegativity (9% smaller than As) between As and Bi.[2] [28] The calculated bulk 

solubility of Bi in GaAs is very low ( x = 5.2×10−5 in GaAs1-xBix) and decreases with 

temperature.[29] However, the desired Bi composition for device applications is larger 

than 0.1 to create GaAsBi with bandgaps correlated to the NIR wavelength range, which 

is significantly beyond the solubility limit. 

Even using growth methods which kinetically limit growth dynamics, 

incorporating Bi is still very challenging. A substrate temperature of ~600°C and an As 

overpressure, i.e. higher density of As adatoms on surface than Ga, are widely used for 
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GaAs MBE growth.[30] However, Bi cannot be incorporated under these conditions due 

to the competition for Group V site incorporation between As and Bi, as well as the 

process of As for Bi exchange, which involves a breaking a Bi-Ga bond and creating an 

As-Ga bond.[2] [31] As a consequence, GaAsBi growth by MBE must necessarily utilize 

low substrate temperature (< 400°C), high growth rate (> 0.5 μm/h), and near-

stoichiometric (in which the surface density As (or Group V) adatoms is equal to the 

surface density of Ga adatoms) V/III flux ratio conditions. 

As mentioned earlier, Bi incorporation is reduced with increasing As flux due to 

the competition for incorporation by As [2] [32] and the As-Bi exchange process.[31] 

Therefore, As flux must be minimized during GaAsBi growth. As a result, the relatively 

low As flux can lead to excess Ga adatoms on the surface and Ga droplet formation. The 

trade-off in Bi incorporation and excess surface Ga is key to obtaining device-quality 

GaAsBi thin films. 

M. Masnadi-Shirazi et al. was the first to construct a GaAs1-xBix surface 

reconstruction map for MBE growth, which shows the relationship between growth 

temperature and V/III flux ratio for GaAsBi and the resultant surface reconstruction.[33] 

This is shown in Figure 4.3. For the growth of GaAs1-xBix, the (1×3) surface reconstruction 

pattern results from As-rich growth conditions. The faceted region occurs under Ga-rich 

conditions which form droplets on the surface. The (2×1) pattern represents the 
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stoichiometric condition, which, as stated earlier, is the target condition for GaAs1-xBix 

growth. The (2×3) and (2×4) patterns are transitional patterns. 

 

Figure 4.3: Surface reconstruction maps for (a) GaAs (001) and (b) GaAs1-xBix (001) for 

substrate temperatures from 250 °C to 425 °C. The growing GaAs1-xBix surface has an 

incident Bi BEP of 3×109 Torr. Ref [33]  

With the help of this information, the stoichiometric growth condition can be 

identified during GaAs1-xBix growth by adjusting the impinging fluxes at a fixed 

substrate temperature until the (2×1) RHEED pattern is observed. An early model was 

developed by Lu et al. to conceptualize the impact of growth temperature and Bi/As flux 

ratio during MBE growth, as shown in Figure 4.4. [32] Higher Bi/As flux ratio leads to a 

more Bi incorporation until the Bi/As flux ratio reaches ~0.1. When the Bi/As ratio is 

larger than ~0.1, the Bi incorporation saturates and excess Bi accumulates on the surface 

forming droplets. To increase Bi incorporation, a lower growth temperature must be 
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used in order to inhibit Bi surface segregation and reduce the Bi desorption. As shown in 

Figure 4.4, a growth temperature of 360°C incorporates the least amount of Bi. When the 

growth temperature is reduced from 320°C to 270°C, the Bi saturated incorporation 

increases from 0.02 to 0.10. In summary, in order to grow GaAs1-xBix, a low growth 

temperature (lower than 350°C), and near stoichiometric V/III flux conditions are 

required. 

 

Figure 4.4: Bi content dependence on Bi/As flux ratio. Ref [32] 

4.4 GaAsBi Growth Specifics 

As stated earlier, the growth of GaAsBi requires deviations from the typical 

growth parameters used in GaAs growth in order to incorporate Bi instead of As. 
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Specifically, the growth temperature must be decreased (< 350°C) and the V/III flux 

ratios must be controlled to be near stoichiometry. The experimental conditions used for 

the growth of the GaAsBi samples studied in this dissertation are described below. 

The growth of an MBE sample begins with substrate selection. All the GaAsBi 

films studied in this thesis are on undoped semi-insulating GaAs wafers. GaAsBi 

samples were grown on GaAs(100) substrates or (100) vicinal substrates misoriented by 

3. The substrates are epi-ready, thereby requiring no chemical treatment prior to 

loading into the MBE system. Before loading the substrate into the growth chamber, 

beam equivalent pressures (BEP’s) are measured by rotating the ion gauge into the 

position of the growth substrate. These pressures linearly correlate with the beam fluxes.  

Reflection high energy electron diffraction (RHEED) is used to monitor oxide 

removal and the surface reconstruction of the film during growth. Once RHEED streaks 

are observed, indicating an atomically clean substrate surface, the samples are cooled to 

580°C for 500 nm of GaAs buffer growth prior to GaAsBi growth. Once buffer growth is 

complete, GaAs deposition is stopped and the cell temperatures and temperature of the 

substrate (280°C -320°C) are adjusted and stabilized for GaAsBi growth. Then the Bi 

shutter is opened for 1 min to form a Bi surface layer on the substrate.[69] This layer 

facilitates increased Bi incorporation in the film and simultaneous creates a visible 

marker for post-growth cross-sectional TEM analysis. This Bi pre-deposition process 

yields a surface with approximately 38% of the surface sites occupied by Bi.[70] Lastly, 
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the GaAsBi film growth is initiated by opening the Ga shutter, growth continues so long 

as source materials is provided. GaAsBi growth parameters have been optimized by Dr. 

Jincheng Li for the Riber 2300 at Duke University.[70] 

4.5 Challenges of GaAsBi Growth 

It is the case that GaBi is not a stable compound and has never been synthesized. 

GaAsBi is a metastable material, due to Bi’s large atomic size, 143 pm, and low 

electronegativity, 2.02 with respect to As’s properties (As: 114 pm, 2.18, respectively). 

Due to the limited rate of incorporation of Bi in GaAs, Bi-droplets can form on the 

surface of thin films during growth.[71], [72] Bi’s tendency to surface segregate has been 

exploited for use as a surfactant.[72] Further challenges revolve around Ga-droplet 

formation, Bi droplet formation, and Bi cluster formation. 

 Bi as a surfactant in III-V epitaxy 

Feng et al. found that Bi can act as both an incorporating atom and as a surfactant 

in InGaAs depending on the growth temperature.[40] A relatively low growth 

temperature (< 350°C) favored incorporation and therefore the formation of quaternary 

InGaAsBi. Approximately 6% Bi incorporated into InGaAsBi at a growth temperature of 

260°C. Increasing the growth temperature significantly decreases the amount of Bi 

incorporated, with only ~1% of Bi incorporating into InGaAsBi at a growth temperature 

of 310°C. InGaAs typically is grown at 450°C and at this temperature no Bi incorporated. 

However, the RHEED patterns indicate an important distinction between the growth 



 

68 

modes of InGaAs with and without Bi as a surfactant. With Bi, the growth mode changes 

from 3D to 2D and improves surface smoothness due to the surfactant-like effects 

(increased Ga adatom surface diffusion) of Bi on the growing surface.[40] 

It is known that GaAs(001) has anisotropic lateral growth rates during epitaxy. 

Understanding these lateral growth rates has important implications for growth on 

patterned surfaces. The growth rate along the [1-10] direction is larger than [110] for 

GaAs(001) substrates due to the larger surface diffusion of Ga along the [1-10] direction 

opposed to the [110] direction. Therefore, the lateral growth is limited by the surface 

diffusion of Ga. One means of enhancing surface diffusion is with surfactants. Wixom, et 

al. studied the effects of Bi on patterned GaAs(001) wafers using organometallic vapor-

phase epitaxy.[73] Interestingly, Bi enhances the [110] lateral growth rate by nearly 

300%, with no measurable effect in the [1-10] direction.[73] 

 Bi Clusters 

Annealing semiconductors post-growth is common practice to enhance optical 

properties. However, in GaAsBi this often results in plaguing the film with Bi clusters 

degrading the optical properties. Puustinen et al. studied GaAsBi samples grown by 

MBE post annealing at 500°C.[71] Interestingly, they observed a decrease in the lattice 

constant compared to the as-grown GaAsBi samples, along with no evidence of Bi 

diffusion out of the layer. [71] TEM images revealed Bi-rich cluster formation 

throughout the GaAsBi layer, picture in Figure 4.5. Some theoretical work has predicted 
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that these clusters form around Ga vacancies, which act as nucleation sites.[74] All 

samples used herein are not annealed and are analyzed as-grown. 

 

Figure 4.5: Cross-sectional TEM of GaAsBi grown at 220°C and annealed at 600°C. (a) 

The dark field image identifies to cluster types: squares are Bi-clusters, circles denote 

As clusters. (b) Z-contrast image showing that most of the clusters contain the heavy 

Bi atom (lighter in color). Ref [71]  

 Bi and Ga Droplets 

When the III/V flux is not properly adjusted surface droplets form. When the 

III/V conditions are too Ga-rich, excess Ga accumulates on the surface forming Ga 

droplets. In some cases, when excess Bi is also present in the system, mixed phase (Ga 

and Bi) droplet form on the surface. When the III/V conditions are too As-rich, phase 

segregation of Bi occurs yielding Bi droplets on the surface. Rodriguez and Millunchick 

used a kinetic Monte Carlo simulation to map the regions of droplet formation which 

can be found in Figure 4.6.[75] Optimizing the growth for droplet free conditions is of 

the utmost importance for preserving the surface for any device structure growth. 
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Figure 4.6: Relative fluxes and the resulting Bi incorporation and the surface droplets. 

Simulations conducted at 533°C. Ref [75]  

Examples of these droplets forming on GaAsBi grown in our system can be found 

in Figure 4.7. The trails following the Ga droplets are due to droplet movement during 

epitaxy. Here, we observe evidence of stick slip motion as the Ga-droplets move in 

mostly the ±[111]B direction. These droplets vary in size shape and kinetics depending 

on the surface orientation, and growth parameters. Understanding the development of 

these droplets, and the precipitating nanostructures is highly valued as NWs are gaining 

traction as a component of next generation devices. The control of semiconductor NWs 

are of particular interest for nanoscale device fabrication and nanoelectromechanical 

systems where an understanding of the processes governing the size, alignment and 
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density is critical for the future utilization. And herein, the nanostructures that are 

formed are embedded in the epitaxially growing film, inherently controlled by the 

growth parameters employed. 

 

Figure 4.7: AFM of Ga and Bi droplets. (a) Ga droplets in the Ga-rich region 

and (b) Bi droplets found in the As-rich region of GaAsBi (100) sample grown at 

320°C. 

4.6 Stationary Growth Techniques 

The homogeneity of GaAsBi films is always a concern, with droplets, clusters 

and strain commonly plaguing the system. Wood et al. published a TEM study of 

GaAsBi, grown with rotation in our Riber MBE system, that found very different Bi 

incorporation profiles near the center of a sample versus the edges of the sample.[76] 

These Bi profiles and their TEM cross-section images are imaged in Figure 4.8. 

Interestingly, they found that growth under an oscillating III/V flux ratio yielded overall 

larger amounts of Bi incorporation into the material as measured by XRD.[76] However, 



 

72 

with an oscillating flux ratio questions of homogeneity of the film are important to 

consider. 

 

Figure 4.8: Cross-sectional TEM of MBE rotational growth of GaAsBi (a) at the center 

with Bi peak where the III/V flux ratio remains constant (b) near the edge where the 

sample sees an oscillating III/V flux ratio. Ref [76]  

Alternatively, these conclusions also lead us to consider that if a bilayer structure 

of high and low Bi incorporation layers is not desired, that stationary growth should be 

considered to keep the incident III/V flux at a position constant. This method yields a 

III/V flux ratio gradient across the sample. A schematic of this approach is shown in 

Figure 4.9. This figure shows the linear III/V flux ratio across the x-axis defined on the ¼ 
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wafer. A more detailed description the stationary growth technique can be found in 

reference.[77] All samples studied in this thesis employ this stationary growth method. 

 

Figure 4.9: Beam flux distributions across a ¼ wafer. Ref [76]  

4.7 Conclusions 

In conclusions, GaAsBi growth is made possible by growth under non-

equilibrium conditions. The decreased temperature limits the kinetics of the system such 

that Bi can be incorporated, the increased growth rate decreases the occurrence of the 

As-Bi exchange process, and by optimization of the flux ratios (Ga/As, and Bi/As) enable 

the growth of GaAsBi. The samples in this thesis all incorporate less than 3% Bi and are 

grown under stationary growth conditions.
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5 XPS Theoretical Background 

This chapter is designed to prepare the reader for the interpretations of the XPS 

data presented in Chapter 6. It covers some XPS theoretical foundations and discusses 

the features in CL and VB regions. 

5.1 XPS Basic Theory 

XPS begins with the generation of x-rays. This can be done by bombarding 

aluminum with electrons to produce x-rays of a characteristic wavelength. This 

monochromatic source yields polychromatic photoemission. The photoemission occurs 

in quantized bands. In photoemission spectroscopy, these discrete bands describe the 

density of states. The shape of the function reflects the shell form of the electronic 

structure. The determination of the density of states by KE yields the photoemission 

spectra that is measured. 

X-ray irradiation on a sample surface triggers the photoelectric effect. This 

incident light penetrates the surface (up to the top 10 nm) and excites electrons out of the 

surface, these are known as photoelectrons, as demonstrated in Figure 5.1. The energy 

from the absorbed photon excites the electron from its ground state up to the Fermi level 

(FL), this energy difference is the BE of the electron. The FL is set to a BE equal to zero to 

establish a common reference point. The remaining energy, after the electron is excited 

to the FL, is converted to KE. The basic equation of XPS is conservation of energy: 
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 ℏω = KE + BE + Φ (37) 

where ℏω is the incident x-ray energy (planks constant multiplied by the wavelength of 

the x-ray) and 𝛷 is the work function of the system. This equation can be solved for the 

BE of the photoelectron, because the KE is measured using a concentric hemispherical 

analyzer, and the photon energy and the work function of the system are known. 

 

Figure 5.1: Schematic showing the principle of XPS. 

 Mean Escape Depth 

XPS is a surface sensitive technique limited by the x-ray photoelectron 

penetration depth. The sampling depth (t) is approximated by the following expression: 

 t =3𝜆cosθ (38) 
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where, 𝜆 is the attenuation length of the photoelectron and θ is the angle at which the 

photoelectron emerged from the surface. Detection normal to the surface yields the 

deepest probing depths, and as the angle becomes more acute the measurement 

becomes more surface sensitive. Electrons experience a high probability of inelastic 

collisions when traveling through a material with locally bound electrons, this leads to 

energy loss. This loss mechanism makes XPS a surface sensitive measurement. The mean 

escape depth is usually less than 30 Å, for the electron kinetic energy (KE) range of 

interest (50-500 eV). Figure 5.2 plots the scattering length as a function of the KE of the 

electron. 

 

Figure 5.2: Electron in a solid inelastic collision. Scattering length plotted as a 

functions of electron energy with respect to the FL. Ref [78] 
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The intensity of the photoelectron flux deteriorates as it propagates through the 

top layers of the material towards the surface. This photoemission process follows the 

Beer-Lambert law: 

 I = Ioe−z/λcos (θ) (39) 

I0 is the photoelectron flux from a layer of atoms z deep into a surface, θ is the angle at 

which the photoelectrons leave the surface and 𝜆 describes the attenuation length. The 

signal degrades while propagating through the material, and ultimately the detector 

sees a reduced photoelectron flux intensity of I. 

 Born-Haber Cycle 

The final product of a photoionization process is an ion. Therefore, the structure 

observed in a photoemission spectrum relates to the ionization states, not the neutral (or 

ground state) of a material. This process is summarized in the equation below: 

 X + ℏω = X+ + e− (40) 

where X is any atom. Because we are observing the ionized states of the electrons the CL 

BEs are shifted from their neutral BE position. 

 ℏω + Ei = KE + Ef (41) 

The initial state (Ei) is usually the ground state of the solid. To find the correct 

final state (Ef) on one must assume that the sample is kept electrically neutral by 

permitting electrons from ground to flow into the sample. The energy of the 
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compensating electron is that of the FL of the solid. The excitation needed to move the 

system from the initial to the final state is the BE: 

 BE = Ef − Ei  (42) 

Combining the expressions (41) and (42) to get: 

 BE = ℏω − KE  (43) 

The FL in semiconductors can be changed by varying the doping. To simplify this 

theory, we will assume a p-type semiconductor with the FL equal to the VB maximum. 

This calibrates all of the energy shifts to be with respect to the VB maximum. This 

enables all experimental data to be calibrated to this scale, so long as the doping is 

known. 

Next, we calculate the solid-state BE shifts using the Linear Combination of 

Atomic Orbitals (LCAO), following the formulation by R. Enderlein and W. 

Harrison.[79] This calculation follows the indirect path outlined in the Born-Haber cycle 

(Figure 5.3). The shift of the BE will be theoretically obtained for a III-V system in terms 

of tight-binding parameters for describing the electronic structure. 
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Figure 5.3: Born-Haber Cycle to calculate the corresponding core-electron BE, EBVBM 

(direct path). The indirect path between the initial and final states are used to 

calculate the shifts of CL BEs. The dashed boxes symbolize an atom in a solid. 

