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ABSTRACT 

The chemical and electronic structure, as related to the surface, interface and bulk 

of amorphous hydrogenated boron carbide (a-BxC:Hy), is of interest in neutron detection 

and microelectronics. This dissertation investigates the chemical and electronic structure 

of semiconducting thin-film a-BxC:Hy grown by plasma enhanced chemical vapor 

deposition (PECVD) of ortho-carborane (1,2-C2B10H12). Experimental methods used 

include: x-ray and ultraviolet photoelectron spectroscopies (XPS/UPS) and x-ray 

absorption/emission spectroscopies (XAS/XES). These methods were used to investigate 

the chemical species, bonding and hybridizations, and band gaps of a-BxC:Hy prepared or 

treated under varying conditions. Additionally, a detailed examination of the formation of 

Schottky barriers was implemented. 

Throughout this dissertation the chemical structure was studied. One study was to 

understand various growth conditions. The effects of the PECVD growth parameters 

were evaluated by comparing changes in atomic percentages (at.%’s) between thin-films 

from various substrate temperatures. Additionally, detailed studies of the photoelectron 

core level under two different growth conditions were undertaken to evaluate the effects 

of pre-/post- argon ion etching (Ar+) for the following: the chemical structural change for 

both an as grown (AG) and in-situ thermal treatment (500°C), and post Ar+ etch of 
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samples thermally treated ranging from as grown to 850°C. The as grown and in-situ 

treated samples were used in conjunction to determine the formation of the Schottky 

barrier. The electronic structure was determined by the changes within the valence band 

of the thermally treated samples and formation of Schottky barrier. Thermally treated 

samples (as grown to 850°C) were further evaluated with respect to their occupied and 

unoccupied electronic states. 

The atomic percentage gave a stoichiometry range for a-BxC:Hy  (given as x=1.5 

to 3.0 with y= decreases with thermal treatment and Oz: z= 0.2 to 0.5). Studies of films 

with respect to thermal treatment reveal two discrete state changes that occur at 400°C 

and 850°C. These changes are due to segregation of carbon and oxygen by the 

reorganization of the hydrocarbon chains between icosahedra. Additionally, the Schottky 

barrier study indicates that a clean surface was necessary before deposition of an ohmic 

contact and from the metals studied. Such studies are important to applications for high 

temperature thermoelectric converters, high-efficiency direct-conversion solid-state 

neutron detectors and microelectronics. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

 

I.  PURPOSE 

Boron-rich solids are versatile materials known for their low density, high melting 

point, and mechanical robustness.1-3 Technical grade boron carbide, is the third hardest 

material known after diamond and cubic boron nitride.4 Having a high melting point of 

just below 2600 K, surpassing that of silicon (~1700 K) but below silicon carbide (~3000 

K).5 Technical grade boron carbides (hereafter B4C) demonstrate high temperature 

conductivity and low mobility of hole charge carriers at room temperature (σ300K≈ 7 Ω-

1cm-1), while at higher temperatures become significantly more conductive (σ2000K≈ 300 

Ω-1cm-1).6-25 Lastly, transmission electron microscopy and electrical resistivity 

measurements on B4C sintered ingots demonstrated retention of the crystalline structure 

as well as the electrical resistivity at fluences of 1x1015 neutrons per cm2; “self-healing” 

of broken bonds was assigned as the responsible mechanism.13, 26  

These properties collectively lend boron carbides to a variety of applications such 

as: high temperature abrasives, wear-resistant tooling, lightweight armor, high 

temperature diodes and very high temperature thermoelectric converters. 3, 5, 23, 27 

Moreover, boron carbides are the most researched and most promising class of materials 

for use in direct conversion neutron solid state neutron detectors given the high boron-10 

neutron capture cross section (which subsequently produces highly energetic – ones of 

MeV – primary reaction products), while also being radiation hard.28 29  
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This dissertation focuses on the study of the surface, metal interface and bulk 

chemical and electronic structure of and to amorphous hydrogenated boron carbide (a 

cousin of the aforementioned B4C). The results of these studies provide fundamental 

information useful in the design, construction and demonstration of high thermal 

efficiency direct conversion neutron detectors and related heterostructure devices. 

 For this work, the amorphous hydrogenated boron carbide (a-BxC:Hy) studied was 

grown by Plasma Enhanced Chemical Vapor Deposition (PECVD). Of the many 

techniques of growing boron carbide thin films, PECVD was chosen for its ability to be 

grown at a relatively low temperature (below 400°C) and its capacity to be chemically 

and electronically tuned.28 Physical vapor deposition (PVD) is an alternate method for 

thin-film growth. However, PVD fails in producing a high homogeneous purity (e.g. low 

defect structure) thin-film with consistent film formation due to carbon segregation – 

further information is included in section III.B.3.  

Research questions addressed include: 

• What are the chemical and electronic structures of a-BxC:Hy at the vacuum 

interface? 

• What are the chemical and electronic effects of a metal overlayer on a-BxC:Hy?  

• What are the chemical and electronic changes occurring at the interface of the 

boron carbide thin-film to silicon substrate? 

• What chemical and electronic properties exist in the bulk region of the thin-film? 

• How does thermal treatment alter the chemical and electronic properties of an as 

grown thin-film? 
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To accomplish these objectives, a-BxC:Hy thin-films grown by PECVD have been 

studied measuring both core and valence electrons transitioning above and below the 

vacuum level. These electron and photon spectroscopic measurements aid in 

understanding both the chemical composition and electronic mechanisms that influence 

the electronic carrier transport and resultant device properties. To obtain the required 

data, studies using x-ray/ultraviolet photoelectron spectroscopies, XPS and UPS, have 

been completed to help explain the chemical bonding and atomic composition. 

Information obtained using ultraviolet light-excited photoelectrons provides quantitative 

information of the electronic properties, specifically work function and valence band 

maximum. Additionally, x-ray absorption/emission spectroscopies (XAS/XES) yield 

complementary characteristics in better understanding the full electronic structure picture. 

 

II.  BORON-RICH MATERIALS 

II.A.  Boron 

The word ‘boron’ is derived from an ancient Arabic word whose modern 

descendants include the Arabic buraq and the Persian burah, referring to the mineral 

borax.30 While historical use of boron-containing compounds pre-dates the 3rd century, 

boron itself was not isolated in elemental form until the early 19th century. The earliest 

applications of borax (a hydrated mineral mixture of Na2B4O7⋅4H2O and Na2B4O7 

⋅10H2O) were found in the Middle East and East Asia, where it was used as an 

antiseptic, in cleaning products and in food preservation. The first well-documented 

evidence of deliberate use of boron compounds is in borax glazes used in Chinese pottery 

dating to 300 AD.31 Several writings of Arabic scientist Jābir ibn Hayyān (722-804 AD), 
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more commonly known as Geber, mention the use of borax to reduce oxides from 

metals.32, 33 Borax eventually found its way to Europe via the ‘Silk Road’ trade routes of 

Marco Polo, and in the 13th century, Italian potters began using borax glazes, similar to 

those found in China.34 

 

II.A.1. Early Developments in Boron Chemistry 

Use of borax in metallurgy is first seen around 900 AD in the Middle East. Used 

as a flux in the smelting of gold and silver, borax helped remove oxides, making them 

more pure. With use of borax as a flux in brazing, it removed surface oxides in the joint 

metals and was found to preserve these surfaces by preventing oxidation, making them 

stronger. 35 At the start of the 16th century the German scientist Georgius Agricola, father 

of mineralogy, reported the significance of borax as a flux in metallurgy to join metals 

such as gold, silver to copper. In 1702, Wilhelm Homberg prepared the first man-made 

boron containing compound by mixing borax and a solution of mineral acids with water, 

yielding boric acid (H3BO3).35, 31 This crystalline residue byproduct was called 

“Homberg’s salt”; it was found to be an effective mild antiseptic and eye wash.31, 35  The 

benefits and uses of borax served to increase its demand, and by 1861 provided the 

impetus for reviving 13th century Turkish mines into large-scale operations.  35 

Boron’s first written account was in 1808 by French scientists Joseph Louis Gay-

Lussac and Louis Jacques Thénard. Soon thereafter in England, the first elemental 

isolation was independently completed by Sir Humphry Davy.36, 37 Upon isolating pure 

boron, Davy termed the element ‘boracium’. In 1824, Jöns Jakob Berzelius also 
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identified the new element, calling it ‘boron’, from the Arabic and Persian words for 

borax.4,638  

Boron chemistry began to develop in the United States in the latter part of the 

19th century with the discovery of borax in Nevada and Death Valley, California. To 

obtain the ore, caravans of wagons each drawn by 20 mules were used. This helped coin 

the brand name “Twenty Mule Team Borax”, used by the Pacific Coast Borax Company. 

This company is today part of Dial Corporation in the United States.39  

In 1943, James Wright, an electrical engineer working at General Electric, 

synthesized a new material by mixing silicone oil with boric acid.40 This new compound 

had unique properties: while having a superficial resemblance to rubber, it could be 

stretched many times its length without breaking, and was able to bounce 25% higher 

than a regular rubber ball. In 1949, this material received the whimsical moniker “Silly 

Putty” and to this day, remains a popular children’s toy. 

 

II.A.2. Contemporary uses of Boron 

Modern commercial uses of boron-containing compounds are diverse, and include 

applications in pharmaceuticals, agriculture and electronics. In the treatment of 

osteoporosis and osteoarthritis, boron is shown to increase the absorption and retention of 

calcium and magnesium which reduce bone loss.41 In agriculture, boric acid and borate 

(H4BO4-) provide vital micronutrients involved in a myriad of growth and regulatory 

processes. 42, 43 These micronutrients role in hormone production allows plants to draw 

sugars to areas of high metabolism, facilitating growth of vegetation and the development 

of seeds and fruits.43-48 Boron is utilized in electronics as a versatile and important dopant 
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for semiconductors such as silicon, germanium and silicon carbide substrates. Boron 

doping also yields harder glasses with higher melting points (e.g., borosilicate), ceramics 

that are more resilient to thermal shock and more powerful magnets (e.g., NdFeB) for use 

in devices including MRIs, motors, generators, bearings etc.49, 50 

 

II.B. Short, Medium and Long Range Physical Structure of Boron Carbide-like Boron 

rich Solids 

The physical structure of boron unit cells has been carefully deduced using 

various methods, many of which have taken over a century to develop.51-56  Triangular 

faced polyhedral shapes, commonly known as deltahedra characterize the physical 

structures of boron and many boron-rich compounds. Examples of such structures include 

borane anions [BnHn]2- and carboranes (C2Bn-2Hn); which, typically have dumbbell- to 

basket- to cage-like physical structures. It is generally accepted that these boron species 

tend to favor cage-like structures that consist of n-vertex closo, nido, or arachno 

deltahedra-based phases (figure 1.1), the most prevalent configuration being the 

icosahedron (closo structure).57-61  
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Figure 1.1: Structural relationship between closo, nido, and arachno boranes. The 
diagonal lines connect species that have the same number of skeletal electron pairs. 
Hydrogen atoms, except those of B-H framework, are omitted. The red atom is omitted 
first, the green atom removed second.62 
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Figure 1.2: α-rhombohedral boron. (personal communication from Paul Rulis) 
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Figure 1.3: Example of an α-rhombohedral (α-B) boron primitive rhombohedral unit cell, 
showing a) B12X3, b) B12X2  stoichiometries. 
 

  

Alpha-rhombohedral boron (α-B) is the simplest and most studied crystal 

structure among the icosahedral boron-rich solids (figure 1.2). The basic unit cell, as 

determined by x-ray crystallographic studies, is a rhombohedron; at each vertex of the 

rhombohedron is an icosahedral structural unit composed of 12 boron atoms, one 

occupying each vertex of the icosahedron.23 Six of these atoms (in 2 groups of 3 mutually 

adjacent atoms) are directly bonded to atoms of the 6 neighboring icosahedra.23 

Additionally, the unit cell can be doped to form three- or two-atomic linear chains 

arranged on the main diagonal c-axis of the rhombohdedron (figure 1.3). This gives an 

idealized stoichiometry of B12X3 or B12X2, with X being non-boron atoms for the two-

atom model or three-atom model composing primarily of boron and carbon.56, 63-68 
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Technical grade boron carbide (B4.3C) typically in the canonical form α-B 

structure (B12X3), contains a mixture of C-B-C and C-C-C chains on the body diagonal 

(see figure 1.3a).56, 58, 59, 65, 69, 70 However, in the theoretical B4C stoichiometry, the chain 

composition should be C-C-C i.e. 4.3 instead of 4. Typically, B4C is used as common 

nomenclature in reference to technical grade boron carbide, with the most favorable 

arrangement of (B11C)C-B-C.71 In actuality, there is no idealized structure due to missing 

and exchanging of boron and carbon atoms in both the chains and icosahedra; this mixing 

yields a system of BxC with a homogeneous range of 4<x<11.22, 72-74 Interstitial doping 

by the accommodation of foreign atoms in the voids of the structure occurs typically on 

the linear chain.10 Boron has a strong affinity for carbon making it hardly an avoidable 

dopant element; this occurs from the unfilled electron shell of boron with carbon having 

excess electrons. Carbon atoms typically substitute for boron atoms at specific sites in the 

structure, preferably in polar sites of the icosahedra.10 10, 22 74, 75 Note that there are 

exceptions in the case of carbon segregation under high temperature and pressure.24, 76-78 

From the idealized structure of α-B, the amorphous phase can be created in 

various ways, predominantly through quenching of the material from the melt. 

Amorphous boron carbide (a-B4C) is typically described as a disordered solid that is 

composed of icosahedra that are non-periodic. The introduction of carbon within the 

icosahedral unit, i.e. intra-icosahedral, not endo-icosahedral, gives the possibility of 

having partial deltahedral-like structures within the amorphous thin-film.22, 69, 74 The 

linear chains appear to be absent within the film and a-B4C is speculated to be composed 

of multiple icosahedrons connected by way of 4-vertex sharing, triangular faces, edge, 
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and single vertex (see figure 1.4, even though hydrogen is within the molecule).25, 69, 79-82 

During its creation, a-B4C does not retain the form of an α-rhombohedral structure.69, 83  

 

 
Figure 1.4: Demonstrates bonding of polyhedra with one-, two-, three- and four atom 
sharing.82 
 
 
 

Hydrogenated amorphous boron carbide (a-B5C:H) is considerably different from 

other boron carbides discussed previously. Within its disordered structure, no long-range 

order exists between the icosahedron-like structures and has hydrogen at the vertices of 

the icosahedra and icosahedra can have vertex sharing. The only exception to long-range 

order is from Park et al., which consists of icosahedral-type structures of the carborane 

molecules.84 Thin-films of a-B5C:H are formed by dissociating hydrogen from precursor 

molecules of dicarbadodecaborane (C2B10H12) including ortho-, meta- and para- isomers. 

The amount of hydrogen within the film depends on growth parameters and thermal 

treatment of the sample after growth.84 Within the thin-film a variety of deltahedron 
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structures are possible. NMR studies have shown the icosahedra, shown in figure 1.5, is a 

plausible structure within a thin-film.84, 85 The long-range order is lost due to icosahedral 

interstitials and vacancies by the substitution of B and/or C within the icosahedral units 

additionally at vertices and points with hydrogen.86 

 

 

 

 

 

 

 

 

 

Figure 1.5 Proposed physical structure model of the intermediate BxC:Hy that displays 
possibilities of being present within the thin-films.85 
 
 

III.  METHODS OF GROWING BORON CARBIDE 

 Boron carbides are produced by several methods, each yielding different types of 

material varying in their stoichiometry of boron and carbon, and in some cases, hydrogen. 

Boron carbide created from the melt is typically denoted at B4C, while boron carbide 

from the carborane (C2B10H12) molecule are typically denoted as B5C:H. While each 

method has its benefits for specific applications, bulk materials cannot meet the more 

precise and specific needs of modern and future devices. Instead, the use of thin-films 
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satisfies the need for small size and specific electronic properties. A succession of new 

deposition techniques has been made feasible by the transition from the production of 

bulk materials to the more exacting task of generating thin-films. Since early production 

of thin-films, numerous properties have been discovered by varying the parameters 

within deposition, allowing samples to be tunable for specific application needs. The use 

of vacuum technologies and plasmas in boron carbide thin-film formation are but two 

examples of the diverse technologies used to create thin-films with tunable 

characteristics. 

Prior to thin-film work, the most common method for production of bulk material 

is melting and sintering of boron oxide (occasionally with metal oxides e.g. magnesium 

oxide) with carbon and reducing to technical grade boron carbide (B4C), a process first 

demonstrated in 1858.5, 87 However, the stoichiometric formula of B4C was only 

established and assigned in 1934.88 With bulk materials it takes significant amount of 

energy (>2400°C) to remove oxygen and boric acid; additionally, allowing bonding 

between boron and carbon to occur. The reaction for reduction in the presence of carbon 

is as follows: 

  1.1  

 OR 

  1.2 

  1.3 

However, modern methods with thin-films utilize molecules that lack oxygen and 

other contaminates, thus decreasing energy use. Fabrication of thin-films are considerably 

different with each method yielding a variety of boron carbides with and without 

2B2O3 + 7C→ B4C + 6CO

B2O3 + 3CO→ 2B + 3CO2

4B +C→ B4C
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hydrogen. One technique is pyrolysis. 89-93 Physical vapor deposition (PVD) includes 

methods such as: electron beam evaporation94-96, thermal evaporation97, radio frequency 

magnetron sputtering25, 74, 98, and pulsed laser deposition (PLD)99-102. Chemical vapor 

deposition (CVD) is yet another method and includes: plasma enhanced (PECVD) 103, 104, 

hot filament chemical vapor deposition (HFCVD) 105, 106, and synchrotron radiation 

chemical vapor deposition (SRCVD) 18, 107-110. These collective methods illustrate the 

plethora of avenues of research explored in attempting to find specific chemical 

reactions. By obtaining various desired products, in attempting to lower the formation 

temperature and by being creative in using source and system energy to construct boron 

carbides and boron-rich solids for industrial and scientific use.  

 The CVD methods predominately use heat that makes use of low temperatures 

and pressures while the plasma induced gas-phase and surface reactions facilitate the 

thin-film growth process by production of ions, electrons and heat.103 Based on the type 

of chemical properties desired, PECVD can be tailored to yield complicated growth 

depositions for boron carbide thin-films.104 A wide variety of materials, from gases to 

sublimated powders may serve as precursors. These elemental or molecular precursors 

are then transported into the chamber via a carrier gas, e.g. argon, at which ionization 

occurs, made possible by a radio frequency (RF) source in the main chamber. Processing 

conditions, including temperature, pressure, gas composition and precursor type, all have 

strong influences on the resultant deposited thin-film. 
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IV. ELECTRONIC STRUCTURE OF SURFACE, INTERFACE AND BULK (AS 

MATERIAL AND THIN-FILM)  

In order to understand the properties of any material, it is important to 

conceptualize the components of the material being studied. There are three major 

regions of a thin-film material: the surface, the interface with the underlying substrate and 

the bulk. Each region has its own chemical and electronic characteristics, making them 

unique areas for scientific investigation.111-113 A bulk material is a relatively large mass of 

a substance (macroscale, >10 nm) for which all spatial dimensions far exceed relevant 

size (nanoscale), which is the case for a thin-film (figure 1.6).  

 

Figure 1.6: Left is of bulk material (macroscale), while the right represents an illustration 
of a thin-film and its bulk (microscale). 
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Figure 1.7: Shows how a film bulk is relatively organized, transitioning into the surface 
and interface where it appears disordered.  Left- shows some states that can occur at the 
surface (in some cases in the bulk). Right- demonstrates metal overlayer with small 
amount of metal diffusion within the thin-film. 
 
 
 
 The outermost layer is called the surface, a type of boundary in which the solid is 

exposed to the surrounding environment, i.e. vacuum or air. In contrast, the interface is 

defined as a small number of atomic layers (on the order of Ångströms [Å]) that separate 

two boundaries in direct contact with one another. It is also acceptable to say vacuum/air 

to surface, although this will not be used in this dissertation. The general term “bulk” for 

thin-films is used when surface states differ (from the bulk) because of the broken 

symmetry and the broken bonds (left side of figure 1.7).113 The attributes of the interface 

are of crucial importance to the behavior of the solid from both the surface and bulk 

aspects. The thinner the film, the more the bulk states are affected by the characteristics 
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of the surface to the limit of being too thin; then, the surface is the only state.113, 114  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 1.8: Energy band diagram representing metal and semiconductor primarily at the 
surface showing the different elementary components: Energy Gap (Eg); valence edge 
(EV); conduction edge (EC); Vacuum edge (EVAC); depletion region (ΔV); electron 
affinity (χsm) of the semiconductor; ionization potential, and work function . 
 
 

The traditional models for electronic structure are described by interfacial band 

lineup (figure 1.8). This will be used to establish the characteristics of the bulk, the 

interface and the surface. With respect to long-range order for the amorphous system, the 

periodic Bloch states are not present, hence no dispersion in these bands whereas at the 

interface band bending is possible. In the context of semiconductor band structure, the 

valence band is typically described as the highest occupied density of states (DOS) at 

absolute zero temperature, whereas the lowest unoccupied DOS is regarded as the 

conduction band.115 The energy separation between lowest unoccupied state and the 

φ
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highest occupied state is called the band gap Eg.116 For metals, the generic absence of a 

band gap is compatible with the ease with which electrons nearly above the Fermi edge 

allow metals to conduct under low voltage. This indicates electrons are able to freely 

move within the molecular solid (atomic lattice) in response to the activation of an 

external potential. In the case of semiconductors, the material does not conduct electricity 

at T=0 K due to the finite (though small) band gap. At finite temperatures, a variety of 

processes enable electrons to be excited into the conduction band and empty states (i.e. 

holes) to occur in the valence band, thus allowing electrical conduction.115 The transition 

between two materials, interface, is called the depletion region (ΔV) where surface 

charges and countercharges creating a mismatch of the neutrality position of the chemical 

potential.117 

 Between the occupied and unoccupied states is the Fermi level or energy; terms 

that are often used interchangeably at finite temperature since in many cases the two are 

very nearly the same. At absolute zero, the energy of the Fermi level equals the chemical 

potential of the electron (µe) but does change as temperature increases (Fermi-Dirac 

distribution).118, 119 Fermi Energy is the energy which separates the filled from the empty 

energy levels, and has the highest occupied quantum state at absolute zero.118  

 To liberate an electron from the atom or molecular solid requires an excitation 

that surpasses the vacuum level. The vacuum level of a finite-size sample (Evac) is defined 

as the energy of an electron at rest just outside the surface of the solid.120 The vacuum 

level is a characteristic of the surface. This level depends sensitively, through the 

electronic surface dipole, on the atomic, chemical, and electronic structures of the outer 

atomic layers of the solid.120  
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 A major experimental energy parameter is the work function of the molecular 

solid. The work function, , is defined for the case of a metal with a uniform surface and 

is the potential energy difference of an electron between the vacuum and Fermi levels. 

The work function is the minimum energy excitation needed to liberate electrons from 

the metal surface.121 The work function, in large measure, is a consequence of the 

electrical effects of the surface dipoles as well as image potentials.120  

The band-width between the conduction level and vacuum level is the electron 

affinity (χ). Physicists define χ at a semiconductor surface as the energy required to excite 

an electron from the bottom of the conduction band minimum (ECB) at the surface to the 

local vacuum level.120 The chemical definition for electron affinity within a molecule is 

the energy gained by an originally neutral molecule when an electron is added to the 

lowest-unoccupied molecular orbital (LUMO) of the neutral molecule.120 Similarly, the 

ionization potential (IP) is defined as the energy needed to excite an electron from the top 

of the valence band maximum (EVB) at the surface to the local vacuum level.120 

Therefore, photoemission studies measure the IP of an electron as it is ejected from the 

highest occupied molecular orbitals (HOMO) of the neutral molecule and a radical cation 

is left.120 

 

V. CHEMICAL STRUCTURE CHARACTERISTICS OF BORON CARBIDES 

The most relevant and influential work for understanding the physical and 

chemical structure of boron-rich solids are completed by Longuet-Higgins122, Wade60, 61 

and Jemmis82, 123. Longuet-Higgins calculated that two additional electrons would be 

required to stabilize the [B12H12]2- icosahedron by electron counting of the α-

φ
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rhombohedral unit. Wade proposed a correlation of geometric structure with the available 

number of skeletal electrons in each system. His method is used as the standard for 

inorganic chemistry. Jemmis explained the complexity of bonding from the view of the 

polyhedra, which aids in predicting the structures of borane and carborane clusters. 

Boron-rich solids have a unique covalent bonding network. Understanding this 

bonding environment from a physical perspective will be used to relate and understand 

the chemical and electronic properties to ultimately give a basic visual representation of 

amorphous hydrogenated boron carbide from the view of the icosahedron. This 

dissertation does not depend on the physical structure; references to physical structure are 

used to assist with overall understanding. Boron-rich solids’ structures consist of 

icosahedrons and fragments that are covalently bonded with each other to form a rigid 

three-dimensional framework.124 Understanding the bonding and structural problems can 

be difficult to comprehend since boron does not follow the traditional bonding rules (e.g. 

the Lewis Octet Rule) commonly described in chemistry. Rather, boron tends to form 

clusters with varying numbers of vertices up to twelve as in the case of icosahedron (see 

figure 1.9). 
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Figure 1.9: Representing icosahedral units a) [B12H12]2- and b) closo -1,2- C2B10H12. 

 

The icosahedral units of B12 clusters have been observed in several known forms 

of elemental boron and several boron hydrides.3, 125-128 These boron cluster compounds 

have often been labeled “electron deficient”, from isolating and characterizing the lower 

boron hydrides (B2Hy, B3Hy and B4Hy).129 In contrast, icosahedral cages such as 

C2B10H12, molecules are known to be thermodynamically stable, have precisely the right 

electron population for maximum stability and cannot accommodate additional electrons 

without undergoing cage-opening to form higher-energy structures.126  

The boron atom reveals a unique covalent bonding structure with the five nearest 

neighbors in the icosahedron; making it almost impossible to interpret the structure in 

terms of ordinary covalent bonding rules.122 For describing the B12H12 each boron atom 

has four valence orbitals: one 2s and three 2p. This gives forty-eight atomic orbitals with 

one 2p orbital from each boron atom directed towards the center of the icosahedron, 

referred to as radial orbital; the remaining 24 2p orbitals are the tangential orbitals (note: 

mutually orthogonal).122 The remaining 12 electrons, 2s orbitals, lie outside the 
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icosahedron allowing sp hybridization. Boron has 3 valence electrons, which gives 36 

total valence electrons available for bonding. Thus, twelve electrons are used with twelve 

hydrogen atoms giving rise to the [B12H12]2- icosahedron. The replacement of two boron 

atoms with two carbon atoms forms the carboranes, which satisfy the bonding orbitals. 

Substitution of two boron atoms in closo-borane by carbon atoms leads to some 

distortion of the polyhedra. This in turn affects charge density on the boron atoms and 

thus changes its reactivity.130, 131 The effect of carbon substitution is an electron donor 

that results in the existence of C2B10H12 that is electronically stable. The bonding of the 

closo -1,2- C2B10H12 places the carbon atoms adjacent to each other which introduces a π 

anti-bonding site which produces chemical and electronic alterations to the molecular 

solid known as Jahn-Teller distortion.130 

As for any system, and specifically for boron-rich systems, there are bonds that 

occur between icosahedra and those within the icosahedra. These bonds are typically 

defined as inter-icosahedra that are between each individual icosahedral unit. The intra-

icosahedra bonding occurs as part of the icosahedra cage. Some of the icosahedra 

structures can consist of carbon, silicon or other elements that are typically electron 

donors and replaces a boron atom within the icosahedra. Additionally, if hydrogen is 

attached to one of the vertices of the icosahedra, this also becomes part of the intra-

icosahedra bonding. If the icosahedra bond is connected to an element that is joining 

several icosahedrons together this is inter-icosahedron bonding while hydrogen is 

incapable of this.  

Bonding of boron to ligand is completed by use of 2c-2e (two-center, two-

electron) and multicenter triangular boron bonding is “electron-deficient” completed by 
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use of 3c-2e (three-center, two-electron).132 The ability of boron to participate in 

multicenter bonding involving three or more atoms joined by one localized electron pair 

is fundamentally a consequence of two factors acting in concert. This is caused by the 

fairly low electronegativity of boron and the fact that boron has four valence orbitals but 

only three valence electrons (unlike carbon, which has four of each).126 It is important to 

understand that carbon is also capable of participating in similar multicenter-bonding 

situations. In a conventional covalent bonding scheme (2c-2e), each boron atom must 

supply five electrons toward the creation of bonds to each of the five neighboring boron 

atoms within the icosahedra. The key component for the construction of the icosahedra is 

the electron-deficient three-center bond. This is when two electrons are shared between 

three atoms. In view of the three-center bond, each boron species, in principle, has three 

valence electrons giving 36 electrons for bonding; however, four orbitals may be used in 

bonding, giving 48 bonding orbitals in the icosahedron.23 In particular, this gives the 3c-

2e bonds that reside at each triangular face of the icosahedron (figure 1.10).23, 132 This 

three-center bonding occurs in molecules of light elements, however, as the atoms 

become heavier and larger than boron, there are resultant larger interatomic separations 

preventing the forming of this strong three-center bond.23 
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Figure 1.10: Shows the three-center two-electron bond. The contours depict accumulation 
of bonding charge on the icosahedron’s triangular faces.26 

 

The three-center bond occurs on each triangular face of the 20-faced icosahedron. 

When looking at the number of electrons that are actually present for this bond to occur, 

it is soon observed that there are less than 2 electrons per face. Each of the 12 boron 

atoms sits at the vertices of each of the icosahedra giving three electrons each resulting in 

a four orbital structure. There are 13 intra-icosahedral molecular bonding orbitals.122 The 

13 bonding orbitals accommodate 26 electrons and there are 20 faces, giving 1.3 (26/20) 

electrons per triangular face of an icosahedron. The remaining 10 electrons are used for 

inter-icosahedra bonding, using 6 of the 10 for two center bonds between icosahedra, 

with the four remaining utilized by forming three-center bonds between neighboring 

icosahedra.23  

 As mentioned before, boron-rich solids have unique bonding configurations and 

have an electron deficient 3-center bond. These molecules have a strong hybridization of 

atomic states, which is a consequence of the electron deficiency. As for hybridization for 
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boron carbide, the carbon atoms B-C bonds between icosahedral units associated with the 

linear chains tend to favor sp2-like hybridization and intra-icosahedra (within) forming 

sp3-like hybridization.74, 133 Boron has shown that it has a mixed hybridization of both sp2 

and sp3.134 The hybridization between metal doped boron carbide has shown that bonding 

occurs between the more than half-filled d shells and s levels.135 As for the amorphous 

boron carbides with hydrogen, the hydrogen hybridization acts as an attractive potential 

that lowers the system’s energy by satisfying dangling bonds. The sp hybridization is 

radiating away from the center of the cage and is used for the 2-center bond to hydrogen 

or an external ligand.136 

 Due to the complexity of the boron carbide bonding and stoichiometry, it is 

necessary to attain a more thorough understanding of the composition of amorphous 

boron carbides. The elemental composition under ideal circumstances should only consist 

of boron, carbon and hydrogen. However, the stoichiometry can vary greatly based on 

parameters specified during growth. As carbon increases in the thin-film specifically, the 

bulk material forms graphic segregation and twin boundaries.23, 55, 137-141 It is unclear if 

these problems occur with the amorphous state. Boron in general has affinity for oxygen, 

followed by carbon and nitrogen. All three of these can be observed as contamination of 

the thin-film. The carbon that is the contamination is adventitious carbon or excess 

carbon that is not part of the molecular solid of the thin-film. This occurs from being 

exposed to the environment and this contamination is typically limited to a few 

angstroms to a nanometer thick. However, during growth, there is contamination from 

both the chamber and carrier gas, which contain free oxygen and nitrogen. The carrier 
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gas, a noble gas, is also sometimes observed within the film but does not affect the 

molecular solid. 
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CHAPTER 2 

EXPERIMENTAL THEORY AND METHODS 

  

I.  GROWTH 

The thin-film growth method for the samples discussed in this dissertation was 

adapted from a process originating at Syracuse University in the late 1980s based on the 

plasma enhanced chemical vapor deposition (PECVD) of borane species; this PECVD 

process was briefly described in Chapter I Section III. Chemical vapor deposition (CVD) 

refers to the use of a thermally activated set of gas-phase surface reactions to produce a 

solid product.1 Specific plasma properties on the surface of the substrate strongly modify 

the solid product within a PECVD setup. A distinguishing feature of PECVD is the 

presence of ionized gas and free electrons generated during molecular dissociation or 

atom ionization, making PECVD tunable by the amount of power applied within the 

system to create desired chemical and electronic properties. One major advantage of 

PECVD is its ability to form thin-films at lower temperatures using electrical energy, 

whereas the CVD method utilizes predominately thermal energy.2 Lower operating 

temperature provides maintainable, high quality thin-films with controlled growth rates. 

To achieve a tunable PECVD, the chemical reactions between the gas and precursor 

usually occur at pressures in the range of 0.1-10 Torr. The gas flow rate and pressure with 

plasma power can limit the rate of deposition of the thin-film. While the deposition is 

sensitive to the substrate temperature, deposition is also dependent on the plasma 

temperature to form the thin-film product.1  
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 The degree of chemical and electronic uniformity during growth of the thin-film 

is a critical issue for application in neutron detection and microelectronic heterostructure 

devices. PECVD is influenced by pressure, flow rates, gas-phase reaction rates, sticking 

probabilities of the precursors and free radical concentration. To promote consistent 

sample homogeneity, great care has been taken to ensure clean transport of the process 

gas(es) and precursor into the chamber for deposition. The variation of power deposition 

per unit area in the discharge is completed in a capacitive parallel-plate geometry 

(compared to an inductive geometry) applied through a radio frequency (RF)-driven 

signal. The showerhead is approximately 2.5 to 4.5 cm from the substrate holder and the 

showerhead exceeds the holder by 7 cm in length. 

 The plasma is a partially ionized gas containing equal concentrations of positive 

and negative charged species (cations and anions, respectively) and different 

concentrations of ground-state and excited species; this is termed the ‘glow discharge’.2 

The glow discharge phenomenon, in a capacitively-coupled system, results from the 

strong electric and weak magnetic fields acting in concert (vice versa in an inductively-

coupled system). A capacitively-coupled system was utilized for this research. The 

electrons, accelerated by the electric field, lose negligible energy in inelastic collisions 

but swiftly gain energy from the electric field. Collisions of the energetic electrons with 

the gaseous species and precursor result in excitation and ionization events, which yield 

additional electrons.2 The electric field, produced by gradients in potentials from the RF 

glow discharges, gives rise to various potentials (e.g. plasma, floating and sheath 

potentials).2 These potentials aid in the growth of the film through formation of plasma 

and ionization of precursors. 
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Within the plasma, inelastic collisions occur between high-energy electrons  (10-

30 eV) and carrier gas, combining with precursor, giving rise to highly reactive species 

that affect the properties (e.g. chemical and electronic) of the thin-films that are 

deposited. To minimize reactive species, growth is created at low substrate temperatures.2 

Table 2.1 lists some of the many possible inelastic collisions between electrons and 

gaseous species in a glow discharge that are believed to be important within the PECVD 

process.2 

 
 
Table 2.1: Some PECVD processes that aid in film formation. Where A, A2, and B are 
atomic or molecular reactants, e- is an electron, A* is reactant A in an excited state, and 
A+, A-, and B+ are ions of A and B. 

Process Reaction 
Excitation A + e-  à A* + e- 
Ionization  A + e-  à A+ + 2e- 
Dissociation A2 + e-  à 2A + e- 
Electron attachment A + e-  à A- 
Dissociative attachment A2 + e-  à A + A* 
Photoemission A* + e-  à A + hν 
Change transfer A+ + B à A + B+ 

 
 
 

The exact mechanisms for forming excited species within the plasma remains 

unknown. Glow discharges typically are created by the input of radio signals operating at 

frequencies between 50 kHz and 13.56 MHz and with pressure held in the range 0.1-2.0 

Torr. The plasma density varies between 108 to 1012 e-cm-3; the degree of ionization is 

typically ≤ 10-4 and average electron energies are 1-3 eV with fastest electrons reaching 

energies as high as 10-30 eV.2 These physical conditions collectively create the 

environment for low temperature reactive species in thin-film formation. 
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I.A.  Growth Procedure 

Care was taken prior to the growth process to ensure the purity of the precursor of 

closo-1,2-dicarbadodecaborane (ortho-carborane; 1,2-C2B10H12) and carrier gas.  

Pertinent parameters were attentively monitored during growth (e.g. substrate 

temperature, flow rate of gases and precursor, etc.). Ortho-carborane is purchased from 

Katchem spol. s r.o. (Czech Republic) with purity in excess of 98%. To increase this 

purity, low temperature sublimation is accomplished under medium vacuum (10-3 to 25 

torr) with a cold finger (see figure 2.1a). The sublimation stage is primarily used to 

remove water and other contaminates from the powder. To maintain purity, the sample is 

then sealed for transport and opened in a nitrogen-rich dry glove box with oxygen level 

maintained at <0.3 ppm. At the beginning of the PECVD process, ortho-carborane is 

placed into a sealed vessel called a bubbler (within the glove box) and is then attached to 

the chamber (figure 2.1c). The chamber is brought down to a vacuum of 5x10-8 Torr. The 

bubbler is purged with argon carrier gas into the growth chamber. The chamber’s vacuum 

and carrier gas purges the nitrogen from the bubbler. After purging is completed, the 

bubbler and ortho-carborane purity is further enhanced by heating carrier gas lines and 

bubbler with additional purges to remove any other excess contaminates.  
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Figure 2.1: Steps in PECVD. a) purification of the ortho-carborane through sublimation 
b) shower head for dispersing of ortho-carborane onto substrate c) heated bubbler for 
introduction of ortho-carborane into the chamber d) plasma in the process of growing 
thin-film boron carbide. 
 

 

To ensure film quality the following procedure was completed on a clean silicon 

substrate before the deposition of boron carbide.3 First, a chemical solution – Piranha – is 

applied to the silicon to remove heavy organic contamination by oxidizing of water-

a) b) 

c) d) 
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soluble carboxylic acids that form during the handling and manufacturing process. This is 

completed by mixing sulfuric acid (H2SO4; 96 wt%) with hydrogen peroxide (H2O2) in 

the following ratio 2:1 to 4:1 at a temperature greater than 100°C (optimal temperature at 

120°C) for 10-15 minutes. A byproduct associated with this process is an oxidized 

surface that further needs extensive rinsing to remove viscous chemicals that leave sulfur 

residue on the surface of the wafer. To remedy this, a small amount of hydrofluoric acid 

(HF) is added to the Piranha wash. After the rinsing process with deionized (DI) water 

has been completed to remove excess Piranha wash, a dilute HF solution is applied, 

removing the native oxide layer that remains. The dilute HF solution has a ratio of 5:1 to 

200:1 of DI water to HF. The wafer is placed in solution at room temperature for 15-60 

seconds. The final drying procedure uses dry nitrogen to quickly remove excess water 

and cleaning solutions from the silicon. In all cases the wafer was rinsed with DI water 

after each cleaning step. The DI water is ultrapure with a resistivity standard of 15 MΩ-

cm.  

After prescribed cleaning, the wafer is immediately placed in the chamber and 

pumped down for thin-film deposition. The a-BxC:Hy films were deposited by 

capacitively-coupled plasma-enhanced chemical vapor deposition (PECVD); those 

procedures have been described in detail elsewhere.4-9 Sublimed ortho-carborane (o-

C2B10H12) was used as the precursor source and argon (<100 ppb O2 and <200 ppb H2O) 

as the working gas. Processing conditions for the films used in this dissertation are given 

in tables 2.2 and 2.3, which consist of various growths and specific growths used in 

designated sections (thermally treated and metal overlayer) respectively. Among the final 

stages, prior to the deposition, the showerhead and substrate are heated with the applied 



 41 

heated substrate aiding in the formation of the thin-film (figure 2.1b). The showerhead (a 

significant element of the deposition equipment), is used to disperse the ortho-carborane 

and help establish a uniform film on the substrate. When the target substrate temperature 

(room temperature to 450°C) is reached, the growth is started, with a flow of argon into 

the chamber. A mixture of both argon and ortho-carborane, via the showerhead, is 

introduced into the chamber at a constant rate to keep a given growth pressure parameter. 

The plasma is struck, introducing an electric field with RF power that oscillates ions and 

carborane to the rotating substrate. Rotation of the substrate holder is used to ensure 

uniformity of the thin-film. After the given amount of time, a thin-film of amorphous 

hydrogenated boron carbide (a-BxC:Hy) is produced (figure 2.1d). For layouts of the 

chamber, see figure 2.2 (cross-section figure 2.3), including an interpretation of the 

charged particles and precursor within the plasma. The growth process has further been 

optimized to reduce oxygen and nitrogen by having higher purity gases and incorporation 

of inline traps and filters, which have been incorporated since these experiments were 

completed. 
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Table 2.2: The growths parameters presented are for understanding the effects of various growth conditions that will be discussed in 
Chapter 3 by understanding the changes in atomic percent (at.%). Above the dashed line are thin-films grown at a power of 30 W 
while below are grown at a power of 20 W. Bandgap was calculated by UV-Vis. 

Film 
name 

Substrate 
Temperature Power 

Growth 
Time 

Ortho/Ar 
flow rate 

Pure Ar 
flow rate 

Electrode 
distance Pressure Bandgap 

 
(°C) (W) (min) (sccm) (sccm) (cm) (mTorr) (eV) 

200-30 200 30 30 10 40 4.4 200 2.441 
300-30 300 30 30 10 40 4.4 200 2.436 
450-30 450 30 30 10 40 4.4 200 2.121 
25-20 25 20 30 10 40 4.4 200 2.349 
100-20 100 20 30 10 40 4.4 200 2.494 
150-20 150 20 30 10 40 4.4 200 2.456 
250-20 250 20 30 10 40 4.4 200 2.301 
300-20 300 20 30 10 40 4.4 200 2.262 
350-20 350 20 30 10 40 4.4 200 2.209 
 
 
Table 2.3: Growth conditions for thin-films in specific experiments. The experiments are effects of thermal treatment and formation of 
metal overlayer. 

Experiment Film name Substrate 
Temp. Power Growth 

Time 
Ortho/Ar 
flow rate 

Pure Ar 
flow rate 

Electrode 
distance Pressure Thermal 

Treatment 
  (°C) (W) (min) (sccm) (sccm) (cm) (mTorr) (hours) 

Depth Profile 
(Ch 3.III) C5 350 30 45 10 40 4.4 200 4.5 

Thermal Treatment 
(Ch 4) As Grown 350 30 30 18 18 4.4 200 0 

Metal overlayers 
(Ch 5) 

As Grown 350 30 30 18 18 2.5 200 0 
Thermal Treated 350 30 30 18 18 2.5 200 4.5 
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Figure 2.2: Left) is a general setup of the PECVD system at UMKC. Right) is a basic 
pictorial view of the reactions within the plasma to create the thin-film. Bottom inset 
right is amorphous hydrogenated boron carbide thin-film. 
 
 
 

Figure 2.3: Left) is the cross-sectional view inside the PECVD system at UMKC. Right) 
is the plasma with ortho-carborane and ions. 
 
 
 
 
 
 
 



 

 44 

II.  EXPERIMENTAL SPECTROSCOPIES 

Two experimental methods were employed in studying the chemical and 

electronic properties of the occupied and bound unoccupied states of a-BxC:H, 

photoemission and absorption spectroscopies. The photoemission method is the most 

widely used experimental technique, and yields insight regarding occupied electronic 

surface states.10, 11 On the other hand, an emerging technique of absorption spectroscopy 

yields information about the unoccupied states of the conduction band. The techniques 

used to measure the electronic properties include ultraviolet photoelectron spectroscopy 

(UPS) and x-ray absorption/emission spectroscopy (XAS/XES). The technique used to 

measure the chemical properties is known as XPS or ESCA (x-ray photoelectron 

spectroscopy or electron spectroscopy for chemical analysis). 

 

II.A. Photoemission  

 The photoelectric effect involves the emission of electrons from a surface by the 

action of light. The two models used to describe light’s interaction with matter are the 

one-step and three-step models.10, 11 Although, in principle, the one-step model provides 

the most rigorous description with the associated mathematical formalism, this model 

poses challenges in the calculation of observables in a typical experiment. At the expense 

of some accuracy, the three-step model is a more intuitively accessible approach. The 

three stages of photoemission are: 1) optical excitation of an electron from an initial into 

a final electron state within the crystal, 2) propagation of the excited electron to the 

surface, and 3) emission of the electron from the solid into the vacuum (the electron 

traverses the surface).12 The effect is surface sensitive by the photoelectron mean free 
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path is sampling on the order of 5-20 Å, notwithstanding that the photon source 

penetrates the sample significantly deeper on the order of hundreds of nanometers to 

microns in length. Though the depth of optical penetration varies with photon energy and 

material, the length scale is typically on the order of 1-10 µm. Thus, the photon interacts 

with atoms in the surface region, causing the electron to be emitted by the photoelectric 

effect (figure 2.4 and 2.5). The emitted electrons are typically measured by kinetic 

energies (KE) 

 KE =  hν  −  BE −  φs  2.1 

where hυ is the energy of the photon, BE is the binding energy of the atomic orbital from 

which the electron originates, and ϕs is the spectrometer work function. (References for 

photoemission/photoelectron processes are taken from Lüth12 and Hüfner11) 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Arrangement of the process for photoelectron spectroscopy: photon in, 
photoelectron out. 
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II.A.1. X-ray Photoelectron Spectroscopy (XPS) 

X-rays, by virtue of their high photon energy, penetrate deep into the core of the 

atom. Hard x-rays can access and eject electrons from the lower orbitals of higher Z 

atoms while soft x-rays are better suited for the lighter elements with lower Z values 

where less penetration is needed. In most cases, hard x-rays are not necessary. XPS 

provides qualitative and quantitative information on all elements except hydrogen and 

helium. 

For this dissertation, an aluminum anode is used, by propagation of soft x-ray 

photons corresponding to Kα of 1486.7 eV (1.32728 Å). The aluminum anode is used 

primarily because the lower secondary background, compared to magnesium anode Kα of 

1253.6 eV (1.57408 Å) for the core levels of interest, avoiding many x-ray induced 

Auger electrons. The XPS method aids in understanding the chemical and electronic 

structure, yielding information about the organization and morphology of the surface. 

From the binding energy and intensity of a photoelectron peak, the elemental identity, 

chemical state and quantity of an element can be determined. These are used to gain 

insight about the molecular environment from the oxidized state and how the bonds are 

interacting, by creating chemical shifts that are a valuable source of information about the 

sample. Additionally, providing a quantitative record of the number of electrons recorded 

for a given transition that is proportional to the number of atoms at the surface. This gives 

a quantification, based on standards by using relative sensitivity factors (RSF) that are 

normalized over all the elements detected, giving a stoichiometry of the analyzed 

surface.13 
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Figure 2.5: Depiction of a photoelectron experiment corresponding to the various angles 
and wave vectors of the incident photon (hν) and emitted electron (e−). 

 

Quantification is based on the peak intensity and position subtracted from the 

photon background, typically using a Shirley-type background subtraction. The peak 

intensity measures how much of the material is present on the surface, while the peak 

position indicates the elemental and chemical composition. The RSF values are used to 

scale the measured peak areas, both normalizing the variations in the peak and 

representing the amount of material in the sample’s surface, (RSF values are found in the 

tables using Scofield cross-sections).13 Studying the full width at half maximum 

(FWHM) is a useful indicator of the chemical state changes and physical influences. One 

example is from the chemical bonds that contribute to the peak shape that can be seen by 

the sharpness and broadness of the FWHM. Further analysis is completed with core level 

scans by deconvolution with peak fitting. Typically, peaks are a mix of 

Gaussian/Lorentzian (70/30) line-shapes. 

  hν 
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II.A.2. Ultraviolet Photoelectron Spectroscopy (UPS) 

Valence levels are studied to help define the electronic properties of materials. 

Ultraviolet light is used to study the valence region due to its low energy photon. The 

photon is created by the decay of an excited helium atom having a photon energy of 21.2 

eV (584.831 Å) known as He I. The use of He I radiation reveals the occupied band states 

(specifically valence electronic states) of a clean solid’s surface as well as the bonding 

orbital states of absorbed molecules.14 The valence electrons are directly involved in 

bond formation and molecular interactions, so the intensity and energy of the valence 

band peaks depend on their bonding environment.15 This technique can provide insight 

on the more weakly bound and less localized valence electronic states14, when compared 

to the core states. Therefore, this method provides electronic structure information that 

cannot be obtained from typical core level analysis. This method is extremely powerful in 

obtaining detailed information about the electronic structure of a material including work 

functions, band dispersions, band bending and electronic interactions.  

 

II.B. Photoabsorption And Emission 

II.B.1. X-Ray Absorption Spectroscopy (XAS) 

In general, x-ray absorption spectroscopy (XAS) creates a core-hole when a core 

electron is excited with a specific photon to a bound unoccupied atomic/molecular orbital 

that is above the Fermi level and near the vacuum level (figure 2.6). This spectroscopic 

method is called x-ray absorption of near edge spectroscopy (XANES), which is a 

method to study bound states and low energy resonances in the continuum. Near edge x-

ray absorption fine structure (NEXAFS) is specifically for low Z elements (Z<20; Ca), 



 

 49 

which typically use total electron yield (TEY) that is inherently more surface sensitive (6 

to 13 Å) with total florescence yield (TFY) being bulk sensitive (129 to 144 nm for boron 

and carbon).  TEY is the measurement of the current on the sample, while TFY is the 

measurement of the photons emitted from the sample. The low Z elements typically have 

low x-ray intensities compared to those of higher Z elements. However, TFY is difficult 

to measure for low Z elements due to low signal and high noise. These transitions are 

caused by absorption of an x-ray photon with energy tuned by means of synchrotron 

radiation to the ionization energy of the electron.16 XANES transitions are governed by 

dipole selection rules that provide element-specific information about the density of 

states, local atomic structure, lattice parameters and molecular orientation16. The 

information obtained gives insight into the electronic structure of the molecular 

adsorption, such as its energies from weak Van-der-Waals-like interactions to strong 

chemical bonds, and clarifies the diversity of molecules from small to large. This method 

is extremely sensitive to changes in the electronic and geometric intra-molecular 

structure. The information is largely contained in the position, width and intensity of the 

π* and σ* resonances.  
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Figure 2.6: Aids in the process of understanding the absorption of a photon on left and 
emission of a different photon (spectator decay) on right.17 

 
 
 
II.B.2. X-Ray Emission Spectroscopy (XES) 

In general, x-ray emission spectroscopy (XES) is the decay of an electron to a 

core-hole, which is created by the absorption process (figure 2.6). This decay originates 

from a valence electron transitioning to a lower lying core-hole with energy being 

conserved by the emission of an x-ray photon of matching energy. The localization of the 

core-hole provides a detailed, element-specific picture of the local electronic structure 

around a given atomic site with no contribution from the much larger number of atoms in 

the substrate. Decay of the valence electron probes the occupied states around a 

specifically tuned photon at a specific atomic projection. Being described as a spectator 

decay when the photo-excited electron remains in a bound, previously unfilled orbital and 

an electron from a filled orbital decays to fill the core-hole.18 Measurements are typically 

made on a non-resonant point past the XANES excitations. 
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II.B.3. Resonant Inelastic X-Ray Scattering (RIXS) 

Resonant inelastic x-ray scattering (RIXS) is widely used to study the electronic 

structure around a bulk central (x-ray scattering) atom, and is typically described as a 

resonant photon-in and photon-out process that probes electronic excitations.19 RIXS is a 

continuation of XES by scanning several of the varying on-resonant excitations from 

XANES. Giving rise to a participator decay (figure 2.7) that is a modification of the 

Coulomb potential due to photo-excitation and decay to an excited final state that is not 

necessarily the ground state.18  RIXS is a second order process that is described by the 

Kramers-Heisenberg equation: 

 F Ω,ω( )  = f T2 n n T1 g

Eg − En +Ω− i Γ INT

2
n
∑

2

*

ΓFIN

2π

Eg − En +Ω−ω( )2
+
Γ

FIN

2

4
f
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with ground (g), intermediate (n) and final (f) state electron wave-functions, their 

energies Eg, En and Ef, the intermediate and final state lifetime broadenings ΓINT and ΓFIN 

(FWHM) as well as the transition operators T1 and T2 for absorption and emission of an 

X-ray photon, respectively. The difference between incident and emitted X-ray energy is 

the energy transfer Ω-ω. 