Adapted from Ref [79]  

We will consider only III-V ZB semiconductors in this calculation, denoting the 

solids as AB. A denotes the Group 3 atom (i.e. Ga, Z=3) and B denotes the Group 5 atom 

(i.e. As, Z=5), and zX can be either an A or B atom. The initial state of the system is the 

solid, AB, in its ground state. The first step in the Born-Haber cycle (blue to green 

inFigure 5.3) is to remove an atom from the solid to infinity. Resulting in a free A or B 

atom. For this to be done, work must be done (blue arrow in diagram, W(zX)) to achieve 

atomization. In the next step, we ionize the CL, where one electron is removed from the 
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free atom zX. This ionized atom can be treated as an atom, z+1X+ with an atomic number 

of Z+1, with one electron missing from the VB (thus the positive charge). The energy 

required to ionized a core electron of the free atom is Icore(zX). In the third step, an 

electron at the vacuum level is placed in the shell of the z+1X+ atom. This will neutralize 

the charge of the atom, and the work to accomplish this is denoted as -Ival(z+1X). This is 

simply the negative value of ionizing a neutral z+1X atom. To reach the final state in the 

cycle, this z+1X atom is put into the vacancy left behind from the originally removed 

atom, zX. This work, -W*(z+1X), is the energy required to remove a z+1X atom with one of 

the electrons at the VB maximum. This cycle is summed in the following equation: 

 EB
VBM( X)z = ( X)z − W∗( X) + Icore( X) − Ival( X)z+1zz+1  (44) 

The aim of this particular approach is to use tight-binding theory to define these 

terms with universal parameters for the calculations of the work terms. Starting with the 

average hybrid energy (Equation 1) and the hybrid polar energy (Equation 3) where all 

electrons of the A and B atoms are placed in sp3-hybrid states. Ɛs and Ɛp are the input 

parameters for the average hybrid energy and are calculated by Huang, et al.[80] 

 

Table 5.1: Hybrid energies (eV) of Ga and As atoms. Ref [79], [80]

 Atom - Ɛs - Ɛp - Ɛh 

Ga 11.82 5.56 7.13 

As 19.40 9.00 11.60 

 



 

81 

These parameters are used to define the energy per an electron needed for the 

promotion from the atomic to hybrid configuration, this will be defined as, Eprom(AB). 

 Eprom(AB) =
1

8
(2ϵp

A − ϵs
A − ϵs

B) (45) 

In forming AB, 2 electrons participate in the hybrid configuration. These electrons are 

forming σ bonds which lowers the energy of each electron by: 

 Eσ = √V2
2(AB) + V3

2(AB) (46) 

V2 is the covalent energy (Equation 5) and V3 is the polar energy (Equation 3). These 

terms combine to form the bond energy within the LCAO approximation: 

 Ebond(AB) = 2Eprom − 2Eσ (47) 

This expression excludes contributions due to nonorthogonality of orbitals on adjacent 

atoms. It can be excluded in this approach because we both remove and replace the 

atom. This makes the two shifts nearly cancel, and therefore are neglected in this 

approach. 

 Now that we have the bond energy, we can define the work needed to remove 

(and negative of the work required to replace) the atoms from the solid. When ZB atom is 

removed, four bonds with a total of eight electrons are broken, and five of the eight 

electrons are removed from the solid. This ZB atom then is described with an atomic 

configuration of the free ZB atom. The ZA atom in the solid now has three electrons 

distributed among the four dangling hybrid bonds of a ZB vacancy. The total energy of 

the electrons of the atom in the solid will be denoted as Es(zX). The total energy of the 
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electrons in a free atom will be denoted as Ea(zX). Using these newly defined terms, the 

expression for the work required to remove atom A or B from the solid can be expressed 

as: 

 W(A) = −4Ebond(AB) + Es(ZB) − Ea(ZB) (48) 

  W(B) = −4Ebond(AB) + Es(ZA) − Ea(ZA) (49) 

 The z+1X atom follows a similar formulation for calculating the removal of this 

atom from a solid. If the z+1B atom is removed from the solid, five electrons of the eight 

from the four bonds in the compound are removed. These five electrons in z+1B atom are 

then set in the atomic configuration of a ZB+1 atom with one electron in the outermost 

valence shell missing with energy denoted as 𝜖𝑣𝑎𝑙
ZB+1,B. The energy required to remove the 

ionized Z+1 atom can be expressed as: 

 W∗( AZA+1 ) = W( A)ZA+1  − [EVBM(AB) − ϵval
𝑍𝐴+1,𝐴] (50) 

  W∗( BZB+1 ) = W( B)ZB+1  − [EVBM(AB) − ϵval
𝑍𝐵+1,𝐵] (51) 

The 𝑊( 𝐴)𝑍𝐴+1  and 𝑊( 𝐵)𝑍𝐵+1  are defined by Equations 48 and 49 above, with the 

appropriate replacement of the Z+1 atom. 

 We now arrive at the expression for the VB maximum [22], EVBM, when 

substituting all of these terms back in to Equation 44: 

 EVBM =
1

2
(ϵp

A + ϵp
B) +

1

2
V0(AB) − √[[

ϵp
A + ϵp

B

2
]

2

+ [
1.28ℏ2

md2
]

2

] (52) 
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The V0(AB) term is the shift mentioned early due to nonorthogonality. It is now included 

because it does not cancel out, as it does in the BE calculation. Its derivation can be 

found in Ref [22], where it is defined as: 

 V0(AB) =
V2

2(AB)

√V2
2(AB) + V3

2(AB)
 (53) 

Returning to the energy balance equation for the VB energy (Equation 44), W(X) 

(Equations 48-51) can now substitute into the equation for the work terms to calculate 

the shifts in the VB maximum and the binding energies of CLs with respect to the VB. 

The terms Es(X) and Ea(X) are not used because they relate to an intermediate state of the 

solid, which is not relevant for the energy balance between initial and final states. Also, 

the 𝜖𝑣𝑎𝑙 and Ival are neglected because they are small compared to the other 

contributions.[79] With those exceptions, we can simply express Equation 44 as an 

ionization energy and a solid-state contribution: 

 EB
VBM(X) = ∆EB

VBM(X) + Icore(X) (54) 

where, 

 ∆EB
VBM(X) = ∆Ebond(X) + EVBM(AB)  

 ∆Eband(A) = −4Ebond(AB) + Ebond( ABZ+1,A ) (55) 

 ∆Eband(B) = −4Ebond(AB) + Ebond(AZ+1,BB)  

 This expression of the VB variation due to photoionization is still missing an 

important correction factor due to metallization. R. Enderlein and W. A. Harrison fully 
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derive the expressions for this shift.[79] A brief summary of how to incorporate this 

correction is provided here. This factor accounts for the fact that the two atoms (X=A,B) 

are coupled to six neighboring bonds and six neighboring antibonds. The bond-bond 

(and antibond-antibond) interaction is neglected in this calculation because their 

interaction yields a symmetric shift that does not vary the total energy of bond (or anti-

bonded) electrons. However, the bond-antibond interaction must be taken into account, 

and will be denoted as Emet. Following the formulation of the Born-Haber cycle, as 

conducted to calculate the ∆𝐸𝑏𝑜𝑛𝑑
𝐵𝑂𝐴 , now a ∆𝐸𝐵

𝑀𝑒𝑡 may be obtained for both X=A and B. 

These terms are added onto the ∆𝐸𝐵
𝑉𝐵𝑀(𝑋) expression: 

 
∆EB

VBM(X) = ∆Ebond(X) + ∆EB
Met + EVBM

∗ (AB) 
(56) 

Using the same arguments presented above, including the nonorthoganlity term in the 

original VB maximum expression, there is now an additional term, δVo in the VB energy 

equation: 

 EVBM
∗ (AB) =

1

2
(ϵp

A + ϵp
B) +

1

2
[V0(AB) + 𝛿𝑉𝑜(𝐴𝐵)] − √[[

ϵp
A + ϵp

B

2
]

2

+ [
1.28ℏ2

md2
]

2

] (57) 

This additional term describes the bond between the A and B atom in a pure AB solid 

matrix. Following this formulations yields values that are close to the experimentally 

obtained values.[79] For GaAs, experimental values of EB
VBM(X) are 17.9 eV and 39.4 eV 

for the A and B atoms, respectively. This theoretical formulation predicts the GaAs 

values to be 16.77 eV and 39.61 eV for the A and B atoms, respectively. There is less than 
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1 eV variation between the experimental and theoretical values. A full development of 

the metallization term and the comparison between the values for experimental 

measures compared to the theory posed here are found in Enderlein and Harrison’s 

paper.[79] 

 This approach has proven to be successful for descriptions of heterojunctions 

assuming no dipoles. The success of this approach is attributed to the fact that the 

average hybrid energies for many semiconductors are already very close in value, 

justifying the assumption of neglecting interfacial dipoles.[81] However, dipoles do arise 

and the average hybrid energy is screened at the interface. For many semiconductors 

this is a small value and this model provides an adequate description.[81] The average 

hybrid energy difference across an interface is reduced by the static dielectric constant. 

Klepeis and Harrison addressed what the earlier theory was missing and calculated the 

core electron BE shifts and screening for a many of ternary alloys.[81] This analysis 

included the screening effects of interfacial dipoles, imbedded clusters, coulomb effects 

and the substitution on the cation site. They concluded that a tight-binding analysis 

describes well systems with little differences in hybrid energies and minimal lattice 

mismatch.[81] As such, this analysis is limited in its applicability to highly mismatched 

systems such as GaAsBi. Usman addressed this problem by combining the tight binding 

analysis with band anticrossing theory to describe well the VB movement in GaAsBi, 

which is earlier discussed in Chapter 2.[11] 
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5.2 XPS Study of Core Electrons 

The core electron regions show electronic sub-structure. This arises from the 

orbital ionization process. Photoionization yields a degenerate orbit state. The SO 

interaction is characterized by a magnetic interaction between the spin and orbital 

angular momentum of an electronic state. The equation below describes the interaction: 

 ESO = − (
ζ

ℏ2
) 𝐋 ∙ 𝐒 (58) 

where L is the electronic orbital angular momentum vector, S is the spin angular 

momentum vector, and ζ is the SO coupling constant. The s-levels are only one peak, 

because when 𝑙 = 0, there is no degeneracy and therefore no SO coupling that splits the 

energy level. For 𝑙 ≠ 0, a doublet structure in the region is observed. The total angular 

momentum, j, is defined as: j= s + l. And for electrons, s=1/2. J then spans the values |l – 

1/2| ≤ j ≤ |l + 1/2|. The XPS CLs herein consist of s, p, and d levels, which correspond 

with l values of 0, 1, and 2, respectively. Looking at the p-states, as an example, values of 

j=1/2, 3/2 are available. For the d-states, j=3/2, 5/2. When there are two values of j in a CL 

region, the term doublet refers to the two-component feature observed in the spectra. 

The intensities of the two states in a doublet are proportionate to the ratio of the 

degeneracies (2j+1) of the doublet components. For example, in a 3d doublet there is an 

intensity ratio of 3:2, also written as 0.66667 (referred to as the branching ratio). The BE 

distance between the two peaks in a doublet state following the Land�́� interval rule:[82] 
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 ∆ESO = (l +
1

2
) ζnl (59) 

where, 휁𝑛𝑙 is the appropriate spin-orbit coupling constant. For reference, As 3𝑑5

2
,
3

2

 has a 

SO splitting 0.7eV between the 5/2 and 3/2 states.[83], [84]. Experimental examples of 

these spectra are in Chapter 6 for GaAsBi. 

5.3 XPS Study of Valence Electrons 

XPS valence electron studies provide insight into the occupied states in band 

structures. When in a periodic continuous lattice, the electrons follow band theory; 

individual energy levels are grouped into bands. This is discussed in Chapter 2. These 

bands depend on k (wave vector), and are generally defined as Ɛ(k). From Ɛ(k), the 

density of states (DOS) can be found. DOS, D(Ɛ), is defined as the number of states 

available per unit energy in a unit volume. In a crystal, there are both occupied and 

unoccupied states described by the DOS function. If the energy of the electrons is not 

large enough, such as in ultra-violet photoemission, electrons from occupied bands may 

be excited into unoccupied states. When the energy of the electrons is large enough (as 

with soft x-rays), the spectra reflect only the occupied states and are generally predicted 

well by LCAO model.[82] 
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Figure 5.4: VB spectra of GaAs. Ref [85]  

 Typically, the VB spectra of binary tetrahedral semiconductors are comprised of 

three peaks. These are derived from the outermost cation and anion valence electrons in 

the s- and p-orbitals.[85] Figure 5.4 shows the VB spectra for GaAs with these three main 

peaks labeled as I, II, III. Peak I is broken up into an I1 and I2 components due to the 

resolvable fine structure in GaAs’s VB. I1 is further resolved into two components for 

GaAs, I1 and I1’. The shoulder peak on the high BE side of peak I is labeled as S1. 

Movement of these peaks relative to each other or changes of intensity yield important 

insight into how alloying is changing the band structure. An example of one of these 

variations is the gap between peak II and peak III. This separation widens with 

increasing iconicity. Thus far components directly attributed to Bi in GaAs are not 

resolvable in the VB XPS spectra. However, Virkkala, et al. has theoretically predicted 

broadening of the VB maximum in GaAsBi due to Bi-Bi interactions using a tight-

binding model based off of first-principles density-functional calculations.[86]   
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6 XPS Experimental Data on GaAsBi 

6.1 Motivation 

The primary focus of these experiments is to address the alloy disordering and 

chemical bonding of GaAsBi. Bonding site and disorder are important players in 

determining the quality of the optoelectronic properties. The bismide ternary systems 

are gaining interest due to numerous favorable qualities, however, there is still a lack of 

control over the incorporation sites and defect formation in this challenging to grow 

system. It is this atomic-scale ordering (i.e. cluster formation, binding preferences and 

surface reactivity) that is lacking in development for bismides, and XPS provides one 

means to better understand the binding environment of Bi atoms. Vicinal surfaces also 

enhance all step related growth mechanisms providing a unique perspective of Bi 

incorporations which occurs primarily at step edges. 

6.2 Vicinal Samples 

The samples in this study were synthesized by a Riber 2300 MBE system 

employing a stationary substrate orientation. For the two GaAsBi samples, a 500 nm 

GaAs buffer was first grown on the substrate at 580°C, followed by 0.4 monolayers of Bi 

pre-deposition. After this step, 250 nm of GaAsBi is grown at 320°C. For the two GaAs 

samples, the same buffer layer was grown, and then the temperature was reduced to 

320°C for the growth of the subsequent 250 nm GaAs layer. The stationary growth 

condition enabled the III/V flux ratio to smoothly vary across the sample. 
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We introduced in these experiments an additional factor modifying the growth 

mode, which was the use of misoriented substrates to increase the linear step density in 

either the [110] or [1-10] direction. Herein, steps due to the miscut from (001) to the [110] 

direction (Ga terminated, (111)A face) are named A-steps and steps due to the miscut 

from the (001) to the [1-10] direction (As terminated, (111)B face) are named B-steps. 

GaAs and GaAsBi were each grown on GaAs substrates with two different substrates 

(four total samples): (001) vicinal misoriented toward the (111)A by 3° and (001) vicinal 

misoriented toward the (111)B by 3°. 

These are the same samples studied for NW formation in Chapter 8. Since XPS is 

a surface sensitive technique, the surface coverage of droplets must be addressed. For 

the GaAsBi B-Step sample, at a position with III/V flux ratio of 1.12, droplets covered 

only 2.8% of a 15x15 μm image. For GaAs B-Step sample, at the same III/V flux ratio 

position, has a droplet coverage of ~15%. The authors recognize that there may be some 

droplet effects observed in our spectra, but that the film signal dominates the total 

signal. 

6.3 General XPS Fitting Procedures 

The first challenge in fitting an acquired spectrum is identifying the 

photoelectrons that belong to a transition. This is typically done by establishing a 

background. The background consists of electrons that originate from an energy greater 

than the measurement that encountered scattering events, causing them to be detected at 
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a lower energy. The electrons that are above the background are zero-loss electrons 

associated with the transition under investigation. Herein, most CL spectra are fit with a 

Shirley background subtraction; the exception being the Bi 5d regional fit where a 

Tougaard background was used.  

Relative sensitivity factors (RSF) of photoelectric peaks are employed to scale the 

measured intensities for atomic concentration calculations. Region areas and intensities 

without a RSF value cannot be compared quantitatively with other regions, this is the 

case for Bi 5d and As 2p. However, the relative measurements between components 

within these regions are comparable. Regions of higher BE probe shallower portions of 

the sample than those regions with lower BE. This means that the 2p CLs sample mostly 

oxide. Alternatively, the 3d CLs probe deeper into the surface where the bulk film 

components (Ga-As in Ga CLs or As-Ga in As CLs) have a higher intensity than the 

native oxide peaks. 

Peak-fitting in XPS spectra can be complex but typically the model begins by 

creating a set of Gaussian/Lorentzian line-shapes to comprise the components of a 

region. These line-shapes areas and intensities are modified by the RSF values to 

generate quantitative data. Small differences between the initial and final state of an 

atom when a CL electron is excited by an x-ray can lead to information about the local 

environment from which that electron emerged. CL spectra usually appear as an 

ensemble of peaks/components rather than a single peak due to these small energy 
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shifts. When attempting to achieve a good fit of a region, it is important to know some of 

the underlying chemistry in the sample because a good fit can always be achieved by a 

sufficient number of Gaussian-Lorentzian line-shapes without constraints. 