The Kramers-Heisenberg equation infers a separation of the final and initial 

states, which gives the intensities of absorption and emission spectrum. RIXS is used to 

study low energy excitation in strongly correlated materials. With use of dipole 

interactions, it can be further described by momentum conservation.20 It is recognized 

that momentum conservation leads to restrictions for the absorption-emission scattering 

process.21 This analysis can be used as a photon-based, band-mapping technique, which 

can be a complement to angular-resolved photoemission.20 RIXS shows that the core-hole 
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is present only in an intermediate state even though the corresponding exciton can be 

more localized in real space and more delocalized in momentum space.20, 21 The final 

momentum, which participates in scattering, is determined by the projection of the 

exciton state onto the RIXS final state.22 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Emission of a different photon (participator decay) after excitation has 
occurred.17 

 

 



 

 53 

 

Figure 2.8: Steps involved for electron propagation through the molecular solid given by 
the Kramer-Heisenberg Theory. 
 
 
 
III. SPECTROSCOPY INSTRUMENTS 

III.A. X-Ray/Ultraviolet Photoelectron Spectroscopy (XPS/UPS) 

X-ray and ultraviolet photoemission spectra were acquired at a base pressure of 8 

×10−10 Torr using a Kratos Axis HS in hybrid mode with an Al Kα anode (hν = 1486.6 

eV) at a pass energy of 80 eV, and a helium lamp (hν = 21.2 eV via the He I emission) at 

a pass energy of 5 eV. A charge neutralizer was employed under constant potential with 

an anode current of 15 mA. The electron energy analyzer’s relative kinetic energy scale 

was calibrated as per ASTM E 2108-0023, and the absolute binding energy was corrected 

for minor sample charging by referencing to the Ar 2p3/2 core level at 241.3 eV to an 

accuracy of ±0.1 eV. Elemental quantification was completed by acquiring survey scans 

from −1000 to 5 eV binding energy, dividing the integrated area of signal intensity with 

element-specific relative sensitivity factor (RSF) values, and normalizing over all 
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elements detected.13 Core level spectra were deconvoluted using CasaXPS with 

70%:30% Gaussian:Lorentzian functions fitted against a Shirley background.24 Due to 

sample charging, XPS valence band spectra are reported as these could be consistently 

calibrated to the Ar 2p3/2 core level. For work function determinations, the secondary 

photoemission cutoff method was used with an applied bias of −14 V; spectra was 

calibrated against freshly evaporated gold at 5.1 eV. X-ray photoemission of thin-films 

were scanned after Ar+ etching to study a-BxC:Hy interface to vacuum; this is an attempt 

to represent the closest to bulk composition. Etching removes approximately 5-10 nm 

from the thin-film while the amount etched decreases as thermal treatment temperature 

increases. X-ray photoemission is extremely surface sensitive and electron escape depth 

is approximately 50Å of the thin-film even though the x-ray penetration depth is on the 

order of microns. 

In a special case, Kratos Analytical completed depth profile of two samples using 

AXIS UltraDLD. The first sample is an in situ thermally treated sample created in the 

deposition chamber designated as C5, while the other has a gold overlayer that has ~ 150 

Å of gold designated as AuOL. The C5 sample has a full depth profile past the boron 

carbide to silicon interface. The gold overlayer is used for demonstrating the chemical 

properties of the interface to boron carbide and basic bulk properties. These will only be 

discussed in chapter 3; for more detail, specific metal overlayers (Al, Cr, Cu & Ti) with 

respective implications to the chemical and electronic properties will be discussed in 

chapter 5. 
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Figure 2.9: Left: XPS/UPS instrument. Right: sample stage with flood source on right 
analyzing the area that is marked by the laser. Under sample is the magnetic lens and on 
top of picture is the charge neutralizer. 
 
 

III.B. X-Ray Absorption/Emission Spectroscopy And Resonant Inelastic X-Ray 

Scattering (XAS/XES & RIXS) 

X-ray absorption spectroscopy (XAS), X-ray emission spectroscopy (XES) and 

resonant inelastic X-ray scattering (RIXS) measurements were completed at Beamline 

8.0.1 of the Advanced Light Source (ALS) as described previously.25 For each technique, 

photons are delivered to the sample via the beamline’s 89-period, 5 cm undulator 

insertion device and spherical grating monochromator. The absorption spectra were 

measured in total electron yield (TEY) and total florescence yield (TFY) mode at the 
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magic angle (54.7°)16 and normalized to the incident beam current monitored by a high 

transmission gold mesh located in front of the sample. X-ray emission studies were 

performed with a Rowland circle type spectrometer utilizing large spherical gratings and 

a photon-counting area detector.26 Select excitation peaks from the XAS measurements 

were used for RIXS measurements by observing the emitted radiation from the material 

by the Rowland spectrometer. 

X-ray scanning depths corresponding to the K-edge are: boron (B) ~129 nm, 

carbon (C)  ~144 nm, and oxygen (O) ~432 nm, determined by inverse attenuation length 

calculations based on predicted stoichiometry. XAS calibrations were completed from the 

π* resonance state: K-edge values for boron (using hexagonal boron nitride (h-BN)) at 

192.0 eV, carbon (using highly ordered pyrolytic graphite (HOPG)) at 285.4 eV and 

oxygen (using bismuth germanium oxide; Bi4Ge3O12 (BGO)) at 532.7 eV. XES 

calibrations are completed using the dominant off-resonance peak of boron edge by h-BN 

at 181.5 eV (hυ~210 eV), carbon edge by HOPG at 277.0 eV (hυ~310 eV) and oxygen 

edge by BGO at 536.4 eV (hυ~540 eV). 
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Figure 2.10: Inside the vacuum chamber, samples ready for analysis. Left cone is entry 
point for Rowland spectrometer while in foreground, analyzer for total florescence yield 
(TFY)   
 
 
 
IV. METAL OVERLAYER DEPOSITION 

For all metal overlayer studies, the thin-film surface was cleaned prior to metal 

evaporation by Ar+ etching at 500 V and a surface current of 7 µA to remove material at 

average rates of 0.45 and 0.22 nm min-1 for the as grown and thermally treated samples, 

respectively. The Ar+ etching was performed until a constant bulk stoichiometry was 

observed as per x-ray photoemission spectroscopy (XPS) feedback (leading to the 

removal of 9 and 4 nm of material for the as grown and thermally treated samples, 

respectively). Metal depositions were completed in situ at a pressure of 5 × 10-8 Torr via 

thermal evaporation (Al, Cu) or sublimation (Cr, Ti). All metals were 99.9% pure as 

purchased and thoroughly outgassed in an ultra-high vacuum. Deposition rates were 
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established with a translatable quartz crystal microbalance (QCM) prior to deposition on 

the a-BxC:Hy films. After metal layer deposition, the heterostructures were immediately 

inserted into the photoemission chamber and spectra were acquired over a period of ∼3 h 

at 8 × 10-10 Torr. Steps and equipment are represented in figures 2.11 to 2.14. 

 

Figure 2.11: Left is load lock for metal depositions. The right picture shows the linear 
manipulator for the QCM. To measure rates of thicknesses of metal deposition before and 
during metal overlayer experiment. 
 
 
 

Figure 2.12: Shows the crucibles and baskets used during metal deposition and one of the 
reflective and cross-contamination shields between each evaporator. Left shows how 
cramped space is inside the load lock with sample fork in the foreground.  Middle is 
close-up of the baskets and crucibles with metal inside them before outgassing has 
occurred. Right is a close-up of the crucible inside a basket. 
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Figure 2.13: Steps above are the general process of analysis of metal overlayer 
experiment. Receive sample, clean sample by ion etching, metal evaporation and 
measuring photoelectrons.  The last two steps are repeated. 
 
 
 

 

Figure 2.14: XPS instrument and steps that correspond to those of figure 2.12 obtain 
metal overlayers on a-BxC:H thin-films. 
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V. THERMAL TREATMENT 

 Thermal treatment was completed on post growth a-BxC:Hy samples to 

understand the change in chemical and electronic properties for incremental temperature 

increases. The sample was grown on a single degenerate silicon wafer. After growth it 

was cut up into several pieces for use in XPS and XAS/XES. Samples were thermally 

treated by a current-driven custom-made tantalum boat placed into the vacuum chamber, 

to reduce contaminates onto the sample. Thermal treatment was started when vacuum 

reached a minimum of 10-6 Torr and typically ended at 10-8 Torr. The temperatures 

ranged from as grown to 850°C. Temperature was applied at a rate of 2°C per minute to 

ensure uniform thermal treatment; as thermal treatment temperature was reached it was 

held steady for 30 minutes and was cooled at a rate of 2°C per minute (figure 2.15). 

Temperature was measured with a K-type thermocouple. 
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Figure 2.15: Showing the annealing process top are samples before or directly after 
annealing has occurred. Bottom is during the annealing process.  Boat was made from 
tantalum foil 0.030” thick. 
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CHAPTER 3 

UNDERSTANDING THE CHEMICAL AND ELECTRONIC STRUCTURE OF a-

BXC:HY THIN-FILMS USING PHOTOEMISSION 

 
 
I. THE IN SITU THERMAL TREATMENT GROWTH PARAMETERS FOR THE 

INTERFACE OF a-BxC:Hy-TO-VACUUM  

As discussed in Chapter 2 section I, PECVD is tunable for various desirable 

chemical and electronic properties. This section describes how the substrate temperature 

(<500°C) influences the growth process keeping carrier gas and precursor flow 

parameters constant with same growth times, thereby altering the thin-film elemental 

atomic percentage (at.%), being evaluated at two plasma powers (20 W and 30 W). The 

substrate temperature aids and can dictate the type, i.e. chemically, electronically and 

physically, of film that is produced.1, 2 The intent of this study is to understand the effects 

of varying substrate temperature relative to changes of the thin-films boron, carbon and 

oxygen at.%’s.  

The expectation is that oxygen/nitrogen at.% should decrease relative to the 

increase in substrate temperature. The at.% of boron and carbon should relatively stay the 

same; however, as substrate temperature increases a slight increase of carbon is observed 

during the growth process. The increase of carbon indicates an increase of graphitic 

regions and/or interconnecting hydrocarbons that are possibly connecting the 

icosahedrons (see figure 1.5). Simultaneously, there is the possibility that as the substrate 

temperatures increase, icosahedral boron is more likely to have vertex sharing as a result 

of the removal of hydrogen off the carborane cage. The possibility that the plasma can aid 
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in the formation of the various vertex sharing icosahedra-like structures (figure 1.4) and 

removal of hydrogen, is originally produced by the interactions of the plasma potential, 

allowing the formation of these molecules on higher temperature substrates. The increase 

of power from the RF power has the possibility of increasing disorder with precursor and 

the thin-film. As the substrate temperature increases there is a greater probability that 

hydrogen is removed from the thin-film. XPS core level results are beneficial to 

understand the chemical environments; however, the core level is not sensitive enough to 

deconvolute all the inter-molecular bonding characteristics; XPS gives valuable insight 

on the chemical changes that occur from the growth.  

This section discusses boron carbide (a-BxC:Hy) that was grown with varying 

substrate temperatures and two different RF powers. The presented at.% results are in 

table 3.1 and pictorially in figure 3.1. The first set of measurements have substrate 

temperatures of 25 to 350°C with 20 W RF power, and the latter has substrate 

temperatures of 200 to 450°C with 30 W RF power. Low temperature (<150°C) growths 

are not typical due to the higher concentration of contaminates and inconsistent growths 

of thin-films. At lower substrate temperatures (figure 3.1), boron tends to be replaced 

with contaminates that include oxygen and nitrogen (comparing at.%’s). As substrate 

temperature increases, these contaminates tend to be removed and the at.% of boron 

increases. After a certain substrate temperature threshold (125 to 200°C), the at.% 

appears to stabilize; however, the thin-films change chemically and electronically. 

Sample 300-20 is atypical in that oxygen and nitrogen tend to be flipped; due to excess 

nitrogen that was not adequately removed before deposition. The possibility that power 

influences at.% is another key feature suggesting that as power increases, so does the 
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boron at.%, caused by the increased amount of molecular cage cracking within the 

plasma. The carbon at.% remains approximately the same as substrate temperature 

increases and as RF power changes. Oxygen and nitrogen tend to be removed as substrate 

temperature increases, and likewise the higher applied RF power reduces the amount of 

oxygen within the thin-film. The higher plasma power, during growth, suggests a 

possibility that the incorporation of oxygen within the thin-film is prohibited by breaking 

and/or not allowing the bonds to occur. Even though the at.%s are changing, so are the 

chemical and electronic properties. Further detailed studies need to be completed with the 

enriched system parameters of clean gas and ortho-carborane. 

 

Table 3.1: Elemental atomic percentage (at.%) post- Ar+ etch for varying substrate 
temperatures (first number) and two RF plasma powers (second number) with error in 
parentheses. Mass composition is calculated by using atomic mass multiplying by at.%, 
normalizing carbon. 

Element   
Sample 

B 1s C 1s O 1s N 1s 
Mass 

Composition 
200-30 74.53 (0.16) 20.14 (0.13) 4.87 (0.06) 0.47 (0.08) B3.70CO0.24N0.02 
300-30 72.12 (0.15) 19.71 (0.14) 4.29 (0.05) 3.88 (0.07) B3.66CO0.22N0.20 
450-30 76.56 (0.16) 19.91 (0.15) 3.33 (0.04) 0.20 (0.04) B3.85CO0.17N0.17 
25-20 46.80 (0.16) 20.63 (0.13) 25.03 (0.10) 7.54 (0.09) B2.27CO1.21N0.37 
150-20 64.71 (0.34) 19.07 (0.29) 11.15 (0.14) 5.07 (0.17) B3.39CO0.58N0.27 
250-20 66.41 (0.30) 16.98 (0.25) 16.18 (0.15) 0.43 (0.10) B3.91CO0.95N0.03 
300-20 65.85 (0.27) 15.00 (0.23) 7.38 (0.09) 11.76 (0.16) B4.39CO0.49N0.78 
350-20 65.55 (0.31) 19.06 (0.28) 15.16 (0.14) 0.30 (0.07) B3.44CO0.80N0.02 
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Figure 3.1: Relative atomic concentrations of B, C, O, and N (at.%) are taken from table 
3.1 for the 30 W samples (solid symbols) and 20 W samples (open symbols) as a function 
of substrate temperature. 

 

II. THE a-BxC:Hy-TO-VACUUM INTERFACE 
 

X-ray photoemission spectroscopy of the films reveals features characteristic of 

icosahedra-based boron carbide 3-6 as well as high oxygen content, not only in the native 

oxide layer (formed during <2 min atmospheric exposure during transfer from the 

PECVD chamber to a <1 ppm O2/H2O N2(g) glove box), but also in the bulk (formed 

during PECVD growth). After acquiring spectra on the as-received samples, the films 

were cleaned via Ar+ etching to remove the native oxide layer. The relative atomic 

concentrations for B, C, and O in the a-BCO:H films (as grown /thermally treated with 

respect to samples in metal overlayer studies [see table 2.2]) changed from 53.6%/52.1%, 

32.3%/30.6%, and 13.9%/16.2% at the atmospherically exposed surface to 64.5%/65.7%, 
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22.7%/23.4%, and 11.8%/8.9% after removal of the native oxide layer. It should be noted 

that these values do not take into account trace amounts of Ar observed in the films, 

present in quantities of 0.1%/0.4% (as grown /thermally treated) before sputtering and 

1.3%/2.0% (as grown/thermally treated) after sputtering, nor do they take into account 

the presence of hydrogen in the films, which cannot be detected by XPS. The hydrogen 

concentration is expected to vary as a function of growth conditions and post-growth 

thermal treatment 7, 8. A significant decrease in the at.% C from ∼31% to ∼23% after 

surface etching is commensurate with the removal of adventitious hydrocarbon, and a 

corresponding decrease in the at.% O from 13.9%/16.2% to 11.8%/8.9% (as 

grown/thermally treated) is consistent with the removal of surface oxides 3, 6, 9. The 

greater surface-to-bulk oxygen content ratio for the thermally treated sample relative to 

the as grown sample may suggest that post-growth thermal treatment promotes the 

segregation of oxygen species from the bulk to the surface of the film and/or that the 

surface is more hygroscopic or oxygen-sensitive during/following thermal treatment. The 

final stoichiometries of the bulk material exposed after Ar+ etching translate to 

B2.8CO0.5:Hy for the as grown film and B2.8CO0.4:Hy for the thermally treated film 

(henceforth in this section and in Chapter 5 approximated by B3CO0.5:Hy). 

The boron 1s core level spectrum is shown in figure 3.2(a) for the as grown (i) 

and thermally treated (ii) samples both before (top) and after (bottom) Ar+ etching the 

surface to remove the native oxide layer. The asymmetrical peak can be deconvoluted 

into three components. For the pre-sputtered samples, the two lower binding energy (BE) 

components at 187.8/188.0 eV and 189.4/189.0 eV (as grown /thermally treated) can be 

attributed to B atoms in an icosahedral boron carbide environment. The lowest BE 
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component is near that expected for a pure boron film (at 187.9 eV) 10, and is 

characteristic of B atoms bound to other B atoms. The slightly higher BE component 

represents B atoms additionally bound to one or more C atoms 4, 10. However, because 

amorphous hydrogenated boron carbide exhibits a complex extended molecular structure 

and the B atoms exist in multiple bonding environments including B–H bonding 

environments (e.g., B–B6 , B–B5C, B–B4C2, B–B4CH, etc), deconvolution into only two 

main peaks does not capture this complexity. A third component is also evident as a 

distinct shoulder in the pre-sputtered samples, which can be fit as a peak at 191.3/191.4 

eV (as grown /thermally treated). This shoulder belongs to a high-BE ‘oxidic tail’ that is 

commonly observed in boron carbide samples 3, 11, 12 and is characteristic of the presence 

of boron oxides, BxOy. Because B2O3 (B
3+) is expected to have a BE of 192–194 eV 13-16 

(also note that boric acid, H3BO3 , has a BE of ∼193 eV 16), the tail may be more 

consistent with the presence of suboxides (B2+, B1+) 17-19, although some authors assign it 

to oxycarbides (BCO) 20, 21. While Ar+ etching removes some of the surface oxide, the 

oxide tail is still evident in the samples post-sputtering. 
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Figure 3.2: B 1s (a), C 1s (b), and O 1s (c) core level photoemission spectra of the a-
B3CO0.5:Hy films for the as grown (i) and thermally treated (ii) samples. Within each 
panel, the upper plots represent spectra prior to Ar+ etching and the lower plots represent 
spectra after Ar+ etching. 

 

The same set of plots is shown for the carbon 1s core level spectra in figure 

3.2(b). In the pre-etched samples, a dominant peak at 284.2/284.7 eV is characteristic of 

adventitious hydrocarbon 6, 22. A second peak at 282.2/282.5 eV is characteristic of C–B 

bonds 4-6, consistent with the expected coordination environment of C in films based on 

the C2B10 icosahedral subunit, wherein each C is expected to be bound to at least one 

adjacent C atom and five adjacent B atoms. A small shoulder at 286.2/286.5 eV is 
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attributed to the presence of C–O or C=O species 22, and there is evidence for a small 

amount of carboxyl [C(=O)OH] species in the thermally treated sample via the presence 

of a very small peak at >288 eV 22. After sputter cleaning, the spectra are dramatically 

different, with a major decrease in the intensity of the peak at 284–285 eV owing to the 

removal of adventitious carbon. The asymmetric peak can still be well fit to two 

components at ∼282.5 and 283.5 eV. The low-BE peak is still assigned to C bound to B. 

In the literature, the higher BE peak has been assigned to amorphous C/graphitic C 12, 20, 

23, 24 or oxycarbide (BCO) 6 species. However, the BCO interpretation does not rectify 

with what is known of boron carbide oxidation products 25, 26, and we do not see evidence 

of segregated C in films grown from ortho-carborane 27, 28, despite this being 

commonplace in boron carbide produced by other methods 3, 29-34. Therefore, we 

tentatively assign the higher BE component to inter- versus intra-icosahedral carbon or 

hydrocarbon 3, 19, 35. This is consistent with our observations from solid-state NMR 27, the 

high relative intensity of the peak, as well as the observed shift to higher BE expected for 

a C atom bound to only one or two B atoms rather than five. There is also likely a 

contribution to the spectral intensity at higher BEs due to remaining C–O species. 

The oxygen 1s core level spectrum (figure 3.2(c)) is similar to that observed in 

other boron carbide samples 3, 11, and can be deconvoluted into two sub-peaks at 532.5–

533.5 eV and 531.5–532 eV. The higher BE peak likely originates from boron suboxides 

(B2O3 is expected between 533–534 eV) 13-15, while the lower BE peak likely originates 

from C–O species 6, both of which are expected based on known boron carbide oxidation 

chemistry 25, 26. 

The valence band spectra of the as grown and thermally treated a-B3CO0.5:Hy 
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films are shown in figure 3.3. A significant change in the spectra is observed after the 

removal of surface contaminants, evident as a decrease in the density of states near the 

Fermi edge (EF) and at binding energies >10 eV. The spectrum of the bulk a-B3CO0.5:Hy 

material (trace (ii)) displays distinct features centered at ∼9 and ∼14 eV, with a third 

feature extending from near the Fermi edge to ∼5 eV. The valence band maximum for 

the as grown samples lies 0.80 eV below the Fermi edge, as expected for a p-type 

semiconductor with a band gap of 2.4 eV (see figure A1 in the supplementary data 

available in appendix A); for samples that undergo heat treatment, the band gap 

decreases, and accordingly the valence band maximum of the thermally treated sample is 

found to be 0.66 eV below EF. The valence band spectra for the a-B3CO0.5:Hy films are 

similar to those previously reported for B4C films 10, 19, 36, although for the films studied 

here, the main features, including the valence band maxima, are shifted to slightly higher 

binding energies. Conversely, the a-B3CO0.5:Hy valence band spectra are quite dissimilar 

to those reported for adsorbed 37 or condensed 38 ortho-carborane-based films, which 

exhibit a lack of electron density up to ∼5 eV and consequently reveal a very large band 

gap 39. 
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Figure 3.3: Valence band photoemission spectra for the as grown (a) and thermally 
treated (b) a-B3CO0.5:Hy films before (i) and after (ii) Ar+ etching. The difference 
spectrum is shown in trace (iii). 
 

 

The work functions of the a-B3CO0.5:Hy samples were determined from the 

secondary electron photoemission cutoffs (figure 3.4) to be 4.7 and 4.5 eV for the as 

grown and thermally treated samples, respectively. These values are comparable to, albeit 

slightly lower than, those inferred by Hong et al through controlled a-BxC:Hy doping 

studies based on the electrical characterization of a-BxC:Hy/Si diodes 40. 
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Figure 3.4: Secondary electron photoemission cutoff spectra for the as grown (dashed red 
line) and thermally treated (dotted blue line) a-B3CO0.5:Hy films, revealing work 
functions of 4.7 and 4.5eV for the two samples, respectively. Also shown is the 
corresponding spectrum for a gold calibration sample (solid black line), with a known 
work function of 5.1eV. 

 

III. THE BULK OF a-BxC:Hy 

A depth profile experiment was completed in order to understand the bulk of a-

BxC:Hy. Kratos Analytical completed argon ion (Ar+) etching with an ion acceleration of 

4 kV. Section V, discusses the boron carbide to silicon interface and reveals that this rate 

appeared to be too hard and may have missed the interface of the boron carbide to silicon. 

It was extremely difficult to obtain statistical data within this region; a thorough 

understanding of the instruments and the material studied is necessary. However, the ion 

acceleration does give valuable information over the bulk region by providing details that 

are beneficial in understanding the reductions of the thin oxide and carbide layers at each 

interface (i.e. vacuum to a-BxC:Hy, a-BxC:Hy to silicon interfaces, and areas between 

these two interfaces). There were several observations during the etching profile: (1) 
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vacuum to boron carbide interface (discussed in Section II relative to core levels and 

below with at.%), (2) boron carbide to silicon interface (section V), and (3) diffusion of 

the boron carbide into the silicon substrate (section V). The thin-film that has been 

exposed to atmospheric or a metal overlayer, must have the surface removed in order to 

understand the chemical composition of the bulk. Samples C5 and the gold overlayer 

(AuOL) will be discussed. In both cases, it is important to understand the surface oxides, 

and in the case of the gold overlayer, to understand the surface effects of the bulk atomic 

concentration. 

The C5 film, the vacuum to boron carbide interface revealed a strong presence of 

oxides and carbides with minor amounts of absorbed nitrides on the surface. This film is 

of interest because of how hard the film is compared to other films grown, suggesting 

insight about the chemical interaction of thermal treatment to native contaminates and the 

surface absorption of contaminates. The hardness of the C5 film was 97.2 GPa (Young’s 

Modulus 545.4 GPa) while the typical as grown sample (used in metal overlayer 

experiment) is 7.3 GPa (Young’s Modulus 94.4 GPa), making oxides more difficult to 

absorb into the surface of the C5 film. The surface layer was significant because thermal 

treatment typically makes the thin-film harder, and segregation of oxides and free 

constituents from the bulk are further removed with longer thermal treatment time. This 

higher concentration of oxygen can demonstrate the presence of segregation that has 

occurred through the treatment of the thin-film. The film had a superficial oxide layer 

that was approximately 35 nm with at.% maximum for oxides at 10.7%, carbides at 

23.0% and nitrides at 1.8%, with the bulk normal at ~0.9%, ~17.4% and ~0.6%, 

respectively (figure 3.5). Approaching the boron carbide to silicon interface, the oxides 
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and carbides increased to 2.1% and 18.3% while the nitrides remained constant. For bulk 

studies, this was atypical for films grown in UMKC’s Caruso Group reaction chamber, 

having oxides ~10 at.% and carbides ~30 at.%. The presence of oxides and carbides 

within the thin-film has a possibility of occurring from the silicon substrate, as well as 

issues with leaks, contaminates in vacuum, and quality of gas which are typical with 

growth chambers. Overall, the bulk oxide level of this film was significantly lower than 

those typically created from deposition without thermal treatment and those with short 

thermal treatments.  
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Figure 3.5: Depth profile of boron carbide sample with two major interfaces vacuum to 
boron carbide thin-film and boron carbide thin-film to silicon substrate.  Plots on right are 
close-ups of boron carbide to silicon substrate transition with (a) B 1s, (b) C 1s and (c) N 
1s, O 1s and Si 2p. 
 

 

 The AuOL (150 Å applied) was used in order to understand how diffusion of gold 

integrates into the thin-film and its effect to the bulk. Within the full depth profile of the 

thin-film (figure 3.6), several interfacial artifacts were observed, specifically, the vacuum 

to the gold oxide/carbide layer and the gold overlayer to the thin-film of a-BxC:Hy. Also 

observed was the bulk metallic gold overlayer and diffusion of gold into the bulk of the a-

BxC:Hy thin-film followed by the bulk of the boron carbide. In the metal overlayer 
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experiment, Chapter 5, gold was not included because of unexpected sample charging 

making it difficult to accurately align spectra (appendix A has predicted position of gold 

overlayer and depth profile in figures A2 to A8). Gold is known to easily diffuse into the 

bulk of silicon and is assumed that gold will do the same here with boron carbide.41 The 

exact reason for gold diffusion into bulk of silicon is unknown, making this effect 

interesting to study with boron carbide. On the surface of the gold a carbide (29.1 at.%) 

layer was predominate represented by the higher concentration of carbon that drops after 

the first ion etch (17.8 at.%). The oxide was also higher than the bulk of the boron 

carbide and steadily decreased as etching continued. The boron carbide to gold interface 

appears at ~200 seconds etch time (~130 nm), observed by the slight increase of oxides 

and carbides. The gold appears to diffuse significantly into the film on the order of ~60 

nm (~285 second etch time). Gold appears to remain in the film through depth profile 

with ~0.2 at.%. The boron carbide bulk characteristics at ~190 nm (~285 second etch 

time) have at.% for oxides at 12.6%, carbides at 17.2% and nitrides at 1.2%, with the 

bulk normal at ~11.9%, ~16.8% and ~0.8%,  respectively. The oxides are high for boron 

carbide thin-films; however, this has been resolved through processes discussed in 

chapter 2. As suspected gold did diffuse into the boron carbide, on an order that was 

double than predicted. Additionally, an unexpected result was observed through surface 

charging effects, suggesting the gold is creating an insulating surface with the boron 

carbide matrix. 

 There are several interesting effects that occurred between these two samples, 

predominately caused by the two growth parameters: flow rates and thermal treatments. 

Sample C5 had a higher flow rate and longer thermal treatment, thus these two 
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parameters aided in the removal contaminates. Sample AuOL had a lower flow rate and no 

thermal treatment suggesting that low flow rates impart more contaminates and these 

contaminates were not removed by thermal treatment. The time of exposure to 

atmosphere does affect the film by making a superficial oxide layer (different than the 

homogenized bulk boron carbide oxide) on boron carbides that is extremely superficial 

and can be easily removed in vacuum by Ar+ etching. The allotment of time for exposure 

dictates how far the oxide layer will diffuse within the film, which has a termination point 

within the bulk of the thin-film (differs from each sample by growth conditions). The 

critical point for oxidization of the thin-film is within the first few minutes of exposure.  

Both samples presented have been exposed to atmosphere for over half a year. The oxide 

termination layer for sample C5 is <35 nm and sample AuOL with respect to the gold 

overlayer is unknown. Boron carbide oxide layer is discussed briefly in section II (shown 

the full depth profile of sample C5 in figure 3.5 and sample AuOL in figure 3.6).  

Additionally, it has been observed that thermal treatment does aid in the removal of 

oxides and carbides from the film, making the thin-film more rigid by an elimination of 

interstitial stresses. The longer the thermal treatment the higher the chance that free 

oxygen and carbon would be removed from the bulk of the thin-film. During thermal 

treatment, the boron carbide to silicon interface may have diffused the oxide layer (e.g. 

oxygen into the bulk of the boron carbide), plus the additional time for treatment may 

have removed adventitious oxides and carbides on the silicon substrate. 
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Figure 3.6: Depth profile of the gold overlayer onto boron carbide.  Interfaces present are 
vacuum to mixed gold (~150Å)/boron carbide and the gold overlayer to boron carbide 
thin-film. 

 
 

IV. THE SILICON-TO-VACUUM INTERFACE 

The silicon-vacuum interface was completed on two square centimeter pieces of 

the wafer. This was completed with the prescribed cleaning (Chapter 2.II.A.) using 

recycled (sample 1) and fresh (sample 2) piranha and HF solutions. After cleaning, 

samples were quickly mounted and placed into load lock of the XPS chamber that was 

put under high to ultra high vacuum to reduce oxidization effects to silicon. The silicon 

used is p-type degenerate silicon doped with boron similar to that used in the depth 

profiled a-BxC:Hy (section III). Preceding the etch, the XPS reveals high amounts of 
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carbon (47.52%, 24.84%) and oxygen (7.25%, 5.12%) on the surface for both cleaning 

treatments (respectfully, at.%s recycled and fresh). The etch was completed with Ar+ 

acceleration of 500 V for 5 minutes to observe if contaminates were due to quality of the 

silicon, quality of the wash or exposure to atmosphere. In these cases, it is clear that the 

HF did remove a significant amount of oxygen with the presence of the fluorine, both 

cases <1 at.% with fresh solution revealing ~3 times more fluorine. The etching shows an 

at.% drop for carbon (9.51%, 4.50%) and oxygen (3.25%, 1.58%) with respect to 

recycled and fresh solutions.  The excess carbon and oxygen is primarily due to poor 

grade silicon, and etching is expected to remove most, if not all, contaminates on the 

surface created from brief atmospheric exposure. Observations from the etch of the clean 

silicon reveals the interface of the vacuum to silicon which should be compared the depth 

profile experiment (section III) at.%s. Suggesting that boron carbide easily diffuses into 

the silicon substrate (compare relative at.%s from figure 3.5). 

Comparing the as received cleaned samples to post etching shows a significant 

decrease of contaminates (figure 3.7). Figure 3.7A shows that silicon remains the same 

and does not appear to be silicon oxide/carbide and is further enhanced from etching. 

Figure 3.7B shows that even after washes, carbon is on the surface, however most of the 

carbon was removed after etching. The remaining carbon appears to be graphitic and 

shows that sample 2 (fresh wash) has far less contaminates. Oxygen is a major concern 

for boron carbide films; the presence of oxides after washing needs to be removed before 

deposition, even though the HF and piranha wash does remove a vast majority of the 

silicon surface contaminates. The oxides are possibly due to the DI water rinse and after 

etching the oxide becomes carbon trioxide (CO3).42 Fresh solution should be used when 
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cleaning substrates and further cleaning of the substrate is needed once the chamber has 

been vacated. Before deposition in the PECVD chamber, a light plasma etching is 

needed, reducing overall contaminates within the film. Implications of dirty substrate can 

lead to tunnel and Schottky barriers. 

 

Figure 3.7: The plots above are of silicon (A), carbon (B), nitrogen (C), and oxygen (D) 
with top half being wash 1 (recycled; sample 1) and bottom being wash 2 (clean; sample 
2); black lines are pre-etch while red are post-etch. 
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V. THE CHEMICAL IMPLICATIONS OF a-BxC:Hy-TO-SILICON INTERFACE 

It was difficult to obtain the exact point of the boron carbide to silicon interface 

(figure 3.5) which occurred at ~2800 second etch and was missed by the observation of a 

slight increase of oxygen, suggesting that the edge was within this etching point. The Ar+ 

etch rate appears to be too hard and may have missed the interface of the boron carbide to 

silicon. The oxides and adventitious carbon were expected to be within a few Å thick 

from the brief exposure to atmosphere as observed in the silicon-vacuum interface (see 

section IV). Each etch removes slightly less than 18 nm. At this rate it would be very 

difficult to see the Å layer; furthermore, pinpointing the exact location is difficult, as is 

determining the correct etch rate to observe the effects on the interface. One solution is to 

make an extreme thin-film (~10 nm) and slowly etch the surface of the film; however, 

this provides completely different chemical and electronic properties compared to those 

of thicker films that would be used for devices. The silicon wash studies (section IV) give 

more insight into what is occurring at this interface but lacks an explanation on how the 

boron carbide is interacting to form this interface. However, the data collected shows a 

slight increase of oxides and carbides from bulk to the interface by approximately 1.2% 

and 0.9% respectively. If the actual interface was observed it would be expected that the 

oxides increase/decrease approximately to 5-7% and carbides to increase/decrease by 

10% from the normal bulk (increase occurs if concentration is low and vise versa). 

The diffusion of the boron carbide into the silicon is more significant than 

expected. This is represented by the core level silicon curve, suggesting that boron 

carbide diffuses into the silicon by approximately 1000 nm.  Part of the diffusion can 

occur from the ion gun having knock-in effects and thermal treatment can aid in the 
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diffusion layer.  Additionally, the silicon has a dopant of boron that makes it difficult to 

discern boron carbide or boron dopant. It is not clear if diffusion occurs from the 

deposition, ion etch knock-in processes or thermal treatment. It was expected that the 

silicon would increase to ~60 at.% and boron would decrease to ~30 at.%, at which boron 

would level off; this is expected from observing the after etching of the washed silicon 

substrates. From normal deposition without any treatment or ion knock-in from etching 

the diffusion is expected to be similar to the oxide layer (~30 nm) on the boron carbide. 

All of the interfaces presented should have significant influence on the device, 

especially to those devices that use low power such as neutron detection technologies and 

microelectronics. The efficiency of this barrier or diffusion effects have not been studied 

with respect to the device. The boron carbide to silicon interface greatly improves when 

using clean Piranha and HF solutions. The substrate is further enhanced by Ar+ etch on 

the silicon surface, revealing the clean silicon substrate and its low contaminates that 

come from the growth process of the silicon. Utilization of plasma cleaning in the reactor 

chamber ideally removes contaminates from the substrate, but it is not clear to what 

degree however, it is expected to be minimal. From this method, there is still a slight 

increase of oxides and carbides at the substrate interface. The surface interface (vacuum-

boron carbide) shows there is a significant amount of oxides and carbides present that 

have a termination depth of <30 nm (depending on hardness of film), with metal 

superficial contaminates being less. In the cases of diffusion, metal into boron carbide is 

less than boron carbide into silicon. 
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CHAPTER 4 

 
THE EFFECTS OF THERMAL TREATMENT ON AMORPHOUS 

HYDROGENATED BORON CARBIDE: A STUDY OF THE BULK CHEMICAL 

AND ELECTRONIC STRUCTURE 

 
 

 
I.  INTRODUCTION 

 
The chemical composition and bonding characteristics of the thermally treated a-

BxC:Hy thin-films (Chapter 2 Section I.A. and V) were studied using X-ray 

photoemission spectroscopy (XPS) while both ultraviolet photoemission spectroscopy 

(UPS) and XPS were used to study the valence band character. Soft x-ray absorption and 

emission spectroscopies (XAS/XES) were used to establish the element-specific 

hybridization and bonding types of the occupied/unoccupied states; XAS and XES are 

inherently more sensitive to the local bonding environment and are complementary to 

XPS.1, 2 RIXS was used to examine the resonant excited state of non-equivalent sites in 

the a-BxC:Hy relative to the boron edge occupied by chemically identical species.  

 

II. X-RAY AND ULTRAVIOLET PHOTOEMISSION SPECTROSCOPY 

Interpretation of the binding energy dependence of the photoelectron intensity is 

used to explain and understand stoichiometric composition (table 4.1) and chemical 

characteristics (figures 4.1 and 4.2) of the thermally treated samples. Significant chemical 

changes were observed at 400°C and 850°C; each temperature produced distinct and 

unexpected stoichiometric shifts evidenced by increases in oxygen (boron oxides) and 
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nitrogen (nitrogen-hydride bound to boron) concentrations at 400°C and an increase in 

oxygen concentration at 850°C. In many cases oxygen and nitrogen are overlooked or not 

reported in studying the elemental composition of boron-rich thin-films3; there are few 

examples to the contrary4-6. The valence band exhibited several changes ranging from 

position of the valence band maximum to a decrease in intensity of the dominant a-

BxC:Hy peak. 

 

Table 4.1: Elemental atomic percentage (at.%) pre- and post- Ar+ etch for varying thermal 
treatment temperatures (as grown (AG) to 850°C) with error in parentheses. Mass 
composition is calculated by using atomic mass multiplying by at.%, normalizing carbon. 
 
  Element 

Temp (°C) 
B 1s C 1s O 1s N 1s 

Mass 

 
Composition 

Pr
e-

et
ch

 

AG (27) 69.58(0.16) 25.24(0.15) 4.64(0.05) 0.53(0.08) B2.48CO0.21N0.03 
250 67.09(0.16) 26.63(0.15) 5.88(0.06) 0.40(0.06) B2.27CO0.26N0.02 
400 58.37(0.40) 35.62(0.38) 5.28(0.13) 0.73(0.17) B2.48CO0.17N0.03 
550 65.94(0.30) 28.02(0.29) 5.57(0.11) 0.47(0.10) B2.12CO0.23N0.02 
675 62.25(0.33) 31.04(0.31) 6.27(0.11) 0.44(0.11) B1.81CO0.24N0.02 
850 56.91(0.34) 33.53(0.32) 9.26(0.13) 0.30(0.08) B1.53CO0.32N0.01 

Po
st

-e
tc

h 

AG (27) 67.72(0.16) 24.65(0.16) 6.87(0.06) 0.76(0.05) B2.47CO0.33N0.03 
250 67.68(0.17) 27.03(0.16) 4.71(0.06) 0.58(0.08) B2.25CO0.20N0.02 
400 57.81(0.30) 23.07(0.25) 14.60(0.14) 4.52(0.17) B2.26CO0.74N0.20 
550 66.08(0.16) 27.88(0.15) 5.22(0.05) 0.81(0.08) B2.13CO0.22N0.03 
675 62.75(0.16) 30.54(0.14) 6.16(0.05) 0.55(0.07) B1.85CO0.24N0.02 
850 57.62(0.17) 32.86(0.16) 9.07(0.06) 0.46(0.07) B1.58CO0.32N0.01 
 
 
 

II.A. Post Ar+ Etch of Core Level Chemical Characteristics  

Deconvolution of the boron (B) 1s core level spectra (figure 4.1(a)) yields peaks 

at 187.9 and ~189 eV characteristic of icosahedral boron in boron-rich boron carbide 7,8 

and carbon-rich boron carbide.9 Of these deconvolved peaks, the higher BE features are 

associated with various boron oxidation states (B+, B2+ and B3+ 9, 10). The high BE tail 
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associated with boron- and carbon-rich peaks of the boron core level includes a wide 

range of possible oxidization states (B+, B2+)11-13; authors have attributed these BE values 

to the formation of boron oxycarbides (BCO)13, 14. The highest oxidation state is 

represented by boron oxide, B2O3 (B3+), occurring within expected BE values ranging 

from 192–194 eV15-18; note that boric acid, H3BO3, has a BE of ~193 eV18. Boron-

nitrogen bond formation is atypical in a predominant boron-carbon matrix; however, 

there are still minuscule amounts (~0.6 at.% average) of nitrogen present in all samples 

measured and reported here, except the sample thermally treated at 400°C (see table 1). 

Behera et al. observed that nitrogen hydride (B-NH2) groups form at the icosahedral sites 

at a BE of 191.6 eV 19, which is similar to that observed in the sample thermally treated at 

400°C with a BE of 191.8 eV.  

Analysis of the carbon (C) 1s core level reveals a shift from boron-rich to carbon-

rich carbide as the thermal treatment temperature is increased, indicating that carbon has 

increased (see figure 4.1(b)). The scans up to and including the sample thermally treated 

at 400°C reveal broad core level peaks. Samples thermally treated at 550°C and above 

demonstrate a shift to higher BE with a narrowing convoluted core level peak. The 

spectra discussed here were obtained after Ar+ etching. Prior to etching adventitious 

carbon was observed with thermally treated samples, however after etching adventitious 

carbon is assumed not to exist at the surface. At low thermal treatment temperatures 

(≤400°C), photoemission intensity at a BE of ~284.2 eV may suggest carbon in the form 

of long hydrocarbon chains (e.g. propane- or butane-like), while at higher treatment 

temperatures (>400°C) the hydrocarbon chain seem to shorten (e.g. methane-, ethane-

like) given the shift to higher BE of ~284.8 eV.20, 21 The peaks at BE’s of 283.0 through 
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283.7 eV speak to carbon-boron bonding (carbidic); at this BE carbon has been assigned 

by others as an amorphous C/graphitic C22-25 or oxycarbide (BCO)26 species. The boron-

rich carbides (Bx-C) aligned at ~282.4 eV are consistent with the intra-icosahedral 

subunit.8, 19, 27, 28  

 The nitrogen (N) 1s core level reveals minimal atomic nitrogen concentration 

through all thermal treatments; a sudden increase of nitrogen is observed in the sample 

thermally treated at 400°C (figure 4.1(c)). Nitrogen can be attributed to the formation of 

boron nitrides, and is identified in the BE range of 398.0 to 398.7 eV 27; there was no 

indication of boron-nitrogen bonding from the boron 1s core level except for the sample 

thermally treated at 400°C.27 In general, nitrides (N3-) are observed to have a BE of 

~396.3 to 398.7 eV29; this is observed within the samples thermally treated at low 

temperatures (≤400°C) and consist of nitrogen bound to boron, carbon and/or oxygen. 

Known byproducts are nitrogen quaternary (NR4
+) and N–O species, which occur within 

the range of 401.1–401.8 eV30; these are not observed for those samples thermally treated 

at or more than 550°C. The sample thermally treated at 400°C demonstrates a higher 

atomic concentration of oxygen and nitrogen. This sample has a minor peak with a BE of 

300.8 eV associated with nitrogen suboxides (N-O). Both the as grown sample and 

sample treated at 250°C reveal unbound/interstitial ammonia at 398.4 eV31, 32 and 

nitrogen bound to boron/carbon (Nx-B/C) 33, 34 at a BE of 397.2 eV. For the sample 

thermally treated at 400°C there is a shift (~0.8 eV) in the lower convoluted peak to 

higher BE (red to magenta; figure 4.1(c)), suggesting a formation of boron hydride (B-

NH2) at ~398 eV.19 At higher thermal treatment temperatures (≥550°C), the 
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deconvolution reveals multiple peaks within the range of 400 to 404 eV with unknown 

chemical relationship.  

 Analysis of the oxygen (O) 1s core level reveals moderate atomic concentration 

(%) through all thermal treatments, with a sudden and unexpected increase of oxygen in 

the samples thermally treated at 400°C and 850°C (figure 4.1(d)). In the sample thermally 

treated at 400°C the O 1s core level shifts to higher BE (~532.4 eV), while gradually 

shifting back to lower BE (~532.0 eV) for higher sample temperatures. The BE peak at 

531.5 to 531.7 eV in all samples appears to consist of hydroxide (-OH) bound to carbon 

(figure 4.1(d) red curve). A shift in BE (~532 to 532.4 eV) reveals oxygen binding to the 

hydrocarbon chains identified above (figure 4.1(d) orange curve).35 Classically, the peaks 

with higher BEs originate from suboxides (whereas B2O3 is expected between 533 to 534 

eV).16, 17, 36 The lower BE peak in sample as grown and the sample thermally treated at 

250°C (figure 4.1(d) blue curve) is oxygen bound to carbon (O-C)26, both of which are 

expected from known boron carbide oxidation chemistry.37, 38 Within the lower thermal 

treatment temperatures, the dominant peak for O-C species was measured at ~531.6 eV 

with hydrogen and hydrocarbons (e.g. ethane- to butane-like) bound to oxygen, while the 

samples thermally treated above 400°C demonstrate a shift to higher BE at ~532.4 eV, 

attributed to boron and carbon suboxides.  
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Figure 4.1: Core level photoemission spectra of boron (a), carbon (b), nitrogen (c) and 
oxygen (d) as a function of post-growth thermal treatment temperature from as grown 
(top) to 850°C (bottom). 
 
 
 
II.B. Post Ar+ Etch of Valence Spectra 

 Review of the valence electron spectra (figure 4.2) reveals a change in peak 

structure as thermal treatment temperature is increased. Most notably, a relative decrease 

in the peak centered at 8.6 eV and growth of the lower energy states indicate a potential 

decrease in sigma-bound states. The higher BE peak at ~14.7 eV remains more or less 

constant throughout the thermal treatments. Ortho-carborane has known spectral features 

at 5.7, 8.5 and 11.2 eV.39 The spectral shape presented in figure 4.2 lacks a component at 

11.2 eV; the main peak at 8.5 and at 5.7 eV characteristics correspond to carbon within 
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ortho-carborane, becoming more broadened and minimized as the thermal treatment 

increases because of free carbon/hydrocarbons interact with the molecular solid. 

Simultaneously, the features of the ortho-carborane also diminish, and an increase of 

states appears to form near the valence band maxima (VBmax - table 4.2).  

 
 
Table 4.2: Valence band maximum (VBmax) as thermal treatment temperature increases.  
 

Thermal Treatment (°C) VBmax (eV) 
AG (27) 1.54 

250 1.82 
400 1.36 
550 1.07 
675 1.18 
850 0.99 
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Figure 4.2: Valence spectra relative to thermal treatment, representing changes of states 
in the dominant peak centered at 8.6 eV and those above the VBmax.  Inset plot shows 
overlapped near edge VB. 
 
 
 
III.  PHOTOABSORPTION AND EMISSION  

Interpretation of the XAS (specifically NEXAFS) transitions are governed by 

dipole selection rules that provide element-specific information about the density of 

states, local atomic structure, lattice parameters and molecular orientation.40 The 

information is largely contained in the position, width and intensity of the π* and σ* 

resonances. The XAS method is extremely sensitive to changes in the electronic and 

geometric intra-molecular structure. The as grown (AG) sample and samples thermally 

treated at 400°C and 850°C (Chapter 2 Section I.A. and V), each of which demonstrate a 
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change of resonant excitation features with respect to the boron and carbon K-edges 

correspond to inter-icosahedral carbon formation. X-ray emission spectroscopy is the 

decay of an electron to a core-hole, which is created by the absorption process. This 

decay originates from a valence electron transitioning to a lower lying core-hole and 

energy is conserved by the emission of an x-ray photon of matching energy. The 

localization of the core-hole provides a detailed, element-specific picture of the local 

electronic structure around a given atomic site with no contribution from the much larger 

number of atoms in the substrate. 

 

III.A. X-Ray Absorption 

Boron K-edge absorption intensity for a-BxC:Hy (figure 4.3) is characterized by 

the onset of anti-bonding π* states (sp2) at ~188 eV and σ* states (sp3) from ~194.5 to 

~208 eV.10, 41 Three distinctive π* states were observed from the TEY scans for all 

samples at 191.4, 192.5 and ~194 eV, which correspond respectively to: an amorphous 

structure of BC alloys (label C), icosahedral-like boron with boron-rich carbides (label 

B), and superficial (on surface of the thin-film) boron oxide (label B2O3).10, 41 A peak at 

191.1 eV corresponds to B4C with inter-icosahedral bonds (label A) presumably due to 

bonding in the C-B-C chain. 10, 41, 42 The TFY scans for the thermally treated samples 

indicate the presence of C-B-C chains, which are not as prominent in TEY scans.41, 43 

Additionally, the TFY spectral intensity demonstrates higher concentrations of carbon-

rich carbides, which appear toward the onset of absorption. The carbides within the boron 

K-edge consist of various bonding environments in an sp2 boron carbide structure  (e.g. 

B-C3, B-C2☐, or B-C☐2 with ☐ being a C vacancy around the intra-icosahedral boron 
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atom).44 The broadness of the π* states (TEY) is attributed to the formation of a peak at 

~189 eV revealing the anti-bonding influence of carbon in the matrix of the thin-film. 