Chemical shifts of regions or components provide valuable information about 

the chemical state for a material. Information about the expected BE of a compound can 

be estimated using an electronegativity-based argument. Generally, the higher the 

electronegativity, the higher the BE within a region. For example, in the As 3d region, As 

bonds with Ga, As, O and Bi (for GaAsBi samples). Considering the values in Table 6.1, 

Ga has the lowest electronegativity, and therefore it would form at the lowest BE 

component (As-Ga). On the other hand, As bonding with O (As-oxides) form the higher 

BE components in the region. Clusters, droplets and vacancies can deviate from these 

guidelines, but considering the electronegativity is a good first approximation for most 

regions. 

Table 6.1: Electronegativity and atomic radius of atoms. Electronegativity by Pauling 

scale, atomic radius are from Ref [87].  

Atom Electronegativity Atomic 

Radius (Å) 

O 3.44 0.60 

Ga 1.81 1.30 

As 2.18 1.15 

Bi 2.02 1.60 
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 Calibration to C 1s 

The XPS spectra is contingent on electrons leaving the material to be studied. If 

these emitted electrons are not replaced the sample will become positively charged at 

the surface, generating an electric field (and surface band bending). These shifts are 

referred to as charging shifts, and it is not uncommon for small shifts to occur. The 

samples studied herein are in electrical contact with the instrument using copper tape to 

minimize any charging effects. To correct for this small shift, all spectra herein are 

shifted to move the adventitious carbon peak to 284.8 eV.[82], [88], [89] An example of 

the C 1s regional spectrum is found in Figure 6.1. The strongest peak, C 1, is used to 

extract the measured C 1s position. 

 

Figure 6.1: C 1s spectra of a GaAsBi(100) wafer from adventitious C. The C 1 main 

peak is used in charging calibration.  
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Figure 6.2 plots the deviations from the calibration value. For the four samples 

discussed in this chapter the charging shift was at most 1.5eV. The A-step enhanced 

surfaces (GaAs and GaAsBi) were shifted to higher BE’s than the B-step enhanced 

surfaces. Interestingly, Bi presence did not alter the surface charging. The (111) surface is 

polar, so the miscut in one direction versus the other impacts the surface charging 

depending on if there are more A-steps or B-steps. It is speculated that at a higher III/V 

flux ratio the Ga and Bi richness on the surface increases and is generating a metallic 

surface. This would damp the effects of the different steps on the charging, minimizing 

the differences between the two samples, as observed in Figure 6.2. 

 

Figure 6.2: Adventitious carbon shift away from the calibration value of 284.8 eV.  



 

95 

  As 2p, Ga 2p, As 3d, Ga 3d, and O 1s 

The well-studied CLs that are present in GaAsBi are the ones it has in common 

with GaAs: As 2p, Ga 2p, As 3d, Ga 3d and O 1s. References for fitting these CLs can be 

found in Ref[90] and Ref[18]. The fittings that apply to GaAs also apply to our system; 

these samples all contain less than 3% of Bi incorporation, so it is deviations from the 

GaAs regions are minimal. 

 

Figure 6.3: As 2p3/2 spectra for GaAsBi A-Step under stoichiometric conditions with 

native oxidation.  

As 2p is the highest BE region investigated herein, making it also the shallowest 

probe. The As 2p SO splitting of the doublet is large, so much so that Figure 6.3 shows 

only the As 2p3/2 part of the doublet. The As 2p is comprised of four components: As2O5, 
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As2O3, As-Ga and As-As. As 2p probes only the top monolayers of the surface and 

therefore, the intensity of the oxide is higher than the bulk component (As-Ga). This is 

also observed in Figure 6.4, for the Ga 2p region. The constraints applied to the fitting in 

each region are in the table at the top of each regional figure. Figure 6.5 introduces the O 

1s region. No specific components are defined within the O 1s spectrum, as there is little 

structure to guide the fitting. The area and intensity of the peak are used as relative 

measures of surface reactivity and amount of overall oxide. 

 

Figure 6.4: Ga 2p3/2 regional spectrum from GaAsBi A-Step sample at stoichiometric 

conditions with native oxidation.  
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Figure 6.5: O 1s spectra of a GaAsBi A-step at stoichiometric conditions with native 

oxidation.  

The 3d regions, Ga 3d and As 3d, offer a deeper perspective than the 2p and 1s 

regions. In these regions, the bulk component (Ga-As and As-Ga) has a larger intensity 

than the oxide. The As 3d is fit with the same four components as the As 2p region, but 

now each component has a 5/2 and 3/2 SO peak. Likewise, for Ga 3d, with the addition 

of a metallic component, Ga-Ga. The Ga-Ga component is not fit with a doublet feature 

because the intensity of the component is so low relative to the others that fitting the 

lower intensity SO peak was negligible. 
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Figure 6.6: As 3d spectra of a GaAsBi A-step at stoichiometric conditions with native 

oxidation.  

 

Figure 6.7: Ga 3d spectra of a GaAsBi A-step at stoichiometric conditions with native 

oxidation.  
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Bi incorporation is small (< 3%) for this set of samples, and no new peaks such as 

Ga-Bi, As-Bi, O-Bi are directly observed. However, it is worth considering where one 

would expect to see Bi binding, and to first order we can do this using the 

electronegativity argument mentioned above. Bi’s electronegativity is between As’s and 

Ga’s with the value being closer to the As’s than Ga’s. These values are presented in 

Table 6.1. This suggests that in the Ga spectra, the Bi bonding to Ga occurs at a BE close 

the bulk BE value (Ga-As). There would need to be a substantial increase in the Bi 

incorporation for this component to develop into components that can be deconvolved 

from the bulk peak (Ga-As). Alternatively, insight can be gained by looking at the BE 

shifts in components when the FWHM is fixed. I found that the GaAsBi A-Step and the 

GaAsBi B-Step BE for the Ga-As peak with a fixed FWHM shifted to lower values with 

the III/V flux ratio increasing up to 1.1. This may be indicative of Bi bonding as a Ga-Bi 

BE would be between the Ga-As component and the Ga-GA component according to 

electronegativity. Above this point, the GaAsBi B-Step continues to decrease, while the 

GaAsBi A-Step sample increases. This turning point is consistent with where Bi and Ga 

buildup on the surface, and there are likely deviations to the Ga-Ga component 

impacting the measured BE position. 

For the As spectra, the electronegativity argument would place the As-Bi 

component closest to the As-As component. In the Ga region, the FWHM of the bulk 

peak is fixed because it is well defined in literature, and this peak is not strongly 
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convoluted with the oxide peak; these qualities make it favorable to fix the FWHM and 

study the position variation. The As-As component on the other hand, is strongly 

overlapping with the bulk peak, and therefore, for this analysis the position is fixed with 

respect to the bulk peak and the FWHM is allowed to vary. With the position of the As-

As component held constant relative to the As-Ga peak, no trend is observed in the 

variation of the FWHM of the As-As peak for the GaAsBi A-Step or B-Step sample. This 

is not so surprising due to the low Bi content and only a 500 meV variation between the 

As-As and As-Ga peaks; making small shifts between these two challenging to resolve 

along with As-Bi being the less favored incorporation site compared to Ga-Bi bonding. 

 

Figure 6.8: VB spectra of a GaAsBi A-step at stoichiometric conditions with native 

oxidation. A complementary error function background fitting. 
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The leading edge in the VB region marks the onset of electron emission. This 

defines the VB maximum. The blue background in Figure 6.8 defines the region fit with 

the background to define the VB maximum. The edge measurement is fit with a 

complementary error function [91], using a Step Down background defined in the 

CasaXPS software. One of the fitting parameters in the step function can be output in the 

in the software that identifies the location of the step, which defines the VB maximum. 

Bi additions varied the VB maximum (Section 7.3.1) but did not introduce any new 

structure to the spectra. 

6.4 Bi 5d Regional Fitting for GaAsBi 

 Literature on Bi 5d XPS and Antisite formation in GaAsBi 

Considering that Bi is isoelectronic with As, we expect Bi to incorporate onto the 

As site in the lattice. XPS is a valuable way to probe what percentage of the Bi is bonding 

with Ga, versus forming antisites by sitting on the Ga site. Few papers have addressed 

quantifying the expected BiGa antisite formation. Thus far there is no strong agreement 

among literature about the Bi binding site, other than that most Bi incorporates at the 

anion site. Kunzer, et al. found ~10% of the total Bi content occupying the Ga site.[92] 

Ciatto, et al. established a maximum concentration of 5% of the total Bi atoms in an 

antisite formation.[93] Also, Sale, et al. concluded that the distribution of Bi atoms differs 

from a random spatial pattern of Bi atoms in the material.[94] Furthermore, they found 

no direct evidence of antisite bonding, however, acknowledge that they studied a very 
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limited region with no structural defects and did find evidence of nanocluster 

formation.[94] Considering the challenge of growing homogeneous high content GaAs(1-

x)Bix, there is a need for a better understanding of the antisite incorporation and the 

control mechanisms available. 

Phase separation of Bi is favored by free energy over incorporation into 

GaAs.[74], [95] As such, most literature on Bi interactions with GaAs considers it only in 

the energetically favorable phase as an adlayer and not as a part of the alloy, GaAsBi. 

Joyce, et al. fit the Bi 5d peak for Bi/GaAs(110) interface.[16] Their Bi 5d fitting consisted 

of Bi-Ga, Bi-As and Bi-Bi bonds. They found the Bi-Ga feature has the highest BE, with 

Bi-As located 350 meV lower, and Bi-Bi located 200 meV lower than Bi-As.[16] Further 

they found that the SO splitting was 3.05 eV between the 5d5/2 and 5d3/2. The authors 

state that Bi has no preferential bonding site on the surface between the anion and cation 

lattice sites for purely surface segregated Bi. McGinley, et al. investigated the interaction 

of Bi with the GaAs(111)A and (111)B surfaces.[17], [18] They characterize the Bi 5d SO 

splitting to be 3.03 eV. Only two components were identified in this fitting, Bi-As and Bi-

Ga convoluted with Bi-Bi at the lower BE.[18] They also find that both Bi-BiGa and Bi-As 

form in equal amounts at the start of the deposition process on the (111)A surface.[18] 

On the other hand, the (111)B surface shows no evidence of Bi-Ga bonding, only two 
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components were identified (Bi-As and Bi-Bi).[17] This is consistent with the (111)B 

surface being Group V terminated.[96] 

Recently, one paper has been published on GaAsBi using photoelectron 

spectroscopy.[15] Laukkanen, et al. used hard x-rays to study GaAsBi, rather than the 

soft x-rays utilized in the data present herein. They fit the data with two peaks that 

describe the bulk-like properties of GaAsBi, with an energy separation of 0.28 eV. 

Furthermore, they found shifts from these main peaks associated with defect formation 

of Ga vacancies and Bi clusters. 

 ex-situ Bi 5d fitting for GaAs(1-x)Bix 

The Bi 5d fitting proposed herein was conducted ex-situ, and therefore there is a 

Bi-O component, along with the Bi-Ga/Bi-Bi and Bi-As bonding states. The Bi 5d region 

consists of a 5/2 and 3/2 SO components. All components in the fit proposed below have 

a 5/2 and 3/2 component (denoted in the component names by a (+) and (–) in the table 

in Figure 6.9). Herein, the SO splitting was set 3.03 eV, with a Gaussian-Lorentzian line 

shape, consistent with McGinely’s work.[17], [18] The CL fitting parameters used in Bi 

5d can be found in Table 6.2. The Bi 4f region was not used because it is convoluted with 

the Ga 3s region. The Bi 5d peak occurs at the same place as the O 2s peak, but the GaAs 

vicinal samples showed no evidence of this peak without the presence of Bi and 

therefore is considered negligible. 
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Table 6.2: Fitting parameters for Bi 5d 

 Bi 5d 

Line Shape GL(30) 

Background Tourgard 

Spin-Orbit splitting 3.03 

Branching Ratio 0.667 

 

 

Figure 6.9: Bi 5d spectra fit for a GaAsBi A-Step under Ga-rich conditions. 
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Figure 6.10: Bi 5d spectra fit for a GaAsBi B-Step under Ga-rich conditions 

I propose fitting the Bi 5d XPS region with three components, each with two SO 

components: Bi-BiGa, Bi-As and Bi-O. Figure 6.9 and Figure 6.10 show the Bi 5d regions 

fit with the proposed fitting for Bi 5d for GaAsBi A-Step and GaAsBi B-Step, 

respectively. The dilute amounts of Bi incorporation, for the samples studied herein, 

yielded unresolvable BE differences between the Bi-Bi component and the Bi-Ga 

component (consistent with other literature mentioned earlier). This combination 

component is denoted as Bi-BiGa in the fitting. It is possible that with larger Bi contents 

that this metallic peak would be resolvable as is suggested by Laukkanen paper.[15] The 

5/2 and 3/2 SO peaks of each component are constrained to have the same FWHM, as 
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they are associated with the same chemical binding. In order to achieve the fitting above, 

the Bi-O- peak (high BE component) was allowed to vary between the values of 1-1.3. 

This range was selected through a process of isolating the high BE Bi-O component. This 

component is not convolved with any other components and can be fit with a Gaussian 

Lorentzian lineshape, yielding the range of FWHMs defined in this proposed fitting. 

Once the FHWM of the oxide is constrained, this fit uses the branching ratios and the SO 

splitting values consistent with literature.[16]–[18] With these parameters, I extracted the 

average FWHM measures of many samples to interrogate and narrow the range of 

FWHMs for the Bi-BiGa and Bi-As peaks. 

Now that I had established a reasonable fitting of the Bi 5d region, a chi squared 

(X2) minimization technique described by Singh, et al.[97] is applied to optimize the fit. 

This error estimation tool employs the calculation of a X2 value given a set of 

parameters, where a sweep is conducted in one parameter at a time. Here a sweep is 

conducted in the FWHM of the Bi-BiGa and the Bi-As component. X2 calculation is 

defined as: 

 𝑋2(𝑝) = ∑
[𝑀(𝑖) − 𝑆(𝑖, 𝑝)]2

𝑀(𝑖)

𝑁

𝑖=1

 (60) 

where, M(i) is the experimental data, S(i,p) is the fit given point, p is a set of defined 

parameters used in the model, and N is the number of data points. The reduced X2 value 

plotted to find a minimum value: 
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 𝑋2∗(𝑝) =
𝑋2(𝑝)

𝑁 − 𝑃
 (61) 

Minimized 𝑋2∗ values were calculated for the two main peaks in the Bi 5d peak for both 

the GaAsBi A-Step and B-Step samples. It is these values that set the bounds of the fit 

employed in the Figure 6.9 and Figure 6.10. It was also further confirmed using 𝑋2∗ 

values that a fit with a range of FWHMs as defined by the two samples, yielded smaller 

average values than when the FHWMs were constrained to the exact value calculated. In 

the Bi 5d fits shown the FWHM for the Bi-BiGa and Bi-As are constrained a value 

between the FWHM’s that minimized the X2 value. 

Using this fitting procedure, I measured an average BE difference between Bi-

BiGa and Bi-As is 0.91 ± 0.03 meV. This is value is larger than the previously reported 

value by Joyce of < 500 meV.[16] Some of this variation is likely the difference between a 

surface bonding state and a bulk bonding state or component BE shifting due to metallic 

contributions (Bi-Bi). The Bi-O component is 2.96 ± 0.3 eV above the Bi-BiGa component 

BE position. 
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Figure 6.11: Bi components in the Bi 5d region. Left: Area of components. Right: 

Component percent area of the entire region. 

The Bi 5d components reveal some interesting trends with varying III/V flux 

ratio. In previous XRD studies, we established that no Bi incorporates at III/V flux ratios 

less than 1 and from a III/V flux ratio of ~1-1.03 Bi incorporation is not saturated.[98] 

Above this range, Bi incorporation is considered saturated, with increasing Bi 

segregating on the surface. With this in mind, Figure 6.11 plots the components as a 

function of III/V flux ratio. The left-hand side of the figure plots the component areas, 

and the right-hand side plots these components as percentages of the total Bi 5d area. 

The Bi flux increases with the III/V flux ratio, so it is not surprising to see the component 



 

109 

area plots increasing for all components with increasing III/V flux ratio. Interestingly, all 

of the GaAsBi A-Step component areas show consistent increasing with III/V ratio. On 

the other hand, the GaAsBi B-Step sample shows evidence of saturation in all the 

components above a critical III/V flux ratio. I speculate that this variation is dependent 

on the sticking coefficient of the two surfaces and the rate at which Bi-As may be leaving 

the surface. More work is needed to confirm these hypotheses. 

The column on the right in Figure 6.11, plots the areas as percentages of the total 

Bi 5d region, providing different insights than just the component area (left column). 

Looking first at the bottom plot of Bi-BiGa% versus III/V flux ratio. The Ga-GaBi 

component percent is at its maximum value of 64% when the III/V flux ratio is 1.02. The 

GaAsBi A-Step component is already beyond a saturation point at the lowest III/V flux 

ratio considered. Furthermore, this percentage experiences a slight decrease with 

increasing III/V flux ratio, this is likely due to the increase in Bi-O component with 

increasing III/V flux ratio. This is consistent with the sample saturating in Bi content in 

the film, which mostly incorporates on the As site. Once saturation is achieved, 

additional Bi segregates at the surface and oxidizes upon exposure to air. Turning to the 

GaAsBi B-Step sample, at lower III/V ratio the Bi-As area percent is a larger percentage 

of the Bi 5d region than the Bi-BiGa component. At a larger III/V flux ratio values, both 

samples converge on the Bi-BiGa component comprising 65% of the Bi 5d area, while the 

Bi-As peak constitutes ~22%. The Bi-O in the GaAsBi B-Step sample is more variable 
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implying that this sample’s surface reactivity, surface sticking coefficient or III/V 

dependence is playing a role in determining the binding state of the forming oxide. 