The TFY scans demonstrate that the boron-rich inter-icosahedral structure (label B) and 

B2O3 are superficial. Beyond the surface of the thin-film there is a higher concentration 

of inter-icosahedral carbon. In the sample thermally treated at 850°C, a significant 

modification occurs within the boron TEY absorption. An increase of spectral peaks in 

thermal treatment corresponds to discrete intensity features of boron-rich carbides (label 

B) and B2O3 components. The bulk sensitivity of TFY scans helps to validate the B2O3 

feature (~194 eV) as superficial in regards to the thin-film. Comparing hexagonal boron 

nitride (peaks for π* [sp2] at 192.0 eV and the onset of σ* [sp3] at 197.2 eV)45 to the 

thermal treatments reveals that boron nitride is not present in the thin-film and is 

confirmed through XPS N 1s core level; boron hydride is present, specifically for the 

sample thermally treated at 400°C. To further understand the bonding characteristics, 

angle-dependent studies were completed for the boron K-edge, illustrating the thin-film 

remains amorphous throughout the thermal treatments (see appendix B figures B2-B6). 
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Figure 4.3: Boron K-edge completed at ALS for as grown (AG) (a)) to 850°C (f)) with 
TEY (solid) and TFY (dashed; completed at ALS).  Technical boron carbide (B4C) (h)) 
violet line and h-BN (g)) indigo line.  Vertical lines gray dashed lines are points taken for 
RIXS additionally salmon color lines are points in Jiménez paper.46 
 

 

Carbon K-edge absorption intensity for a-BxC:Hy (figure 4.4) is typically 

characterized by the onset of anti-bonding π* states (sp2)  at ~285 eV and σ* states (sp3) 

from ~292.8 to ~308.0 eV.10, 41 Three defining transitions have been observed in the 

thermally treated samples corresponding to energies 285.4 eV, 287.1 eV, and 288.3 eV, 

in reference to the unoccupied states: the graphite π* resonance (label W), a boron 

interaction with carbon intensity (e.g. B-C3, B-C2☐, or B-C☐2) (label X) 47, 48 46, and 

boron carbide absorption edge (B4C) (label Y)47 46. The onset of the carbon K-edge 
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reveals an sp2 state representative of graphite (label Z) at 291 eV and label Y is also an 

onset for the sp3 state of diamond at 288.3 eV.46 In all thermally treated samples 

(excluding the sample thermally treated at 400°C) and including the as grown sample, 

there appears to be an overlap of states that occurs with hydrogenated carbon40, 49, 50 

regions and those classically measured for the ortho-carborane molecule (range of ~288 

to ~292 eV). Within the thermally treated samples, a small amount of graphite may be 

present; however, the spectrum is missing the spectral component of the σ* resonance of 

graphite (~291 eV). Comparing butane and similar hydrocarbon structures indicates a 

strong resonance for a π* state at 284.4 eV51 and a propanol/methanol-like end group 

structure (C-CH3 and C-CH2 at 287.5 eV; O-CH3 and O-CH2 at 289 eV)52, 53; additional 

σ* resonance at 293 eV corresponds to carbon-oxygen interaction52-54. Trace gases (from 

chamber and gas contaminates) of CO and CO2 are not observed within the film due to 

the lack of a strong π* resonance at ~287.3 and ~290.7 eV, respectfully.55-57 The sample 

thermally treated at 400°C has spectral intensities that do not appear to correspond to the 

other thermally treated samples or those of other boron carbides. The TEY spectral 

intensity for the sample thermally treated at 400°C tends to align with the graphite 

resonance (label X); peak label X corresponds to impure diamond and nano-diamond π* 

features.58-63 Technical boron carbide (B4C) and nano-diamond features that correlate to 

the sample thermally treated at 400°C reveal states after label Y (~289 eV) and states 

before label Z (~290.5 eV).64 The π* state at 288.9 eV has a similar position to that of 

B4C and at ~290.6 eV the nano-diamonds σ* states are present. There is an extra state 

within the thermally treated film between X and Y at 287.9 eV representing a sharp 

absorption edge corresponding to carbon-rich carborane (ortho-carborane; π* state).47 
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Figure 4.4: Carbon K-edge as grown (AG) (a)) to 850°C (f)).  Technical boron carbide 
(B4C) (i)) violet line, HOPG (g)) indigo line and navy line is nano-diamond from 
Moewes et al.  Vertical lines (W, X, Y & Z) salmon dashed lines are points in Jiménez 
paper.41   

 

 

Oxygen K-edge absorption intensity (figure 4.5) was completed for all samples 

while nitrogen K-edge absorption intensity was only measured for the as grown sample, 

with the assumption that nitrogen (see appendix B figures B20) would have low at.% and 

be removed as thermal treatment increased. There is a lack of published data on boron 

and carbon oxides with respect to the oxygen K-edge. For the as grown sample and the 

sample thermally treated at 250°C, the dominant π* resonance state peak at 536.7 eV is 
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carbonic.55 As thermal treatment increases beyond 250°C, a shift in this π* state occurs at 

~537.3 eV for samples thermally treated at 400°C to 850°C; for thermal treatments above 

400°C, the π* state increases slightly to ~537.5 eV. Increase of the π* state intensity for 

samples thermally treated at 400°C and 850°C have changed considerably due to the 

higher at.% of oxygen.  Within the thin-film, the main excitation measurement is derived 

from superficial B2O3 and adventitious oxy-carbon.9, 13, 26, 65-67 The effects of nitrogen to 

the oxygen K-edge spectral intensity are unknown predominately due to the low at.%s 

found from the XPS study. The σ* state appears to be very broad in terms of spectral 

range and lacks remarkable features and is not fully understood. 
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Figure 4.5: Oxygen K-edge as grown (AG) (a)) to 850°C (f)) with TEY (solid) and TFY 
(dashed).  Technical boron carbide (B4C) (g)) violet line and h-BN (g)) indigo line.  
 
 

III.B. X-Ray Emission 

Due to the delocalization of the electrons in the deltahedra structure of the 

carborane molecule, RIXS is typically not completed with many boron carbides.46 RIXS 

is not completed for boron carbides due to low energy emission of x-rays that are typical 

for low Z elements and the icosahedra structure. Presented are three sets of RIXS spectra 

relative to the boron K-edge corresponding to samples thermal treatments at as grown, 

400°C and 850°C (figure 4.6), due to the unique chemical and electronic structure 

observed from XPS and XAS. The remaining resonant emission figures will be included 
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in the appendix B (figures B10-B12).  The dominant feature is a broad peak that has a 

maximum intensity at an emission energy of ~186 eV. Energy dispersion (1.5 to 2.7 eV) 

is observed at higher emission for each on-resonance excitation, revealing a 

delocalization of π states, which correspond to electron delocalization of the icosahedron 

for each set of RIXS scans.68 Displaying a slight shift towards higher emission energy as 

excitation energy increases signifies that σ* bonds correspond to higher energy π 

electrons, decaying to the core-hole. Comparing the on-resonance (RIXS) to off-

resonance (XES), the on-resonance spectra reveals minor peaks that correspond to low 

energy emission states; similar emission transitions are observed in B4C which are more 

pronounced.9  

The boron off-resonance peaks (figure 4.7) for all samples reveal very slight 

dispersion (0.5 eV) with the dominant valence band edge at ~188.1 eV. The emission 

intensity appears to be higher than those of pure boron and crystalline forms of B4C. The 

intensity of the peaks are approximately equal with the exception of the samples 

thermally treated at 400°C and 850°C, with the lowest being 850°C. The peaks at ~182 

eV and ~184 eV tend to have the same respective intensity for all samples. When 

comparing off-resonance scans to B4C and other boron-rich solids scans, the states are 

well defined and have a higher concentration of π states near the valence edge compared 

to the thermally treated films.9  
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Figure 4.6: RIXS spectra for the following samples, top is as grown (AG) sample, middle 
thermal treatment of 400°C and bottom thermal treatment of 850°C.  Right on each plot 
corresponds to photon energy taken from boron K-edge XAS scan (figure 4.3) 
represented by the gray dashed line. Inset is of stacked emission relative to the 
corresponding thermal treatment. 
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Figure 4.7: Boron off resonance XES data from as grown (AG) (red) to the thermally 
treated sample of 850°C (violet). Inset plot is of stacked off resonance XES data. 
 

 

The carbon off-resonance peaks (figure 4.8) reveal slight dispersion within 0.2 eV 

at ~179.3 eV corresponding to the higher emission energy edge at ~284.1 eV. The peak 

shape is similar in each thermally treated sample; as thermal treatment increases, the 

minor tail (270-275 eV) at lower emission energy decreases with a decrease in emission 

for the shoulder at (277.5-278.9 eV).  When comparing XES off-resonances with graphite 

and nano-diamond to all thermally treated samples there are no corresponding 

characteristics. 
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Figure 4.8: Carbon off resonance XES data from as grown (AG) (red) to the thermally 
treated sample of 850°C (violet). Inset plot is of stacked off resonance XES data. 
 

 

The oxygen off-resonance XES (figure 4.9) has more abrupt features than that of 

the boron and carbon XES spectra, with a dominant peak that starts at ~526.7 eV and 

decreases to ~526.3 eV, and a shoulder peak from 521.6 eV to 522.0 eV. The states 

appear to be predominately π in nature with the shoulder suggesting σ bonding 

characteristics, represented by the deconvolution of the peak, this reveals that there are 

actually four different states: one σ and three π bonding states. As thermal treatment 

reaches 850°C the films presents more boron-rich inter-icosahedral bonding, with the 

oxygen predominately bond as boron oxides and hydrocarbons with hydroxyl species. 
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Figure 4.9: Oxygen off resonance XES data from as grown (AG) (red) to the thermally 
treated sample of 850°C (violet). 
 

 
 

IV. DISCUSSION 
 
 There is an expected change with strain and relaxation69, 70 in physical structure of 

the thin-film as temperature increases, caused primarily by the molecular internal kinetic 

energy of the film. The physical change occurs by rearrangement of the chemical and 

electronic properties of the thin-film. As the thin-film cools from a given incremental 

thermal treatment to room temperature the film condenses to a final physical state that 

reveals a preview of what has occurred chemically and electronically during the thermal 

treatment. A fixed thirty-minute thermal treatment temperature was chosen to observe the 

changes that occurred for each given treatment in order to identify small incremental 

changes. Increasing treatment time will result in a different final product and the potential 

to miss the initial chemical and electronic changes that were desired for this study. The 

change of rate of the applied thermal treatment can modify the film; however, this was 
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not studied. The research completed focuses on the thermal treatment of a-BxC:Hy thin-

films in order to understand the effects on the chemical and electronic structure, revealed 

in the results of XPS and NEXAFS data. An understanding of how an as grown (AG) 

sample of a-BxC:Hy changes incrementally with respect to increases of thermal treatment 

up to a temperature of 850°C, is presented from analysis of the data suggesting 

segregation and various chemical reactions (e.g. synthesis, decomposition and/or 

oxidation and reduction). The boron carbide within the context of this chapter has high 

concentrations of oxygen and nitrogen which have an effect on the properties of 

segregation and chemical reactions within the thin-film. This study demonstrates the 

importance of having a high quality thin-film that lacks contaminates. Furthermore, thin-

film growth has been achieved by our group and many others with lower concentrations 

of these undesirable trace gases through the process of obtaining higher quality gas that is 

further purified through in line filters. High purity of films is speculated to be important 

to obtain high quality thin-films for use in neutron detection and microelectronic devices. 

The chemical and electronic properties are discussed in the form of hypothetical 

product X with respect to icosahedra and interconnecting hydrocarbon chains (figure 

1.5).71 Any type of change should occur between icosahedra primarily with exo- or inter-

icosahedral structures with the icosahedron being unaltered by the thermal treatment.  

This is due to the icosahedra (possibly varying deltahedra created during plasma growth) 

having a rigid three-center two-electron bond for each of the triangular faces72, making 

the cage difficult to deconstruct through thermal treatment. The alteration of the 

icosahedron can occur within the plasma by the electrons and argon ions cracking the 

ortho-carborane. The alterations from the thermal treatment can be amended to the 



 

 109 

icosahedron by pacifying dangling bonds, typically completed with hydrogen, to that of 

carbon-, oxygen- and nitrogen-sites within the polymer. Non-deltahedral boron is 

unlikely to bond to these sites due to an inability to form correct hybridization because of 

the unique bonding rules.72 It is possible that other icosahedra (ortho-carborane and 

polymer) can bond to form several types of sharing vertices by creating multiple vertexes 

(face, edge and single [figure 1.4])72 during growth and thermal treatments (at high 

thermal treatments >2100°C). Multiple vertex sharing, specifically face and edge, are 

unlikely to emerge through thermal treatments unless partial/open icosahedral-like 

structures are present.72 For these structures to arise, removal of hydrogen would have to 

occur at the vertices of the carborane and/or cracking of the icosahedra. This is possible 

through the PECVD process by the interaction with the plasma, followed by electron 

deficient bonding rules of deltahedral boron (Chapter 1 Section V) onto the substrate 

surface; however, this has not been experimentally documented. As thermal temperature 

increases, the chemical bonds change to accommodate the electronic structure, and vice 

versa.  

During thermal treatments, the most probable molecular adjustments are within 

the hydrocarbon chains that interconnect the icosahedra, caused by breaking 

interconnecting carbon bonds and removing hydrogen from the cage. The hydrocarbon 

chains break away from the molecular structure (inter- and exo- icosahedra) within the 

thin-film making the carbon segregate to places that are both chemically and 

electronically more favorable, leading to a change in physical structure of the thin-film 

boron carbide matrix. Carbon segregation, aided by the removal of hydrogen from the 

cage, can support production of additional hydrocarbon chains by interconnecting 
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icosahedra and/or exo-icosahedra of other minor molecules e.g. NH2, CH3 or boron 

suboxides/hydroxides (BOH). This effect was observed in the XPS core level of carbon, 

specifically with the sample thermally treated at 400°C. A shift to a carbon-rich carbide 

was observed relative to the as grown and the sample thermally treated at 250°C, 

suggesting that the carbon is bonding to the boron sites of the ortho-carborane with 

longer hydrocarbon chains. Additionally, oxygen segregates and reduces boron suboxides 

and carbon oxide species. The XAS TEY carbon K-edge spectra of the sample thermally 

treated at 400°C reveals segregation of carbon, primarily on the surface of the film. The 

boron K-edge reveals an increase of boron-carbon interconnecting chains through 

decomposition, removing hydrogen at boron-cage sites and allowing carbon to form 

hydrocarbon chains between icosahedra. Simultaneously, observations by XPS revealed 

an increase of nitrogen having an oxidization effect on the boron, while the nitrogen 

reduces to form nitrogen hydride. The nitrogen was removed and not observed with 

higher thermal treatments, and was not observed within the XAS boron K-edge due to 

low at.%. As thermal temperature increases the hydrogen is easily removed from the 

icosahedra forming inter-molecular networks that are interconnected by various lengths 

of hydrocarbon chains (predominately ethyl and propyl).  

 Data from samples thermally treated above 400°C demonstrates the 

renormalization of the molecular solid by the reduction of boron and carbon through the 

oxidization from oxygen and nitrogen. As thermal temperature approaches 850°C an 

enrichment of the short hydrocarbon chains occurs with reduction of boron-rich species 

as oxygen increases slowly. As suggested from XPS data, observed from the sample 

thermally treated at 850°C, oxygen appears to be oxidizing boron, forming hydroxides. 
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The hydroxides are incorporated within the hydrocarbon chain in place of hydrogen. The 

XAS TEY results for boron K-edge of the sample thermally treated at 850°C reveals a 

sudden increase of boron oxides and boron-rich carbides. The complementary scan of 

TFY suggests that the oxides or the boron-rich carbides are not present. The 

interconnectivity has reached maximum (for the given set of thermal treatments), 

suggesting that there are multiple carbon-rich carbides with various boron to carbon-rich 

chains. This is also observed within the carbon K-edge of the sample thermal treatment at 

850°C; the ortho-carborane peak is reduced and near post peak increases, suggesting 

formation of methyl/ethyl-like links that are interconnecting multiple icosahedra in quasi-

tetrahedral to hexagonal-like structures. These structures may occur during and after 

thermal treatments.  

Samples thermally treated at 400°C and 850°C showed dramatic alterations in the 

chemical and electronic structure, whereas minor changes were observed in other samples 

thermally treated. These subtle changes aid in understanding why segregation is 

occurring during the treatment, and what is being segregated; in some cases reduction-

oxidization is occurring. The sample thermally treated at 400°C shows a significant 

amount of segregation to the surface observed by TEY and TFY, suggesting the 

formation of various carbon components, specifically for the carbon K-edge. Relative to 

the sample thermally treated at 850°C, both π* and σ* states show a reduction of carbon 

within the carbon K-edge spectra, forming more discrete states in the boron K-edge 

spectra. The sample thermally treated at 400°C, upon preliminary inspection, indicates 

high concentrations of graphite, albeit in smaller concentrations than expected by the 

broadness of the XPS carbon core level, indicating carbon bonding to boron. The XPS 
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carbon core levels for graphite and diamond are approximately the same in BE, with 

diamond being less by ~0.3 eV making it hard to discern what is within the thin-film. 

However, comparing XAS spectra of the sample thermally treated at 400°C to graphite 

(HOPG), nano-diamond, B4C and ortho-carborane, the data suggests that carbon is 

segregating from the first thermally treated sample at 250°C to 400°C, which consists of 

various carbon compounds. There are small amounts of graphite within the thin-film as 

observed by the small excitation of the σ* at 291.9 eV. The main features appear to 

match closer to those of the nano-diamond and ortho-carborane, with small amounts of 

B4C-like structure in the σ* region at 288.9 eV. Nano-diamond and ortho-carborane 

appear to be the main influences within the thin-film for the sample thermally treated at 

400°C. A π* state of ortho-carborane is observed at 288.7 eV; however, the σ* states are 

hidden at higher excitation energies.47 Nano-diamond like features appear to be present 

and have a significant influence within the thin-film studied (figure 4.4),73, 74 with the 

presence of peaks at 285.5, 288.0 and 290.8 eV. Nano-diamond and diamond form 

tetrahedral type bonding. The difference between these two materials are, nano-diamond 

having a small tetrahedral matrix whereas the diamond having a large tetrahedral matrix 

with dangling bonds being pacified by hydrogen, carbon, nitrogen and/or oxygen; 

however, the ratio of dangling bonds is significantly higher with the nano-diamond 

(relative to surface area to volume).  The nano-diamond features were observed within 

the thermal treatment of 400°C, suggesting that within this a-BxC:Hy matrix carbon has a 

form of tetrahedral-type bonding. However, the tetrahedral bond observed suggests that 

bonding is in a diamond-like structure with other carbons in the hydrocarbon segments or 

with the carbon sites of the ortho-carborane. Further thermal treatments suggest that 
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graphite is present from the XPS data, however, the NEXAFS data shows very little as 

temperature increases beyond 400°C. As thermal treatment increases the carbon states 

segregate to the surface and evaporate, this is observed as redox with the sample 

thermally treated at 550°C.  In the thermally treated samples of 550°C and 675°C, it 

appears that very little changes until thermal treatment of 850°C. The carbon XAS 

spectra for the sample thermally treated at 850°C identifies that the σ* states are 

decreased similar to that of the sample thermally treated at 250°C, however, the π* state, 

label W, is more prominent in the sample thermally treated at 250°C. Suggesting that any 

free carbon is removed from the solid, making the thin-film more rigid as observed with 

σ* states caused by redox reactions. Additionally, a higher concentration of oxygen 

suggests that segregation is occurring. Carbon segregates from bulk of the solid and is 

observed predominately at the surface.  This is quickly removed as temperature is 

increased by ~150°C increments, resulting from the vacuum and the higher temperatures 

facilitating reduction of carbon with the aid of oxygen within the thin-film. 

The lack of structure within the boron RIXS data demonstrates the homogeneity 

of the thin-films with each excitation transition. The data further exhibits similar valence 

states relative to the specific boron carbide bond. RIXS technique corresponds to the 

element specific transitions that can be compared to angle resolved photoelectron studies. 

In amorphous systems, angle resolved studies are considered useless but RIXS is 

potentially beneficial by measuring elemental edge specific relative to the anti-bonding 

transition.75, 76 Studying the difference between as grown, 400°C and 850°C (figure 4.6), 

it can be deduced that oxygen and nitrogen have significant influences on bonding 

transitions that are directly influenced by thermal treatment, by producing discrete states. 
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Predominately the states become more π in character as thermal treatment increases 

symbolizing the boron bonding to similar hydrocarbon like structure(s) making the 

carbon-rich carbide. The varying XES valence edge maximum suggests that carbon 

influences the valence edge character of the RIXS especially when it is more delocalized 

as in the sample thermally treated at 400°C. The sample thermally treated at 850°C 

suggests the minor influence of the carbon-rich carbide components of the hydrocarbon 

chain. The bonding edges can yield information about the σ and π sites relative to the 

anti-bonding, demonstrated with h-BN to c-BN having higher emission energies 

illustrating characteristics of strong σ states with a minor π state (predominately with h-

BN).77   

The a-BxC:Hy has boron valence states which appear to be predominately π-

bonding observed from the high emission concentration at higher emission energy, that 

appears to be present in all samples. The broadness of the tail also suggests the presence 

of many overlapping decay routes to the ground state, as typically observed by the sharp 

points suggesting discrete states; however, the broadness reveals multiple decay routes 

within each elemental edge. The dominance of the σ bonding states for boron tends to be 

quite broad at lower emission, with the main π resonance as the dominant peak at 183.7 

eV. See appendix B figures B13, for subtractions that reveal small changes for each scan 

revealing extra σ and π states. These resonances, relative to each particular boron 

absorption energy, correspond to particular bonding environments that reveal components 

of the final state but are difficult to discern for icosahedral boron. RIXS spectrum of 

sample thermally treated at 400°C reveals high dispersion at higher emission energy. The 

highest dispersion emission energies correspond to 189.8 eV and 196.3 eV that 
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correspond to the edges of the π* and σ* states of the XAS. The effect is not observed 

with the as grown sample and only observed slightly with 850°C. The transitions suggest 

that within the thin-film, oxygen and nitrogen have a significant influence on the bonds. 

The XPS results suggest that oxygen predominantly affects boron while nitrogen interacts 

with the ortho-carborane. This is also confirmed by the lack of influence with the Boron 

RIXS data presented in appendix B figures B10-B12 in oxygen XES (figure 4.9). 

Comparisons of off-resonant features identify slight changes as thermal treatment 

increases by reducing to a uniform occupied state for the boron and carbon emissions. 

This reveals detailed information about the valence states from multiple decay paths from 

an excitation of a core electron to the continuum. As thermal treatment increases, the post 

treatment states of the film appear to form emission packets centered around a broad but 

dominate π-emission peak as observed for boron, carbon and oxygen by the reduction of 

outlying occupied states. Within boron and carbon emission results, as thermal treatment 

increases, a reduction of σ states that appear to transform into π states. It is difficult to 

determine the actual chemical reaction mechanism that occurs during the thermal 

treatment of the thin-film (compared to XPS and NEXAFS studies). The main 

observation is a reduction occurring primarily due to the reduction of σ states within the 

XES that occur at lower emission energy. Overall, the presence of oxygen and nitrogen 

suggests an oxidization effect is occurring. The effects of the XES suggest, that reduction 

is occurring by slightly increasing the emission energy peak, resulting in a shift closer to 

the valence band and shoulders within the tail shift closer to the valence edge. The shift 

appears to be predominantly π-bonding states near the valence edge with a slight amount 

of σ-bonding states readily available. Technical boron carbide appears to have discrete π 
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and σ states.9 This strong peak with minor states toward the valence edge can be part of 

the alteration mechanism for the high resistivity of the thin-film. In comparison to other 

icosahedral boron-rich solids and technical boron carbides9, the overall line shapes are 

similar to each other and are explained by density of the boron-derived occupied states.9 

These changes represent a change in emission from different site dependent valence 

states. The subtracted data from the previous thermal treatment reveals small changes 

predominantly with σ-states. The implication that with an increase in thermal treatment 

(excluding 400°C) that the π bonding is removed suggesting that the film is condensing 

by forming single bonds possibly between icosahedra, other boron atoms or with carbon 

in the form of hydrocarbons. The sample thermally treated at 400°C reveals the effects of 

carbon in a reduction of σ and π states from previous thermal treatment. See appendix B 

figure B13 for subtractions that reveal small changes with each scan that reveal extra 

states. 

Carbon off-resonance has little variation in the valence edge as observed by the 

subtle difference of 0.3 eV. As thermal treatment increases, the valence states tend to 

shift towards the valence edge suggesting that the thin-film is being more conductive. 

Comparing, nano-diamond emission structure to the thermally treated thin-films, the 

sample thermally treated at 400°C appears to be lacking any resemblance. Nano-diamond 

has a dominate emission peak at ~280 eV, while, the thermally treated films have the 

dominate emission at ~275 eV. If nano-diamond is present, carbon has segregated from 

the bulk of the thin-film to the surface. The lack of the dominate features of graphite and 

nano-diamond within the thermally treated sample further supports redox is occurring.  
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The hybridization formed from the interconnecting hydrocarbon chains consists 

of both sp2 and sp3; these are then connected to icosahedra. The exact hybridization of the 

icosahedral structure in the form of ortho-carborane is not fully understood. However, 

these molecules have a strong hybridization of atomic states, which is a consequence of 

the electron deficiency. As for hybridization of boron carbide, the carbon atoms between 

icosahedral units associated with the linear chains tend to favor sp2-like hybridization and 

intra-icosahedra (within) forming sp3-like hybridization.5, 26 Boron has shown a 

consistency of mixed hybridization of both sp2 and sp3.10 As for the amorphous boron 

carbides with hydrogen, the hydrogen hybridization acts as an attractive potential that 

lowers the system’s energy by satisfying dangling bonds. The sp hybridization radiates 

away from the center of the cage, utilizing a 2-center bond to hydrogen or an external 

ligand.78  

 The hybridizations of boron and carbon are studied to further the understanding of 

thermally treated a-BxC:Hy thin-films. The relative intensity of π* to σ* states from the 

boron and carbon absorption edges, according to McIlroy43, Zhang10, 79 and Jiménez9, 13, 

suggest that boron has a mix of both sp2 and sp3, while carbon is predominately sp3. 

Therefore, the comparison of relative intensity of the π* states to the σ* states of the XAS 

K-edges for boron and carbon relative to backgrounds (appendix B figures B24 and B25 

demonstrates backgrounds for as grown (AG) sample) gives an approximate qualitative 

measure of the hybridization ratio of sp/sp2 to sp3.79 The ionization potential (IP) is the 

threshold energy for transitions to continuum states, characterized by a step-like increase 

in absorption intensity.40, 43, 80 This step-like feature is used to separate the π* states from 

the σ* states. The IP of ortho-carborane is at ~195.4 eV and 292.8 eV for boron and 
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carbon K-edges, respectively.81 The IP for the a-BxC:Hy is expected to change relative to 

emission edge and is expected to decrease with thermal temperature (predicted values are 

within Table 4.3 and 4.4).82 The deduction of the different hybridization configurations of 

sp2 and sp3 is completed by comparing reference spectra of graphite, diamond, h-BN and 

c-BN.41 The reference samples intelligibly illustrate changes in the spectral shape 

demonstrating hybridization within a-BxC:Hy samples.  

 

Table 4.3: Bandgap is taken from the edges of the valence and conduction bands, with 
respect to XES and XAS edges (Appendix B figures B22 and B23).  This calculation was 
completed by using the second derivative, in the presence of a core-hole. Additionally, 
from the XAS π* and σ* states is a relative ratio from the areal intensity relative to its 
background. The separation between the π* and σ* states was taken with respect to the 
ionization potential (IP). Boron and carbon has two values: TEY first number and TFY 
second number; these were completed on two different beamlines. 

Edge 

Thermal 
Treatment 

Temperature 
(°C) 

XES 
(eV) 

XAS 
(eV) 

Band Gap 
(eV) 

Band 
Gap 
(eV) 

Hybridization 
ratio 

sp2:sp3 

TEY; TFY 

Ionization 
Potential 
Position 

(eV)  
TEY; TFY   Corrected  

(+2.19) 

B
or

on
 

AG (27) 187.60 188.20 0.60 2.79 2.88:1; 1.74:1 194.53; 193.71 
250 187.70 188.20 0.50 2.69 2.92:1; 2.18:1 194.53; 194.31  
400 188.20 188.00 0.20 2.39 2.90:1; 2.14:1 194.53; 194.30 
550 188.25 188.15 -0.10 2.09 2.89:1; 1.41:1 194.53; 193.61 
675 187.95 188.10 0.15 2.34 2.89:1; 1.59:1 194.57; 193.61 
850 188.75 188.05 -0.70 1.49 3.15:1; 2.42:1 194.78; 194.41 

C
ar

bo
n 

AG (27) 283.75 286.40 2.65   37.26:1; 3.16:1 291.70; 290.55 
250 284.10 286.40 2.30   38.85:1; 2.79:1 291.70; 290.55 
400 284.10 286.45 2.35   34.18:1; 3.09:1 291.30; 290.60 
550 284.35 286.45 2.10   30.08:1; 2.90:1 291.70; 290.55 
675 283.85 286.40 2.55   48.37:1; 8.62:1 291.90; 290.95 
850 284.60 286.45 1.85   26.46:1; 7.78:1 291.70; 290.70 
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Table 4.4: The ionization potential (IP) taken from table 4.3 relative to the emission edge. 
The width of the conduction band is taken similarly from the position of the measured IP 
subtracted by the onset of the absorption edge 

Temperature 
(°C) 

IP boron 
(eV) 

IP carbon  
(eV) 

Width of conduction 
band (eV) 

Boron Carbon 
AG (27) 6.93; 6.11 7.95; 6.80 4.14; 3.32 5.30; 4.15 

250 6.83; 6.61 7.60; 6.45 4.14; 3.92 5.30; 4.15 
400 6.33; 6.10 7.20; 6.50 3.94; 3.71 4.85; 4.15 
550 6.28; 5.36 7.35; 6.20 4.19; 3.27 5.25; 4.10 
675 6.62; 5.66 8.05; 7.10 4.28; 3.32 5.50; 4.55 
850 6.03; 5.66 7.10; 6.10 4.54; 4.17 5.25; 4.25 

 
 
 

The ratio is used as a quantitative method to represent the π* and σ* states with 

sp2 and sp3 hybridization, respectively (table 4.3). The type of bonding within the film is 

suggested to be similar to that of technical grade boron carbide (B4C) and closo-

carboranes, consisting of neither sp2 nor sp3   13; and is explained by the unique bonding 

of BRS (Chapter 1 section V). The TEY scans are difficult to interpret due to the 

superficial contaminates but the TFY provides more information about the bulk 

hybridization states that are indicative of the effects of the thermal treatment. The general 

trend suggests that as thermal treatment increases, the hybridization becomes 

predominately sp2 (π), especially with carbon, suggesting an increase of carbon-rich 

carbides with the hydrocarbon chains bonding to the boron sites of the carborane. The 

disadvantage of the TFY carbon spectra is that the signal is significantly lower than that 

of the boron and for this reason, it is not displayed in figure 4.4. The boron hybridization 

stays relatively consistent suggesting that carbon is the main contributing factor in the 

thermal treatment and that the boron and ortho-carborane species are not altered in the 

thermal treatment. However, the TFY for the boron K-edge in the sample thermally 
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treated at 850°C reveals a sp2 hybridization increase significantly from the previous 

treatment, suggesting that the boron sites are altered to allow carbon to bond to the 

carborane molecule.44 In a-BxC:Hy thin-films, boron sp2 is the dominant hybridization 

formed by inter-icosahedral boron bonding. This suggests interconnecting hydrocarbon 

chains are being shortened and bonding to boron. Carbon hybridization fluctuates 

considerably from TEY to TFY due to carbon being more sp2-like in hybridization 

structure on the surface and the bulk being more sp3; however, there is still a large 

amount of sp2 compared to the hybridizations of boron. As thermal treatment increases, 

carbon will segregate to the surface from the boron-rich carbides as represented by the 

high ratio of sp2:sp3 hybridization within the TEY scans. When studying the TFY 

hybridization of boron the spectra reveals that as thermal treatments increase the 

segregation of carbon occurs to form various complex carbon-based compounds relative 

to boron. The carbon-richness is further demonstrated from the XPS data showing a shift 

to higher binding energy associated with samples thermally treated at 400°C and above, 

suggesting the presence of boron oxycarbides.37, 38 However, the samples thermally 

treated at 675°C and 850°C have a sudden increase of sp2 (π) states, suggesting that 

carbon is in the process of segregating to the final state as with the sample thermally 

treated at 850°C by the observation of a sudden increase of boron sp2 (π) states.  

The higher carbon ratio within the TEY suggests that there is an excess of free-

carbon from the bulk that is not being utilized within the solid to passivate dangling 

bonds or interconnections between icosahedra. The evidence provided from the XPS data 

demonstrates that there is a high concentration of carbon present on the surface. On the 

final sample thermally treated at 850°C, a significant amount of B2O3 was present on the 
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surface as evidenced by the TEY scans. The bulk, TFY spectra, reveals that the B2O3 is 

superficial; there is a possibility of suboxides and hydroxides within the multiple states of 

the broad π* edge. The TEY spectra reveal boron-rich carbides increase on the surface by 

the increase of the XAS peak that is also consistent with XPS data. However, the bulk 

TFY shows higher interconnecting hydrocarbon chains. Suggesting that oxygen is 

reducing the boron in a chemical reaction by the higher concentration of both species on 

the surface. This has been observed within B4C but at a higher thermal treatment at 

~1700°C.9, 13 Observations from the perspective of the B4C consists of inter-icosahedral 

boron bound to boron bonds in the form of BxC.9 This was observed in other boron 

carbide based PECVD thin-films and explained by the high deposition rate.79 Comparing 

lower thermally treated samples to sample thermally treated at 850°C, the inter-

icosahedral boron bonding does not seem possible, because boron is being reduced. 

However, as thermal treatment increases, so does solidification of the bonds, suggesting 

the increase of surface boron-rich carbides and the multiple interconnecting hydrocarbon 

chains within the bulk making the thin-film more rigid. 

The carbon states within the XAS spectra reveal minor fluctuations at the pre-

edge of the carbon K-edge that are observed as the thermal treatment increases. As the 

temperature increases within the thin-film, carbon segregates one of two ways for a-

BxC:Hy: (1) to other carbon-rich areas in the form of hydrocarbons and/or amorphous 

hydrogenated graphite or other similar allotropes or (2) incorporates with the a-BxC:Hy 

structure as inter-icosahedral hydrocarbon chains and/or pacification of dangling bonds 

when hydrogen is removed. Both of these segregation routes are observed in the sample 

thermally treated at 400°C by the presence of a mixture of carbon species on the surface 
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as identified from the XAS spectra. Within the bulk it appears that carbon-rich carbides 

are at a maximum for a sample thermally treated at 850°C; however the bulk carbon-rich 

carbides first appear at a sample thermal treatment of 400°C. Carbon segregation occurs 

between 675°C and 850°C thermal treatments as represented by intensity changes of 

NEXAFS peaks relative to both the boron and carbon edges by the presence of significant 

bulk states in the boron edge (TFY) and multiple allotropes of carbon on the surface 

predominately for the sample thermally treated at 400°C (TEY).  

The IP results for a-BxC:Hy are lower than ortho-carborane by the interconnecting 

hydrocarbon chains. The occurrence is associated with a superposition of the dominant 

ortho-carborane peak with other carbon allotropes, presumed to be hydrocarbons bound 

to the carborane. The increase of sp2 concentration suggests short inter-icosahedral chains 

with significant ortho-carborane molecules present within the molecular film. The 

presence of the peak at lower absorption suggest that a-C is segregating and reducing 

predominately above thermal treatment of 400°C. This is supported by the physical 

model produced from the NMR experiment of the intermediate product in figure 1.5.71 

The data presented here for both the boron and carbon edges are in agreement with ortho-

carborane by the dips in σ* absorption spectra intensity. The actual core transitions from 

EELS experiment have many similarities to the a-BxC:Hy thin-films.47, 48, 83, 84 However, 

there are more σ* and π* states in the amorphous film, primarily from the molecular 

chain of icosahedra that may consist of short- and long- hydrocarbon chains. In several 

cases, the segregation of boron and carbon can further complicate the actual chemical and 

electronic properties of the thin-film.  
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Nitrogen was only completed for the as grown sample with the assumption that 

nitrogen was not going to be present and if nitrogen was present would only be reduced 

further as thermal treatment was increased. This will not be discussed without further 

NEXAFS experimentation. Oxygen will be discussed because of the affinity that boron 

has to oxygen; this aids in understanding the redox reactions of the thermally treated 

samples. NEXAFS oxygen experimental data is lacking, thus making interpretation of the 

spectrum difficult to accurately explain what is occurring. The data is clear that there are 

two major segregations present within the oxygen absorption edge that are associated 

with the samples thermally treated at 400°C and 850°C. These thermal treatments reveal 

that as segregation has occurred, by reducing of boron, carbon and presumably hydrogen 

in a redox reaction. The TEY scans of oxygen K-edge show that the dominant feature of 

the surface is related to oxides.  This is shown by the lower intensity of the TFY spectra. 

The TFY for boron does not show significant oxygen and cannot be used because of high 

signal to noise. Without the presence of a superficial oxide the IP in boron should be 

lower by ≲0.6-0.8 eV than those reported in table 4.3 and 4.4. 

Boron carbide (a-BxC:Hy) has an optical bandgap within 2.2-2.4 eV that decreases 

with thermal treatment consistent to those elsewhere.3, 82 The benefit of XAS and XES is 

the observation of the partial contributions relative to the elemental edge; in the case of 

this experiment, the edge was observed relative to the boron and carbon edges (Table 

4.3). The bonding interaction typically has charge transfer from carbon to boron.85 Boron 

has several induced bandgap states that occur from the π* edge associated with the 

multiple carbon interactions starting at the pre-edge to label A (figure 4.3).  The 

contribution of boron to the bandgap suggests that boron carbide is a metal to semi-metal; 
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however, the optical bandgap suggests a semiconductor. The carbon is inducing defects 

within the bandgap with respect to the boron edge. Boron carbide has high concentrations 

of vacancies and antisite defects.86 The antisite defect generates a donor site and an 

acceptor state. The acceptor removes electrons from the lattice and reduces the number of 

valence band states.86, 87 This occurs as an unoccupied localized state, which is shifted 

into the bandgap.87 These states within the bandgap further the understanding of the 

delocalization of the icosahedron68 and the interconnected properties of the hydrocarbon 

chains as observed in the XAS data. In Table 4.3 the bandgaps are reported with respect 

to these gap states and also adjusted by 2.19 eV for comparative purposes to carbon; this 

value is taken from the average using the carbon bandgaps. The bandgap appears to 

decrease with thermal treatment and is directly influenced by the chemical reactions. 

Ideally as thermal temperature increases the quality of the thin-film improves by the 

removal of structural defects. As the film becomes more interconnected, the films gap 

states are minimized when boron and carbon are reacting with each other as observed by 

the shift in bonding features towards the σ* and σ states as observed from both the 

XAS/XES spectra. As thermal treatment increases the defect states within the gap appear 

to increase by the decrease of the boron gap. This is directly influenced by the higher 

concentrations of occupied and unoccupied states near the valence and conduction edges, 

respectively.  

 The band structure changes significantly dependent upon the observations from 

the boron or carbon edge. Carbon has slightly larger IP and conduction bands (~1eV) 

(Tables 4.3 and 4.4). The bulk states, with respect to band structure, are similar to each 

other with carbon being slightly larger than boron (~0.5 eV). This reemphasizes the 
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importance of clean surfaces and how bulk states determine properties of electronic 

devices. Bulk states demonstrate high concentration of sp2 (π*) states with carbon being 

slightly larger. On the surface of the thin-film there is significant concentration of carbon 

sp2 representative of the high concentration of short hydrocarbon chains and adventitious 

carbon from the thermal treatment process. 
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CHAPTER 5 

METAL-TO-BORON CARBIDE INTERFACE: IMPLICATIONS FOR SCHOTTKY 

BARRIER HEIGHTS 

 

I. INTRODUCTION 

 The a-BxC:Hy-to-vacuum interface was studied using photoemission spectroscopy 

to determine the chemical composition, valence band character, and work function of the 

films, in both the as-received state and after Ar+ sputter cleaning. The metal-to-a-BxC:Hy 

interface was subsequently studied for a series of moderate-work-function metals: Cr, Ti, 

Al, and Cu. Of these, Cr (as a relatively thin adhesion layer in a Cr/Au bilayer) has been 

used in many of the studied a-BxC:Hy/n-Si heterojunction detectors to form what has been 

reported as an ohmic contact to a-BxC:Hy 1-5, although Ag and Au contacts have also been 

used 6-10; in many cases, details concerning contact type, preparation method, etc., are not 

reported. Two different photoemission studies were performed to investigate the extent of 

interfacial diffusion, new chemical species formed, and interfacial electronic structure. 

(i) A metal overlayer was evaporated onto a sputter-cleaned a-BxC:Hy film to a 

given thickness (inferred from QCM rates), and core level and valence band 

photoemission spectra, sensitive to the top several nm’s of the sample, were 

subsequently acquired. This process was repeated for metal thicknesses of 0.5, 

1, 2, 5, 10, 150, and ~250 Å. 

(ii) A 5-Å-thick metal overlayer was evaporated onto a sputter-cleaned a-BxC:Hy 

film, and core level and valence band photoemission spectra were acquired 

first for the sample as-is, and then after 6, 12, and 18 min of Ar+ etching. 
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Studies (i) and (ii) were repeated for Cr, Ti, and Cu on both the as grown and thermally 

treated samples. In the case of Al, study (i) was performed on the as grown sample. 

 

II. METAL-TO-a-BxC:Hy INTERFACE 

II.A. The Chromium-To-a-BxC:Hy Interface 

 The most important result that can be gleaned from an analysis of the change in 

relative atomic concentrations as a function of overlayer thickness in the chromium 

overlayer study is that significant oxide species are formed in the interfacial metal layer. 

As Cr is applied to the a-B3CO0.5:Hy film (figure 5.1), the relative at.% Cr within the 

sampled layer (i.e., the top several nm’s of the sample) increases and the relative at.% B 

decreases, as expected, but the relative at.% O and C do not decrease to the extent that 

would be expected. At 0.5 Å coverage, the at.% B in the sampled layer increases slightly 

relative to the bulk, which could indicate the formation of chromium boride(s) at the 

interface. From 0.5–10 Å coverage, a gradual increase in the at.% Cr is observed, with a 

corresponding decrease in the at.% B; however, the at.% C remains relatively constant, 

and the at.% O increases steadily. Although no B is observed at 150 Å coverage, 

considerable C [3.4/5.9% (as grown/thermally treated)] and O [16.1/17.6% (as 

grown/thermally treated)] can still be observed in the sampled layer at this Cr thickness. 

This observation provides evidence for the diffusion of C and O from the bulk of the film 

into the Cr overlayer to distances of ≥250 Å, consistent with the strong oxygen-gettering 

tendencies of chromium 11. Similar results have been reported by Ahn et al. in an Auger 

electron spectroscopy depth profiling study of a sputtered B4C film on a Cr adhesion 

layer 12. 
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Figure 5.1: Relative atomic concentrations of B, C, O, and Cr (at.%) in the sampled layer 
(i.e., the top several nm’s of the sample) determined from normalized XPS core level 
spectral intensities for as grown (solid symbols, solid lines) and thermally treated (open 
symbols, dashed lines) a-B3CO0.5:Hy films with Cr overlayers as a function of overlayer 
thickness (0.5, 1, 2, 5, 10, 150, and 250 Å). 

 

Further insight into the identity of the chemical species formed at the chromium-

to-a-B3CO0.5:Hy interface is gained by the analysis of the Cr 2p, B 1s, C 1s, and O 1s core 

level photoemission spectra. The Cr 2p spectra for as grown and thermally treated 

samples (figure 5.2) exhibit two peaks with binding energies at ~574 and ~584 eV, 

originating from the 2p3/2 and 2p1/2 core levels, respectively. Both peaks were 

deconvoluted into two dominant sub-peaks. In each case, the higher-BE peak can be 

attributed to chromium oxide(s), and the lower-BE peak to Cr metal (Cr0) 13. The oxide 

component is likely dominated by Cr2O3 (Cr3+), for which a doublet is expected at 576.9 

and 585.7 eV 13, but may also contain contributions from higher (e.g., CrO2 [Cr4+]) and/or 

lower (e.g., CrO [Cr2+]) oxides or hydroxides [e.g., CrOOH [Cr3+] or Cr(OH)3 [Cr3+]] 13-

18. At overlayer thicknesses of 0.5–10 Å, there is ~15–30% chromium oxide in the Cr 

layer, as calculated from relative peak areas. At ≥150 Å coverage, chromium oxide is still 

observed in the sampled layer, but decreases to ~10% on the basis of relative peak areas 
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and total remaining oxygen content. As regards the possible formation of chromium 

boride(s) or carbide(s), the Cr 2p3/2 core level BE is expected at 574.3 eV for CrB2 
19, 20 

and at 574.5 eV for Cr3C2 21. As both of these BE values are the same as or very close to 

that expected for Cr metal (574.3 eV), it is not possible to unambiguously identify these 

species in the Cr 2p core level XPS spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Cr 2p core level photoemission spectra of as grown (a) and thermally treated 
(b) a-B3CO0.5:Hy films with Cr overlayers as a function of overlayer thickness. 
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Figure 5.3: Core level photoemission spectra for the B 1s (a), C 1s (b), and O 1s (c) levels 
for as grown a-B3CO0.5:Hy films with Cr overlayers as a function of overlayer thickness. 

 

 The complementary B 1s, C 1s, and O 1s core level spectra are shown in figure 

5.3 for the as grown sample only (the spectra for the thermally treated sample are nearly 

identical and are shown in figure C2 in Appendix C). Little change is observed in the B 

1s spectrum (figure 5.3(a)) upon application of the Cr overlayer, beyond a slight increase 

in signal intensity ≥192 eV, consistent with an increase in boron oxide in the sampled 
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layer; no B 1s signal is observed at thicknesses of 150 Å and higher. The formation of 

CrB2, which could not be substantiated from the Cr 2p spectra, can also not be 

substantiated from the B 1s spectra, as the expected BE of CrB2 of 188.0 eV 20 overlaps 

with that of the bulk a-B3CO0.5:Hy film. In the C 1s spectrum, a shoulder at 286–287 eV 

appears at low coverages, and becomes a major component by 150 Å coverage. This peak 

is diagnostic of C–O/C=O species within the chromium/chromium oxide overlayer. The 

large peak at 282.5 eV observed in the sampled layer at coverages of 150/250 Å, 

although at the same BE as the dominant C–B peak in the a-B3CO0.5:Hy spectrum, may 

indicate the formation of some Cr3C2, with a peak expected at 283.2 eV 21, as there is no 

B signal at these coverages to support the presence of C–B bonds. Changes in the O 1s 

core level spectra (figure 5.3(c)) from 0.5 to 10 Å coverage are subtle; the spectra are 

very similar to that observed for the bulk a-B3CO0.5:Hy film. However, with higher 

coverages there is an observable increase in intensity on the low-BE side of the peak, 

particularly evident in the spectra acquired at coverages of 5 and 10 Å. This low-BE 

spectral intensity is diagnostic of the formation of Cr2O3, whose O 1s core level is 

expected at 530.8 eV 14. At Cr overlayer thicknesses of 150 and 250 Å, two dominant 

sub-peaks can be observed at 531.2 and 530.1 eV, which can be assigned respectively to 

C–O/C=O groups and Cr2O3 as the major oxygen-containing species present at this point. 

In the valence band spectrum (figure 5.4), a decrease in the spectral intensity of a-

B3CO0.5:Hy features and an increase in the spectral intensity of chromium and chromium 

oxide features is observed as Cr overlayers are deposited. From 0.5 to 10 Å of coverage, 

a decrease in the a-B3CO0.5:Hy peaks at ~9 and ~14 eV is observed along with a 

corresponding increase in features at ~2 and ~6 eV (this is most evident in the spectrum 
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for the thermally treated sample at 10 Å coverage, figure 5.4(b)). These peaks at ~2 and 

~6 eV can be assigned, respectively, to Cr 3d and O 2p levels in Cr2O3 22, 23. Only at 

higher Cr coverages (i.e., 150 and 250 Å) do features diagnostic of Cr metal come to 

dominate, namely a peak at 1.6 eV with a shoulder at ~3.5 eV, both originating from Cr 

3d levels 22. The presence of some Cr2O3 at these thicknesses is substantiated by lingering 

spectral intensity at ~6 eV. Importantly, the valence band spectra reveal a significant 

presence of semiconducting Cr2O3 at the immediate a-B3CO0.5:Hy-to-metal interface, and 

a strong Fermi level crossing is not observed until >5 Å of metal is applied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Valence band photoemission spectra for as grown (a) and thermally treated 
(b) a-B3CO0.5:Hy films with Cr overlayers as a function of overlayer thickness. 
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Figure 5.5: Relative atomic concentrations of B, C, O, and Cr (at.%) in the sampled layer 
(i.e., the top several nm’s of the sample) determined from normalized XPS core level 
spectral intensities for as grown (solid symbols, solid lines, etch depth i) and thermally 
treated (open symbols, dashed lines, etch depth ii) a-B3CO0.5:Hy films as a function of 
etch time and depth after the evaporation of a 5 Å Cr overlayer. 

 
 

The second Cr-to-a-B3CO0.5:Hy interface study (study (ii)), in which the sample 

surface was Ar+ etched after the application of a 5-Å-thick Cr overlayer, gives insight 

into the extent of metal diffusion into the film. Some diffusion is apparent from figure 

5.5, in which are shown the relative atomic concentrations of B, C, O, and Cr in the 

sampled layer (i.e., the top several nm’s of the sample) as a function of etch time and 

depth. Before etching, the relative at.% Cr in the sampled layer is 5.8/7.0% (as 

grown/thermally treated), and this decreases to 2.0/2.2% (as grown/thermally treated) 

after 18 min of sputtering. This result suggests that there is significant Cr diffusion into 

the bulk, to a depth of >8/4 nm (as grown/thermally treated). However, it should be noted 

that sputter etching is not an ideal method of studying overlayer diffusion as the energetic 

Ar+ ions cause knock-on displacement of overlayer atoms yielding a higher concentration 
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within the bulk than would exist from diffusion alone. The core level and valence band 

spectra acquired during this study (see Figures C3–C5 in Appendix C) do not provide 

additional insight into the nature of the diffusion species formed beyond what was 

inferred from the metal overlayer study. 

 

II.B. The Titanium-To-a-BxC:Hy Interface 

Interfacial diffusion at the Ti-to-a-B3CO0.5:Hy interface was very similar to that 

observed in the Cr case. As Ti overlayers are evaporated onto the a-B3CO0.5:Hy surface, 

the at.% Ti in the sampled layer increases gradually, mirrored by a decrease in the at.% 

B, while the at.% C and O remain more or less constant between 0.5 and 10 Å coverage 

(figure 5.6). At 150 Å coverage, no B is observed in the sampled layer, but the relative 

at.%’s for C and O are still relatively high, at 5.0/3.1% and 16.1/19.6% (as 

grown/thermally treated), respectively. At 250 Å coverage, these have shifted to ~0% C 

(though a very weak signal is still observed) and 10.0% O. This behavior corroborates the 

diffusion of some C and a significant amount of O from the bulk film into the Ti 

overlayer to distances of ≥250 Å. 
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Figure 5.6: Relative atomic concentrations of B, C, O, and Ti (at.%) in the sampled layer 
(i.e., the top several nm’s of the sample) determined from normalized XPS core level 
spectral intensities for as grown (solid symbols, solid lines) and thermally treated (open 
symbols, dashed lines) a-B3CO0.5:Hy films with Ti overlayers as a function of overlayer 
thickness (0.5, 1, 2, 5, 10, 150, and 250 Å). 

 

The core level XPS spectrum for the Ti 2p(1/2, 3/2) doublet is shown in figure 5.7 

for both as grown and thermally treated samples as a function of Ti coverage. Spectral 

changes occurring as the Ti metal is evaporated onto the a-B3CO0.5:Hy film are quite 

dramatic, with the two peaks shifting to lower BE by ~1.5 eV and narrowing to almost 

half their original full-width at half maximum. Both 2p1/2 and 2p3/2 peaks were fit to a 

good approximation with two sub-peaks. For the 2p3/2 peak at 0.5 Å coverage, a clear 

high-BE shoulder is observed at ~457.5 eV, alongside a more intense peak at ~455.5 eV 

(for the as grown sample). Since TiO2 (Ti4+) is expected at a higher BE of 458.5–459.5 

eV, these two peaks can be assigned to lower oxides, Ti2O3 (Ti3+) and TiO (Ti2+), which 

have BEs expected at 456.5–458 and 454.5–456 eV 13, 24-26, respectively. There may also 

be a contribution to the Ti 2p3/2 peak from TiB2 or TiC, with BEs reported in the range of 

of 454–454.5 13 and 454.5–455 eV 27, 28, respectively. At this coverage, there is no 

evidence of Ti metal (Ti0), which should be observed at 453.7–454.2 eV 13. By 5–10 Å 
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coverage, a distinct shift in the Ti 2p3/2 band toward lower BE (by ~0.5 eV) is observed. 