 

Figure 6.12: Relative component areas of the two bulk components in Bi 5d. Bi-

BiGa/Bi-As versus III/V flux ratio. 

Another perspective to consider is the relative fraction of the two bulk peaks in 

Bi 5d: Bi-BiGa and Bi-As. Figure 6.12 plots the Bi-BiGa component area normalized by 

the Bi-As peak. To interpret this plot further, it is important to consider the sample 

surfaces. Recall that the GaAsBi A-step sample has an increased density of A-type steps 

which are Ga terminated. This sample incorporated more Bi overall and incorporated 

more Bi at a lower III/V ratio than the GaAsBi B-step sample. Considering Figure 6.12, 

alongside Figure 6.11, it is clear that GaAsBi A-Step sample incorporated more Bi on the 

As site. In fact, Figure 6.12 states that the Ga-GaBi component is 2.5 times larger than the 
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Bi-As component. The GaAsBi A-Step sample shows more of an evolution of preference 

from one component to the other with the increasing III/V flux ratio. This is consistent 

with the B-step surface having an increased density of B-type steps on the surface, which 

are As terminated. The data strongly suggest that these As-terminated steps effectively 

incorporate more Bi into antisites than the Ga-terminated steps on GaAsBi A-Step 

sample. 

 Bi Effects the Different Oxide Binding States 

The last section focused on the two GaAsBi samples, but now the two vicinal 

GaAs surfaces will also be considered to probe the deviations in the oxide due to the 

presence of Bi. Overall, GaAsBi samples reacted with less oxygen. Figure 6.13 plots the 

O 1s area normalized by the Ga-As bulk peak of the Ga 3d region. The GaAsBi A-Step 

sample has the smallest value for this relative fraction, and hence has the smallest 

amount of oxygen on the surface. Interestingly, the GaAs A-Step sample boasts the 

largest O 1s regional area. The FWHM of the O 1s region for the GaAsBi B sample stays 

at ~1.86 with increasing III/V flux ratio. The GaAsBi A-Step sample’s FWHM increases 

with increasing III/V flux ratio, ranging in value from 1.72 to 1.91. Surface step structure 

and the presences of Bi strongly impacts that total oxygen content on the surface. 
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Figure 6.13: O 1s region normalized by the Ga-As component of the Ga 3d region. 

 

Figure 6.14: Ga2O3 FWHM in the Ga 2p region. 
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Figure 6.15: The BE difference between the Ga-O BE- Ga-As BE versus flux ratio. 

 

Figure 6.16: The percent area of the Ga2O3 component in the Ga 2p region. 
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Further observation of Bi mediating the oxide formation can be found in the Ga 

2p region. Figure 6.14 plots the FWHM of the Ga-O component of the Ga 2p region as a 

function of III/V ratio. It is immediately clear that the GaAs and GaAsBi samples have 

different oxide component FWHMs. The GaAs samples have a much broader FWHM of 

~2.0 and the GaAsBi samples have a FWHM of ~1.65. Literature has found the FHWM of 

Ga2O3 to be ~1.6.[99], [100] Literature also agrees that the FWHM of GaO is 1.6, but at a 

BE ~0.8 eV lower than the higher oxidation state, Ga2O3. In Figure 6.15, I plot the BE 

difference between the oxide peak and the bulk peak in the Ga 2p region. Once again, 

the GaAs and GaAsBi samples demonstrate distinct behavior. The GaAs samples’ oxide 

peak is 1.7 eV from the bulk peak, with the GaAsBi samples only experiencing a 1.4 eV 

shift. Surdu-Bob, et al. found the difference between GaO and the bulk peak to be 1 

eV.[99] These results are indicative of mixed phase oxide formation, with the GaAs 

forming more of the high oxidation state (Ga2O3) than the GaAsBi samples, yielding the 

larger BE difference between the bulk and oxide peak. This conjecture is further 

supported by the percent of the Ga-oxide in the Ga 2p region of the GaAs samples being 

as large as 90% compared to < 75% for the GaAsBi samples, this data is plotted in Figure 

6.16. By conducting a similar analysis in the As 2p region, I further conclude that the 

GaAsBi samples favor the formation of As2O5 over As2O3. The vicinal GaAs samples 

have As2O3 as the larger component, whereas the GaAsBi samples boast a larger 

percentage of its As 2p region attributed to As2O5. It is interesting to consider the 
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possibility of utilizing Bi to mediate oxide formation or surface reactivity. Surfaces with 

Bi formed less over all oxide, and particularly less Ga oxide. 

6.5 Valence Band Spectra of Vicinal GaAsBi 

The occupied states in the band structure can be probed using XPS in the VB 

region; I wanted to probe how Bi varied these states. Figure 6.17 plots the VB spectra of 

the four vicinal samples (all calibrated to place the VB maximum at zero) with four 

features and their bond character are labeled.[16] The difference in intensity between the 

GaAsBi and GaAs samples is not important, the measurements occurred before and after 

an x-ray source replacement causing the discrepancies. The intensity difference may be 

negligible, but the relative BE position remains comparable. All four of the features are 

shifted to higher BEs for the GaAsBi samples compared to the GaAs samples, with 

GaAsBi B-Step being the furthest shifted to the largest BEs. This variation cannot be 

attributed to surface band bending because the VB maximum would also be shifted, 

which is accounted for by aligning the VB maximum. These features occur within 100 

meV of each other for the GaAs samples, so there is little noticeable variation between 

GaAs with different miscut directions. Interestingly, the GaAsBi B-Step’s three features 

(Ga s-orbital, As and Ga p-orbital, and As p-orbital) are all shifted ~400 meV. These 

shifts are indicative of Bi shifting the location of the feature due to its bonding 

environment at the surface. 
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Figure 6.17: The VB spectra of four vicinal surfaces at a position where the III/V flux 

ratio is ~1.1. The bond that is associated with each feature in the VB is labeled. Some 

of these labeled features are shifted in energy with Bi addition to GaAs. Note: the 

intensity of the spectra are not comparable. All spectra are calibrated to the VB 

maximum at a zero BE position. 

 Another perspective, when considering the VB spectra, is to look at the 

differential between two spectra. Figure 6.18 looks at two different types of differentials: 

GaAsBi – GaAs of the same misorientation and (b) B-Step-A-Step with the same material 

(GaAs or GaAsBi). Figure 6.18(a) plots the GaAsBi -GaAs spectrum for the A-step 

samples and B-step samples which elucidates the emphasis in the change in VB 

structure with Bi incorporation. There is also an interesting feature just past zero for the 

B-Step samples where the CPS drops below zero. This is indicative of the GaAs leading 

edge having sharper onset than the GaAsBi VB onset. However, it is expected that the 

GaAsBi VB onset is broader than that of GaAs due to the band anticrossing. More work 
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is needed to investigate this, it may be that the movement of peak I is deviating the VB 

fitting. Figure 6.18(b) plots the differential spectrum for the same type of material but 

with different step character. The GaAs samples shows no noticeable deviation between 

the two spectra. The GaAsBi samples, on the other hand, has structure resembling that 

of the raw VB. This is indicative that the two steps are deviating the VB structure in 

different ways, likely related to the variation in the step character and incorporations 

rates. The VB variations prove interesting but are not conclusive, more work is need to 

further investigate the changes. 

 

Figure 6.18: VB differential spectra of (a) (GaAsBi – GaAs) and (b) (B-Step-A-Step).  
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6.6 Conclusions 

This XPS experiment on vicinal GaAs and GaAsBi samples provides insight into 

alloy disordering and chemical bonding. I propose a fitting for the Bi 5d region 

assigning the peak three main components: Bi-BiGa, Bi-As, and Bi-O. The Bi-BiGa peak 

consistently contributes the largest percent to the Bi 5d region, indicating that most Bi 

does incorporate on the anion site. However, the GaAsBi B-Step sample around 

stoichiometric conditions incorporated more Bi as Bi-As at the shallow depths probed by 

XPS. This is likely attributable to the high density of B-type steps on the surface which 

are terminated by As, yielding an increased opportunity for Bi to incorporate as an 

antisite, BiGa. Further investigation into the Ga 2p and As 2p spectra concluded that Bi 

plays a role in mediating the oxidation state of the oxide and reduces the amount of 

oxygen at the surface. 
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7 Modification of Valence Band Maximum Energy in 
GaAsBi by X-Ray Photoelectron Spectroscopy (XPS) 

7.1 Motivation 

It is critically important to be able to predict the bandgap of a semiconductor as a 

function of composition and temperature, along with its electrical properties in a 

heterojunction-based device structure.[14], [101] Limited experimental measures 

distinguish between CB and VB energy changes in alloys as a function of composition, 

but development in this area is particularly lacking in the recently physically realized 

ternary GaAsBi. It is consistently agreed upon that the VB energy is expected to change 

more significantly with the addition of Bi into GaAs than the CB due to VBAC (Chapter 

2). This experiment only probes a dilute regime (x < 0.03), which is defined herein as the 

small amount of incorporated Bi into GaAs such that the VB variation can be linearly fit 

rather than employing a bowing parameter fit. The VBAC model theoretically predicts 

that the bandgap variation with Bi additions into GaAs occurs due to the introduction of 

localized Bi states near the top of the host’s VB inducing band hybridization, leading to 

variation of the VB maximum energy.[101] 
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Table 7.1: Literature on Bandgap Variation in GaAs(1-x)Bix. 

1st Author (Year)[Ref] Technique Bandgap 

Variation 

Bi Content 

Fluegel, B. (2006)[102] LT PL 85 ± 10 meV/% 0 to 1.8 %  

Alberi, K. (2007)[32] VBAC, PR 90meV/% 4 to 8% 

Fitouri, H. (2015)[103] PR, PL 40meV/% 0 to 4.8% 

Francoeur, S. 

(2008)[104] 

RT PL 83 ± 3 meV/% 0 to 4% 

Yoshida, J. (2003)[12] PR 44meV/% *  0 to 2.6% 

Huang, W. (2005)[105] PL 62meV/% 2 to 4.7% 

Usman, M. (2011)[11] sp3s* tight-binding 81mev/%  0 to 4% 

Pettinari, G. 

(2013)[106] 

PL (@200K) 55mev/% * 0 to 10.6% 

Tixier, S. (2003)[107] PL 84meV/% 0 to 3.1% 

Oe, K (2002)[108] PL 48meV/% * 0 to 2.5% 

Pacebutas (2009)[109] Optical absorp., PR 62mev/% 0 to 11% 

*These values are extrapolated from the data in the paper. 

In addition to the VB energy change, recent theoretical and experimental studies 

have found the CB energy also changes, contributing up to ~40% of the total bandgap 

change, which agrees well with predictions made using the VCA.[11], [14], [27], [110] 

Measurement of the bandgap energy change is sensitive to the measurement technique 

and the Bi content range. These measurements vary due to the challenges of achieving 

homogeneity, local stress, clusters, bandgap bowing, localized defect states and 

temperature differences. Table 7.1 summarizes literature on the GaAsBi bandgap energy 

variation as a function of Bi incorporation. Alberi’s et al, work describing the GaAsBi 
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system using VBAC model is the most widely sited and has led to the theoretically 

accepted value of ~90 meV/Bi%, but many experiments yield data supporting smaller 

changes in the bandgap energy with Bi addition than predicted by the VBAC 

model.[101] 

As is evident from Table 7.1, PL is the most commonly employed experimental 

measure of the bandgap energy. This method yields a reasonable characterization of the 

total bandgap energy reduction with Bi incorporation, but cannot differentiate between 

changes in the CB and changes in the VB. In addition, PL measurements are also 

sensitive to defect-mediated emissions lowering the optical emission energy.[111] 

Kudrawiec, et al. used photoreflectance spectroscopy to measure the VB and CB energies 

of GaAsBi as a function of Bi content.[27] Their experimental data agrees well with the 

VBAC prediction with the VCA which predicts changes in both the VB and CB energies. 

The VBAC predicts the movement observed in the VB, while the VCA predicts the 

variation in the CB. For Bi concentrations up to 7.4%, they predict VB energy movement 

of 20 to 51 meV/ Bi% and 33 meV/Bi % for the CB. 

In this Chapter, we provide a direct measurement of the VB energy change with Bi 

incorporation using XPS. This measurement is independent of the CB energy. 

Complementary SE pseudodielectric measurements are provided to determine the CB 

energy change by means of measuring the total bandgap. 
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7.2 Sample Description 

The GaAsBi samples in this study were synthesized utilizing a stationary, non-

rotational, growth on GaAs(100) substrates by MBE. The substrate growth temperature 

for all the samples is 320°C. LT growth, i.e. 320°C in comparison to ~580°C for GaAs 

growth, is critical for enabling the incorporation of Bi into GaAs. We employed a 

modulated Ga-flux growth technique shown to improve uniformity and control of 

surface morphology in GaN.[112] The Ga flux was alternatively supplied and stopped 

every 30 s for 30 min, while keeping the Bi and As fluxes constant at a growth rate of 0.5 

μm/hr, as visualized in Figure 7.1. Theoretically, while the Ga flux is off, Bi builds up on 

the surface, along with up to a monolayer of As sticking to the surface. The motivation 

behind using this technique was to increase the total Bi incorporation into the films. 

 

Figure 7.1: Visualization of the modulated Ga-Flux growth technique. Ref [70]  
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The average Bi incorporation in the film was determined using XRD with a 

sample an area of 2 mm x 5 mm. Two samples, A and B, were studied. The B sample was 

grown with 20% lower As flux than the A sample, yielding B sample with a larger 

amount of Bi incorporation. The XRD measurement confirmed that the GaAsBi films are 

pseudomorphically strained to the GaAs substrate using reciprocal space mapping. HR-

XRD (004) ω-2θ scans of the (004) peak were analyzed using Mercury software 

simulations to determine the Bi concentration in the films spatially across the sample 

(data collection by Dr. Jincheng Li and simulations by Yingxin Guan). The following 

assumptions were made in the simulations: 1) GaBi lattice constant of 0.633 nm[113], 2) 

compositional homogeneity within the sampled area, and 3) applicability of Vegard’s 

Law. These simulations yielded a Bi concentration range for the A sample from 0 < Bi% < 

1% and 1.2% < Bi% < 2.5% for the B sample, with the lower Bi content occurring in the 

As-rich region (negative position) of each sample as shown in Figure 7.2. The error in 

position for each measurement is approximately ±0.5 mm. Figure 7.2 shows data for the 

Ga-flux modulated samples (Sample A in red, and Sample B in blue) and a constant Ga-

flux sample for comparison. The modulated flux technique yields a significant change in 

Bi incorporation as a function of position on the sample. The Bi incorporation function 

went from a step-like function (black line with constant Ga) to nearly-linear 

incorporation across the sample. This difference is critical for this experiment because it 

enables a larger region of Bi incorporation; the constant Ga-flux grown sample has more 
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significant Bi segregation (As-rich region) or Bi saturation (Ga-rich region) across the 

sample, yielding a small window to sample varying GaAsBi composition. In contrast, 

the Ga-modulated flux growth enabled a smooth variation of Bi incorporation across the 

surface providing a large physical area for sampling (~33 mm). 
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Figure 7.2: Plot of Bi content in the Ga modulated growth technique compared to 

constant Ga flux. The Ga-flux modulation technique enabled a smooth variation of Bi 

across the sample, rather than the step-like function observed when utilizing a 

constant flux. Plot and data collection by Dr. Jincheng Li, XRD fitting by Yingxin 

Guan. Ref [70]  

The other important difference in the samples grown utilizing Ga-flux 

modulation vs constant Ga-flux can be found in the surface morphology. Ga droplets 

and Bi droplets often plague GaAsBi samples due to excess Bi and/or Ga build-up on the 

surface during growth. The AFM images in Figure 7.3 show the drastic change in the 
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density and size of droplets in the Ga-rich regime. The modulated flux technique yields 

surface holes and minimal evidence of droplet formation or movement. This is of 

importance for obtaining good XPS measurements since excess metal on the surface can 

reduce photoemitted signal intensity. 