At this point, there may be a higher proportion of TiC (note that there is also a distinct 

increase in %C at 5 Å coverage) and TiO in the sampled layer, but there is still no 

evidence of Ti0. By 150–250 Å coverage, however, the 2p3/2 peak can be deconvoluted 

into a stronger peak at ~454 eV and a weaker peak at ~455 eV, diagnostic of Ti metal in 

addition to some remaining TiC and/or TiO (likely predominantly TiO as there is a lot 

more O than C remaining in the sampled layer of the film at this point). 
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Figure 5.7: Ti 2p core level photoemission spectra of as grown (a) and thermally treated 
(b) a-B3CO0.5:Hy films with Ti overlayers as a function of overlayer thickness. 
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Figure 5.8: Core level photoemission spectra for the B 1s (a), C 1s (b), and O 1s (c) levels 
for as grown a-B3CO0.5:Hy films with Ti overlayers as a function of overlayer thickness. 

 
 

For the complementary B 1s spectrum, very little change in the appearance of the 

a-B3CO0.5:Hy peak is observed as a function of Ti coverage, and almost no signal is 

observed in the sampled layer by 150 Å coverage. Evidence of TiB2 formation cannot be 

unambiguously identified from this data, as the TiB2 peak is expected at 187.5 eV 20, 

which is very close to the dominant icosahedral B peak. The C 1s spectrum displays 
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much more dramatic changes with the addition of the Ti layer. First, a strong shoulder 

appears at 286.5–287 eV, characteristic of C–O/C=O species. Second, the presence of a 

distinct peak at 282.2 eV at 150 and 250 Å coverage (at which point the bulk B3CO0.5:Hy 

signal is no longer observed) strongly supports the presence of TiC. A third peak at 

284.5–285 eV also supports the presence of a small amount of hydrocarbon species. 

Finally, in the O 1s spectrum, a shift in the peak maximum from 532.8 eV at 0 Å 

coverage to 532.1 eV at 0.5 Å coverage to 531.5 eV at 150 Å coverage is consistent with 

the formation of titanium oxide(s). The lack of significant spectral intensity at ~530 eV 

corroborates the formation of suboxides rather than TiO2; the BEs for Ti2O3 and TiO are 

expected to be slightly higher than for TiO2 (i.e., shifted from ~530 eV to ~531 eV) 24, 29. 

TiOH (at ~532 eV) and H2O (at ~533–534 eV) are also commonly observed at oxidized 

Ti surfaces 25, 30, 31. By 250 Å coverage, the dominant contributions to the sampled layer 

other than Ti metal therefore include these suboxides and hydroxides as well as C–

O/C=O species and possibly H2O. (For complementary B 1s, C 1s, and O 1s core level 

photoemission spectra for the thermally treated sample, see figure C6 in Appendix C). 
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Figure 5.9: Valence band photoemission spectra for as grown (a) and thermally treated 
(b) a-B3CO0.5:Hy films with Ti overlayers as a function of overlayer thickness. 

 

In the valence band spectrum (figure 5.9), a decrease in the a-B3CO0.5:Hy bands at 

~9 and ~14 eV are observed, with a concomitant increase in intensity of a broad feature 

centered at ~6–7 eV, which can be assigned to the O 2p levels in titanium oxides 31-34. No 

features due to metallic Ti are apparent until ≥150 Å coverage, at which point an intense 

peak near the Fermi edge comes to dominate the spectrum. The 3d peak in Ti metal is 

reported to have a maximum at 0.7 eV and shoulder at ~1.5 eV, with features at >5 eV 

due to contaminants 32, 35. Titanium suboxides 31, 36-38 and carbides 39 also show weak 

spectral intensity at ~1 eV from occupied Ti 3d states, which suggests that both TiOx and 

TiC species may contribute to the valence band features at these energies. 
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Figure 5.10: Relative atomic concentrations of B, C, O, and Ti (at.%) in the sampled 
layer (i.e., the top several nm’s of the sample) determined from normalized XPS core 
level spectral intensities for as grown (solid symbols, solid lines, etch depth i) and 
thermally treated (open symbols, dashed lines, etch depth ii) a-B3CO0.5:Hy films as a 
function of etch time and depth after the evaporation of a 5 Å Ti overlayer. 
 
 
 

As in the case of Cr, a sputter depth-profiling study of the first few nanometers of 

the a-B3CO0.5:Hy film with a 0.5 Å Ti overlayer shows evidence of Ti diffusion into the 

bulk (see figure 5.10 and figures C7–C9 in Appendix C). 

 

II.C. The Aluminum-To-a-BxC:Hy Interface 

An analysis of the change in atomic composition as a function of overlayer 

thickness reveals the presence of both C and O species at the aluminum-to-a-B3CO0.5:Hy 

interface (figure 5.11). At 5 Å coverage, in particular, a sharp increase in at.% O in the 

sampled layer is evident, at which point it is present in >20%, compared to ~12% in the 

bulk film. At 150 Å coverage, only ~6% C and ~5% O remain in the sampled Al layer – 

much less than in either the Ti or Cr overlayer studies. 
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Figure 5.11: Relative atomic concentrations of B, C, O, and Al (at.%) in the sampled 
layer (i.e., the top several nm’s of the sample) determined from normalized XPS core 
level spectral intensities for as grown (solid symbols, solid lines) a-B3CO0.5:Hy films with 
Al overlayers as a function of overlayer thickness (0.5, 1, 2, 5, 10, and 150 Å). 
 
 
 

In the Al 2p core level spectrum (figure 5.12), an oxidic Al3+ peak due to 

aluminum oxide (Al2O3) and possibly hydroxides (e.g., AlOOH) is observed between 

74.5 and 75.5 eV 13, 40-42. At 5 Å coverage, a low-BE tail becomes apparent, which, by 10 

Å coverage, evolves into a distinct peak representing the spin-orbit-split Al 2p core levels 

for metallic Al0 centered at ~73 eV 13, 40-42. A significant contribution from 

oxides/hydroxides is still evident at this overlayer thickness. By 150 Å coverage, the 

oxide contribution is minimal (<5 % O exists in the film from composition analysis, some 

of which is tied up in C–O or C=O bonds). The B 1s, C 1s, and O 1s core level spectra 

(figure 5.13) do not provide much additional information. No change is observed in the B 

1s spectrum as a function of Al coverage beyond a gradual decrease in signal. In the C 1s 

spectrum, the hydrocarbon peak at ~285 eV comes to dominate the spectrum as the 

icosahedral C–B contributions weaken. The observation of spectral intensity at 286–287 

eV at higher coverages suggests the continued presence of C–O/C=O species in the 
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sampled layer. Finally, in the O 1s spectrum, from 0.5–5 Å coverage broadening of the 

core level peak is observed, with increased spectral intensity on both low- and high-BE 

sides. Notably, a distinct shoulder is observed at 532.9 eV in the spectrum acquired at 5 

Å coverage, at which point the oxygen concentration is observed to be highest (figure 

5.11). This shoulder is likely diagnostic of the O2– chemical environment in Al2O3. 

Spectral intensity on the high-BE side may originate from OH– species in oxidized 

aluminum, expected at ~533 eV 41. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: Al 2p core level photoemission spectra of as grown a-B3CO0.5:Hy films with 
Al overlayers as a function of overlayer thickness. 
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Figure 5.13: Core level photoemission spectra for the B 1s (a), C 1s (b), and O 1s (c) 
levels for as grown a-B3CO0.5:Hy films with Al overlayers as a function of overlayer 
thickness. 
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Figure 5.14: Valence band photoemission spectra for the as grown a-B3CO0.5:Hy film 
with Al overlayers as a function of overlayer thickness. 

 

In the valence band spectrum of the Al-to-a-B3CO0.5:Hy interface (figure 5.14), 

features diagnostic of Al2O3 and Al hydroxides become evident at 5–10 Å coverage. In 

particular, the trace at 10 Å coverage reveals peaks at ~9.5 eV due to O 2p levels in 

Al2O3 (with a shoulder at ~7.5 eV due to substoichiometric oxides or chemisorbed 

oxygen) 43, 44, at ~12 eV originating from OH– contributions 43, and at ~16–17 eV due to 

secondary electrons 43, 44. At 150 Å, the spectrum resembles that of a pure Al surface 43, 

45. 
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II.D. The Copper-To-a-BxC:Hy Interface 

From the atomic concentration profile for the copper-to-a-B3CO0.5:Hy interface 

shown in figure 5.15, it is evident that Cu coverage is more rapid than for the other 

metals studied; by 5 Å coverage, 15.5/14.6% (as grown/thermally treated) Cu is observed 

in the sampled layer. Further, no increase in relative oxygen concentration is observed as 

metal overlayers are deposited. As the relative at.% Cu increases, the relative at.% B and 

O decrease smoothly, whereas the at.% C remains steady. At 150 Å coverage, 5.2% B, 

7.5% C, and 3.0% O are still observed in the sampled layer, but by 250 Å coverage, these 

numbers have decreased to 0% B, 4.6% C, and 1.9% O. The significant amount of B, C, 

and O observed at 150 Å is evidence of some amount of interfacial intermixing.   

 

 
 

 

 

 

 

 

 

Figure 5.15: Relative atomic concentrations of B, C, O, and Cu (at.%) in the sampled 
layer (i.e., the top several nm’s of the sample) determined from normalized XPS core 
level spectral intensities for as grown (solid symbols, solid lines) and thermally treated 
(open symbols, dashed lines) a-B3CO0.5:Hy films with Cu overlayers as a function of 
overlayer thickness (0.5, 1, 2, 5, 10, 150, and 250 Å). 
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Figure 5.16 Cu 2p core level photoemission spectra of as grown (a) and thermally treated 
(b) a-B3CO0.5:Hy films with Cu overlayers as a function of overlayer thickness. 

 

In the Cu 2p spectrum for the as grown and thermally treated samples (figure 

5.16), the Cu 2p1/2 and 2p3/2 peaks are observed at 952.4 and 932.6 eV, respectively. 

These symmetrical peaks are consistent with the formation of Cu metal (Cu0) 13. No 

evidence of additional Cu species is discernible. Neither a shoulder at 933.5–934.0 eV 

nor shake-up satellite peaks at characteristic higher binding energies (~942 and 962 eV) 

(for an expanded spectrum, see figure C10 in Appendix C) diagnostic of CuO are 



 

 154 

observed 13, 46, 47. No change is observed in the B 1s spectrum as a function of metal 

overlayer coverage [figure 5.17(a)], aside from a gradual decrease in signal intensity; no 

signal is observed by 250 Å coverage. In the C 1s spectrum [figure 5.17(b)], a 

hydrocarbon shoulder at 284–285 eV becomes prominent by 5 Å coverage, and at 250 Å 

coverage, this is the only signal observed aside from a very weak C–O/C=O shoulder at 

286.5–287.5 eV. For its part, the O 1s peak does not change significantly in appearance 

as a function of overlayer thickness [figure 5.17(c)], although the lower-BE component 

assigned to carbon-bound oxygen increases in relative peak area. Notably, no copper 

oxide peaks are evident (i.e., CuO at ~529.5 eV and Cu2O at 530.5 eV) 47-49. At 250 Å 

coverage, only a weak signal originating from C–O/C=O species remains. (For 

complementary B 1s, C 1s, and O 1s core level photoemission spectra for the thermally 

treated sample, see figure C11 in Appendix C). 
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Figure 5.17: Core level photoemission spectra for the B 1s (a), C 1s (b), and O 1s (c) 
levels for as grown a-B3CO0.5:Hy films with Cu overlayers as a function of overlayer 
thickness. 
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Figure 5.18: Valence band photoemission spectra for as grown (a) and thermally treated 
(b) a-B3CO0.5:Hy films with Cu overlayers as a function of overlayer thickness. 

 

In the valence band spectrum for the Cu-to-a-B3CO0.5:Hy interface (figure 5.18)—

unlike in the cases of Cr, Ti, and Al—as Cu is deposited onto the a-B3CO0.5:Hy film, a 

steady decrease in the a-B3CO0.5:Hy bands at ~9 and 14 eV and an increase in the Cu 3d 

band at ~3 eV 50 occur simultaneously, with a clear isosbestic point at ~7 eV, diagnostic 

of the conversion of a single chemical species into another chemical species with no 

intermediary products (such as oxides). A shift in the Cu 3d peak from ~3.5 eV at low 

coverages to slightly less than 3 eV at high coverages may be the result of interfacial 

mixing at the Cu-to-a-B3CO0.5:Hy interface 51. Therefore, for the copper-to-a-B3CO0.5:Hy 

interface, metallic character is observed even at Cu thicknesses as low as 0.5 Å. 
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Finally, in the diffusion study, we see evidence of some Cu diffusion into the a-

B3CO0.5:Hy film at depths of 8/4 nm (as grown/thermally treated), as which point 1.5% 

Cu is still observed in the sampled layer (see figure 5.19 and figures C12–C14 in 

Appendix C). 

 
 

 

 

 

 

 

 

 

 

 
Figure 5.19 Relative atomic concentrations of B, C, O, and Cu (at.%) in the sampled 
layer (i.e., the top several nm’s of the sample) determined from normalized XPS core 
level spectral intensities for as grown (solid symbols, solid lines, etch depth i) and 
thermally treated (open symbols, dashed lines, etch depth ii) a-B3CO0.5:Hy films as a 
function of etch time and depth after the evaporation of a 5 Å Cu overlayer. 

 
 
III.  Discussion 

To obtain an ohmic contact at a metal-to-semiconductor interface for an intrinsic 

semiconductor with low charge carrier concentration, the Schottky barrier (ΦB) between 

the two materials must be minimized. A first-order estimate 52 of barrier height may be 

obtained from the Schottky–Mott relationship which informs that, for a p-type 

semiconductor, ΦB,p is equal to the difference between the ionization potential (IP) of the 
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semiconductor [i.e., the energy of the valence band maximum (EV) relative to the vacuum 

level (Evac)] and the work function  of the metal (ΦM) 53, 54, as per Equation 1. 

 ΦB,p = IP – ΦM  5.1 

For the a-B3CO0.5:Hy samples studied here, measured work functions of 4.7/4.5 eV (as 

grown/thermally treated) and valence band maxima relative to the Fermi level (EV) of 

0.80/0.66 eV place the ionization potentials at 5.5/5.2 eV. Schottky barrier heights for the 

metal-to-a-BxC:Hy interface predicted on the basis of metal work functions alone 

therefore range from 1.2/0.9 eV (as grown/thermally treated) for Al and Ti, to 1.0/0.7 eV 

for Cr, to 0.9/0.6 eV for Cu (Table 1). 

The analysis of the electronic and chemical structure as well as Schottky barrier 

height information of the metal-to-a-BxC:Hy interface from photoemission spectroscopy 

measurements was complicated by the formation of interfacial metallic oxides in the case 

of the Cr, Ti, and Al overlayers. We hypothesize that oxygen diffused from the bulk of 

the a-B3CO0.5:Hy films into the metal overlayers. This diffusion was most pronounced in 

the cases of Cr and Ti, which showed a significant amount of metallic oxide formation 

even at >150 Å coverage, consistent with their strong oxygen-gettering tendencies 11. 

While some oxygen reacted with the metal during metal overlayer evaporation, we do not 

believe this to have contributed substantially to the total measured oxygen concentration 

at any given overlayer thickness. At a pressure of 10–8 Torr, assuming a sticking 

coefficient of 1, it takes on the order of ones of minutes to form a monolayer of a given 

chemical species 55. Since the partial pressure of oxygen-containing molecules is 

expected to make up only a fraction of the total pressure and the sticking coefficient must 

be ≤1, oxygen-based monolayers would be expected to form on the order of tens of 
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minutes or hours. Because the metal evaporations were completed at rates on the order of 

~0.1 Å/s, we conclude that the majority of the oxygen originated from within the bulk a-

B3CO0.5:Hy films. 

 

Table 5.1: Valence band maxima (EV), band gaps (Eg), work functions (Φ), and electron 
affinities (EA) for a-B3CO0.5Hy films, metals, and select metal oxides studied in this 
work. 

 EV (eV) Eg (eV) Φ (eV) EA (eV) Reference 
a-B3CO0.5:Hy

 

(as grown) 
0.80 eV 2.4 eV 4.7 – this work 

a-B3CO0.5:Hy
 

(thermally treated) 
0.66 eV <2.4 eV 4.5 – this work 

Cr – – 4.5 – 56 
Cr2O3 0.9 3.2 5.7 – 23, 57 
Ti – – 4.33 – 56 
TiO – – 4.9 – 58 
Ti2O3 – 0.1 eV 3.9 – 59 
Al – – 4.28 – 56 
Al2O3 3.6 7.1  1.0 60, 61 
Cu – – 4.65 – 56 
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Figure 5.20: Band diagrams for the metal-to-a-B3CO0.5Hy interface for Cr (a), Ti (b), Al 
(c), and Cu (d) taking into account interfacial oxide layers observed by XPS (based on 
energy values for the as grown sample). 
 
 
 

Band diagrams (figure 5.20) for the four metal-to-a-B3CO0.5:Hy interfaces were 

constructed based on chemical information obtained from the photoemission 

measurements and electronic structure/work function data from this work and the 

literature, as compiled in Table 5.1. An interpretation of charge carrier transport across 

the Cr-to-a-B3CO0.5:Hy interface is particularly complicated due to the presence of a 

mixture of chromium and chromium oxide(s), including a possible mixture of oxides with 

very different electronic structures: while Cr2O3 may be classified as a p-type 

semiconductor with a relatively wide band gap (3.2 eV), CrO2 may be classified as 
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metallic (specifically a proposed half-metal) 23, 62. Under the assumption that Cr2O3 is the 

dominant oxide, as concluded from XPS analysis, a thick (>10 nm), partial Cr2O3 layer 

should lead to a higher Schottky barrier at the junction and a significant space-charge 

region in the a-B3CO0.5:Hy layer. For the Ti-to-a-B3CO0.5:Hy interface, no Ti metal is 

observed within the first 10 Å of coverage; instead, the interfacial layer is dominated by 

titanium oxides, likely a mixture of Ti2O3 and TiO. Unlike in the case of Cr2O3, Ti2O3 is a 

narrow-band-gap semiconductor (Eg = 0.1 eV) 59, 63 and TiO a metal 23, 36; these oxides 

would not be expected to increase the Schottky barrier beyond that expected for a clean 

Ti-to-a-B3CO0.5:Hy interface, and would in fact be expected to decrease it. In the case of 

the Al-to-a-B3CO0.5:Hy junction, the interface is dominated by an insulating Al2O3 layer. 

Because this layer is relatively thin (~1 nm), the possibility of charge carrier tunneling 

through the barrier could lead to quasi-ohmic tunnel junction behavior 64. Finally, for the 

Cu-to-a-B3CO0.5:Hy interface, there is evidence of some interfacial diffusion between the 

evaporated Cu overlayer and the a-B3CO0.5:Hy film, but there is no evidence for the 

formation of new chemical species. Therefore, the barrier height at the junction is 

expected to be the same as predicted for the clean metal interface. For all metal or metal 

oxide layers with the exception of Cr2O3, very little band bending is expected in the 

adjacent a-B3CO0.5:Hy layer due to low work function offsets. 
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Table 5.2: Predicted and measured Schottky barrier heights (ΦB) and band bending 
(eVBB) for evaporated Cr, Ti, Al, and Cu on as grown and thermally treated a-B3CO0.5:Hy 
films. Predicted values for both clean metal interfaces and oxide interfaces are included 
for comparison. 

 As Grown Thermally Treated 
 Predicted Measured Predicted Measured 
 
 

ΦB eVBB ΦB eVBB ΦB eVBB ΦB eVBB 

Cr 1.0 –0.2 0.8 0 0.7 0 0.4 +0.3 
Cr2O3 – +1.0 – +1.2 
Ti 1.2 –0.4 

0.6 +0.2 
0.9 –0.2 

0.2 +0.4 
TiO 0.6 +0.2 0.3 +0.4 
Al 1.2 –0.4 

0.9 –0.1 
0.9 –0.2 

N/A N/A 
Al2O3 1.0 –0.2 0.7 0 
Cu 0.9 0 0.8 0 0.6 +0.2 0.4 +0.3 

 
 
 

Band bending (eVBB) was monitored experimentally by following the shift in the 

B 1s core level energy as a function of overlayer coverage, and the shifts occurring 

between 0 and 10 Å coverage (the thickest layer for which the B 1s core levels could still 

be distinguished above noise) are summarized in Table 5.2. Because little band bending 

is expected, these shifts are very small (on the order of a few tenths of an eV), but are 

generally consistent with those predicted on the basis of the band diagrams in Figure 5.20 

and information in Table 5.1, as summarized in Table 5.2. Notably, in the case of the Ti 

and Al interfaces, the eVBB values obtained from photoemission measurements are much 

closer to those predicted for interfacial oxide layers rather than clean metal interfaces. In 

the case of the Cr interface, the measured eVBB value is closer to that predicted for a clean 

Cr interface rather than a Cr2O3 interface, which is consistent with a Cr interface 

containing 15–30% Cr2O3. Schottky barrier heights were also calculated from the 

photoemission measurements 53, 65 based on the energy of the B 1s core level at the 
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interface upon application of a metal overlayer (EB1s)interface (determined at 10 Å 

coverage) and the energy difference between that core level and the valence band 

maximum (EB1s – EV)bulk (determined at 0 Å coverage), as per Equation 5.2. 

 ΦB,p = (EB1s)interface – (EB1s – EV)bulk  5.2 

These results are also summarized in Table 5.2 alongside the predicted values. Because 

of the good agreement between the measured and predicted band bending energies, the 

measured Schottky barrier heights also correspond very well with the predicted values. 

This work highlights some important considerations. First, the tendency to form 

metallic oxides at the a-BxC:Hy-to-metal interface suggests that oxygen levels in the a-

BxC:Hy films will play a critical role in device performance, not only in affecting the bulk 

a-BxC:Hy properties, but also in modifying the heterostructure interfaces. It is possible 

that interfacial oxide formation will lead to high contact resistance, Schottky-based 

rectification, and/or increased charge carrier recombination. The incorporation of oxygen 

into a-BxC:Hy films during film growth is ubiquitous 5, 66-69, consistent with the strong 

oxygen-gettering tendencies of boron carbide 66, 70-72, and great precautions must be taken 

to avoid oxygen contamination during the fabrication of thin films. As reported here, 

even when using 99.9999% Ar (<100 ppb O2 and <200 ppb H2O) as the 

processing/carrier gas and achieving a 10–8 Torr base pressure immediately after bakeout, 

with typical base pressures of 5 × 10–6 Torr, oxygen levels in the bulk of the thin films 

grown by PECVD are on the order of 10%. We hypothesize that the dominant source of 

oxygen contamination is the Ar processing/carrier gas. The preponderance of metallic 

oxides formed at the a-B3CO0.5:Hy interface may be exacerbated by the migratory nature 

of the oxide species likely present in these films (e.g., B2O3/H3BO3, CO2, H2O). The 
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more standard precaution of avoiding a native oxide layer at the junction when 

fabricating heterostructure devices (either by depositing contacts in situ or etching away 

the oxide layer prior to contact deposition) may not be sufficient to form a clean metal-to-

semiconductor interface if bulk oxygen levels are still relatively high, where ‘relatively 

high’ in this case may refer to only a few percent. We hypothesize that bulk oxygen will 

remain a problem in interface contamination even with lower oxygen content (e.g., 3–

5%), and therefore if the interfacial oxides formed do not lead to desirable transport 

properties at the interface, a judicious choice of non-oxygen-gettering metal contacts may 

be important if oxygen cannot be entirely eliminated from the a-BxC:Hy films. One 

example of such a non-reactive metal would be copper, which—as demonstrated here—

forms a non-oxidized interface which reveals metallic character upon application of only 

0.5 Å of Cu (figure 5.18). The results presented here additionally highlight the problem 

of band offset between a-BxC:Hy and metal contacts. It is evident, from the differences 

observed between the as grown and thermally treated films reported here and in previous 

literature reports 73, that growth conditions and post-growth thermal treatment of the 

films significantly affect the electronic structure of the a-BxC:Hy material. These effects 

must be ascertained and accounted for in optimizing the metal-to-semiconductor junction. 

It will also be important to account for factors such as metal contact preparation methods 

(e.g., sputtering vs evaporation, thermal treatment, etc.), which will further influence the 

electronic and electrical carrier transport properties of the interface. 
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CHAPTER 6 

 
SUMMARY AND FUTURE WORK 

 
 
 

I.  RECAPITULATE INVESTIGATION QUESTIONS 

Throughout this dissertation, several spectroscopy techniques have been used in 

the investigation of the surface and interface chemical and electronic properties of 

amorphous hydrogenated boron carbide (a-BxC:Hy).  The following questions were asked 

and examined:  

• What are the chemical and electronic structures of a-BxC:Hy at the vacuum 

interface? (Chapters 3 and 4) 

• What are the chemical and electronic effects of a metal overlayer on a-BxC:Hy? 

(Chapter 5) 

• What are the chemical changes occurring at the interface of the p-type boron 

carbide thin-film to p-type silicon substrate? (Chapter 3) 

• What chemical and electronic properties exist in the bulk region of the thin-film? 