 

Figure 7.3: AFM of a Ga-flux modulation sample versus stationary growth. A higher 

quality surface (smaller surface features and less excess Ga) is found in the Ga-flux 

growth method as compared to the constant Ga flux. Ref [70]  

The linear fit of the XRD data in the dilute regime is plotted in Figure 7.4. The 

linear approximation was used to generate the Bi percent incorporation values at the 

points measured by XPS, presented in the next section. 
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Figure 7.4: Linear fit of XRD Bi percent data versus the physical measured position on 

the stationary sample. Ref [114]  

7.3 XPS Results 

The addition of Bi into the GaAs host system will affect CLs, the VB and the CB 

energies due to a combination of factors. For example, alloying of GaAs with Bi creates 

Ga-Bi bonds which modify the Ga and As CL energies. Calculation of the VB energy 

change used in this experiment is based on the energy differences between the As 3d 

and Ga 3d CLs and the VB maximum energy with respect to the FL. The As 3d and Ga 

3d CL energies with respect to the VB for GaAs are 41.4-45.8 eV and 19.6-21.6 eV, 

respectively.[90], [100] Bi is a larger atom with lower electronegativity than As, both 

properties that modify the electron screening and strain of the host system which also 

shifts the CL energy position. These are, however, small energy changes due to the 

dilute concentration of Bi. Klepeis and Harrison calculated the core-to-VB maximum BE 
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shifts of GaxIn1-xAs to be -427 meV for Ga and 682 meV for As as x changes from 0 to 1 

with In incorporation.[81] This calculation is based off of the LCOA model described 

within Chapter 2 and including screening effects. Considering that in our case we are 

only exploring composition changes from x=0 to 0.02, we would expect variations of up 

to~15 meV (2% of the 682 meV for As CL position movement in GaInAs). This is much 

smaller than the bandgap variation due to Bi incorporation predicted by the VBAC 

model (180 meV deviation in the VB with 2% Bi incorporation). In GaAs1-xBix, the VB is 

modified to a greater degree than the CB due to a Bi-related level which interacts with 

the VB edge of the GaAs host; it is this interaction that plays a strong role in the decrease 

of the bandgap energy.[29] 

Using XPS, we can directly measure the shift in the VB energy maximum with 

respect to the FL. Kraut, et al., demonstrated a method enabling the precise 

determination of the VB maximum energy using XPS CL to VB BE differences, boosting 

heterojunction offset energy precision up to ±0.03 eV. Herein, we employ a similar 

technique. XPS is used to determine the evolution of the VB energy up to x= 0.025% in 

GaAs1-xBix. This analysis uses the difference in BEs between the As 3d and Ga 3d CLs 

and the VB maximum as a function of Bi concentration to measure the VB maximum 

movement. The CL’s position is defined here as the position of the bulk peak within that 

region (As-Ga is the dotted blue line or Ga-As is the dotted red line in Figure 7.5). Two 

different CLs are employed in order to provide redundancy in determining the VB 
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energy changes, and allows us to incorporate and analyze any significant relative CL 

energy change which may reveal information on Bi binding in the alloy. 

 

Figure 7.5: GaAs1-xBix XPS regions plotted from a position where x=0.025, fit with the 

bulk peak (dotted lines). The black solid line is the raw experimental spectra. The BE 

of the fit bulk component in the As 3d and Ga 3d spectra are used in the VB shift 

calculation. The leading edge of the VB is shown in the inset with the fit used to 

determine the VB maximum (purple). Ref [114]  

Representative XPS regional spectra are shown in Figure 7.5. The energies of the 

As 3d and Ga 3d bulk peaks are used as reference energies to determine the VB 

maximum energy shift with Bi incorporation. The spectra were processed using 

CasaXPS software version 2.3.15, employing a Shirley background subtraction. All 
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spectra were calibrated using the C 1s peak BE at 284.6 eV.[115] Components (bulk, 

oxide and metallic) are fit within the CL regions, but only the bulk As 3d and Ga 3d 

peaks (SO of 5/2, shown as a blue and red dotted line in Figure 7.5) are utilized to 

determine the VB energy changes. The full widths at half maximum (FWHM) of the bulk 

peaks (As-Ga and Ga-As) have been fixed to 0.61 and 0.7, respectively, to increase the 

precision of the BE extraction.[90] The SO splittings were also fixed at 0.69 eV and 0.44 

eV for As 3d and Ga 3d, respectively.[18] The Bi 5d region data was collected (green 

dotted line in Figure 7.5), but due to low signal intensity these data were not utilized. 

The VB spectra is fit using a complementary error function (shown in purple, in the inset 

in Figure 7.5), where one of the fitting parameters is used to extract the VB 

maximum.[116] The full description of this fitting can be found in Section 6.5. 

 Valence band energy change with Bi incorporation 

The CL BE minus the VB maximum BE versus Bi incorporation is plotted in 

Figure 7.6. A decreasing energy difference between the FL and the VB maximum is 

expected as more Bi is incorporated, associated with a reduction of the bandgap energy 

which manifests as an increase in the energy difference between the VB maximum and 

the CLs. Figure 7.6 shows the measured increasing energy difference, between the core-

level energies and the VB maximum with increasing Bi content. The VB maximum 

energy change with respect to the As 3d CL is (43±4) meV/Bi% and (35±4) meV/Bi% with 

respect to the Ga 3d CL. Each data point is the average of three measurements at 
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approximately the same spot on the sample (small changes in measurement position of ~ 

1 mm on the surface were made to either side of the measured spot to average out any 

surface morphology effects). The standard deviations of these measures are plotted as 

the y-axis error bars. Averaging the two measures (the two different 3d CLs), we observe 

a VB energy change of (39±5) meV/Bi% for pseudomorphically strained dilute GaAs1-

xBix.[34] 

 

Figure 7.6: Bi incorporation varies the VB energy position. The data located in the top 

half of the figure is the VB movement with respect to As 3d and below it is the 

movement with respect to Ga 3d. The blue circles are from sample A and the black 

squares are from sample B. The slopes of the linear fit are printed on the plots 

indicating the estimation of VB movement per a Bi % incorporation. Ref [34] 

The averaging technique was employed to decrease the likelihood that surface 

contamination and/or morphology dominates the measurements. Also, no consistent 
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shift in the deep (3d CL) versus shallow (2p CL) sampling depth regions is observed for 

As or Ga, which would be an indicator of band bending variation across the surface. The 

remaining plots in this section show all measured points and do not employ an 

averaging technique. 

 

Figure 7.7: As 3d – Ga 3d CL binding energy difference. The As 3d and Ga 3d CLs 

move further away from each other in BE with Bi incorporation. 

The energy difference between the CLs (As 3d – Ga 3d) with alloying was 

studied to ensure that they are good reference points. We find herein that the measured 

change in the VB position with respect to the CLs is significantly larger than the 

measured CL to CL energy variation. When plotted against Bi concentration, a linear 

slope of only (9±1) meV/Bi % was determined as shown in Figure 7.6.[34] This difference 

may be due to chemical changes in the native oxide and related changes in surface 
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charge, as well as changes in the local bonding environment, i.e. charge distribution, of 

Ga and As due to Bi bonding. This measure is significantly smaller than the VB energy 

change due to Bi addition, indicating that the CL energies primarily reflect the VB 

energy position change. This observation provides confidence that the CL energies with 

respect to the VB energy are reliable reference points. 

 

Figure 7.8: FWHM of the complementary error function fit to the VB photoemission 

edge. The FHWM fitting parameter way increase with Bi incorporation.  

Another VB parameter was studied in the fitting: the FWHM of the 

complimentary error function fitting to the top of the VB. Bi addition in GaAs not only 

modifies the energy position of the CB and VB, but also increases the broadening of 

individual bands.[37] With this is in mind, we expected to see larger FWHM with Bi 

addition. The FWHM is a description of the steepness of the VB leading edge. The 
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measured FWHM plotted versus Bi incorporation is shown in Figure 7.8. A general 

increasing FWHM trend is observed between the two samples, but no linear trend is 

observed. These results are inconclusive, but warrant further examination. 

 Strained vs. Unstrained GaAsBi 

The energy shift due to strain in the film is calculated using the XRD-determined 

Bi content. Compressive strain in GaAsBi on a GaAs substrate induces VB splitting 

between the HH and LH bands which was determined to be 15 meV/Bi% by Z. Batool 

and collaborators.[14] Specific values for lattice constants, elastic constants, shear 

deformation potential, and hydrostatic deformation potential utilized in this thesis are 

from this reference.[14] Herein, we estimate the HH energy position change for strained 

(by experiment) and unstrained GaAsBi (by calculating the shift of the HH VB 

experimental data), following the calculation outlined by Batool.[14] This shift is given 

in the following equation:  

 𝐸𝐶𝐿−𝑉𝐵𝑀
𝐹𝑟𝑒𝑒−𝑆𝑡𝑎𝑛𝑑𝑖𝑛𝑔

= 𝐸𝐶𝐿−𝑉𝐵𝑀
𝑆𝑡𝑟𝑎𝑖𝑛𝑒𝑑 − 𝛿𝐸𝐻 − 𝛿𝐸𝑆  (62) 

where 𝛿𝐸𝐻 and 𝛿𝐸𝑆 are the variations in energy due to the hydrostatic and shear 

deformation, respectively. 𝐸𝐶𝐿−𝑉𝐵𝑀
𝑆𝑡𝑟𝑎𝑖𝑛𝑒𝑑 is the BE difference between the CL and the VB 

maximum energy. Using this equation, the VB is expected to shift an additional ~5 

meV/Bi% for unstrained GaAsBi in the dilute regime.[34] The data is plotted in Figure 

7.9. The free-standing, or unstrained, VB energy movement with respect to the As 3d 

and Ga 3d CLs become (48±4) meV/Bi% and (40±4) meV/Bi% for the VB movement with 
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respect to As 3d and Ga 3d CLs, respectively.[34] These values agree well with 

theoretical predictions which range from ~20 to 51 meV/Bi%.[13], [27]  

 

Figure 7.9: Calculated shift with Bi incorporation into GaAs 

 Oxide Thickness Calculation 

XPS data can also be used to calculate overlayer thickness. XPS can resolve 

oxidation states of As and Ga atoms at the interface layer by means of a chemical shift of 

the bulk Ga-As peak.[117] The oxidation states occur at a higher BE than that bulk Ga-As 

bonds due to the higher electronegativity of oxygen. Herein, we will look at using two 

CLs of the same element, particularly As 2p with As 3d and Ga 2p with Ga 3d, to 

calculate the oxide thickness. The depth resolution is achieved by the two CLs probing 

different depths of the sample depending on the escape depth of the photoelectrons at 

that energy. This can be calculated using the NIST electron effective attenuation-length 
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database.[118] Table 7.2 shows the input parameters used to calculate the IMFP in the 

overlayer calculation described later in this section.[118], [119] The kinetic energy of the 

electron determines how far that electron could travel through the material to the 

surface. The 2p CLs are shallower than the 3d CLs, as can be surmised from the 

associated kinetic energies. The photoionization asymmetry parameter, β, listed in Table 

7.2 is a correction factor the angular distribution of photoelectrons using a relativistic 

dipole approximation.[118], [120] The average electron attenuation lengths can be 

approximated for GaAs and not for the complex native oxide that forms on its surface. It 

is reasonable to assume that the difference in the composition and density between the 

oxide and bulk negligibly affect the electron attenuation length in the oxide overlayer 

herein, estimated to be a Ga2O3. 

Table 7.2: Input parameters for the NIST electron attenuation length. Database and 

the calculated Inelastic mean free path values. 

Core Level Kinetic 

Energy (eV) 

Asymmetry 

Parameter (β) 

Averaged Electron Attenuation 

Lengths (Å󠇌) 

As 2p 163.1 1.13*  4.77 

As 3d 1444.9 1.06 25.30 

Ga 2p 369.5 1.36 8.06 

Ga 3d 1468 1.02 25.64 

*Value not in the NIST Database, found in literature. Ref [84] 

The CL intensity Iox for the GaAs oxide overlayer of a thickness, t, is found by 

integrating over the escape probability:[84], [121] 

 Iox = n oxσox ∫ e
−

z
λoxdz

t

0

 (63) 
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 = n oxσoxλox[1 − e−t/λox] (64) 

where, σ is the total photoelectric cross-section, n is the elemental atomic density and 𝜆 

is the electron attenuation length. Similarly, an expression for the CL bulk intensity, Ib, 

can be expressed including the escape probability multiplied by the attenuation factor of 

the overlayer. 

 Ib = n b𝜎b cosθ e−t/λox ∫ e−ź/λbdź
∞

0

 (65) 

 = n bσbλb (66) 

Combine Equations 64 and 66 by taking the ratio of the two: 

 
Iox

Ib
=

I∞

I0
[et/λox − 1] (67) 

where, 

 I∞ = n oxσoxλox (68) 

 Io = n bσbλb (69) 

are the intensities of an infinitely thick oxide slab (Equation 68) and the intensity from a 

bare bulk substrate (Equation 69), respectively. The key for this calculation is that 

multiple CLs of the same element probe different depths of the sample, which enables 

the cancelation of the 
𝐼∞

𝐼0
 pre-factor. Deegan and Hughes, developed this technique using 

the 2p and 3d levels.[121] 

 r2p =
Iox,2p

Ib,2p
=

I∞

I0
[et/λox(2p) − 1] (70) 
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 r3d =
Iox,3d

Ib,3d
=

I∞

I0
[et/λox(3d) − 1] (71) 

 
r2p

r3d
=

et/λox(2p) − 1

et/λox(3d) − 1
 (72) 

Equation 72 can be solved for the thickness, t, using the electron attenuation 

length values from the NIST EAL Database[118], [122] and the intensities from the 

measured XPS spectra. Using the method described above the oxide overlayer was 20 Å. 

Two methods have been used to measure the oxide thickness on the GaAsBi 

modulated Ga flux sample B, XPS and SE. On average, the oxide thicknesses are ~ 30 Å 

for B sample and ~25 Å for the A sample determined by SE modeling. The higher Bi 

content sample B consistently has a thicker oxide than the lower Bi content sample A. It 

may be that the oxide thickness increases with larger Bi incorporation, but this alone is 

not a conclusive evidence. Simulation of the oxide overlayer using SE analysis is 

conducted by M. Lorsurdo, with further descriptions of the sample simulation in the 

next section. The XPS oxide thickness compared to the SE oxide thickness under predicts 

the amount of oxides for GaN also, and may be explained by estimation errors in the SE 

and XPS models.[123] 

7.4 Spectroscopic Ellipsometric Analysis of the GaAsBi 
Bandgap 

To gain insight into the total bandgap variation, SE measurements were 

conducted by Dr. Maria Losurdo. This measurement and analysis provide an 

independent method probing the effect of Bi incorporation on GaAsBi band structure. 
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SE spectra of the complex pseudodielectric function, <>=<1> + i <2>, in the spectral 

range 0.75 – 6.50 eV, where a series of interband CPs appear, include the fundamental 

bandgap, E0.[23], [61], [63] Spectra were acquired at sample spots with different Bi % as 

indicated by the XRD analysis. The SE probe spot size is 1 mm x 2 mm and therefore, 

within the XRD sampling spot, a correlation between the XRD composition and the SE 

optical bandgap can be established. The pseudodielectric spectra of GaAsBi are plotted 

in comparison to that of GaAs and shown in Figure 7.10.[34] Figure 7.10 indicating the 

modification of the CP E0 (the fundamental absorption edge located at the  point of the 

Brillouin zone), as well as of the higher interband critical E1 and E1+E1, with the 

introduction of Bi. The GaAs electronic band structure with the CPs labeled can be 

found in Figure 2.3.[34] 

 

Figure 7.10: GaAsBi pseudodielectric function. (a) Spectra of the imaginary part of the 

pseudodielectric function, <2>, for the reference GaAs (black curves) and GaAs1-xBix 

layers with composition between 1% and 2.4% (colored curves), showing the overall 

modifications of spectra due to Bi%. (b) expansion of spectra in (a) in the region 0.75-

2.8 eV to put better in evidence the changes in the E0 spectral region. Ref [114]  
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Since the GaAsBi films are the same thickness, specifically 130 nm, Figure 

7.10(a) shows the sensitivity of the pseudodielectric function to Bi% even in the dilute 

regime (Bi%<2.5%), especially in the spectral region of the fundamental gap, E0. The 

feature shown with an arrow in Figure 7.10 (b) is the GaAs absorption edge. The E2 

region in the pseudodielectric function is not utilized in the bandgap analysis because it 

is strongly affected by the thickness of the oxide overlayer.[34] E2 is the most impacted 

CP by the thickness of the oxide because the penetration depth of light depends 

inversely on the absorption, and therefore at the E2 CP the sampling depth is <10 nm. 

 

Figure 7.11: Dependence of the fundamental gap on Bi incorporation, E0, as 

determined by the ellipsometric analysis. The linear fit in this diluted Bi regime is 

shown and has a slope of (531) meV/Bi%. Ref [34] 

In Figure 7.11 the bandgap dependence on the Bi incorporation is found to be 

(531) meV/Bi%. Two approaches were used to extract the bandgap of GaAsBi from the 

SE data. One is based on optical modelling, i.e., the measured spectra were analyzed 
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using a two-layer optical model consisting of a semi-infinite GaAs-

substrate/GaAsBi/surface-oxide layer. The GaAsBi layer was parameterized using a 

combination of a Cody-Lorentz oscillator, to describe the fundamental bandgap, E0, and 

Lorentzian oscillators for the higher interband CPs, namely, E1 and E2.[114] Since the 

ellipsometric measurements were performed ex-situ, a thin (20-30 Å) surface oxide layer, 

consistent with an oxide component also observed using XPS, was included in the 

model. The GaAsBi layer thickness, the bandgap and the amplitude, energy and 

broadening of each oscillator describing the electronic transitions, were fit variables. The 

validity of this fitting approach has been demonstrated on the quaternary GaAsPBi.[124] 

An example of such a fit can be found in Figure 7.12 demonstrating the quality of the fit 

for a sample with a composition of ~3% Bi. The real (blue) and imaginary (red) parts of 

the simulated pseudodielectric function capture all of the features in the experimental 

results (black) plotted in Figure 7.12.[114] The Bi-related reduction of bandgap 

determined in this work is towards the low end of expected values presented in Table 

7.1. 
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Figure 7.12: Example experimental spectra of pseudodielectric function and fitting 

results (black) according to model of GaAsBi with 3% Bi. Ref [114]  

Interestingly, the modeling approach to SE (described above) and energy 

bandgap value is supported by a second derivative analysis of the modification of the 

interband CPs due to Bi incorporation. These can be accurately accessed by the second 

derivative spectra in the vicinity of the CPs E0, E1, E1+1, after correction of the 

pseudodielectric function for the oxide overlayer  as shown Figure 7.13. The red shift of 

E0 as well as of E1 (see Figure 7.13 (c) and (d)), in GaAsBi is best seen in the derivative 

spectra. In the derivative spectra, the spectral structure of the direct bandgap of the alloy 

layer is centered at the energy close to the lowest zero crossing of the real part of the 

pseudodielectric function.[114] The differentiated spectrum of the substrate almost 

vanishes at this range, and the difference between the bare GaAs and GaAsBi epitaxial 

films can be approximated by a first-order expansion in d/𝜆. This makes the zero-
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crossing a suitable tool for determining the (step-like) onset of absorption in the GaAsBi 

alloy films. 

 

Figure 7.13: Ellipsometric spectra in the range of E0 transition (the gap) of the real (a) 

and imaginary (b) parts of the pseudodielectric function of GaAs1-xBix (approximately 

3% Bi) (red-curve) and of a GaAs (100) epilayer used as reference (black curve). The 

dashed lines correspond to the subtraction of the overlayer effect from the GaAs1-xBix 

experimental spectra. The corresponding second derivative spectra are shown in (c) 

and (d). The E0 gap of GaAs1-xBix is better seen in (c) where the GaAs is transparent. 

Ref [114]  
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Deeper insight is gained by viewing the second derivatives of <>, in the E1 CP 

region showing a well-resolved SO doublet in Figure 7.14. A comparison with GaAs 

data is plotted, revealing something like a Moss-Burstein shift of E0. The precise 

distinction between heavy doping (traditionally defining a Moss-Burstein shift) and 

alloying is not well defined, but a red-shift is observable in the second derivative 

spectrum. This observation is nonconclusive, but intriguing. 

The strongest effect, in addition to the red-shift with increasing Bi, is the decrease 

of the strength of E1 compared to that of E1+1 (best seen in the modulus of the complex 

derivative, Figure 7.14(c)); for the sample with 2% Bi, the components are almost 

equally strong, compared to the 3:1 ratio in GaAs.[114] The origin of this behavior is 

probably the strong effect of alloying of GaAs with Bi on the VBs, extending far from Γ; 

the simplest interpretations suggest reduced effective masses or changes in the 

interband DOS. 
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Figure 7.14: Second derivative analysis of pseudodielectric function (a) the real part, 

(b) the imaginary part and of (c) the absolute value in the region of the E1 and E1+1 

critical points. In the Figure, the GaAs reference dielectric function labeled as Aspnes. 

Ref [63], [114]  
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7.5 Conclusions 

A parameterized model analysis was applied to the pseudodielectric spectra to 

determine the fundamental bandgap, E0, as a function of Bi%. The SE data resulted in an 

E0 shift of (531) meV/Bi% when Bi incorporation is < 3%.[34] Comparing this direct 

measurement of the bandgap to the XPS-data derived energy change of the VB 

maximum confirms that the addition of Bi to GaAs primarily impacts the VB energy, 

with 39 meV/Bi% change in the VB energy. Comparing the data, we can determine an 

approximate change in the CB energy of 13 meV/Bi%.[34] These experimentally-derived 

slopes fall between the bounds set by the VBAC model with the VCA.[27] Furthermore, 

this work suggests that within the dilute regime most of the bandgap energy change, 

approximately 75%, occurs in the VB. To the best of our knowledge, this work represents 

the first direct measurement of the VB energy change in dilute (0 < x < 0.025) GaAs1-

xBix.[34] 
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8 Impact of Vicinal GaAs substrates on Nanostructures 

8.1 Motivation 

Nanowires (NWs) are becoming an increasingly important participant in next 

generation electronic and optical devices, providing the unique opportunity to employ 

their bottom-up self-assembly to create novel semiconductor nanostructures. [65], [125] 

NWs boast excellent material quality thanks to their ease of fabrication utilizing the 

Vapor-Liquid-Solid (VLS) growth mode.[126], [127] In comparison to vertical NWs, 

planar NWs have the added attraction of being compatible with traditional planar 

processing.[126], [128] The VLS growth mode utilizes a metallic droplet catalyst; in the 

III-V system this is most often Au. Au has proven to be an effective droplet in the III-V 

system, yielding a large body of work utilizing Au droplet pre-deposition as a seed, or 

template layer, for the VLS growth of both planar and vertical NWs.[126], [128]–[131] 

However, Au is known to be a contaminant in III-V VLS-grown NWs.[132], [133] Hence, 

the use of droplet-free or self-catalyzing VLS NW growth is of increasing interest.[134], 

[135] III-V NWs most commonly grow perpendicular on (111)B oriented substrates due 

to their low surface energy.[136], [137] For lateral NWs, the preference is to grow along 

the surface projections of the <111>B crystallographic direction.[126] The growth 

direction is fixed by the low surface energy of the (111)B plane, however, NWs grow in 

the + and – <111>B direction with relatively equal probabilities.[126], [136], [138] 

Unidirectional lateral NWs have only been realized by limiting the surface projections of 
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the <111>B direction.[139] Additionally, Ga droplet self-propulsion was observed to be 

unidirectional by inherent wafer morphology via the miscut angle.[140] Despite the 

large body of work on NW synthesis, the preferential steering of lateral NWs remains 

relatively unexplored. 

The presence of Bi impacted the growth dynamics governing GaAs NW 

synthesis in many interesting ways. Bi played a crucial role in varying the 

surface energies, the incorporation rate and the migration length of Ga. In the 

current study, we demonstrate unidirectional lateral Ga-catalyzed NW growth 

which is self-forming during Ga-rich GaAsBi epitaxy on GaAs. The NWs are 

embedded in the epitaxial film due to the concurrent <100> growth of the GaAsBi 

film, and the surface Ga droplet forms lateral NWs. As a result of the concurrent 

growth and preferential VLS growth of GaAs at the liquid droplet-solid interface, 

the embedded NWs appear to be GaAs, i.e. Bi incorporation is excluded in the 

NW.[141] Thus far, only Steele et al. and Wood et al. have published on 

embedded NWs.[141], [142] The realization of unidirectional NWs is important 

for device applications and we identify step flow growth enhanced by the use of 

a miscut substrate and the surfactant-like behavior of Bi as key driving forces 

controlling NW growth directionality during epitaxy. Step density and direction 

can be controlled through the substrate miscut prior to growth. However, the 
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step morphology may be modified during growth by growth conditions, the 

addition of impurities and surfactants which modify adatom migration and 

preferential incorporation sites and incorporation rates.[143]–[148] Limited 

steering of NWs has been achieved utilizing substrate orientation, pre-growth 

annealing conditions, polarity or chemical composition of the NW,[129], [139], 

[149], [150] but the full parameter space that controls their movement is not well 

characterized. 

Vicinal surfaces enhance step flow growth by significantly reducing the 

distance a Ga adatom must diffuse before incorporating into a step, driving the 

balance between step incorporation versus island nucleation towards that of step 

incorporation.[151], [152] Incorporation and morphology evolutions are 

significantly modified by the anisotropies introduced by the different reactivity of 

the A-steps and B-steps, particularly the anisotropic diffusion of Ga. [152] LT GaAs 

growth literature tells us to expect the B-step to grow faster than the A-step.[143], 

[153], [154] Surfactants, however, significantly impact growth dynamics including 

direction-dependent adatom diffusion. Wixom et al. found that Bi as a surfactant in the 

GaAs system enhances the lateral growth rate in the [110] by almost 300% and had 

negligible effects on the [1-10] lateral growth rate.[73] The low growth temperatures and 

step edge kinetics move the system away from equilibrium, while the misorientation 
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increases the large number of reaction sites driving the system towards equilibrium. 

Hence, the interplay between temperature, flux, surfactants and step density provide a 

unique platform for controlling self-assembling NWs. 

8.2 Vapor-Liquid-Solid growth of III-V Nanowires 

The VLS growth mode was first proposed by R.S. Wagner and W. C. Ellis, where 

they use it to explain the observation of a small particle on top of whisker growth in 

1964.[155] They suggest the particles seed the 1D growth creating preferential nucleation 

sites for whisker growth. One main advantage of this growth mode is its self-assembling 

nature. NWs are candidates to be the cornerstone for next-generation devices because 

they yield physical properties that exploit the quantum confinement and large surface 

area. The physical confinement also allows for compositional heterostructure growth 

within the VLS growth mode and generates another parameter to vary the bandgap 

using the NW radius. Bandgap modulation of Si structures as a function of size was 

studied by B. Delley and E. F. Steigmeier.[156] They found that additional physical 

confinement increased the bandgap energy in Si structures.[156] Utilizing the physical 

confinement to tune the bandgap energy has many exciting applications in future 

optoelectronics. 

VLS growth is most simply described as a 1D crystal growth mechanism with a 

liquid metal catalyst. The growth mode can be broken down into five steps. First, a 

metal catalyst forms liquid droplets on the surface; this is often pre-deposited and can be 
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patterned. In the second step, the catalyst absorbs the flux incident on the surface until it 

reaches a supersaturation point. In the third step, the catalyst becomes supersaturated. 

Supersaturation is the state of the droplet when the concentration of an element is higher 

than the thermodynamically allowed equilibrium concentration. Next, this 

supersaturation drives the precipitation of a solid at the liquid-solid interface to achieve 

a minimized free energy of the system. Finally, this growth mode continues until the 

supersaturation no longer persists. 

 

Figure 8.1: VLS NW growth schematic using droplet catalyst (example Ga). a) Ga is 

pre-deposited on a surface as a seed particle, b) with incident As and Ga, the As 

adsorbs onto the vapor-liquid boundary, and then diffuses into the droplet, c) when 

the droplet reaches supersaturation, solid forms at the liquid-solid interface 

generating NW growth. Ref [65]  

It is quickly obvious that the catalyst plays a large role related to determining the 

position, size and growth direction of the NW. There are a few general guidelines that 

must be followed for a metal to be a good catalyst candidate:[157] 

1. The metal must be a liquid at the growth temperature while the substrate is a 

solid. 

2. The vapor pressure of the liquid must be larger than the pressure of the solid 

to prevent evaporation during the growth. 
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3. The catalyst cannot form any intermediate solid states. 

With those requirements in mind, there are two main catalyst options for III-V NW 

growth: using an inert catalyst (non-incorporating) or a self-catalyst (incorporating). The 

most well studied inert catalyst is Au and many studies proving its efficacy.[126], [128]–

[131] However, it is known that in many growth systems using Au as the catalyst small 

amounts of Au incorporate into the NW generating impurity states in the bandgap.[132], 

[133] Using an inert catalyst makes keeping the seed material at a constant volume 

(yielding more uniform diameters) much easier than when the catalyst is also being 

consumed by the growth. Au is still the most studied catalyst material, but self-catalytic 

VLS growth has been gaining traction. Ga and In are the most commonly used seed 

materials for self-catalytic growth of III-V materials. There is a delicate interplay to 

manage considering that the seed material is being consumed and must be replenished 

throughout the growth to ensure uniform NWs. 

 

Figure 8.2: Examples of vertical, kinked and lateral NWs. Ref [158]  
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Typically, NWs are vertical, kinked or lateral in geometry, these orientations are 

pictured in Figure 8.2. Modeling the facet growth of a NW breaks down into three main 

elements: 1) facet dynamics , 2) droplet statics and 3) introduction of new facets.[158] 

The facet dynamics include the motion of a facet, considering both its growth and 

dissolution. The facet velocity, 𝑣𝑖, can be approximated by the following expression: 

 vi = αi(μ1 − μi) (73) 

where 𝛼𝑖 is a rate constant that is dependent on the facet; 𝜇1 is the chemical potential of 

the material in liquid form that feeds the NW; and 𝜇𝑖 is the chemical potential of the 

growing facet. Droplet statics govern the capillary forces which constrain the droplet 

position and shape. This plays an important role when droplets pin or depin from a 

facet edge. Simulations suggest that lateral nanowire growth occurs under some growth 

conditions due to the high energy cost of introducing new facets, therefore leading to a 

crawling motion rather than vertical growth.[158] 

8.3 Sample Descriptions 

The samples in this study were synthesized by a Riber 2300 MBE system 

employing a stationary substrate orientation. For the three GaAsBi samples, a 500 nm 

GaAs buffer is first grown on the substrate at 580°C, followed by 0.4 monolayers of Bi 

pre-deposition. After this step, 250 nm of GaAsBi are grown at 320°C. For the GaAs 

samples, the same buffer layer is grown, and then the temperature is reduced to 320°C 

for the growth of the subsequent 250 nm GaAs layer. The stationary growth condition 
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enables the III/V flux ratio to smoothly vary across the sample. For the GaAs samples 

studied here, both the epitaxial film and the embedded NW are GaAs, but we still see a 

raised trail because the VLS growth is faster than the concurrent lateral epitaxial film 

growth. The droplets in this experiment are not pre-deposited, but rather form due to 

excess Ga on the surface, and then self-catalyze the VLS growth of NWs. Herein, the 

droplets will be referred to as Ga droplets but the authors recognize that the droplets in 

the GaAsBi samples have Bi inclusions. 

At the LT required for GaAsBi growth, we expect GaAs growth to occur in a 

three-dimensional growth mode.[159] There are two behaviors that may modify this that 

are at play in our samples: (1) the reentrant behavior of mound formation with 

increasing As2 flux and (2) the impact of Bi which acts as a surfactant and incorporates 

into the alloy.[154], [160], [161] We introduce in these experiments an additional factor 

modifying the growth mode, which is the use of misoriented substrates to increase the 

linear step density in either the [110] or [1-10] direction. Herein, steps due to the miscut 

from (001) to the [110] direction (Ga terminated, (111)A face) will be called A-steps and 

steps due to the miscut from the (001) to the [1-10] direction (As terminated, (111)B face) 

will be called B-steps. Under these conditions all step-related mechanisms are increased 

and their differences amplified. 
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Table 8.1: Summary of the samples and the associated differently oriented NWs. 

Sample 

Name 

Miscut 

Direction and 

Offcut Angle 

Bi NW 

Direction 

Uni- or Bi 

Directional 

Undulation 

Direction 

(Ga-rich) 

Undulation 

Amplitude 

(nm) 

GaAs None N [1-10] Bi B 1 

GaAs 

A-Step 

(111)A, 3° N [1-10] Bi B 2.4 

GaAs 

B-Step 

(111)B, 3° N [1-10] Uni* B 2.0 

GaAsBi None Y [1-10] Bi B 8.1 

GaAsBi 

A-Step 

(111)A, 3° Y [110] Uni B 1.7 

GaAsBi 

B-Step 

(111)B, 3° Y [1-10] Uni - - 

* Indicates that the sample was mostly unidirectional, but ~ 8% of NWs growth is in the 

opposite direction. 

 

This study varies two parameters discreetly: the presence of Bi and the substrate 

miscut direction. Table 8.1 outlines the six distinct growth conditions for the six samples. 

The top three rows are GaAs and the last three rows are GaAsBi samples. GaAs and 

GaAsBi were each grown on GaAs substrates with three different surfaces: (001), (001) 

vicinal misoriented toward the (111)A by 3°, and (001) vicinal misoriented toward the 

(111)B by 3°. A 3° miscut yields an approximate terrace length of 5.4 nm, assuming a 

surface atomic bilayer. The first column in Table 8.1 outlines the descriptive names of 

the samples. The NW direction column describes along which plane the NWs are 

aligned. Further outlined is whether the NWs are unidirectional or bidirectional. We 

also note that undulations only formed on the Ga-rich side of the samples. These 
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undulations are all along the [111]B direction, except for the GaAsBi B-Step sample. The 

GaAsBi B-Step sample had no discernable undulations and this is consistent with 

literature on LT GaAs growth.[151] The last column is the amplitude of the surface 

undulations due to the limited diffusion of Ga on the surface resulting in step bunching 

and therefore surface mounds stretching long in the [1-10] direction. The undulations in 

the GaAsBi (singular) sample have the largest amplitude, which may be a result of 

strongly enhanced anisotropies between the Ga diffusion length in the [110] and [1-10] 

directions. 

8.4 Electron Microscopy Analysis of Embedded NW of GaAsBi 
growth on a Vicinal Surface 

A study by scanning tunneling electron microscopy analysis was conducted on 

the GaAsBi A-step sample. This study was in collaboration with the Materials Research 

Science and Engineering Center (MRSEC) at the University of Wisconsin-Madison. The 

motivation behind this investigation is to better understand the trailing structure behind 

the Ga-droplets found on all the samples in the Ga-rich regime. Electron microscopy 

analysis sheds light on the lattice coordination and composition of the embedded NWs. 

These features are clearly observable in the height and phase profiles by AFM, Figure 

8.3. A more in-depth analysis of the AFM data can be found in Section 8.5. 
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Figure 8.3: AFM image of the GaAsBi A-Step sample in the Ga-Rich regime (a) height 

and (b) phase. Note, that any dark horizontal streaks are due to the tip motion over a 

droplet, not real features.  

The TEM sample was taken from a position on the sample where the XRD 

analysis found x=0.0256 for the bulk GaAs1-xBix. The Ga-rich droplets are ~500 nm in 

diameter with a concentration of 1.7E1017 mm-2. At this location on the sample the trails 

measure ~4 μm long. All droplet motion, as indicated by the trails, is in the [110] 

direction. 