(Chapters 3 and 4) 

• How does thermal treatment alter the chemical and electronic properties of an as 

grown a-BxC:Hy thin-film? (Chapter 4) 

Each of these research questions solicits a need for further study into the understanding of 

this material. The following three sections in this chapter are intended to discuss the 

conclusions and areas for future work. 
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II.  CHEMICAL STRUCTURE OF a-BxC:Hy 

Twelve samples were grown by plasma enhanced chemical vapor deposition 

(PECVD) (parameters for growths in chapter 2). Eight of these samples were subjected to 

various incremental increased substrate temperatures during growth using two plasma 

powers. Two samples were used for pre- and post- etch of an as grown and thermally 

treated film, and the final two samples were used for depth profile. X-ray photoelectron 

spectroscopy (XPS) was used to study the chemical structure and atomic concentration of 

a-BxC:Hy thin-films (Chapter 3). Additionally, ultraviolet photoelectron spectroscopy 

(UPS) was used to measure, relative to each surface (interface between vacuum and a-

BxC:Hy), the work function of the as grown and thermally treated samples. Each region 

(e.g. surface of BC and silicon, bulk [between surfaces of BC and silicon], and interfaces 

of vacuum to BC and BC to silicon) was evaluated and known to have unique 

characteristics and properties that are of interest for this dissertation. The principle goal is 

to further the understanding of the chemical and electronic interactions of a-BxC:Hy for 

use in heterostructure devices applied towards neutron detection, thermoelectric 

conversion and microelectronic devices. 

Eight samples were used to study how substrate temperature effects the atomic 

concentration during growth. Each of the a-BxC:Hy samples were grown over a range of 

substrate temperatures (25°C to 450°C) with two different RF powers (20 and 30 W). 

Substrate temperature affects the interactions with the chemical and electronic inter-

molecular configuration with the PECVD method. With respect to the lower substrate 

temperature (25°C), higher concentrations of oxygen (~25 at.%) with a decrease of boron 

(~47 at.%) were observed (Note: films grown prior to filter install). Once the substrate 
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reached 150°C the concentration of boron (~65 at.%) and carbon (~18 at.%) remained 

consistent up to an experimental substrate temperature of 350°C (last sample substrate 

temperature for applied power with 20 W). The samples with RF power grown at 30 W 

stay consistent in B/C ratio at each substrate temperature. The increased RF power during 

deposition gives rise to an increase of boron (30 W has ~9 at.% more boron relative to the 

20 W films) within the film and a decrease of oxygen (~4 at.%). These observations 

indicate that the growth can dictate specific chemical and electronic properties of the 

thin-film. 

With the as grown and in situ thermally treated samples, the surface was studied 

pre- and post- etch to observe effects of surface contaminates. The surface (vacuum to a-

BxC:Hy interface) of the boron carbide typically has higher concentrations of adventitious 

carbon and oxygen that is readily etched away under vacuum with argon ions. In situ 

thermally treated samples tend to have more oxygen on the surface. The amount of 

hydrogen within the film is unknown and is expected to decrease with post-growth 

thermal treatment. The relative atomic concentrations for B, C, and O in the a-BCO:H 

films (as grown/thermally treated with respect to samples in metal overlayer studies [see 

table 2.3]) changed from 53.6%/52.1%, 32.3%/30.6%, and 13.9%/16.2% at the 

atmospherically exposed surface to 64.5%/65.7%, 22.7%/23.4%, and 11.8%/8.9% after 

removal of the native oxide layer. The typical chemical environments for a-BxC:Hy 

suggest that boron atoms are in the form of icosahedra and free boron with the 

incorporation of hydrogen. Carbon is suggested to be in the form of hydrocarbons and 

carbons within the icosahedra. Additionally, the work function of post-etch films for as 

grown and thermally treated samples are 4.7 and 4.5 eV. 
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Two samples had depth profiles completed. One was physically hard and the 

other was of normal boron carbide hardness (for our PECVD system) with an applied 

gold overlayer. The physically hard sample demonstrates the degree of depth of 

contaminates into the bulk of the a-BxC:Hy film as well as the degree of diffusion into the 

bulk of the silicon. The gold overlayer demonstrated the interaction of gold diffusion into 

the bulk of a-BxC:Hy. In general, the bulk chemical concentration has boron decreasing 

slightly, with carbon increasing, as depth profile approaches the silicon substrate. The 

atomic concentration of oxygen increases minutely at the silicon interface (to that of a-

BxC:Hy) with nitrogen decreasing. The presence of these contaminates are associated 

with the brief substrate exposure to atmosphere as observed by the presence of 

adventitious carbon and oxygen. Additionally, the depth profile revealed diffusion of a-

BxC:Hy within the silicon substrate. The gold overlayer demonstrates the presence of a 

strong diffusion effect (known to occur with silicon). The gold diffusion studies revealed 

that gold incorporates further into the a-BxC:Hy than expected and produces an insulating 

effect to the bulk of a-BxC:Hy. 

Chapter 3 demonstrates the importance of having clean films starting with the 

substrate preparation. When growing clean films, care must be undertaken to ensure that 

all of the various parameters within the PECVD chamber are optimized and pristine. This 

process has already been implemented in the UMKC’s Caruso groups PECVD chamber.  

Further work will be completed (over time) to ensure low trace gases will be reduced (to 

the 10’s of ppb level). Additional studies will be needed with pure films, in an attempt to 

optimize the device by insuring optimal chemical environment and work functions. 

Further studies need to be completed with respect to understanding the ortho-carborane 
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precursor reaction with the plasma observed by the increase of atomic concentration of 

boron with the increased power. For the device effectiveness the degree of diffusion of a-

BxC:Hy into the silicon needs to be evaluated. 

 
 
III.  THERMAL TREATEMNT OF a-BxC:Hy  
 

A single amorphous hydrogenated boron carbide (a-BxC:Hy) thin-film was grown 

for the thermal treatment experiment by PECVD, then cut into several pieces and 

subjected to thermal treatment within a high vacuum to understand the change in the 

chemical and electronic structure. Attention to transformations within thermally treated 

samples included segregation and a variety of chemical reactions (reduction, oxidization 

and reduction-oxidization [redox]). During thermal treatments all of these 

transformations occurred in each sample; typically one was more predominate than the 

others. For thermally treated samples, two major transformations occurred as the applied 

temperature was increased, appearing at 400°C and 850°C.  

Observations from XPS studies of the pre-etch at.% revealed an increase of 

carbon by ~10 at.% for both thermal treatments at 400°C and 850°C. Post-etch reveals an 

increase of oxygen (~2 to 9 at.%) and nitrogen (~4 at.%) with the sample thermally 

treated at 400°C. While the sample thermally treatment at 850°C has a large 

concentration of oxygen on the surface and in the bulk of the film (~9 at.%), the boron, as 

revealed by B 1s, consists of icosahedral boron in boron-rich boron carbide and carbon-

rich boron carbide. The carbon spectrum reveals a dominant carbon-boron bonding 

(carbidic) peak with a change of inter-icosahedral hydrocarbon chains from thermal 

treatment. The inter-icosahedral carbon is present in the form of hydrocarbon chains. At 
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low thermal treatment temperatures (≤400°C) the hydrocarbon chains are longer (e.g. 

propane- or butane-like) than those at higher treatment temperatures (>400°C). The 

hydrocarbon chains seem to shorten (e.g. methane-, ethane-like) for the higher treatment 

temperatures. The XAS further documented an increase in spectral structure with the 

carbon K-edge of the sample thermally treated at 400°C and the boron K-edge of the 

sample thermally treated at 850°C revealing an increase of icosahedral-like boron with 

boron-rich carbides and B2O3. Such modifications suggest that as the applied thermal 

treatment approached 400°C, segregation of carbon took place, forming graphite, nano-

diamond-like and similar carbon-rich compounds. The thermally treated sample at 850°C 

resulted in high concentrations of oxygen presumed from bulk segregation. Additionally, 

the hydrocarbons between icosahedra decreased in length as temperature increased, 

observed from the core level shift in the carbon spectra and an increase of states within 

the XAS pre-edge of the boron K-edge. 

Evaluation of the data demonstrates a reduction of sp3 hybridizations within the 

thin-film for carbon within the thermally treated sample at 400°C. These carbons appear 

not to be affecting the boron and are strictly carbonic (COx). Simultaneously, oxygen and 

nitrogen spike significantly, suggesting that segregation has occurred from the deep bulk 

and has segregated throughout the thin-film, observed predominately on the surface of 

the thin-film. The nitrogen present was shown at low thermal treatments associated with 

boron hydrides and quaternary nitrogen. Furthermore, during thermal treatment between 

400°C and 550°C, redox has occurred resulting in the removal of oxygen and nitrogen 

along with the adventitious carbon and small amounts of boron (Chapter 4.4). The next 

major transformation occurred at 850°C as observed with an increase of oxygen affecting 
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the hydrocarbon chains. The XAS boron K-edge reveals a significant increase of the π* 

state showing an increase of inter-icosahedral bonding. The electronic structure suggests 

that as thermal treatment increases, the band gap and ionization potential (IP) decrease. 

The electronic change accommodates the increase of sp2 hybridizations.  

This work highlights the concept that many chemical and electronic alterations 

are occurring within the thin-film. These effects are crucial in order to optimize the 

understanding of the properties for applications such as high temperature and neutron-

sensitive electronics. Precautions need to be undertaken when thermally treating thin-

films. The duration of the thermal treatment time can greatly influence segregation of 

trace gases and contaminates in the thin film, and can have great influence in the 

chemical and electronic properties, influencing the properties desired for the application 

even when ultra pure gas/precursors is used. Even with the refine gas and precursors 

contaminates are trapped within the film, as thermal treatment is applied these 

contaminates are able to segregate to the bulk and to the surface of the film. Further study 

needs to be completed in order to understand the influence of length of thermal treatment 

time with respect to each set of thermal treatments. Additionally having in situ studies of 

a-BxC:Hy can further decrease contaminates of oxygen and nitrogen. As identified by this 

study it is crucial to have clean growths. Conversely, interactions within the plasma are 

not fully understood and can affect the degree of free carbon and boron. The presence of 

these free constituents can form undesirable conductive regions within the device causing 

a short within the film lowering the total effectiveness of the device. A simple solution is 

to use reducing gas (e.g. forming gas) after growth while completing thermal treatment, 

but this reducing gas can passivate the surface/film after contaminates are removed. The 
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purpose of the reducing gas is to remove contaminates from the growth and pacify 

dangling bonds that occur at the surface preventing surface and bulk contamination. In 

addition to these electronic devices there are other application areas that will utilize 

higher temperature treatments by need of anneals and operation making the idea of 

segregation important. Thus the use of a-BxC:Hy needs to be understood for the chemical 

and electronic properties of the film at the surface and of the bulk for use in such 

applications. 

Much work is still needed to refine and optimize the conditions for the thermally 

treated samples of a-BxC:Hy and to understand the mechanisms that alter the chemical 

and electronic properties for boron-carbide-based semiconductor devices. Future work 

should include in situ experiments for both photoemission and photoabsorption of 

samples that have been thermally treated with and without reducing gas or with a noble 

gas background. Time dependent thermal treatment should be completed to comprehend 

how segregation and reduction is changing those films that have high oxygen and 

nitrogen. Furthermore, the growth conditions can affect the quantity of trace gases and 

free constituents. 

 

IV.  METAL OVERLAYER ON a-BxC:Hy 

Two amorphous hydrogenated boron  carbide a-BxC:Hy films were grown by 

PECVD, one of which was subjected to post-growth thermal treatment, and their 

electronic and chemical structure was studied both at the vacuum-to-semiconductor 

interface and at the metal-to-semiconductor interface for Cr, Ti, Al, and Cu metals. The 

a-BxC:Hy films were found to contain a significant amount of oxygen (∼10%), likely in 
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the form of boron suboxides and C–O/C=O species, not only in the native oxide layer, 

but also in the bulk of the material, despite the films being grown in a chamber with a 

post-bakeout base pressure of 10-8 Torr and the use of 99.9999% purity Ar process gas. 

The bulk stoichiometries of the films were determined to be B2.8CO0.5:Hy and B2.8CO0.4 

:Hy for the as-grown and thermally treated samples, respectively. The energy gaps 

between the valence band maxima and Fermi levels for the films (as-grown/thermally 

treated) were found to be 0.80/0.66 eV, and the work functions to be 4.7/4.5 eV. These 

data led to predicted semiconductor-to-metal Schottky barrier heights of 1.0/0.7 eV for 

Cr, 1.2/0.9 eV for Ti, 1.2/0.9 eV for Al, and 0.9/0.6 eV for Cu. From an analysis of the 

core level and valence band photoemission spectra as a function of metal overlayer 

coverage, it was found that an interfacial metallic oxide layer was formed in the case of 

Cr, Ti, and Al: a semiconducting Cr2O3 layer is predicted to lead to an increased Schottky 

barrier height with the junction becoming part of the active region of the device; a 

metallic Ti2O3/TiO layer is predicted to lead to a decreased barrier height; and an 

insulating Al2O3 layer is predicted to lead to quasi-Ohmic tunnel junction behavior. 

Importantly, not only does Cu lead to the lowest a-B3CO0.5:Hy band bending of the four 

metals studied here, but it does not form new interfacial chemical species—oxides or 

otherwise—that could lead to increased Schottky barriers. Cu therefore demonstrates 

good potential as a contact material for amorphous hydrogenated boron carbide films. 

Possible Schottky diode character at the a-BxC:Hy/ Cr2O3 + Cr/Cr interface may explain 

some of the ambiguities encountered in the interpretation of Au/Cr/a-BxC:Hy/n-Si/Cr/Au 

neutron detector heterostructure pulse-height spectra. 

This work highlights the fact that even low oxygen content in amorphous 
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hydrogenated boron carbide films will likely interfere with heterostructure junction 

quality. Therefore, either stringent precautions must be applied to avoid oxygen 

incorporation into the films or contact material(s) must be chosen such that deleterious 

effects from oxide contamination are not a problem. Further, for films grown using the 

methodology described here, metal–semiconductor band lineup predictions suggest that 

higher work function metals (Φ ≈ 5 eV) may lead to lower Schottky barriers (but higher 

work function offset) than moderate-work-function metals (Φ ≈ 4.5 eV). The results also 

highlight the need for a systematic study of electronic structure as a function of growth 

conditions as there is significant variability between a-BxC:Hy films. A thorough 

evaluation of the chemical and electronic structure for each type of film used in the 

fabrication of devices would assist in the assessment of device metrics and performance. 

In a similar vein, the consideration of contact type, size, and preparation method will 

additionally assist in the rigorous characterization and optimization of boron–carbide-

based semiconductor devices. 

Much work is still needed to refine our understanding of the metal-to- a-BxC:Hy 

interface toward developing next-generation boron–carbide-based semiconductor device 

technologies. Future work will include additional detailed photoemission spectroscopy 

studies of the interface between low- or immeasurable-oxygen-content films and a range 

of low-to-high work function metals, electrical measurements of a-BxC:Hy-based 

heterostructures, as well as a systematic study of chemical and electronic structure 

variations in a-BxC:Hy films as a function of growth conditions. 
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APPENDIX A 
 

UNDERSTANDING THE CHEMICAL AND ELECTRONIC STRUCTURE OF a-
BXC:HY THIN-FILMS USING PHOTOEMISSION 

 
 

 
Figure A1: Tauc plot from UV/Vis optical absorption spectroscopy data for a thin film on 
glass at ~300 K, from which was extracted the optical band gap (Eg) for a a-BxC:Hy film 
grown under similar conditions to the as grown a-B3CO0.5:Hy film analyzed throughout 
this paper (Eg ≈ 3.5 eV). 

 
 
 
 
 
 
 
 
 



 

 181 

 
Figure A2:  Kratos Analytical depth profile survey scans of the gold overlayer (AuOL). 
With an etch rate of 15 seconds at an ion acceleration of 4kV. 
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Figure A3: Kratos Analytical depth profile on a-B3CO0.5:Hy core level of Au 4f with gold 
overlayer (AuOL). Having an etch rate of 15 seconds at an ion acceleration of 4kV. 
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Figure A4: Kratos Analytical depth profile on a-B3CO0.5:Hy core level of B 1s with gold 
overlayer (AuOL), having an etch rate of 15 seconds at an ion acceleration of 4kV. 
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Figure A5: Kratos Analytical depth profile on a-B3CO0.5:Hy core level of C 1s with gold 
overlayer (AuOL). Having an etch rate of 15 seconds at an ion acceleration of 4kV. 
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Figure A6: Core level photoemission spectra completed at UMKC for the Au 4f (a), B 1s 
(b), C 1s (c), and O 1s (d) levels for as grown a-B3CO0.5:Hy films with Au overlayers as a 
function of etch time after the evaporation of a 5 Å Cr overlayer. Depth profile depths are 
2.6, 5.5 and 8.1 nm. Alignment is not accurate due to sample charging. 
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Figure A7: Core level photoemission spectra for the Au 4f (a), B 1s (b), C 1s (c), and O 
1s (d) levels for as grown a-B3CO0.5:Hy films with Au overlayers as a function of 
overlayer thickness. Alignment is not accurate due to sample charging. 
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Figure A8: Valence band photoemission spectra for as grown a-B3CO0.5:Hy films with Au 
overlayers as a function of overlayer thickness. Alignment is not accurate due to sample 
charging. 
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Figure A9: Kratos Analytical depth profile survey scans of C5. With an etch rate of 59.4 
seconds at an ion acceleration of 4kV. 
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APPENDIX B 
 

EFFECTS OF THERMAL TREATMENT 
  

 
Figure B1: Valence band subtractions for thermal treatments. Top is subtraction of 
thermal treatment to as grown (AG) sample. Bottom is the subtraction from the previous 
thermal treatment. 
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Angle Resolved X-ray Absorption Spectroscopy 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B2: As grown boron K-edge angle resolved absorption spectroscopy taken at 
increments of 15°. 
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Figure B3: Thermally treated at 400°C boron K-edge angle resolved absorption 
spectroscopy taken at increments of 15°. 
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Figure B4: Thermally treated at 550°C boron K-edge angle resolved absorption 
spectroscopy taken at increments of 15°. 
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Figure B5: Thermally treated at 675°C boron K-edge angle resolved absorption 
spectroscopy taken at increments of 15°. 
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Figure B6: Thermally treated at 850°C boron K-edge angle resolved absorption 
spectroscopy taken at increments of 15°. 
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Absorptions subtractions for boron K-edge 

 
Figure B7: TEY Boron K-edge absorption subtractions for thermal treatments. Top is 
subtraction of thermal treatment to as grown (AG) sample. Bottom is the subtraction 
from the previous thermal treatment. 
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Figure B8: TFY Boron K-edge absorption subtractions for thermal treatments. Top is 
subtraction of thermal treatment to as grown (AG) sample. Bottom is the subtraction 
from the previous thermal treatment. 
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Figure B9: Boron K-edge absorption subtractions for thermal treatments from a cleaved 
target of technical boron carbide (B4C) (top) and h-BN (bottom). 
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RIXS for 250°C, 550°C and 675°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B10: RIXS for thermally treated at 250°C  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B11: RIXS for thermally treated at 550°C 
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Figure B12: RIXS for thermally treated at 675°C 
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Boron emission subtractions 

 
Figure B13: Boron off resonance emission subtractions for thermal treatments. Top is 
subtraction of thermal treatment to as grown (AG) sample. Bottom is the subtraction 
from the previous thermal treatment. 
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Carbon absorption K-edge subtractions 

 
Figure B14: TEY Carbon K-edge absorption subtractions for thermal treatments. Top is 
subtraction of thermal treatment to as grown (AG) sample. Bottom is the subtraction 
from the previous thermal treatment. 
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Figure B15: Carbon K-edge absorption subtractions for thermal treatments from a 
cleaved target of technical boron carbide (B4C) (top), HOPG (middle) and h-BN 
(bottom). 
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Carbon emission subtraction 

 
Figure B16: Carbon off resonance emission subtractions for thermal treatments. Top is 
subtraction of thermal treatment to as grown (AG) sample. Bottom is the subtraction 
from the previous thermal treatment. 
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Oxygen abortion K-edge subtractions 

 
Figure B17: TEY Oxygen K-edge absorption subtractions for thermal treatments. Top is 
subtraction of thermal treatment to as grown (AG) sample. Bottom is the subtraction 
from the previous thermal treatment. 
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Figure B18: Oxygen K-edge absorption subtractions for thermal treatments from a 
cleaved target of technical boron carbide (B4C) 
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Oxygen emission subtractions 

 
Figure B19: Oxygen off resonance emission subtractions for thermal treatments. Top is 
subtraction of thermal treatment to as grown (AG) sample. Bottom is the subtraction 
from the previous thermal treatment. 
 
 
 
 



 

 207 

Nitrogen absorption K-edge 

 
Figure B20: Nitrogen absorption for as grown thin-film showing low signal. 
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Nitrogen emission  

 
Figure B21: Nitrogen emission for as grown thin-film showing low signal. 
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Band gap calculations 
 
 

Figure B22: Boron band gap calculations completed at Canadian Light Source 
representing fluorescence yield on top for both absorption and emission.  Bottom plot is 
second derivative with arrows representing edge point. 
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Figure B23: Carbon band gap calculations completed at Canadian Light Source 
representing fluorescence yield on top for both absorption and emission.  Bottom plot is 
second derivative with arrows representing edge point.  
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Figure B24: Boron K-edge showing two regions (A and B) corresponding to π* (sp2) and 
σ* (sp3), respectively. Black line represents background substraction for the specified 
ratio of hybridization. The vertical line represents location of ionization potential (IP). 
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Figure B25: Carbon K-edge showing two regions, (A and B) corresponding to π* (sp2) 
and σ* (sp3), respectively. Black line represents background substraction for the specified 
ratio of hybridization. The vertical line represents location of ionization potential (IP). 
 

 

The ratios of sp2:sp3 are calculated in respect to the area of the π*:σ* subtracted from the 
background.  The π* states are measured from the pre-edge excitation to the beginning of 
the σ*. The σ* was calculated by subtracting a linear fit between the beginning of the σ* 
edge to the end of state (B at 207eV and C at 298eV), of the absorption spectra. The 
sp2:sp3 was further normalized with the lowest area. This ratio represents the effects of 
thermal treatment on molecular orbitals. Additionally, in amorphous carbon it has been 
shown that film hardness increases with increased sp3 bonding.1 For more information 
see reference with respect to carbon films and sp2/sp3 bonding concentrations.2 
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APPENDIX C 

 
METAL-TO-BORON CARBIDE INTERFACE: IMPLICATIONS FOR SCHOTTKY 

BARRIER HEIGHTS 
 
 
 

 
Figure C1: Tauc plot from UV/Vis optical absorption spectroscopy data for a thin film on 
glass at ~300 K, from which was extracted the optical band gap (Eg) for a a-BxC:Hy film 
grown under similar conditions to the as grown a-B3CO0.5:Hy film analyzed throughout 
this paper (Eg ≈ 3.5 eV). 
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Figure C2: Core level photoemission spectra for the B 1s (a), C 1s (b), and O 1s (c) levels 
for as grown (i) and thermally treated (ii) a-B3CO0.5:Hy films with Cr overlayers as a 
function of overlayer thickness. 
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Figure C3: Cr 2p core level photoemission spectra of as grown (a) and thermally treated 
(b) a-B3CO0.5:Hy films with Cr overlayers as a function of etch time and depth after the 
evaporation of a 5 Å Cr overlayer. 
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Figure C4: Core level photoemission spectra for the B 1s (a), C 1s (b), and O 1s (c) levels 
for as grown (i) and thermally treated (ii) a-B3CO0.5:Hy films with Cr overlayers as a 
function of etch time after the evaporation of a 5 Å Cr overlayer. 
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Figure C5: Valence band photoemission spectra for as grown (a) and thermally treated 
(b) a-B3CO0.5:Hy films with Cr overlayers as a function of etch time (6 min = green trace; 
12 min = blue trace; 18 min = pink trace) after the evaporation of a 5 Å Cr overlayer (red 
trace) on a sputter-cleaned surface (black trace). 
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Figure C6: Core level photoemission spectra for the B 1s (a), C 1s (b), and O 1s (c) levels 
for as grown (i) and thermally treated (ii) a-B3CO0.5:Hy films with Ti overlayers as a 
function of overlayer thickness. 
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Figure C7: Ti 2p core level photoemission spectra of as grown (a) and thermally treated 
(b) a-B3CO0.5:Hy films with Ti overlayers as a function of etch time and depth after the 
evaporation of a 5 Å Ti overlayer. 
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Figure C8: Core level photoemission spectra for the B 1s (a), C 1s (b), and O 1s (c) levels 
for as grown (i) and thermally treated (ii) a-B3CO0.5:Hy films with Ti overlayers as a 
function of etch time after the evaporation of a 5 Å Ti overlayer. 
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Figure C9: Valence band photoemission spectra for as grown (a) and thermally treated 
(b) a-B3CO0.5:Hy films with Ti overlayers as a function of etch time (6 min = green trace; 
12 min = blue trace; 18 min = pink trace) after the evaporation of a 5 Å Ti overlayer (red 
trace) on a sputter-cleaned surface (black trace). 
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Figure C10: Expanded view of the Cu 2p core level photoemission spectrum of as grown 
(a) and thermally treated (b) a-B3CO0.5:Hy films with Cu overlayers as a function of 
overlayer thickness. 
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Figure C11: Core level photoemission spectra for the B 1s (a), C 1s (b), and O 1s (c) 
levels for as grown (i) and thermally treated (ii) a-B3CO0.5:Hy films with Cu overlayers as 
a function of overlayer thickness. 



 

 225 

 
Figure C12: Cu 2p core level photoemission spectra of as grown (a) and thermally treated 
(b) a-B3CO0.5:Hy films with Cu overlayers as a function of etch time and depth after the 
evaporation of a 5 Å Cu overlayer. 
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Figure C13: Core level photoemission spectra for the B 1s (a), C 1s (b), and O 1s (c) 
levels for as grown (i) and thermally treated (ii) a-B3CO0.5:Hy films with Cu overlayers as 
a function of etch time after the evaporation of a 5 Å Cu overlayer. 
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Figure C14: Valence band photoemission spectra for as grown (a) and thermally treated 
(b) a-B3CO0.5:Hy films with Cu overlayers as a function of etch time (6 min = green trace; 
12 min = blue trace; 18 min = pink trace) after the evaporation of a 5 Å Cu overlayer (red 
trace) on a sputter-cleaned surface (black trace). 
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