To understand these embedded structures and what composition variations 

occurs within the films, we used high-angle dark field imaging in STEM. Figure 8.4 

shows the preliminary SEM images of the surface where the TEM cross-sectional sample 

was extracted. The black dotted line indicates where one of the cross-sectional TEM 

samples was extracted; within this boundary are multiple trails and droplets. This cross-

section will provide a longitudinal perspective of the droplet. Figure 8.5 shows the cross-

sectional TEM extracted from selection in Figure 8.4. The small white debris and the 
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black circles are silica and organics which are remnants of the H-bar preparation. Figure 

8.5 reveals the embedded GaAs NW in the GaAsBi film terminated by a Ga-rich droplet 

with Bi inclusions. The NW spans the entire GaAsBi layer, from the substrate to the 

surface, and traverses at a shallow angle of approximately 4°. Considering that the NW 

is GaAs, and not GaAsBi, and that the droplet seems to have two phases in it, a Ga-rich 

and a Bi-rich phase, we believe that the droplet is gettering the Bi as it moves on the 

surface, and precipitating out the energetically preferred alloy GaAs. Both the film and 

NW are in a ZB crystallographic coordination. 

 

Figure 8.4: Secondary electron SEM of GaAsBi A-Step sample with the dashed lines 

indicating the location from which the TEM specimen was taken. Image by Dr. Adam 

Wood. Ref [141]  
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Figure 8.5: STEM image of embedded NW/droplet with illustration of key features. 

TEM by Dr. Adam Wood. Ref [141]  

Interestingly, the embedded NW growth yielded many different types of 

interfaces depicted in Figure 8.5. The bright line that runs horizontally across the image, 

marked by two black arrows is the interface between the substrate and GaAsBi film. It is 

brighter in the image due to the increased Bi incorporation accumulation during the Bi 

pre-deposition. It is interesting to note that this region of increased Bi incorporation does 

not continue through the origin of the NW at the substrate.[141] This indicates that the 

growth mechanism of the NW changes the fate of the pre-deposited Bi. The Bi is likely 

gettered by the droplet, possibly even before the GaAsBi film growth begins. The top 

and bottom interfaces with the NW and the film are very different. The top interface is 

compositionally sharp.[141] We speculate that due to the accelerated growth rate by VLS 

(as compared to epitaxy) the top interface grew uninterrupted by the epitaxial growth; 

followed by the epitaxial overgrowth of the exposed NW surface. On the other hand, the 



 

159 

bottom interface between the film and the NW is characterized as uneven and the 

compositional profile was graded.[141] This may reflect some of the droplet etching into 

a location or indicate that the growth at the droplet solid-liquid interface may vary with 

different surface energies depending on the relative amounts of Ga, As and Bi in a 

droplet. 

 

Figure 8.6: SEM and TEM of droplet cross-section.  (a) Secondary electron SEM image 

of GaAsBi A-Step surface with rectangle delineating where the TEM specimens are 

taken. TEM cross-sectional images of (b) the NW at the buffer layer interface, (c) the 

lenticular nanowire embedded in the GaAsBi film. (d) the Ga-Bi droplet. SEM and 

TEM by Dr. A Wood. Ref [141]  

The second cross-sectional TEM sample horizontally transects the NW and 

droplet. Figure 8.6 (a) shows the SEM image of the surface, with the rectangular dotted 

line outlining where the cross-sectional images were extracted. Figure 8.6 (b)-(d) are 
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cross-sectional views from the base of the NW (b), mid NW (c) and mid droplet (d). 

Looking at the cross-section of the droplet trails, we noticed macroscopic non-uniformity 

in the Bi concentration consistent with CuPt-type ordering of the As and Bi atoms along 

the {111}B planes.[141] The droplet cross-section in Figure 8.6 once again shows a Bi-rich 

phase within the Ga-rich droplet. At the growth temperature, Bi is completely soluble in 

Ga, and so this phase segregation forms upon sample cooling. 

 

Figure 8.7: STEM image of droplet cross-section with the XEDS elemental maps for 

Ga, Bi and As. Image by Dr. Adam Wood. Ref [141]  

Figure 8.7 takes a closer look at the droplet cross-section. XEDS distinguishes the 

elements within the image: Ga, As and Bi. Ga is diffuse throughout the entire droplet, 

with a slight visible decrease in the left-hand side of the image, where we see a Bi-rich 

phase. The As is mostly detected in the film and toward the bottom of the droplet. This 

is likely a result of cooling the Ga-Bi liquid droplet into a solid, where the droplet 

continues to grow in the VLS mode until it runs outs of As available in the liquid 

droplet. 
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8.5 Atomic Force Microscopy Analysis of NW Raised Trails 

 

Figure 8.8: 3D AFM rendering of lateral GaAs NWs on vicinal substrates with 

concurrent GaAs or GaAsBi epitaxial growth.  

To study the direction, size, shape and density of the NW we used a Digital 

Instruments Dimension 3100 AFM with Nanoscope Analysis software. AFM analysis 

does not measure the buried NW directly, but rather the raised trail of film in the wake 

of the moving Ga droplet. These trails can be clearly observed for the four vicinal 

samples in Figure 8.8. The extruded section observed by AFM is a product of the 

increased growth rate of NWs embedded within the epitaxially growing film. Both TEM 

and AFM measurements indicate that the trail length is ~4 μm for droplets nucleating 

spatially at the position wherein the III/V flux ratio is ~1-1.4 for the GaAsBi A-Step 

sample. This indicates that the AFM measurements, despite sensing only surface 

characteristics, are sensitive to the entire embedded NW. 
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This experiment studies two simultaneous processes that have been previously 

studied independently: first, the formation of Ga droplets during epitaxy due to excess 

Ga on the surface determined by the III/V flux ratio, the behavior of Bi as a surfactant, 

and the introduction of controlled step density and direction, and second, Ga-catalyzed 

VLS NW growth. The formation of Ga droplets is determined by excess Ga on the 

surface with respect to the Group V constituents, in this case As and Bi, during epitaxy. 

The excess Ga spatially varies across the sample in relation to the flux distributions. In 

addition, two factors modify surface dynamics and, therefore, the incorporation rate of 

Ga and growth of GaAsBi. Under these growth conditions Bi both incorporates into the 

film and segregates at the surface; the III/V flux ratio modifies the ratio of incorporated 

to segregated Bi which, in turn, modifies the Ga incorporation rate. Furthermore, the use 

of vicinal substrates modifies the Ga incorporation rate due to the different chemistry 

and binding of Ga to A- and B-steps. The embedded lateral NW is particularly 

interesting and has only recently been observed as a consequence of studies exploring 

the incorporation of Bi into GaAs which necessitates Ga-rich growth conditions. 
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Figure 8.9: Embedded NW growth illustration in vicinal GaAsBi samples. (a)-(c) 

Excess Ga builds on the surface during film growth, coalescing into a droplet that 

adsorbs As and eventually supersaturates. When supersaturation is achieved, NW 

formation begins and propagates the droplet motion. The VLS NW growth is faster 

than the film, leaving a trail on the surface raised above the embedded NW. (d) A 

cross-sectional perspective from the dotted line in (c). (e) AFM images from GaAsBi 

A-Step sample as the III/V flux ratio is varied spatially across the substrate surface.  

This experiment will shed light on the role that Bi plays in altering the GaAs 

surface and in varying the Ga migration length and the lateral NWs that precipitate 

driving the movement of the droplets. Figure 8.9(a-d) is a schematic of the lateral 

embedded NW growth mechanism sketched with the blue trail attached to the droplet 

above the epitaxial film, representing the trail which can be measured using AFM. The 

bottom row, Figure 8.9(e), shows AFM images of the GaAsBi A-Step sample as a 

function of increasing III/V flux ratio. In the As-rich regime, undulations on the surface 

are observed with anisotropic Ga diffusion lengths and step-bunching, and in the Ga-

rich regime droplets form which increase in density with increasing III/V flux ratio. 
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What distinguishes these NWs from most other NW studies is that <100> film growth is 

occurring simultaneously with lateral NW VLS growth. 

 Droplet Movement Direction 

Self-catalyzing droplets require a dynamic balance between the consumption and 

accumulation of the Group III species.[134] Self-catalyzed growth depends critically on 

temperature and III/V flux ratio. Generally, III-V NWs grow in the (111)B direction, or in 

the lateral case along the <111>B vector projection onto the substrate surface.[126] 

Epitaxial growth of NWs via VLS growth on GaAs(100) substrates are known to have 

out-of-plane growth in the <111>B direction, with equal probability of growth in either 

of the two <111>B directions.[126], [136], [139] This implies that for lateral growth on a 

(100) substrate, there is equal probability of growth in the [0 -1 1] or [0 1 -1] direction, 

yielding bidirectional, but aligned NWs. The <111>B growth direction minimizes the 

surface energy at the liquid-solid interface where nucleation occurs.[162], [163] 

However, depending on the droplet and substrate, lateral NWs moving in the <111>B 

and the <111>A direction have been observed.[128], [129], [138], [141], [142], [164] 

Reports with In, Au and Bi droplets report lateral NW growth via VLS with growth in 

the <111>B direction regularly explained using the low surface energy of the plane 

guiding the growth direction.[128], [138], [142], [164] Alternatively, observed NW 

growth in the <111>A direction with Au droplets is argued as a maximization of contact 

with the low surface energy plane.[129], [150], [165] This literature suggests that with 
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careful architecture of the relative surface energies at the droplet-solid interface, there is 

great potential in preferentially steering NWs along desired crystallographic directions. 

 

Figure 8.10: Calculated energies for GaAs(111) surfaces. Adapted from Ref [166].  

The GaAs, GaAs A-Step and GaAsBi demonstrated bidirectional growth in these 

two directions. As stated in Table 8.1, and observable in Figure 8.8, all droplets moved in 

the <111>B direction except the GaAsBi A-Step. This preference of growth in the <111>B 

direction is well-established and explained by the low surface energy (lower than 

<111>A).[166] The various surface energy values for GaAs can be found in Figure 8.10. 

Comparing the surface energies for these surfaces with adatoms, it is evident that the 

(111)B surface energy is lower than the (111)A surface energy, independent of III/V flux 

ratio. 

Vicinal surfaces and employing surfactant mediated growth enhance the step 

density and their lateral growth rate, which in our case control the NW growth due to 
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their embedded nature. Kawabe et al. found the [1-10] lateral growth to be faster than the 

[110] lateral growth in MBE grown GaAs, and attributed the rate variations to different 

Ga adatom diffusions at the respective steps.[153] Bi is known to act as a surfactant in 

the GaAs system, segregating to the surface and reducing the surface free energies, 

affecting the thermodynamics and the kinetic properties.[167] Wixom et al. found that Bi 

as a surfactant increased the [110] growth rate (nearly 300%), leaving the [1-10] growth 

rate unchanged.[73] However, with increasing Bi flux, the [110] lateral growth rate 

decreased. This effect was attributed to a decreasing Ga sticking coefficient as Bi 

accumulated on the surface. 
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Figure 8.11: The density, shape and size of the nanowire in the four vicinal samples at 

the position where the III/V flux ratio is ~1.11. GaAs samples (a) and (b) show 2x2 μm 

and 5x5 μm images and the GaAsBi samples (c) and (d) show 5x5 μm and 15x15 μm 

images. The last two columns schematically outline the aerial and cross-sectional 

perspectives of an individual nanowire labeled with the average value of the 

indicated measurements. 

Looking first at the GaAs growth on GaAs (100), we observe droplets 

terminating triangular-shaped trails aligned in the ±[1-10] direction. Achieving 

unidirectional versus bidirectional motion is dependent on the direction of the miscut. 

Figure 8.11 shows AFM images of droplets and the extruded NW trails formed on the 

surface. Looking first at GaAs growth on vicinal substrates (Figure 8.11(a-b)), we see that 
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the droplets terminate triangular-shaped trails aligned in the ± [1-10] direction. Vicinal 

surfaces enhance the step flow growth mode by increasing the step density with the 

direction of the miscut, however the LT growth used to enable the GaAsBi growth may 

inhibit the effect. The modification of Ga dynamics and migration length due to the 

different chemistry and incorporation rates of Ga at the different steps is not enough to 

overcome the lowest energy facet as the growth direction, yielding all NWs motion in 

the [111]B direction despite different misorientation of the wafers. Lower temperature 

decreases the interface energy difference between the (111)A and (111)B facets. 

However, without a surfactant the GaAs samples follow the lower of the two 

options.[168] When the surface energy (independent of enhanced step flow) is driving 

the NW growth, there is equal probability of movement in the + or – [111]B 

direction.[126]  

GaAs B-step, however, exhibits mostly unidirectional NW growth. This sample is 

experiencing increased step flow in the lowest surface energy direction. In this case, the 

step flow growth impacts the direction of movement. These step flow propelled droplets 

move in a unidirectional manner aligned with the low surface energy direction. This 

implies that the step flow growth veloicty is enhanced by adding B-steps and drives the 

direction of the motion. On this sample, we did observe a little bidirectional movement. 

An average of 8% of droplets moved in the opposite direction independent of III/V ratio. 

We believe that these droplets formed in areas that are not dominated by step flow 
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growth due to surface domains and therefore are being driven by the surface energy 

with equal opportunity of motion in either direction. The anisotropy in this behavior is 

consistent with Ga migration being anisotropic and enhanced in the (111)B direction. 

The anisotropy is attributed to the different incorporation rates at the two steps. 

With the addition of Bi during growth, we observe larger and fewer droplets 

than their GaAs counterparts. The GaAsBi vicinal samples are imaged in Figure 8.11(c-

d). The addition of Bi during GaAs growth decreases the density and increases the size 

of Ga droplets, consistent with an increased Ga diffusion length. Both of the GaAsBi 

miscut samples achieved unidirectional movement. Bi acts as a surfactant on both the 

[111]A and [111]B misoriented surfaces, enhancing the step flow velocity in both 

directions. Therefore, we conclude that the smaller difference in (111)A and (111)B 

interface energy at lower temperature, plus the enhancement of step flow growth 

velocity with the addition of Bi is significant enough to drive NW growth in a controlled 

fashion in both <111>A and <111>B directions. We speculate that the addition of Bi, also 

modifies the interfacial energies. Bi is not only on the surface as a segregant/surfactant, 

but also in the droplet,[141] resulting in variations to both the surface energies and the 

chemical potential of the droplet. Further investigation is needed to elucidate the impact 

of Bi in the droplet versus the impact of the Bi on the surface. 
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 Droplet NW Characteristics  

Schematic diagrams of the trail shapes are shown in the last column of Figure 

8.11, demonstrating clear faceting above the film surface from the lenticular NW 

growing beneath the surface[141] (schematic in Figure 8.9(d)). Cross-sectional data on 

the GaAsBi A-Step and B-Step samples are taken approximately ~3 μm from the trail 

end (~2/3 of the way up the NW). This location was chosen because it is far enough away 

from the droplet to isolate the measurement from any post-growth effects (Section 8.6) 

from the droplet, but far enough into the trail that the trail was well-developed and 

relatively large. For the GaAs samples, the measurement was taken at the approximate 

center of the trails, due to the limited length of the trails. The cross-section 

measurements later in this section highlight the different step character and its role in 

defining the NW shape. These differences arise from the anisotropic lateral growth rates 

in GaAs and are attributed to a combination of different sticking coefficients at the [-110] 

and [110] steps along with the asymmetry for the different surface reconstructions 

varying the diffusions coefficients.[73] 

Analysis of the amount of excess Ga on the surface and how it is modified by the 

addition of steps and Bi is useful toward developing an understanding of the 

incorporation of Bi in GaAs. The density of Ga droplets as a function of III/V flux ratio, is 

shown in Figure 8.12. GaAsBi growth introduces delayed onset of Ga droplet formation 

in comparison to GaAs (delayed to a III/V flux ratio >1), which is evidence of surfactant-
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like effects on Ga incorporation from Bi segregation. An enhanced increased step 

velocity more readily incorporated the surface Ga adatoms, delaying excess Ga buildup 

on the surface. Many studies have shown that Bi does not incorporate into the system 

until Ga-rich conditions (III/V flux ratio >1) are achieved. In the As-rich regime Bi is 

segregated to the surface acting as a surfactant (lowering surface free energy). The 

miscut GaAs samples developed droplets as early as a III/V flux ratio of ~0.8, whereas 

for the GaAs singular sample onset of droplet formation occurred at a flux ratio of ~0.9. 

All of the samples with Bi, experienced a delayed droplet onset into the Ga-rich regime, 

where the III/V flux ratio was ~1.04. 

 

Figure 8.12: Droplet density as a function of III/V flux ratio. Note that the y-axis is 

broken such that the GaAs and GaAsBi samples can be shown on the same plot. AFM 

images of the singular GaAs and GaAsBi are also shown for two chosen points on the 

plot. Density measurements for the GaAs samples are from 5x5 μm images. Density 

measurements for the GaAsBi samples are from 15x15 μm images.  
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In addition to the delayed onset, Figure 8.12 also shows that samples with Bi 

experienced decreased droplet density as compared to the GaAs samples. GaAs surfaces 

have a Ga droplet density roughly 13 times that of the GaAsBi surfaces. The average 

GaAs droplet density is 2.2 droplets/μm2 and the maximum density of droplets on the 

GaAsBi surface is 0.17 droplets/μm2. The density of droplets is indicative of the Ga 

diffusion length on the surface, and Bi is known to increase the Ga diffusion rate on 

GaAs when acting as a surfactant.[73] Therefore, the longer distances between droplets 

on the surface is associated with longer surface Ga migration lengths, and a decreasing 

number of droplet nucleation sites. All samples experience an increase in droplet density 

with increasing Ga/As flux ratio (with the exception of GaAs A-Step sample in the As-

rich regime, which will be addressed later in this section) which is consistent with the 

increase in the Ga flux across the sample. Controlling the droplet density has interesting 

applications for enhancing control of nucleation site populations. 

Both the GaAsBi and GaAsBi A-Step see a steady increase in droplet density with 

increasing III/V ratio. The GaAsBi B-Step surface sees a plateau in the density profile 

around a 1.15 flux ratio which may be due to saturation of the Bi incorporation into the 

film, leaving more Bi accumulating at the surface. GaAsBi B-Step sample incorporates 

the least amount of Bi into the film (2.0%, 2.2% and 2.4% for GaAsBi B-Step, singular, 

and A-Step, respectively), [98] inferring that it has the most Bi available to act as a 

surfactant. A decrease in the Ga diffusion rate along with decreasing excess Bi explains 
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the increase in the droplet density in Figure 8.12. The reduction in surfactant impacts on 

the growth dynamics; as Bi incorporation into the film increases, there is an increase in 

the relative droplet densities. Overall, we infer that the introduction of Bi on the surface, 

significantly and differentially, for A- and B-steps, changes the incorporation rate of Ga. 

The GaAs A-Step droplet density in Figure 8.12 does not act like the other 

samples in the As-rich regime. There is a much higher density of droplets in the As-rich 

regime for the GaAs A-step sample, which decreases with increasing III/V flux ratio. The 

droplet density settles into agreement with the other samples around stoichiometry. To 

explain this, we must consider that the B-step surface incorporates Ga more efficiently 

than the A-step surface.[148] The droplets in the As-rich regime of the GaAs A-Step 

sample formed along the well-defined mounds in the [111]B direction. These mounds 

arise due to the limited mobility of Ga-adatoms down steps (Erlich-Schwoebel 

instability), and therefore we are building up small but high density Ga droplets 

attributed to the very limited Ga diffusion lengths as compared to the other GaAs 

samples. In the Ga-rich regime, for the GaAs A-step sample, the migration lengths 

become comparable to that of the other GaAs samples, indicating that the step crossing 

anisontopy that was limiting diffusion becomes insignificant. 

The AFM images for the two singular samples (GaAs and GaAsBi) are found in 

Figure 8.12. The GaAs sample is shown on top with droplets and NWs similar in size 

and density to the GaAs miscut samples. In the GaAsBi image (bottom image) we see 
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the increase in size and decrease in density of the NWs compared to the GaAs system, as 

observed in the vicinal samples. However, we see bidirectional droplet motion in the 

<111>B direction that is not well aligned and exhibits stick-slip behavior. These trails 

were not raised implying that NWs may not have formed and that we are simply 

observing droplet dynamics during growth. Furthermore, the GaAsBi sample has a 

larger undulation amplitude (8.1 nm, compare to 1.7 nm undulation height on the 

GaAsBi A-Step sample) than the other five samples (all values in Table 8.1) and 

exhibited more disorganized droplet movement. The added roughness-related force 

may have influenced the droplet motion during growth or hindered the VLS growth 

mode. For this reason, the singular GaAsBi sample yields limited comparable data. 

However, it is valuable for clarifying the role of a step flow enhanced (vicinal) sample 

versus the effects of singular film growth. 
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Figure 8.13: The total droplet volume versus III/V flux ratio. Total droplet volume is 

defined by the volume of droplet measured above the plane of the film surface per a 

5x5 μm image. Data extracted using a bearing depth analysis tool in Nanoscope 

Analysis software. 

As a means of quantifying the NW and Ga volume, we utilized a bearing depth 

analysis tool in the Nanoscope analysis software. Figure 8.13 shows the total excess Ga 

approximated by the Ga droplet volume. The Ga droplet volume is approximated by a 

plane defined by the top of the raised NW trails. This approximation consistently will 

underestimate the total droplet volume, as it does not include any of the droplet etched 

into the film surface or the disc-like cross-section of height equal to the NW height. It is 

also important to recognize that not all of the droplet is Ga; we expect there to be Bi 

inclusions in the droplets (observed by TEM). GaAs samples experience a steady 
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increase in excess Ga with increasing Ga flux, and may plateau around 1.10 III/V flux 

ratio. This trend is consistent with the earlier discussion of droplet III/V flux ratio onset 

points, where the addition of Bi decreases the excess Ga by increasing the incorporation 

rate of Ga. The GaAsBi singular and GaAsBi A-Step experience a steady increase in 

excess Ga with increasing III/V flux ratio. The GaAsBi B-Step sample at first tracks with 

the other Bi samples, but then there is a deviation at a III/V flux ratio of ~ 1.1, where the 

excess Ga decreases. These observations are consistent with Bi acting as a surfactant, and 

track with the droplet density variations observed in the GaAsBi sample in Figure 8.12. 

 

Figure 8.14: The total and average individual NW trail volume versus III/V flux ratio. 

Volume defined by the volume of nanowire measured above the plane of the film 

surface per a 5x5 μm image. Data extracted using a bearing depth analysis tool in 

Nanoscope Analysis software. 

The NW trail is a measure of the additional volume of growth due to the NW 

VLS growth as compared to the film around it, larger NW volumes in the film correlate 

with larger displaced volume in the trials. This increased NW trail The NW trail total 

volume and the average individual NW trail volume (total NW volume/density of 

droplets) is plotted in Figure 8.14. The GaAsBi A-Step and B-Step has significantly larger 
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NWs than the GaAs samples (~20-50x larger), with GaAsBi B-Step being the largest 

overall. The GaAsBi B-Step NW volume is at a maximum near the III/V flux ratio of 

~1.05. NWs on the GaAs samples remained relatively constant in volume, with some 

small variations. The GaAs singular sample boasted the largest individual NW trail 

volume out of the three GaAs samples. The GaAsBi A-Step individual NW volume 

remained constant with the III/V flux ratio increase, while the GaAsBi B-Step sample 

experienced a decrease in NW trail volume. 
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Figure 8.15: (a) NW length and (b) droplet diameter variations with III/V ratio. 

GaAsBi vicinal films have longer NW trails and larger droplets than GaAs samples. 

Error bars represent the standard deviations of more than ten droplets. The first point 

for the GaAsBi B-Step sample does not have error bars because only one droplet/NW 

was in the selected image for measurement. 

NW length, as inferred from the trail length, is increased in the GaAsBi samples. 

NW length as a function of III/V ratio is plotted in Figure 8.15. Bi increases the length of 

the NW by approximately six-fold; this additional velocity is speculated to be derived 

from the enhanced step flow growth velocity acting on the droplet driving the motion. 

Considering the length of the nanowires to be directly correlated with the droplet 

velocity, we can conclude that the GaAsBi B-Step experiences the largest step flow 
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enhancement due to Bi but that it is flux ratio dependent. The change of trail length with 

III/V flux ratio is small for the GaAsBi A-Step surface and large for the GaAsBi B-step 

surface. This is consistent with K. Miwa and T. Nishinga’s studies on the dependence of 

Ga incorporation of A- and B- steps on flux ratio.[169] They found that the A-step 

incorporation is independent of III/V ratio and that B-step incorporation is decreasing 

with increasing III/V flux ratio.[169] Knowing the growth times for the GaAs/GaAsBi 

epitaxial films, we can calculate the approximate NW growth rates based off the NW 

lengths. The growth rates calculated from the length of the trails are 0.33nm/s for GaAs, 

1.7-2.5nm/s and 1.3-2.2nm/s for GaAsBi A-step and B-step samples, respectively. The Ga 

droplet diameter (Figure 8.15(b)) reflects similar trends to the NW length found in 

Figure 8.15(a) which is an indicator that the Ga diffusion rates (which determine size 

and density of droplets), play an integral role in determining the droplet velocity. This is 

consistent with literature on step flow growth for vicinal GaAs, with Bi enhancing the 

anisotropies.[73], [169] 
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Figure 8.16: Nanowire cross-section characteristics: (a) heights of the NW trail, (b) 

length of the base of the NW trail, and (c) length of the top facet of the NW trail 

plotted versus the III/V flux ratio. Error bars represent the standard deviations of 

more than ten droplets. The first point for the GaAsBi B-Step sample does not have 

error bars because only one droplet/NW was in the selected image for measurement.  
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To further characterize the NWs created in the wake of the Ga droplet 

movement, we examined three cross-sectional views presented in Figure 8.16: (a) height, 

(b) length of the base (which reflects the NW diameter) and (c) length of the top facet 

(runs parallel to the base of the trapezoid). Schematic examples of these are shown in the 

last column of Figure 8.11. Cross-section of the trails show clear faceting above the film 

surface. This faceting comes from the lenticular NW growing beneath the surface[141] 

(Figure 8.9). The GaAsBi A-step sample was more triangular; therefore, it was not 

characterized as having a top facet in Figure 8.16(c). Bi increased not only the length of 

the NWs, but also their width and height. The GaAsBi B-step sample experienced the 

most drastic increase in size, observed in all three measures. Three main conclusions of 

Figure 8.16 are: (1) the samples with Bi experienced an increase in width as compared to 

their Bi-free counter parts, (2) the flat plateau top of the NW is wider with Bi presence 

and (3) only the GaAsBi B-Step sample experiences an enhanced out-of-plane growth 

rate, creating NW trails that were almost twice as high as the other samples. It is 

interesting to note that despite the GaAsBi B-step sample has on average larger values in 

all three measures, the aspect ratio of these parameters for the GaAsBi A-Step and 

GaAsBi B-Step remained very similar indicating that similar surface energies mediate 

the shape of the NW when Bi is in the film. 
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Figure 8.17: NW characteristics correlations. (a) NW length plotted versus the droplet 

diameter. (b) NW base width plotted versus the NW length, (c) NW base width 

plotted versus the droplet diameter. Error bars represent the standard deviations of 

more than ten droplets. One point for the GaAsBi B-Step sample does not have error 

bars because only one droplet/NW was in the selected image for measurement. 

The NW trails herein are triangular when viewed from above, which implies that 

the droplet diameter increased as the NW formed throughout the epitaxial film growth. 

Correlations between the droplet diameter, NW length and NW diameter (base) can be 

found in Figure 8.17. The droplet diameter, measured post growth, linearly scales with 

the trail length and the base of the NW for the GaAsBi B-Step sample. All other samples 

experienced minimal variation or no correlation. It may be that the GaAsBi A-Step 

reached a maximum droplet diameter and then seeded more droplets to handle the 

growing excess Ga content. Finding that the trail length was proportional to the lateral 

growth rate was expected, and only the GaAsBi B-Step experienced an increase in length 

and lateral growth rate with a linear relationship. In Figure 8.17, the length of the base 

was plotted against the NW length. Effectively, this plots the lateral growth rate versus 
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the velocity of the droplet. Only the GaAsBi B-Step sample showed a dependence 

between the two, where the longer NW yielded a wider NW. The dependence on III/V 

flux ratio of the trail length and droplet diameter, along with the characteristics in Figure 

8.15 demonstrating a linear relationship are likely due to the differences in the nature of 

the two types of steps. The GaAsBi B-Steps had both A-steps and B-steps present on the 

surface and the B-steps created creating this dependence on III/V ratio. [68], [169] The 

GaAsBi A-Step sample had mostly A-steps and no B-steps, so the NW growth, heavily 

characterized by the step flow growth was III/V flux ratio independent. [68], [169] There 

was little variation in the droplet diameter, NW trail length and NW diameter found 

between the GaAs vicinal samples, but this anisotropy was expected (but to a lesser 

degree without surfactant action). It is possible that this anisotropy in the GaAs is 

difficult to discern due to the oxide growth, film overgrowth and the small size of the 

features. The presence Bi amplified the differences in the step character, making trends 

more annunciated in the GaAsBi vicinal samples. 

8.6 Post-Growth Phenomena 

These AFM images are all post-growth of the film and there a few observable 

effects of the post-growth cool down time. The first is halos of film growth radiating out 

from droplets on the GaAsBi samples. After film growth, the Ga flux was turned off and 

the As flux was left on as back pressure until the substrate temperature was below 

200°C. This was done to prevent As from evaporating from the surface during the cool 



 

184 

down, but in the regime with large Ga droplets, it presented an opportunity to grow 

GaAsBi or GaAs. These growth conditions were very different from those of the bulk 

film growth, and therefore it is not surprising that the same anisotropic Ga migration 

observed post-growth was not observed during the NW growth. The GaAsBi A-step 

presented a circular halo, indicating more isotropic Ga surface diffusion lengths, and the 

GaAsBi B-Step manifesting an elliptical halo of film growth, stretching long in the [110] 

direction. All other samples in the study grew a ring structure directly around the 

droplet and since the individual droplet on the GaAs samples was so much smaller than 

the GaAsBi samples. Ring formation is commonly observed in systems where Ga 

droplets form and has been well studied.[170]–[172] 

Another post-growth effect was holes on the surface where Ga droplets used to 

be, which is closely linked to the ring formation described above. As the ring growth or 

halo film growth and Ga evaporation occurs post-growth, the droplet dissipated leaving 

a hole etched into the surface. In some of the images processed herein holes were found 

where the droplets used to be, and the measurements of the hole diameter were used to 

measure the droplet diameter. These diameters were consistent with the sizes of the 

droplets near them, and it is not surprising to see some evidence of droplet etching 

leaving holes of a diameter very close to that of the droplet that made them. 
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8.7 Conclusions 

We demonstrate control of the NW growth direction and density by utilizing 

vicinal surfaces to select the growth direction and the addition of Bi which segregates at 

the surface modifying growth dynamics to vary the shape, density, and unidirectionality 

of lateral NW growth. The presence of Bi increases the Ga diffusion and incorporation 

rates yielding larger unidirectional NWs than in GaAs films, but also delays NW onset 

to higher III/V ratios than were required for GaAs films. The unidirectional growth was 

guided by the misorientation of the substrate for the GaAsBi films: <111>A or <111>B. 

Without Bi, the NWs follow the lowest surface energy facet, <111>B. We also use the 

III/V flux ratio to vary the size, shape and density of the droplets/NWs. Further 

development of planar NW control mechanisms is critical for improving the developing 

nanophotonics. The consideration of utilizing step flow growth modes along with 

surfactants for additional control parameters may hold the key to realizing bottom-up 

growth techniques for future optoelectronic devices.  
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9 Conclusions and Perspectives 

9.1 Conclusions 

We studied the surface chemistry and the electronic band structure of GaAs1-xBix 

with x ≤ 0.026. In addition to the epitaxial film, we explored nanostructure formation 

embedded in it. My main contributions are: 

1. XPS provided insights into the binding chemistry of Bi atoms near the surface 

of epitaxial films. I determined an appropriate fitting of the Bi 5d region in 

GaAsBi with three components: Bi-BiGa, Bi-As and Bi-O. The relative 

amounts of Bi in these bonding states depended on III/V flux ratio and 

substrate orientation. Bi mediates the surface reactivity, yielding less oxide 

formation than on GaAs. 

2. The VB energy change due to hybridization with the Bi 6p level in GaAs was 

measured to be (39±5) meV/Bi% using XPS to measure the location of the VB 

with respect to CLs (As 3d and Ga 3d) in the bulk. SE measured the total 

bandgap reduction of GaAsBi with up to 2.6% Bi incorporation to be (53±1) 

meV/Bi%. This concluded that about 75% of the variation in the total 

bandgap is contributed by the VB energy level variation, and about 25% due 

to the CB energy level variation. 

3. Embedded NWs in the epitaxial film were unidirectionally aligned along 

selected crystallographic directions utilizing step flow growth along with 
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surfactant action to steer the VLS growth. Bi addition to GaAs increased the 

size of the NWs and decreased the density. 

9.2 Perspectives 

 Bi Binding States 

Clusters and droplets still often afflict the growth of GaAsBi. It is critical that we 

gain a better understanding of the controlling growth mechanisms and further exploit 

the growth conditions to achieve high quality GaAsBi films, particularly with higher Bi 

content. The delicate interplay between trapping Bi into the film versus the cost of 

forming defects that degrade the material needs to be optimized. All films studied 

herein have a native oxide, but in-situ techniques would be valuable for further 

constraining the fitting of the (Bi-BiGa) and (Bi-As) peaks in XPS. Furthermore, with 

higher contents of Bi, along with in situ techniques it may be possible to deconvolve the 

Bi-Bi peak from the Bi-Ga peak. This would be particularly valuable, because these 

peaks are a convolution of the desired bonding site along with a defect state, witch when 

convoluted yield a very limited perspective. 

 Band Structure 

Many competing forces are at play in GaAsBi films (segregation, surfactants, 

clusters and strain), the bandgap variations have proven to be unclear and limited in 

scope due to the challenges of growing high quality and/or high Bi content films. The 

bandgap bowing, stress, quality, oxides, measurement technique, and growth 
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mechanism all seem to impact the measurement of the bandgap. Developing a body of 

work that distinguishes between some of these effects would make bandgap prediction 

more accurate. One way to go about this is to experimentally measure the GaAsBi VB 

heterojunction offset values from GaAs using XPS. The VB measurement of the offset 

can be measured using XPS through the growth of a thin films of GaAs and GaAsBi on a 

film with a reference CL, such as InGaAs. This method was proven to be effective for 

GaAsN/GaAs system.[173] 

 Embedded Nanowires and Steering Nanowires 

NWs are the cornerstone of future nanophotonics. There is lots of value in 

achieving steerable nanowires, and more work needs to be done to understand the 

interplay of varying the composition and substrates to achieve a controlled system. Bi is 

the only surfactant explored in this thesis but there are other surfactants such as Sb that 

may provide further information to understanding the parameters space that governs 

NW dynamics. Also, embedded NWs provide an opportunity to utilize self-assembly to 

growth at a desired nanostructure. It would be interesting to compare these embedded 

GaAs NWs with Bi surfactant action against VLS planar NW growth with Bi. There is 

further insight to be gained by enabling the control of growing a semiconducting NW 

between contacts on a surface or embedding a NW in an oxide where the interfaces are 

sharp and defect-free. 
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